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Existence of forced waves for a predator—prey system in a discrete shifting habitat

ZHU Qiaoling, SHI Zhenxia "~
( College of Mathematical and Physical, Lanzhou Jiaotong University, Lanzhou 730070, Gansu, China)

Abstract: This paper studies a three-species predator—prey model in discrete patch environments, the existence of forced waves is
obtained by using Schauder’s fixed point theorem and constructing appropriate upper-lower solutions.
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SRIBPIFFTENE . b w v BRI BOMIEE, 280 d, d, 700 — AR R B o, o1
MFIRE— AR NTEI R a, \a, S BIFRE — R B R AR 4 I ¢ SRR
TR
M B = He A B ot EAT AR AR RN, A = Rl DL S = Rl DL A Jl A5 AT 55 4 , Choi 4512 ]
FH Schauder A3l SERIFEE S L F AR TIEESLMB MG XM T E -2 RS
u(x,t)=du (x,t)+ru(x,t) [ a(x=st) —(u+hv+aw) (x,1) ], x€R, >0,
v(x,t)=d,v (x,t)+r,v(x,t) [ a(x=st)—(ku+v+aw) (x,t) ], x€R, >0, (1)

w,(x,t)=d,w (x,t)+r,w(x,t) (=1+bu+bv-w) (x,t), x€R, >0
SRIBPIAFTENE . b ow BRI, 280 d, R =M BUREL, ry, FOR58 =R RE DY TR K
R ATEGR kTR a A EE AR b W EHR,

Bl ALY B AR 22 5 2 i O R AT DUA T AR, B TR LA TR B i, X e
HERATEBITR BB G RS, W30 )1 R GEi W 45 25 (8] B0 SOV ™ B R G0 sl i 370 8 iy B OB 2
HR T FBEAR S AL 1 | ER AR B 5 AR AR A 55 AR 22 A ) 40l 10 50 2 A5 B X Rl A 248 O % 8l ) &
41515) | Cheng ') P Fredholm 3% [CHIE BF 52 T 75— 4 i L FLAT4F I 45 4 1IN HiE AL 11 B8 XA

SOCHR[ 12,16 1 H9JE &, AR SCHFFE R GE (1) TE B ORI T, RS0
u,(x,t)=d, [u(x+cos,t) +u(x—cos0,t) +u(x+sin0,t) +u(x-sin6,t) —4u(x,t) ]

+ru(x,t) [ a(x—ct)=(u+hvtaw) (x,t) ], x€R, >0,

v(x,0)=d,[ v(x+cos0,t)+v(x—cos 0,t) +v(x+sin0,¢) +v(x—sin6,t) —4v(x,t) ]

+r,v(x,t) [a(x—ct) —(kutv+aw) (x,t) ], x€R, >0, )
w,(x,t)=d;[ w(x+cosO,t) +w(x—cos 0,t) +w(x+sin6,t) +w(x—sin6,1) —4w(x,t) ]
+row(x,t) (=1+butbv-w) (x,t) , x€R, >0
RIS AEAEYE . P x=icosO+jsinb, i, jEZ, O {O, ;TJ , o AR AP K
TERSE PRIER o () T AR PR TT
(A) a ) ZIEZREHIT & IR ;
(B) —ow<a(-w)<0<a(® )<ow
5 IRTE SR Z AT, BN R R B WG, BRI R AR R a( e )= 1,
1 B4 xR
HI TP B SE R, B b k<1 o RERTER (h,k) , B8 a Tl b Z AR A
O<a<min{ﬂ, ﬂ} o (3)
2b " 2b
2 b>1, 92 VH A EIAFER 3R 0T LIRS E N RGP AT
AL FERSG(2) WP AAErE  BVAS ()W (u,v,w) (x,6)= (b, ,d,,b;) (&), E:=ct—x HIfF,
MA(D, by, ;) T2
ch|(€)=d,[ d,(€+cos0) +d, (€-cos0) +¢, (E+sin6) +d, (-sin0) -4, (&) ]
+r10, (&) [a(=6) —(¢,(&) +hd, (&) +ads(£)) ], &€R,
chy(§)=d,[ by(E+cos0) +¢,(£-cos ) +¢,(£+sin 0) +,(E-sin ) —4¢, () | (4

