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Abstract

Competition and predation are a common phenomenon in ecology. When two species
compete for the same limited resources, the coexistence of predator and prey is neces-
sary to sustain the predator-prey system. It is of great significance to study whether
predators and prey can coexist in a intraguild predation model when competing for
the same resource. In this paper, we study the stability and Hopf bifurcation of a
spatiotemporal intraguild predation model with a fear effect, the conditions for the
coexistence of predator and prey in a intraguild predation model are derived by dis-
cussing the existence of equilibrium points, local and global asymptotic stability and
uniform persistence, the condition of stability of equilibrium point is obtained by Lya-
punov method and Helvetz criterion. Finally, we take the fear factor as the branching
parameter and obtain the conditions for the existence of Hopf bifurcation at each

equilibrium point.
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1. 515

TEEARIAET R, BRoa 4 AN & oh, JEALEE P & ( Intraguild predation, WFK IGP ) & 7 —Fp
WAETAESRKRGMBERAALERNIM G, HEmARZMN. 75 IGP 244, 1G fMie#H LI IG 81H
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NE, IS IG BHM S, FF =000, M IG Mg, IG S IHAM LS B 5 B — > ] 5
IR, X SEALHE H B R ST 7T 5 T LUB I 25T [1-3], %4 Polis, McCormick, Myer#l
Holt B e T BN & R MM, 75 1997 &3¢ [4]F 25K Holt Ml Polis #57 1 —4
I BN B REER, KA IG AL R IEN R BTSN, Pra 4 o4t
A7 XY AE RS E AR N B RGP i) =LA R AR AR, T2 bR A R G 5 2 IR B AR
R, KA T — MRS, BT, ARV 2 58 WA AN A1 BE ST (4] RS 3R 4718 IR AN Ab 78,
RARREHAG AN L Z (A7 JE . BRI, R N & RGO FT B A B A B M AN SE =

FERE-EH RS, Thie SN BRI E ARG 7. O 7 R i & MRS FE R b
BHE A, a7 SRR T RE SR R 4. Hh AL 55 2 #1 Holling-1 &Y, 11 A
ATIT IR B [5-7], Beddington-DeAngelis ( BD) B4 Thfg [ 87 8, 9] F1H A — e A [10,11]. T
Holling A4 Dy 5 N AR A £ 38 T A A OB A% 52, T BD A4 Dy B8 S8 DR Ve Al 8 5 T FE 3R
52 BB AR PRS00, B BD Dfe S8 ek SO omt T & & % . 0 7uR ], R ThRg
LRI K S e A A T AR ELAE FH 5 51, R 2 B b = AN = AN BL BRI [12-17). X
T IGP #i%!, Kang 1 Wedekin [18/fi2#% T Holling I1T ZUThAE M, 1X &3 F Schaber %5 A f 55
SERA S A [19]. K% Holling T Z4RT Holling 1T B IhAE S B TR &, JRIEAE IGP A gl iE A
FERRE [20,21]. BB/, BAA BD DhRE RN ek i AL SRR BB AT [22-26). 8T, BT R,
XFEA BD Dhfe B IGP BT FEARN AR [27-32].

AR R, 3 [27-30] P BUE 1IG B S RIRHM 2 5 IG MR HFME LR, X
REABE S IG il B Xl R, T =R GE 50, IGREM IGH & &) L= F 3%
5, M IG S IG & /M SR BN, X =DM RE 2 R AHE, KX =i
M FE 2R AR [6].— 5 1T, AT ANIE 4235 R Gl - R S8 1 E R R A IR 2 &
THIEES [33,34], “BRT-HL [35], FFASEAF [36], HEHRAE [37]5%, Horh R XHli & & MR H At 2 e
Z [38-40]. Ak, FT VLB E, A SCHUG I B 1G R IH 9215 LUK St (R BE ALY B
ANFBIRER [32] PEAT HE— DT 5T 30 [32] IR AL

dR RO R> ciRN csRP

v _ vy _

dr — ! K’ 1+AR+AN+ AP 1+ AR+ AN + AP’

dN ElclRN CQNP

- = - —mi, (1.1)
dr 1+A1R+A2N+A3P 1+A1R+A2N+A3P

dj _ EQCQRP + 8363NP P

dr 1+ AR+ AN+ AP 1+ AR+ AN + AP P

XHE, R(r), N(r) M P(r) 2RERE 7 2SR B, 16 RHM IG i & H M. S8
r1, K ARSI BRI N IR N BRI 1. Ay, Ay, As 0RIFORIEEBUE, 1G RIHA
IG fEHM TR, 1, co, cs PHFRRIG B, IG fHEEH XL Z IR HAM T REL K IG
MEEN ICERMPRKAMER, &1, e, a3 DR RIG &H, IG Ml &H N ILERITMF R L
IG i BT IG IR, n1, np 20K 1IG &HATIG i 4 1) FARSET- 3.

FEZR T FAMR BRI T F M IG & S EBOt = 3R T %, 1 1G fEmEK
fURZIL1G i &2 MR, TR RHMRIR T h(f, N) = 15 REIRSE (1.1) , b f R BH
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X IG BAHHRARTESE, 15 82 UG R 0 R

dj o 7"1R (1 B E) o ClRN . CQRP

dr 1+ fN K’ 14+ AR+AN+ AP 1+ AR+ AyN + AP’

dN 6101RN CQNP

i - —mi, (1.2)
dT 1 +A1R+A2N+A3P 1 +A1R+A2N+A3P .
dj i EQCQRP 4 €3C3NP P

dr 14 AR+ AN + AsP " 1+ AR+ AyN + Az P 25

NI, SINCLT EENEEMSE, Lgd 25 (1.2) WS HHHE:

R K K
t—rlT,u——,v:ﬁN,w:C—ZP,k:g,elzglcl ,6226262 ,
N T1 T1 C1 T1 T
A A
C:C37 :@70/:"41[(7[)1: 2r17b2: 37’1751_7]1752:@7
Co c1 C1 2 1 T2
A RS (1.2) Ltk h
du (1—u v 4w )
——u _
dt 1+kv 14+au+bv+buw’”
dv elu — cw
E:U(l-f—aul—kbv—i-bw_(sl)’
1 2 (1.3)
dw ( esl + ecv 5)
— —w _
dt 1+ au+bw+bw 27

u(0) = 0, v(0) = 0, w(0)) =0,

BEAh, MR AL BERR P4 AR IR 3R S B0 1 A W) 0 A AN B SO R, R S ARV R
Beddington-DeAngelis DJRE SRS IGP 8 (1.3) . A, JA1% SR ESE T F 1 Neumann i
AT T I E 3 R

1—u V4w

utidlAuzu(1+kvi1+au+b1v+bgw’ re, t>0,

v — doAv = v(l n azli;;I: oo 01), re, t>0,

wy — dsAw = w(l n ae;lj_:;cj_ o d2), ref, t>0, (1.4)
%:%:%:0’ T €00, t>0,

u(x,0) = ug(z) >0, v(x,0) =vo(x) >0, w(z,0) =we(x) >0, =€

M Q& RY (N > 1) FRAGILR 0 KA FIXE; vl 0K AL INERIE; di, da, d3 >0
TR B Y BCR S, B B T AR R R Y, AHME wo (), vo (), wo(x) 9 Q
ERESL AL BB R BT S8 IR R
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NHFRATE X

( 1—u _ V4w )

u1—|—kv 1+ au+ biv + byw
o e1u — cw 5

F(E) = (fl(E)an(E)va(E))T = 1+ au+ byv + byw !
€U + ecv
-0

w(l—l—au—l-blv—l-wa 2)

AL ARG 285 2 A58 1IN R R GUR KA TEANAT g, AT P i R A 4R
FasEtE, LA T &4 (1.3) # Hopf 70 X 35 3 WEI TR G M 70Hr: ¥HE 7 R4 (1.4) KR
IR APERI T i R AR 1. 56 4 4 T 45

2. R% (1.3)WIsh hZEDH

2.1. EARTHIMERM

EE1 R4S (1.3) WA MAERS = {(u,v,w) : u(t) > 0,v(t) > 0,w(t) > 0} WAFFE HARFFIENE.

MERR ¥ (u(t),v(t), w(t)) NERSG (1.3) K, REZGEH, f1, f2, fs & R ERELSLRHH LR
#B LipschitizianiE £, KL, 3 2 WME 1 (u(0),v(0),w(0)) > (0,0,0) MRS (1.3) KIATA RAE
R3 = {(u,v,w) : u(t) > 0,v(t) > 0,w(t) > O} NAFLE HME—, HETIRW] 17X vt > 0 KIFTA i A7 1E H.
{RFFIETE.

EIE2 £ RS WIKRS (1.3) HIFTA AR —F0H S

MERR B (u(t), v(t), w(t)) ARG (1.3)KIER —HE, l7'j <
m"/f%, tlim U(t) S ]., E]]Xﬂ‘ Vél > 0, EITl,i—/I t > T1 ET ﬁ ( ) < 1 +€1

M (I3)FHE AT, FATH

< u(l—u), HEEFEH

1+kv —

dv . (e1u — cw)v eruv ey (1+e€)
at Y T Trautbo+bow b © by

G Gronwall's A5 [41], FATEH

e1(14€1)(1 — e~t)

—01t
bio, +v(0)e

0<w(t) <

- HIEAEER AT, lim o(t) < <G BIX Ve, > 0,375, ¢ > max {7, To} 6

e1(14€1)
U(t) S % +€

(L) =TT, RATE

dw (e2utecv)w _ (eutecv)w _ ea(1+ 1) +ce[ 20t 4 )]
- w =
& Y T T raut ot bw — bw - .
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FRE Gronwall's A5 [41], FATEH

ea(1+e1) + 05[‘61211;61) + €]

0<w(t) < (1 — e + w(0)e %"
bado
e € ce alte) € NE
th RS AT, lim w () < )T nn T B Vey > 0, 375, ¢ > max {14, Ty, T it
—00
es(1+e€ c 61(1+51)+6 14e€1)(e +ﬂ +ece
w(t) < kil bi[52b151 d +e3 < raX 21)2;;51) e + €3.

ARG (1.3) T i BUA TP R & T LR Xk

@:

er(l+er) < (L+e)(e2 + 3157) + cee
T s 5
1 202

{wow) e ) <1400 < Faveae > 0]

2.2. PEREFEN

(i) BAFAEV LT 5 By = (0,0,0) FIEF P4 A Ey = (1,0,0);

(11) ﬁ;’f@ﬁlﬁ%@j)ﬁu E2 = (UQ,UQ,O), U2, Vg > O, Eg = (u3,0,w3), Uz, Wz > 0 H‘J%ﬁgé\ﬂj/&\
= s, 0= L2JBA R RAEE I HE&H (ibw) MEERT, 16 REMIRY)IEARE
H, W RAKLIG BEMBT, IG & AR

HIG fMEFEAAER, Bl w=0, 25 (1.3) BN HEHE- SHRS:

%_ (1—u7 v )
a 1+kv 14+au+bv”’
dv el
(s

dt v(1+au+b1v 1)

R > 1, MRS (1.3) AME— Ey = (ug, v2,0) JERHIIL T TG 5, 110 vg W2 LAR 7 fE:

Alvg + Bl'UQ - Cl =0

/\EF‘
A1 = 61[)%6% + k51(€1 — (161)2 > 0,
Bl = 51(61 — a51)2 + 261[)1(5% — 61b151 (61 — (151),
Cl = 6161(61 - 51 - 0,(51) > 0,
NUvQ:W>O,u2:% (0 < uy <1).
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KM, 211G FBRAELERS, B v = 0, % 02 > 10 uy = @rterameiylehs b ea)t itacats

21)262 ?
w3 = 762%5;1;“3) (0 <uz <1).

