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Abstract: In this paper, we study the singular Hopf bifurcation in a class of singularly perturbed
systems with delay. The key condition for the generation of a singular Hopf bifurcation involves the
existence of eigenvalues of the singular pure imaginary part. The necessary and sufficient conditions
for the generation of a singular Hopf bifurcation are discussed in a class of general nonlinear (n, 1)-
fast-slow systems with delay on slow variables (n > 1).
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1. Introduction

The singular Hopf bifurcation is an important phenomenon in singularly perturbed systems. Baer
and Erneux [1] studied a class of general nonlinear singularly-perturbed systems with a single fast
variable and slow variable, and discussed the existence of a singular Hopf bifurcation. Their
two-dimensional setting implies in a trivial way that both timescales are involved in the bifurcation
mechanism. Braaksma [2] studied a general nonlinear ordinary differential equation system with m
fast variables and n slow variables, and analyzed that the most important condition for generating a
singular Hopf bifurcation involves the existence of eigenvalues with singular imaginary parts, which
means that when the scale parameter tends to zero, their imaginary parts will grow infinitely. Yang
and Zeng [3] further analyzed the stability of the singular Hopf bifurcation. The above studies are
based on singularly-perturbed systems of ordinary differential equations, so it is very novel to analyze
the singular Hopf bifurcation in singularly perturbed systems of delay differential equations.

The singular Hopf bifurcation in singularly perturbed systems of ordinary differential equations
(ODEs) has a wide range of applications in recent years, especially for planar fast-slow systems [4-8].
Furthermore, the singular Hopf bifurcation in high-dimensional fast-slow systems is studied [9-13].
Guckenheimer [14] and Kristiansen [15] discussed the singular Hopf bifurcations in (1, 2)-fast-slow
systems and (2, 1)-fast-slow systems on R*, respectively. Zhang [16] and Li [17, 18] discussed the
relaxation oscillation transformed from the singular Hopf bifurcation. In addition, the singular Hopf
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bifurcation in the singular perturbation system of partial differential equations (PDEs) is also applied
in the chemical reaction system [19]. Delay-differential equations (DDEs) are important mathematical
models in many application areas, including optics [20-23], physiology and infectious disease
modeling [24-26], mechanics [27-29], neuroscience [30,31], and others. Xu et al. [32] used the time
delay as the bifurcation parameter to analyze the local and global Hopf bifurcation, and proved the
boundedness of the global Hopf bifurcation. By using the theory of integral semigroups and the Hopf
bifurcation theory of semilinear equations on non-dense domains, Zhang and Liu [33] proved that
when the parameters pass through some critical values, there will be a non-trivial periodic oscillation
phenomenon through the Hopf bifurcation. The singularly-perturbed system of DDEs has been
studied by many scholars in recent years, but the singular Hopf bifurcation in singularly-perturbed
systems of DDE:s is rarely applied and discussed [34-36], and thus there is a lack of a singular Hopf
bifurcation theory in singularly-perturbed systems of DDEs. Therefore, it is of great significance for
us to study the singular Hopf bifurcation in the singularly-perturbed systems of general nonlinear
DDEs, which provides a theoretical basis for expanding the applicability of the singular
Hopf bifurcation.

In this paper, the singular Hopf bifurcation in general nonlinear (n, 1)-fast-slow systems with delay
on slow variables will be researched. The rest of this paper is organized as follows. In Section 2,
the singular Hopf bifurcation theorem in (1, 1)-fast-slow systems with delay is given by defining the
pure imaginary eigenvalues with the singular imaginary part. In Section 3, the necessary and sufficient
conditions for the existence of the singular Hopf bifurcation in (m, 1)-fast-slow systems with delay
are discussed.

2. (1, 1)-fast-slow system with delay

In this section, we develop the necessary and sufficient conditions for the existence of eigenvalues
with singular pure imaginary part for the characteristic equation, which is the key condition for the
generation of a singular Hopf bifurcation in a (1, 1)-fast-slow system. First, we consider a class of
general nonlinear (1, 1)-fast-slow systems with delay on slow variables as follows:

d
& Fayy (-7,
! (2.1)

dy -
— =¢gg(x,y,y(t-7),8),
o gy, y(t—-17),8)
where x () € R is a fast variable, y (¢) ,y ( — 7) € R are slow variables, S € R is a bifurcation parameter,
€ is a time scale parameter, and 0 < € < 1. Therefore, system (2.1) is a fast-time system.

