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1% Burgers FERNESHZE

=
(=]

1.1 3]

Burgers HRER#ERFLYHEIAROEEHE, mkagh%E. EE&EEE. K

hah % BRSNS FF . Burgers R WA LME N H1AS) /1% Navier-Stokes
TR RAAREY. SRR, KA# Burgers T RRHIBUET BB R K] ZRE.

0<z<L 0<t<T,
(1.2)

X R —% ek Burgers HRYAE ]

Ut + YUy = VUgg,
u(z,0) =p(z), 0<z<lL,
u(0,t) =0, w(L,t)=0, 0<t<T,

Hef v MBI HBHERY, o(e) WEERH, 0(0) = ¢(L) = 0.
ENMBEMERZE, RIVEARBTESHAE (1.1)-(1.3) BEERM

k.
EE 1.1 W u(z,t) HEM (1.1)-(1.3) B i

E(t) = /OL u®(z,t)dz + 2v /Ot [/OL u(z, s)dx] ds,
(1.4)

lE=]
E(t)=E(©0), 0<t<T.

A w 3Lk (1.1) HIPSIL, WA
2

— Uy.

(éuz)t ; (%u) = vl(uz)e —u

MEFA

¥ EXWAXT « XM [0, L] L8R4, HFHE (1.3), B2
L L
%% ) u?(z, t)dt + U/O u2(z,t)dz = 0.
=,

iR EXER
1d L tf 1L,
T {/0 u2(z,t)dx+2u/0 [/o uz(z,s)dz] ds}



.2. % 1% Burgers FERNESHE

4 dE(t)
S]]
E(t)=E(0), 0<t<T. O

12 R R&HESHA

1.2.1 iBSK3[E
AT RZS MR (1.1)-(1.3), BRI [0, L] x [0, T] FEHI4r. BUERE
¥ om,n. ¥ [0, L] £ m 245, % [0,T] ¥ n B4, 38 h = L/m,7 = T/n;z; = ih,0 <
i < mity = k1,0 < k< nQp = {z:|0< i <m}Qr = {te|0 < k <} Qe =
Qnx Q. MEEL t =t ERFTELE R {@tr) |0<i <m} AF k BEGS. WA
! Titi = %(Ii + Tig1) tpyr = %(tk + tet1)-
id
Up = {U’ I u= (UOa Upy " >um)ygnh—tﬂgp&]%@ﬁ}’
&h = {u|u € Up,up = um = 0}.
W u €Uy, FIHEWMTES:
5w”i+% = %(uiﬂ —u), O2u;= %(’Uﬂi—l = 2ui + uit1), Agu;= %(uiﬂ — Uj—1).

550 .
Jiui = ﬁ

B u,v € Un, FIRAR. EHKFTEH

1 L 1
(u,v) =h <§uovo - E uV; + §umvm> ,
=1

1
(6muz+% - 63;'[1,,:_%), Aq;“i = E(unz_% ‘I‘ 6zul+%)

1 e 1
lulloo = max ful, [ull = \lh (;ﬁ% + Z; ug + gu;"n),
=

m

=\ P60l = P+

=]

m—1
Julz = \* 3 (02u)?, flulle =/l + [uf? + ul3.
=1



12 ZRIEgMESHK -3

R vy, AR, MARK AR E Xk
1 B m—1 B i B
(u,v) =h <§u0vo + Z w;U; + §umvm> ,
i=1

K o b v BI3EHE.
i
Sr = {w|w= (wo, w1, ,wn) N Qr LEIPIREE].

B’ weS,, FIHMTILS:

(wk+1 + wk—l),

DN =

whtz = %(wk +wktl),  wF=
5twk+% — l(wk+1 —wk), Ak = l(wk+1 — wh-1)
T ' 27 '
S5 .
Ak = 5(<stw’°—% + Skt

Bu={uf|0<i<mO0<k<n} A QU EHIRAERE, W v={uF|0<i<
m} h Qn EHRIRBERE, w={uf|0<k<n} H Q EHRPKBEL
§|E 1.1 ([4’ 25]) (a') ﬁ u,v euha mIJﬁ

m—1 m
—h Y (BZui)vi =k (Sot;—1)(8av;_1) + (Bzti2)v0 — (So—1 )Vm.
i=1 i=1

(b) ¥ v € tfn, WA

m—1
—h Y (02us)u; = |uf},
=1

Julf < [lul - [ul2,

VL

lllo < 5ol

llull <

_L|u|
\/6 v
(C) "& U E&ha Ijmﬁ

lullze < flull - fulx,

BXfEE >0, F

1
lulle < elult + - llul®



4. % 1%E Burgers FENESTE

(d) ¥ u € U, M

ul? < gl
(e) & u e uh1 mu;ﬁ
leullZ, < 2l -l + 7 ]

BXfE® e>0,F
lulZ, < elulf + (3 + 7 ) Il
ER RAGER (ORI,
() BHu=0%1<i<m-1H,F

i
? = E:(ul2 - u,2_1) = Z(ul +up—1)(u — u—1) = 2hZul_%63ul_%.

I=1 =1 =1
S|

i
uf < ZhZ |ul_%| . |6xul_% |
=1

R, EBE u =0, TR

m
u? < 2h Z |u,_%| : Iézul_%l.
I=i+1

H L EPAH /R 2

m m m
u? < hz |ul_%| . |5:c“l—§| < th Iul_%lz ' J hZ |6zu,_%|2 < lull - |ulz.
=1 =1

=1
AHRE
llullZe < llull - Juls.

MHEBRR e>0F

1
i, < efuft + .



L2 ZRIEGHES K

(e) % i>jHt,
u—u+z —ull

l=j+1

(A
= u? +2h Z ul_%éwul_%

1=j+1

1
< 'Uz? +2h Z |ul__%l B |5zul_%|
l=5+1

m
<o+ 2y fury] - datg]
=1
< uf +2|uf - ful.

SR LR i < j MRBILH.
i

1
E, 3=0,m

# (1.5) FLL hw; FHXT 5 A 0 B m RKFEH
thju? < haju? + 2hZUJj||U|| < |ulr.
j=0 §=0 j=0

17 ].Sjgm—l,
w; =

f R 5
Llful, <l + 2L}l - fuls,
Bp
ol < 20l - fuls + 7 ol
MNEBEK e>0,F

1 1
Jull < et + (34 7 )

THEBAS H LA RS ER S AR
B3 1.2 (4)) #c,h ABEHHEE, Hr>o.
(a) TR g(x) € C?lc— h,c+ k], WEH

2
g(c) = %[g(c —h)+g(c+h)] - %g"({o), c—h<&<c+h

(b) R g(z) € C?c,c+ h], WF

9(0) = plale+h) ~ g0 - 59"(E1), e<& <cth



% 1E Burgers FRENEDHE

(c) i g(z) € C?*[c — h, ], WE
g0 = 319(c) ~ gle— )] + 59"(E), c—h<b<c

(d) IR g(z) € C%lc— h,c+ k], WE

7(0) = srloleth) — gle— )] ~ (&), e—h<g<eth
(e) R g(z) € Cc—h,c+h], WH
'(0) = lale+ 1)~ 29(e) + gle W) ~ 1gW(E), e—h<&<eth
(f) MR g(z) € C¥[c,c+ ], WE
7' = 7 [EEN=ID ()| - 3", e<t <ol

R g(z) € C4c,c+ h), MF

0= 3 | LI _ ] - 2gme) - o)
c<é <c+h;

(g) MR g(z) € C3[c — h, ], MF
g"(C) = % [gl(c) - ( ) h(c h’):l

R g(z) € C4c—h,d, WH

39"'(57), c—h<&<cg

g"(c)= % [g’(C) - Mh(c—h)] hg”’(C) ?29(4)(58),
c—h<&<c

(h) R g(zx) € CO[c — h,c+ h], WHE

iww—m+w¢@+¢¢+m

=52 L lo(c+h) —20(0) + gle— W) + 2=g® (&), c—h <o <c+h.

2409



1.2 ZEIE&HEM R

1.2.2 ESHRAREL
<i<m,0< k<n}, HF

UF = u(zi,ty), 0<i<m, 0<k

T (i, tyyy) REEHE (11), H

'Uat(xzatk+%) +u(xiatk+%)uw(wi’tk+%) = Vuzz(zhtk+‘))
1<i<m-1, 0<k<n—1. (1.6)

NASIHE 1.2, F
(Tirthsy) = 60 +O() (L.7)
1
w(Zi, ty 1) = [u(mi l,tk+;)+u(a:,-,tk+%)+u(z,~+1,tk+§)]+O(h2)

= (U’“+= + U LU + 0(2 + 1Y),

Ua(Tiy by 2) = §[uz i, tr) + Uz (i, tea)] + O(72)
L(ALUF + AUMY) 4+ O(2 + B2)

= AU £ O(2 1+ 1),

1
uzm(mutk+1 = i[umz(mivtk) + umz(xhtk"'l)] + 0(7-2)

(1.9)

= S(2UF + UM + 0072 + 1?)
(1.10)

= 82UF % £ O + h?).

# (1.7)-(1.10) RN (1.6), B3]
5 Uk+% I (Uk—f-, +Uk+2 +Uk+2)A Uk+2 = 52U k+3 +R’-c+2

0<k<n—1 (1.11)

1<i<m—1,

TR o 8
IREYE| < ea(r2 + 12),

(1.12)

ERBWIAESMS 1.2)-(1.3), F
; (1.13)
(1.14)
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T (1.11) g REYE, B of 408 UF, X (1.1)-(1.3) BT 2
SRR

1 1 1 1 1 1 1
Jtuf+’ + g(ufff’ —l-'uic+2 +uf:'1’)Axuf+z = uégufﬂ,
1<i<m-1, 0<k<n—-1, (1.15)
wW=op(z;), 1<i<m—-1, (1.16)
uk =0, uk =0, 0<k<n. (1.17)

EZa48R (1.15)-(1.17) B— P BIEEHEo1R.
1.2.3 ESBRAMPYTEEME RS
EN4KR (1.15) FRFEEET TN TER

1, g+t k+1 k+1 k+3
§(ui—12+ui P tuy)Agu; ?

1. g+l k+1 k+1 k+1 k+1
=§[ui Azu; P+ (Ui Ut )Agu; 7]

1 1 1 1 1
=§[uf+2Azuf+2 + Az(uf+2“5+2)]'

B v, w € Up, BX
Y(v,w); = %[viA,,,.wi + Az(vw)i], 1<i<m-1.
il

1 k+l | k+d |, k+i k+3 1 1
2 2 2 7 _ k+5 , k+3
§(ui_1 +u; ? g )y T =P(utTEutTe);,

1 1 1 1 1 1
SO Ul L uha Ut = i Uk,
FR (1.15) TUER

k+% 1 1 k+1 .
Sup T 4 p(ubtE k), =2 1<i<m -1, 0<k<n—1

# wue BH o + (u2).], TR YU, U BRAEHTE (2o, ty14) b
FIB L.

HT v RAMTSiR.
EIE 1.3 ﬁveuh,w Eljh, mUﬁ

(¥ (v, w),w) = 0.



12 ZRIrEHEMER ‘9.

MEFR
(Y(v, w),w)
%(vAzw+A (vw), w)
%[ (vAzw,w) + (Ag(vw), ))
%[ W, vw) + (Ag(vw), )]
=0. O

EIE 1.2 #® {uf|0<i<m,0<k<n} BRESMER (1.15)-(1.17) KIfR. &

k-1

E* = k|2 +20r Y Wi, 0<k<n,
=0
n#H
EF=FE° 1<k<n. (1.18)

iER EEBES MR (1.15) FTERK
étu:ﬂ'% + P(urts uF i), - u&iu:”% =0, 1<i<m-1,0<k<n—-1.
w5 ERERR, T8
(Jtuk+§’uk+%) e (w(uk+%,uk+%),uk+%) _ U(53Uk+%,uk+§) =0.
TER ki e Z;h, B
(Gt +E ) = (k) — ),
(P(uFtE, uk+) b3 =,
— (Zuk+E, uftE) = Uit E L
B i 1
o (2 = ) +vju*+if =0, 0<k<n-1.

B EXFE k #K 1, I TN 0B k-1 kKA, A
k—1
(Hukll2 [w|?) + v [W+E3 =0, 1<k<n
=0
¥ L REHEE (1.18). 0
HEHE 1.2 H4n

lu*ll < e, 1<k
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1.2.4 ESBABOFEEME—1E

BAEBF T 5 Browder EHAE I E# MM FFEE.

EIE 1.3 (Browder SEH 5 101) & (H, () B—MEREHNHEN, ||| £
SHEHET 0: H - H RESEN. #—PBREEEEYE o > 0, HTHEEK
z€H, |lz| = a, F Re(Il(2),2) > 0, WHFFE * e H FR N(2*) =0, B ||| €

EHE 1.4 E4KR (1.15)-(1.17) FER.

iERR  HH (1.16)-(1.17) 4058 0 BME «° B4 . WEXRBE kr EOMR . %

k+3

wi=u; *, 0<i<m,

UES)

ubtl = 2w, —uf, 0<ig<m.
B (1.15), (1.17) ATBXT w = (wo, w1, - ,wn) KHTE4

%(wi —uf) + Y(w,w); —v&iw; =0, 1<i<m—1, (1.19)

wo =0, wp=0. (1.20)
T AL u,v € Un, XA
m—1
(u,v) =h Z V4,
=1
W dan J—A AR, [uf = v/(u,u) AR
EX T : U — Un
M(w); = %(wi —uf) +Y(w,w); —vd2w;, 1<i<m—1.
M Ti(w) 3 iy EEIPESERS, ROFI5IH 1.3, W8
(I(w),w) = %[(w, w) — (u*, w)] + (Y(w, w), w) — v(§2w, w)

2
= =[llwll? - (u*,w)] + vfwl}

.
2
> = (lwl? = [lu*[| - fJll)

(lwll = llw*1) - flell.

SIS

>

BT [|w] = [[ub|| B, (T(w),w) > 0. HEE 1.3 MFELE v* € Up B4 Tw*) =0,
B [Jw*|| < [Ju*]], BF (1.19),(1.20) FE7ERR w*. O



1.2 ZREEHEEMER <1

TE 15 e = o) B4 < at E4HR (1.15)-(1.17) KIfRRME
MERR HEEE 1.4 MUERAR & REUERS (1.19)-(1.20) IR RME—K.
#® (1.19)-(1.20) HHEME X,Y € 1fn, B

%(X,- —uF) (X, X)i —v82X; =0, 1<i<m—1, (1.21)
Xo=0, Xpn=0; (1.22)
(i~ ) + (%Y ) —v2¥i =0, 1<i<m—1, (1.23)
Yo=0, Yp,=0. (1.24)
4
z=X-Y.
# (121)-(1.22) 5 (1.23)-(1.24) 1%, &
%z,- + (X, X);i —(Y,Y); —vé22,=0, 1<i<m—1, (1.25)
20=0, zm=0. (1.26)
HEH 1.2 MEEEE o #5

IX| <ec2 Y] <o
Rz 5 (1.25) fERR, 1B
2 2l + (60X, X) — 0¥, ¥),2) + vl =0. -
i
X, X) =9V, Y) = (X, X) = (X — 2, X —2) = (2, X) + $(X, 2) - $(z,2)

REI#E 1358
("!"(X!X) = ¢(Y, Y),Z) = ('(/J(Z, X)’z)'
Bl

(¢(X,?-) P(¥,Y),2)

1 m—
—ghz (268X + Az (2X)i)2i
=1
1 m—1

=3h D [XiBo(2]) + (2X)iAg 2]

i=1
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1
<§(2llzllm NIX| - 2l1 + 2lloo - I1X]] - 12]1)
=[1X]| - [|2]loo - [2]2
<e2||z|oo - [2]1-
i (1.27) 58
2
;llzll2 +vlz[} € el 2]loo - |21

HEI1H 1.1(c) 40, WMER >0, F

1
1zlloo < elzls + 5 [12ll-

A
el ol <  (slel + 5l el

= caelzf} + 22 21| - |2k

< 26|22 + coelz|2 + ﬁ (;—Z)z l|2||%

= 2coe|2f? + T??IIZIIZ-
Ble= 21’72, ilE=]

2l < e

%< % B 2| = 0, BP (1.19)-(1.20) Hfi#RME—H). -

1.2.5 ESRAMAKSYE

BAVEL HEER Gronwall AER.
EHE 1.6 (a) | {FF}, B—MNEMAFT, c F g BRBENERFEY, BHLE

FMl< (14 er)F*+79, k=0,1,2,.--,

g}
F* < gokr (FO_,_Q), k=1,2,3,---.
c

(b) B {F*F}2, M {g¥}2, RIANESRFS, c A A FES, B

FFHl < A+ en)FF + 1%, k=0,1,2,---,
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lES) .
FF < okt (F0+7'Z:gl> , k=0,1,2,+-.
(c) Bt {Fr}e, RAEFFF, c ;—O%Pﬁ/l\fﬂiﬁ’%%t, H# R
F¥ <c¢kiF‘+g, k=012,
k=0
k)

FF e, k=0,1,2,--.
(d) & {FF}p, RIEAFF, {gF}2, RIEMEIFEN (R 2iF), Bk

3
k-1
FkgcTZFl-ng, k=071a2,"'7
1=0
JlES)

FF<e* gk k=0,1,2,--.
iEMR (a)
FH1 < (14 cr)Fr +1g
<A +en)[A+er)FF1 4 7rg] +7¢
= (1+er)?2FF1 4 [(1 4 er) + 1]rg
< (A4 er)?[(L+er)F*2 4 gl + [(L+cr) +1]7g
=1 +cer)PFF2 4 [(14er)2+ (1 +er) +1)rg

N

SA+en) F 4+ [A+er)f P+ (1+er)f 2+ 4+ 1rg
SA+en)f QA +er)FO+7g) +[1+er) P+ Q+er) 2+ +1]7g

=(A4er)" PO+ [(14+er)f+(A4er)* 1+ 4 1)rg
1+er)ktl —1

=(1+er)FH1F0 4+ Qter)™ -1 o ' Tg

< ecthtD)r (F°+%), k=0,1,--.
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(b)
F*' < (14 er)FF + rg*
1+en)(1+ c'r)Fk_1 + Tgk‘l] + Tg*

14 cr)?F*1 4+ (1 4+ er)rg* 1t 4 74"

<
<

14 cr)3FF2 4 1+ CT)2Tgk_2 +(1+ c7')'rg’°‘1 +7g"
[(1+ c'r)Fk_3 + Tgk_s] +(1+ c'r')zﬁrgk—2 +(1+ c7')'rg"°_1 + Tgk

(

(

(

(14 er)?[(1 4 er)F*2 4 7" 2] + (1 + er)rg* ! 4+ 1gF

(

( 3

( 8 (1+ c7')37'g’°~3 +(1+ c7')27'gk_2 +(1+ CT)Tgk—l + Tgk

<
= )
<{A+er)
= (1+4ec7)

k
<+ c7')k+1F0 + TZ(l -+ c*r)k‘lgl
1=0

k
< (1+c7')k+1(FO+TZgl), k=0,1,2,---.
1=0

(c) B0
F%<g.
é k-1
GF=cr) F'tg, k=0,1,2,---.
=0
A
Gozg,
FELGFE, k=0,1,2,--,
GF=GF 14 erFF1 <GP 4 erGF =1+ en)GFY, k=1,2,3,---,
BN R
G*<(1+en)*G' < ey, k=0,1,2,---,
BRI T
Fr< G <e* g, £=0,1,2,--.
(d) &5
Fosgo.

4
k=1
Gk=CTZFl+gk, k=0,1,2,-",
1=0
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il
GO =gO,
F*< Gk, k=0,1,2,---,
k—2
Gk — CTZFl+gk_1 +CTFk—1 + (gk _gk—l)
=0

— Gk-—l +CTFk—1 4 (gk _ gk—l)
<1+ c'r)Gk_1 + (gk -~ g"_l), k=1,2,-.

N (b) Z& R, B

5
Fk < Gk < eckr [GO +Z(gl _gl—l)] _ ck‘rgk’ k =0,1,2,--. O
=1

id

5= 0<z<L, 0<t<T| uz(2,1)]- (1.28)

EHE 1.7 ®{UF|I0<i<m0< k< n} HEE (1.1)-(1.3) KR, {«*|0 <
i <m,0< k< n} HEMKR (1.15)-(1.17) KR, T

e =UF-uF, 0<i<m,0<k<n.

WHEFL o ER
lle®|l < ca(r? +h?%), 0<k<n. (1.29)

iERR ¥ (1.11), (1.13), (1.14) F (1.15)—(1.17) AHIR, BEREHEH

k+3 kel ypopiad 1 a1 2 k+1 k+3%
ote; 2 +p(Urr2, Uk 7)), — y(ubta ubt2);, = vé2e; T2 + R,

1<i<m-1, 0<k<<n—-1, (1.30)
=0, 1<i<m—1, (1.31)
ek =0, e =0, 0<k<n. (1.32)

(Ot 3, b ) 4 (p(UMHE, URT) — y(ubH, ubt ), bth) 4 p|ehti 2

= (RFt3,ebt3), 0<k<n—1. (1.33)

1 1 1
(Bee*t2,ef7) = 2—7,(||6"’+1||2 — [le*11?). (1.34)
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EEE
w(Uk+§’Uk+—§-) _ ¢(uk+%,uk+%)
'(Z)(U Uk+§) - ’(Z)(Uk-‘_% _ ek+%, Uk+% = ek+%)
= (e k+1 Uk+ )+w(Uk+%,ek+%)_w(ek+%,ek+%),
HRA5IE 1.3, 78
—(w(U’H-%a Uk+%) - w(uk+%auk+%)’ ek+§)
= _(w(ek+%’Uk+%)’ek+%)
m—1
= —%h [ AUF 1 A (iUt et
i=1

=1

1 k+1.o k+1 k+3 rrk+} k+
=—§h2(e 2AUTT + hz o L

k2

i=1 =1
- k+3 k+1
j gL 1 k-1 k+1 e IU_*_l2 —U k+1l k4l
=—§h;(ei 2ALU; TR - 2 hg : L e
1
< 5c3||e'°+%||2. (1.35)

¥ (1.34) 0 (1.35) fRA (1.33), I8
o= (=12 ~ le*]?)

1
< ealle 5|2 + | RME| - b+

1 k K41\ 2 k k41
< o (LI gy BB gy,

emsx 1 g

1 c3

~ (X2 = llek1) < S (lek] + e+ 1) + | B3], 0<k<n—1,
B

C3 CaT

(1-27) et < (1+Z7) ek + 7IRH ), 0<k<n-1.

. C3 1
—= g_ v,

| T 35'1'

lH+ < (1 ; 30”) 51+ SriRk+)

(1+3— )||e’°||+ eVLr(r? +h?), 0<k<n-1
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i Gronwall AER (EH 1.6), HFEEEZ (|0 =0, B

c 2
e+t < ehr 29V g2y e 4 m), 0 <kgn-t,
3

ot o, = ot 20V -

C3

1.3 ZBE&MihEa#ER

1.3.1 ESERREIL
TR (z,to) AAERAE (1.1), HERE (1.2), F

ue (i, 0) = v (i) — (i)' ().

i
@ = o) + 2" (@) — p@)e @], 0<i<m.
TR (zi,ty) EBHRE (1.1), A Taylor BRFR, &
SUF + (@, Ub); =v2UZ +RY, 1<i<m~—1, (1.36)
BHEEEH o 4
IR} <es(r®+h?), 1<i<m—1 (1.37)

FER (zi,te) AEHRATE (1.1), A Taylor BFH R, B2
AUF + (U, UF); =v82UF + RF, 1<i<m—1,1<k<n—-1, (1.38)
BFEEH s £18

|Rf| <cs(r?+h?), 1<i<m—-1,1<k<n—1 (1.39)
ERBAAMEEME (1.2) F (13), F

U2 =p(zi), 1<i<m-1, (1.40)
Uk=0, Ut=0, 0<k<n. (1.41)

7E (1.36), (1.38) HFEEZ/ MR, XA (1.1)-(1.3) B TFES KR
5tui% + (@, ul); = wﬁu?, 1€i<m—1, (1.42)
Ak +p(uk,uF); = vs2uF, 1<i<m—1,1<k<n—1, (1.43)
u =p(z;), 1<i<m—-1, (1.44)

uf =0, u* =0, 0<k<n. (1.45)
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1.3.2 ESHAMBFEMEFIE—E

EIE 1.8 EHHR (1.42)-(1.45) KR RFETEME—).
iERA  H (1.44) M (1.45) J%E 0 ERME «° B4 E. B (1.42) M (1.45) AT/
XFHE 1 BE « REUTRY. ZREFKRAEH

1 1
;U,‘ + %w(a, ul)i= §u6§u%, 1<i<m—1, (1.46)
ug=0, wu., =0. (1.47)

A ul 5 (1.46) fERR, B
T2 + (0, 1), u) = (@t ),
(0 ), ut) = 0 R (8201, u?) = —|ul} 8
L+ ot =o0.

BT [|ul]| = 0. HHEH (1.46)-(1.47) REZME. (1.42), (1.45) BE—HHE .
ME k-1 BME o F5E £ BE o BFE, WH (1.43) M (1.45) ATEX
F okt RSN, BREFIRGEA

1 1
ZU?H + §¢(uk,uk+1),~ = %Vﬁuf“, 1<i<m—1, (1.48)
uitl =0, wftl=0. (1.49)
H uk+t 5 (1.48) AR, B
1 1 1
Z||Uk+l||2 + §(¢(Uk,uk+1),uk+l) = Eu(ﬁuk“,uk“).

23] (¢(uk,uk+1),uk+1) =0 (5§uk+1,uk+1) — _]uk+1!§ 7=\
Looktryz Lo k12 _
27'”“ ” + 2V|U ‘1 =0.

