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B 7R IR R A Turing 70 32, Ajraldige NAESC[11]3F 18 T B H B A RBAT NI & 4 - 11
AU I Hopf 73 SC A7 AEE. Brazaft 3C[12]7%5 A & 5 R AE £ 401 i _E i e, s,
RSB TEER M E Y, 55T Holling-TIAI S DRI & B pR 3, 481 T DL R R
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fu, BIR2 A3 E A

E a(t), y(6) Bk SUPE T AR AR i

2(t) = zo exp { /Ot [r(l _ )y ls) gy m”(s)aly(s)}ds},

k ko 14+ mtoz(s)e
t
y(t) —yoeXp{/ [—u+
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H T (20, o) € RZ, MR — DI FE AT AR R > 0F 2(¢) > 0, WRIEHE AT RIS
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& F5: REEAAAlee A AR BT HNMRE-RIBRAN N RITH 0 205

WE B MIE AT My R AL

W(t) = ex(t) + y(?). (2.2)
¥w (t)i&%%é}i(lA)ﬁﬁ?%ﬂﬁ(i)‘%ﬁfﬁ
aw (t z. @
T E)(l?o = (2.3)
= —erx — py + ﬁx 2(—x+k+ ko).
RG(z) = oo (—x + k + ko), LW HAGG (2)fEr = ketho b B A B ARL M, T 75
dVZ()<M*em*uy<M77W (2.4)
Hr =min{r, u}, M = %%(k + ko), s HE 08 T £
M
W (x(t),y(t)) < — + exp(—1t)W((0),y(0)). (2.5)

Mt — +ooltf, HO < W( ) < M ljtt/%é}“c(l AW T R R A 1.
EE2.1 X RE(LHEREWIEVEz(0), #Alimsup,_, o z(t) < kM2(0) < kolF, N
FHlimy— oo z(t) = 0.
W H IR R 2(0), #Alimsup,_ o z(t) < k.
FRL x(O) < k.
RELE AL, BIFFIEG M, 0 < t1 < to, [ 152(t1) = k, MAEZERIE € (t1,t2),
Ha(t) > k. énf € (t1,t2)HF, Eia%‘:é}‘c(l 4)9’1%*/\4%37@

) = a( exp{/ o(x } (2.6)
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t1
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t (2.7)
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BRI 2(0) > k.
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d\ =000 <0 (2.8)
x=x(0

Horh o2 G4 E X, X R Mlimsup, o z(t) < k, BIFHIE.
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H2(0) < kof, FIFEHE R G (1.4) IR — AN 13
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XL IALm, oo z(t) = 0, BIFFHIE.
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EHE2.2 WHRu > emk®, Wlim,_ o y(t) = 0.

iE W H kR oRlimsup, o x(t), HEHE2.15z < k, B EH A E SO, ST
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PRl AT A5 im0 y(t) = 0.
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3.1 FEanGEEtSEBREES
RATE ST R G (1.4) 7 sSSP EE S Raoe 1, B 65 08 RG0(1.4) P s I AFLETE.
(1) BRRG ()AL T M Ey = (0,0).
(i) #x # 0,y = O, Hra(l — £)(55 — 1) = 0, WGz = ke = ko, MURGE(1.4) Ml A71E
PIAN I TP s, 03N By = (k,0), By = (ko, 0).
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0 —u)
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(i) H1(3.4)%1, &G (1.4)TEE, = (k,0)4b1Jacobianffi 5 K
0 —pt %

PRFAEAR 22 A = (ko — k), Ao = —p+ 220, Hiko < KRI3A, < O, FF BB AFHy 7]
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(iil) H1(3.4)%1, RS (1.4)7EEy = (ko, 0) 4t JacobianfE 4 A

Tk k —mko‘a
Jp = (k( o) T ) (3.7)

emk

0 —H Yt Tomt.rg
FRFFIERR S A = §(k — ko), Ao = —p + Ty, Hiko < kAT > 0B B, = (ko, 0) A
FOE ).
(iv) H1(3.4)%1, R 5(1. 4)EE3 (z* )ALE’JJacoblan%Eﬁijj

g [ 30 +2(k + ko)xa_— ko) — Sy ome ' (3.8)
e ’
MRS REIK R, ﬂ%ﬂiﬁiﬁ’]ﬁﬁ RFAEAR AL FH A2 2 »
amx® y*
A+ A = kk — (= 32 + 2(k + ko)x* — kko) — At mtaz)E (3.9)

