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Big and Small Spreading Phenomena
- for Free Boundary Problems of Spruce Budworm Models
BERARFERER - EBRETZMAERN me B (hby 9591
YUsukE KAWAI
Department of Pure and Applied Mathematics,
Waseda University

]_ g-
HKEDRBRA - Z2BEHTIEERET VL LT, RO LS LEHBERAMEL2E X S :
(ut_—_duerf(u), t>0, 0<z<h(t),
(FBP) uz(tv O) = ’Lb(t, h(t)) =0, t>0,
B (t) = —pug(t, h(t)), t>0,
\h(O) = hg, u(0,2) = ug(z), 0<zx < hqg.

u=u(l,z) ZEVIOMEEEEE, h=~hr(t) I IEHFEROEE, d, uEUTh IXFIEEHT
H5. RIBE f = f(u)X]0,00) £ TREAF Lipschitz &t 222,

f(0)=0, FK st f(K)=0and f(u) <0foru>K (1.1)
R5EMEEALTEDL L, ¥IHME vy = u(z) 1
ug € C?[0, ho] with uy(0) = u(hg) = 0 and ug > 0 in (0, hy) (1.2)

IRHEEHE TS, 1 IRUEEO LN v = 0 TIEF K Neumann &2, EWOHEAD
BhwsD LT 5. HHEROZEEL, TOEENz = h(t) 2B 2EEBEICHHT
% L\ Stefan &fF 1 B (t) = —pu (L) KRS B DO LT, 2D X572 EHHERME
1% 2010 ££¢Z Du-Lin 2] IZ & > TEA TN, KIGE% logistic BE : f(u) == (a —bu)u & U
bDEFUY, FEEKRL 2EEO BHERMEIHZEINT VS,

[ 2 EA Lipschitz ##E 22 (1.1) 2 A% 972 61X, (FBP) 138 572 RIS (u, h) %
FD2Z LA REND (Theorem 1). U7z > T, t — oo & L7z& & D KIKMEDETEEE]
DFEDBRELBELIRSD.

Definition 1. (FBP) D (u, h) DEBZDOWTRD & > ILEHT S :
(I) Vanishing: tli)m lu(t, )lcpo,nw) = 0;
(II) Spreading: }EEO h(t) = co and ll&gf lu(t, -)|cro.ne > 0.

HW)# T Vanishing 13N KEDE A - JLEXD LM, Spreading 135Ih %2 BT 5. #nkE
ZENIKSIHE f IR KIFET 5. f 23 monostable & (e.g. logistic B#) D% & 1 Du-Lin
[2] IZ & o T Vanishing ¥ 72 {3 Spreading DAA I 5 L\ 5 “FER—EHEHIF SN TW
5. 7z, f 7 bistable ® (e.g. f(u) := u(u — 0)(1 —u) with 0 < 6 < 1/2) DFEITIE
Vanishing, Spreading Z 7z I Transition(Vanishing & Spreading @ H ] DR IR R BER) H°
IV ZFR—EHA Du-Lou 3] IZk>THELSNTVS.
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S fw
0 \ L
1: monostable & X 2: bistable £ 3: positive bistable &
AR TIE, (FBP) ORIGHE LTIROL D 2T S -
2
u
fu) :=(a—bu)u — T (1.3)

a L DIREEHE L, TN ETNHEME, ANRFERLRINTVS,. ZOEREIEIT
T A ADFRIZERT S MY/ ¥y b ANTF A (Spruce Budworm) DAERERE 7L
£ LT Ludwig et al. [12] iIZ&>TERETh, ROHEOEEHH 5. RINEIX logistic I
&, Holling T &> TRIEXINALIL NI EOHAERDS S, NIBEZAVWTERILTY
A, IMTBIZRD2ODIRENFERBINT VWS :

(1) HEEOEEENS W5E, MEEN “HE "~ L2 BERIIfEAREBIED|<.
(2) WEH OFEEEE DL VIGE, HEBEX “BhR” ICRNEI2FLTHEEZANS.
TRUZEIZ " fRRFEYOERBICHATS " L Lz 0T, TEIMEED “ i ”
DAVREINZEDTHS. KIBEH (1.3)1%, NTA—=Ral biZdk>TKEL3DD

RIZHEIND - '

(i) small monostable : f(u) = 0 (FIEfEE L UT/NE 2 u} >0 DAERD.

(ii) big monostable : f(u) =0 X EMEMEL LTKRERZ ul >0 DAZERD.

(iii) positive bistable : f(u) = 01 3 DD EMEME uy, ul, uj with u} < u} < ul ZRFD.
(i) & (ii) & Du-Lin [2] {Z & % monostable ! & FIERDOFER VB SNZ DT, SENIE (iii) ©
positive bistable &FZ W7 THEDOAIZERE U TTHEMTS. UT, fIIROZG%:
Wr-ddboLds:

u3
(PB) f is given by (1.3), f(u) = 0 has solutions 0, u},u;,u; and / f(u)du > 0.
ui
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0 12 338 d \
4: (1.3) D/XT A — X AHFEH 5: BINTA—REMITHIT B (1.3) OB
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Remark 1.1. (PB) ZBWTHBAHARRNEZ X756, 4 DOFHR0,ul, ub,us DI
wi & ul DAWLEL LD, EYENT, o BEYPRIVRIZO-ED L HZEEDTVDS
REE, w3 FEVPREEL TVLIREBEZEKRT S.

Remark 1.2. KJGIE (1.3) 1% (1.1) with K = u} % A727 DT, KS#EOFEER (Theorem
1) &9, (FBP) D&FHAME (ug, ho) (ZXTT 2 KB (u, h) D—BFEFRIEST N T WS,
Remark 1.3. Holling I 8 : f(u) = (a — bu)u — u 1% monostable 2, Holling IT# : f(u) =
(a — bu)u — u/(1 + u) % bistable BLIZ I N, ETAFELAKOBRIESND.

1.1 EHER.

ZONEITIE (FBP) 2DoWT, (PB) ZIREL TERREABRS. BT, (ug, ho) 4]
HifE L 3% (FBP) D% (u, hiug, ho) LRFETD. t — 00 IZH I DEMLEB DR —EH
LT, RONER-EFEIBLND :

Theorem I (MER—EHE). (PB) 2{KET 2. ZD& ¥, (FBP) DIEREDEE (u,h) I
DVWTIRD (I)-(IV) DWTNL238K 0 LD -

(I) Vanishing: tlg& h(t) < (7/2)\/d/a and tlggo lu(t, -)lcro,ney = 05

(IT) Small spreading: tliglo h(t) = 0o and tllglo u(t, z) = ui locally uniformly in [0, c0);
(I1I) Big spreading: lim h( ) =00 and lim u(t,z) = u} locally uniformly in [0, co0);
(IV)Middle Spreadmg hm h(t) = oo and hm u(t T) = Vgec() locally uniformly in [0, co),
7272 U Vgee i(k@?ﬁ?ﬁ@ﬁ;ﬂﬁ’)‘&ﬂiﬁ@@fﬁbﬁ dv" + f(v) =0 for x >0, v/(0) = 0.