Letting T = &t, we rewrite system (2.1) as

dx
e— = f(x,y,y(T -1),8),
dT (2.2)

dy B
d_T_g(x,y,y(T T)’lB)’

where 7 = &7, and system (2.2) is called a slow-time system. Let E* (x*,y") be the equilibrium of
system (2.2). Then, we have f (x*,y",y*,8) = 0 and g (x*,y*,y",8) = 0. Then, the characteristic
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equation of system (2.1) at the equilibrium E* (x*,y") is

|AI-A-Be"

=0, (2.3)

where 7 1s a unit matrix of order 2, and

A:(f’;, f;/)::(a b)’ B:(f);,(t—'r) fy,/(t—‘r)):: (0 P)
£8, &8, ec &d €8ty €8y(1-v) 0 &g
are the Jacobian matrices of the general term and the delay term in system (2.1), respectively.

Then we give the exact definition of eigenvalues with singular pure imaginary part:

Definition 2.1. Let 0 < £ < &y, &) be a fixed small positive number. If 1 = A(g) = 0 (¢) + ip (¢) is the
eigenvalue of the slow system (2.2) at the equilibrium E*, and satisfies

o=0(&)—0, p=¢(e) > 00 as, e >0,

then A (¢) is called an eigenvalue with a singular pure imaginary part.
IfA=A4() - 0()(e — 0), then A (e) is called a regular eigenvalue.

Theorem 2.2. Consider the characteristic equation family of the slow system (2.2):

_0. ie. A-¢ela &'b-elpe _o

_ _olg  —lp At
P)=|AI-&'A-&"'Be e Aedger

The characteristic equation P (1) = 0 has two eigenvalues with singular pure imaginary part if and
only if

(@Ha=0; (@i))Tecp—d—q=0; (iiiyc(p+b) <O.
Proof. Necessity of the conditions. Let 4,, = 4, (e) = 0 (&) £ ip(¢) (¢ (g) > 0) be two eigenvalues
with singular pure imaginary part, i.e., () = 0 (¢ = 0) and ¢ (g) — oo (g — 0). Substituting 4, ,
into the characteristic equation P (1) = 0, we can get

22— (s_la + d) A+e ' (ad=bc)+&le™™ (ag — cp) — gle™ = 0. 2.4)
Using Euler’s formula and separating the real and imaginary parts, we have

{ 0?2 —@* —od — ge™™ (0 cos (¢71) + sin (¢1)) = £ (a0 — ad — e™™ cos (¢71) (ag — cp) + bc),

200 — @d + qge™™ (o sin (1) — @ cos (¢1)) = & (pa + e~ sin (¢7) (ag — cp)),
(2.5)

The limit of the left and right sides of (2.5-1) with respect to & can be obtained as
1
lim ((p €’ +qe* (o)1 (s)) =lim — (ad + aq - cp - bc). (2.6)
Fomnd e—0 &

According to the above limit and ¢ (¢) — +oo (e — 0), we deduce ad + aqg — cp — bc # 0, and further
we have ¢ () = 0 () (& — 0).

We take the limit on the left and right sides of Eq (2.5-2) with respect to &, and replace them
according to the equivalent infinitesimal. We have

lim (¢ (@) (e7'a+7(ag - cp) - 20 (e) +d + q)) = 0. 2.7)
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According to ¢ (&) = +o0 (¢ > 0)and o (e) - 0 (¢ > 0), we geta = o (8%) (¢ — 0). Obviously, a
has nothing to do with &, so a = 0 is proved. Further, combined with the limit (2.6), it is concluded
thatc(p + b) <O.

Using a = 0, repeating the above limit process, we can get

lirr(} (p(&)(~Tcp—20(e)+d+q)) =0. (2.8)

Similarly, Tcp —d — g = 0 is proved.
In addition, according to the above two proved conclusions (i) and (ii), we can take the limit again
and get

lim (¢ (2) o (&) = 0.

Thus, we have o (¢) = O (8%) (e = 0).