(iil) # B* = (u*,v*,w*) N RS (1.3) WIEH B4 5, WG LT 7 fE:

1—u v+ w
_ =0 1.3
u<1+kv 1—|—au—|—b1v+b2w) (1.3a)
elu — cw
—91)=0 1.3b
U<1+au+blv+b2w ) ( )
w(—2UTEV s (1.3¢)

14+ au+ biv+ byw
H (1.3b) Rl (1.3¢)13, w = [(afmeadiumcsdiv] g g\ (1.3b), (1.3¢) 35

652

N [(62 — CLCSQ)C + 62(6251 — 61(52)]U — 662
C[bl(SQ — €(C + b2(51)}

o 5061 — [(61 — a51)ce + b1 (6251 — 6162)]’&
N c[b1da — (e + bady)]

E X
52(6251 - 6152)

Cc

Av = €3 —a52 +

b1(€251 - 6152)

ce

A, =€ —ad; +

CHue S, v>0, 1M
—=,00), L>0,A, >0;

S, = (0,00), L<0,A, <0; (1)

L<0,A, >0.

KA, 24w e S, w >0, 1
(0,00), L>0,A, <0;

L>0,A, >0;
(2)

L <0,A,>0.

/ﬁ\ L= b152 —€(C+b251), M = (62 —a52)6+b2(€251 — 6162), N = (61 —a51)08+b1(6261 — 6152), )H\U

Mu — cdy
1.
v oL (1.3d)
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w— 506102 Nu (1.3¢)
¥ (1.3d), (1.3e)fRN (1.32) 132X T wf Rk N T
fu) = Agu* + Bou+Co =0 (0 <u<1)
Ay = ac’L* + kM? + cby ML — cbyNL — kEMN,
By = (1 — a)L* + *(ebydy — b16y) L + ck(ed; — 202) M + ckdyN + ¢(1 — b)) LM — ¢(1 — by) LN,
Cy = 01 (1 — by) L — 205(1 — by) L — 2L? — kec?6,05 — ko2,

Z(Hy) R > 1> Ry, L #0H Sp=5,N08, #0 R, R4 (1.3)E LA WA IEH P75, Bk
ﬁD—F f(O) = CQ, f(l) = AQ + Bz + CQ,

(a) & ACy >0, A = B3 —4A,Cy > 0,u = — 22

~ 5
¥ Cy(Ag + By + Cp) > OB, up = —22-V/ Baz2eC \/2’2—214202, ui = W' W E%: (1.3 EAEFIA

IEEHCEE A 3508 Ef = (ul, v, wy), By = (ub, v3,ws);
¥ Ch(As + By + Cy) < ORF A uf = —22V A2 g (1.3) WA — AN EHHCT- 854 B =
(ui, vy, wy).

(b) % AsCh < 0, Cy(As + By + Cy) < O, 4 uy = —22EVI24C iy 2 (1.3) JUgF—AIE
WG R ES = (u3, vl w)).

(c) & AyCy > 0, A = B3 —4A,Cy = OB, uy = —F2, MRS (1.3) /) 1L 5 B 50
E3 = (uj, v, wi).

(d)# ACy =0,

% Ay =0, —B3 < ByCy < O, uj = — 2, WAL (1.3)IEW BT 508 Bf = (u, vf, w);
_ By
Ay

HCy=0, —A2 < AyBy < OB}, ut = =82 MRS (1.3)MNIEFECFHT SN B = (uf, vi, wi).
2.3. TEREIREM

A4 (1.3 ) 1E (u,v,w) 4K Jacobi FEFEATTR

Jll J12 J13
J=1Ja Jan Jaz |, (3)
J31 J32 J33
Horp
T = 1-2u _ (vtw)(1+biv+barw) Jio = _[ku(lfu) + u(1+au)+(b27b1)uw] Jin = (ba—b1)uv—u(l4au)
11 — T3k (14+au+biv+bow)? ? 12 — (14kv)? (1+au+biv+bow)? 1’ 13 — (14au+biv+bow)? ?
Jor — e1v(14+b1v)+vw(acterba) - (eru—cw)(1+autbow) 5  — _cv(1+biv)fuv(acterbs)  A—
21 — (1+au+biv+bow)? ’ 22 7 T (Ifautbivtbrw)? 1y 23 — (14+au+biv+bow)2 31 —

eqw(1+biv+bow)—acevw Tay = cew(1+baw)+uw(ace—biez) Jaa = (e2utecv)(1tautbiv) 5
(14+au+biv+bow)? ) 32 — (1+au+byv+bow)? » 33 T T(I¥autbivtbow)? 2-
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D@ R RS (1.3) R SRR Jacobi K FERIRFAEME, KA 1X £8P 47 i (AR e 1.

EIE 3 (i) ‘P A Eg = (0,0,0) 2 sk ATEER.

(ii) & max {Ry, Ry} < 1, WP NPT A By = (1,0,0) 2R ERHHLFRER); S0 E, A RE
).

MERR (1) &4¢ (1.3) 1ET4 5 By ALK Jacobi #EFE

1 0 0
JEO =10 -0, 0 : (4)
0 0 —d

SR (4) BEE A AY =1 >0, ALY = 6, 1A = —6,. B, P S B BT
(i) B4t (1.3) P4 5 By A1) Jacobi 5 FE K

1 1
1+a 1+a
€1
Jg, = 0 -9 0 . 5
E; 1+a 1 ()
€2
0 0 )
1+a 2

FFE (5) MIRHIETT RN

14+a 1+a

(/\+1){/\—( @ —51)} [)\—( e —52)]20.