+1,0,(&) [a( =€) (ko (§) +¢,(§) +ad;(£)) ], £€R,
cpi(§)=d;[ dy(£+cos ) +;(§—cos 0) +d;(£+sin0) +d;(£-sin ) —4d,(£) |
+ry305(&) (=1+bd, (&) +bd,(£) b5 (£) ), £ER,
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TR PR o () B fBCR, AT LA BT A ) R 0 25 BB T B AR o K 4 IR R G (4) W 2 3 454
(¢, ’d)z’d)s) (+%)=(0,0,0),
B - Hﬂ‘,%fﬁ:iﬂﬁ'%ﬁ:((ﬁl by,05) (- ):

. 1-h  1-k
E,=(1,0,0), E,=(0,1,0), E,=|—, —
1 ( b b )’ 1 ( b b )’ 2 (l_hk’ l_hk’ j,
1+a b-1 A 1+a b-1
E.=|——.0, —— E.=10 i
} (1+ab’ ’ 1+abj’ } ( > 1+ab’ 1+abj’

_( (1+a) (1-h) (1+a) (1-k) b(2—h—k)—1+hkj
" \1-hk+ab(2-h-k)’ 1-hk+ab(2-h—k)  1-hk+ab(2-h-k))°
ARICTERGE(4) Wi RN (b, by, ) (0 )=(0,0,0) FI (D, d,, ;) (- )= E, #RIB AT
M,
B, ARG (4) LTRE X,
EX 1 W $,=¢,, i=1,2,3, HXFTAM ¢ e R\E, HP EJ& R HIEAHBRE 2 T HIR%R
chi(€) =d,[ b (£+cos0) +, (é=cos 0) +¢,(£+sin0) +, (E-sin0) ~4¢,(£) ]

+r,¢, () [a(=€)=(, (&) +hd,(é) +ad,(€)) ], (5)
ey (€) Zd,[ ,(£+cos 0) +¢,(£-c0s 0) +¢,(£+sin 0) +d,(£-sin 0) —4p,(€) ]

+1,0,(€) [a (=€) =(kd, (£) +,(€) +ad,(£)) ], (6)
ci(€) Zd;[ ;(£+cos 0) +¢,(£-cos 0) +¢,(é+sin ) +d,(§-sin 0) —4p, (€) ]

+r,0,(€) (~1+bd,(€) +bd,(£) =5 (€) ), (7)
chi (&) =d [ b, ({+cos )+ (E—cos ) +d, (E+sin )+, (£-sin ) -4, (£) |

+r,¢0,(6) [a( =€) =($, (&) +h,(§) +ad,(£)) ], (8)
cdy (&) =d,[ d,(&+cos 0) +¢,(§-cos 0) +¢,(£+sin6) +¢,(&-sin ) —4¢, () |

+1,$,(€) [ (=€) = (ko () +, (&) +ad;(€)) ], (9)
ch (&) =dy[ by (E+cos )+ (E—cos ) +d,(E+sin ) +,(£-sin§) —4d,(£) |

+r;05(8) (=140, (£) +bd,(§) —d5(£) ), (10)

AELFRELE PRI (D dy,b3) FI( b1,y bs) ARG (4) HI—XF LT
S5IE 1 4 c>0,%(d,,b,,0,) Fl(P,,b,,d5) RARG(4) B—XF B R, X i=1,2,3, 12

(€)= d/(é+) B di(é-) <Pi(é+), E€E, (11)
ﬁﬁé\%éﬁﬂ)ﬁﬁgﬁ\ﬁ’%(% ’d)z ,d),z) /@i’?ﬂ'ﬂ‘

G (&) <. (&) <d,(¢), £€R, i=1,2,3,
FIFH Schauder Az E FRATIER 5138 1, 53CHR[ 17 1 P AgE B 2.1 28080, IE BT E

2 WMR-REAREBHERIFE T RME RN FAEN

FSCHRL 6 ] A B 1.1 AT, Xt & po—¢ AP FEARIE IR AL &, A1 o, A5
cdi(§)=d,[ §,(§+cos0) + (§~cos 0) +,(§+sin 0) +¢,(£-sin 6) ~4¢, (£) ]

+r,¢, (&) [a(-€)-h-a(2b-1)-¢,(§) ], €€R, (12)
cdy(€)=d,[ d,(é+cos0) +d,(£—cos ) +d,(£+sin 0) +,(£-sin0) =4, () ]
+r,0,(€) [a( =€) ~k-a(2b-1)-$,(§) ], £€R (13)