. : ‘ _O_T\ NN N N N
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6: Vanishing 7: Small spreading

Ry
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X 8: Big spreadmg < p*) 9: Middle spreading

Theorem 1 DHHEZEENZ N T 5 +05ML LT, ROBREVPELOND !
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Theorem IT (BHEZEENICK T 2 +25%M). (v, h;up, ho) % (FBP) DfgL L, (PB) %K
TS, ZOrE, RO ()-(iii) KD LD :
(i) ho < (m/2)\/d/a & T B. TDL X,
(a) uo(z) < V*(z) in [0,ho] %2 5 I, VanishingB#Z 5. 772U, V*iZ[0,ho] £
DIEfERE# L T 5.
(b) |uolzr(oh) > d (E\/E - ho) max{l, M} 72 51X Spreading MR Z 5.
’ L\2Va uj
(ii) ho > (7/2)\/dfa T 5. ZDL %, Spreading I 5. X 51T,
(a) |uolcpone < us 72 51X, Small spreading B Z 5.
(b) |uolrr(o.ne) < us/wd/(2ea) 7 51X, Small spreading 3 Z 5.
(iii) ho > £* with some £* >0& 9 5. TDEE, L[l hy) BENT, up(x) > guo(x;f)
in [0,€] RO L D72 51X, Big spreading BRI 3. 7277 L, ¢ IXROED 2 %
HIZNSREMERE T 5 ; dg" + f(g) =0 for 0 < z < £ with ¢(0) = q(¢) = 0.

iz, (1.2) 2729 & 578 (uo, ho) ZEIE L, (ouo, ho) 2¥IHE L T 5 (FBP), 2% X
L. 7L, o RIEDNRIA=RELTEH. $b5A0ud (1.2) 257~ 9DT, (FBP), b
KRGz —RBIIRS, TOWEEHX o IEFTE. 20L&, ROTED & 5 (TH#ii%
BN SEME o7 & o3 DIFEAR I N, Middle spreading %% Small & Big spreading ®
FEIDOBELRRKTH D Z L hibn 5.

Theorem III (BEEBICK T 2EHE). (PB) & (1.2) 2IKE L, (cug, hy) % FIHHE &
% (FBP) DIRAE X 5. ZDEE, (ug ho) LHKET BEE o7 € [0,00] PEFEL T,
0 <o <o} 250 Vanishing, o} <o 725X Spreading MR Z 5. &<, (1/2)y/d/a—
pt ol L1 o,ho) / (dlto|crone)) < ho RS 0f < 00, ho < (1/2)\/d/a725E 0} >0, ho >
(n/2)\/d/aZeb5iE o =0THB. X 5T, hy > max{(1/2)\/dfa,t*} 725 1F (ug, ho) 2
KF S BER 03 € (0,00) FEIEL T, 0 =0 < 0 < 03 72 51E Small spreading, o = o
72 51X Middle spreading, o3 < o 7% 51X Big spreading B Z 5.

f#f Spreading speed 1B 2 #5R 28 X5, Spreading VI B L &, t 500D &
DA Spreading speed ¥ v D#HAFRE S LT, ROBMBEOBTHEETH S :

dq.. — cq, + f(v) =0, z>0,
(SWP) q(0) =0, g(o0) = u*, ¢q(z) >0, z>0,
1q:(0) = c.

Small spreading % f##7 3 2 BFIZ (% u* = ul, Big spreading 2T DRI u = g
ELBDEENTS. ZO (SWP)BEDOL > IZBHRINEHERT. £T, v(t,2) =
u(t, h(t) — ) £ FAUE, (FBP) 75 ROMESEIND :

(vtzdvzz—h’(t)vz—kf(q), t>0, 0<z<h(t),
v(t,0) = v,(t, h(t)) =0, t>0,

R (t) = pv,(t,0), t >0,

\h(O) = ho, v(0,2) = ug(ho — 2), 0<z < hy.



Spreading A2 Z 2 B A ITIE limyo A(t) =00 THAIZLIZFELT, t v 0k L7z &
ZH () & ot 2) BZENTHNER c & [0,00) EOIEMEEE ¢ = q(2) IKINKRT 5 Z & 2KE
T, ZORMED»S (SWP) hExrh 5.

(SWP) D Semi-wave DIFIEIZE T SIRDEH AL D 32D -
Theorem IV (Semi-wave D#F#E). (PB) 2{kET 5. ZD& &, (SWP) with u* = u;
FEu >0 UT—EM (c,q) = (¢, q5) 2FD. 5612, IRD Case A £721Z BOWVT
NP D LD

Case A: (SWP) with u* = u} 13 1 > 0 U T—EM (c,q) = (¢, q5) ZFED.

Case B: EE u* HFEEL T, (SWP) with u* = ui 13H p < p* TR L T—Ef#E
(c,q) = (Chqp) 2FH, p>p* I UTHEERZRWV.

% Spreading BLSR DT Spreading speed 2 W TIRDEEAER D LD

Theorem V (i Spreading speed). (PB) Z{RET 5. cf, ci, u* & Theorem IV T
BonEHEL TS, ZOLE, Small £7-1% Middle spreading 73%2 Z 572 6 (2,

h(t)

tlim - = cs(u) for each u>0 and cy(p) /¢y as p— oo.
—00
Big spreading D Z 572 51X, IRD Case A £721 BOWT DK D IID ¢
h(t
Case A :tlim _él =ch(p) for each >0 and ch(p) S cg as p— co.
Case B : lim ng_) _ { cp(p) for each p < p* and cp(p) 7 cs(p*) as p 7 p*,

cs(pn) for each p > p.
272U, o & cB X Theorem VITROLNZEERE TS, X512,
Case A (resp. B): c5(pu) < cp(p) for p>0 (resp. p < p*).

Asymptotic spreading speed: Case A Asymptotic spreading speed: Case B

Ol
ci(W:Big speed

¢y (1):Big speed

e
% 177)
e el ¢+(w:Small speed
(Middle)
o u o m* u
10: Case A 11: Case B

Remark 1.4. Middle spreading i& bistable #%> combustion # : f € C%; f(u) =0 in [0, 6];
f(u) > 0in [0,1); f'(1) < 0; f(u) < 0 in [0,00) ORSEHEZH W7 (FBP) iIZ&1J %
Transition &\ 5 BRI IS L TW3. Du-Lou-Zhou [4] 12 & #iE, Transition & Z %
CIRET B L, bistable BUZ B\ TIE limy_o h(t)/logt = ¢*, combustion BHZ HW T
limy o0 h(t)/VE = " R BFERNRENT V3.

91
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1.2 —fROBERERBBEICH T IETHEEFTELTEE.
ZDNEITI, BITHEIZL>TEBONA-TELREEELRRS, 9, HTHABHEO—
BEAELEREIZOWT, ROEBEIHSNT WS :

Theorem 1 (HRAEHBO—BHEEEBRM (7, Theorem 1)). f = f(u) X [0,00) LT
flt Lipschitz E#g 72 BT (1.1) 2 A7 U, FIHABEE uo = uo(z) X (1.2) 2 ATHD LT
5. ZOrE, EEOac(0,1)Lt> 0T, (FBP) it — iR

(u, h) € CL+$2+e (U ({t} x [0, h(t)])) x C1+4[0, 00)

>0
RO, 0T, BHC L CyPFELT,
0<u(t,z) <Cy, 0 <P (t) <uCs fort>0, ze€(0,h(t)).
7= f:b, Cik et Cg ii%ﬂ%i}’t |1.L0|0[0yh0] et 1“’0'01[0,}10] @J}@:mﬁj—éﬂiiﬁfﬁé

ZOEENNS, HHBER () IHBBTHI L RLHEL, ZOBRIERIERTH
B5Iehbnrd. EYMENICER K IEYORBEREZERL, BEOLEERETILO
FISE (1.1) & A7

B DT OBRICERN R EE L UT, HIREME, Vanishing, Spreading (253 5+
DEEVTRINT WS, £7, LEKREEEZRRS !