€2

FTLL, SR (5) ML A = —1, 07 = = =i = ai(R 1), A" = e
B mazx {Ry, Ro} < 1, P75 E, ZREEHLARER; k2, By 2 AFRER.

EEABER > 1,k > b Hor, # AP <0, TO <0, T IG & P45 By (us, v0,0) 2
R R E R 2 AP > 08 T > 0, W By (us, va, 0) A FAE.

MERR 24t (1.3) V41 5l Ey AEHJ Jacobi HFE A

6y = 65(R2—1).

aipz Qiz2 Gi3

Je, = | aa1 az ass |- (6)
0 0 ass

/\I:':‘

_ 1 a51(1—u2) _ _ kug(l ug) b151(1—u2)
ai = 1+kvo [ ey Uz, A2 = (1+k1}2) + 61(1+k’02) ?

_ (ba—b1)ugva—uz(l4ausz) _ [ _ bi161(1—u2)
a1z = (1t austb102)2 , ag: = (€1 — Cl51)1+kv v Q22 = T g

_ 7c’Uz(1+b1v2)+uz’uz(€1b2+a0) __ e201 Ec(l u2)
Q23 = (1+auz+b1v2)2 ? az3 = ey 6 + 1+kvy °

&
g%ﬁ
L.&\‘:
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TR (6) MIRHIETT RE

(A —as3) [N = (a11 + a22) A + a11022 — a12a91] =0

A D?2) — _ _ l—ug |d1(k=b1)(1—u2) b1d1us d1(e1—ady)
2 DY = anaze — arza01 = 1535 A4koa)® T 1tkes T o )

01(&—b1)(1—u2)—u c(l—u
T® = a1 + ag2 = S 1221;2 2 2’ >‘(12) = eii — 02+ El(Jlrkv;)’

A EHEE A AP =7@ APAD = D@ > 0. 4P <0 HT® <o W, 5 (6) H%s
GEE A, A BB i, B, FAT S By RRMEHERAER; 24 AP > 05k 7@ > 0 i, P4
E, e AAFE .

EI 5% R2 > 1, 5 R?2 > RLH ady < baey, MITE IG BT 15 Es(us, 0, ws) A& R HBHETIL AR
ER; 27 R > R2 G (R —R?) > o1 —uz)R2E equs < (ads — baey) (1 —ug) B, P 5 Es(us, 0, ws)
TAFRE M.

JUERR R4t (1.3) 7571 5 Es 4L Jacobi AEFEA

bll b12 b13

He
b1 = %(1 —ug) —uz, bip=(1- U3)(% — kug) — %, bis = —52[1%217%)],

b22 = % — C(l — U3), b31 = (62 — (1(52)(1 — Ug), 632 = (80— blég)(l — Ug), b33 = —b252(1 — U3).
FERE (7) WIRHIE TR A

(A — ba2) [)\2 — (b11 + b33)A + b11bzz — b13b31] =0.

4 D) = by1bss — bizbas = 62(1 — uz)\/(e2 — baes — adz)? + 4baexdy > 0,

TG =byy + bgg = (% —bo)(1 —u3) — us, /\53) = % — (1 — u3).

Bk A A + AP =76, AP = DO >0, 4 AP <0 HT® <0, (1R > R1A
ady < byesW, HEFE (7) HVRFEAE A, A B fsedp, Bk, P S By 2R MWL E ;Y
AP S 0F T > 0, BIR > R2, 6,(R! — R2) > (1 — ug)R2H equs < (ady — baes)(1 — ug) B, P
& By A RE .

IR 6 4 LW HOPHT 5 B (u*, v*, w* )AL LR 26

(HL,) ec > bis, 1+ kv > bi(1—u*), € > ad; (i=1,2)

(Hj) 1+ au* + byv* + bow* > a(l — u®)

(Hy) bada(e; — ady) > (ex — ada)(c + bady)

(Hs) b101[(1 + kv*) — by (1 — u*)]v* > (ec — b1d2)[(1 + kv*) — ba(1 — u™*)]w*
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T T35 BT 0 B (u, v, w*) A2 JR) ST A e 1.
HERR R4E (1.3) 17E°F 1 & E* 4bf Jacobi FE[E AN
€11 Ci12 (13
Jer = e con o3 |- (8>

C31 C32 (33

7N q:|
ot a(l—u™) o I Ths k(l1—u™) (14+kv*)=by(1—u™)

11 = 1+kv* [1+au*+b1v*+b2w* 1:|’ C12 = 1+kv* { 1+kv* + 1+au*+biv*+bow* |?
T bo(1—u™)—(14+kv™) o (e1—ady)v™* _ bid 0"

€13 = 1+-kv* [1+au*+blv*+b2w* » C21 = 14+au*+byv*+bow* "’ Ca2 = 14+au*+byv*+bow* < O’
_ (c+bady)v™ _ (ea—adz)w™ _ (ec—b162)

Ca3 = 1+au*+biv*+byw* < 0’ €31 = 1+au*+biv*+byw* C32 = 1+au*+biv*+byw*?
_ badaw™

C33 = 1+au*+biv*+bow* <O0.

FEFE (8) MIRHIET FE N

N+ PN+ PA+P;=0. (9)
/\q:l
Py = —(c11 + ca2 + ¢33)
ot a(l —u*) b161v* + badow*
14 ko* 14 au* + byv* + byw* 1+ au* + byv* + byw*’

Py = ci1c92 + 11633 + Ca2C33 — C12C21 — C13C31 — C23C32

w*(b101v* + badow™) k(e —ady)(1 — u*)u*ov*
(14 kv*)(1 + au* + byv* + bow*) (1 + kv*)?(1 + au* + byv* + baw*)

n w* {(1 4 kv*) [(e1 — ady)v* + (e2 — ady)w*| — (1 — u*)(bre1v* + boesw™)}
(14 kv*)(1 + au* + byv* + bow*)

[b1b25152 + (CE — b152)(c + bg(sl)] v¥*w*
(1 + au* + byv* + baw*)?