W FLG AP
Jim ¢,(6)= 1-h-a(2b-1)>0, lm¢,(£)=0,
Jim ,(6)= 1-k=a(2b=1)>0, ~ limé,(£)=0.
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AN R SCHRL 6 ) Y E B 1.1 AT 4G FAAE— D IEEB IS pR AL B, , 2
cdi(€)=dy[ ps(é+cos0) +d;(€—cos ) +P,(E+sin 0) +d,(£-sin0) —4d,(€) ]
+r305(8) (=140, (§) +bd, (£) ~P5(£) ), £€R, (14)
Jim ¢,(£)= ~1+b[ 2-h=k=2a(2b-1)1>0,  lim,(£)=0.
SIE 2 R (3) oL, ARG (4) FAE— T (b, by, ) RN £ R, A ¢, <, <1, ¢,<¢, <1
Ky <dy<2b-1,
E (e, ,b,,¢5)=(1,1,26-1) JHHAHM £ e R, 1z (8)—(10) FIZ(12)—(14) 13 (b, , by, ;) =
(1,1,26-1) 57, FiE(d, , b, ,,) (D, ,b,,0,) iR (5)—(7), HTH EeR, A a(-¢) <1, H
d,[ b, (E+cos )+, (E—cosB) +d,(E+sin§) +, (£-sinO) -4, (£) ]
#1,0(8) [a(=£) =~($,(6) +hohy (£) +ad (£)) ]
<r[a(-£)-1]<0=cd{(¢),
d,[ d,(E+cos 0) +d,(E—cos B) +d,(E+sin 0) +,(E-sin 0) -4, (€) ]
+r,0,(6) [a( =€) = (kd, (§) +d,(€) +ad,(€£)) ]
<r[a(-§)-1]<0=c;(¢)
WAL, B T A ) € € R,3(5) ((6) GL, AH T
dy[ 5 (£+c0s 0) +b;(£—cOs )+, (E+sin )+, (E-sin ) 4y (£) 147, (€) (—1+bd (€) +b,(£) ~d5(€))
<r,(2b-1) (=142b-(2b-1) )= 0=cd}(&)
HA &=, (i=1,2,3) (b, by, dy) By, by, by) 3 LT, FELASIHL 1 iyt (11) Moz,
UEEE
B3 HI(D,, by, o) JERLE(H) HUIEREAE G, TBL (b, s, ba) (0 )= (0,0,0) L.
IERR X ¢I=lirgoscup¢l(§)>0 WAL 24§, TE E—+oo TSI, FA1E &, M KAEFA (€, |, flif5
B nsan [ AT £, o0 e by (£,)—, AL, 4 noo I, 1 @ —o0 ) <0 BFLG(4) ,T74
d,[ b, (£,+008 0) +b,(£,-c08 0) +b, (£, +sin 0) +, (£, ~sin 0) ~4b, (£,) ] 0
BT,
0 =1ir£1ﬂ§°up{d1 [, (&,+cosO) +P,(€,—cos )+, (&, +sin0) +p (&, —sin0) -4, (€,) ]

+r,¢,(&,) [a(=£,) = (b, (&,) +hd,(€,) +ad;(£,) ) ]}
=lim supd,[ $,(&,+cos0) +¢,(£,-cos 0) +¢, (£, +sin0) +¢, (£, ~sin 6) ~4¢,(£,) ]

+im sup i, (€,) [a(=¢,) =($,(£,) +hd,(€,) +ady(£,)) ]
<r¢ila(~)~-|-hlim inf,(¢,)~alim inf$,(£,) ]
<0,
i RAE E=+oo Ab b, HATH G £ o0 I, b, (6) >y, BUIN AFAEIFINLE, | AT n—oo I,
£, A G(£,) 0, FFRF(4) MO0 F By, F3

c(9,(&,)-9,(0))-d, f:" [d)l(y+cos 0)+d,(y—cos )+, (y+sin6) +¢,(y—sin0) —4¢,(y) Jdy

=V1J§n¢1(y) La(=y)=(d,(y) +h,(y) +ad;(y) ) Jdy, (15)
5 nson B €, a0 T (£,) 1=, (£, 4005 0) +6b, (£, <03 0) +b, (£, +5in 0) +b, (£, ~sin 8) ~4ey, (£, ,
[ [ h1(y+c058) +,(y=cos 6) +5, (y-5in 6) +6b, (y=sin 6) =46, () 1dy =} (£,) -1 0) 0,
L oo 58 15) M)A .
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A K1 5 6, () ad;]ﬂxﬁﬁﬁﬁﬂ’a VKA al-y) <0, T8