Theorem 2 ((FBP) (C339 3 LLEERE [7, Lemma 3]). (u, h; ug, ho) % (FBP) D, Q =
{(t,z) eR2:0<t<T,0<z<h()} &L, heCH0O,T] &7 e C(Q;) NCM2(NY) T

ﬂt_dﬂ:uv'—f(ﬂ) 2 07 (t,.’l)) € Qla
Uy (t,0) >0, u(t,h(t)) =0, te€(0,T], (1.4)
R (t) > —uta(t, h(t)), t € (0,7

EAETHIOLETE. 61, O ={tr) e R2:0<t<T,0<z<h)}el,
heCHO,T] £ ue C(LYNCYA(N,) % (14)1I2HBI1FB “>78 “Q"2FNEFh “<7 &
“Q TEEMR7-£ME%2A7-TH0DLTE. ZOL %,

h(0) < ho < h(0) and u(0,7) < uo(z) < T(0,z) in [0, hol
ANCYE S
h(t) < h(t) < h(t) in [0,T),
u(t,r) < u(t,z) in (t,z) € Do, u(t,z) <u(t,z) in (¢,) € Q.
Remark 1.5. (1.4) D54 u,(¢,0) > 0 (resp. u,(¢,0) <0) fort € (0,T] %
a(t, L) > u(t, L) (resp. u(t,L) < u(t,L)) for L < ho (resp. h(0)) and t € (0,T]

ELTHHEW.



RO ITEELEREERT D
Definition 2. Theorem 2281} % (7, h) % (FBP) OE#&, (u,h) 5L T 5.

YN - SREMK TS LT, MOBNEEE LTSI LV TES. TOBITE
HBOWBER L ERY, B o2 T, (u,h) OMIINT SE - HEEEERL 2N
X 5720,

Vanishing (239 2+ 252 LT, RO LS 2RI ODBEABERPBEONTWS
Theorem 3 ([7, Theorem 2]). (u,h) % (FBP) DL §5. ZD& X, lim o h(t) < oo
72 51X Vanishing & Z %

lim lu(t, ')lC[O,h(t)] = 0.

t—00

Spreading ([Z X9 2+ & MEVRBONT VWS @
Theorem 4 ([7, Theorem 3]). (u, h;ug, hy) % (FBP) DfEE U, ¢ = q(x;¢) 2 HEMHEIE

(IP) dq" + f(q) =0, 0<z</,
g0)=q(0)=0, q(z) >0, O0<z </

DIRE T D, 12720, LIREERL TS, ZOLE, hy > (DD uy(z) > g(x;£) in (0,4
2513,
tli}m h(t) = o0 and li{ginf u(t,z) > v*(z) for z > 0.

772U, v dEHBRGRE

(SP) {dv” + f(v) : 0, x>0,
v'(0) =0, v(z) >0, >0

DT, v*(z) > q(x) in [0,h) ZAZTRINDED LT S.

1.3 (IP) & (SP) DA

Theorem 4 Z WS ERIZ, RIGH (1.3) 209 5 (IP) & (SP) D AEETHS. T
D/INHITIE (PB) #{KE L, shooting method AW TH/ SN 5 (IP) & (SP) DEDELE
M ERRS ([11, 12] ZBH). vv/-phase plane b TEEREM % A7z THIE % AN,
(SP) DIEDEIE 21658 Z LR TES. £7z, (IP) DEDED 5 5HKKME w = |glcpg &
BEROWE ITHRF L, time map 2 AV 5 & ZOXGEKREFRAMD I LW TES (K F
M2 RN 1L 13, 14] 2 2R).

Definition 3. {IXDBI % time map L EHKT 5 :

“w)z\@/ow¢m?}——fw'

727U, Fu):= [ flv)dv & T 5.

93
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Z @ time map 2*5, (IP) D q DR/NADER L gDz =0ZB 2B w(EE, 0
wh g DmAMEL%5) DKL LTRINEZ LB ON5. BT, BEEI L
HKFET AL WD 2L THB. 2% F TIZ, small & big monostable iZF 1} 5 time map

& vv'-phase plane IZIRD & 512725 :
]
9

7T [d

24

us
(0 M
/

12: small monostable {Z3 1} % time map

[ Vi /
l ; .......... q - \‘\\// / //
) \} ux|
q, / \\ v

I

Z/d
it

*:
M —

(0
14: big monostable IZ¥ 1} % time map 15: phase plane
(PB) BT a4, € (up,u3) & [, flu)du =0 L B3R T 5. (PB) LB 5 time
map DFEFIKIZ [0, u]) U (4%, uy) &40, ZOHE L phase plane iZIRD & 512725 -

l v .
9 9 q v=u; v=us
/ V=ui \
* o /f ?\i-ﬁ* | %
l N \% -
7 fd Voer Viee
2‘/; u; u* u; ’
0 M [T
17: (PB) IZ 817 % phase plane

16: (PB) (817 % time map
Remark 1.6. time map (251 5 (1/2)4/d/a & * DR/NERIZDOWT, BAEFHEIIC LT
(n/2)/@a < I* TH 5 L BT 525, FTHIZBENTHRL.
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LEDEENTIZE Y, (IP) & (SP) DFEDFEIZDWTIRD & S aERPFo NS ¢

Theorem 5 ((IP) DEDTFE). (PB) 2REL, ¢ =q(z;0),i=1,2,3% (IP) DL ¢
5. Z0LE, EREL = infa e (M) PFELT, (IP) L€ ((r/2)y/d/a,00) (2
XfUTIEMEfE g1, L€ [0*,00) I LT g & g3 28D, 5T, HELIINUT |gilopg < uf
PO U < ‘QQ‘C[O,Z] < ‘Q3|c[0,4] <utTHY, (=072 LbiXgp=9pThH?.

Theorem 6 ((SP) DEDFIE). (PB) 2{KEL, v=v(z) % (SP)DfELTS. ZDLE,
(SP) i34 DDEHIR v = 0,ut, uy,ui, —EOBFEFDLIE v = vgec(T) 8.1, V4e0(0) = 4
and lim,_,o0 Vgec(x) = uf, U TR v = vpe () 5.8, u] < Mingso Uper(z) < ud <
MaXy>0 Uper () < 0° %2 HEUZFD. :

2 EREEHICOVT.
ZOETIE (PB) 2{REL, BuOZEENIN Y 5 EFRER Theorems I-III DFEHHZ RS,

2.1 MEMEFR—EHE.

ZONHTHE, PHER—EH (Theorem 1) OFEADBEZARARD. X D720, HDOH
DE L FEE T 5.

Proposition 2.1. (u,h) % (FBP) Dt 456, ZD&E, limi,eh(t) =00 561X

uy < ligioglfu(t, z) < lirfri:igp u(t,z) <wuz forz>0.
Proof. lim; e h(t) = 00 DT, A(T) > (1/2)\/dja L7725 557 T > 0 BHFET 5.
ZDr X, (IP) D q 2 qu(z;l) < w(T,z) in [0,4] &, WS HTHNILRDLDIT
L€ ((r/2)y/d]a, h(T)) & &% Z L TE S (time map K16 2BHH). ZIZT, ¢t > TiZHL
T (u(T,z), M(T)) 2 HIHIE L § 5 (FBP) OfifiZ Theorem 4 2 AT, v*(z) > ¢1(z; )
in [0,4] 2 A7=9 (SP) OBR/NDIEMEED v* = uf THDEZ &9 5,

lim h(t) = oo and liminfu(t,z) > uj >0 for z > 0. (2.1)
t—o0 t—o00
iz, u="u(t) 2EMS HEX

%a = f(@); @(0) = max {|uolcpo o), us }

DL T4, ZOLE, ulduDBEBELY, [0,h(t) LT EEOLKEER" 2\
Xu(t,z) <a(t) fort >0,z € [0,h(t)] THD. THIT, limy o T(t) =uj £LED7D,

limsup u(¢, z) < uj forz > 0. (2.2)

t—00

BALE, (2.1), (2.2) K 0RO 2 F 5. ' O
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Proposition 2.2. (u,h) % (FBP) DL 95, ZDLE, lim e h(t) < o251,

_ T [d .
lim h(t) < §\£ and  lim [u(t,-)|cponw) = 0.

t—o00

Proof. Theorem 3 £ D, lim;_,o h(t) < 00 2R HIXIRD Z E DK D LD =

Jim fu(t, -)lcqone = 0. (2.3)
L7225 T, limi o h(t) < (1/2)/d/a TH B Z 2 2 REIF LV, BHETRTADIZ,
HB5T>0ZBVTAT) > (1/2)y/d/a B3R OIDLIRETSH. ZDL %, Proposition
21 DEEFIZE I 3w L AMKIZ LT, (SP) DBR/NDEMERES v =u} THDZ LITER
TN Theorem 4 & D liminf, o u(t,z) > u} R 252 B2 Z MW TEE. LHL, Z
DFATIL (2.3) TFBETBDT, limy o h(t) < (1/2)/d/a THBZ LD b9 5. O

HOhFRAABAT S, Z(w) % R EOESEER v = w(z) DEEOHEE L, LI
Zi(w) EEBTCB 5w OBEDKETS. T517, wOBAR 2EEIIAETS

simple zero : z* s.t., w(z*) = 0 and w'(z*) # 0;

degenerate zero : z* s.t., w(z*) = w'(z*) = 0.