)

P3 = cq1(ca3C30 — C22033) + c12(Ca1633 — Ca3Ca1) + C13(C22C31 — C32€21)

T 1+ kot

u* a(l —u*) L [(c 4 b201)(ce — b1d2) + b1bad1 o] v w*
1+ au* + byv* + byw* (1 + au* 4 byv* + byw*)?

o k(1 —wu*) (14 kv*) — b1 (1 —u*)] [(ea — ada)(c + bad1) — bada(e — ads)] v* w*
1+ kv* | 14+ kv* 1+ au* + byv* + byw* (1 + au* + byv* + byw*)?

o ba(1 —u*) — (1 + kv*)| [b1d1(e2 — ada) + (€1 — ady)(ec — byda)] v w*
1+ kv* |14 au* + byv* + byw* (1 + au* + byv* + byw*)? '

&
Bl
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A (Ho) AT,

sen(Jg-)= |+ — —|. (10)

MM (Hy) (Hs) (Hy) 7150, PL >0, P > 0.
PP, — P; = 0?1(—622 —c33) + ng(—cn —c33) + 653(—011 — C22)
+ c12(ca3esr + c1161) + car(Cr3csa + caac12) + Coz(cazesn — crics3) (11)

+ c33(ca3cs2 — Cr1C22 + C13€31) + C11¢13C31

21 (Hs) 5 (10) KRS AT %,

(ec — b1d2) [b2(1 — u*) — (1 + kv*)] u*w*
(14 kv*)(1 + au* + byv* + bow*)?

C13C32 + C22C12 =

. bio u*v* E(1—wu*) (14 kv*)—0b (1 —u")
(14 kv*)(1 + au* 4+ byv* + bow*) | 1+ kv* 1+ au* + byv* 4 bow*

_ w* {b101 [(1 4 kv*) — b1 (1 — u*)]v* — (ec — b1da) [(1 + kv*) — ba(1 — u*)] w*}
(1 4+ kv*)(1 + au* + byv* + bow*)?

kb6 (1 — u*)u*v*
(1 + kv*)2(1 + au* + byv* 4+ bow*)

}‘AﬁﬁP1P2—P3>0.

>0

+

Rk, 244F (Hy) (Hs) (Hy) (Hs) BOLE, Py > 0, Ps > 0, PP, — P3 > 0, 1 Routh-Hurwitz
FIFE [A2] W50, FFAETTRE (9) MOARSY BA S, MRS (1.3) B IR HCHE S B 2 Rt
SEM. RZ, FHETTHE (9) BIMRA A 0S8 HAG A AR, B IEF B A EX 2 AR E M.

2.4. EBRTE~ERREEN

X JA) W AT IE W BOP AT EX (v, 0%, w*) 7E RY WA R AR E 1 7873 5614
EIR 7 H (Hg) 5 LA R okAF

(Hg) ad; (14 kv*) — bje;(1 —u*) >0
(Hr) 20161 (1 + kv*)? < k(1 —u*) [ad1 (1 + kv*) — brey (1 — u*)]
(Hs)

4b1[)2€1€25162 > [61(66 - bl(SQ) - 62(0 + b251)]2
GQ(C + b2(51) > 61(06 — b152)
b1€1(51 [&(52(1 + kI’U*) — b2€2(1 — U*)] > [62(6 + b251) - 61(60 - blag)] [blel(l — U*) — a51(1 + k’U*)]
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JAL, U IE 3 HOPET A B (ur, 0%, w*) £ RS = {(u,v,w) :u(t) > 0,0(t) > 0,w(t) >0} W22 mH

MERR 7E R3 = {(u,v,w) : u(t) > 0,v(t) > 0,w(t) > 0} WE X Lyapunov A

U 1 v 1 w
V=@w—-uv"—-uv'h—)+—(@wv—-v"—v"In—)+ —(w—w"—w"'ln— 12
(u—u" —u nu*)—l—el(v vt —w nv*)—|—62(w w* —w nw*) (12)
PR (12) I8 R4 (1.3) T ¢ SRS r15
dV.u—u* du v—ov* dv w—w* dw

el Gt b vl G e vl G

v* + w* 1—u*

E* E/\é 1. i K ‘//—)f_\:l‘\, = s
B R RS (R, L

eju* — cw* 5 esu* + ecv*
1+ au* +bo* +bow* 7 14+ au + bv* + bow*

= 5.

AN, wt —uvt = v*(u —u*) —ut(v —v*), uv—uv* =u*(v—v*) —v*(u—u*)
vw* —v*w = w* (v —v*) — v (w —w*), v'w—vw* =v*(w—w*) —w(v—v)
ww* —urw = w*(u —u*) — u*(w — w*), vw—uw* =u(w—w*) —w(u—u*).