Sufficiency of the conditions. It is known that the conditions (i) — (iii) hold, and the characteristic
equation of the slow system (2.2) has two eigenvalues with singular pure imaginary part. With the help
of condition (i) a = 0, the characteristic equation family P (1) = 0 can be simplified as

—elt

A —&'b-¢g'pe

P = ¢ A—d-ge" =0ie., A* - (d + qe_”%) A- s_lc(b + pe"”%) =0.

Let 4,5, = 412 () = 0 (&) = ip (e) be a pair of eigenvalues of the above characteristic equation family,
where ¢ (¢) > 0. Substituting into the above formula, we obtain
(0 (&) +ip () = &7'c (b + pe™™ (cos (e7¢ (&) - sin (e7¢ (£)) 1))
—(d + ge™7® (cos (e7¢ (€)) — sin (67¢ () 1)) (o (2) + i (&) = 0,

and separating the real and imaginary parts of the above equation, we obtained

T (e) — (&) — 0 (£) (d + ge™® cos (e7¢ (#)))
—qe @ gin (s (€)) ¢ (e) — & 'c (b + pe 7@ cos (et (8))) =0,

20 (6) ¢ (8) — ¢ (£) (d + ge~>"® cos (7¢ (e)))
+qe~*" @ sin (¥ (¢)) 0 (&) + & L cpe @ sin (e (¢)) = 0.

(2.9)

We consider the reduction to absurdity: supposing ling ¢ (&) # oo, then obviously lirr(g ¢ (&) = ¢y, where

©o 1s a nonnegative constant.
Take the limit of Eq (2.9-1) with respect to &:

Li_r)r(} (0‘ (€)? =0 (e) (a’ + qe_‘g%"(a)) —qe et (e)’ — ¢ (b + pe“gf"(s))) = (,0(2). (2.10)

According to condition (iii), lirréa(g) = oo can be obtained. The following analyzes the limit

distribution of o (¢):
When o () — +0o(e — 0), in order to ensure that the limit (2.10) holds, a necessary condition is
(&) = 0(F) - 0);

When o (s) — —oo(s — 0) and e0-(8) — constant (e — 0), we have o (g) = 0(#)(3 - 0),
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otherwise the limit (2.10) does not hold.
When o(¢) —» —oco(e = 0) and e0(e¢) — —oo(e — 0), according to the limit (2.10), we have
o) =0 (é) (¢ — 0), which contradicts g0 (&) — —c0 (¢ — 0).
Finally, we have o () = O ( é) (e > 0).
Taking the limit of Eq (2.9-2) with respect to &, we get

2 +¢gDlim(p(e)o(e) = (d+q—cpDlimp(e) =0, (2.11)

It can be obtained that ¢ (&) = o0 ( \/E) (g = 0).
The deformation of Eq (2.9-1) is obtained as

) e—b“? o (&)

sin (T (&) ¢ (&)

eto(e)

o(e)? - ©® (&) =0 (e) (d + ge cos (eTp (8))) -

=gle (b + pe” cos (eTp (g))) ,
For the left and right sides of the above formula, taking the limit with respect to &,

—&to(e) e—é“? o(e)

lim (0' (&)’ — (&)’ —o(e)(d +qe cos (s7¢ (&))) — sin (7@ (€)) ¢ (2)) =

lim (s c (b + pe 77 cos (7@ (s)))) = —c0.

£-0
The limit values on the left and right sides of the equation are different, which contradicts the original
hypothesis of the reduction to absurdity. Therefore, Ll_l’)l(l) ¢ (&) = +oo is proved.

By using reduction to absurdity again, we prove E_I)%O’ (¢) = 0, so we assume that Ll_l‘)l(l) o(g) =o0por
li_l}l%(r (€) = o0, where o is a non-zero constant,

For the case of lil’%O' (e) = 0y, it is obvious that g (¢) — 0 (g — 0), otherwise Eq (2.9-1) does not
hold when £ — 0. Taking the limit of Eq (2.9-2) with respect to &, we have

2oy —d —q+ cpT) 1in3go (&) =20y lirré(p (e) =

contrary to limgo (&) = +o0, sO lir%a(s) * 0.
For the case of 11m0' (€) = +o0, it is not difficult to get ep () —» 0(¢ — 0) and €0 () — 0 (e — 0),

otherwise the Eq (2 9 1) does not hold when € — 0. Taking the limit of Eq (2.9-2) with respect to &,
we have
2lim(p(e)o(e)) = (d+q—cpD)limp(e) =0

contrary to lim ¢ (&) = +00 and lir% o (&) = 400, SO lin& o (&) # +oo.