(¢7) <.
4

& () [a(=y)=(d,(y) +hd,(y) +ad,(y) ) I <-di(y) <-
Ak, Bl

Vy=K,

n [T 60D Lal=3)=(94(3) +hia(y) +ady(3) 1dy
S TR (15) BAE—E0A A TR O15) AR HFIE B, )= 0, ST im ¢,(£)= 0.
BT R B & =lim sup b(£) >0, 2 oy 15 &= +oo RELHEBNIT A7 1E s HYBMEF I 1€, |, B7%
e €, e AT §,(€,) 05, HARLE(4) T
0 =lim sup | d,[ b,(£, +¢050) +,(£,-008 6) +b,(£, +sin 0) +45,(£,~5in 0) ~4hy(£,) ]
#rby(£,) (<106, (£,) b0(£,) ~0,(£,) |
<r¢}(~1-41)<0,
SLRT T BOAE £=ven B b, T, IRUSHT 1 5, o0 ) = O, IHBLRE 5 (4) IOFERAETUR (0, 6,.,0) A0
(61.02,6,) (=)= (0,0,0) (16)
JRAL. FIHE 3 IR,
ARG (4) Wby b, 0) 5
¢ :=lim sup (£), 7=l infb(£), i=1,2.3,
Wk b, =, Bl »

.=y, i=1,23, (17)
X HL
v, :=1=-h=-a(2b-1), v,:=1-k-a(2b-1),
y, 1= —1+by, +by, = —1+b[ 2-h—k-2a(2b-1) ]
HINIE,

513 4 RB(3) L, 2 (0, ¢,,¢,) BRGE(4) M, HDIHE 2,15
(¢1,,,0;) (—o )=E,=:(u" v ,w"),
IERA & LR
m(0):=0u”+(1-0)(y,—&), M,(0):=0u"+(1-0)(1+&), 0€[0,1],
my(0) :=0v° +(1-0) (y,-&), M,(0):=0v"+(1-8) (1+e), 6€[0,1],
my(0) :=0w" +(1-0) (y,—7,&), M,(0):=6w”+(1-0)(2b-1+1,¢6), 60€[0,1],

/\qj
2(1-h) 2(1-k 1-h 1-k
T,:Zmax{?)b, ( ), ( )}, 72:2(2b+min{, }j/Z,
a a a a
H & Wi /&
hy,+a ky, +a
0<a<min{y],y2’73’ Y2 73’ Vi 73}0 (18)
T, ar,—1+h ar,—-1+k
WRHE=(3) , A
1-h 1-k
T, € [Zb, min{—, }jo (19)
a a
R M 6=0,h(17), 7145
m,(0)<d; <d;<M,(0), i=1,2,3 (20)

IR, PR X
0,:=sup{0€[0,1):3(20) oL, i=1,2,3},
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HESu <1, vi<l Hw <2b-1, FHR(u" v ,w")iHe
w'=1-hw"—aw”, v =l-ku"-aw™, w'=-1+b(u"+v"),
e LA
u">l-h-a(2b-1)=vy,, v >l-k-a(2b-1)=7y,, w' >=1+b(y,+y,)=7,
JRAE, W e m, (6) B M, (0) (i=1,2,3)(E0€ [0,1] LB, Tim (1)=M,(1)=u", m(1)=M,(1)=v" L
Femy(1)=M,(1)=w" [ BUUERA 6,=1,
B 6,<1, 1 & by m,(6) 5 X, 74

mi(00)$¢i7$¢i+$Mi(00)’ i:l’2530
2 9=0, I, AR 0, 1E XK m,(0) (i=1,2,3) Lt 453 (20) A7, XEHE %R
d)::Mi(eO)’ d);:mi(a())’ i:152’3 (21>

2R DO,

BOE BB b =m,(0,) . WH &, I, IA (-0 )?—?E,Hlig_iwnf#(f): Oﬁli?l_ﬂlp#(f): 0, 7¢
HFIUE L MR nooo I 6 ——o0 AT 1im ¢(£,) = 0 M Tim &, (&,) = m,(6,) o MRIG(19) M 7, (5E
X,

lim sup ¢,(€,) <M,(8,), limsupd;(&,) <M;(6,)
P&
hr,,riinf[d)l@"ﬂos 0)+,(£,—cos0) +p (&, +sin0) +d,(£,-sin ) -4 (£,) ] =0,
bEe!
lim inf[ a(=¢,) =($,(£,) +hd,(&,) +ad,(£,) ) ]