L R R DRI XS 2B HOMEIZDWT, Angenent [1]12 & > TEELHERELES
NTWa, ZOFEREZHWS Z L T Du-Matano [5] iZBW\WT, R _EOHKYEIRIED MO
EEEOIR—FEBNRIN. ZTOFHEE (FBP) I LU THLIRT 5 Z 212 & T Theorem
[2RTIENTES,

(1, Theorems A-D| % (FBP) Iz L THEATE S LS, KM I = I(t) DENEFIR
Neumann %R U - E €k, Gzt TEKFUZEHERE UTHRELAZSD%:
RTZEHNTED (L O —MOBEHEFRFECNTHEHIT 4, 10) 22H) :

Lemma 2.1 (zero number properties). &(t) with £(t) > 0 % (t1,t,) 1281} 5 CL #DOEEEK
U, I(t):=[0,£(t)] £ $5. w=uwtz)e CYO([ty,t2] x I(t)) NCH2((t1,t2) X I(t)) with
w(t, r) # 0 XL HRE

wy = dwyg + c(t,z)w, t € (t1,t2), T € (0,£(t)) (2.4)

BRUBREMN
wa(t,0) =0, w(t,£(t) #0 for t € (t1,t)

EAIL, REEBE el [t,t] x [(t) LTERZERETE. Z0LE, &te (ti,t)lT
LTS 2 o w(t,z) DB [(1) ATERLAV. X512,

(i) Zie(w(t,")) < oo for any t € (t1,t2) B2 LIZDWTIHEMTH 5.

(ii) w(t*, x*) = wy(t*, z*) = 0 for some t* € (t1,t2), * € I(t) 72 BIX,

Zipy(w(t, ) > Zrylw(s, ) for all t € (t1,t7), s € (t*,t2).

I=1[0,00) & LT % FAKDEEN Y 3.



Lemma 2.1 2 35 Z & T, [5, Lemma 2.6] £ FRIZ L TIRDERZES :

Lemma 2.2. w(t,z) % [t1,ts] % [0,00) IZ \/\'C?‘ﬁzﬁ (24), z=01ZBVT w,(¢0) =0
fort € [ti,to] EATTEEE U, {w,(t,2)}, 2RO & 5> 2EHFIL T 5 :
lim w,(t,z) = w(t,z) in Co’l([tl,tg] x [0, 00)).

n—oo

ZDEE, telt,t), ne NIZFHUTHEK 2 — wy(t,z) 730, 00) (Z simple zero D A% F
DEBIE, TRTDLE [t,t] ITNUTw(t,z) =0 on[0,00), F7ziXw(t,z) X [0,00)
simple zero DA & gD,

Lemma 2.1(zero number properties), Lemma 2.2 & w- WBE%A’S:%LW" FH ([ | &
) ICk D, ROMEERTZ L ATES (GEHEEHK)

Proposition 2.3. (u,h) % (FBP) Dff&¢%5. TD&E, lim; o h(t) =co 201X

thm u(t,-) = v* locally uniformly in [0, o).
—00

772U, v i (SP) OERSEM u;, uw, ul b U < (EBIRD 75 vape = va0a(z) TH .

Proof of Theorem I. BHBES h(t) ZRBRFEMTH B, L7 > T, limy o h(t) < 0o
723 limy oo h(t) = co DEB SDRDEDILD., ZDZ LIZERL T 220 Claim %7
TIET, EHEEIHTS.
Claim 1: lim; ,o h(t) < oo %54 Vanishing ' Z . lim, . h(t) < 0o TH 5
%6, Proposition 2.2 & D limy,e [u(t,)|cpone =0, 745 Vanishing £ 72 5.
Claim 2: limy; ,oc h(t) = oo 725X Small, Big % 7= & Middle spreading #'#2Z
%. limy h(t) = co TH B E, Proposition 2.3 12 & H EOMHEZEE L (SP) O E#fiR
v =l up v E R BRI v SRS NG. v = BNEFHLAWI L ERT. B
BIEIZE o TRTZDIZ, ROZEZIRETS :
lim h(t) = co and 7:linolo u(t,z) = uy locally uniformly in [0, 00). (2.5)

t—o0
SO, Uper = Uper(Z) & U < MiNy>0 Vper (T) < US < MAXy>0 Vper (T) = Uper (0) < 4 %25
(SP) DAL U, F7wB w % wt, o) = u(t,r) — vyer(z) LEE L TZDEEDOHK
Zionw)(w(t,-)) 2% X 5. Lemma 2.1 with I(t) = [0, h(t)] & D Zp e (w(t,)) < oo for t >
0TH5A. LDL, (25) & vpe Bus A D ZIENT D Z LD 5, limy o0 Zioneey (wit ,-)) =00
EIROFEPELUD. LzhoT, v=ub EERLLWV. MELD, limy,oh(t) =
H 556 121% Small, Big % 72 i Middle spreading 258 Z 5. D

2.2 EHEEHICNT 05,
ZO/NEETIE, #HEEEENCN S 54344 (Theorem 1) DFEAH OBEE % B X
Vanishing (2332 +2%&MH (1) © (a) i, E#E (V,H) %

H(t) = ho(1+ (1 = ™)), V(t,) := Voe™ cos (%)
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YRR L, LEBXEHE (Theorem 2) 2 W5 Z L TR 2B S ([8, Theorem 2.2] 2 SHR).
¥/, EMEBHV* =V*(2)dV*(z) :=V(0,x) = Vycos((r/2)z/ho) L7825,

ho < (7/2)+/d/a \Z 1} % Spreading D+4 54 (1) @ (b) i, [9, Proposition 4.8] &
BROMEERAVEZERZLORTI LA TES.

ho > (m/2)+/d/a 72 51463 Spreading H3# Z 5 £\ S ¥R (ii) %, Proposition 2.1 ®
AEFHIZBWT T =0 & T HIXFERBRED.

C-norm {Z & % Small spreading (2% 3" %+ &4 (i) O (a) X, B HER

d

ik f@);  a(0) = |uolcron < us

DffEu=7u(t) % B LT, “BFEOHEBEHE " 2HNIRINS.
L'-norm IZ & % Small spreading (2 X9 %+ &4 (i) @ (b) i%, #IHAMERRE

U = dlUzy +au, t>0,x€R, _ (@) uo(|z]), for |z| < hy,
Uo(z) =
(0, ) = To(x), - ’ 0,  forlz| > ho

DR = u(t,z) 2BML LT “ BEOHKEE” 2HVSILTRTILMBTES ([3,
Lemma 3.1] % £H8).

B2, Big spreading (29 % +2 5 (i) OFFAOHMELZ RS, (IP) DEIZDW
TEBD L > 0 iZx U T ¢0;€) > 4*(time map X 16 #5MR) TH L2 5, (SP) DT
v(x) > go(7;0) in [0,4] L7122 BDIFv=uyDATHS. ZOIZ LIZEETHIIE, Theorem
4IZEVEREBSD.