For the case of hmO' () = —oo, we say that ep (¢) — 0(e — 0), otherwise ¢ (&) = ( )(s — 0),
and for the limit of Eq (2.9-1), we have

lin(l)o'(s) = —lin(l)go(s). (2.12)

The two equations of (2.9) are first added and divided by ¢ (&), and from then the limit of &, we can be
obtain that

1 ) 1
lim o (&) = 3 (d +qlim (e—m(s) cos (eTg (8)))) - Ebc lim £ (0)
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is a finite number, contradictory to the conditions of the case. Thus, €0 (¢) — 0(e — 0).

When g0 (g) — —o0 (¢ — 0), we have e *® — +oo (g — 0). In Eq (2.9-1), it is not difficult to see
that go () e*7® cos (¥ () is the only term that converges fastest to co. Therefore, the generalized
limit of £ at the left end of Eq (2.9-1) is +oco (depending on the symbol of ¢, and contrary to the
symbol of g), while the right end of Eq (2.9-1) is always 0, which is contradictory. In particular, when
q = 0, the Eq (2.12) is established and the contradiction arises. Therefore, 0 (¢) — constant, and the
constant is 0, otherwise it contradicts the following equation in the limit state of &:

—&fo(g) —&eto(e)

lim (0@’ - )= lim (s (&) (d + ge cos (£7¢ (2))) - eqe sin (£%¢ (€))

—c (b + pe 7@ cos (7@ (s)))) .

Its left limit is +oco, and the right limit is a constant, so we have linaa(g) # —oo. In the above three
E—

cases, lir%a (¢) = 0 s proved.
E—

Remark 1. We note that the singular Hopf bifurcation theorem in the non-delayed fast-slow system is
mainly different from the singular Hopf bifurcation theorem in the delayed fast-slow system under the
following condition:

(i)Tcp—d—-—q=0 1ie.,17cp—ed —eq = 0.

For the case of 7 = 0, condition (i1) in Theorem 2.2 naturally holds when & — 0. The two have good
compatibility. The above shows that (i) in the singular Hopf bifurcation condition can be
approximately regarded as natural under the restriction of small time delay. Under the limitation of
large time delay, a singular Hopf bifurcation cannot occur.

We consider the (1,1)-fast-slow system [36]

B == s F 0.9,

dr n

dy_ @wx N B

d—t—sy e cx(t—-1)—-1]=Gx@®),x(t—1),y(),¢&),

where a;, ay, 1, ¢, and h are the model parameters, € is the time scale parameter, and 7 is the
delay parameter.
We choose the following parameters:

£=0.02, a; =0.09, a, =3.36, n=1.14, 1 =2.71, h=0.12, ¢ = 0.49.

It satisfies the conditions of Theorem 2.1, and the system produces a singular Hopf bifurcation near the
internal equilibrium as shown in Figure 1.

Electronic Research Archive Volume 33, Issue 11, 7198-7215.



7204

0.5

>

|

0.5

5

——y !
|

< 052
8

0.5
0.48 - ‘

0.46

05 . . . . . . . . . . . . .
0.46 0.47 0.48 0.49 0.5 0.51 0.52 0 1 2 3 4 5 6 7 8 9
T t x10%
(@ (b)

Figure 1. The system generates a singular Hopf bifurcation near the internal equilibrium.

3. (n, 1)-fast-slow system with delay

On the basis of Section 2, we consider the case of multiple fast variables, and study a class of
general nonlinear (n, 1)-fast-slow systems with delay on slow variables:

d
7’; = F oy (t—7).8),
(3.1)

d
d—f =eg(x,y,y(t-7),0),

where the fast variable x € R", and the rest is consistent with system (2.1). Letting 7" = &f, we get the
following slow system:
dx
eor =f @y y (T =1).5),
(3.2)

dy B
ﬁ_g(-x’yty(T T)aﬁ)-

Let E*(x*,y") be the equilibrium of the slow system (3.2). The characteristic equation of system (3.2)
at the equilibrium E™ is

P =|U-&e'A-&"Be"| =0, (3.3)
where [ is the (n + 1)-order unity matrix, and A and B are the Jacobian matrices of the general term and
the delay term in system (3.1), respectively.