H w1 = 0. FRA (1.48)-(1.49) RESMR. HM (1.43) A (1.45) E—HE

uktL,
HIHGRE, EEIEE. O
1.3.3 ESEXMHTFESRNE RS
EHE 1.9 W {uf|0<i<m,0<k<n} N (1.42)~(1.45) KR MHE
St 2 + [0)%) + vrfud f = ], (1.50)
EW*!, u*) = Eu!,u0), k=1,2,3,-+-,n—1, (1.51)
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Hp

k

1 _

E(uk+1’uk) _ E(“uk+1“2 + ”ukllz) + 2"72 |ul|¥, k=0,1,--+ ,n—1.
=1

iR () Auw 5 (1.42) AR, B

(Jtu%,u%) - (w(ﬂ,u%),u%) = u(dfcu%,u%).
3
" 1
(Beud, ud) = o (|ut|* ~ lu]1%),
(1/’(12,0«%),“%) =0,
(S2u?,ui) = —[uil},
" 1
o= (1% = [1u®)%) +v[urf} =0, (1.52)
Bf
1 1
5 (11 + [1w)1%) + wrfuz [} = u]%.
10 A «* 5 (1.43) EAR, B3
(Aguk, uF) + (W(uk, uF), uF) = v(62uF,uF), 1<k<n—1
5% ;
2 (P = ) + b =0, 1<k <n-1, (1.53)
14
1 k412 k|2 k|2 k—1)|2 _
E(Ilu [ 2+ [ % +2||u I )+V|uk|%=0’ l<k<n—1.
ER#—BER
%[E(uk“,uk) — B@*,u* 1)) =0, 1<k<n—-1
35
B, u*) = E(w*,u®), 1<k<n-1. a
1.1 (1.50) 1 (1.51) TAE—B R
k
1 -
U2+ b)) +wrud [ + 20 Yl = 0%, k=0,1,-,n—1.
=1

E 1.2 @ (1.52) f(1.53) AT

lu*ll < [, 1< k<
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1.3.4 EoHEURRAGEE
EE 1.10 & {UF|0<i<m,0<k<n} HEE (1.1)-(1.3) KM, {u5]0<
i <m,0 < k<n} AESER (1.42)-(1.45) KR &2

ef:Uik—uk 0<i<m, 0<k<n

19

MIZEZER R cr, 2 72 + A2 < % T A

el <er(r? +h%), 0<k<n, (1.54)
lle¥lloo < gc'r(r2 +h?), 0<k<n. (1.55)

iERR K (1.36), (1.38), (1.40)-(1.41) 5 (1.42)-(1.45) HIR, BiREFEA

Sie} + (@, ed); = v62ed + B9, 1<i<m—1, (1.56)
Avel + 9(U*,UF); — p(u¥, uF); = vo2eF + RE,
1<i<m-1,1<k<n—-1, (1.57)
=0, 1<i<m—1, (1.58)
ek=0, e =0, 0<k<n. (1.59)

BAVR RS AEIEATERE R,
i (1.58)—(1.59) &
|’ =0, [l°loo =0. (1.60)
# (1.54) K (1.55) %t k = 0 RRAL.
(1) F 6e2 5 (1.56) ERTR, 1B

|8ee? |2 + (@, e?), 6re3) = v(62e3, Gre?) + (RO, bre?),

EE3
ef =0, 0<i<m,
" i 1 1
v
7__2”61“2 + 57:(’(,0(71, el),el) = —;|el %_'_ ;(Ro,el).

BEEE

(w(ﬂ,el),el) =0,
£

1. 109 ' vV, g 1 RO ¢! 112, Lipop2
_ < _ +_ R d
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B (1.37), B3
27' 1
e < — - ZIIRI* < VLc's’(T2 +h?)2
HBrLowht
le'|? < L (7* + h?)?,
519
ety < VLes(7? + h?). (1.61)
(a0 % Ak 5 (1.57) EAR, B
| Ae (|2 + (B (U*, UF) — 9p(uF, uF), Are*) = v(82eF, Arek) + (R, Ase®),
1<k<n—1, (1.62)
17
1A |1? + T(I e — e R)
— (p(U*, UF) — g (u®,uF), Ae®) + (R*, Are®), 1<k <n—1.
B4
U < VEes, [0 < YEIOM, < By, 0<hen (e
W (1.54) % k=1,2,-- ,l B3L. M cr(r2+ 1) <L, B
ukly < [UF1 + |eFl1 < VEes +1, 1<k<], (1.64)
uF]|oo < gmkh < g(\/z% +1), 1<k<L (1.65)

EERE

w(Uk Ul_c) _w(uk ’U,E)'
w( JUR); + (uk, €F);
L1k T + AU + HOINE SN

+ 51

Wl Wl

== [efAzUiE + 1( )U+1 +efAUF + ! ) ef_;)UE_I]

1 A | I
+ 3 [uteck + 0k ek + ubock + S0k ek,
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LK (1.63)-(1.65), &
— (W(U*, UF) — (¥, uF), Ase*)
1 = = o=
<ZUlEFllool U1 + 1U* loole® |1 + lle*lloo|U[1) ]| Ace" |

1 = ~ =
+ 5 (16" lloole 1 + lle¥loo w1 + [0 [loole®[1) | Ace"|

%(2\/_03“ek||oo —63|€'°|1) 1 Aee®]

1 L z T
- 3 (2- g(\/fc,g +1)|e* + (\/fc;; -+ 1)||ek||°°) | Ase|

! vL
S3 (2‘/_63—|ek|1 + -Calekll) [[Ace®|

= |VIL(VLes +1)|eF|y + (VIes + 1)‘/T’T‘|e’?|1] | Aze®||

1 1 %
=5 Les|ef]s - [[Ase®]| + 5\5(\/—503 +1)|eM)1 - [|Age”|

1 L(VLes +1)% | 5o
LB 11 g,

L3
<Z||At€k||2 + ==

1
e*[f + 7l Acet|” + 1<k <l

Bsh, #
(R, Ave®) < 310t + S RHIP.
BLLERARA (1.62), B

v =
(M — ek )

L%c2 L(vVL 1)? : 1
s e LD T

N

<L2c§e 5 L(\/_C3+1)2 leF+1|2 4 |ek- 1|2
=4

k 2 <
le* 2 + : . 2L A+ h%? 1<k

maRLL T, B,

C
[ <let 1 + =2 l’°|1+—L(fca+1)2r<le’°“l"+le’° 13

- ;Lcﬁf(r +h%)? 1<k<l,
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B

2
[1 _ L(\/E;IBJ"‘ 1) T |ek+1|%

2
1+ L(\/zclgj-l- 1) -

L2} &
<— 2
= v T|e |1 =+ 2

2
¥} + S Legr(r® + %)%, 1<k<L

" L(vVLes +1)?
2v

2.2 L L 1 2
L2 <3I21V037_|ek|%+ l1+3 (VLes + 1)

1
g— BB
T 3HT

T |e’°_1 f + chg'r('r2 + h2)2,

2v

1<k
S5
max{le"|3, |17}

2,2 2
< I:1+ 3L%c3 + 3L(VLcz + 1)

3
T ma.x{|ek‘1|r“{, |e’°|§} + ;chr(rz + h2)2, 1<kl

2v

B Gronwall A%, &
max{|e'[3, |e

3.2 2
<eXp{aL 03+3L2(V\/ZC3+1) T}

e

2Lc2
. | max e0 2’ 61 2 + 6 7_2 & h2 2 .
( {I |l l |1} L2C§+L(\/ZC3+1)2( )

TEEZF (1.60), (1.61) ATHE
e <exp { 31363 +3L(VLes + 1)2T}

2v

2c2
. L02 5 6 7_2 % h2 2
( ° " L+ (VLes +1)2 ( )

=c2(r? + h?)?,
H
1
. 3L2c3 + 3L(vLcs +1)? MR 2c3 :
=g 4v * T LA+ (WILes+1)2)

Bl (1.54) Xt k=1+1 oL HIEAGRES (1.54) X k=0,1,2,--- ,n AL
B (1.54) &5IHE 1.1(b) B2 (1.55). O
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1.4 Hopf-Cole Z# 5=k Z 7 #30

1.4.1 Hopf-Cole it

4 ©.4)
wz(z,
u(z,t) = —2v wz(:v,t)’
lES)
ey Y o gy etV Wl . o (¥
U = Zy(w)t_ v w? 2y(w)z’

mar ()
T

Ugy = —2U (%-)w

w
K EARA (11), B2

Bp
(), - [(®)] -+ ().,
& Wy Wy \ 2 Wy
[5‘ (5 —”(;)T,L:O
X AT S B
<wt — Vwm> _0
w T
S NTii]
= roe _
B LK BB Rk

wy — q(t)w = VWgg.
FRFELEFL e~ Jo 0)ds MIET4E 3]

[we— ¥z, q(s)ds] — [we- b q(a)ds] .
t

TT

W(z,t) = w(z, t)e” Is g(a)ds

(1.66)
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il N
—21/% = —21/% = u(z,t).

BIX TAER q(t), AW u(z,t). BTIER q(t) = 0. TRBBWTENHE

Wy — Vg, =0, 0<z<L,0<t<T, (1.67)

w(z,0) =¢(z), 0<z<L, (1.68)

wg(0,8) =0, wy(L,t)=0, 0<t<T, (1.69)
Hrp

P(z) = e~ Jg #le)ds, (1.70)

R (1.66) & Hopf-Cole Tk
1.4.2 ESBAREIL

TES LA ERS R BERS AR
31 1.4([20) 8 a(s) = (1 —s)%[5— (1 —s)?.
(a) B g(z) € COlao, 1],

h h3
— —g" (o) + %9(5) (w0

6

gg"(zo) + %g"(wl) - % [g—(xl) ;g(xo) - g’(:vo)]

h4 i | "
)+ m/ 9® (zo + sh)a(s)ds
0

=— Eg"'(:c Y4 h—ag(s)(m )+ h—4g(6)(w +60h), 6 € (0,1)
6 0 90 0 240 0 0re), 0 L)

(b) -‘& g(:z:) € CG[xm—l)zm]» ﬁ

1
ég” (zm—l)

h h3

__gl”(zm) _

6

_h' "

%9

.
PeEm) + 155 ),

(c) & f(z) € COzi—1,Tit1), B

1
1—2—[g"(:1:,-_1) + 109" (z:) + g" (i41)] —

+ gg”(-”:m) - % [gl(wm) -

1

h2

9(Tm) — 9(Tm-1)
h

1
9 (x,, — sh)a(s)ds

G Rt )
(wm) - %9 (xm) =+ %Q (zm — Omh), 6, €(0,1).

[9(zi+1) — 29(2:) + g(@i-1)]

4 1
:3%) / 9 (zi + sh) + g (z; — sh)]a(s)ds
0

4
2407

©)(z; + 6;h),

0,; € (—1, 1).
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B ovelh BXFHERT A

3 4 = i=0
6 0 6 1 e
1
Av; = E(vi_l + 10v; +Ui+1), I<i<m-—1,
§v + v i=m
6 m 6 m—1, = TR

B (1.67)—(1.70) FEFEMR w(z,t) € CO4([0, L] x [0,T7]). & X P&

UF = u(zi, tx), wrf=W(zi,te), 0<i<m, 0<k<n.

2

H (1.67) # (1.69) [ 73

T (1.71)

wzzz(oat) =0, wzzz(La t) =0, 0<t¢
=0, 1L T. (1.72)

<
wzzzm:c(o, t) =0, wxwzzx(L’t) 0<

TR (zisteyy) HERITRE (167), F
We(Ti,tpy 1) — Voo (Tistyyy) =0, 0<i<m, 0<k<n—-1

NAZH 1.2, ATE

v k+1
wt(zi,tk+%) - E[wzz(xia tk) + wzz(zi,tk-f-l )] = (thw)i 2

0<i<m, 0<k<n—1,

e

bty _ v Ow
: 8 0z20t2™"

RET AfER EREANMIL, B
k+3

Awe (i, tgy 1) — g[szm(l'ia tk) + Awgs (T, tht1)] = A(Rupw); 2,

1<i<m-1,0<k<<n—-1.

NAGHE 1.4 FERED (1.71)-(1.72), 53

(Ratw) te +057), 7€ (0,1), 0<i < m.

1 2 1 1
ASWEHE _y (Ea,,wf*;) =R og<kgn—1, (1.73)
2

2
1 1

ASWat? —y (—%JZWHi) =RET 0gkg<n—1, (1.75)

m=3

i 1 1
AS Wy 2wt =R 1<i<m -1, 0<k<n—1, (1.74)
k
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FEEY cs F15
IRETE| < a2+ h%), 0<i<m, 0<k<n—1. (1.76)

R EVHERM
WP =3(x:), 0<i<m. (1.77)

E (1.73)—(1.75) HEEE /MR, FF (1.67)—(1.69) BT ZEHH&

A&wg"'% —-v (%é},w’f—%) =0, 0<k<<n-1, (1.78)
2
AspwttE g2t  —0, 1<i<m—1,0<k<n—1, (1.79)
1 2 1
Aétwf,:r’ —v (—Eézwf:_;%> =0, 0<k<<n—1, (1.80)
w) = (x;), 0<i<m. (1.81)

1.4.3 ESRAMBOFEMMBE—
glﬂ 1.5 “&v=(1}0avla"' avm)euh, m“ﬁ

h2
(Av,v) = [[v]]? - 75 1ol

210j? < (o) < ol

MR H

h .

vo-l-gézv%, 1=0,
2

(Av); = vi+’ll—26§v,~, 1<i<m—1,

h& .

Um — E :B'Um_%, 1= M

EE

(Av,v) =h [%(Avo)vo + Z_:(Avi)'ui + %(Avm)vm]

i=1

1 h il h2 1 h

=h [5 (vo + 65;;”%) vo + 2_:1 (’Ui + ﬁ63Ui> vz =k 3 (vm = g&zvm_%> vm}
1 m—1 q

— T a2 2 =2

=h (2U0+ ;Ui + 2vm>
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m—1

(62'01 v0+h2 (62 “0;)v; — (05 m___)vm
=1
h?
=llel?- 35 - hZ(azvzm

=0
=l - 2ol
k!
(Av,v) < [lv]%.
1
ol < 53 2 o,
55
(Av,v) > ||v]* - ﬁ h—2|| v = —||v||2-
EX Uy, LRSS
[vlla = V/(Av,v).
BT 1.5 50 ||v]|.a o] .
EE 111 E4BR (1.78)-(1.81) KR RIEEME—K).

A F o BRE o° B (181) GE. ROARIE k BRME o, NH
(1.78)-(1.80) AIBRTFH k+1 E{E whtl MM TEA. EREFRTEA

1

—AwEt! —v- 5 w"“ =0, (1.82)
- 0

1

;Awf*l uzag witl =0, 1<ig<m-1, (1.83)
1 w3 Lo k1) —

7 m V( - anwm_i) =D (1.84)

H h K1 b (1.82) 43k, B hwlt! 5 (1.83) Hik, B h ki 5 (1.84) M
R, #%%ﬁ%%#ﬁbﬂ, B

1 1 1 mol
;(Aw"“,wk"'l) =ik I:wgﬂ&zw';“ +h Z witla2ytt - wf,j’lézw;‘*_l% =0.
i=1
B ERGH
Loogtipz 1o kr1p2
;”w 1%+ §V|w [T =0.
ZS i)
+1 _ 0,

Bl (1.82)-(1.84) REZM. TR (1.78)-(1.80) ME—HE whtl.
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.99.

1.4.4 EHHENBEBSE

EHE 112 ® {(WF|0 < i <m0 <k < n} BAM (1.67)-(1.69) KA,

{wk0< i <m,0<k<n} BEMER (1.78)-(1.81) KR 4
eF =WF—wF, 0<i<m, 0<k<n.
MFTEEH co, cr0 FH

¥l < co(r® + h*), 0<k<n,
leF|1 < cro(t? +h*), 0< k<,

VL
[€¥]lo0 < 7010(7'2 +h%), 0<k<n.

MERR K (1.73)-(1.75), (1.77) A (1.78)—(1.81) HHIR, BEHREHEA

2 1 1
Aétek+2 —v- Eé'ze?z =R§+2, 0<k<n—1,

k+1 k+1 k+1 .
Adze; +2—u5§ei+2=Ri+“, 1€i<m—-1,0<k<<n—1,
k 2 1 k+1i
A6te+2—u(—56meﬁj_2%)= m+2, 0<k<n—-1,

ei=0, 0<i<m.

(1.85)
(1.86)

(1.87)

1 A hek+“ 5 (1.88) A3, A he't® 5 (1.80) 4B, A hek+2 5 (1.90)

T3, #H%%ﬁbu, =3

1
2T

= (Rk+%,ek+%), 0<k<<n-—1,

Bp

1
5 (e 1% — lle®11%) + vt} = (R*3,eM7), 0<k<n—1L.

it ERXAMA Cauchy-Schwarz A%, HNHGIH 1.5, &

1
o (1 1% = lle %)

<[IBFFE| - [l

3 1 L
<SR e

3 1 ek+1 A+ |€k A
S\/;”RIH-"‘H' “ ” 5 | H ,

k+3% k k k+5 ¢ k+3
S (X2 = e 1%) — v(esHaneTE + Z efTistelt — e ia, )
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PGLE S(leH+ 4+ [e*].0), 783

1 3 1

;(||€k+1||A — lle*lla) < \/;HRH; [, 0<Kk<n-1.
B .

lle**la < 1€%]a + \/gfz IRH%], 0<k<n-1

=0
B (1.76) F1 (1.91), 83
le*+la < \/g(k +1)7 VLeg(? + h*) < \/gT\/Ecs('rz +hY), 0<k<n—1.
BRNASIE 1.5, B
k 3k 3V Eca(r? + B2
lle®ll < §||€ la< - Leg(t" +h%), 1<k<n.

() i Shéeb™ 55 (188) MR, P hdel™ 55 (180) MR, F Shoeht 55
(1.90) FH3R, FKe 4 RAHM, 7

1 k k k k £ k+1 k+3
H5t€k+%||i—ll[(5me%+2) +3 +h2(62 +2 +3 _(5zem'+'_§%)5tem+z]

= (Rk+%,5tek+%), 0<kg<n—-1,

B
1 1
L R e (S i )
= (Rk+%a6tek+%)
< ||RFFR|| - [|Ggek A |
< 2lsekrh|2 4 SRR+ 2
3 8
<ot I%+ SRR, 0<k<n—1
. 1 3
1
o= (1eFH [ = D) < B2, 0<k<n—1.
A

ek 12 < €92 + —TZ||R’+5||2 (k+1)TLc8(T +h%? 0<k<n—1



1.4 Hopf-Cole ¥ 5 E5#K -31-

le¥|: < %,/%TLcs(rz +h*), 1<k<n.

(IIT) 4 (1.86) FI5|HE 1.1(b) &
vL

lle*(loo < —2—|€k|1 < gcm(r2 +h?), 1<k<n. O
1.4.5 [RIEERERITH
& g(z) € C¥lao, zm), MEEEH &1, 60, , 66 1
g'(z1) = é16:931 + E20293 + €30,95 + adzg7 + O(h*), (1.92)

T2

g (=) = C5029;—3 +C6029;_1 + 602941 + E502g; 3 + O(h*),

2<i<m—-2, (1.93)
9 (Tm—1) = €1029m_3 + 20093 + €3029m_5 + Ca029m_3 +O(h%).  (1.94)
HAE#e (1.66) H

o Wal(i, k)
u(zi, tg) = —2 o is)
FIA (1.92)-(1.94) ATF8
UF = —;/_V(Cl(smWI + 02W3 + €30z Ws + €40z W-,) +RY, 1<k<n, (1.95)
1
2v B
Of = ~F 7 (6s0:WE g + 00 W) 4 + 266, W, 3 + &8 W) 5) + RE,
2<i<m-2,1<k<n (1.96)
2u . . R A
Upoi=— E —— (Cs0.WE g+ 635.»,.-W,’;_% + 6251W,',°1_% + 015xW,':L_%) + Ry,
1<k<n, (1.97)
FEREH o FR
|R¥| <enh?, 1<i<m—-1,1<k<n (1.98)
£ (1.95)-(1.97) g X/NEIN, BB TIHEHEK
uk = _2_';(515211;’1 + éa0,wh + é30,wh + éib,uwk), 1<k <, (1.99)
wy 2 2 2 2
2v . A 5
uf = —E(%&zwz_% + ¢60y f’_% + cﬁézwf+% +C561wf+%),
2<i<m—2, 1<k<n, (1.100)
2
ufn—l = - kl/ (6451:'111:‘”_% o 6361:"”::"_% + 626:1:1” -3 & Cl‘szwm_%)a
m—1
1<k<n. (1.101)
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AR 1.12 M4 R 7T LUERH

m—1
th UF —ub)2 < erp(r* +h%), 1<k<n.
i=1

1.5 /NE53EHR

AEWWRT Burgers HRMES L. BEIEHT HE (1.1)-(1.3) FEHL
REESTIEMN. BEE 1.2 ¥ 1.3 WARNMERT Bl EsgkXN=E& %N
EZoR. BT ESRRBIEENE . B—t. FREIKRSYE. =BRtE
RO ERGEREETHM T [30).

SHF R (1.1)-(1.3) TR T =Btz

ki 1 k+3
deu; 2 + §(quzuf+1 + uf A ul) = vé2u T,

1<i<m-1,0<k<n-1, (1.102)
uf =0, vk =0, 0<k<n (1.104)

ATLAEBAZ #4850 (1.102)—(1.104) RME—FRN, ZELFEEH T X TS KN
B 3K 35 — B Wi S .

3C [39] WL T — 4 Burgers HREM _MrEL 7.

. F] Hopf-Cole ZR# W]} Burgers FZHIVIAME R (1.1)-(1.3) ZHLHEK
AR HENVILERE (1.67)-(1.69). X} (1.67)-(1.69), BRATEL T BH =0
3 (1.78)—(1.81). EBT (1.78)—(1.81) fRMIFEAEMEAME—ME A K MRAE L ST EH T 5%
THREZK 2 Br. ZREPK 4 Brioledtt. mReE (1.78)-(1.81) HHEAMETF T
REFHEET A BEWTHER

5w’“+2—u(h5 w’i+ )=0, 0<k<n-—1,

Sty o2t 0, 1<i<m—1, 0<k<n—1,

Sw "*2—(— 5,0l ) =0, 0<k<n-1,

w) = (x;), 0<z<m.
ZEMEARME—FIER, ELHFEETRTREDKANZE RS KR /K
K.

BAEB T Browder EEIE TR HEA (1.19)-(1.20) BKFLESE. 5
Browder &BAHEIIEE —4 Leray-Schauder B 43,



1.5 ME5ER -33.

W HR—NERENREN, || - | RFHTEE. £8 H > H HET T\(v),
Ha de0,1] A% R Th(v) HWEWT &M

(a) Ta(w) & H EHIESEHET,

(b) To(w) = 0 F ME—H#;

(c) Ta(w) = 0 BI— VAT REMRH —BUKI 7,
MXHER X € [0,1], Ta(w) = 0 FEEM. FFAHE, T1(w) = 0 R,

DIFE R _EiR G 1eSleiE B B 2 1.4, BINERA (1.19)-(1.20) FR7ERR.

& H =i SHERH w € Ufn, X

Ty(w); = %(wi —ub) + Mp(w,w); —vOiw;, 1<i<m—1,
T)‘(U/)o = 0’
TA(w)m =0.
B0 (a) Th(w) RIELK]; (b) To(w)s =0,i=1,2,--,m — 1 B— =X

HIREK =N AW R, SR BERRR (o). B’ w R Th(w) =0 AR
HIfE. F w A Ta(w) =0 fEWAR, B

%((w,w) — (u*,w)) + A (w, w), w) — v (62w, w) =0.
FIH
W(w,w),w) =0,  —(E3w,w) = |w|},
# 2
2 (Jwl® — () + vluft =0
T2
]l < (¥, w) < [|u] - Jwll.
55

]l < [lu].

Z&A (c) W2, H Leray-Schauder EEE. (1.19)-(1.20) F7ERR.



$2F ENWKEKRAERNESFAZE

2.1 5] =
IEMH# (Regularized Long Wave) FRERIELMHE KB H K —FRBHR.

FERAT ARG B BT AN, ENKE T RELEHA KR NYWERR, MK

BRIV BS T A EE AL
A E % 18 IE MK PR A0 E i) A
Ut — PUggt +YUUs + Uz =0, 0<z <L, 0<t<T, (2.1)
u(z,0) =¢(z), 0<z<L, (2.2)
0<t<T, (2.3)

u(0,t) =0, wu(L,t)=0,

HA p,y RIEEH, 0(0) = ¢(L) =0.
ENBESTEZE, BIGCHRBEFESHEE (2.1)-(2.3) BEERMS

.
EE 2.1 W u(z,t) HEM (2.1)-(2.3) KR, 2
L L
E(t) =/ uz(z,t)dw-i—/.t/ u(z,t)dz,
0 0

=]
E(t)=E(0), 0<t<T.

AERR A u RUAGAR (2.1) IBEIL, X = M 0 B L Biar, 18
L L L I
/o uutdx—u/O uumtd:c-k')'/(; uzuzdz+/0 uugzdzr = 0.

FASERRAKXUALA R &M (2.3), ATH
L 5
L2 /0 uzd:c—i-%u%/() uldz =0,

2dt
. dE(?)
7 =0, 0<tg i
Bl
Et) = E(0), 0<t<T.

R (2.5) AREETFEE.
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2.2 ZRI&EMEMMER

PAT B (2.1)-(2.3) HIMR u(z,t) € O35 (0, L] x [0, T7)).
5% 2 2%, 5|5

Y(v,w); = %[U¢A$wi +Az(vw);], 1<i<m—1
2.2.1 ENEABEL
BB (a0t y) BT (2.1), 5]

ut($i, tk+%) = l—tumzt(mi) tk-}-%) + 'Yu(wi)tk-{—%)uz(mi, tk+%) + um(mivtk-i—%) = 07

1<i<m-1, 0<k<n—1, (2.6)
N FRSEM S A, TR
SUFTE _ 16, 02UFE ¢ (Ut UMY, ALUFTE = RITE
1<i<m-1, 0<k<n—1, (2.7)
FEEREH o £5
IR 3 <oy(rP +h2), 1<i<m—1,0<k<n—1, (2.8)
1E (2.7) BRI RETY, Rk R BATAE A
U2 =p(z;), 1<i<m—1, (2.9)
Uf=0, UL=0, 0<k<n. (2.10)

5t (2.1)-(2.3) B N ESER

1 1
Seult? — g2l 4 yp(ubtE W), 4 Awuk"'2 =0,

1<i<m-1, 0<k<n—1, (2.11)
uw =p(x;), 1<i<m—1, (2.12)
uk =0, uf, =0, 0<k<n. (2.13)

2.2.2 ESRBRABHEEN

EZ41R (2.11)-(2.13) R— AN ZBIESHEEMER. X4k BRE o EFER,
HEBERETEHME (1710 <i < m) MIERHHBE. 24RE (o 30 <
i < m} B,

k+1 _ g, k5 _ & ;
w, =2u; *-u;, 0<i<m.