2o fij Lt SEAR 2,

u—u* du 1 a(l —u’) *)2
( u )E T [l—l—kv a (1+kv*)(1+au+blv+b2w)] (u—u’)
B { k(1 —u¥) (14 kv*) — by (1 —u*) } (4 — ) (0 — v7)
(1+kv) A+ kve)  (1+kv)(1+au+ biv+ baw)
(1 4+ kv*) —ba(1 — u*) ; .
a {(1+kv*)(1+au+blv+b2w)} (u—u)(w —w’)
1 v—v" dv e1 — adq b161

= (u—u*)(v—2v") —

k)2
€1 v )dt e1(1 + au + byv + byw) (v =)

e1(1 + au + byv + bow)

— ¢+ bady (v—v")(w—w")
e1(1 + au + byv + byw)

i w—w* d7w €y — a(SQ 5252 (w B w*)z

e w )dt - eg(1+au+b1v+b2w)(u_u J(w = w )_eg(1+au+b1v+b2w)

cE — b152
+
62(1 + au + blv + bQU))

(v—v")(w—w")

&
g%ﬁ
L.&\‘:
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NI]
1—u* b6
ﬂ:_ 1 _ a( u) (u_u*)2_ 191 (U—U*)2
dt 1+ kv (14 kv)(1+ au+ byv + bow) e1(1 + au + byv + byw)
b252 ) €1 — a51 « «
— — uUu—u v—v
62(1+au+b1v+b2w)(w w)”+ e1(1+ au + byv + baw) ( A )
i 1—u 1+ ko) — by(1 — u
+ = k( U) o ( + U) 1( U) (u—u*)(v—v*)
| (I4+kv)(1+kv*) (14 kv*)(1 4 au+ biv + bow)
[ — ad 1+ kv*) — by(1 —u*
n ey — ady A+ ko) —by(1 —w) (1 — ) (w0 — w)
Lea(l 4+ au+ biv + baw) (14 kv*)(1 + au + byv + baw)
[ ceE — b152 c—+ b251 * *
— v —v w —w
+ Lea(1+ au+byv + bow)  e1(1+ au + byv + bow) ( ) )
A _ 1 a(l—u™) _ 1 bie;(1—u*)—adi(1+kv™) k(l1—u™)
N lll - |:1+k:'u - (1+kv*)(1+au+blv+b2w):| ’ 112 - l21 ) |:el(llﬁl-kv*)(l—i-aui-blv—i-bzw) (1+k:'u)(1+k:'u*):|’
log = S i - lia = lay = 1 boea(1—u™)—ada(1+kv™)
22 — e1(1+autbiv+bow)’ 13 — 1 — 3 ea(1+kv*)(1+au+biv+bow) |?
lan = o bady los = lag = L e1(ce—b1d2)—ea(c+b2dy)
33 ez (14+au+biv+bow)? 23 32 2 eres(l+au+biv+bow) |°

L L b3
L=1ly lea los

113 l23 133

EE] (Hﬁ) (H7)ﬂlﬁu, lll < 0
b — 111 2. — 21 (14kv) (1+au+byv+bow) {26161 (14+kv*)2 —k(1—u")[ady (14+kv*)—bres (1—u")] }
lig lpp| — "11722 7 M12 ™ 12 (1+kv)2(1+kv") (1T autbrv+bow)?

4abie1 81 (1—u*)(14+kv™)(1+kv)? (1+kv)2[bres (1—u*)—ad; (1+kv*)]?

T 43 (1+kv)2(1+kv*) (I+autbiv+bow)? 43 (1+kv)2(1+kv*) (1+autbiv+bow)?

B e2k?(1—u*)?(1+autbiv+bow)?
4e? (1+kv)2(1+kv*)(1+autbiv+bow

M (He) (Hg) %01,

lll ll2 l13

)2<0

ho b2 o) = lyyloalsy + 2liolislos — 111135 — laal3y — I3303,

l13 l23 l33

{le1(ce—b162)—e2(c+b261)]> —4brbreredr 62 }(1+kv) (1+kv*) [(1+kv™) (1+autbv+bow) —a(1—u*) (14+kv)]
defe3(14+kv)2 (1+kv*)2? (1+autbiv+bow)3

+ le1(ce—b1d2)—ea(cabadr)][brer(1—u*)—adi (14+kv™)](1+kv)?[beea(1—u*)—ads(14+kv*)]
defe3(14+kv)2(1+kv*)? (1+autbiv+bow)3
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bie1d1 (14+kv)2[baes(1—u*)—adz (14+kv*)]? + boeada(14kv)[brer(1—u™)—adi (1+kv™)]
4e3e2(1+kv)2(1+kv*)2(1+autbiv+bow)3 4eTe3(1+kv)2(1+kv*)2(1+autbiv+bow)3

+

_ kei(I+kv)(1—u")[e1(ce—b1d2)—ea(cybadi)][baea(1—u™)—adz (1+kv™)|(1+autb; v+bow)
4e?e2(1+kv)2(1+kv* )2 (1+aut+biv+bow)3

boejeskds(1—u*)(1+autbiv+bow)

+ 4e?eg(l+kv)2(1+kv*)2(1+au+b1v+b2w)3 <O0.

Wa=u—u*, 9=0v—0v* Ww=w—w", MM % = (@, a,w)" L (@,a,w) < 0. JHAY u=u,
dv s s g

v=0", w=w" i, 7 =0 1 LaSalle 32735 B [43], AR E] E* ££ RS W24 Rt e .

2.5. Hopf 77X

X FATCLRAR R+ &k AE 5 XS4, 12 H Sotomayor i B [44] i+ 1 &P i s 4k & A Hopf

7 SCHIZRAT
EIB 8 U S k MR FHE k =k B, R4 (1.3) BT 1G i 8 & P S E, &8
ﬁiﬁj\i xH k1 W Ql(kl) = all(lﬁ) + a22(k1) =0, )\cl = \/an(kl)azz(/ﬁ) - alz(kl)azl(lﬁ)
det(J(E2))[k=r, = ss(k

HUEBR W A\(k )
fE, % \(k) /NI

= qip—2039 20211’ 75 0.

o7 —40’z

)+ Z/\cl( ) N (A= asz) (A2 — (@11 + ag2) A + ar1azs — arzasn] = 0 FIRHIE
TN R A

ai’tcqy

(13)
A, A2 — )\3 - 251)\0,1)\01 + 32)‘01 =0,

C1 7 aq

1) >
Aay (K
s
{ A= 3N + 51 (A2 — A2) + s3ha, — 53 = 0,

M s1 = a1 (k) + aga(k) + ass(k
So = aq1(k)aga (k) — a12(k5)a21(7€) + ass(k) [all(k) + Clzz(k’)],
83 = agg(k) [an(k)agg(k) — alg(k)agl(k})].