A — (f);, f;/) = (Anxn anl )’ B — ( fx/(t_T) f;;,(t—‘r) ) = (Onxn anl )
€8x €8y &Cixn  €Dpx €8 -1 €8y1-1) O1xn  €Q1x1
Thus, we get the following form of the characteristic equation:

/llnxn - g_lAan _3_an><1 - 8_1Pn><le_/h.

—Cixn A—=Diyy — Qe =0 34)

ran-|
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The essence of the singular Hopf bifurcation is the generation of pure imaginary eigenvalues with
singular imaginary part. In the singularly perturbed system with multiple fast variables, we have the
following theorem.

Theorem 3.1. Consider the characteristic equation (3.4) on the slow system (3.2). Then, the
characteristic equation (3.4) has two eigenvalues with singular pure imaginary part if and only if the
following conditions hold:

. ( —-C(B+P)I+(B+P)C
(i) r

A ):r(—C(B+P)I+(B+P)C):r(A):n—l;

A
(D + Q)I — #PC

)<0.

(i) r(

(iii) (Bux1 + Pux1, C1.

1xn

):r((D+Q)I—'?PC):r(A):n—1;

The inner product mentioned here is the standard inner product in finite-dimensional real vector space.

Proof. Necessity of the conditions. In order to further simplify the characteristic equation (3.4), we
first prove A — D — Qe™" # 0. Suppose A — D — Qe™* = 0, and let A () = o (&) + i¢ (&), lin(l) o(e)=0,
and lir% ¢ (&) = oo. Separation of the real and imaginary parts can be obtained as

o (&) — D — Qe 79 cos (e7¢ (¢)) = 0,
@ (&) + Qe 7@ sin (g7 (g)) = 0.

For the second equation in the above formula, lirrécp (¢) = 0 can be obtained by taking the limit of

g, which is contradictory to the proposition, so that when A is near the eigenvalue of the singular
imaginary part, we get A—D—Qe™'" # 0. Then, the characteristic equation (3.4) is further simplified as

P =(1-D=0e™) " |(1- D= Qe™) (A - &7'A) - &7 (BC + ¢ "PC)| = 0.

Let
P (1) = ‘(a ~D-Qe). (U ~&"'A) & (BC + e‘“PC)‘ -0,

P (1) =0, and P; (1) = 0 be co-solutions. Further, we only need to discuss P; (1) = 0. We have
Pi()=|E+iF| =0, 3.5

where E = E(e) = —¢(&)(¢(e)+ Qe ™@sin(rp(e))] — &' (BC + e cos (r¢ () PC) +
(0 (&)= D= Qe cos (r¢ (e))) (o (e) I - £7'A), and F = F(g) = & 'e™@sin(1p(e)) PC +

(go (&) + Qe @ sin (1o (8))) (0‘ (&) - 8_]A) +p(e) (0’ (&) — D — Qe™™® cos (1o (8))) I.
According to Eq (3.5), we have the real block matrix

‘E(snxn —F @)l _ .

F (8)n><n E (S)nxn

Electronic Research Archive Volume 33, Issue 11, 7198-7215.
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Furthermore, there is a nonzero real vector pair (u,v), where u and v are n-order column vectors
satisfying E (e)u = F (¢)vand E (¢) v = —F (¢) u. This is equivalent to the following:

(0' (€) = D — Qe 7@ cos (et (s))) o) lu—y¢(e) (gp (€) + Qe ® sin (et (8))) Tu
— (0' (€) = D — Qe 7 cos (et (8))) pEe)Iv—o(e) (go (€) + Qe sin (eTy (s))) Iv

+e'9(e) Av = —e 7' Qe sin (e7¢ (£)) Av + £ '@ sin (e7¢ (£)) PCvy G0
+&7" (0 (e) = D — Qe cos (s7 (£) Au + &' (BC + &7 cos (s7¢ (£)) PC) u
and
(0 (&) = D= Qe™™® cos (e7¢ (€))) o (8) Iv + ¢ (&) (0 () = D — Qe cos (¢ (€)) Iu
+ (¢ (e) + Qe sin (e7¢ (£))) o (&) Iu — &7 0 (&) Au — ¢ (8) (¢ (8) + Qe sin (e7 () 57)

Iv - s‘lgo (&) Au = &' (Qe“ﬁ‘r(‘g) sin (eTy (8))) Au — e gin (eTp (e)) PCu
+e! (0' (€) — D — Qe cos (eTyp (8))) Av + ! (BC +e757® cos (eTp (e)) PC) V.