- 36 - B2E ENKEHIBHZENTTE

EHE 2.2 E4KR (2.11)-(2.13) FAEMR.

iERR i 1
w,=uf+5, 0<i<m
nE
2 (wn — ) — 22521 — k) + i, whs + Agui =,
1<i<m—1, (2.14)
wo =0, Wp=0. (2.15)
é
I(w); = %(wi —uF) - 52(w, —ub) 4 yp(w,w); + Apw;, 1<i<m—1,
il
(M(w), w) = =[(w, w) — (u*,w)] — 52(“’ u®), w) + (¥ (w, w),w) + (Azw, w)

= ~[lwl* - (uF, w)] + 7“[|w|1 — (bauF, 5,w)]

> 2 [ = 3017+ o) + 2 [ - (ol + 318

= 2 [l - (112 + £p2)] .
B |wl| = [ub)|? + glukl% B, (I(w),w) > 0. B Browder €3 (I 1.3) &0 (2.14)-
(2.15) FFEERE. .

2.2.3 ESRAMPTIEEINE RN
EIE 2.3 W {uF|0<i<m,0<k<n} AESKRK (2.11)-(2.13) K. i

BF = [[u*)? + plu*f}

JllE=}
EF=E% 1<k<n.
AERR P ht T DL (2.11) WL, 3R i A 1 B m— 1 KA, 83
m—1 m—1
h Z uf+55tuf+§ — ph Z uf+5626tuf+§
=1

i=1

+’yh2u+2¢(uk+z uF ), +hz u AUt <0, (2.16)

i=1 i=1
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i (2.13) AT

k+1 k+%
g 2 =0, um =

BEESHHT (2.16) I —TR.

-1 . 1 m—1 1
B Y b Eaubtt o L Y[t — @) = (- )

i=1 i=1
o L & m—1
—hz W25 = 3 (6, uy! )(5 atuw)
=1 =0
= 1
= k+1 k+1 2 k|2
- ;h; (6oub )P — (Soub )] = o (W — u¥fR),
fact k+1 1 1 1 1 1
By u iR uf ) = (p(uth, ut ), W) = 0,
=1

~ kt+i.  k+d
h u; *Agu; *=0.

t=1

UL ERAN (2.16), B
o (P12 = u1P) 4 g o (W = kD) =0, 0<k<n—1,

Ell

%(E’”l—Ek):O, 0<k<n—1

TR
EF=E° 1<k<n. a

2.24 ESEABRME—4

EE 24 FE>0 ¥ 1<, Z9KR (2.11)-(2.13) KIRRZME—H.
iERR R EE 2.2 HUUERARI G R EER (2.14)-(2.15) HIRRME—.
WEMER (2.14)-(2.15) BEH—ME {v}, B {v;} HE

2 2
;(Ui —uf)—p- ;53(1& —uf) + 7P(v, v); + Agv; =0,

1€i<m—1, (2.17)
vp=0, wv,=0. (2.18)

2 = Wi — Y, 0<z<m
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¥ (2.14)-(2.15) 1 (2.17)-(2.18) HHIR, 2

2 2
;Zi - 7”5321' + ’Y[df'(w»w)i — (v, U)i] + Az =0,
1<i<m—-1, (2.19)
20 = 01 Zm = 0. (2'20)
i
ez = \/[|u0]? + plu®lf.
HEH 23F
lwl? + plwlf < . (2.21)
FEE

"/"(wa w)i - 1/J(U7 U)i
= Y(w,w); — Y(w — z,w — 2);

= 'd)(zv w)i + ¢(W, Z)i - ¢(Z, z)i,
Az 5 (2.19) fEAR, B3

%(z’ z) — K ;2_'(622"7 Z) v 7[(’9[)(2,1”)’ Z) + ('d)(w’z)v Z) - (w(za z)v z)] + (Azz,z) =0.

ERE

—((ﬁz,z) = |z|%’ (w(wv z)az) =0, (¥(2,2),2) =0, (Azz,2) =0,

N

20 + ulel?) = ~¥(¥(zw), 2) <7+ 5 lello@lel - ks + ol o),
HS] (2.21), ?5

2 2 2 Y C2
= < = —_— v

VL
elloo < So02k, 12l <

L
\/6 1’

i



22 ZRIEGHENMER -39

2 \/Z(2L ) 2
= sipgraeast I =, 2= B 0
":‘17_u>3 7 (7t DT<’1.@(_2£+1) i,
3 2 \v6u ’
2]t =0
M
z =) O

2.2.5 EoBEABROUSE

EE 2.5 W{UFI0<ig<m0<k<n} HEM(2.1)-(2.3) B, {uF|0<
i<m,0 < k< n} AESER (2.11)-(2.13) KR &

ek =UF—-uF, 0<ig<m, 0<k<n

WAFEES 3 R
le*lloo < ca(t?2 +h2%), 0< k< n. (2.22)

iERE ¥ (2.7), (2.9), (2.10) 4HIR (2.11)—(2.13) HR, BiREHEA

bielTH — s 626l 4 (U U, — g(uFHE, ubtE)]

+AeTE =R 1<i<m—1,0<k<n—1, (2.23)
el =0, 1<i<m-—1, (2.24)
ek=0, e =0, 0<k<n (2.25)

H e+ 5 (2.23) (EAR, B

(Bee™ 3, €5 8) — (6,025 3, b E) (UM, UME) — (ukts uFtE) D)

+(AgeFtE b ) = (R¥3,ebTE), 0<k<n—1. (2.26)
R

YURE,URE); — bt ub ),
= Y(URHE, &M E); 4 (eFHa, UMD, — y(ehTh, e th),
GE:)
(w(Uk+%,Uk+%) _ 'gb(u’”'%, uk+%), ek+%)
:(¢(Uk+%,ek+%),ek+%) + (w(ek"'%,U“'%),ek"'%) _ (gb(e""'%,ek"'f),ek"'%)

=(¢(ek+%,Uk+%)’ek+%).
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PR3]
(seet+h, b+ = (k12 — |2,
~(Bud2ekE, ) = (e —[eH),
(AgeFt3 ebt3) =,

I

1
ol + uleH ) — (eb]” + et )]
— (e, URHE), k) o (REHE M)

1 1 1 1 1 1 1 1 1
21 AU 2 || |le"*2 |2 + [UFF 2 || oo [le* 2 || - [t 2]y] + §||6k+’ 12+ §||Rk+2 12

I\
w2

1 1
<ca(lleF 3|2 + pleF*32) + co(72 + h2)?
<

S U+ ple 1R + ]2 + ulek?) +calr? + B2, 0<k<n—1.
%, 193]

(1 = car)(le* | + pule 1 13)

<1+ car)(||€F |2 + ple®)?) + 2cam(7? + B%)?, 0<k<n—1.
ooy < % i,
€512 + uleb 2 < (1 + 3car)(|€¥]|? + plek|?) + 3car(7® + 122, 0<k<n—1.
B Gronwall A5 2|

l€¥)1® + ple®|? < 4T - (72 + h%)2, 0<k<n O

2.3 ZR&MUEMER
2.3.1 ESHAMEIL
T (2, ty) MEEHE 21), F
us (mi,t%) — Pttt (i, By) + Yl by s (2, ty) +us(ei,ty) =0, 1<i<m—1.
MH Taylor BAXMBEBT AR, IR

i
2

8eUZ — ubeb2UZ + (U0, UR) + AUF = P, 1<i<m—1, (2.27)



23 ZR&BEUEMERR

ol

HHEERY o 7
|IP?| <es(t+h?), 1<i<m—1.

T (i, ts) BRHE Q1) F

Ut (T, t) — Plaae(Ti, tr) + YU(Zi, tr)ua (i, th) + Uz (i, te) = 0.

MRS ARE

(2.28)

AUE —pBS2UF+4p(U*, UR)+A,UF = PF, 1<i<m—1,1<k<n—1, (2.29)

FEHEH o 7
|PF| < ce(®+h?), 1<i<m—-1,1<k<n—1,

EREVHLER

U2 =p(z;), 1<i<m—1,
Uk=0, Uk=0, 0<k<n,
XF (2.1)-(2.3) BIW T =B&HEHEI R

étui% - ,uétéfcui% - 'yzp(uo,u%)i + Awu? =0,
1<i<m—1,
Avuf — pAd2uf + v (u, uF) + Aguf =0,
1<i<m-1,1<k<<n—-1,
wW =), 1<i<m-1,
u§=0, uf,,:O, 0<k<n.

2.3.2 ESBEARBTEENFRY

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)
(2.35)
(2.36)

EHE 2.6 W {uf|0<i<m,0<k<n} AEMER (2.33)-(2.36) HIfR. iC

E* = ||uk|? + plu*?, 0<k<n,

IES)

EF=E° 0<k<n-1.
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E A uf 5 (2.33) EAER, AT

1

a2 — 11,0012) = (10,112 _ 12,012 —
(1 = 00) + £ (ul - [u°) = o,

Bp
B! = E°, (2.37)
A uF 5 (2.34) fEWHR, AT
4—1T(Ilu’““||2 — [l*H1%) + f—T(Iuk“lf - [u* ) =0, 1<kg<n-1
R, /2 i
E(E"“ —EF1)=0, 1<k<g<n—-1 (2.38)

A (2.37) f1 (2.38), B
EF=E’ 1<k<n. O

2.3.3 ESEBHFEMMME—E

EE 2.7 EH (2.33)-(2.36) KRR TEEME—R.
iERR  H (2.35), (2.36) REFE 0 EHE «° B4, H (2.33), (2.36) JRE 1 B
BME o' MM TRA. ZREFRTEL

1 1
;u} = gdgull + %'wp(uo,ul),- + §A$u} =0, 1€i<m-1, (2.39)
=0, ul =0. (2.40)

B! 5 (2.39) fERR, T8
%IlulH2 + /Lﬂl—_lul 2=0.
7S i)
[[u'[| =0,

BIRRT o HRMTTRAMEME—/.
W ouk1 ok B, MBEESHER (2.34) M (2.36) AIRXT ! HEHEGE
4. ZRAFRGEA

1 1 1 :
—ubtl %ﬁuf“ e 5’71/)(u",u'°+1)i 3+ §Azuf+1 =0,1<i<m—1, (241)

27 *
ubtl=0, uftl=0, (2.42)
A bt 5 (2.41) fERTR, B
1 k12 1 kg2 _
2Tllu ” + p’ 27"“ '1 - 0'



2.3 =BR&BhESKER

. 43.

25N

lu**1]| =0,

BISRTF wht! LR R4 RME— AR ).
2.3.4 ENRAMBEUEE

EHE 28 W{UFI0<i<m0<k

i<m,0< k< n} AESHER (2.33)-(2.36) KIE. &

7

E!

k k k
e,; =Ui —u,-,

EEY o R

0<i<m, 0<k<n,

lle*]loo < cz(T? +h%), 0<k<n.

iERR K (2.27), (2.29), (2.31)-(2.32) 5 (2.33)-(2.36) MK, BHREHTE
5tei% - “’6‘6261‘.% + 7[¢(U0’ U%)l - w(u07u%)i] + Azei% = PO,

1<i<m—-1,

Asel — pAS2el + A [p(U*, UF); —

1<i<m—-1,1<k<<n—-1,

) €$n=0, 0<

y 1€i<m—1,

k< n.

le®l> =0, [’ =0.

Hei 5 (2.44) iR, T8

%(Meluz 1el®) + o= (e} ~ ")
=—7(¢(U°,U2)—¢(u0 ud),e) + (Peh)
== Y(P(U°,€2),e%) + (P, e2)

Ep

=(P0,€%)
1
<[IPllez ],

lle* | + ple’

2 27| P - [le? |
= 7|P°|| - ||}

1
<P + et

— (u¥, uF)i] + Agef = P,

< n} AEE (2.1)-(2.3) MR, {uf|0 <

(2.43)

(2.44)
(2.45)
(2.46)

(2.47)

(2.48)
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FHERY s R
l€|? + ulet|? < esT(1 + h?)? < cg(7® + h?)2. (2.49)

H & 5 (2.45) fER#R, B8

1 . " =
2 (IeEF 2 = 512 + £ (e — e D)

= =" UF) - p(u*,uF), &) + (P, &F)

= =@V, &), &) + (W(e", UF), ) — (9(e*,€¥),F)) + (P¥, )

= — (", UF), ") + (P¥,€")

<3 IAL ol 5] + 10 ol - [€5I) + 1P - Bl 1<k < m— 1.

FEEEH o 7
1

= H =
U2 = b2 + £ (et — k1)

<co([|€¥|® + lleF||? + ule*[3) + ol PF|I?, 1<k<n—1.

HEF (2.30) 7H

3 (M2 + Nl lle®l® + lle* )2
27 2 2
P T
2T 2 2
k+1)12 k|2 k|2 k—1|12
<co | (12 +MIeRI"  e®l® + et
2 2
Yl O e
2 2
+egcd(T2+ 0?2, 1<k<n—1

id

i = 152 + [let ] + i |e**H1E + [e*[3

2 7
ek EXE R

51;(1.!«"'c — FF1y < co(F* 4 F*1) 4 co2(r2 + R2)?, 1<k<n—1.
By 2

(1 —2com)F* < (1 4+ 2¢o7)FF1 + 2c9c2r(72 + h%)?, 1<k<n—1
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% 2CQT S % N7
F* < (14 6com)F*! + 3coc2r(T? + h?)?, 1<k<n—-1

B Gronwall A EXFFFIA (2.48), (2.49), B2

F* g 9T [F" + %c%(fz + h2)2] < %e""‘"T (8 +¢§) (T +h%)% 0<k<n O

2.4 /NEHIEHR

FEXNENKETBOVILERNEN BT —BEEtEsBIAN=E&tk
Zark.

NF_BIEREEM R, AR R EEIER T EMEABOFEN, AR
TEERR T Z N 2 TN, £ TRIERMETR, IR T Z08% 8K
ME—, IEBA T 2R RELT R T LR, WS LT 2 RS Kt
BKBR k.

NTEB&MEAES RN, B T EMERMER S TEERE R, iEH T
EZSBANBRFEM K, Z0RBELITR T REL AR, WEM LT
ZEBKAE P KA 2.

2.2 99, 2.3 WKEEXREM2FEE (3], [5].

BATW AT A an T = BSMER R 2= 4 R

(Stuf-"% - udtéguer% + v (guk — %u""l,u“%)i + Azuiﬂ'% =0,

1<i<m—-1, 1<kg<n—-1. (2.50)

A LAEBR Z 08 (2.33), (2.50), (2.35)-(2.36) ARISFIENE . B 70, Wit



#E3E Korteweg-de Vries FIEHES %

3.1 3 =3

KdV BAKETERESREEHTENAYURR BHAFLI AN TER, &
B Bk SAEURSEFHEESENRSF R T ZNA. Kdv HER 1895
FEHATZBEK Diederik Korteweg Fl Gustav de Vries ZERFSTIER KB H/MRIE K
B2 s 3L R R I —Fh B [0 1B B K B % 5 /772, Boussinesq T 1877 4 5
5IAT Kdv H#&.

FEHR KAV HEVLE RS
Ut + YUUg + Uz =0, 0<z <L, 0<t<T, (3.1)
u(z,0) =p(z), 0<z <L, (3.2)
u(0,8) =0, wu(L,t)=0, wuz(L,t)=0, 0<t<T (3.3)

BIZERTTE, B v AEH, 0(0) = o(L) =¢'(L) =0.
ENBESFTEZR, RICHABETEAHEE (3.1)-(3.3) BKLKRMA
.
EE 3.1 ¥ u(z,t) AEE (3.1)-(3.3) KIfiE, id
L t
— 2 2
E(t) —/0 u (:v,t)d:c-{-/o u2(0, 8)ds,

g}
E(t)=E©0), 0<t<T. (3.4)

iERR A u(z,t) FRLA (3.1) HIBIL, Xt = M 0 B L R4, B

T I T
/ uugdr + 'y/ wlu,dz + / Ulszede =0
0 0 0

d L 1 L L
_/ uldz + _7/ (u3)zd.’l) + / [(wtige)s — uzuzw]dm = 0.

Bp

| =

1d (¥, Y, 3L L 1 oL
§ E‘/(; u dx+§u |z=0+uum|m:0— EUI’I:C:O:O'
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M (3.3) 22l

1d [*, 1, B
Bp
d L t
— l/ u2(x,t)dw+/ ui(O,s)ds] =0.
E5)iT]

E(lt)=E(0), 0<t<T. O
R (3.4) ABEESFIERR.

3.2 ZR—MZRI&MEI X

IR (3.1)-(3.3) FAEME u(z,t) € O35 ([0, L] x [0, T7)).
3.2.1 EHHEXAEL '
5% 2 &5, i

il By = %[viAzwi +Aow)i], 1<i<m—1.
FETR (3.1) % ==L, IERD u(L,t) =0, &
Ugzz(L,t) = 0.
KT (3.1) BIWULRT = X%, B
Ugt + 7 (U2 + Utlgs) + Uggaa = 0.
4 o =L, HFEBE u(L,t) = u.(L,t) = 0, ATH
Ugzaz(L,t) = 0.
ER (zi,t) BERHTE (3.1), H
we(s, t) + yulzs, ug (s, 1) + Ugee(xi,t) =0, 1<i<m—1. (3.5)

B Taylor BRI 15

1
Uzze(Tiyt) = ﬁ[u(wi+2,t) — 3u(zit1,t) + 3ulw, t) — u(wi—1,t)] + O(h),
1<i<m—2. (3.6)
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Hﬂ u(x'myt) = O,uw(wm,t) =0 *ﬂ Taylor Eﬁiﬂﬁ]‘ﬁ

tawa(Tmst) = 3 - 25 [(WEm1,2) =~ u(Em-2,) ~ 3(ul@m, ) ~ u(zm-1,1))]
+ 3 Mtgaza (2 ) + O(R?) (3.7)

ﬁﬁzﬁiu Umzz(zmat) =0, uzmzz(zm,t) =0, WEE#’& a ﬁ

uzzz(xm—lu t) = uzzz(zmy t) - huza:z:c(xma t) + O(hz)
o W@ m1,t) = W(@m—2, 1)) — 3(u(@m, t) — w(@m—1,1))] + O(h?). (3.8)

PLTFH a=1.
8.1 Lz, i, T, Tive AIEET RAE u(z,) B 3 IR Lagrange fH{HZE

Wiz Li(z), W
L (@)|z=e: = %[u(l‘wm t) — 3u(it1,t) + du(zi, t) — u(wi-1,t)].

F32 U

Hpq (zm—2) = u(mm—-% t); Hm—l(zm—l) = U(Im—l’ t), Hm—l(xm) = u(zm7 t),

Hy,_1(@m) = Ue(Tm,t) =0
FAEEEAE, 1E u(z,) B 3 K Hermite FHEZ AR Hops(z), N

W(Tm—2,t)) — 3(u(zm,t) — u(Tm-1,1))].

3 1
H:::—l(m)IJ::mm—l = 2 h3 [(u(xm—‘l’t)
5E X R
UF =u(zity), 0<i<m, 0<k<n. (3.9)
£ (3.5) H4 t =t H t = tpr, WHRMAT, IHFIA (3.6) F (3.8), &
SUNTE L ap(Urtd, UM, 4 626, o dy= B,
1€i<m-2, 0<k<n—1 (3.10)
BURS + (U, U D)y + o (B0 — 35,0504 = P,
0<k<n-—1, (3.11)
FEER o 8
ca(t?4+h), 1<i<m-2,0<k<n—1,
(3.12)

-1, 0<k<n—-1.

k+3
Pralg
IF: I\{cl(fz-{-hz), i=m



3.2 ZR—M-BEREEMERX <49 .
HYIAEEME (3.2)-(33), F
U2 =p(z;), 1<i<m—1, 3.13)
Uk=0, Uk=0, 0<k<n, (3.14)
7 (3.10)—(3.11) HEEZE/NEIH, X (3.1)~(3.3) BLW FEHER
S TE oyt utt) 4 820,001 ) =0,
1<i<m—-2 0<k<n—1, (3.15)
1 1 1
Sty o s+ BT 38T =
0<k<n-1, (3.16)
uw) =p(x;), 1<i<m—1, (3.17)
ub =0, uF =0, 0<k<n (3.18)
& X
Wi g, T uf_:'f, i=m—1m—2,0, 0Sk<n—1,

MIET# (3.15)-(3.18) BRI T A4

St 4 yp(uf I, W) 4 620 =,
1<i<m—-2,0€k<<n—-1,

Sl A 4 yp(ult s, ukl) hz(vf,f_zz 30f3) =0, 0<k<n-1,
u0=0, um=0, 0<k<n,
uO:cp(:c,-), 1<i<m—1,
v —0, ot o™ i=m-1m-2,..,0,0<k<n—1.

) i+l

3.2.2 ENRABNEEN
3I® 31 Bweih WE

-2
hz 5 1) w,_’_l)wz 1(6zwm__ — 36, wm__)wm 1
z—l

3
= 2 2 2

WERR B X

v =0, v;:&zwi_i_%, i=m—1m-—2,---,0,



50 - % 3E Korteweg-de Vries HREMES FiE

|
m—2 1
h 2(635,,10”%)10,- + E( e Wy 3 — 3<Szwm__)wm_
m—2 1
=h ; (zv:)w; + 7 (V-2 — BUm—1) W1

1
= Z (61:vi+§ - 6::'”1'—% Jw; + B (vm—2 - 3Um—l)wm—1
i=1
-2 m—3 1
= E(‘ssz. Z (6 U;+%)wz+1 He= (’Um—2 - 3Um—1)wm—1
=1 =0
kS 1
= Z(szi-e-%)(wi — Wit1) + Gz g JWm-1 + 7 (Vm-2 — 3Um—1)Wm—1
i=0
m—2
=—h 2(5 v1.+1)v'l+ (Um 1= Um—2 + Um—2 — 3Um—1)Wm-1
=0
m—2
1 3
=3 Z('Uz+1 v)? + 'Uo + QUfn 1
i=0
1 1 3
=g 2 - vi-1)? + 5”3 + 51}371.-—1

EE 3.2 EZ4#R (3.15)-(3.18) KR RFELE.
MERR i (3.17)—(3.18) %1%E 0 EHIAR «° ME—HE.
B’E k BRME o BHE. 4

WArRRT w KB4

2
= (wi — u) + 7w, w)i + &3 (G4 3) =0, 1<i<m =2,

g(wm 1—uk )+ y(w,w)m—1 + ’3 (6zwm__ 361wm__) 0,

wop =0, wpy,=0.
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ft w e i, BX

-(w,—u ) + Y (w, w); + 62(8 mwﬂ_%), 1<i<m-2,

M) = § 2 (ot — whooy) + 790, 0)mos

i +%(5zwm_%—35mwm_%), i=m-—1.
g
(00}, ) =2 [fo? — ()] + () )
§ hrf(agawwﬂ%)wi + %(mem_% — 88,3 )Wt
M5 3.1 & (Y(w, )1 w) =0, 1§
(0w, ) > 2l — (¥, 0)] > 2wl (ol - )

H |l = [luk]| B (TI(w),w) > 0. )
B Browder SE¥ (B 1.3) F1E w* € U B ||w*| < |u*| 18
O(w*) = 0. [
3.2.3 ENRAMEFEMMARE
EIE 3.3 B {uf|0<i<m,0< k< n} H (3.15)~(3.18) HIf#, NI

k
nw“W+r§: (Bt )% + 3B 202 + Bl E] = 092, 0<k<n—1.

R A hattT 5 (3.15) MR, F RaSHE 5 (3.16) MR, HRRBTEL BRI,

&
o (2 = [042) + (0wt ), b
i L N
on Sl Lot sl <0 oo
h 2
HE|HE 3.1 8

—

hz (26,0t Pyl +
=1

= ShlHR 4 (a4 D wuﬁgw (3.20)

m

k+ k+3\ k+3
(6$ m— - 363” _zl)u _21
2

&>
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# ERARN (3.19) FHFERER (¢(uk+%,uk+%),uk+%) =0,
L (e = 1) + bt g+ Jaa e + St =0,
B

1 1 1 1
(2 = ) + Rl +

(0z
2
¥ L kA 1, XL 0 B kSRR B

a4 el )r <o, o

N
Bl
N
S
|
[

[lu**+1)|? + TZ (02 ul+2 + 3(5zu::_%%) - h|ul+%|§] =|u0)?, 0<k<g<n-1. O
I=

3.2.4 ENREAMAUEIE

EE 3.4 W {UF|0<i<m0<k<n} K (3.1)-(3.3) FME {uf|0<i<
m,0 < k< n} A (3.15)—(3.18) HIfE. i

ef=UF-uFf, 0<ig<m, 0<k<n,
MFEEE c F5
¥l < ca(r® +h), 0<k<n. (3.21)
iERR % (3.10)—(3.11), (3.13)—(3.14) M (3.15)—(3.18) AR, BREFE

bietE A [pI, U -l W) + 620.elT = P,

1

1<i<m—-2,0<k<n—1, (3.22)
bttt + v UAE, URTE) — (us, u )]
+%(6 "*_2% - 36;,9::”'3x )=PBEti, ogkgn-1, (3.23)
=0, 1<i<m-1, (3.24)
=0, e =0, 0<k<gn. (3.25)

Fi hettd gL (3.22), A he®Td FRUL (3.23), WAL R, B
l(||e’°“||"’ — [|€¥[[?) + (WU E, URE) — g(ut 3 uktT), bt E)
+h Z G RO P D I g s

=(P’°+z,ek+z), 0<k<n-1 (3.26)
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HE51HE 3.1 AE
= 1 1 1
e L e R T s
=1
1 2m_1 2 _k+3\2 k+dyve S o k+d g2
= 5h ;(Jzei Pt (5 e; *)? + 5 (Gae, ). (3.27)

TR (3.26) ST,
(U, URH) — g(ub+d ubtE) i)
=(¢(Uk+%’Uk+%) = ¢(U’°+% — ek td pkth - ek*‘%),e’” )
= ((eE, UM 4 y(UR], bty - y(ebth bty ehth)

=(w(ek+%’ Uk+%), ek+%)

(S

1 m—1 1 1 5 i
=3h Y [ AU + A, ()i el
i=1
1 k+3y, k+3 kiphts _ Rk k
3[h2AU e+ 2Z<z+fvl+f— Hhuihertt
i=1

1

1

#zAwmehZﬁrmﬁy
1

Op = . EX luz(z, t)].

my
—(P(URF3, URHE) — (ubtd, ubtd), b )
<305 [hrg(e?%)’ - %hgl e ’“*ﬂ]
3 Cal2 (3.28)
# (3.27) F (3.28) 1R (3.26) 23

1
2 ("% = 1e*1®) < 703llek+’||2+l|P'°+2ll ez, 0<k<n—1.