2a—1
)\1A2 — aem z*

T+mi,a )3

Horp e > OfEESL, H(Hfgxumf)tFngﬁ)q + Ao < 0, FICPIHRFAEAR ) B A s is, P
LAEs = (a*,y*) 2 R Aa e 1.
3.2 RIBEHITHE R RIENHREFRENTN

ji%%ﬁ*ﬁ‘ﬁlf%?ﬁ(l 4) IV ji Es A2 B LS, BAHARTEAT LR ot S IR £ 8 2L
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3.2 ARGV RE; = (o, y* )AL, WH BOLIWETE T, WA

(i) Em > moltf, BHE R R T RIHERIT N R RIBHE K.

(ii) Hm < molt, IR R 2 % T R HERAT W R s i

E Hexer Kk Tak T, WG

Q=

oL a K 3.10
da azln( (e_ta:u)>< (e_taﬂ)> . ( :
HH :e—teu >0, T%H%ﬁ 1 ?%EY@%?IH( )Eﬁﬂfﬁl, T H
< 0 m > my,
In (ﬁ) ={ =0, m=my, (3.11)

>0, m < mg.
FTBAMm > molt, &R LT & HERIT N Ra ZEBIET, Um < moltt, BHERE K
TFAHERAT N LR a2 3B IR .
BT RFE B IHERT N EE B Ey M, iIdf(z) = —32% + 2(k + ko)z — kko,
Hay, e BIRf (z) BIFAMR (2 = SRVl g gy = EHRot R 230
k), BARS REUNKLRTTH, o1, 20 FBRIEN, EBHJ%MO <az* <k
EW3.3 TEH OLATHR T, WA
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(i) Mm > molf. WHay < z* < kN EEHEy X T BEHEIT AR JLIBWT). 1
Rko < " < oo, W BEHEy R T BEHEFIT NIRRT

(i) Zm < mohf. Wzy < 2* < kU EE L Ey R T BHERT MR BINT. W
Rko < 2* < oo, W BE HiEy* X T EHERAT A LR R IR M.
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= — — _— = _— 1 _ —
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(3.12)
er dz* 427 ),
uk:k: da

AT AT 7 5 R T2 A f (o) B IE AR, Man < 2* < KB, f(a*) < 0, Mko < 2% < 1o I,
f(z*) > 0,456 € 3.2, EIFHIE.

T H32ME F3.3 U M R G E T i Es e B, SIS R AR EEAT 9 20 B R A
B B R IE RN B SR AT B AL A 4. 1I8AIE T F 4518
3.3 BiRFA o X

RIE3ATTIIHT TR, Yy > omie I, By RAGEIS M. 2 < 22, By BT
AFEE WS, AR I8 RA (1A EEID TP S By = (k, 0) RIS 70 3, AR &
() ARIE T 2l E NIy SCB 3L

3.4 UBHyp = s = i, RY(14) B = (k, 0)RRAEFIR T4 5.

ME A SFIH SRR T RLTE 1 REE R B L AR ) &, A

S* Sl o % H* H1 o O
\S) \Eko—k))’ \m) \1)°
- () = (0) .14

Y (E1;m) 0

o (0 0 g B 0
s (0 ) (o) (o) o

—~

3.13)

27‘/1,2 2amurk® E—k
D*F(Ey; i)(S,8) =+, chollimte ’;“)Q(k ) (3.16)
k0(1+mtak“)2( (U )

AT 5, SHNH 2
HTF;L(EM/_‘) =0,
HY[DF,(E1; 1)S] = £ (k — ko) # 0, (3.17)
H[D?F(Ey; i)(S, )] = 534y (ko — k) # 0.

1 Sotomayor i F MOV A 415 3.4 7.

3.4 Hopf9r £

FH3. 179 AT K1, R G0 (1.4) 1EP47 5B 1 JR EB A e TR 75 3 2 — @ I 2 1. DRUtE, AR/NAT =34y
BT R 50 (1.4) 5P 15 B3 &K 4= Hopf 7y 32 (126 A FlHopf 73 SC 177 1A).