2.3 #ENOEE)ICH T BEME.

ZO/NATIE, (oug, ho) ZFHMEL T 5 (FBP) DFRIZDWT, NTA =R g iZDWNWT
DHAZEENIZ N 2 BEDOFELHE (Theorem I11) DEEFHOE 2 B X 5.
O'f = O'T(U(),ho) et 0'; = U;(UO,ho) ’S:, %Fh%?h‘(k@i '5 L:i%?é o

fitt

o} := sup {6 : Vanishing occurs for any ¢ < 6},

o3 :=inf {6 : hg > max{(r/2)\/d/a,¢*} and Big spreading occurs for any o > &} .

Theorem Il ZfA\2 Z & T, {BEOCHERMEY, ENOEHFOKGFHEEIIHETE 5.

Remark 2.1. RER (1/2)\/d/a — puiluo| L1 (0.n0)/ (Altolcione) < ho BV ILD 72 D HE
R, [uolrr0.m) < Poluolcomne) &9,

7'('\/@ d < h <.7£\/E
2V ad+ pug " 2V

T4 45, Theorem I THONZFHERIZTHNI R A ITHLUTof =00, 05 =0 %
#FHY. 7L, & infuso f(u)/u > —oo % 7= 3 positive bistable Bl D KGR & I,
ot < 00, 03 < oo for any hy > 072 2 FERVE S5 N5 ([3, Proposition 5.3] 2 ).




3 #hf Spreading speed ICD\WT.

ZOHITIX(PB) #/KE L, Du-Lou [3] DF{£% F\\7-#i Spreading speed (2B 9 %
FEAMER Theorems IV, V DFEHOMEE R RS, 3] LAFOFEIIL>TRTILDTE
% A HHE DI IL AR T 5.

3.1 Semi-wave DfEHT.

ZD/NEITIE, (SWP) DEDFIEER (Theorem IV) % phase-plane = O#E/ETIZ & -
TRtHT 5. TD7DHIZ, (SWP) 256 “pug.(0) =c” ZRRVWZIROMBEEEZ 3 :
{dq,zz —cq, + f(Q) = 07 z > 07 (31)

q(0) =0, g(o0) =u*, q(z) >0, z>0.

722U, vt =uiorul &9 5.
(c,q(2)) 3 (3.1) Z¥i7-F & ¥, q(z) % speed ¢ D Semi-wave L FERZ 22T 5., Hir-iZ
RIBIE p =p(2) EBALT, (3.1) OFE—RE2RAMELREIHMS HEARCEEMZ S :

(cp — fla))- (3.2)

DL E(31) DR, RO,w)withw:=¢((0)>025HFEL Tz o0& Lize FITK
(u*,0) IZEFES D & 57, gp-plane LD (3.2) DIEEGE (¢(2),p(2)) & —HT 5.
p(z) =¢(z) >0 for all z > 072 51F, BIEILEE p = P(g;c) with ¢ € [0,u*] 2RTZ
EWTE, ZoOBEKX

Q.Ir——‘

d=p p=

ar _ o _1( _fla) A, ) — o o -
& =P —E(C 5 for g € (0,u*); P(0;¢) = w; P(u ;¢)=0 (3.3)
BAZT. w=ul LU EEPs, w=uj & UL ElX Pg L RELT 5.

=012 P0;0) = wy = \/(2/d) [ f(s)ds > 0B BRMADD & (3.3) RBE I

P(q;0) := \/Z/d] f(s)ds for g € [0,u*]; P'(u*;0) = —y/—f'(u*)/d D’ELNS.
c>02RELT, (3.2) DFMA (u*,0) 2ER 5. #Eﬁﬁﬁé*ﬁc_ot D (u*,0) ¥ T
HEZEWDPY, ZTOIehs, g<u 5 (ub0) ICELET S (3.2) DEIED 2 DIFE
T35, =2 (v, 0) IKEWTHEE (c— /2 —4df'(u"))/(2d) < 0% 2 BHD (ZDOEER
T(c) c‘iﬁ%'é‘é)f“, £ —HIFMEE (c+ /2 —4df'(u*))/(2d) > 0% & 5. 4, PsiIHt
LTQRse0,u}) %, PRIZWLTQpe[0,u) 2IRD LD IZEHT S :

Qs = Qs(c) :=nf{g > 0: Ps(g;c) >0 in (¢,u])},
Qp = Qp(c) :=inf{G > 0: Pg(g;c) >0 in (G, u;)}.

QS“:QB ZEBUZRWIEEIZ iQ ERELT A, ’J—:((Q P( ,C)) CiQ—-—O@I‘B‘ip
EEE, PQ;c) =020 X qMOEDOHSIZHEETS. QlxvbiL, (u*,0) »oEEAMIZ
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BOLHINLIHE P DEERD  BIETHS. T(c) D

T B E, p=P(g;c) with g € [Q,u*] ERT I LA TE BT,

P(g;c)
BEU
Pluie) =0, Pluyc) = SO A
BT WMAHRADS P(Q;c) DRFEAANE, HOMPITROZ AR LD :

F7-,

RELDOFEED DI,

P@dzéG—f@>iﬂQW>

Rs=0 and Qp & (0,u]) U (u5,u;] for any ¢ > 0.
BSMZQ>0R5IEP(Q;c)=0TH5.

To(e) :={(g:p) : p = P(g; ) for g€ [Q, "], p=0 for g €[0,Q]}
CHEEERLUET. ZHIZED, Pgc)idqge0,u]i
p=q’ ﬂmm

(q;C)

B0
\

0 u* .:u;‘ ur

Xl 18: gp-phase plane.

FRNZ IR IZBITDHE PIFTIRD & 5 B2 KD (GERHIZAR) !

Proposition 3.1. FE®D ¢ > 02X LT, P(gc) < P(¢;0) for g € (0,u*). EHiZ, +
BINEZL >0/ LT Q=0 and P(g;c) >0 in [0,u*) TH5.

5, BERDEIIZERT S :

S B
CO, CO

g i=supA§, Af:={£>0: PS(Q; ¢) >0 in [0,u}) for all ¢ € (0,&]},
B

B

B

, B, ENERTHZ VI BRVELOND (GEMIXAR) :

Proposition 3.2. cj,c2 cf c8 € (0,2vad].

Q>0THEHEITIEP(g;e)=0for g e[0,Q) LIREL,

c8 =supA§, AP :={¢>0:Pg(g;c)>0 in[0,u}) for all c € (0,£]}.
ELIZEBILARWEE T ¢ b RETH. I61T, PRITLTE, B A2ERTS:

cB=supA;, A;:={>0:Pp(g;c) >0 in [u},u}) for all c € (0,£]},
el =supAy, Ay:={£>0:Pg(gc) >0 in [uj,uf) for all c € (0,£]}.

100

S:={(¢g,p) :0<g<up>0}

(3.4)

NUTEBINBZZ LIZRn3.
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cizDNT P( o) DO MIBIT BT E 2 L b, Bl P( ) DEES Q(c) DAE
WS B P BEBIYDES BT EONE NS I L BROBED S b2D :

Proposition 3.3. FED0<c; <y < &> 0L T, P(gc) > Pg;cr) >0 in
[0,%*) and lim_yz P(-;¢) = P(-;¢) uniformly in [0,u*]. T HIZ, KD (1)-(vi) B D IELD :
(i) Ps(0;¢) = 0 and Ps(g;c) > 0 in (0,u}) for all c > c3;
(ii) & <P < B,
(iil) if & < B, Pg(0;¢) = 0 and Pg(q;c) > 0 in (0,u) for all ¢ € (cP,cP);
(iv) @p(c?) = ui;
(v) @zlc) € (u,u3) for c € (], cF);

(vi) Q@p(c) = ub for c > cB.

c=0 N
7 \e=ci=ct
C=C§
T
o ur- o wroux ur = O ut  u u;
19: Ps(q,c) 20: Pg(gq,c): Case A 21: Pg(q,c): Case B

Proof. AR, %25 ® Claim 2/7R:9 Z & TitAd 5.