RFAEARL 1) SE O R AZRHIEE R SEEER, TC 1G il & P 55 Ey B~ 4: Hopf 7 3T 2k 2
TERFREENE. E X Hopf 73 3G FHEA ki, A Ao, (k1) =0 H X, (k1) # 0, £RA (13) XF2IWT
T

81/\31 — 83 = 0

—/\:Ci1 + 82)\61 =0

4 Q1= all(kl) + a22(k1) = OEH‘; A S1 = a33(k1), ) Aoy = \/all(kl)a22(k1) - a12(k1)a21(k1)7 NI}
det(J(Eg))|per, = s3(k1) > 0. XF (13) KL KTFSH k RKFH

dAg, dA. ds; dsy | ds;

A2 —3X\%2 — 251\ 251\ Aay Ae L=\ = A2 )— — Ay, + —

(3 al 3 c1 S1 ay +52) dk ( S1 C1 6 ay 01) dk ( al )dk ay dk + dk
d)\c d)\ d81 dSQ
3A2 — 3% — 251\, - 6o, Ay — 251\ =2 g, e, =/ — Ae, —
( al C1 Sl 1 + 82) dk_ + ( 1 1 81 1) dk 1 1 dk 1 dk

BT A, = 0, 34 01 = 52302 0 = 2510, = 58 e dSu oy A S s
1 c1? 19 dk (,1 dk ? 1 dk
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N A, (k1) # 0, AN (13) AT 20 R I7FE A

Ao, | dh
T Tk T
A, dha,
k% ae Y
Lo dA, o1p — 2090 R
73 ZE] 1 — =
fif A 1k lk=k, 70% e # 0, ukEE.

WIe U XSk LW AE k= ke N, RS (1.3) BI%E IG BV A Ey & EY

RS, X ko Wi: Qa(ka) = bii(ka) + bss(kz) :707 Aey = \/511(k2)533(/f2) — by3(k2)bs31 (k2)
dAq, 010 To

det(J (Ba)) |ty = Sa(ke) > 0, — ey = —g— =5 #0.
TEFR9 # DL R AL
(Ho)
(i) Py(k*) > 0, Py(k*) > 0
(i) Q(k*) = Pi(k*)Py(k™) — P5(k*) =0
(i) OB %0

B XS4 kA& IEFHE k* B, R4 (1.3) BlSe I ECr4 s E* 72E Hopf 773

WUERR HZF (Ho) G () H, 2 k= kB, (9) 2XNE — /MR N A AR, W (9)=\st—
FEALEW (A2 +P)(A+P) =0 KR FBHEMMEN N = —P, A =ivVPy, A3 = —i/Py. X
P 195y SEBHUE k, BHIEME Nos HITEIRN Ay = ak) +iB(k), As = ak) —iB(k), a(k)NSEHE, ¥
k) = a(k) +ip(k) 1N (9) RF7E

(alk) +i8(R)) "+ Pi(k) (k) +i8(R)) + s (a(k) +i8(k)) + Py =0 (14)

Xt (13) SR T 0L SRk SR T I B LA R #4321 LT 7 FE e

da(k) , dB(k)

b~ g +a(k) =0
da(k)  dB(k) _
=g+ g (k) =0

Horp
() = Po(k) + 2P (k)a(k) + 3(a(k)® = B()), L(k) = 2(Pu(k) + 3a(k) ) B(F),

(k) = (a(k)? = B(k)?) Pu(k) + a(k)Pa(k) + Po(k), Li(K) = (2a(k)Pi(K) + Pa(k) ) (k).

dA(k) B L (k)5 (k) + la(k)ly(k)
dk j|k_k T [ Li(k)? +12(k)? :|k_k

da(k)

/H
fif 5 W

k=1 = Re {

DOLI: 10.12677/pm.2022.1212225 2096 i


https://doi.org/10.12677/pm.2022.1212225

EV

| Pa(k)Pi(k) + Pi(k)Py(k) — Ps(k)
B 2(Pi (k)2 + Py(k)?)

. 2(Pu(k)> + Pa(k)?)

dQ(k)
dk ] 40,
k=k

3. B 8 R&% (1.4 hZEDHH

3.1. FAMMEFRE

BT EAR IR SR A TENE, REE (1.4) FRIVE FVERIRE AMEE R T LA R 51 H45].
G131
B f(s) M s >0 ZIER CT KEEL, d > 0,0 > 02&%E, i, ik T € [0, 00),
D e C?HQ % (T,00)) NCH(Q x [T, 00)) =2 IEHREL.
(i) & @ WL
D, — dAD < DHTF(D)(H — D), (x,t) € Qx (T,00)

o, =0, (z,t) € 09 x (T, 0)

WL > 0, W tlim sup max ®(.,t) < 6.
— 00 Q

(i) #& @ i 2
B, — dAD > P (D) (0 — ), (x,t) € Q x (T, 0)

o, =0, (z,) € 99 x (T, )

WHCO >0, U lim inf min ®(.,¢) > 6.
t— o0 Q

EH10 R4 (1.4) /£ R NWRIPTA MZ —B0A SRR &N EAZRRGI R Y = [0,1] x
[0 el i| % [0 6061+b1€2511|'