WA E §(|le’°+lll +[le*1), 722

¥+ + fle*|

1 k+1 k
(s B VBN ;

L es +|P*E||, 0<k<n-—

2
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HEED (3.12), 7

(1= Z2r) ekl < (1+ Z27) ekl + Ve +h), 0<k<n-1

%%ngw

3 3
e+ < (1 + 31, ) e8]+ SVEerr(r? + ), 0<k<n-1.

H Gronwall AR B3|

ca 2y L
”ek+1|| < 6374 T C1 (7_2 +h),
s

0<k<n—-1.

3.3 ZH—h=E&MENER
3.3.1 ESRAMEIL
R (zi,to) ERFE 3.1) HEBIVHILESLY 3.2),F

ut(miv tO) = —"U,(.’Bi, tO)um(xivtO) - u:cz::c(xi’ tO)

= —p(z:)¢' (z:) — " (z:), 0<i<m.
E ¥ i
i = p(2i) + 5[=p(@i)¢' (@) — 9" ()], 0<i<m.
TE (3.5) 4 t =to M t =t1, WHRIEFY, NHKEMS AKX, IH
§eUE + (@, U ); + 626, U% =P 1<i<m-2

1 1 A
8UZ_y + (0, U Im-1+ 13 (5 Uz Ly —38UL ) =P,

7E (3.5) F t =tr_1 M t = tyy, WHRIEFY, NHEEMS AKXTE

AUF + (U, UF); + 626, U+1 = Pk,

1<1,<m 2, 1<k<n—-1,
AUy + (U U1 + 75 ~ (0.UF_y —36,UF_;) = P,

1<k<n—1

(3.29)

(3.30)

(3.31)

(3.32)
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FEEH oy 7
. ca(t?+h), 1<i<m-2, 0<k<n-1,
|PF| < (3.33)
ca(2+h?), i=m-1,0<k<n—1
FREVLAE &S
U =o(z;), 1<i<m—1, 3.34)
Ub=0, u*¥ =0 0<k<n, (3.35)
£ (3.29)—(3.32) HFHEZ/ETA, Xt (3.1)-(3.3) B F &ML
étu? +y(d, ut); + éiémuir; =0, 1<i<m—2, (3.36)
2
1 1 1 1
6tu1?n—1 + 'Yw(ﬂ,u%)m—l + ﬁ(dzu;_g - 35wufn_%) =0, (337)
Aguf + (b uF)i +030,uf, =0, 1<i<m—2,1<k<n—1, (3.38)
— 1 — —
Atufn—l + 7¢(ukvuk)m—1 + ﬁ(‘smufn_% - 351:”21_%) = 0,
1<k<n—1, (3.39)
uw =p(z;), 1<i<m—1, (3.40)
uk =0, ukF =0, 0<k<n (3.41)

3.3.2 ESMEHTREME

EHE 3.5 ENHKN (3.36)-(3.41) RME—TTREH.
WERR  FH (3.40)-(3.41) 418 0 BH «° EARE.

H (3.36) A (3.41) AIRXTER 1 BMH o' MANMTTRY. ZBERIFRITEA

1 1 . 1 .
;U% + §7¢(U,U1)i + 55:&:@% =0, 1<i<m-2,

1, 1 11
;um—l + 571/)(“’ ul)m—l + 5 ﬁ(d ul = 35:1:“,];,,'_%) =0,

2 e
ug =0, wul,=0.

B hu! FLA (3.42), F hul,_, T (3.43), HH¥4 RAHM, 5

1 1
;”u1”2 + 57(#’({% ul)’ ul)

1 m—2 1

B (p(,ul),ut) =0 K5IHE 3.1 8

lu | = 0.

(3.42)

(3.43)
(3.44)
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BRI (3.36), (3.37) A& (3.41) ME—THRE ul.
BE k-1 BE W FE & BME o SR WH (3.38), (3.39) & (3.41)
ARRTE b+ 1 BE o PREHEY. HEREFRAEEA

1 1 1 ;
;uf“ + i’ﬂﬁ(uk, uk"'l)i + 5526}1151’5 =0, 1<i<m-2, (3.45)
1 1 1 1
;U,lfn-'-_ll + §7¢(uk’uk+1)m—l + 5 ' ﬁ(ézuf:_lg - 361:“5:_1%) =0, (3'46)
uktl =0, Wkl =o. (3.47)

F 2hulftt FRLA (3.45), F 2hul ), SRLL (3.46), ¥4 BN, B3

m—1

1
- [W* 2 + y(p(u, uFt), u* ) + Zz (ﬁ%ufj%)ﬁ“
1
B (p(uf,ubtl),ub+1) =0 IR FHE 3.1, B
”uk+1”2 =0.
BT (3.38)-(3.39) & (3.41) ME—HE urtl. O

3.3.3 ESRAMFIEMSIE R
EE 3.6 W {uF|0<i<m0<k<n} R (3.36)-(3.41) IR, A&

1 1 1
5 (I 4 M%) + 57 [(Beu)® + 3(8eur,_3)* + hfjub[3]

1
2

= W=

k
+ry [(0}y)? + 3(otuy,_1)® +RJu'] = [W]’, 0<k<n—1. (348)
=1

iERR H hu? FRDL (3.36), FB hul_, UL (3.37), ¥4k EAR m, 83

Lt 3, ud), ub
5 (1% = [1u°1%) + (3 (8, u?), u?)

m—2

1 1 1 1 1 1
+h Y @200l Duf + 2 (6u)_g — 360k _)ud, =0
=1
B (Y(@,ul),ui) =0 K5|#H 3.1 &
1 12 0)12 12m_1212 1 12,3 3 2
o (117 = 1) + 3R 3 (03ul) + 5 (6u))? + 5 (Eauy,_y)* =0, (3.49)

i=1



3.3 ZEE—M=BEg%bz kR BT

F huk FRLA (3.38), A hub,_, FRLL (3.39), #edh At N, B

1 B ~ B m—2 ~ B
= (=2 — =22+ y(at, uF), o) + b Y (826,0F, 4
=1

(dzuk,_5 —36,uf,_y)uf,_; =0, 1<k<n-1.

N =

+

B (¢(uk,uF),uF) =0 RBIH 3.1, B
m—1

1 B _
el (L (Rl e O Ln? Y (Eufy +
i=1

B (3.49) 1 (3.50) AJA3

1 1 1 1 1
5(||u’f+1||2+nu’“||2)+§r[<<s u)? +3(0zu,, ) + hljubf3]

k

Z (62 ul 5n__) +hd3] = W%, 0<k<n—L

3.3.4 ESEREHUIEE
!

2|y|eo T
co = ogmsn.r}?()xgtgz, lu(z,t)|, A= P

EIE 3.7 ®{UFI0O<i<m0<k<n} BRERHE (3.1)-(3.3) K,
{ub|0<i<m, 0< k< n} BREMHER (3.36)-(3.41) HIAE. T

ef=UF—uf, 0<i<m, 0<k<n.

>4
A<, (3.50)
TAFFE— N HEH o5, B FRAL
ekl < es(t? +h), 0<k<n. (3.51)
R 4
c3=__ max _|ug(z,t)], ce=__ max _[uyz,1)|.

0<z<L,0<t<T 0<z<L,0<t<T
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R (3.29)-(3.32), (3.34)—(3.35) 5 (3.36)—(3.41) HHIR, BIREHE

Sre? +yp(d, ed); + 62 (5,,.e§+l) =P 1<i<m—2 (3.52)
= 1 1 1 R
Beem 1 +YU(@ €% )mo1 + 35 (Boel, s —3duel,_,) =Py, (3.53)
Atef+fy[¢(Uk E) w(u Uu ),] +5i (dzef+% =15ik,
1<i<m-2,1<k<n—1, (3.54)
- - 1 —
Ase +fy[1/)(U'° UR) 1 — Y(uf,u )m—1] + o) (5$e7’:1_% — 36,e" %) =Pk .,
1<k<n—1, (3.55)
el =0, 1<i<m—1, (3.56)
ek =0, €& =0, 0<k<n. (3.57)
% (3.52) Tebh he?, % (3.53) Febh heZ_,, 3KLs B, 4
m—2
(Gee,e7) +y((it,e7),e2) + (b Y (0200e?, , )e?
=1
+ylBch_y —duch_ %)ei_ll = (P%,e). (3.58)
NS 1.3 M5|#E 3.1, &
(w(‘ e?)) =0, (3.59)
1 1 1
h Z 626 ef+1 e} h(a er,_g — Oz}, 1)eq 1 >0. (3.60)
# (3.59) A (3.60) it/r’C)\ (3.58) R, 7] &
(6ee3,e3) < (PP, e2).
FERBVAEEM (3.56) F (3.57), B
i 112 1A01<1‘0, 1
5o lletl® < 5 (P eh) < SIIP°| - el
S
let]| < 7| P°|| < caVIr(7? + ). (3.61)

¥ (3.54) FRLA e, ¥ (3.55) Febh hek,_,, F¥4: RN, B3
(Ase*, ") + y((U*, UF) — p(uF, uF [hz (626 er

(5zefn_% = 36$efn_%)e’—°m_1] =(P*eF), 1<k<n—1. (3.62)
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UL
(Avek,eF) = LlH 2 — fleb]P)
=%CMWQWMPJMWuMW3. -
N5 3.1, FH
m—2
hy (626¢] +1)e + (5 em_5 3526m_l)e ;20 (3.64)
=1

REFEIE 1.3, A
(B(U*, UF) = p(u*,uF), eF)
= (Y(U*, ") + v(e*, UF) — p(e*, eF), eF)

= (p(e*, UF), )
= _hz [efALUF + Ay (eFUF)i] f
t=1
1 el =
—é-hz (ALUF)ekek — hZU" A e
=1 i=1
1 -1 1 -2
= §h Z (Az U’c e"’e'c + = 6 z:(Uz+1ez+1elc el ez+1)
=1 =1
1 - -1 m—2 m—2 _
= S ebtd+ 1T Wk, - B + 3 S vk, - b
=1 =1 i=1
1 m—1 1 m—2 _ _
— gh Z( Uk)e Eh (6@UZC+%)€§+135
i=1 =1

1 Tc k+1 _k k_k+1 1 k—1_k
+E2Ui 't+ z+1_ezez-:-1) (51ez+1_¢ ¢+1)]
=1
m—2

1 k41 k—1
=12 E U; §(‘3k+1 i —efef_ﬁf E A efefﬂl —ef ! f+1)
=] i=1
=1
1
+3hz (A UF)ebeF + = hZ(&m t+l)el+1€
i=1 =1
1 m—2 B ke
+1—2 (UF —U;"?)(ef by — efelf))
i=1
1 m—1 & 1
+75 S (U7 - UF)(ebelil — b tekyy). (3.65)
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m—2
k-1 7 3ok k=1 _k—1_k
G™ 2 =357 E :Ui (efeln — e efy)-
i=1

# (3.63)-(3.65) AN (3.62), &

1 k+1 2+ ekz 1 ek2+ ek—12 !
_{ ” “ “ +Gk+3]—[“ “ || ” k ]}

2T 2
1 m—1 1 m—2 ~ N
7{§h2 (A UF)ekeF + &h > (6 U}gr%)efﬂe{?
=1 =1
1 m—2
+15 2 (U — Ub)(el el —efeli)
=1
—2
k

1 B o
12 Z (UF = U ) (ekelii —ef lef+1)} + (P*,e")
=1

d., §F
< Il Xaatiek e o X Bl ([ + =cor [l - [leF
\mkqwuku+6 Tk - ek + 2o k] - |

-+ P|llle*|
1 ko o Lo T (NI + X2 ek ] + [le* )2
&% = = i
shlealetle®] + ghyleo (1] Bt
1 . _
+5 (IB*IP + eF?), 1<k <n—1. (3.66)
BNEHABE
=2 k|2 k—1)|2
~} ¢ Y GT 2coy 7 ||€|I* + [|e" Y|
IGk §| < E_h—h' iceic+11|+|ek 1 f+1)< = E| 2| l
=1
é. k
gr Lkl +2|Ie P L GH 3,
ﬁ k|2 k—112 k|2 k—1)12
(1 —,\)mu <EFK (1+,\)Me__”__

2
NA (3.66) R, FE—DNEE o1

2

21—T(E’°+1 _BY < %c-,(E’“'“ +EF) 4+ %nﬁkua {ghga-1

FIAFRLL 27, BB E

(1—er)EF < 1+ o) E* + 7| P*|%, 1<k<n-—1.
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Y err < % <)
E*1 < (14 3¢o7)EF + grnﬁku"’
< (14 3c;7)EF + grciL(T2 +h)?, 1<k<n—-1

FH Gronwall AR, 7]

2
Ek<6307k‘r |:E1+ciL-(T2+h)2:| , 1<k<n—-1
207
XEEE (3.61) R, F
2
E* g T (cZL + %(72 +h)2> y 1<ksn
7
fii}
Ik < by (14 5 ) Lt + ), 1<k <n 0
7

3.3 MEETENSRTUEHAM (3.50) FRVER. EEEZEX
— &M, {EAEA TS EARGS.
3.4 ZFHE_MN_BEIELEESER
é

V= Ug,

M (3.1)-(3.3) &4F

Ut + YUy + Vg =0, 0<2x<L,0<t<gT, (3.67)
v=ug O0<z<L, 0<t<T, (3.68)
u(z,0) =p(z), 0<z<L, (3.69)
u(0,¢t) =0, wu(L,t)=0, v(L,t)=0, 0<t<T. (3.70)

3.41 ESEAMEIL
EXPES U,V T

UF = u(zi, ty), VF=uv(zity), 0<i<m, 0<k<n.
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R (@istpry) M (20, t) SEHIBTHR (3.67) W (3.68) F

“t(xi,tk+§) + "/u(mi,tk+%)“z(ziatk+l) T Uu(xi’tk+l) =0,

1<i<m—-1,0<k<<n—1,

'u(:z:i+%,tk) =ux(mi+%,tk), 0<i<m—-1,0<k<n

N ER S AR TR

1<i<m-1, 0<k<<n—1,
Vi1 =0Uf; +QF,, 0<i<m-—1, 0<k<n
FERY s R
BT <os(r? +h?), 1<i<m—-1,0<k<n—1,
|Qf+1|<csh, 0<i<m—-1,0<k<n

7E (3.71) M (3.72) W Z/NETH, HEREBVILELRM

Ui0=<p(:l:,-), 1<i<m—-1,
Uk=0, UE=0, Vk=0 0<kgn,

Xt (3.67)—(3.70) B FE &

1 N 1 ket b
Jtuf+“ +yp(ubtE, ukte), 4 620,72 =,

1<i<m-1, 0<k<n—1,
1,

vﬁ_, 51“:’4-1’ 0<i<m-1,0<k<n,
w) =p(z;), 1<i<m-1,
uf =0, uk, =0, 0<k<n,

(3.73)
(3.74)

(3.75)
(3.76)

(3.77)
(3.78)
(3.79)
(3.80)
(3.81)

B (3.73) 1 (3.74) FELHER (3.77), (3.78) KIBMHREXT ZFRB KA 8

FKIR M.
EE 3.8 ZEKR (3.77)-(3.81) HEMT
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6tu,+1 += [w( R uRE), 4 g(uFtE ub ) )+ Jz(dzu )
1<i<m-20<k<n—1, (3.82)
2 k
(Stum 1 +'yw(u’°+2 u""'?)m 1+ — 7 ((5,uk+_2g 30,u +_’§) =0,
0<k<n—1, (3.83)
=p(z:), 1<i<m-1, (3.84)
u’5=0 ufb, =0, 0<k<n, (3.85)
vk, =0, 0<k<m, (3.86)
vk =26, 1+1—vf+1, i=m-1m-2,---,1,0, 0< k< n. (3.87)
iERR  (3.78) BT
Vipy =0zugy1, 0<i<m—1, (3.88)
o =5t 0<i<m-1,0<k<n-1 (3.89)
(3.81) &MrT
vl =0, (3.90)
k+3
vm?2=0, 0<k<n—1 (3.91)
(3.77) BFMT
5th:1’ [¢(Uk+’ AR IRV (Veal RV DY
k+2 +u Ic+2
52(—§A)=0, 1<igm—-2,0<k<n—1, (3.92)
Skt byt w1 8205 20, 0<k<n—1.  (3.93)
H (3.89) f1 (3.91) HEEE
k k k43
Soph = i -k,
A4 (3.92) F (3.93) &M
1
o‘tufjg + g[w(uk+%,u'=+%)i +(uFtE uk ), ]+ 62(6 ufj;) 0,
1<igm-2, 0<k<n—1, (3.94)

3 2
Jtufntzl + 7¢(uk+§’uk+ )m—l + h? (5 ’U:k+2§ - 36 k+2 ) = 0
0<k<n-1

(3.95)
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BeAh e (3.81) RTLAYE (3.78) BB K (3.87).
HSEHE 3.8, RAIXT A (3.1)-(3.3) BILESH (3.82)(3.85).

O

BRI SMESER (3.94) FHEBBHRZEN O(r% + h?). HEER|H (3.8) AT4
Z4KR (3.95) KMBNREWME O + h?). WL (3.95) A (3.16) RIEMNHE
WE=THE—AEH. Z0%R (3.16) A5 (3.15) 7 i = m — 2 LHIES A
“ILER” MZEMRER, Z0E (3.95) H5 (3.94) i = m — 2 LLHIE /A “IL
R” WELKR, XEK “ITE” BRIEFRIEESHABEFIEE . B ek,

3.42 ESRABHNEFEM
EE 3.9 =R (3.77)-(3.81) BEELER.
MERE /Y (3.79) A (3.80) AR {u? |0 < i < m}.
(3.78) HAIAE RN FEM B R

v§’+% =5mu§’+%, 0<i<m—1,

k+3 k+3 q

vi:f=6mui:—f, 0<i<m-1, 0<k<<n—1
2 2

WRE k& BRI {u*, o) BB d

1 e+ 1
k+1 k +
TUi=~(Ui+ +ui), zi=v, *

> ;0 2, 0<ism,

JlES)

k+1 _ k k+1
u; = 2w —ug, vy

BZEMER (3.77), (3.78) K (3.80), (3.81) AIBKRT {w,z} KIHRA

2 .
;(wi—uf)+'y1/1(w,w)i+5§zi=0, 1<i<m—-1,
zi_,_%:émwﬂé, 0<i<m—1,

=22i—vf, 0<i<m.

wo = 0, wm=07

Zm =10,
H (3.99) F (3.101) AT %0
Zm =0 zi:26zwi+%—zi+1, t=m—1m-—2,---,0.

S5 z(i=m—1,m—2,---,1,0) ATH {w;|0 < i < m} &HEFRR:

P
m
Zm—2p = —2h E 572;wm—21+1, b= O» 132, ttty [5] y
=1

m—1

p
Zm—2p—1 = 25z'wm_l —2h 52'wm—2l7 P=0;1,2;++%; | —5—|+
3

2
=1

(3.96)
(3.97)
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XE [A] RAAKT A HIEEH
X un LHET
M(w); = %(wi —uf) +yp(w, w); +62z;, 1<i<m-1,
HAF z(i=m,m—1,---,0) B (3.99) A (3.101) & X.

i+ema)
m~—1
(M(w), w) = 2{(w, w) ~ (b, w)] + 7 (6w, w), w) + b Y G2z
i=1
m—1
— %[(waw) . (uksw)] —h Z (5Izi+%)(ézwi+%)
=0
= 2w w) - @ w)] —h Y (Betirg)einy
i=1
= 2w, w) ~ (¥, w)] - 5 (0~ )
> 2 (ol ~ ] ol + 522
2

~(lleell = [l el

Y |w|| = |luF| B (H(w) w) > 0. B Browder BH# (E#E 1.3) MAEA (3.98)-
(3.100) FE7ERE w € Un, B |w] < [[u*], M43 T(w) = 0. %83 v J§, B (3.102)
B3 2. O

HEHE 3.8 MIEH 3.9, RAVEEEER T E 4 (3.82)-(3.85) MBI, H
BMERR T i F IRt SR AR M A E

2 Y

;(wi+% - uﬁ.%) + §[¢(w, w); +Y(w, w)it1] + 6?:(6:vwi+%) =0,
1<i<m- 2, (3.103)

2

~(wm-1 —uk ) + 7w, w)m-1 +23 (5 W3 — 385W,,_1) =0, (3.104)

wop =0, wm=0. (3.105)

3.4.3 ENRAMYTFEMEMERE
EE 3.10 = (3.82)-(3.85) KM Z

k—1
1
k|2 + 73 (e 3)2 = |2, 0<k<n, (3.106)

Hep ol TFREX

k+3

k+3
U * =0, U

k k g
2 —251u +’ —v,:f, t=m-—-1m-—2,---,0.
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iERR e 3.8 MR EIEH (3.77)-(3.80) HIMR {u* |0 < k < n} W2 (3.106).
A ukts 5 3.77) ERR, ATA

1 1 1 1 = R
e T P SRR B Rl RS Bl Pt R
i=

ERE

1 1 1
(¢(uk+2,uk+2),uk+2) —— 0,

R
2, k+% 3
h’ Z (6zv1', )ui

i=1

— k+iye  k+3
=-h)_ (CRNEQLRTANS

=0

=—h Z ) vk—'—i)(vﬂ'l§

=0

= Ik - by,

m

1 1 1
5 (W2 = [l¥1?) + 5007 *)? =0, 0<k<n.
FL,
||u’*||2+r2(vo+*>2 w02, 0<k<n. 0

HEH 3.10 5B

Il < e, O<k<n.

3.5 ZH_=E&BEHEI A

3.5.1 ESBAREIL
ER (zi,t0) RERHE (3.1) HEBBPIAMESRMS 32)F

u(@i, to) = —yu(w;, to)us (i, to) — Usez (i, to)

= —vp(z:)¢ (z:) — " (), 0<i<m.

X T ; .
4; = p(z;) + 5[—750(30:')80'(%) —¢" (@), 0<ig<m.



35 ZE_-M=E&HEskX - 67
TE (2i,t1) BB RITFR (3.67) LA Taylor RHFR, F
SUE +yp(a, Ud) +82V,F = RY, 1<i<m—1, (3.107)
FEEFH s £45
IR < es(t?+h?), 1<i<m—1. (3.108)
FERR (zi, t) eHEBHTE (3.67), H Taylor BHR, B3
AUF + (U, UF); +82VE=RF, 1<i<m—1,1<k<n—1, (3.109)
HEFEE®EH s £F
|RF| < ce(r®*+h?), 1<i<m-1,1<k<n—1 (3.110)
TR (zi3,t) FRITE (3.68), IR/
VE, =8&UL, +Qfy, 0<i<m—-1,0<k<n, (3.111)
FEFH o R
|QF, 1 Serh®, 0<k<n, (3.112)
FERBVIHAEEM (3.69)-(3.70) &
U =o(x;), 1<i<m—1, (3.113)
Ub=0, UL=0, 0<k<n, (3.114)
Vk=0, 0<k<n, (3.115)

7E (3.107), (3.109), (3.111) HBEE/NEIR, Xt (3.67)—(3.70) BT Z /483K

Seud + v, ud ) +620f =0, 1<i<m—1,
Aguf +yp(u*, uF)i +620F = 0,
k

1
vi+%=6$ui+%, 0<i<m—-1,0 n,

1 1 1

v;_% =6xuf+%, 0<i<m—1, v4=0,

k k . &

vH_%:&zuH%, 0<i<m—-1, v,=0, 1<k<n-1

<i<m-1,1<k<n-1,
Lk <

(3.116)
(3.117)
(3.118)
(3.119)
(3.120)
(3.121)
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EHE 3.11 E4%R (3.116)-(3.121) EM T

1 . 1 . 1 1
Su,, + %[w(u, ud)i + (@, ud)ina] + 82(Eul,,) = 0,

1<i<m—2, (3.122)
Seul |+ 0l udmot + — > 2 (Gaul ; — 35,u2 =5 (3.123)
Atui+% + 5[1/: uF); + P, uF)ipq] + 62(8 mu 1) =(;
1<z<m 2,1<k<<n-1, (3.124)
Aguf,_ +yp(u* u)m 1+ (5u 3 35“’“5’1—%)=0’
1<k<n—1 (3.125)
u) =p(z;), 1<i<m—1, (3.126)
uf =0, uk =0, 0<k<n, (3.127)
vk =0, oF —25mut+1 -k, i=m-1m-2,---,0,0<k<n  (3.128)
EBA B O

HERE 3.11 &1, WAIX (3.1)-(3.3) BIALESMER (3.122)-(3.127). ATLAFE
(3.122)—(3.123) X T u! M HTEA,; 4 w1, % BEREH, (3.124)-(3.125) K
KF ub MGHRML. WLUEWEAHR (3.116)-(3.121) KIFERIELEM—H).
BHEE 3.11 &1 (3.122)—(3.127) KMt RIEEME—IH.

3.5.2 ESRIAMHFEMEMERY
EIHE 3.12 ZE4#HR (3.122)-(3.127) KRR 2

k
(lluk“ll2 + [|lu*)1?) + T(vo 247 ) P =0, 1<k<n-—1. (3.129)
=1
iERR BBIEE 3.11 MREEHZELHKR (3.116)-(3.121) HIEW L (3.129).
(1) M hu? FeLL (3.116) HIPSIL, HXF i N 1 B m— 1 RKF, B

hZu’étu’ +’yh2u’¢(u u?) +hz:u’62vi =l (3.130)
=1 =1 1=1
BT (3.130) RIS —IR.
LM —IR
53 uhsed = 110 o Z( N
2 U Oy =g~ u; U :

=1



3.5 ZE_—HM =Bzt - 69 -

MR I
m—1
7h Y- ufe(a,ud) = (v, ud),ub) =0
i=1

VEEF (3.120) A uf = 0,ud, = 0. ZEWHE=IRAA (3.118), (3.121), B3]

m=—1

—~ 1., 1
Z uzz 5:1;”1‘2
=1
m—1
=—h Z (o )00, 4
=0
m—1 i
=~h Z vig-i-lé‘”v;—!-%
=0
= N 1
= -3 L [wh)? - 08
=0

B E=RKRA (3.130), 53]

o= (2 = 1) + 5 ()2 =0,
5 1 o
5 (112 + %) + 57(0)? = [[u®. (3.131)
(I1) A huf LA (3.117) BIBRIL, FE5F 0 1 B m — 1 KA, 18
S 2 — ) + S =0, 1<k<n-1,
%

1 k+1(2 k|2 k|2 k—1)|2 =
Y (e S Ty BT P

WU LR £ 8 1, BN 1Bk SRAL B

k
[l + ry2 _ [lutl? + [lul)?
e TZ(vf,)z = | | .