Claim 1: P(q;c1) > P(g;ce) in [0,u*) for any 0 < ¢; < ¢2 < ¢ and
lim.,z P(g;c) = P(q;¢) uniformly in [0, u*] for any € > 0. [3, Lemma 6.1] £ [
ROBRIZED, HRBHES.

Claim 2: (i), (iii)y (vi) #RYILD. FED c>0IZH LT QT (34) AT L
&, o, cB, B DEHENSHS .

Claim 3: Qp(cP) = u} and Qg(c) € (ul,u}) for c € (cB,cP). [3, Lemma 6.1]
D bistable B D R IGH & FRROFRIZL D, HRIRKD.

Claim 4: ¢ < cP < cB. B, B, B DEHL Ppg;c) D ciZDWTOHFMD 5B
GMITE << B THD. 51T, (iv) L EDEHENS, WHMZ P £ B hDTH
ﬁﬁmbﬁﬁ. a

cEBMI B/ ZITP(;c) DERER Q(c) DAENVHEFIZE(NTS. ZOBE, P(;c)
DEZER Q) IZDWVWTIRO L5722 DD Case LI D 55 :

Case A : 8 <P, Case B:cP =cP.
0 1 0 1

Case A IBWVWTIE, (u3,0) 2 SEEAAMICELHINIEE P(;c) 75, ¢l EOXME
[uf, us| 1T 45 Z L K FARICBE T 5 L 5% c e (cf,cP) fFEET 5. Case BiZBWT
i, c BB BB Pp(;0) RACEET D L5 e BWEEET, ABDc>cf =P
XY B Pp(5c) X ART pEll EOXMHE [uf, uj] ICEBELTLUED.

Ps & P OXR/NEARIZE L TIROBERIBRONS -
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Proposition 3.4. Ps(q;c) < Pg(g;c) in [0,ut] forc€[0,cP). Iz,

lim Pp(q;c) = Ps(q; P uni formly in [0, u3]

Cc Cl
THY, XD Case A £721E BOWT IRV LD ¢
Case A :c5 <cB<cB; Case B:cP=cPf<c.

Proof. #25>® Claim (2} TEEHT 5.

Claim 1: Ps(g;c) < Pg(g;c) in [0,u}] for ¢ € [0, cB). PB(q, c) > 0in (0,u}) for
ce0,cB) THBT b, Pyul;c) > 0= Ps(ut;c) force[0,cP) s, TDZrl,
Ps(:;c) & Pg(;0) M HIZE UM ARREALTI LS, Hwrld.

Claim 2: lim, ».z Pg(g;c) = Ps(g; cB) uniformly in [0, u}]. [3, Lemma 6.1] &
FERROBIMIZE D, [0,u}] LicHBEHR=Rq) PFELT,

lim Pg(q;c) = R(q) uniformly in [0, u]]

c/‘c1
DD IH, RIZ(0,uw)) ETIROAEBREZMH-T :
/ 1 *
R =y (- 58) on.u), (35)
Qp(cBy=ur &9, Pg(ul;cP)=0&725DT,
R(u3) = l}m Pg(uj;c) = 0. (3.6)

Claim 1 &9, BAS 5T R(q) > Ps(q;cP) > 0 on [0,u}) THS. L7A>T, gp-plane
with ¢ = c8 ET (3.5), (3.6) & A7z ¢ IEMEEEI Ps(q;cP) DALRDT, R= Ps(q;cP) &
05,

Claim 3: ¢ < B, ¢f < cf < P f < P ngFaE, Claim 1 &Y
Ps(0;c8) < PB(O'CO) =0&%4b. L7zAoT PS(O;COB) =0, Bibcy <P %E5.

Claim 4: ¢ = cB R 5, cf =cP <cf. BEHMI ’JZO'CE?Tf:&)t:, cs < cB(=

BV UTHEREL. Claim2 &b, de€(d,f)&t+amcf itV EizRd koiceh
i, Hb 0 e (0, ul) IBWT Ps(e* CO) < PS(G* ) < PB(Q*, I) < PS(O*;cg) NI RYA
D, 22T, KREI0,04 2B WT Peq;d) BIRDZ L %7 Z LITERT S

Po) = (¢~ i) 2 (5 Figy) ra€ O
Z O L Py(6*:¢) < Ps(8:c5) 12k b, KR[0,6°] 2 B\ THis p = Pylq; ) IZEHR
p= Polq:cS) DT L EE 5. LT, Pa(0;d) < Ps(0:c5) = 0 THBHZ Lt
P(0:¢) = 0 BSH D22, UL, & <cf &b Py(0:d) > 0 ROTHFEIEL B, Lk
BoT, <y THBEILHRDNS.
Claim 5: Case A 7l B #'8 Y 1ZD. Proposition 3.3 D (ii) &b f <L THBZ
¥, Claims 3,4 K hf&@mrB{oND. O




Proposition 3.5. & u > 012X U T Ps(0;¢) = c/pn 725 & = ci(u) € (0,¢5) AA—FI
BIEL, c5(u) N cf aspu— 0o THD. EHIZ, RO Case A £721& BOWT LAY
AVASR

Case A: % 11> 01N UT, Pp(0;cy) =chy/u’2b cy = cyp) € (0,c8) B—RICFE
U, c5(p) <cp(p) 75”3, cp(p) /e asp— 00 THS.

Case B: %u < p* = cB/Ps(0;cB) 1T LT, Pg(0;cy) = cy/u’ad cy = chu) €
(0,¢5) H—H T?Tb, cs(p) <cp(p) B2, cp(p) Ses(p*) asp S p* THS.

y y

B (0;6') C‘/ﬂ P;;(O,’C)

F(0;¢)
0 c (o S ¢ ¢4 O ¢ ct cy
22: P(0;c): Case A 23: P(0;c¢): Case B

Proof. (RO X SIZ3DDOEFEE2ERT S :
€s(c) == Ps(0;¢), &plc) = Pp(0;c), (=((gp):=

ZIZT, &(e) DEHEEIX c > 0, plc) DEFEIIT Case A DIFHIZIT e >0, Case BO
BEIZEce0,l) THEILIIERENBETHS. B OHh O Claim 12D THEHT 2.

Claim 1: &p > 0ICLT, Ps(0s¢h) = ci/nd ¢y = cs(u) € (0,c5) A
—RICFEL, c5(p) N c§ as p — oo T#H 3. Proposition 3.3 & ¢§ DEHEM D,
Ps(0;¢) > 0 for c € [0,¢5) 72, c%[0,c]) ETHEIME 7 & ZIZ Ps(0;¢) 13k 12 A
TE5ILH0M5. cy-plane (IZB T DPADHEHR y = &s(c) LEMER y = ((c) T2V,
£6(0) = Ps(0,0) > 0, &s(c§) = Po(065) = 0B ET, C(0) = 0, () = /> 0 & b,
y = Es(c) &y = () XXM (0,c5) I2BWTRM (¢, ¢ /p) Z1zEZ—DFD. Tikbb,
¢ = cy(p) € (0,c5) B—BRIZFEHET B Z L2005, cy-plane ETEZIUE, ci(p) N
as p — o0 IFBH SN TH B (K22, 23 2 S5H).