=1-[0u"+(1-6,) (y,—&) |-h[0,v" +(1-0,) (1+&) |—a[ 6,w™ +(1-6,) (2b-1+T7,¢) ]

=g(1-h-ar,) (1-6,)>0
BT, WFRGE(4) N0 B &, B, AT AR

d, fj [, (4008 0) +, (£-cos 0) +b, (E+sin 0) +b, (E—sin 0) —4d, (&) 1dé—c(b,(£,) b, (0))

= [ GO =) (&) #1bu( &) va () 148
T2 oo B AT T +oo |, 22502 TR0, BT G
POk B &, TE—o0 AbHRB, WIAFLE b, BI— A JR3Bi /IMESF S €, |, 1524 n—ooo Bf &, —- , f5
lim b (E)=m(0,) ., XH &, J& b, BN XTITER n, B ¢)(£,)=0 H
$1(&,) :=¢,(&,+cos0) +d,(£,—cos )+, (&, +sin 0) +¢, (£, —sin0) -4, (€,) =0,
W3, RS (4) 1%
0=lim infcd{ (¢ ,)
= linlinﬂ dl [d)](fn""cose) +¢|(§H—COS 0) +d)l(§n+Sin0) +¢,(§"—sin0) _4d)](§n> ]
+rid,(€,) [a(=¢,) - (,(&,) +thd,(&,) tad,(€,) ) ]|
Bli{}linf{ r]qbl(gn) [OL( _fn) _(¢l<§;1)+h¢2(§n)+ad)3<§n) ) J }
>0,
AR E KL b =m, (0,) ANATREMASL , U TIE ) =M,(6,) (i=1,2,3), ¢;=m,(6,) (i=2,3) i
B AR .
(1) X ¢7=M,(6,),h(18), AT
lim sup[a(=¢,) =($,(£,) +hd,(€,) +ady(£,)) ]

<1-[0gu” +(1-6,) (1+&) ]-h[ 6,y +(1-6,) (v,—&) ]

_QI:HOW* +(1-6,) (73_71‘5')}
=(1-6,) [ (ar,=1+h)e=(hy,+ay;) ]<0;
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(2) Xt ¢y =m,(6,), 5 (19) , 115
lim inf[ a(~¢,) ~¢,(£,) ~k$,(£,) —ad;(£,) ]
=1-[0,v" +(1-0,) (y,—¢) ]—-k[ Ou” +(1-6,) (1+&) ]
—al Oyw” +(1-6,) (2b-1+71,¢) ]
=e(l-k-ar,)(1-6,)>0;
(3) Xf &3=M,(6,) , i1 (18) , "I F3
lim sup[ a(=¢,) ~b,(£,) =k, (€,) —ady(£,) ]
<1-[0,v" +(1-6,) (1+&) ] k[ O,u” +(1-6,) (y,~¢&) ]
—alOyw" +(1-6,) (y;-7,8) ]
=(1-0,) [ (ar,—1+k)e—(ky,+ay;) ]<0;
(4) X 3 =my(6,) ,Hl 7,=3b, 115
lim inf(-1+bd,(£,) +b$,(£,) ~$5(£,))
=-1+b[ Oyu” +(1-6,) (y,—&) |+b[ O,y +(1-0,) (y,—&) ]
-[O,w" +(1-6,) (y,-T1,&) ]
=e(1,-2b)(1-6,)>0;
(5) X $3=M;(6,) ,H=X(19) AT {F
lim sup(—1+b,(&,) +bd,(€,) ~b(£,))
S-1+b[Ou” +(1-6,) (1+&) J+b[O,v" +(1-6,) (1+&) ]
-[6,w* +(1-6,) (2b—-1+7,8) ]
=e(2b-1,) (1-6,)<0,
AT A0 (21) A7, ISR,
A3 1—4 RHEREBE 1,
EIE 1 B b>1 M (2) o7, 7
—1+b(2-h—k) 1
2(26-1) T 2—h—k’
AR AXHMETERY >0, RYL(3) FFAE— N IEME, AT
(b1,0,,05) (—2)=E,, ($,d,,¢;)(+%)=(0,0,0),

3 Z#

ARG T — =Wl B — B R GE(2) 16 B B BRI E N il LA (b, by, ) (400 )= (0,0,0)
(b, ,b,,b;) (- )=E, HIAPWFALENE . FIFH Schauder AN3lSEBIFLE G 1T i Jr ik, IEAS 58 30 I 9 A7
FEVE , G 2R R A SR EE 0 £ A A, A& = e AR A3 P S B IE PR

S0k

[1] ALFARO M, BERESTYCKI H, RAOUL G. The effect of climate shift on a species submitted to dispersion, evolution, growth
and nonlocal competition[ J]. STAM Journal on Mathematical Analysis, 2017, 49(1) :562-596.