<k<n-1 :
- ! 1<k<n—1 (3.132)

=1

EH (3.131) 1 (3.132) A% (3.129). O
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3.6 /NgEEIEHR

KdV FERZ R =M RBEMS HE. KAV HEVLERE (3.1)-(3.3) K
R TIER 34). FENHBIT 4 PESKR. AIBIXRTERSKE—H
1, ERANRTERDS KR

FIHRER v =u,, BWREHE (3.1) BHEMPHTREA (3.67)-(3.68). (3.67) &
—ANERZM A, (3.68) B—NER—MHRE. REX (3.67)-(3.70) BILEDI
KX (3.77)-(3.81). wkBIE/SE LB ER. FERFPRIZE (vf} AULFS
. TR ES R (3.77)-(3.81) ERENE, BRINEERE (uf) WESH
24 (3.82)—(3.85). BAHERA T E4# 3K (3.82)-(3.85) MEMIFFIEENH FiE.

A Browder BIUERA T 240430 (3.116)-(3.121) MRAIFFZEE, M R1E:
HIGERR T Z #5350 (3.82)—(3.85) M. EEIEHES KK (3.82)-(3.85) M
MY, BEIEHIERE HEA (3.103)-(3.105) BREEY. SIHHERE 2, &
XEF (w), FAAS) R e EHATIER.

AT LAX AR (3.67)—(3.68) B &AL, 53]

1 1 ~ 1
SUIM T 4 yp(URHE UM E), + 82V = P2 1<igm—1, 0<k<n—1,

i )

VE=6,U%, +QF, 0<i<m-1, 0<k<n,
FIEERH s R

~k+% 2 2 » _ _
|P, "% <eg(t“+h%), 1<i<m-1,0<k<<n—1,

Q% <csh, 0<i<m-—1,0<k<n
W F/NERI, X (3.67)(3.70) B T EE—MESH KR

k+1 1 1 k+1
Opu; 2 +’yw(uk+2,uk+2),~ +5§”¢ ==

1<i<m-1, 0<k<<n—1, (3.133)
vf=6zuf+%, 0<i<m—-1,0<k<n, (3.134)
u =p(z;), 1<i<m—1, (3.135)
uf =0, uk =0, v£ =0, 0<k<n, (3.136)

Al LUEBAZE 4046 3% (3.133)-(3.136) &Mt T

k+3 1 i k+1
Spuy (kI Wkt e 4 52(51'”:4%2) =0,

1<i<m-2 0<k<n—1, (3.137)



3.6 Ng5iER <71

1 1 2 1
6tufn+—2l + 'Yw(uk-‘—%,uk-’_%)m—l + ﬁ(ému,’:—_ﬁ% - 2611"’::_2%) = 07
0<k<n—1, (3.138)
ub =0, uF =0, 0<k<n (3.139)
il
vfz&muf+%, 0<i<m—1,0<k<n, (3.140)
vP =0, 0<k<n (3.141)

AILMEBZ 4630 (3.137)—(3.139) MERIARAENE . B A MEMSFIERE. W (3.138) &5
(3.16), RILENIRAFIH).

R R vy (L, t) =0 AIAN (3.16) BIBBHRZENR O(r2 + A?), T (3.138) HIERMT
REN O(72 + h2) + O(h ™ )uga (L, tey 1)

UEB KdV A EYIAME A B2 48 AR St R — MR E S I TAE. Bl
FAERR T A2 18— 2= 54 AR i e itk



H4E Camassa-Holm FENESFE

41 3| B

Camassa-Holm (C-H) HTEEH HR S KPLEE RS B KB E R R
EENRZ —. WH%¥EX Camassa-Holm HFEE 7 H MR THRARBFS, W
IR . I Hamiltonian G5, SE2&XFRIES.

AFXR Camassa-Holm HFEHIILH A B

Up — Uggt + SUUg = 2UzpUgy + UUgzz, 0< Tz < L, 0<t<T, (4.1)
u(z,0) =p(z), 0<z<L, (4.2)
w(0,t) =0, wu(L,t)=0, 0<t<T, (4.3)
HH (0) = (L) =0.
HE (4.1) TUBH
Ut — Uggt + SUUy = UgUgy + (UUgy)z- (4.4)

FEANREA LI, RITEFI RS M (41)-(43) BEER .
EE 4.1 B u(z,t) HEM (4.1)-(4.3) B2 &
L L
= U2 T T ’LL2 T T "
E(t)—/o (z,1)d +/0 2(z, t)da, (4.5)

%
E(t)=E©0), 0<t<T. (4.6)

iERR ¥ (4.1) FIPIAEIFELL u, 3EXF = N0 B L B4, 8
L L
/OL uupdz — /0 UlgzrdT + 3/0 wluydr = /OL(2uumum:c + uzumm)dw.
¥ EANASHRRAK, TR/
1d %

i
CT : U dm—uumt|0 +

Bl (4.3) 53

1d r*
24dt J,

2 1L _ 2 L
uzdr + |x=0 = U lgz|,_,-

d
— = tL T
th(t) 0, 0<



42 ZRIELBEEM A 73

B (4.6) B O
i (4.5) %ulrﬂﬂ (4.1)—(4.3) HaflAE H' JEHTRFER.

42 ZRAr&MEES RN

0 U\Z 1= max Wl &
0<z<L10€t€7| ( ’t)|, ! OSzSL,0€t€T| z-( ’ )|’
Uz \ T Cc3 = max u(x,t)|.

2 osmSL.OStQ' w2(@0)], e 0<m<L,0<t<T| (2 1)]

4.2.1 ESHEXAEIL
B (w0 1y y) AT (44) B
ut(zi,tH%) — uzwt(a:i,t,c+%) + 3u(mi,tk+%)um(xi,tk+%)
= U (Ti, Ly 1 Uz (i tpy 1) + (oo )o (i try 1)-

NS ERM S AR, THRE

SUETE — 6,02UFT 4 3y (URTE, UM,
= (AU 020K 4 A, (U 0208 + BRI
1<i<m—-1, 0<k<n—1, (4.7)
FIEEH oy £
IR 3| Cea(r?+h2), 1<i<m—1,0<k<n—1 (4.8)
FREVIAELAEE
U =p(z:), 1<i<m—1, (4.9)
Uk=0, Uk=0, 0<k<n. (4.10)
7E (47) RS EANEIR RT3 (4.1)-(4.3) BT EMER
SruftE _g,02uftE pap(uhth k) = (ALufTE)s2ul TR
A, (w02, 1<i<m—1, 0<k<n—1, (4.11)
wW =p(z;), 1<i<m—1, (4.12)
uk =0, ub, =0, 0<k<n (4.13)
EZ0#R (4.11) BART U N
2(Azuk+2)62 k+2+ [ . 1;5% ; hag f+lz +uf:'116 u,:1 h52 k+2].
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4.2.2 ESRABTFIEY
EE 4.2 B {ufF|0<i<m,0<k<n} HEMER (4.11)-(4.13) MR 2
E* = ||u*|? + [uF2, 0<k<n,

lES)

EF=E° 0<k<n.

R A Wkt 5 o(a11) R, B
(et whtd) — (8,62uFHE 0kt ) + 3 (p(ubth ubtd), ubt)
= ((Amu“%)(sgu“%,u“%) ¥ (A,,(u“%csgu’”%),u“%) : (4.14)
BAER S LA i — 0

(B2, ) = o (2 — o))

1 1 1 1 1
_ (Jtdfcuk""z ,uk"‘z) = (5t6$uk+2,6wuk+2> == (|uk+1|f - |uk|%) ;

1 1 1
(¢ (uk+2,uk+2) ,ukﬂ) —0;

((Azu’”%) dguk+%,uk+%) + (Am (uk+%5§uk+%> ,uk"'%)

1 1 1 1 1 1
= (Azuk+f,uk+§5§u’°+5> + (u’“"‘i,Az (uk+56§uk+5)>

BUE 4 AR (4.14), B
1

5o (B —E*) =0, 0<k<n-1.

ESNii]
EF=E° 0<k<n. O

4.2.3 ESBAMNOFEMRME—1E

EIE 4.3 EHER (4.11)-(4.13) FLERE.
WERR B k BRME oF BRE, WA (4.11) M (4.13) 7718

2 1 2 1
(" ) = 20 - ub) + syt uiH),

b+l k+1 k+1 .9 kti .
=(Amui+2)5gui+2+Am(ui+25§ui+2), 1<i<m-1,

k+3 k+3
uO 2 :0, Um = 0.
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Sk o A
i

gy
2 ky 252 2k
;(wi - ui) - ;('szwi - (Smui ) + 3"/)(1”, ’UJ),;
—[(Amwi)(ﬁwi) + Az(wiéiwi)] =0, 1<i<m—-1, (4.15)

'w(]:O, wm———O.
#®w et EX

T1(w)s =2 (ws — uf) — = (52w — 62ub) + 3y(aw, )
— [(Azwz)(égwt) -+ Az(wiégwi)], 1<i<m—1.

A w M I(w) EAR, B/

(H(w),w) =§ [(w,w) - (uk, w)] - %[((ﬁw’ w) - (5§uk,w)] + 3(’1#(’!1), w), ’LU)
— ((Azw)(2w) + Ay (wdZw), w)

=2l — (¥, )] + 2 (6o, bo0) — (Bo, 6,0)]

>2 [l = 00412 + i) + 2 1801 = (1ocwl? + G151

1 1
=2 [rwt? = (rat1e + 510t |

o (w2 = [luk]? + %|uk|=f B, (I(w), w) > 0. B Browder 22 (R 1.3) &I7E4

(4.15)—(4.16) FF7ERR. O

R 44 FEHERH o % T < 3 B2 AR (4.11)-(4.13) HIRRRME—H.

WERR B 4.3 WIEAE RS R BEIEH (4.15)-(4.16) KIfERME—H).
W (4.15)-(4.16) BH B —HME {vi|0<i<m}, B
g(’l)i — uf) - %(53’0; — 5ﬁuf) + 3’(/1(’1], U)i =t (Axvi)égvi + Az(viégvi),

-
1<i<m—1, (4.17)

=0, vn=0.
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é
zi=w; —v;, 0<<i<m.
¥ (4.15)-(4.16) 2 AIA (4.17)-(4.18) HHIK, B

2 2
'7—_21; - ;_‘5221; + 3['!#(’!1), w)i L w(vvv)i]

= [(Amwi)ﬁwi + Az(wiégwi)] - [(A,v,-)&ivi 4= Az(viégv,-)], 1<i<m—-1, (4.19)

20=0, zn=0. (4.20)
#4195 R, &
2(512) — 2625, 2) + 3w, w) — Y(0,0), 2
= ((A,w)sgw + Ag(w82w) — (Ag)62v — Ag(v62v), z). (4.21)
HEEE
Y(w, w); — P(v,v);
=yp(w,w); — Y(w — z,w — 2);
=p(w, 2)i +¥(2,w)i — ¥(2,2)i,
<)

(Y (w, w)—1p(v,v), 2) = (Y(w, 2), 2)+ (¥ (2, w), 2) - (¥(2, 2), 2) = (Y(z,w), z). (4.22)
BEEE
[(Azwi)(é'gwi) + Am(widﬁwi)] - [(szi)égvi -+ Am(viégvi)]
=[(Agw;)(S3wi) + Ag (wibgw;)]
— [(Az(wi — 2:))82 (wi — z) + Ag((wi — 2)0% (wi — 2)))]
=(Ag2:)02w; + (Azwi)022; — (Aszi)022; + Ag(2:02w; + wid2z; — 2:022;)
=[(Aszi)82w; + Ag(2i02wi)] + [(Agwi)822i + Ag(wid22;)]
- [(Azz,;)dgzi + Az(zitizz,-)],

(Azw)82w + Ag(w82w) — (Agv)62v — Ay (v62v), 2)
= ((Ag2)82w + Ag(202w), 2) + ((Azw)d22 + Ag(wd22), 2)
—((Ag2)822 + A (2822), 2)
= ((Azw)82z,z) + (Az(wdlz), 2)
= ((Azw)82z,2) — (w822, Azz2). (4.23)



42 ZREREEMER L T7 -

# (4.22), (4.23) 1R (4.21), 8
21l + 12B) = ~3(6(z ), 2) + ((Asw)élz,2) — (wiiz, Acz).  (4.24)
B A 3 T
(= 9(2),2) < 3 @lelloo Uzl - ol + l2llolels )
(Asw)522,2) < 2l olwls 16221 < 3 2llolols b
(w822, A2) < lwleoll622ll - 2k < 2 foo]ofel3
KLl L 3 KRN (4.24), HFIFEE 4.2, TRMFERH o5 5

2 Cs
=2l < 23

s T 2
éﬁ(z;ﬂ:j‘,l.zl%:(). a

4.2.4 ESRABEUSHE

EE 45 ®W{UFI0<i<m0<k<n} Rl (41)-(43) BIR {uvF|0<i<
m,0 < k < n} AESHER (4.11)-(4.13) KIfE. &

ei.c = Uz’c —uk

71

0<i<m, 0<k<n.
MFEER o #5
le*lloo < co(r® +h%), 0< k<. (4.25)
iERR K (4.7), (4.9)-(4.10) A (4.11)—(4.13) AHIHR, BiREHEA
Sk TH 5,025 4 3[y(URtE, URE), - p(ubtE ubth),]
[(A Uk+2)62 Ic+2 +A (Uk+252 k+,)]
~[(a. “ﬂﬁk“+A(kﬂﬁi”H+RFi

1<i<m-1, 0<k<<n—1, (4.26)
=0, 1<i<m—-1, (4.27)
k=0, e =0, 0<k<n. (4.28)
H 3 5 (4.26) AR, BUT (4. 24) HER, R
1
g(llf:"ﬂll2 lle* |1 )+ 5 (Ie"“ﬁ — )

=_3(¢(ek+,’Uk+2)’ek+ ) ((A Uk+,)52 k+l ekt+i )
—(UM+362ektE eMt3) 4 (RFE,e513), 0<h<n—1. (4.29)
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M LR AR

_(w(ek+%’Uk+§),ek+%)

< (2]t + collet ] - [k );
( Uk+ 52 k+3 ek+%)
=((6%e 1), (Ag Uk+§)ek+§)

-1 k+3\ k+3 k k+3
——h Z k+2 (Ag Uz+12) i+l ~ (AU; +1)ei :
= 1‘ +l

=0 h
-1 k+3 k+3
_ k+§ k+3 lc+2 AIUi+1 _AzUi k+3
_—hZ(Se [ 2Uii1 oaeyy § + = e;
=0
k+12 k+3 k+1
<a|e 2} + cof €| - [ 2]y
1 1 1
au (Uk+7536k+7,ek+7)
1 1 1
“—(5;";ek+2,U’°+ﬁek+5)
o T S A
_ 2 _k+iyrk+3 k+3
-'_hZ(azei U e
-1 k+— k+% k+% k+%
=K Z(‘Sz k+a Ui’ €irr —U; e
h

i=0

=1 k+l k+1 k+3 k+3 k+i, k+3
—5 Z k+2 Ui (e — ¢ )+ (U2 —U; e, 2
- 1,+1 h

=0
<coleTE 2 +crle Ay [k R ;
k+3 ok+3 Loktdnz o Lipktdge « Lyhtige o Ly 202 22
(R*3,e ’)<§||€ 7| +§||R 2| <§||€ 2| +§LC4(T + k%)
#LLE 4 RN (4.29) THEEEE s 7

1
o[ 12 + 141 1) = (k] + e )]
< co(||eFT 3|2 + e+ E]2) + co(r? + h2)?
1
< ool(leX 12 + 141 ) + (lek|® + )] + eo(r? + 27,

0<k<n—1. (4.30)
F* = ||e¥||? + |e¥[3, T (4.30) AT BN

1 1
;(F"“ ~Fh g ECs(FH'l + F¥Y 4+ cs(2 +h%)?%, 0<k<n—1,



43 =B&BhEaER 279 .

1—cem)FF < (14 cem)F* 4 2¢6r(12 + 1?2, 0<k<n—1.

F*1 < (14 3¢7)F* + 3cer(12 + h%)?, 0<k<n—1.
B Gronwall ANZRE

FM L T[FO + (12 + W% = e*T(r2 + %)%, 0<k<n—L O

43 Z=R&BHEN X

4.3.1 EHRAMNEI
R (zi,ty) BRI (44), F

ut(mi,t%)—umt(wi,t%)+3u(mi,t%)uz(mi,t%) e ux(w,-,t%)um(wi,t%)—f-(uum)m(a:i,t%).

MNH Taylor BRAREEEMS AR, 0TE2]

D=

SUE — 8,82U% +3u(U°, U); = (A UH)0200 + A, (UE8200) + BP,
1<i<m—1, (4.31)

BEEEY o R
IP| < er(t+h?), 1<i<m—1, (4.32)
ER (zote) RFBHRE (44), F

ut(Ti, th) — Ugwt(Tiy tr) + Su(zs, tr)ug (i, t)

= uw(wiatk)uzz(miatk) + (uuzz)x(xi,tk)y 1<i<m—-1,1<k<n~-1
RZF Taylor RAXLEEMS AR, FIHEE

AUF — AS2UF 4 39U, UR); = (A,UF)S2UF + A, (UF62U*); + P,
1€i<m—-1,1<k<n—1, (4.33)

BT o 5

|PF| < cg(r?+h?), 1<i<m-1,1<k<n—1 (4.34)
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B EE G (4.2)-(4.3) AR

U2 =p(z;), 1<i<m—1, (4.35)
Uf=0, Ut=0, 0<k<n. (4.36)

£ (4.31) A1 (4.33) FREE/NERI, X (4.1)-(4.3) BILW T ZHER

1 1 1 1
Seul — 6,02uf + 30(u®, ud); = (Agu?)02ud + Ag(uf 62u0),

1<i<m—1, (4.37)
AguF — A02uk + 3y (uF, uE)i = (Azuf’)&iuf + Az(uféguf),

1<igm-1,1<k<n—1, (4.38)
w) =p(z;), 1<i<m—1, (4.39)
uk =0, vF =0, 1<kgn (4.40)

EE—HHE, (4.37)-(4.40) R=XAKMERE B, 7T FEEERE.
4.3.2 ESBRAMBTEMEMERE
EIE 4.6 W {uF|0<i<m,0< k< n} AEMER (4.37)-(4.40) FIfR. id

E* = [uk|® + [u*[i,

i
EF=E° 0<k<n. (4.41)
iERR (1) A ui 5 (4.37) BRI, B
o (2 = e)) + o= (' — %) = 0,
1] .
—2—7‘_(E1 EO) =0
S
E' = E°, (4.42)
() A «* 5 (4.38) kW, B
(2 = )+ (R = b B) =0, 1<k<n—1
B

%(Em —EF1)=0, 1<k<n—1.
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5[]
EFl=FF-1  1<k<n—1. (4.43)

Y56 (4.42) F (4.43) &0 (4.41) WAL, O
4.3.3 ESRABHOTFEMIME—1E

EIE 4.7 EZHHR (4.37)-(4.40) KRR RAFEA HME—H).
MERA 3 (4.39)-(4.40) %1 u° BEARE.
B (4.37) F (4.40) ATRXT o' MM HEY. FRERFREHTEA

1 1 3 1 1

“ub = ~82ul + Sy, ul) = S (Apul)62ul + 5 Aq(ubd2ud),
1<i<m—1, (4.44)

ug =0, wup =0, (4.45)

Al 5 (4.44) ERR, W18
P+ T <o,

FR u! =0. Bl (4.37)-(4.40) XF o KIfERIFIEME—.
Wul(1<I<k) BFE. M (4.38) fl (4.40) \JERT ubt! MEHERETTE
H. ZRERFREHEHRA
SoubH = L2 4 St ut ),
1

= 2(Amuf+1)5§uf + %Az(ufﬂaguf), 1<i<m—1, (4.46)

ubtl =0, uktl=o0. (4.47)

m

A u*t 5 (4.46) fEWTR, W

1 1

EIIU"“H2 + EIu’“HI%’ =0.
TR

Uk+1 =0.

BT (4.38), (4.40) KT b+ KR RFFFEME—). O
4.3.4 ESEABHWEE

EE 48 W {UF|I0<i<m0<k<n} R (41)-(4.3) KIfE, {uf|0<i<
m,0 < k < n} AEMER (4.37)-(4.40) HIfR. 2

e =Uf-uf, 0<i<m, 0<k<n.
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B or <1, Hth oo = [ue, t)|, MAFEERHK co 148

max
0<2<1,0<t<T

ll€¥]loo < co(r® +h%), 0<Ek<n

iERR  CKF (4.31), (4.33), (4.35)—(4.36) 55 (4.37)—(4.40) MR, FHRE T2
6tei% - 6&23? + 3zp(u°,e%)i
= (ALUZ)SRUP + Ag(UHE2UP) — [(Autuf)82ud + Ag(uf 2ud)] + PP,
1<i<m—1, (4.48)
Ael — Dd2ek +3[p(U*,UF); — p(u¥, uF),]
= (AUF)S2UE + AL (URS2U*) — [(AouF)82ul + A, (uF82ul)] + PE,

1<ig<m-1, 1<k<n—1, (4.49)
=0 1<igm-1, (4.50)
k=0, e =0, 0<kgn. (4.51)

B (4.50) f1 (4.51), 8
l€®| =0, €% =0. (4.52)

(1) A et 5 (4.48) B, 5B

1 1 1, 1

;(llelll = (1?11 + ;(lellf — [€°2) + 3(%(u,e7), %)
=((AsU2)82U° + A, (U282U°) — (Ayu?)02u® — A, (ui82u0),e) + (P, e?)
=((Aze?)82u® + A (e762u0),e7) + (P, e?)

=(P0ae%)'
S[iT} i
(||e I?+le'l) = (PO e') < SIP°ll- le*]- (4.53)
B EXArR . .
oo lletl® < S 1P - [let]l
Spi}

lletll < Il Pl
T (4.53) B2

letl* + le'[F < Tl POl - lle*ll < 7| POII* < Lef(r? + h?)2. (4.54)
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(1) E&EZ
Y(U*,UF) — p(uk, uF)
_ 1/)(Uk,UIT:) _ ¢(Uk _ ek,U'—‘ - el‘c)
= P(U*, €F) + y(ek, UF) — p(eF, eF),

<)
(WU, UF) - p(u*,uF), eF)
= (B(U*, €F), &F) + (w(e*, UF), €F) — (w(e, eF), F)
= (Y(e*, UF), eF). (4.55)
HERS
[(ALUF)82U* + AL (UR82U*)] — [(AzuF)02u® + Ay (uFd2uk)]
=(AUF)82U* + AL (UFS2U*) — (AL (UF — €F))82(U* — F)
— AL ((UF - eF)B2 (U — €b)
=(A;UF)62ex + (AeF)02U* — (A eF)o2er
+ Ay (UF62eF) + AL (eF82U%) — A, (eFb62eF)
=[(A;UF)62e* + A, (UF62eF)] + [(AseF)S2U* + A (eF62U™))]
— [(AgeF)a2ek + Ay (eFo2e)],
B3

((ALUF)S2U* + AL (UFS2U*) — (ApuF)82ub — Ay (uF62u*), eF)
= ((A.UF)82e* + A, (UF62eF), F) + ((AzeF)02U* + Ay (eF52U%), €F)
—((AgeF)82e* + A, (eF52r), eF)
= ((AUF)82e* + A, (UFs2F), F)
= (82¢*, (A, UF)eF) — (UFo2eF, AzeF). (4.56)
¥ (4.49) 5 oF MR, HFIH (4.55) W (4.56), T LAE
1 1
2= (15412 = 1e5212) + (e — [e57113)
= —3(9(e", UF), eF) + (62¢*, (AUF)EF) — (82eF,UFAL€F) + (P, eF)
= Ay + B + Ci, + (PF,€F). (4.57)

PAERAE T (4.57) A&
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A S i) 58— TR
Ay = —[(€*AUF, €F) + (A (eFUF), €F)]
= —-(ekAzU’-“, )+ (ekUE, Aze’—‘)
< calle®|| - 1]l + coll€®]l - [eFls. (4.58)
I I 58 =T
By = (62¢F, (A UF)eF)
m—1 o
=h Y (62eF)(AUF)ef
=1
m—1 o
= Z(ézef+% - 6,62‘_%)(A$Uf)ef
i=1
m—1 o m—2
= Y (aef, ) )(AUF)E = > (0uek, 1) (AaUfy1)ebs
t=1 1=0
m—2 B - B
= Z(émez-}—l)[(A UF)ef — (A, U+1)€z+1] + (0 em_ 1)(AzUp,_1)en
=0
m—2 B B B ~
= (5m€f+%)[(6f -ef+1)AzUik +ef1(Ag U = 2 U+1)]
=0
—h(b.€k,_3)(ALUE_)ouek,
m—1 k %
6. Uk — 8.UF
=—h Y (5zek,1)(0oef, 1) AUS — hZ(é ez+1)e,+1+
=0 1=0
< cl|e’°|1 . [ek|1 + cz|ek|1 . ||ek||. (4.59)

X (4.57) KB=5, &
G = — (83 U A

m—l

ZUk (8zekyy — Ozek 3 )(0oeF, 3 +0zef 3)

i=1

S R (), + )
i=1
_((Sa:ek %)(&;ek 1) = (5:{:6?_%)(63;85_%)]

= Z UF[(Baeh_y)(Bach_y) — (8a€k,3) (Bath, )]
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m—1
+§ > UF[(6nek_y)(0ack,y) — (Baeky ) (Goek )]
i=1
_ = (4.60)
F EXFH D, FH
m—1
[Z LRGN ez+1) (4 ez+ Z U (8zey %)]
i=0 =i
= —h Z U’“ (8zek1)(0aef, 1)
;Cllekh . “on
(4.60) F B, MIfETHHCRE R, B
m—1
Bo=5 Y UF[(eet ) (Gack, ;) ~ (et} (Buck )]
=1
m—1
=% > Uf[(&wef_%)((s eiys T 0aer1) = (Guef, ) (o€ ) +0aey])]
m—1
=}1 > UF{[(6at_3)(Baekt]) = (Back*]) (Buek, )]