Claim 2: Case AL, &pu > 0ICWLT, PB(O;C*B) = cy/nhdcy =
ch(n) € (0,cB)B—BICHEHELT, ¢ <chyDDcy(p) S cfaspy— cocThH3.
Case AIZBEWT, (g DEEBIZc>0THB I o, Claim 1 L EKOERICE VIE
BEOu>0C8d 5 cy 0—EMELPEREDHED. Proposition 3.4 &9 Ps(0;¢) < Pg(0;¢)
for c € [0,cf) DT, &s(c) < &ple) forc€[0,c8) %5, LdioT, ct <y THD
(X122 % 28).

ARSI
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Claim 3: Case B 56, & pu < p* := c/Ps(0;cB) IR LT, Pg(0;cy) =
Ch/ntB ¢ = cyln) € (0,5) H—BIBEELT, ¢ < cp 7 chlu) 7 c5(u”)
asp S p* THB. (ch,cy/p) % cy-plane iIZH T DEADHHR y = ¢p(c) LWIMELRy = C(c)
EDRRETH., ZDLE, (g(c) DEBBM ce[0,8)THDZizrEETIIE, Claim
1 LABRDHEMIZE D, p<p THNWE P(0;¢cp) = c/p825 cy = ciy(u) € (0,c8) Hi—
RIZIFET 5 (M23 2 5H). £/, Claim 2 L ABROBRIZE D ¢ < cf for p < p* TH
% Z L hbh 5. Proposition 3.4 &9 ¢f = cf THSH Z &ITHERT UL lim, »p Pp(0;¢) =
Ps(0;cB), $bbIRO I LD YLD ¢

i €5(6) = és(c6) =

L72%35 T, cy-plane ETEZNIL ch(p) N es(p*) as p N p* 2185, O
BT, ¢ &g ZRBILRVEEICIE c & RELT 5.

Proof of Theorem IV. Proposition 3.5 & O & u > 012632 P(0;¢*) = c*/u72d c* D
FHEMENRES. (3.2) with ¢ = ¢ IZ—HT 58 p = P(g;c*) with ¢ € [0,u*) IZXJE
T 5% (¢*(2),p*(2)) with 2z € [0,00) £ T hIX, ZHid gpplane EIZEWT p i D
ERIR (0, P(0;¢*)) & q Bl DM (u*,0) 207, LA >T, (¢, q*) & (3.1) with
(0) =c*/u, Thbbd (SWP)DELLBEZhbhrb.

WIZ, peHT3 (cq) O—BREFRT. (6,4) % (SWP) D5 —DDMET5 &,
Z1id gp-plane ED (0,é/p) & (u*,0) 2FESR S LO#E (3.2) & —T 5. Kc>0
MNUT (u,0) IZHET L EEFEO—FEMEICLD, TO LD RBEIEp = P(g;é) with
qE0,u)IT—HTH. ZDZeno, P0;¢)=c/uk7esb. T T, Proposition 3.5 &
D P0;c)=c/ued cld—BBDTé=cThb. o Tqg=qg BHIDT, (¢,¢*)D
—BMRRETND. O

PAF, (SWP) with u* = u} D—FfE% (c§, ¢%), (SWP) with u* = u} D—E% (¢, ¢5)
LRFLT S, gpplane BITIZ & - C, BIEW L U THEITIERAR (Traveling wave) DIFEEHE
PROoNDS (GERHIZE)

Theorem VI (Traveling wave D). ¢, cB, cB, cf # FEETERZEI N DL T 5.
ZnrE, HwHIME

dq" —cq + f(q) =0, z € R,
g(—o0) = u,, q(oo0) =u*, ¢(2) >0, zeR,

(TWP) {

with (uy, u*) = (0,u}) iZc > § ITHUT—EHEERED. 51T, RO (i)-(iil) 2D LD
(i) Case A DA, (TWP) with (u.,u*) = (0,u}) idc € [cf,cP) it L T—EEEFFD.
() (TWP) with (ua, u*) = (ul, ul) & c = B 123 LT — A RED,

(iii) (TWP) with (u.,u*) = (u},u3) & c> B Iz UT—BEERFD.
727U, LEOBO—BME, EHIIOVWTOETBEEZRVWTEXS.



3.2 &Mk Spreading speed D f#H.

Z D/NEITIE, Semi-wave % F\ 723 Spreading speed (Z B89 % EH (Theorem V)
DIFAOHEEZ RS, HExohizp > 0t LT (SWP) OEPEFEET 52561, (3,
Lemma 6.5] & F#kIZ L T Semi-wave 2 F|fl U TH LML T § Z & T Spreading speed
DR o Ot % F5 (FEHITAR).

Lemma 3.1. (u,h) % (FBP) ®f#% U, Small (resp. Big) spreading 855D &7
5. ZOLE, (SWP) with u* = u} (resp. u* = u}) M (5, q%) (resp. (Ch,qp)) 2R
72 51X, limyo h(t)/t > c& (resp. ci) TH 5.

Lemma 3.1 ® cf 2 & 5 §ffii%, Big & Middle spreading (Zx U TH & D L2 (Small
spreading & 72 % (FBP) Ofif% % & A7E X S TR AE D)

Corollary 3.1. (u,h) % (FBP) O U, Big £7-i& Middle spreading &I 53 D&
RETSH. ZOLE, AED >0 L Tlim o h(t)/t > cs THS.

fIZBE % N X 7z Semi-wave % {BfE ¥ U CTH\ 5 Z & T, Spreading speed D E7 5
DMEBLZLNTEL., TOE, YOL>LEEHE fZMANELIWrE2ERS.
bs € (0,u) % FA(0,uw)) LCERKAMER L BREL, 05 € (uh,ul) % f A5 (us, uy) ETHRK
EELEHRETSD. +9/NERe>0H LT, fE2EOPORGEHZTLIITEBEL
72 CHRBEEL f. = fo(u;e) ML T 5. £7, (SWP) with u* = u} IZNTEHD% f5(u)
9% |

5u) {= fw),for u € [0.0] Ul o0),
> f(u), foru € (Hg,u),

£8(u) = 0 has a unique solution u} + ¢ in (fg,u3),
(f5Y(ut+€) <0, f5f inthe C* norm over [0g,u3] as € N\, 0.
Wiz, (SWP) with u* = ui iz T260% fP(u) 2 §5 :
5(y) {= f(u), foru E'[OA, éB],
> f(u), foru € (6p,00),
fZ(u) = 0 has a unique solution u} + ¢ in (05, 00),

(fBY(us+¢) <0, f2,fin the C' norm over [f5,00) as e N\, 0.

few féw

Uui+é

X 24: f5 OB 25: f2 Ot
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fSL fBRLIZRENAELAWERICEf. & RELTD. f% f. LEEHXTH, Theorem
IVERRDEEREBL LN TES. X7 5 Traveling wave & Semi-wave % ZHZ
(c5,q5(2)), (¢ qi(2)) EEFELL, &< ITu = ul DFHIZHIETEE0% (£, 00°(2)),
(che@is(2) LU, w =uy OBETHETB60% (5,657 (2)), (5, ¢ 5(2) ET 5.
IDEE, IROMBEHLY LD (REMA X [3, Proposition 6.4] % £ 7).

Proposition 3.6. cj > cg, ¢; > c*, lim.o ¢§ = co, lim.o ¢t = ¢*.

(ct,qi(2)) #BEYL UTHWA Z & T, Spreading speed ® L7 5 DFHELR SN S (FE
FHITEHR).

Lemma 3.2. (u,h) % (FBP) D& LU, Small (resp. Big) spreading @2 Z % LARE T
5. ZDELE, (SWP) with u* = uj (resp. u* = u}) W3 (ck, q%) (resp. (ch,qf)) R
RoIE, limy e h(t)/t < ¢ (resp. cy) TH 5.