[2] BERESTYCKI H, DIEKMANN O, NAGELKERKE C J, et al. Can a species keep pace with a shifting climate? [J]. Bulletin
of Mathematical Biology, 2009, 71(2) :399-429.

[3] BERESTYCKI H, FANG J. Forced waves of the Fisher—KPP equation in a shifting environment[ J]. Journal of Differential
Equations, 2018, 264(3) :2157-2183.

[4] ROSSI L, BERESTYCKI H. Reaction-diffusion equations for population dynamics with forced speed II-cylindrical-type



142 R R % M (B % R % 60 &

domains[ J]. Discrete & Continuous Dynamical Systems, 2009, 25(1) ;19-61.
[ 5] FANG Jian, LOU Yijun, WU Jianhong. Can pathogen spread keep pace with its host invasion? [J]. SIAM Journal on Applied
Mathematics, 2016, 76(4) :1633-1657.
[6] HU Haijun, Zou Xingfu. Existence of an extinction wave in the Fisher equation with a shifting habitat[ J |. Proceedings of the
American Mathematical Society, 2017, 145(11) .4763-4771.
[7] YANG Yong, WU Chufen, LI Zunxian. Forced waves and their asymptotics in a Lotka—Volterra cooperative model under
climate change[ J]. Applied Mathematics and Computation, 2019, 353.254-264.
[ 8] DONG Fangdi, LI Bingtuan, LI Wantong. Forced waves in a Lotka—Volterra competition-diffusion model with a shifting habi-
tat[ J]. Journal of Differential Equations, 2021, 276:433-459.
(9] SRIEHE, PMGIR, AT, 55, A7 A I i A LM O SO i 3 B - B I RS S 3 124 [ 1], B AROR A5 4 (327
RR) ,2018,56(3) :515-522.
ZHANG Daoxiang, SUN Guangxun, XU Mingli, et al. Spatial dynamics in predator—prey system with time delay and nonlin-
ear harvesting effect[ J]. Journal of Jilin University( Science Edition) , 2018, 56(3) :515-522.
[10] ZHNG Zewei, WANG Wendi, YANG Jiangtao. Persistence versus extinction for two competing species under a climate
change[ J]. Nonlinear Analysis( Modelling and Control) , 2017, 22(3) :285-302.
[ 11] WANG Jiabin, WU Chufen. Forced waves and gap formations for a Lotka—Volterra competition model with nonlocal dispersal
and shifting habitats[ J ]. Nonlinear Analysis( Real World Applications) , 2021, 58:103208.
[12] CHOI W, GUO J S. Forced waves of a three species predator-prey system in a shifting environment[ J ]. Journal of Mathema-
tical Analysis and Applications, 2022, 514(1) :126283.
[13] PANG Liyan, WU Shilian. Propagation dynamics for lattice differential equations in a time-periodic shifting habitat [ J ].
Zeitschrift fir Angewandte Mathematik und Physik, 2021, 72(3) :93.
[14] BOHEEER. —HlA% Lm0 7 R TR [ T ). BRI G A7 e 2741, 2010,25(4) :10-12.
ZHAO Haigin. Traveling wave solutions in a 2-D lattice delayed differential equation without quasi-monotonicity[ J]. Journal
of Xianyang Normal University, 2010, 25(4) :10-12.
[ 15] SHI Zhenxia, LI Wantong, CHENG Cuiping. Stability and uniqueness of traveling wavefronts in a two-dimensional lattice
differential equation with delay[ J]. Applied Mathematics and Computation, 2009, 208(2) ;484-494.
[16] CHENG Cuiping, LI Wantong, WANG Zhicheng. Persistence of bistable waves in a delayed population model with stage
structure on a two-dimensional spatial lattice[ J]. Nonlinear Analysis ( Real World Applications) , 2012, 13(4) ;1873-1890.
[17] MA Shiwang. Traveling wavefronts for delayed reaction-diffusion systems via a fixed point theorem[ J]. Journal of Differential

Equations, 2001, 171(2) :294-314.
(%3 .T%mH)