Next, we look for the same order infinity of ¢ (g). Suppose ¢ (g) — oo (¢ — 0). We multiply Eq (3.6)
by &, and then take the limit of its L' norm with respect to &; the left end of the equation is +oo,
and the right end of the equation is constant. Therefore, ¢ (&) # 0(%) (¢ = 0). Further, we have

ple) = 0( 1 )(8 — 0), where 0 < a < 1. Taking the limit of its L! norm again, we can get that the

per

right end of the equation is still a constant, and the left end of the equation is
1in3||sgo (&) (go (&) + Qe sin (et (8))) Iu+¢(e)Av - (D + Qe cos (st (8))) ep(e) ;.

In order to make the limit of the above L' norm equal, we have the following conclusion:

p(e) = O(L\/_S) (e > 0) and Av=0i.e., |A| = 0.
Similarly, we can get Au = 0. Further simplifying Eq (3.6) gives
(&) [(go (&) + De ¥ gin (eTyp (s))) Iu+20(e)Iv— (D + Qe cog (eTyp (s))) 1 v]
= (a' (€)* = Do () — Qo (€) e 5® cos (eTyp (8))) Iu— Qo (€) e ®®gin (eTp () Iv
—&! [(BC + 777 cos (eTp (€)) PC) u+ e 9 sin (e7¢ (¢)) PCv] )
Thus, the following limits hold:
lim (¢ () (D + Qe cos (e7¢ (£)))) Iv = lim (87" sin (s7¢ () PCV) (3.8)

and
£i_r)% (ga (&)1 u) = £1_r)13 (—8_1 (BC +e757® cog (eTp (e)) PC ) u) . (3.9

According to Eq (3.8), we can deduce ((D + Q) I — TPC)v = 0, which shows that

A ~
l’( (D+Q)I—%PC):r((D+Q)I_TPC):r(A)<n'
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Since ¢ (8) = O (\/Lg) (e — 0), then let ¢ (g) ~ k\/% (e — 0), where k is a positive number. Then,
Eq (3.9) can be reduced to

lime™! (azlu + (BC + e cos (eTp (£)) PC) u) =0.

&—0

According to the above limit, we have (kzl +(B+P)C ) u = 0. Combined with Au = 0, we have the
following conclusions:

2

r(k1+(i+P)C):r(k21+(B+P)C):r(A)<n. (3.10)
Let B+ P = (by,by,--- ,b,)" and C = (¢1,¢a,--- ,¢,). Then (B + P)C is an n-order matrix with

(B+ P)C);j = bic;. Let A be the eigenvalue of the matrix K2/ + (B + P) C. Then,

';U—(k21+(B+P)C)‘ - ‘(;l—kz)l—(B+P)C = 0.

Let 1 = 1 — k- Then, A is the eigenvalue of matrix (B+ P)C. Since
r((B+ P)C) <min{r(B + P),r(C)}, where B + P is a column vector and C is a row vector, we have
r(B+P)C)< 1.

Let A;, A5, -+ , A, be the eigenvalues of matrix k> + (B + P) C. Then,

1+ @B+PCl=]]u=0,

i=1

indicating that there is at least one eigenvalue A =0. Letuy, uy, - -+ ,u, be the eigenvalues of a matrix
(B + P)C. Then, 2, has the following relation with u;:

L=d+u,i=12,,n

Thus there is u; = —k>. Since the rank of the matrix is not less than the number of non-zero eigenvalues

(at least 1), we have r (B + P) C) = 1, and the matrix (B + P) C has only one non-zero eigenvalue, that

iS,I/tlzbtz:"':Ltk_] :uk+1:---:un:03nduk:—k2.

According to the relationship between the trace of the matrix and the eigenvalue, we have

n

tr((B+P)C) = Z u; = —k2,

i=1

tr(B+P)C) = Z (B+P)C); = anbici =(B+PC"),
i=1 i=1

where (-, -) denotes the inner product of n-dimensional column vectors. Finally, we have (B + P, CT) =
—k*> < 0 and
r(KI+B+P)C)=n-1.