— [(ézef ;)(6 €z+1) (63:616_%)(61‘6::%1 ]}

m~—1
=1{ U’”’% [(616’0_%)(5:53?:1) (6 ek+1)(5 614_1)]

=1
1 m—1 bt
+7. l(Uf U; ") [(6uei_ 1) (0 ’“jf%) (6z€51)(6zef, 1)]
1 m—1 i
+7. 1(Uz P = UP)[(00e) 1) (0aefy 1) — (0sef_1)(6s e;r1)]-
-La 1
1 1=
GFtE = 52U ta [(5,ef_1)(5ze§j%1) (6 ek+1)((5mek+%):|,
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m—1

1 1 —1, , €3 k
B < 3G =G h) + 27 3 [(Bael ) (Gael]}) - (Gaef])(Buel )

i+d
i=1

+C"°'TZ |(Bueh=}) (Buek, y) — (Buek_;)(Baei])]

m—1
1 _1 T
< §(C"vlc-f-l _Gk ;) +COE 2 |6zef_% |6zef:-}| + |6 ek+1| |5 ez+1|
+|(5,;6k 1| |(5 6+1|+ l(smez_l| ‘6:1:6”_1”
< (GHHE = G R) o B (e ek b - e ) (462

¥ (4.61) A (4.62) R (4.60), BZI

1 By L
Cy < 561|€k|1 ; |ek|1 + 5(Gk+% _ Gk_%)

C: =5
+ﬁ(|ek|1 Rt + [€F]1 - [eF ). (4.63)

% (4.58), (4.59) M (4.63) /R (4.57), BF

1 _ 1 y
U2 = 11e"H1%) + = (e — le* )

47 4T
< - . = 1 o
<coll€¥|| - [€¥]1 + calle®|| - |e¥]| + cale¥|s - |€¥]1 + cale¥]s - ||€F|| + §Cl|ek|1 - |e¥)y

1 1 1 C; -
+ 3G =GR ) 4 22 (1 My + leHly - €M) + (P, €F),

2 2

(A R )]

1 (||e'°+1||2 +lleH? [ + R r6++1)
27

= - 3 e =
< colle®]l - Je¥x + calle® || - le¥ll + Seale®ls - [e*]a + eale®]s - 1€l

C
+ﬁ(le’°ll JeF 1+ [l - [eF M) + (P*, €F). (4.64)



43 =BE&HhEMRR . 87 -

my
o k+1
T|GF+i| 507 Z(|6xef_%| : lézef_:'ﬂ +18ze, "¢ |- |doef 1)
=1
-1
1 T
“'° h Z (00€l_y |- 16a€ki 1] + 1dnektd] - 162€5, 4 )
=1
< )\|€k|1 ' |€k+1|1
& /\Iekl"l’ + e
X 2 .
ia k+1(|2 k(|2 k+1|2 k|2
P k| 2+ [l + le |12+ le¥ |3 _rGh+, (4.65)
]
lle*+2]I? + [le*|? |eF+13 + |e* [}
5 +(1-2) 5
k+1]12 k|2 k|2 k+1|2
< F*g lle*] 2+ [l + (14 le¥ |3 +2Ie i (4.66)
B (4.64) SIFTEHH 10 R
1
on (F* = F*1) S ewo(F* + F*1) 4 eao|PH?, 1<k<n—1,
ERE (4.34), B ERSE
(1 = 2¢107)F* < (14 2¢107)F*1 4 2¢10Lc3 (T2 + h?)?, 1<k<n—1.
ﬁ 2c10T < 1/3 HT
F* < (14 6¢107)FF +3¢1Lcd (7 + 1?2, 1<k<n—-1.
B Gronwall A% A3
FF g eferT [F" + L—2C§(7'2 +h%)?[, 1<k<n—-1. (4.67)
B (4.52) 1 (4.54), 18
1 2 1|2 2( 2 2)2

¥ (4.68) R (4.67), HERE FF IEX, &

L
(”ekllz + (1 Iekl ) < 6c10T (C72+ 08)( +h2)2 1 < k

Do =
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BRIEH « #5

B

1-2++/@=-2)2+4LQ-))
£ = 2 N
MBI 1.1(c) B

L

g
<elef} + m”t?k”2

(@ = N)le*[F + lle*]1%)

IeH12 < eletft+ (2 + 1 ) IekIP

€
1-A

= 5 COTLG + Q) + 1, 1<k<n,

Jetoo < ety [ 2D (24 4y 1 <k 0

4.4 /NEHFER

AEXF Camassa-Holm TREVIGERBRYLT —BEEKUELSRAN=ZELR
etz SR

NTF_BEXREES K, A Browder BEIEH T Z 45 NN, Fgk
BINEEN T 208 T ENE . ME—ERIET T EECT Rl

MNT=ZRaUAES B, HRRMTEERTEME BN FEE. B
P SFEBMETIT T &R, SRR Co% < 1. BEEHIRIE

TR MR UFTDH. E—E LT FEEHR uy = Guee, BIMER
EABRR 2uk = 2t B cOT,; <1.%k BEMMECE, HRE k+1

BE, RRER= AR EL.

WA (4.1) BRERZRA=ZMHHE. BT v ATRRE u(z,t)
AT ERER o, FTUASERR L ERED R LBUK=MAE. MTFHE 41) R
WL AR E&EM—MNMAFEMF (4.3).

MEEE MR (4.38) KA ARBIAEME = BE TN E MR, BITHE
BrSEORME T LA, IEH T ZR A RS XINMEERVER. &

B
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SRBBIBRATT N R SRR A, BRI TFESRHER

Aguf — Ay82uf + 3p(uF, uF); = (Agub)82uf + Ay (uko2ul),
1<i<m-1,1<k<n-1.

EE—NAR LRERINALEHRY. BRIVERU EEHARME—TTHRK .
it R SR I BB o4 Wi Sy

FEZREMEUEMERNEREERA [12]. 3 [8] HFH T Camassa-Holm
TRRAM BN RIS EM R, I T EZ5 AR



# 5% Schrodinger HFIERNENFHE

5.1 3 B

Schrodinger HTRBLSE TIERERFHENER, B7R T MR FHYREsH
BEAMME. Schrodinger HRAERFH¥PHMMMEIFH=8 R TERANFE &
B A EZ T HBi%. Schrodinger HREESEFYHE, ERMATFE. KB R
A FHNFERE M HEENA.

ZRBWT Schrodinger 77 FRHA(E 17 8

iug 4+ gz +qlul’u=0, 0<z<L, 0<t<T, (5.1)
u(z,0) =p(z), 0<z<L, (5.2)
u(0,t) =0, u(L,t)=0, 0<t<T, (5.3)

e g AEEE, 1 = v—1 HBEERLL o(z) AEMERE, 0(0) = (L) = 0,u(z,t)
HRMB RS B (5.1)-(5.3) KEAFWTHRATHELR.
EE 5.1 W u(z,t) AR (5.1)-(5.3) KR i

L L
q
Q)= [ lu@tPdz, B = [ (jusle.OF - §lut b)),
!

Qt)=Q(0), 0<t<T, (5.4)
E(t)=E(0), 0<t<T. (5.5)

iERR (1) 7E (5.1) BIBNIARITRU a(x,t), 3%t = M 0 B L KR4%, B
L L L
; " - 43, _
1/0 ug(z, t)u(:c,t)dx+/c; Uuzs(z, t)a(z, t)dm+q/0 |u(z, t)|*dz = 0. (5.6)

FIRGLF &M (5.3), F
L L
/ Uga(z, t)i(z, t)dz = / [(uz(z,t)ﬁ(w,t))x—ux(:v,t)'ﬁz(:c,t)]dz
0 0
L
_ / luz (2, £) Pda.
0
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fE (5.6) KIPABURE, HIERE

Re{u(z, )iz, 1)} = (5hu@ )P ,
ﬁ L
%/0 %Iu(z, t)|2dz = 0.

BTG (5.4) FRAL.
(I1) 7 (5.1) HIPIIAFEIFRLL —a;(x,t), FH5F =z M 0 B] L B4, B

L L L
5 / lue(z, £)[2dz — / e (&, )i, Yz — / (e, ) Pulz, £ (@, £)ds = 0.
0 0 0
(5.7)
FHE (5.3) F

L
- / oo, £)a(z, £)d / sy )8y 0 — 5, ) e, )z
0

=/ Ug (T, t) gt (z, t)de.
0
X EABELH, B

- Re{ /L Uz (2, t)Us(, t)dz}
0

= [ & (3ot ) de=35 [ huatatiPan

fE (5.7) KIPABSEHHAFA LK, B

1 4 [* 2 g d [* 4
33 ) We@ora-. 5 [ w0

BT (5.5) BRAL. 0
% g<0H, B (55 &
[u(-,t)[2 < E(0). (5.8)

BER ¢>0. B (5.4) R3IE 1.1(c), B2
/0 ’ lu(z, t)[*dz < [|u(:, t)[|%[u(-, t)||2
< (etuC. O + gl 17t 1P
= [elut, 02 + EQ(O)] (0)-
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B (5.5) B3
2 g - 4 q 2 1
0 =2 [ e 0ttas + EO) < & [elu@ o) + 00| @0 + BO)
% Q(0) =0 K,
[u(- t)[3 =0. (5.9)

d _ 1
QO A0K, Ble= 200’ n#H

ju( ) < £Q(0) +26E(0) = %q2Q3(0) +2E(0). (5.10)

BRNASIE 1.1(b), (5.8)-(5.10) &1

L L
e, D% < Flu B < 7

(3@ +260).
K

= 1) |loo-
co = gmax [u(: 8

52 ZRIEERHEEDIHEN

5.2.1 EERREIL
R (@5 try ) ERHE 5.1),F

g (25, by 1) + Uoa (@), By 1) + glulz;, tk+%)|2u(mj, tys1) =0,

1<j<m-1, 0<kn—-1
N Taylor BRARXEMAS AR, B

1 1 1
1605 "4 + 62054 + LU + (U YUy = RS,

1<j<m—-1, 0<k<n—1, (5.11)

BHFHEEREH o &5
IRF| <cr(r®+h%), 1<j<m—-1,0<k<n—1, (5.12)
BRI <e(r?+hY), 1<j<m-1,0<k<n-2  (5.13)

EA3 (5.13), REARHRS KK Taylor BF .
ERBVILEEMS (5.2)-(5.3), F

U?=op(z;), 1<j<m—1, (5.14)
Uk=0, UK=0, 0<kgn. (5.15)
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7 (5.11) s NEIH, A uf o8 UF, BRI EMER

k+3

6t 4 62uft %(|u'?|2 + [ub )bt = o,
1<j<m-1,0<k<n—1, (5.16)

?—w(ﬂa), 1<j<m-1, (5.17)

uf =0, =0, 0<k<gn. (5.18)

5.2.2 ESEAREHTEMMARYE

i

m—1
Q“=h}Y [, E‘=h Z baf 4~ St T e
Jj=1

Jj=1

EHE 5.2 B {uh|0<j<m0<k<n} BREMEX (5.16)-(5.18) HIfE, N

<)
Q*=Q" 1<k<n, (5.19)
E*=E° 1<k<n. (5.20)
SER (1) 25 (5.16) PRI Aa'tE, 3E%E j M 1 B m— 1 kA, 18
medl 1 1 m=1 1 1
ih Y Gy a0 Y (020 )as T
j=1 Jj=1
m—1 5id
+%h Z (|u;°|2 -+ |u59+1|2)|1.¢]-+§|2 =0, 0<k<n—-1 (5.21)
j=1
B uit = 0,057 =0, 8
- -1
Ry (b EhtE = Y et
_7=1 J=
HE3
m—1
1 g+l 1
Re {h D («stu?“)u?*’} = (= ? - %)
J=1
7E (5.21) FIABURHE, 18

1
;(Huk“ll2 — ) =0, 0<k<n-1,



.94 - % 5% Schrodinger HERIZEN ik

Bp

[u*% = u*]?, 0<k<n—1.

AT (5.19) BRAL. 1
(I1) 7 (5.16) PIARFLL —hoa, 2, 3% j M 1 3] m -1 kA0, 8

~ih Z Sruf TE — 2(52 )
j=1

m—1
q k|2 k+1 ktis —kty _
_Eh E=1 uf[? + |uf T P)u; " 26a; 2 =0, (5.22)

<.

TR 5tuk+’ = 0,605 % =0, AR
—h§(6§u§+%)6tﬁ?+’ h 2(5 u )(5 Jtuk+7).
= ;
B (5.22) PRILELSER, A1
(R - ) - 1. L (hmi b1 - hz |u'°|4) =0, 0<k<n-1.

Shin} . .
m— m—
k q 1
W= RS b = - Sh Y bl o< k<n-,
j=1 j==

Bf (5.20) BRAL. O
XF Uy PRIFRERE v = {u: |0 <i<m}, EXTHEH

lell, = J (luol”'FZIHzlp Iuml”)

EHE 5.3 W {uf0<j<m0<k<n} AEMER (5.16)-(5.18) KIAE, N

5
% < 5 (50 + W0 - 2plt), 1<k<n 529
W HEE 52 H
lu*)1? = [«°]%, 1<k<n, (5.24)

WM} = St = 0 - SIS 1<k (5.25)
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bl q q
g <O B, B (5.25), F [ubf? < [ub} — 5 |lullf = uoff — 5 |u0lF. FR
£ k(2 £ 02 _ 9,02
2w < 7 (100 - 2%13)
BT (5.23) BRAL.

Hg> 00, B (5.25) 7

q q
41 = 12 — Ll + Lt 1<k (5.20)
o
m—1
o1 = b 3 <
=1
TR
1
g < (et + 12 Tt 6:27)

fE (5.26) KiAwmAA (5.27) &
(sluB -+ 2P 1

q q
¥} < [ul} = Sllw®llf + 5
2 2
q q 1
= |[u®} — EIIU"IIi t3 (Eluklf + EIIUOIF) [l

= Jlu®)|? =0 B

[u*|} = 0.
H [[u® # 0 B, B e =1/(lg| - [«°]*), B

1 g
<2 (G + W - St

AT

L L
12, < et < 5

1 o0 016 02 _ 9,04
= - = <k<n.

id (5.23) MG A 3, M

”uk”oo Lcg, 1<K<k<n.
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5.2.3 ESRAMBOEEEME—14E

EE 5.4 (1) Z0#3R (5.16)-(5.18) KRR RFELER.
(1) % 7 < 1/(3c3|q|) B, ZHE (5.16)—(5.18) KRR AE—F).
WERR (1) # {uf|0<j<m} BEKH. 7K (5.16)-(5.18) B A

2 k+} k+3 4 k+3 k+3
1;(uj Touk)+ Sou; 2 + §(|uf]2 +|2u; T —ufPu; =0,
1<j<m-1, (5.28)
1 1
£ o, oo )

MRRERA {(ubT2 [0 <5 <m}, W

k+1 .
ubtl = 913 _ b 0<jsm.

J ) 3
é.
1
wj—u;c+2, 0<j<m,

m#E

i%(wj —uf) + 63w; + g(lu§|2 + 2w —ufP)w; =0, 1<j<m—1,  (5.30)

wo =0, wWpy=0. (5.31)
T (5.30) LB H

2 : 7 .
;(wj —uf) —i02w; —1i- g(|uf|2 + |2w; — u§|2)wj =0, 1<j<m—-1

RS T0 : 24, — Ui,
2 . ! y
i { ~(wj — uf) — 162w — i (uf? + 20; —ufPwy,  1<i<m-1,
w); =

0, Jj=0,m,
¥ O(w) M w fERR, H

m—1

2 . .q
(M(w), w) = ;((w, w) — (uk,'w)) — (82w, w) — 1§h 2:(|uf|2 + 2w, — u;?|2)|wj|2
=1
m—1
2 . . q
= ~(lwl® = () +iwlf —i- 3o 37 (b + [2w; = sl
=1

5[ : 5
Re{(TT(w), w)} = —(lw]l* - Re(u*, w)) > = [lwl|(lwl - "))
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A |lwl| = [lu*| B, Re{(r(w), w)} > 0. .
#H Browder EE (BE 1.3) MIFFE w* € Un, |[w*|| < [uF|, 8 O(w*)=0. A
TMESHKR (5.16)—(5.18) FEEEAR.
(I1) % (5.30)~(5.31) BEM v = {v;|0<j < m}, BE v ey, FH
i%(vj —uf)+82v; + %(Quﬂ? + |20 —uf[Pv; =0, 1<j<m—1, (5.32)
v =0, vy =0. (5.33)
id
6j=wj—vj, 0<J<’I’n
# (5.30)-(5.31) F (5.32)—(5.33) AWk, 18
i%"j +620; + %(|u§|20j + |2w; — ufPw; — |20 — uf[?v;) =0,
1<j<m—1, (5.34)
8o =0, 6, =0. (5.35)

F —ih6; FLL (5.34) KIPIIL, H2F 5 A 1 B m— 1 KA, &

2 m—1 m—1 _ q m—1
“hY 16517 —ih Y (826,)8; —i- gh Y uf]®- |65
j=1 j=1 j=1

m—1
—igh 3 (12w; — ub Pw; — 205 — ubPo;)8; = 0. (5.36)
j=1
HEEE
[2w; — uf|2wj — |2v; — u;-“|2vj
=[2w; — uf*(w; —v;) + (|2w; — uf[? — [2v; — uf[*)v;
=|2’w]‘ = u;-°|20]~ + [(211)j - u?)2wj - u;" - (2’()]' — u§)2v,- = U?]’Uj
=|2w; — u§|29j + [2(w; — vj)2w; — uf + (2v; — u}‘)2wj — v;5]v;
=|2wj = uflzoj + 2[0j2’LUj - u_’,-‘ + (21)_7‘ — uf)éj]vj,
7 (5.36) PRAENEER, B
2 m—1
;||‘9||2 < lalh Y (16512 12w; — uf| + |20 — ub|16;[%)]v;]
j=1
< 63lql - 6]

% 7 <1/(3c3lq]) B (62 =0, B 6, =0,0 < j < m. EMZESHR (5.16)-(5.18) &
ME— R RR ). 0
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5.2.4 ZESEARBAKSE

EE 5.5 B {UF10<j<m0<k<n} RIE (5.1)(5.3) KM, {uf|0 <
i<m,0< k< n} BRESHEN (5.16)-(5.18) HIfE. &

WHFEFR c3 EF

le¥|| < ea(7® 4+ h3), 1<k<n.
iER (1) % (5.11), (5.14)—(5.15) F (5.16)—(5.18) AHIRK, BREHTEA

idie} T + o2ef T+ LU + UFFRUSE - (P + b Pyt = RS,

J
1€<j<m—-1, 0<k<n—1, (5.37)
e)=0, 1<j<m—-1, (5.38)
k=0, e =0, 0<k<gn (5.39)
id

GU*HE); = (UHP + |UFH Ryus .
F hel Tt LI (5.37) BUBEIL, Xt M 1 3] m— 1 A, 3

m— -1
ih Z (BTt 1p 2(52 whett 1 S 6wk, - Gkt

=1
m—1
—h S RETE 0<k<n-1. (5.40)

j=1

EEE

m—1

k+1, _k k b
RS (828t h)e +2——hzl6 e {i

Jj=1 j=0
G(Uk+%)i _ G(uk+§)i
k+3 k+l k41
— |Uk|2+|Uk+1|2 (Uj 2 _ u; 2) (|Ulc|2+|U{c+1|2 |uk|2 I l?+1|2)uj 2
(|Uk|2 + |Uk+1| )e; ks + (ekU’c +uje Sk 2+ e’“"lUk"'1 + uk"'1 'k+1)uf+%, (5.41)
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7 (5.40) PILELR S, B3

1
3 (=2 = ek|)

m—1
1
=Im {_%h > (kUF + ubeh + kT + u’°+1"°+1)uk+2'k+§ +h E : Rfé§+°

j=1 =1
q = k k k k k+3 - k+3
1 1 RT3 ]
<2 Z (cole§| + cale§| + colef™| +cale ™ Jeale; ™[+ Y RS- e
|Q|(Co+c2)c2 1 3
S22 (] + leH Dl + [1RM] - le*+3]
q|(co +c2)cg ek|| + ||kt ek + ||ek+T
glaltenbonlen oy | omingy. BN o gy Il
0<k<<n—-1.
1

~(lle* T + lle ) # o B, B L ||e’°+1||+||e"]|) =X

[\')

L1 - 1k < "co+cz)c2(ne'°n+nek+ln>+nR’°u

% L (Jek+1) 4 k) = 0 B ER L. TR

1= e+ cnjear] 16470 < [1+ o+ copar | IR, 0 <<

= Igl (co+ c2)eat < B'J' ERE (5.12), A

3
“ek+1“ < [1 4 %(CO - 02)027'] ”ek” + —THR"”

< [ 3IQ| — (co+ 62)627] lle*l + 5 ‘/—ClT(T +h), 0<k<n-1.

Hqg=0H, H
¥+ < Ile¥|| + g\/ZCIT(Tz +h?), 0<k<n—1,

EHER

lle¥|| < [le°] + g\/Ecl kr(t? + h?) < gx/icl.’r(f2 +h%), 1<k<n

Y ¢ #0 B, H Gronwall AEHXA

Le
k| < -sJ,ﬂ(Co-*-cg)czTL 24 K2 1<k<n.

}

it
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EHE 56 B {UFI0O<)j<m0<k<n} REME (5.1)-(5.3) KM, {uf|0 <
i<m,0< k< n} REME (5.16)-(5.18) HIfE. i
f=Uf—uf, 0<j<m, 0<k<n,

MFEER o, 7
le*|, <ca(r®*+h?), 1<k<n. (5.42)

iER F —héest? 5 (5.37) KBTS, 33 5 M 1 Bl m— 1 KA,

m—1
—ih z |6tek+1|2 A Z (62¢ k+g)6t—k+§ h Z [G(UH%)J' _ G(Uk+%)j]5té;+§

Jj=1 j=1

=—hZR§5te§+%, 0<k<n-—1.

j=1
ERPILER L, TR

1
=113 - |€FD)
q m—1 . 3 L
=Re §h Z[G(U,‘H—i)J —G(’uk+§)j](5téj+5
j=1

{ hZR"cSt‘H’}, 0<k<n—1. (5.43)

B (5.37) A[18
5 k+3 _ =62 k+2 -4 k+3y, k+iy1_ :pk
t€; +12[G(U )i — G(u""2);] — iRy,

RO, &/

1 1 R
5etE = _igze i . %G(Uk+%),~ — G(uk*3); +iRk.

T

Jj=1

m—1
q ol 1 _k+1
Re { Sh Y [GUFHE); — Glu*tE);]6e }

m—1
=%Re{h Y [GUrHE); — Gukti),][-io2e ’°+2

i=1
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—i- J6UH); — Gl +iR§]}

= %Re{ = ih’f[G(Uk+%)j — G(uk+§)j](6g€;+%)
m—1 o
+h 3 [GO); - G(u“%)j]fzf}
e m—1
:"Re{lhzo [6:(G(U**3) — G(u’°+%))j+ 102 ef:?)
=

m—1

+ih Z[G(U"‘*’ — G(uFt2 )i ]R;“}
j=1
<Biawirt) - gt - [+ + UM - G| - B, (.49
M (5.41) ALY cs, 00 1
IGU*7) — Guk*3)|| < es(]|e¥] + [leF2]), (5.45)

IGUFT) — Gkt 3)|y < co(lleF]] + lleX ]| + [eF ]y + |52 1). (5.46)

# (5.45)-(5.46) 1R (5.44) I3

m—1
q k+3Y. k+1y 15,5515
Re{ih j}:;[G(U +1); - Gukth);)5.2" }

lal 1
<G ea(llefl + Nl + e¥ly + [ 1) - 5 (e + 1)

+es(lle | + e IR (5.47)

# (5.47) RN (5.43), RIEH k Bh 1, I3t 1 A 0 B k kKA, 8

k
ekH12 ; [|¢1| U] + X4 + 1t + e n) (€] + [+ )

m—1
es(le!l + lle ) |1 B! +Re{ -h Y3 R }

0<k<n-1 (5.48)
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At LA R EEE

k
1o l+3
Z RJ‘steJ
1=0

P'q,,
’;U

16 €6
i

0
1 k k 1
E : Si+1 I+1-1+1
; ( R 6 Rj € )

1=0 I=-1

T

Rf —‘l;+1 Z(R_l7+1 Rl )—H-l R;)éO]
=0

k=1 pl+1 _ pl
L prgkar _ ZR R; g,
r 3 T

=0

k-1
—IIR"II ¥+ + 3 I8R5 - [l (5.49)
=0

¥ (5.49) R (5.48), K BAEFXFUFETRU 27, 7

k
q
[ <2r ) ['z'%(lle‘u + [l + leffa + e 1) (e + e ]a)

=0
k-1
+es(llell + e IR + 2 R¥[ - lle¥ | + 27 > 18:RF| - [le .
=0
L
RiF (5.12), (5.13), |le}]| < %wh REH 5.5 A

Ciasdk <27‘Z [lql ( - \/—) (le']: + |€21)? + VLcicaes (T2 + h2)2]

l+1|17

+ 2V Ley (72 +h2)\/_| k+1|1+2TZ\/_cl 7% + h?) . \/gle

0<k<n—-1.