? b1d1 ’ b1b2d1d2
MERR AT AEMI XS VE > 0, (u(z,0),v(z,0),w(z,0) € ¥, (u(z,t),v(z,t),w(z,t) € .
HEWLUER u(z,t) > 0, v(x,t) >0, w(z,t) >0, Kk, ¥ME u(z,0),v(z,0)F w(z, 0)Z2IEMIT,
MRS (1.4) K —DO7ked, JA15 2]

uy — Au < u(l —u),

HHIEE 1 Y (D),

lim sup maxu(z,t) < 1.
t—o0 Q

BIXF Ve >0, 3ty >0, 4t >t , (z,t) € Q x [ty, 00, H1F u(z,t) <1+e
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Rk, 75 (2,t) € Q x [t1,00] L, v MIT7FEMH 2

61(1+E) 61(1+E) 61(1+6)
_ < |2 — A Sl A
1 + a(l + 6) + bl’U 61:| - |: b1 617) 61 b1(51 Y

vy — doAv < v

HHTIE 1 AR ()%,
lim supmaxv(z,t) < .
t—o00 Q ’ - b161

BIXS Vey, 3ty >y, Bt > 1o, (2,t) € QX [ty, co] i, 15 v(z, 1) < ;%= + €.
K, 75 (2,t) € Q x [ty, 00] b, w HIT TR 2

wy — dsAw < w

ea(1+4€) + ce(3%- +€1) [62(1+€)+05 (b%l‘f'el)}
= — (52 S (52 —w
bow b6

BT e, e AERN, BNHGIE 1K ()73,

ey + ecey b 5
lim sup max w(z,t) < 27 b _ EClLt a0
t—o00 Q - bods b1b26102

EX T HRAEGYMEH (u(z,0),v(z,0), w(z,0)) # 0 MRS (1.4), & Joo, 01,00 ¥INIEH
A, ARG (14) B w(z, ), v(w, £), wlz, L

lim inf min(u,t) > oy, Jim inf min(v,t) > oy, lim inf min(w,t) > oy, WK RGE (1.4) EFFAL.
Q Exde el Q — 00 Q

t—o00
/H:EEE]_]_ % lu =1 - Wb?gf(ll;+kel) > 0’ lv _ b1e151521u7(ct)l%%i%l[é);jzi?i)razsg+eg)+scel] > 07
I, = @ilutechilbohb(ta-at 5 0 | 24 (1.4) ZRAMN.
A 1 1 1
1—u V4w —u
—di1Au = — > - — = —
we T e u(1+kv 1+au+b1v+b2w)_u(1+kv T

> b1(51(1 — ’LL) _ b1 + bQ S 6151u 1— (bl + b2)(b161 + kel) .
- b101 + keq b1bs ~ b101 + keq b%bg(gl ’

HA 1, =1 — QGurba)bidutken) o o puj o] 38 16 (if) 0,

bszzil

.. . (b1 + 52)(1)151 + kel)
tlircr}o inf mﬁln(u, t)y>1-— Dbod,

BIX V0 < €@ <1, Tto, 2t > ty, (x,t) € Q X [to, o], MG u(xw,t) > 1, — 0.
1E (2,t) € Q x [tg, 0]k, RE (1.4) B ZAKT v TR

b1€1(5152(lu — 6(0)) c+ b2(51
— dyAv > — >
v = dplv 2 v |:b151(52(1 + a) + (b1€251 + 6061) + 6%52520) by -

b%(sl(SQ(C + b261)v {b1€151(52lu — (C + b2(51) [6151((52 + a(52 + 62) + 5061] . U}
bg [b16152(1 + CL) + (blegél + 6661) + b%(gl(gg’l)] b:{5152(c + b251)

S
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AT

A _ bie18182ly,—(c+b281)[b161(52+ada+ez)+eceq] B3
4 1, = Dieadibalam(etbadlbio, Ga oo tecer] ) by 3|3 14 (ii) 1,

. . . b161616glu — (C + bQ(Sl) [b161(52 + G(SQ + 62) + 6661]
1 f >
tiglo m H%ll’l(l), t> - b§(51(52(c + b251)

B Ve® > 0, 3t > o, 2t > 5", (x,1) € O x [t57,00] B, 45 v(z, 1) > 1, — D).

KL, R (1.4) KE=ART wlii2:

_ (0 _
wy — dsAw > w [6251(lu ) +echi(l, — M) 52}

01 (14 a)+eq + badw

62615271) |:62(51<lu - 6(0)) + 5661 (lv - 6(1)> - 5152(1 + (I) - 6152 :|
> —w
- (51(1 + Cl) + e+ b2(51w b2(51(52

é\ lw _ 6261lu+8(161l;—66352(1"1‘@)_6162 > 07 EE%IIE 1E(J (11)%[],
20102

_ 1 _
lim inf min(w, t) > e201ly + ecoily, — 6102(1 +a) — €162
t—o0 Q b251 52

.

3.2. BAbREM

Ty, R T RS (14) ER TS NEEYE, RASER RS (14) 1E% 5P
MERS(13) 180 AR E = (1), v(z,0),0(,1), FB) = (f(E), (E), f5(E))
D = diag(dy,ds, ds), R4 (1.4) 7 E* LML ER IR

E,=LE, 2€Q,

n-VE=0, z €.

BEO=po < pt1 < fo < eoe < finy < ooy 72 Q _EEAFIR Neumann U1 —A BRI
T, E(w) N HY Q)L (i =0,1,2,..) SRFER R, X N [HY(Q)] L1 [CI(Q)]3 ok
Xij ={coilc € R*}, {¢sj 7 =1,2,3,...,dimE(w;)} 72 X; W—HbrdEIEZZ N

o0 dim[E(u;)]
X:G?Xi, X, = EBl Xi;.
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Wi(A) = A2 + Pyd® + Py + Py =0 (15)

DOLI: 10.12677/pm.2022.1212225 2099 HibHF


https://doi.org/10.12677/pm.2022.1212225

EV

" Py = (dy+do+d3)u; + P,
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