Electronic Research Archive Volume 33, Issue 11, 7198-7215.



7208

Sufficiency of the conditions. Let 8 (g) = \/LE V—C (B + P). According to condition (i), there exists

a nonzero vector X, such that (-C (B+ P)I + (B+ P)C)x = 0 and Ax = 0. Let a (&) = a /e, where
a is the undetermined coefficient. When € — 0, we have

—&p (&) (B (e) + Qe sin (67 (£)) Ix — (BC + ™™ - cos (678 () PC) x. (3.11)

According to condition (i7), there exists a nonzero vector y,.; such that Ay = 0 and
(D+Q)I—-7PC)y =0. When &€ — 0, we have

~ (@ (&) - D = Qe cos (7B (£))) 8B (8) Iy — ™™ sin (s78 (£)) PCY. (3.12)

From Ax = 0 and Ay = 0, we obtain that there exists a pair of nonzero real vectors (x, y) such that

P (&) xpx1 = Q (&) yux1> (3.13)
where P(s) = —B(e)(B(e) + Qe™@sin(tB(e))I - &' (BC +e ™ cos(18(e)) PC) +
(@ (8) - Dy = Qe™@ cos (1B (e)) (@ (e) [ - £7'A), and Q(e) = & 'e™@sin(7B(e)) PC +

(B(e) + Qe @ sin (18 (2))) (@ ()  — £7'A) + B (&) (a (&) — D = Q™™ cos (1 (£))) I.
Since 7 (A) = n — 1 and there are Ax,y; = 0 and Ay,x; = 0, where x and y are nonzero vectors, then

there is a nonzero real number £ such that x = hy. Therefore, we take the undetermined coefficient

a= @, so that when € — 0, we have

—B(e) Qe @ sin (78 () Iy + a (€) B (¢) [x — 0.
According to the definition of 8 (g), when € — 0, we have
—BEe)i’ly — ¢! (BC + 77 cos (78 (€)) PC) y.
Similarly, according to conditions (i) and (if),
e (-C(B+P)I+(B+P)C)y =0,
B(&)(-D - Qe cos (67 (£)) Ix — —& '™ sin (78 (¢)) PCxx.

are obtained when £ — 0, respectively.
In summary, we have obtained

P (&) ypx1 = —Q (&) Xux1, (3.14)

where P (¢) and Q (¢) are given in Eq (3.13).
P(e) -0(e)

According to Egs (3.13) and (3.14), we have that the real block matrix

) is singular,

and further we have |P (¢) + iQ (¢)] — 0 (e — 0), that is,
‘(a/ (&) +iB(e)— D - Qe_T(“(8>+iﬂ(‘9))) ((af (&) +iBe)I - s_lA) —e! (BC + e T@@riBE) pe )' — 0.
Similarly, in the proof method of 1 — D — Qe™* # 0 in necessity, we can easily prove

a (&) +iB(e) — D — Qe ™MD 0 (e - 0).

Electronic Research Archive Volume 33, Issue 11, 7198-7215.



7209

Therefore, we have
(@(e)+iB(e)) 1 —e'A —&' B — g7l pemT@@tiBe)
-C (@ (&) + iB (&) — D — Qe ™@ibe)

where @ (s) = 2 g and B(e) = -z V-C (B + P).
Let A(g) = @ () + iB (¢). Then, there exists an eigenvalue A (&) such that

-0, (>0,

A@) I -'A —g'B—g'pe®r

—C M@—D—QfMﬁzo

and A () = A(e) (¢ — 0). Finally, we prove

lir% Re (A1(g)) = 0 and lir% Im (1 (g)) = +o0.

We consider the (2, 1)-fast-slow system as follows:

dx Xy

7 x(1-x)(x-4) 1B

dy by )2

dt — x+pi WYY y+B
dz vz

R — — t— ,
- 8(y+ﬂ2 27— ¢ (2)z( T))

where A, 71, B1, B2, b1, ¢; and ¢, are the model parameters, € is the time scale parameter, ¢ (z) is a
piecewise smooth function, and 7 is the delay parameter.
We choose the following parameters:

A =-0.125, B, =0.5, 5, =0.62, by =0.208, ¢; =0.141, n=0.169, ¢, =0.2,7 =0.12, £ = 0.01.