5.3 Z=B&HEMER . 103 -

FEREY o 7

k
R <er Yol +er(r? + 47, 0<k<n-1.
=1

B Gronwall ANER A4 (5.42) AL a

5.3 ZR&MAES R

5.3.1 ESHEIAAET
TER (z5,ty) RFBERITE 5.1), F

iug(z5,t1) + Uaa(z5,13) +q|u(a:j,t%)|2u(a:j,t%) =0, 1<j<m-1.
B AR
i6,U7 +82U7 +qi;[PUF =P, 1<j<m—1, (5.50)

Hp

a; = u(z;,0) + %ut(zj,O), 1<j<m—1,
BHHEEER o H18
|P)| < cs(t?+h?), 1<j<m-1 (5.51)
TR (zj,t) ERBARE 5.1), F
iy (25, th) + oz (25, k) + glulz, te) Pulzs, te) =0, 1<j<m—1,1<k<n—1

B AXAR

iAUF + 2UF + qUFPUF = PF, 1<j<m—1,1<k<n—1, (5.52)
HIFERH co €7

IPF|<co(r*+h?), 1<j<m—-1,1<k<n—1, (5.53)

|APf| < co(r> +h?), 1<j<m—1,2<k<n-2 (5.54)

EEIWAEEY (5.2) M (53), F

UJO — ‘P(-sz), 1<j<m-1, (5'55)
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Uk=0, Uk=0, 0<kgn (5.56)
7E (5.50) 1 (5.52) SRR, X HM (5.1)-(5.3) B TLRENLEIER

16tu + 62u’ +q|u,|2u =0, 1<jsm—-1, (5.57)
1Atuj - 6§uf -+ q[uf[zu;c =0, 1<j<m—-1,1<k<n—-1, (5.58)
u§ =op(z;), 1<j<m-1, (5.59)
uk =0, v, =0, 0<kgn. (5.60)

5.3.2 ENMRAMETFIEIENS Rt
EHE 5.7 B {uf|0<j<m0<k<n} AEMER (5.57)-(5.60) HIAE. T

-1

1

§(|uk+1 2 4 |uk[2) — qh Z Iuklz |uk+1|2 0<k<n—1.
=0

eSS
||u'°||2 [«0]2, 1<k<mn, (5.61)
|u 3+ [u3 h Z |t 2jud? = |02 - —h Z: la;2[u9?,  (5.62)
j=1 j=1
E*¥=E° 1<k<n-1 (5.63)

SERR (1) 7E (5.57) WPSIARITRLL hal, JE5¢ j A 1 3] m — 1 KA1, 483

m—1 m—1 5
ih S (6ud)a? +h Z (G2uf)af +qh 3 ;P =o. (5.64)
Jj=1 §=1

RS uf =00k =0, 8

=1

1
hz (82u = Ja? = —|uzf?.

=1
7E (5.64) PIIAEUEHS, 792
2 = 0 =0,

Bp

w1 = Jlu]. (5.65)
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fE (5.58) PRIARIFLL hak, H3F 5 A 1 B m—1 KA, B3

m—1 m— -1
ih Y (Awk)ak + b Z (02uk)ak + qh Z |uk2[uf? = 0. (5.66)
Jj=1 Jj=

=1

HFEE ug = 0,ufn =0, =]

m—1 L B
by (02ub)ak = —|u}.
j=1
fE (5.66) PIABUEHS, B

1 s
- (W2 = %) =0, 1<k<n-1,

B
luf 2 = lu*2, 1<k<n—1. (5.67)

g4 (5.66) M (5.67) AT43 (5.61).
(I1) 7€ (5.57) MIBARRLL —hs,a?, 33% 5 A 1 B m— 1 KA, 3]

m—1 m—1 m—1
—ih Y 16ul P —h Y (02u?)(6a2) —gh Y |iyl*u 26tu =0. (5.68)
j=1 =1 j=1
HRE sud = 0,6ud =0, F
m—1 m—
2 % 2l = h ul %
_hz(équ J - E ] % J+%)'
g=1 j=0
E (5.68) PIILEUSEHE, B
Iu 12— ) —th IuJI2 uj|? - [ug]?) = 0.
Bp
1 m—1 X
5 ('l + ) - hZ Pl = [0 - Zh Y [P (5.69)
j=1
BT (5.62) FRAL.

7E (5.58) HIPIIARIIRLL —hAak, H2F j M 1 Bl m — 1 3KH, 53]

m—1

—ih Z |Awuk|? — h Z (@2uf)(Acak) — gh Y ubPubAcal = 0.

j=1 j=1 j=1
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$ EXPILBUEH, AR

1 -
E(|uk+1|2{ wk 1 —gh Z |uk|2 - k'+1|2 _ |u§ 1|2) =0,
TR
1 q m—1
S(uFHE + [k B) = Sh 3 bt
j=1
= SR + Rt qhz WA AR, 1<k<n—1  (5.70)
BT (5.63) BAL. O
HSEE 5.7 AIAIEEEE 1o 45

uflloe < €10, 1< k<

5.3.3 ESEARNOTFEMME—1E

EHE 5.8 ZE/HKR (5.57)-(5.60) RME—TTHEH).
UERR (1) Z2 (5.57) Al (5.60) BRT {u}|0 < j <m} MERMLEL. %
BRI R4

11u + = 52u1+2q|u,|2u1_0 1<j<m—1, (5.71)

uy =0, ul =0. (5.72)

F ha} Lk (5.71) BB, I3t 5 A 1 B m— 1 KR FIA (5.72), RIGBURHE, 5
Il =0,

&P

REmEM TR 1| ERE o
(ID) B {uf~" 0 <5 <m} A {uk|0<j<m} BERA, Wi (5.58) F (5.60) 7
B/BXT {uht|0<j < m) MRWHERA. HERHFRTEL
i %uf“ + %6214?“ + §|u§|2u§+1 =0, 1<j<m—1, (573)
uftt =0, uktl=o. (5.74)
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7E (5.73) PSR RIRSIRLL hab ™, 360t 5 A 1 B m — 1 KA, BURHES, AT
e
23]}
ittt =10, 0<igm
TR (5.58) M (5.60) KT {uft!|0<j <m} HHE—HE. O
5.3.4 ESHENXRBEUSTE

EHE 59 B {UF10<j<m0<k<n} RHEME (51)-(5.3) KIf#, {uf|0 <
i <m,0< k< n} AEFKK (5.57)(5.60) HIAE. i
ef=UF—ub, 0<j<m, 0<k<n.
WFEHE o B8
le¥]| < e (7 +4?), 0<k<n (5.75)

iERR K (5.50), (5.52), (5.55), (5.56) F (5.57)—(5.60) AHRK, AIBREHTE

607 + 622 +qliy[2ed = P, 1<j<m—1, (5.76)
1Ate +5zek+q |Uk|2Uk luk|2 k P}c,
1<j<m—-1, 1<k<n—-1, (5.77)
e9=0, 1<j< 1 (5.78)
ek=0, e =0, 0<k<n (5.79)
i (5.79) 748
e =0, e =0
eb=0, e, =0, 1<k<n—1

m—1 m—1 -1 g

1hZ 5te % h (62e 2)e +th|u |2 |e’|2—hZPJ0 3 (5.80)

m—1 m—1

1 1 1
hY o (EZef)e; =—hY lhee], P,

]:1 7=0
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7 (5.80) PIIAEURERR, AT

~1
2T(||e I* = lle°]|*) = Im {h Zl Py ?} <P - lle].
i

‘H‘Eﬁﬁj el = 0, ﬁ‘ . 1

R 112 o 0 = 1

St < PN - e
T

le'll < 7IPll < mesVE(r® + h?) < esVL(7® + h?).

(5.81)
(I1) F hek LA (5.77) HIBEZ, H3E 5 M 1 B m — 1 KA, 18

m—1 m—1 m—1 m—1
ih 3" (Aek)eb+h 3 (82eF)ek+qh Y (UFPUF — Wb Pub)eh = h S Preb. (5.82)
j=1 j=1 3=1 =1

EEE
m—1 m—1
hy " (02eh)ek = —h ) [o.ek 3l
= =

(|UFPUF — |uk2ub)et = [[UF2e5 + (UF - [ub[?)ufbek

= [UF[2|eF[? + (T} + ubeh)ukel
7 (5.82) BIAEUEES, FI1§

1 .
2= (112 = le*=22)

1

=_q1m{hgeu+ue } {hzlf’féi‘}

7=1
<lal(co +ero)erolle®|| - lle¥ | + 1P¥]| - [l

k+1 4 k-1
< (lal(eo + exo)esolet] + P I -y chcn—1 5a9)
LA

1 —
et (G el e

< lgl(co + c10)erolle®| + | P¥|

< lgl(co + c10)cro]|€¥]| + VLeo (12 +h2), 1<k<n—1. (5.84)
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5]
le#211 < lle¥2| + 2lal(co + cro)erorlet]| +2VIeor(r® +h%), 1<k <n—1.
i EXAR
max{ e+ |, Jle¥ ]} <[t + 2lg](co + cro)eror] maxle* ], e*]1}
+2VLegr(t? +h?), 1<k<n—-1
% ¢=0 H,
maxc{[le“*1], |le¥|[} < max{lle!||, e°][} + 2vZeak(r? + h)
<(cg +2coT)VL(T* + h?), 1<k<n-—1.
M g +# 0 B, B Gronwall A%, 53

max{||e**||, [|e*[|}

V'Leg

2 2
—— (T +h
lg|(co + €10)c10 (r )

< e2|q|(c0-4—c1o)c10'1" {max{“eln, ”60”} +
% | VI(*+h?), 0<k<n-—1
lgl(co + 010)010] H ) h

EE 510 #{UF|0<j<m,0<k<n} HEE (5.1)-(5.3) KIf#, {uf|0<
j<m,0< k< n} HEMER (5.57)-(5.60) KR iE

2 T
<e |g|(co+c10)c1o [CS+

ef:Uf—uf, 0<j<m, 0<k<n,

WHELEEH 1 BB

le*|, < ci2(r® +R?), 0<k<n (5.85)

iERE (1) A —hoe? RLL (5.76) HUPHIL, X4 j A 1 Bl m — 1 kA, 48

m—1 m—1 m—1
ih Y [6eZ—h Y (82e2)(5:eF) — gh Z ;226,82 = —h 3 PYGe2. (5.86)
Jj=1 j=1 j=1

j=1

EEE

-

—hZ(62 Hoah =h Y (6eel, 0isact, ),

Jj= Jj=0
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B (5.86) HISEHE, 8

oy 2|1|2_|0|2 L p05
(|e|1 1€°2) thIJl——T Z te

3=0

< [1P°]| - |I5tefll-

HERE

H

L 12 1 2z _ Lypo 1
§|e |1—Q'§hz |4;] |ej| =;||P Il lle7]l-
=0

PIAFSRU 27, 1B

~1

']} < Iqth i€ |* +2|| PO - [|e*]|.
3=0
i
c13 = IBX |ug(x, 0)|,
il
|| < co+ 2'313 =c+c3, 1<js<m-1
i (5.87) # (5.51), (5.81) A[§
le*|3 < lgl(co + c13)®[le*[|2 + 2/ POl - [l ]|
< lgl(co + c13)?[cs V(T2 + h2)]? + 2VLes (72 + h?)eg VL(7% + h?)
= [lg|(co + c13)? + 2][es VL(7? + h?)]?,
Bl

le!1 < V/]gl(co + c13)? + 2¢csVL(72 + h2).
(IT) A —Agek L (5.77), X+ 5 M 1 B m — 1 KM, 18

—ih Z |Aceb|? — h Z (62e5)(Aceh)

-1 m—1
=qh Z UFPUF — [ufPuf) Al —h Y PFAeES,
j=1

j=1

1<k<n-1.

(5.87)

(5.88)

(5.89)
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T (5.89) ZEMHIZE 2 T,
=1 m—1

—h Z (02ef)0ees = h Y (8s€k, ;) AeboEE, 4,
7=0

B, A
Re{ —h Z o2e k)At } 417_(|ek+1|f — ¥ 3). (5.90)
BAERIHT (5.89) E#ﬁ% 1 J.

B (5.77) AR
Ate t52ek+1q(|U’°|2U’c |u’°|2 ’“) in.
TR

Re{qh
=Re{ gh
J

=Re {q

ﬁﬁfﬁ'ﬁ Ci4 {f

—1

3

(UfPUF - IU§I2’U§)Até?}

3
._,i—‘

]

(U¥POF - |u§|"’ﬂ§)Ate§}

I
-

3

M

(UFPUF — |uk*af) [i02ef + iq(IUFIPUF — |uf[2uf) - ip;v]}.
1

[
Il

|

m—1
Re {qh Z (lUkPUk - |u§|2u§)Ata§}

—Re{qhz {124 Uk lu¥ @ k)(152 ’?—1Pk)}

Jj=1
<cra(lle* P + e + fleF I + e

+HeolE + [ + [1PH)%). (5.91)
1E (5.89) PRILESEHE, HAFIA (5.90) M (5.91), B

1 =
(e = e+t
<era(le¥H 2 + ] K] + [leF 12 + |12+ [ekfE + [+ + [ PHP)

m—1
Re{—hz P}“Até;’}, 1<k<n—1
j=1
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Bk Bk, IR LN 1 B kSRR, B

1
(IR + [eFE — [ — )

k
<ew ) (172 + NP + M2 + 17 + €' + 1€ 3 + 11P*)1%)
i=1

m—1
+r 33 Plae, (5.92)
§=1 I=1
TE3
! =
ZPjAteJ
I=1
L&
_ Lol4l o1
_ZZPJ(GJ & )
=1
1 [k k-1
_ -1 141 51
_§< Pimei =) P e])
=2 1=0
1 k—1
_ k ok+1 k—1_k I+1 =Tyl 251
=5 |58 TET e - 2 (BT~ BiTE - Fig |,
1=2
GIEES
m—1k—1
h PIAéE,
Jj=1 I=1
m—1 m—1
_ k k41 =1k
= Q_hZPJeJ +2 hZPJ €j
g=1 J=1
— m—1 pl+1 -1 m—1
Y 2o P 1
e l 2=
—th &—o=h) Fig
=2 j=1 j=1
1 _
<§||Pk||'||€k+1||+—||Pk Yl le®|
k—1
+> AP - ||€l||+ ||P2|| lle]l- (5.93)
1=2

# (5.93) R (5.92) J5, BiLFRL 27, 18
e¥Y2 + [eIT — let ] — |€°)F

k
<2e1ar Y (e + [l + N2 + e 3 + [ + (e + | PYI2)
=1
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k—1
+ | P*)| - [leF 2]+ PR - el + 212 | AP - [|€Y]
=2
+||P?)|-leMl, 1<k<n—1.

PR
3 L2 1 L2
1PH] - e+ < —2||e'°+1u2 + —||P'°u2 < Herp+ L,
LR+ et < Lok 1 2 yperye
L2 12 1719 ’

1P flefll < 75
1
122 - le*l| < 5 1P2|f + 5”61"2,

|3V}

AR (5.75), (5.88), (5.53), (5.54), SR c1y 5

M1 + el
k
Z (e 2 + 212 + €3 + cra(r® + h?)?, 1<k<n—1.

I

(1~ cram) (|1 [T + [e*[2)

k—1
<214 Y (IR + [€?) +cra(r? +h?), 1<k<n—1,
=0
5 1
Hepur <z B
3
Iek+1l2 g |ek|%
k-1
Bewar Y (e + 1€l 3) + c14(7' +h%)?, 1<k<n-1
i=0

B Gronwall A& FHEREZR] (5.88), B

e+ + e (3
S 630147 |:|51|§ & Ieolf + 5614(7'2 SE h2)2]

g et [(|q|(co +c13)? +2)c3L + 2014] (T*+h})? 1<k<n-1L
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54 ZRNH=R&BEHEIHERX

5.4.1 JLMHERS 2R
51 5.1 # f(z) € C%(zj_2,zjt2], M

#(z5) _4 flEin) 2 (@) + fwj1) 1 f(@je2) — 2f(x;) + f(@j-2)
78 h2 3 (2h)2

h4 1 .
_ %/0 [F© (; + sh) + FO(z; — sh)|(1 — )°ds
+ ’2% /l[f(S)(mj + 2sh) + f(ﬁ)(xj — 2sh)|(1 — 5)°ds.
0

T EARART Taylor B
k

feg+m =3 20+ T [ 0 - spds, 90
7 ),

53
h? h3 ht
f(z5 +h) =f(x;) + hf' (z;) + ?f"(wj) + Ffl”(wj) + 2—41’(4)(%)

% B8
LTV U
+ 1307 (@) + 139

h2 h3 h4
Fos = b) =f(@;) = hf'(@5) + 5 £ (@5) = = £"(@)) + 577 D(z)

R ) Ll e 5
- 1551V + 135 | FOe; = )1 - 9

Rl EB AR, AT
_ f(@j1) —2f(x)) + f@i—1) h?

/1 f(ﬁ)(a:j + sh)(1 — s)°ds,
0

f"(z;) 2 = ()
—% Ol[f(‘”(mj + sh) + O (z; — sh)](1 — s)°ds. (5.95)
GiEEEIEE]
f'(e;) = f(@j42) — 2(1;%2) + fwj—2) (21112)2 ()
—% /O £ (o, + 25h) + O (@; — 2sh))(1 — s)°ds.  (5.96)

% (5.95) Feld g ¥ (5.96) Tl % REMFESRAR, IARFELSR O
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<115 -
513 5.2 & f(z) € C%zo,z3), WH
" 7 = + 1 -2 +
£(z1) =2 x f(z2) fg;l) f(zo) = X f(zs) fgz) f(z1)
1., R 1,8 = 2= =
= 138" (@0) = 77 /7 (@0) = 75 (14R1 — R2 — R3 — Ry),
H

R = 120 / [f©(z1 + sh) + fO(z; — sh)](1 — s)°ds,

R = 155 / £ (@2 + sh) + fO (25 — sh)](1 — 5)°ds,

R3 = F/ [£O) (z1 + sh) + f©)(z1 — sh)](1 — s)3ds,

Ry= }11; [£O) (1 + sh) + O (z; — sh)](1 — s)ds.

iERE B (5.94) & (5.95) &
F'z1) = f(z2) — 2f’5;71) + f(zo) }ll—;‘f(‘l)(fvl) = (5.97)
frie = (VBN HIE) B po)-Fo, o9)
FO (1) = f'(z2) — 2f"')l(;?l) + f"(z0) _ %ﬁa, (5.99)
O (x2) = 29 (z1) + f@(20)
2
- /1[ FO (s +3h) + £O (@1 - sW](1 — s)ds = 2. (5.100)
0
# (5.97)-(5.98) fRA (5.99), &
= 2
F(gy) = % [f(wa) 2f}£:2) + f(z1) %f(4)(12) _
_ 2 _
o (L =2t 1) T 10en) - ) + £"(an)| - P

h? h?

_1 [f(ws)—2f(wz)+f(w1) (wz)—2f(x1)+f(wo)]
h2

+—5f"($)+ (231 Ry — Ra)
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_ L FO(x2) — 2f (1) + f@ (o)

1
— f4)
+ 35/ (@0)

12 h?
_ L [flzs) —2f(2a) + f(21) _, flz2) — 2f(21) + f(20)
R? h2 h2
+%f”(m0) 20 11—2f(4)($0) + %(Zfil — Ro— Rs — Ry). (5.101)

B LN (5.97), B3]

f”(xl) =f(.'132) — 2f’$;:l) + f(xﬁ)

_ 1 [fl=s) —2f(z2) + flz1) _,f(m2) —2f(1) +f($o)]
12 h? h?

1 h? 1 =~ v = osi -
= ﬁf”(xo) — mf(4)(xo) — ﬁ(2R1 — Ry — Rz — R4) — Ry

o 5 f(z2) — 2f(z1) + f(xo) 1 . f(x3) — 2f(@2) + f(z1)
6 h? 12 h?
L (a0 = 2 4@ o) — L (145, — By — By — B 0
= 13/ (@0) = 77 /7 (@0) — 15 (14R1 — Rz — R3 — Ry).

5|3 5.3 & f(z) € COlzm—3,Zm), I
7 f(@m) = 2f(@m-1) + f(Tm—2)

f”(zm—l) =6 X 2
_ 1 f(@m-1) = 2f(Tm—2) + f(Tm—3)
12 h2
Lo R L oup B B B
—15f (@m) = 77 f7(@m) — 15 (14R1 — Ry — R3 — Ry).
iERR  RLFTIE 5.2. -

5.4.2 ESHRAMEI
HHE (51) FL =0 K z =L, FRRGLRELE (5.3) ATH

U@ 8) =0, Upp(Bms ) =0; 0Kt T (5.102)
BHRE (5.1) XF =z RZmEEHEE
iUgs + Ugzs + q('a;,,.u2 + 2quug) =0,

Uzt + Uszzz + Q(ligeu® + 2bzuug + 2bzuug + 2ﬁu§ + 2tuug,) = 0.

HERXFS z=0Kk =L, FH (5.3) # (5.102), &

Ugzez(Z0,t) =0, Upzaa(Tm,t) =0, 0t T. (5.103)
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1
k k k 2,k
Aguj = —(ujpq —uj_q), Azu; =

1
(T (2h)?

45 = u(z;,0) + %ut(zj,O), 1€j<sm-1

ER (zj,ty) RFETHE 5.1), F

it (2, t1) + Uaa (), 1) +q|u(zj,t%)]2u(mj,t%) =0, 1<j<m-1.

TR (zj,t) RERFRE 5.1), F

(u§+2 - Zuf + u;?_z).

iue(z;, k) + ez (T, tk) +q|u(:z:j,tk)|2u(a:j,tk) =0, 1<j<m—-1, 1<k<n—-1

MNF2<i<m-2NATESLXNT j=1 NA5IE2, N Fji=m-18

H5|# 5.3, A[E

. i ¥ 1 1 1 N
i0,U7 + édﬁUf - ﬁéﬁU; +ql@|*U? = R},

Ol

1 4 1 1 1
thUJ; + 562[]} — §A§UJ; “+ (I|ﬁj|2Uj = R?,

P - 7 9.1 1 1 . 1
10:Up—1 + 6‘5?:[]1?;—1 = ﬁ‘ng:»—z +glam-1/*Ua_; = Ry s

7

1 = =
1A + 65§U{‘° - EJ?;U; +qU*PUF =RF, 1<k<n—1,

1

1AUF + gaguf ~3

AZUF + q|UFIPUF = R},

2<j<m—-2,1<k<n-1,

: Tk Loz ;
AU+ 6521]7’51—1 — —02UY 5 +qlUE_ Uk _, =RE_,,

12(3771«—
1<k<n-1.

FEEY cs R

|IRf| < c1s(r® +h%), 1<j<m k
|ARS| < cis(T? +R), 1<ji<m—1, 2%

EREVLLE SN,

2<J<m_2a

(5.104)
(5.105)

(5.106)

(5.107)

(5.108)

(5.109)

(5.110)
(5.111)

(5.112)
(5.113)
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fE (5.104)-(5.109) HHEEE/PNEIH, X EME (5.1)-(5.3) B TR ZSHER

1 1
idyu? + zézul’ - —62 : 4 q|u1|2u1 =,

4 2 2 2 ;
iétuj?+36 2——Au +qla;|*u? =0, 2<j<m—2,
i85 03 2 2.3 - 2,3
1‘S\"u'rzn-l + 6:: 1211—1 ﬁéa:urzn—2 + qlum—1| 'u'zn,—l =0,
Ak 2 2 2,k _
lAtul+—6 ul——5 +QIU1| ul 0 lngn—l,

iAtu}‘ + = 62u§° — —Azuk 4+ q|uk12u’° =0,
2<j<m—-2,1<k<n-1,

b,y + 202k, s — o0k + aluby [Pk, =0,
1<k<n—1,

u) =op(z;), 1<j<m-1,

ug =0, ub =0, 0<k<n.

5.4.3 ESRABHOFEMME—E
31 5.4 B we i,

7 1
A(w) = (553'1111 - 1—265102) 0y + E ( 82w; — Aiwj) D
75 1
+ (65210111—1 i ﬁégwm—Q) Win—1,

W A(w) AR, B

hA@w) = —uff — "l > 2
LT gt iane T el
Hp
lw|? = h Z |6ew; 3% wlf=h Z 102w,
g=1
HERA

1
Agw; = 7(8Zwj—1 +203w; + 0zwj),

1 1 T 5 1
Alw; = *1—253%'—1 + Z 0w ﬁ5§wj+1-

— 2 2 — —
30a%i ~ 3 6

(5.114)
(5.115)
(5.116)

(5.117)

(5.118)

(5.119)
(5.120)
(5.121)
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7 1
Aw) = (6531111 = ﬁéng) Wy + Z ( 52w, 1+ = 52w, 6§wj+1> D

7
+ <_6;,2;wm—1 === 126zwm 2) Wm—1

m—1 -2 m—1

7 _ _ 1 _
=5 > (2w;)m; — 1—2 Z (63w;)Wj41 — 15 > (82w;)Dj
§=1 Jj=1 =2
m—1 1 m—1
=D (Zwj)w; — 5 D (63w;) (W41 — 20 + 1)
j=1 j=1
m—1 ) h2 m—1 ) )
== Y by - 5 Y 162w,
5=0 =1
BAw) = —twl? — ol > 2 = 2 x A =~
w) = —|w|1 12 Wig 2 h2 1= 3 1 O

EH 5.11 EHHKR (5.114)(5.121) RME—TTRRHK.
AERA (1) B9 (5.120)—(5.121) 4028 0 B LEIME «° B4 . B (5.114)-(5.116) f
(5.121) AR T 1 BE o' WEHLTEA. ZRENFRAEL

1
i—uf + = ( 82ul 1263 ;) |u [ul =0, (5.122)

i—u;+1( 62u 1—-A2 1) —|u,|2u =0, 2<j<m—-2, (5.123)

1 1 (7 q,.

1;u,1n_1 +-x (—ézu:n_l 1263 }n_g) §|u,,1_1|2u,1n_1 =0. (5.124)
0 (5.125)

A 2ha} LA (5.122), A 2ha} FRLA (5.123), A 2hal,_, FRLL (5.124), HH4 R4

n, B2

m—1

i§||ul||2 +hA@) +g-h 3 (a2l =0.
j=1
B _ERE R, HFHEIE 5.4, B
[ut?=0

H (5.114)—(5.116) F1 (5.121) ME—TFRE u'.
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(I1) ¥ w*~1, ok BEFE. WH (5.117)-(5.119) F (5.121) AIBXTE k+1 B
B ub+! MM RA. BREFRTEA

1 L (70 & k q, k2, k
1§;u1+1 +3 (—cﬁul‘"l 125325 ubtl) + §|u1|2u1+1 =0, (5.126)
(Loptt o L (4 ki Laa ka1 | Q) k2 b
ig-u + 5 36$ i Azuj + §|u1| u;"" =0,
2<j<m—-2, (5.127)
1 k k q k
i, it 4 ( S2ult — 126§ m“z) - 2| _aPult =0, (5.128)
ubtl =0, W =o. (5.129)

A 2nait 5 (5.126) A, A 2nalt 5 (5.127) A, H 2nalt, 5 (5.128) AHIR,
FRFTR&ERMEM, B
m—1
12 4+ RA) + gh 3 b Pl 2 =0,

=1

BURER, MG 5.4, B

”uk+1”2 = 0.