Lemmas 3.1 & 3.2 1% (SWP) 2R E R OB EICDOABATE BA, CaseB: B =cf <cf
ZEWTIE g > p* T LT (SWP) with v* = u} ZBEZ ARV, ZTD L E, Small
spreading (2§ % Semi-wave (cg,qrg) ZRVWTHEMEZEE TSI LT, +HOREL
IZX19" % Big spreading speed @ E7 & DFLi 2 RTZ 2 BTE S,

Lemma 3.3. Case BWEYLH, p>p* CIRETS. 51T, (u,h) % (FBP) Dff L
U, Big spreadingP#EeZ 56D LT3, ZDEE, lim, h(t)/t<c5Thb.

Proof. Big spreading & 72 % (FBP) Of#% (up,hg) & U, ui+e € (uf,Qp(cs)) C (u},ub)
ERBEDIZHRNEL ekl Bb. (e gls) E ROMBO—EHETHZ I LITHER:

dg" —cq + f2(q) =0, z>0,
q(0) =0, pg'(0) =c, q(oo) =uf +¢, g(z) >0, z>0.

RiZ, n=mn() € (uj,uf+e) 22 Y, ¢, =q;,(2) ZIROMEDOHL TS :

dq" — c5¢' + f(q) =0, z>0,
q(0)=mn, ¢(0) =0, g(z) >0, z>0.

p>pt=cB/Ps(0;c8) THBIZ LMoy e (cf,c5) B, L=hoT, ne (ul,@s(ck))
THEHh 5, g, ik gpplane ETROFEAZM T & 5 LBGEIC KT 5 :
V(q’CS)_ d Cgs V(qc*)

=S

) in (n,00); V(n;cs) =0.

[3, Lemma 6.1] {2317 % bistable BiD RIGIH & AR DERERH © V(ul; ) > 02D DT,
m; o0 ¢(2) =00 THBH. ZIZT, PO gp-plane LD g = Q* € (n,uj +¢) ITHEW
Tp=P.s(gcg) Lp=V(gcs) BER(Q*, P*) 2F2. THIT, MOKI L4 >0L
2> 0PFET S

¢ s(27) = q3p(23) = Q" and (¢Z5)'(27) = (4,)"(23) = P~



p=q'

JE@/cés
R s(q;¢és)

. Ui+
B(g;cd) e
26: gp-phase plane

Proposition 3.6 & DEED g > 0IZX L Te > 0% ¢l g € (ch, 5+ o) £8D KD ITH
DETZEATES. THKRERT > 0MPEFEEL T, up(t,z) < uj+e/2 for t > T B3k
DD, &, t2TIHLT, (w,k) ZROLIIZERT S :

k=Fk(t) =cist+2f+ L,
_ _ {q;:,,(k(t) —zi 23 -2), w0k~
w=w(t,x):=
g 5(k(t) — ), z € [k(t) — 23, k(¢)].

MEARIZL D, ROWEREED :

s(a2 5) (k(t) — ), z € [k(t) — 21, k(t)],

{—(qup) (k(t) — 21 + 25 —x), = €[0,k(t) - 27),
—(¢25) (k(t) — x), x € [k(t) — 21, k(t)],

oy — { ¢ s(qip) (K(t) = 21 + 25 — ), @ € [0, k(t) = 21),

_ {(q:”)”(k(“ st s-a), oe0kO)-)
ILCEALCR v € k(1) — =1, k(1))

T, PRARESLEMVEFR w(,0) = ¢, (gt +L+25) >us+e/2fort > 00

YD, (w, k) 1 (T, 00) x [0, k()] £ T (FBP) DB L 72 5. £,

wy — dwg, — f(w)
{z cs(as,) — dlas,)" = f(as,) =0 for z € [0,k(t) — 21),
> et slazs) — dlgzs) — £5gs) = 0 for z € [k(t) — 21, k(D)
w(t,0) > us +¢/2 > up(t,0) fort>T, w(t, k(t)) =g s(0)=0,

K(t) =g = (e ,s)'(0) = —pawa(t, k(1))-
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27U, 2=01lBT25%M4L UTw,(t0) >0 Tl < wt,0) > up(t,0) for t > T %%
FALTWA., 22T, TICHLTHAKRELS L > 02MY BRI, hp(T) < ctT+zi+L =
k(T) and up(T, r) < uj+e/2 < ¢y (c: sT+23+L—2) = w(T,z) for x € [0, h(T)] A3 Y 3L
D. ZOZeh o, HBGEHE (Theorem 2) &9, hp(t) < ¢t gt+2i+L < (ch+eo)t+21+L for
t > T and ug(t,z) <w(t,z)fort > T,z € [0,h(t)] PERD LD, £oT, limyo hp(t)/t <
ck+eg 2185, ZIT, g fERIINI LB eNMTELOT, RO EES. O

(o qg) ZEBBEL LTHAWS Z LT, Middle spreaing D#iif Spreading speed @ kA
S DOFMAE 5N D (GEIHIZER) :

Lemma 3.4. Middle spreading W& Z 572 51X, limy,o h(t)/t < cty TH 3.

Proof of Theorem V. %73, Small spreading 25¢€ Z 5354, Theorem IV X W EED 1 > 0
WX LT (SWP) with u* = ul IZBEZFD. L7235 T, Lemmas 3.1 £ 32%2EHATHZ
EDTE, limy,oh(t)/t =c for p>0%185.

Big spreading 73 Z 5354, Theorem IV & 0 Case A 2 5 IXEED u > 0, Case B
B p < p TR LT (SWP) with w* = u} X2 KD, L7225 T, Lemmas 3.1 &
32%BHTHIEMNTE, lim,oh(t)/t =cy 285, Case BHDu > pu* DFEIL,
Corollary 3.1 £ Lemma 3.3 2 31X lim; 00 h(t)/t = ¢ 218 5.

Middle spreading 232 Z %5354, Corollary 3.1 £ Lemma 3.4 2@H T 5 Z L TLX,
limy oo h(t)/t = 5 218 5.

B&RIZ Proposition 3.5 & 0, cg & cpy OARNEFRLINRIZBE T SRRMIGEHAINS. O

4 EER,

ZOETIE, BEEBRERENSEZERINAIMAS LU, RBROMEEZDRRS,
Case A & BIZDWT. Theorem IV, V® Case A & BiZ
s e J(w):CaseA

DWT, RIGE fOBRIZE>TES SNERT L0008
FHLHAINE, AFREI P TE/S U RANTFHO
HBRET LV EHERERELUTHEDONTE-., TOEESR
EFIZE D RIBE (1.3) iIZBWTiX Case B DARERT
ETWB. Case A DK D 3D & 5 7% positive bistable LD
RREE LT, f(u) = —u(u—1)(u—2)(u—3.2)(e*—0.99)
753‘%?“‘63‘@%3 (& 27 ’&7256) X[ [0,ul] & [u;,u;]“c:a‘b‘ 0 S~ W
577 7DUORNERAEETHS LB 52, B
N RIED 72§ R E R ERMEI/B SN T WA, 27: Case A

Big step spreading & £ D#EHEMARICDWT. Case B (23T Big spreading 23#2
TBBAE, p<pw DBHICRH SO MBEORRE L DL, u> p* DFEHITIE
28 D & 5 BEERDR T2 B, TN % Big step spreading £ FERZ 2129 5. Big step
spreading D #f it Spreading speed (& Small spreading @& D & —¥$ 5. BH, Spreading
BBy DEGEFRIE, G T 5 Semi-wave DFEIR%E & 5. LA L, Big step spreading
IS 4 Semi-wave KT A Z LIETERW. Lo T, ZO2KROERRE B




B TERVA, BANRINOHREBS Z P TED LHATES. ZOBEER
1%, EGEBEOROYLAAREBRE H\ D R E SR L B - SR L, B OARH
DHILFETL 3 &5 RIBREPEARATHRIY 55 2L 2RRY D, KEEIRE
WHDTH 5.

0 10 20 30 40 50

28: Big step spreading (p > p*)
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