W = A+ Ao, = M Ao (FEHN RN (3.9)H 8 X, Hno > OE AL, & Ul &4
FIERI T RuEN D X SH. MBAAF e = p* > 0, i3 H, - mi(p*) = 0, 51(p*) < 0,
2rj1m2 4+ mrja # 0 WAL, o RoRX usk &

EM3.5 BRI HSNRL. Mp = p' i, RESTEIET# 5 B34k & A Hopf /3 32.
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ME ISP AUES AR Jacobian F BE X B R RFAE 77 B 0 T

A — A+ =0. (3.18)
Hp = p*, WHIny = OFF, FFAETTHE(3.18) HivT LA Bk,
A fp =0, (3.19)

B 7 F2(3.19) & B — X A IR AN = iy/m2, Ao = —iy/in. DLBIERE A 5% 1R, SRR AE 7
FE(3.18) KT itk Tk T, A

dA dA
Ay dA 0. 2
i m d m + 72 = (3.20)
LIRS d\ M\ ;
SA_AmTh2 (3.21)
du  2A—m
JES) . .
ji _ 2n1n2+n;772 4 {Q\ﬁnﬂ *771\ﬁ772 : (3.22)
P ix=iyms A + 117 2+ i
FSJ:

21j1m2 + M17j2
A=i\/73 B 4ns + 77% 70
T 2R G (1.4) 2 7 11 2 B3 Ak & A= Hopf /3 32, FEE.
N 5 S — Lyapunov 2 320 o5k > HrHopf 2 I T 1. B e ERE R, Sy = & —
x*, g =y —y*, MRS (1.4) BRI 1S

(3.23)

u
Fr a10t + ag1v + ar1uv + asou® + agev? + azou® + axu®v + arzuv® + agzv® + P(u, v),
dv
dt = b1ou + bo1v 4 br1uv + baot® + boov® + baou® + ba1uv + biauv® + bosv® + Q(u,v),
Hrp
r > amz*""y* —ma*” ©
o = —— (=32 + 2k + ko)a* — kko) — ,ag1 = =—=
10= 70 20k ko) ) T Tt T T mtge™ e
a—2 2a—2
r (@®m —am)z*” "y — (am?t, — a®*m?t,)z* y*
a = — —3.’,[,'* k k - )
20 kko( +k + ko) 2(1+ mtgx*)3
a—1
amx*
= _W’GOQ = 0,a03 = 0,a12 =0,
r
asn = ———
30 o

2a—3

(e = 2)(a?m — am)z*" "yt — (2a — 2)(am?t, + a?m?ty)x* " y*)(1+ mt,a*”) — A

6(1 + mt,x*™)*

A =3[(a®*m — am)x*a_Qy* — (am?t, + anQtG)x*%_Qy*]amtaz*a_l,
(a®m — am)z*" " — (am?t, + o?m2ty)a*" emaz*”
ag = — o bor = —p+ ——,
2(1 4+ mtya*)3 1+ mtoz*
bi1 = —eai1, by = —ey’az, b1 = —easi, b1z =0, blO = —ey"an,
r
b02:0,1303:0,b30:—e(ago—i—%)J'j Z a;;u v],qu Z b uvj

i+j=4 i+j=4



210 BRE R HKFFR 384 55 21

M [21], 5 —Lyapunov & ¥ o & 15 Al 15
3
o =— 90 A2 {[aloblo(ai + a11bo2 + ap2b11) + a10a01(b%1 + agobi1 + a11boz)
ap1A2

+ b3 (ar1ap2 + 2ap2bo2)

— 2a10b10(b3y — azoaoz) — 2a10a01 (a3 — baoboz) — agy (2a20bao + br1bao)
+ (ap1b1o — 2a3y) (bi1boe — a11as0)] — (afy + ao1bio)[3(b1obos — ap1aso) + 2aio(azy + biz2)

+ (b1oa21 — ao1b21)]},
;H\:EPA = alObOl - a01b10, %0’ > 0, )ﬂ\ﬂﬁi?kllﬁﬁHopfﬁfz, %U < 0, m”ﬁiﬁ”ﬁﬁHopf‘ﬁj\i

§4 H{EARY

AATHE — e S AT Matlab B DR 56 UE 57 i L5 75 20 0 BES £5 1, IR Ui B X He 24
AR KT HEAS R G BN )2 AT R

fFla.1 (i) BIEIAE Y R G IE T A AR e i, A BEAT N E Rkt 2 BR R S .
Wy =01,t, =2,e=03,m =02 < mo = 1. HEHE320 FIILI SIEE Er* KT oft s
W, EL(a). Blu = 0.1,t, = 2,e = 0.3,m = 2 > moitt, fE 320 Jb i & E A a5k
Tz G, nE1(b).