These satisfy the conditions of Theorem 3.1, and the system produces a singular Hopf bifurcation near
the internal equilibrium as shown in Figure 2.
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Figure 2. The system generates a singular Hopf bifurcation near the internal equilibrium.

4. Conclusions

The main conclusions of this paper are divided into two parts: In the general nonlinear (1, 1)-fast-
slow system with delay on slow variables, the necessary and sufficient conditions for the generation of
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singular pure imaginary eigenvalues are

() fe=0;

(i) T8 fyu-v) — 8 — &ya-n» = 0;

(i) g« (fr—r) + 15) < O,
where condition (i) is consistent with the condition of the singular imaginary part eigenvalue in the
general nonlinear (1, 1)-fast-slow system, condition (iii) is consistent with the conditional form of the
singular imaginary part eigenvalue in the general nonlinear (1, 1)-fast-slow system, and condition (i7)
is unique in the delay system. It is worth noting that the codimension of the singular Hopf bifurcation
remains 1.

The other part is the general nonlinear (n, 1)-fast-slow system (n > 1) with delay on the slow

variable. The necessary and sufficient conditions for the singular pure imaginary eigenvalue to be
generated are

(i)r( 8x (fy(t}‘?) +f;) ) = r(gx (‘f;'(t—f{-) +fy)) =r(fy)=n-1;
fx

W r( (8y + gy(t—%)) 8 = Tfiu-»8x
(iii) (s + £ 81) < 0.
Based on the existence of the eigenvalue of the singular pure imaginary part, the singular Hopf
bifurcation can be generated by verifying the transversal condition of the Hopf bifurcation.
Conversely, the existence and transversality conditions of singular pure imaginary eigenvalues can be
obtained by the generation of a singular Hopf bifurcation.

The core of the singular Hopf bifurcation is that when the system parameters cross the critical
value, the stability of the equilibrium point suddenly changes, and the singular limit cycle (periodic
solution) is generated or disappeared. The transversal condition directly determines the uniqueness of
the topological mutation of the phase diagram by the crossing of the canonical eigenvalues. If the
transversality condition is not satisfied, the equilibrium point may undergo multiple stability
switchings when the eigenvalue slowly slides along the imaginary axis, and multiple limit cycles with
different radii appear in the phase diagram, resulting in chaotic topology. In addition, the rank
condition guarantees the existence of singular pure imaginary eigenvalues in high-dimensional
systems. In future research, we will consider the case of multiple slow variables and discuss the
existence of a singular Hopf bifurcation in the (m, n) -fast-slow system and analyze its normal form
and its stability.

) ) V((gy " gy(’_%)) 8x1 = %fy(l—?)gx) =r(fo=n-1,
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Appendix A

For the convergence of Eq (3.11), on the one hand, we have
lim —&f8 (&)’ Ix = limC (B + P)=C(B+P)Ix.
On the other hand, we have
lim —&B (&) Qe ™ gin (678 (s)) Ix = —\/C (B + P) QI:dim Vae ™ sin (FV=C (B +P)Ve).
Its convergence is consistent with the convergence of limit lim,_, \/56_8% sin ( \/E) Therefore, the left
side of (3.11) converges with respect to &, and there is
lim 3 (¢) (B(&) + Qe sin (678 (£))) Ix = C (C + P) Ix.

The right-hand limit of (3.11) is

lim (BC + ™™ cos (67 (£)) PC) x = BCx + PanI%e-m cos (7y/=C (B + P) Ve).

e—0

3
Its convergence is consistent with the convergence of limit lime™* cos ( \/E) Therefore, the right side

e—0

of (3.11) converges with respect to &, and there is

lim (BC + ™™ cos (678 (£)) PC) x = (B + P)Cx.

-0
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From (-C (B+ P)I + (B + P) C) x = 0, it can be obtained that both ends of (3.11) are convergent with

respect to € and the limits are equal.

For the convergence of (3.12), we calculate the limits of the left and right sides are both 0. According
to(=C(B+ P)I + (B + P)C) x = 0, the left and right ends of (3.12) are equivalent infinitesimals when

- 0.
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