(i) FHRIGIE 2 R G IE P47 s e i, SRR AT AR o i B BE R m. By =
0.07L,7 = 1,t, = 2,e = 0.3,k = 2,ko = 0.5,m = 0.4 < mo = 4 = 0.4494. HalbB/N,
Ty < xF < k, HEM3IAFIFEE MG K, i 8 & B Sy G K, e B3.20 F, thi o238
N, Mar < zo)E, MECIE R, M aE B Ey b, E2(a). Blp = 0.071,r = 1,t, = 2,e =
0.3,k =2,ko =0.1,m = 0.5 > mg. HEXIAMaETL < 2% < zo, HEH3.30THIMLE i &
HH Ry KT R, nE2(b).

T RRIGUE R0 (1.4) (30 P47 s5UF0 TE P17 A A e k.

fla.2 (i) HAERIERGU T E M E, M RMEREHE. SES8a=3r=04k=
16,kg = 5,m = 03,4 = 2,e = 0.4,t, = 10, HE(z(0),y(0)) = (4,6), B 2(0) < ko, ML
i Ey = (0,0) 2&RHHafae i, B e & M amasa K4, wEs. Rt LUE S, S48y
Ha(0)/NTF Allee ™ £ ko i, B1H A2 KA.

HAZHFE L, YME20),y(0) = (6,6), Lid it 50152 50 2 & 4HHy,, WHE, =
(16, 0) /& J7 MM A e 1, 4if )t T IETCTT I, 4 68 P K 4e, S EFaefEs, w4

(i) FRIE R IE P R Esifa et S la =3, r =3, k=16kg =2,m = 2,e =
0.6,t, = 2, ¥ME(x(0),y(0)) = (13,13). &iFH A HIE L = 0.1965,%u = 0.2 > p*if, H
SE PR3 1T AN R 458 (1.4)ME— B9 IEF 1 mEs = (12.25,14.71) 2 R &R ET I AR E (1), W5 (a) (b).
P = 0.1956 < p*Bf, BEBT IESF s B2 AR E 1, Wi 5(c), FoE— AN PR R IR, i E5(d).
M = i, RGE(1.4)1E 1BV S Es 4K 4 Hopf 43 32.
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(c) p = 0.1956HF, xFly It a7 5 E

(d) p = 0.19568F, oAy I+ E

K5 a=3r=1k=16k =2m=2e=0.6,ta =2, ¥MHEB(2(0),y(0)) = (13, 13)i} EsFasE 1k

I 75 B3 2 — € 2 AT FEAllee BRI N, R IL R G (1.4) WP A 2 RtaE, HAR%
A TR PR PE S S HE AR G an SR B AT AR I 20 25 /N T Allee 5 B ko N, £ 1H B 20K o K 4.
R EEHEEEHMRGERNT ARG R, WA EE RARK 2 KA, FIRAE IR S
FaE BEOL R, R IR IS [F AR RFAT 20 B WA £ & (W30S 7 A8 T R B SRR,
K3, 4fftos. 20, U HOH R — e SR, H 2 SCARIE I T RGE S AE T RUE AR ARSI
RO, 1A S Es b R A Hopf4r 2. 3+ s id i 51 28 —Lyapunov & $lo >R ¥ 5 Hopf 4y S ) 7

), 4ifRo > 0, WA R

5 S Hopt 2 3, o < 0, Wk A# ik FHopf7)r .
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Dynamic behavior analysis of a predator-prey system with Allee
effect and herd behavior
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Abstract: A predator-prey model with prey Allee effect and herd behavior is considered in this
paper. The long-term behaviour of the population under certain initial values is analyzed. Then
the local stability of all equilibrium points is discussed by using linear stability theory. The effect
of the herd behavior on the prey and predator equilibrium densities are discussed in the case of the
positive equilibrium point is stable. Next, based on bifurcation theorem, conditions for the existence
of Transcritical bifurcation and Hopf bifurcation are derived. The direction of the Hopf bifurcation is
analysed by calculating the first Lyapunov number. Finally, numerical simulations are used to verify
the feasibility of the conclusions.

Keywords: Allee effect; herd behavior; stability; Hopf bifurcation

MR Subject Classification: 34C25; 92D25; 34D20; 34D40