BRI (5.117)—(5.119) Al (5.121) ME—HHE ub+l, O
5.4.4 ESEAMETIEEINS R
glﬂ 5.5 )&Ukz(ugaulfa”' ,u,’;’,.‘)ei;h,
W) =(3 zi—ﬁﬁ?ﬁemﬁ%

- 1 k+1 _k+1

62u k3 — A2y, "’> (=6, ?)
-5 (G - o) (g
7 1
(65zu +21 12‘2 ::-22) (_5tu:z+21)

IES

1 h? h?
ko, k+lyy _ k12 . 07 k2 k2 o VT kg2
Re(hB(ut, )} = - | (1R + Tlu+i) - (1 + 5 )
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B(uF,ut) = (gaf,u’l”% = %azu’;*%) (—6,a+H)

= 1 o kt+l | T b+l 1 o k4l k+1
+E( ozu 12+65“‘uj 2 — —bju 2)(—6,51]- 2}

=2 ST 12 @79+ Y
T b+l 1 o ktd _k+3
+ (gégum—zl - ‘1_252 m—2 | (=0l )
R 2, k) kt 1% g kel k1
= (6m j 2)(—6):’!] 2) = E (52’(14]-_12)(—6{1._1,1- z)
Jj=1 j=2
12 5kt kdy 2 =g bl k+
— 15 2 (2uyd ) (=0 )+ 15 2 @auy ) (=)
=1 Jj=1
= O s NS N | = 525t _k+d
- ( ] )( tU; ) - E ( zUj )(—Jt 41 )
j=1 i=1

m—1 m—1
B+l k41 1 k+iy o, k+ _k+
= (02u;"?)(—d.a; 2)+EZ(5§UJ 2)0u(ty 7 — 20, % + ;]
Jj=1 7j=1
- s
=3 (6zu"t2)(8,6,a"F Lk} 82ut T35, (62
- $uj+1 )( t Iu]_;_%) + 1_ ( zUj ) ( zU; )
3=0 j=1

5]
Re{hB(u*, u*1)}
1 k+1|2 k|2 h2 1 k412 k|2
= g (W1 = W) + 35 - 5o (™2 = |utf2).

— _1_ |uk+1|2+ﬁ|uk+112 _ |uk|2+h_2|uk|2
o7 1712 2 1T ™ 2]

[EERTUEW T 4518,
B 5.6 W uk=(uf,ub, uk) € Un,

Cuk—1, uk 1y = (gggu’;c %531@) (—Aguf)
m—2 4 _ 1
3 G0k - o) (aad)
j=2
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UES)

Re{hC(uk_l,ukH)}

= _1_ luk+1|2+h‘_2|uk+1|2 _ |uk—1|2+h_2|uk—1|2
4r 1712 . 1T 12 2/

EE 512 B/ {uvf[0<j<m0< k< n} BRESHER (5.114)-(5.121) IR

i
Ek_l k412 h? k41,2 k|2 h? k|2 qhm—I k2, k+1|2
=3 |u l1+ﬁ|u |2+ |u |1+E|U 2 ~3 Z|ujl|uj %
=1
lE]
Juf|| = [u®], 0<k<m, (5.130)
1 h2 h2 =
S (0 + Sl + 10 + 15 10°B) — 50 3 lay Pl ?
o
— 1,012 R o2 qhm_1~202 131
= [} + 1B - 2h Y fa,P1P, (5.131)
j=1
EF=E° 1<k<g<n-1. (5.132)

iERE (1) A had UL (5.114), B ha? SRLL (5.115), A hal_, FRLL (5.116),
¥ RARm, R
m—1
i(Geut, u?) + hA(u?) + qh 3 [a2uf ? = 0.

j=1
B EXKRE, NS 5.4, B

1
o= (a2 = 0 =o,

Bp
[l = Jlu°]l. (5.133)

A hak FeL (5.117), A haf FeLk (5.118), P hak, , LA (5.110), SHHEHTAILS
R, 7

m—1
i(AguF, u®) + hA(WF) + gk Z |u§'|2|uf|2 =0.
i=1
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B _EXBRE, SFERFIATIE 5.4, B

1
(2 = %) =0, 1<k<n-1. (5.134)

&4 (5.133)-(5.134), BI1R (5.130).
(I1) F —ho,a? FeLA (5.114), Bl —hdsa? Ll (5.115), F —hoyad,_, FRLL (5.116),
Hre g5 R AR, 8
m—1

—i[|6¢u? |2 + RB(uO, u') + gh Z AR 2 'EJ%) =0,
J7=0

BB BISEE, FFAHGIE 5.5, 18

1 12 h2 12 0|2 h2 0|2 2 |2 0|2
oo (1t + 51 ) — (1% + 7503 qhz| 4, g,
ESHj

m—1 m—
W+ - g 3 Pl = 0 + o - gh Y (6Pl
Jj=1 j=

HREPA (5.131).
() A —hAak UL (5.117), A —hAak FRLL (5.118), I —hA.ak,_, FeLL
(5.119), KPR RAHM, 5

m—1
—i[|Agu¥|® + BC(uF W) — gh Y jukPuf Al =0, 1<k<n-1.
j=1

R R H353, RS 5.6, 31
1 k+1)|2 h‘2 k+1,2 k—12 h2 k—1)2
& | (04 ) - (1w + S )|
m—1
— ok 3 P — ) =0, 1<k <n-1.
=1
# L RET T

| k+1|2+h_2| k+1|2+ k|2 h_2
1[(“ 1 12'11, 2 |u 1T
27

12|uk|§ q o k2|, k+12
7j=1

h? h?
(|uk|% + 75l + R 4 Tt

m—1
12 q k=121, k|2 _
: -3 it )| o

1<k<n-1.
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550 (5.132) BROL. ]
NHEEE 5.12, i BFEER cis FHE
u*]|oo < c16, 0< k< n. (5.135)

E5.1 wRKR

A

Uy =u;0<j<m,

h2 m—1
B* = [} + 5B - 3k Y 4 Pld?, 0<k<n-1.

j=1

AR £ 5 XMAE Ly SEHCT 6 —Fhlcsiit.
5.4.5 ESRAMEUSE

EME 5.13

i <m,0<k<n} R (5.114)~(5.121) KIfR. 2

eg?zU]’?—u;?, 0<j<m, 0<k<n,

WFEFEH o7 R

lle¥|| < e1r(r® +h%), 0<k<n.

BA{UFI0<j<m,0<k<n} AR (5.1)-(5.3) BIfE, {uf|0<

(5.136)

iERR B (5.104)—(5.109), (5.112)—(5.113) 5 (5.114)—(5.121) AWR, BERET

il

o X T L 1 1 . 1

i6;e? + gégef - 1—25§e3 + gq|t1|%e? = RY,
1 4 r 1 1 1

idee? + gage; = gAge; +qla;’e? =R}, 2<j<m-2,

- 7o 1 1 5,1 . 1

i0seq_y + 653:31211—1 - E‘Sgerzn—Z + ql“m—1|2€31—1 = R’?‘n—lv

. Tan 1as : g

iAef + 55§e'f = Eégelzc +q(|UFPUT — |uf[u}) = RY,

1<k<n-1,

' 4o 1.9% p ;

1Ate;F + gdief - EA";ef + q([UJ’FIzU}c - |u_’7°|2u;°) = R}“,
2<j<m=-2,1<k<n—1,

; T & 1 z

iAgey, 1 + g‘sgefn—l - ‘1—255655—2

+q(|Uf 1 PUp—1 — lub o Pus—y) = RE_;, 1<k <n—1,

e)=0, 1<j<m—1,

k=0, e =0, 0<k<gn.

(5.137)
(5.138)

(5.139)

(5.140)

(5.141)

(5.142)
(5.143)
(5.144)
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KAMEKCERE®E
= 0<z<n_’,§ag(<t<T lu(z,t)], c13= 2 |ut(z, 0)],
li)loo < co+ 013 < ¢ + 13,

2
¥l < ci6.

(1) A he? bl (5.137), F he! Febh (5.138), i hel,_, Febh (5.139), H A R
Hin, 7

m—1
i(0e,e3) + hA(e?) + 1 Y [a;]2le?|? = (RO, ed).

=1

BX_b SRR R 512 5.4, 78
o= (€112 = €°1P) = Im{(B®, })} < 1B - et .

HEEH L =0F
1 112 0 1 1
= & 1.2 .
S lle " < IRV - S e’

S]]
le*]l < 7|1 R°|| € 7VLews (72 + hY). (5.145)

(I1) A het FeLh (5.140), FH het LA (5.141), M hek,_, LA (5.142), IHEHT
B RAEm, 18

i(Agek, €F) + BA(ER) + q([UFPUF — [u*|2uF, eF) = (R¥,eF), 1<k <n—1. (5.146)
ER3

|Uk:|2UIc |uk|2 k
=[ub[2(UF — uf) + (UF? - [ukP)UF
-—|uj| j+(e;'~°'U’“+u]eJ)U’c

X (5.146) (HIARH, FREKRLAEIE 5.4, 783
L1 = 512) + Tm{gh 3 (0% + utehyufek

=Im(R*,eF), 1<k<n—1.
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S
1
—4—1_- =
< laleo(eo +cio) ¥ - [le® (| + | BFl - l¥]
[+ + [le* |
2 )

(le 1% = fle*=1%)

< (lgleo(co + co) €| + | BF[)) 1Sk<sn—1

FRLAE S + k), 73]

1 ”
5= (I = 1e*7H ) < lgleo(co + exo)lle™l| + |BF]l, 1<k <n-—1,

B
[l€54] < le®~*(| + 2lglea(co + cr6)Tlle*|| + 27| R¥|l, 1<k<n-1
B EX, B2
max{[|e"*||, [l*(}
<[1 + 2lgleo(co + c16) 7] max{||e¥|, €571} + 27| R¥||
<[+ 2lgleo(co + c16)r max{[|e*]}, "]} + 2vVIersr(r® + hY), 1<k<n—1.
L g=0H, H
max{[[e**|[, [|e¥[} < max{|le*], [le* [} + 2V Lewsr(r? +h*), 1<k<n—1
BER
max{|[¢*"||, [|e¥]} < 2VLeisT(r* + b*) = err(r* + 1Y), 0<k<n-1.
2 g # 0 B, B Gronwall AR B

\/z615(7'2 + h4)

k+1 k (1+2|q|co(co+tec1e))T 1 0 I,
max{le e <e maxi|le ||, |e ||} +

ecr(f?+h%), 0<k<n—-1

BTG (5.136) BLAL. O
EHE 514 B{UFI0<j<m,0<k<n} HEE (51)-(5.3) HIE {uf|0<
j<m,0< k<n} R (5.114)~(5.121) KIf&. id
e;?:U]’-“—u_’;, 0<j<<m, 0<k<n,

WFEREE c1s MR

|e¥l1 < cas(T? + h*), 0<k<n. (5.147)
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iERR (1) —ho,e? FRLL (5.137), I —hd,e? T (5.138), FI —hdel,_, FRLA
(5.139), I ETRLE RAHM, B

m—

—i[|8se3||2 + hB(e®, € Z ;226,67 = —h(RY, 5yet).

PHABSEH, FRIF3IE 5.5,
1 h? h2 2 02
- | (198 Flezet1?) - (108 + Siazel) | - o Z gyl Il

=Re{—h(R°, §;e?)}

<IIBO- 18ee? .
Eﬁ@] eO = 0’ ﬁ
1 2.1)12 1 £ 0 1
o= (I + 2 ||6 1) <he o Z 25 P1eb? + 2B - e,
G

m—1
et E<h Y lag[Ple|® + 21RO - 1€
j=1

< (co+c13)?|le'|1® + 2| R - Il
< (C() e 613)20%7(7'2 -+ h4)2 -+ 2015\/E(T2 -+ h4)617(7'2 + h4)
= [(co + €13)%c2y + 2V Leiserr| (12 + B2, (5.148)

(1) B —hAes LA (5.140), F —hAges FbL (5.141), A —hAek,_; FeLl
(5.142), B ERAM, B
m—1
— il Age¥||? + hC(eF ™, eFT1) — gh Y (IUFIPUF — |ubPub) At
j=1
— (R¥,Ae¥), 1<k<n—1.

LS, SRR 5.6,
2 2
i (108 + Tl B) = (R + i) |

m—1
=gRe {h > (UFPUf - |u§|2u§)Ate§} + Re{—(R*,Ase*)}, 1<k<n-1
j=1

(5.149)
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M (5.140)-(5.142), AT #8
—1
qRe{h Z(|Uk|2Uk |u’“|2 k )AeY }
j=1
m—1 B
=qRe{hZ ([UFPTF — |ub|at 7)) Atek}
=1

m—1 B _
=qu{h S (UHROE - |uf|2ﬂ§)iAte§}

Jj=1
o _ m—2 . B
=qh1m{(|U{°|2U1’“ — ubPaF)iaet + 3 (UFPOF — fubPab)ined
j=2
(l 1|2 |um—1|2 1)1A1te }

} 7
=thm{(|U1’°|2U1 [k |2k [R’f—(gzﬁ. 12<5§;’2°+q(|U{“|2U1 |ub 2 ))]
-2

m—
+ |Uk|2 Jk k|2a;g) [R;c _ ( 52 k _ _A‘Z k —+—q('Uk|2Uk |uk|2 k ):l
Jj=2

+(UE 1 1PT)_ — u m—llz TUpy—1)

(R - (Go2ek s - itk s +aUhLPUE - bl |}
ki27k _ Loki2-ky ok [ T2k L 2 &
= ghlmq (|UY|*UT — |ui|ay) | Ry — 65z61—ﬁ5z32
-2

- - 4 - -
+ Z (UF 105 — |ufPay) [R;? - (§5§e§— %Aie;?)]

- x 7o
+(|Uk—1|2Ur]1€'L—1 - |Ufn—1 2“57;—1) [an—l - (i‘iégefn 1 125£ Ifn 2)] }
Scio(le*TH 12 + 1|1 + le* 1% + |eF 12 + |eF[3 + 5113 + || R¥(12),
1<k<n—1. (5.150)

LT (5.87) HEFATH

k

D (R, Aet)

1 1
< —IR*|l - [k (| - —||R*~1|| . ||eF
> <o I RH - e+ o BE) - ek
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k—1

+) AR le'll + 5~ ||R2|| lle*]l. (5.151)

=2

4 (5.149) HE k ¥ 1, I 1N 1 B & KA, BRA (5.150) # (5.151), B
| (108 + ek 1ot + )
= (1t + Bl + o + e
<3 cuoe P+ e+ =27 + 1+ [l + e+ R
l=1
4 R €54+ o RE2) -]

+Z”AtRl” le'll + 5= ||R2I| le'll, 1<k<n—1.

EEE

2\ B¥ - [l < £

3 L? 1 L2
< 12 + —IIR*|1? < s1e*} + = | R¥|1%,
3 2 3
- 3 - — 1 2. s
2| R*1|- fle¥ < ﬁllekll2 + 3I|R'° PP < 5|e’°|? + ?llR" HiZ,
PAR (5.110)—(5.111), (5.136), (5.148), SIFELEH S 10 1115

k
e 12 < ClgTZ le'? +cro(r? + A2, 0<k<n-1.
=1

B Gronwall AERA 2
le¥|f < e°T - c1g(r? + B2, 0<k<n
PaFTT, B
le¥]1 < e T Jeg(r? + %), 0<k<n. -
HE5IE 1.1(b) ATE
VL

VL
||ek”°° < T|€k|1 < 7018(7'2 +hY, 0<k<n
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5.5 /INgERIEH

KEN—4% Schrodinger FEFIAERBRBRIYL T =EANESER, FHFETHER
BiR 1.

BANESRAR_BIEEEEN R IEH T 2082 H /R
T, 4 H T EMEBE TG H Browder EEIEH T Z 0 R ARNFEE
#, BB T Z 0B ME—, B T ESRBELHTE T X TP KNZ
B KB - — M T8, AT/ [9], [31].

BANAEMBIRBEAEMRIBVR=ZEREMES K. ERATENHK
A E R TIER, £ TEMEXBKLTEMAT. IEH T E0 %A
— A AR A St

BEANESHIRLE [1) M 6] TEMEM EMURBERN. FICBILKE
“RgEENMEN. XERMNBUMER=ZBEENEMER.

FEH. BHERIEIL [7) HX} Schrodinger HREIN T Bk BH =01
AHN=ZBRULEHES .

X [22], [31], [32] #B#EA Schrodinger HTRAKIEN 5.

X [36] WFL T =4 Schrodinger 772 ARG A R B E 5 T E.



$#6E Kuramoto-Tsuzuki FERNENFHE

Kuramoto-Tsuzuki 72 (19 R T 706 R HEB AN L AT A RE, B
PLE AR Ginzburg-Landau HEK—%HER. REHIHT—% Kuramoto-Tsuzuki
2 Neumann A FHE R BKESFiE. 8 8 ERFIT -4 Ginzburg-Landau 578

Dirichlet 31 58 ) B i 2 4 7 ¥

6.1 38| B

AEHF Kuramoto-Tsuzuki 5 FEHIIA{E & &

ug = (1 +ic1)ugg +u — (1 +ic2) Jul?u, 0<z<L, 0<t<T, (6.1)

u(z,0) =¢(z), 0<z<L, (6.2
us(0,8) =0, ug(L,t)=0, 0<t<T (6.3)
(L) =

RAERRES FE, HH o) B ey HEEE, o), u(z, t) ARERE, 0.(0) =
0. WAL H M (6.1)-(6.3) MRAIETHR.
&’ f(z) e Cl0, L], i

IFllo = /lf z)lede, (£l = lI£ll2-

BEAh, HIR £(2) € CU0, 2], 30
3 7
fh= /0 |F(@) 2d.

gIE 6.1 ii 81 ﬁ\: 52 7&%4\4kﬁ ’*-&; f(.’l?) € 0[07'[’]’ 81 < 82, 6 e (Oal)a 91']
]

0s1+(1—-06
1f lgot s mgrer < ILAIGE « 1 £IE =22,

iERR  NHSRAH) Holder A%, B2

L
fs 1-0)s s —0)s
1916580 = [ @t a-nends
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1-6

1 & L .
U (7)) ] [/ (|f(9«‘)|(1-0)”)md$]
Fe 1-0
=[/ |f<w)|"d’} [/o |f(w)|”d$]

= || FlIge - NANG 0=
#it 6.1 sHE&EH f(x) e C0,L) Bp>4, &

p—2 = ﬂp—_—zq
1A= < 1A% - A1
1£15 <7152 - 1715655,

3 6.2 xHE&4 f(z)€CHOL] B p>2 NA

P

IF1% < ||f|| - lfht = ||f||.§-
R ®Oo<y<z<L WF

1f(=)|% - |f(y)|?

z 4 &
= [ sy
0 [* 405D
=4 [ s S
L
<2 [ o D]

I |f<s>|p—zdsr ([ Cueys]
[/ 1£(s |P—2ds] -[/OL|f'<s)|2dsr

Ilfllp_z | £z,

t\DI"U NI’G

By
|f(z)|% < —||f||,,_ Afl+ 1f )5
ERXM o<z <y < L HBRBIK. ¥ ERXET y 7 [0,1) ERAEE

LIf(@)[E < ZLIFILE, - 171+ 1715
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Bt

y L]

g _p ] 1 2
I£l% < S1fllpZ2 - £l + 211l O

E 6.1 AE3E626ERAY, AMNKFTLTFXAL

L L
| [gtren] as= [ (reres.
bk f() € CU0, L) B [0,1] ERATHARE, M EXRHLH,
3138 6.3 E&H Fe O 0,L) AAE¥ K k247

1£lls < 5 (F12 - 1F12 + 1£1), o=

1
2 p’

p22.
Em
L P 4 L P
915 = [ r@Pde < (max 1F@D)? [ 1@13do = 171E - 1715,
RIFA5I%E 6.2 3]
1712 < (gnfnf:; Al + %nfui) 115
F RIS 6.1 @3]
1718 < (gnfu»—fn FEED -+ A1 - 515 ) 17152 - 1155,

)
17157 < BIAIEE <71 + 17155 (6.4)
ERFH a>0b>0,r€(0,1) HARER
(a+b)"<a"+0".
i (6.4) 183
191, < (217181510 + 205 | 7 < (B) AP== 1A +L0UA1
T 6.1 | u(z,t) b (6.1)-(6.3) KRR, WE
/ @ de < Hplf, 0<t<T, (6.5)
0
& C
/ |ug(z,t)|* dz < €8t (|<p|f + —4) , B<tLT,
0 C3
ok

o= (14+) K2l cu= e pl? + (1 +) K2PT[p]’.  (6:6)
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MERR (1) A @ 3RLL (6.1) WIREIL, FEXF = A 0 B L KR4, B
/0 " il (L4 oy} ]0 " i = /0 ¥ luPdz — (1 +ic) /0 “ufds. (67)
HaHR AKX, HFA 6.3) B
— /OL Ugelide = —uz |y + /OL lug|?dz = /OL |uz|*de. (6.8)
X (6.7) BFILEEH, HFIA (6.8), B

2dt/ |u(z, t)|2d:c+/ |ug(z,t)| dx—/ |u(z, t)| 2d:z':—/ |u(z, t)[*dz.

ZI, ﬂ t (lﬂ < (' .‘1 l (]ﬂ t< 1

B Gronwall A~ %ﬁ‘.,

L z L
/ [u(z,t)|?dz < ezt/ [u(z,0)|%dz = ezt/ lo(z)|?dz, 0<t<T.
0 0 0

1-1—1101 @, FLA (6.1) IR, FHXt = A 0 Bl L KR4, B

1t o 1 [t 14ic, [*
dz— ude = urde— Zuagdz. (6.
TTie /0 |ug|” de /0 UgzUrdT iTio /0 uitde 1+io /0 |u|“utdz. (6.9)

HAMRF AR, HFA (6.3), B

(I A

L L L
+ / UpUgrdr = / Ug Uzt dT.
=0 0 0

XF (6.9) PILECEES, HAAH LK, B2
1+cz/ |Ut|2da:+§ —/ |ug|?dz

0 1+1C2 2
= e{1+i01/ uilzdz T+ie, / |l uutdx}

1 V1 +c2
[ll| - [|ze]| + 2 IIIUI2u|| [l

L
—/ Uge U AT = — Uz Ty
0

<—
V1+ ? A/1

1 2 2 1 2 1+ C% 6

<30 0+ 3) lloae|* + 3 ||U|| 201+ 3) [Jue I + l[ulle,
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B
d L
E/; |ug|?de < Jlul®* + (14 c3) |ullg, 0<t<T.

NMAERE 6.1 RAER (z+19)° <252 +48) (HH 2,9 >0), B

d 5 1 6
SO < O + 1+ ) [Clut, 1, O + e, 9]
< JluC O + (1 + )28 ([lul, Ol )1F + llul-, t)11°)

< e®|loll? + (1 + c3)w®2° (e*[loll*lul-, t)IF + e*[l]|°)

= (1+3)r%2% ||l e*[u(-,t)[F + €*[l® + (1 + 3)x°® - 2°|| ]| %€®

< (1+ k2ol *e T [ul:, t)[F + e [lpl® + (1 + G)r%2%||p]|%e®T

=calu(t)[}+cs, 0<tgT.

i Gronwall AR, 53

lu(-,t)|? < et [|u(-,0)|§ + C—“] , 0<tgT. 0
Cc3
B EREBM, FEFEH o R
lu(,t)lloo <55 O0<ELT. (6.10)

6.2 ZRIELMEI N

6.2.1 ENEANAIEIL
TR (z),tiyy) REBITRE (6.1) TR
Ut($j,tk+%)=(1 +icl)uzz(wj’tk+%) + “($j>tk+§)

, 2
—(1 +ie)|u(j, teyy)| ulejs ter ),

0<js<m, 0<k<n-1. (6.11)

N RS EM S A B

k+3 . K+ | o k+d . ko ktd | pktd
8U; 2 =(1+ic1)02U; T + U2 — (1 +ico)|U; 72U Y2 + RS,

1<j<m-1, 0<k<n—1, (6.12)
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BRFEEY c F5
IR E Coo(r? +h2), 1<j<m—1,0<k<n—1 (6.13)
XA (6.1) BAXRT « kT, &
Ugt = (1 + i€1)Uggz + Uz — (1 +ico) (2]ul?us + vts) .
RE AL 54 (6.3), 733
Ugez(0,t) =0,  Ugza(L,t) =0, 0<t<T. (6.14)
M (6.3) 1 (6.14) R FIHE 1.2 W18
g (0, £) = % [u(z1, ) — u(wo, )] + O(h2), (6.15)
o L 1) = —% (@, t) — w(@m_1, )] + O(h2). (6.16)
TR
a0, b §) = 5 [ 0, 84) + a0, b)) + O(r?)
-2 [%(U{“ ~UE) + (U U§+1)] +0(r% + h2)

k
1
2

=%6$U 2002 + 1Y), (6.17)

1
Uz (Im, tk+% ) = E [Uzz(mmv tk) =1 Uzz(wma tk+1)] + O(Tz)

1 2
~5 [~ h - VA - RO - )] + 0 4
2 1
=—56wU:f% +0(7* +1?). (6.18)

7 (6.11) HRCH (6.17)-(6.18) AT
Ui =(1 +ic1)%amU§+% +USTE — (1 +ic)|UE TR PUETE + RETS,
0<k<n—1, (6.19)
U E = (1 +icy) (—%%Ui‘i) FUEY _ (1 yicy)|UETE PURHE 4 REFE

0<k<n-—1, (6.20)



6.2 —EIFKHESER » I3

BHFERH o 4
]RS**] <cr(r?+h?), 0<k<n—1, (6.21)
|an+% <cr(r?+h?), 0<k<n—L (6.22)
7E (6.12), (6.19)—(6.20) HFEEE/NEI, HEBIFMELRM
Uf = p(e;), 0<j<m. (6.23)

Xt (6.1)—(6.3) I T E2HA

1 2 1 1 12 1
6tug+’ =(1+ icl)ﬁézuz+§ +u’5+2 — (1 +1ie2) ’u§+"’ ug+’,
0<k<n—1, (6.24)
1 1 1 12 1
Jtu§+’ =1+ icl)éiu?'; + u;+; — (1 +ic2) |u§+2 u§+2,
I<j<m-1, 0<k<n—1, (6.25)
i 2 1 1 12 1
5tu1’:;+’ = (1+ic1) <_ﬁ zuf:_’%) fum? - (1+icg) 'uf:’ ufn+2,
0<k<n—1, (6.26)
u? =p(z;), 0<j<<m. (6.27)

6.2.2 ESRIABHEFEN

ZAHA (624)-(6.21) R—MRLHEM X H & BNE o O
i, THRERRXTPHME (v 70 < j < m) WERRUHTELM. LRE
{uft¥10<j<m) W, H

k+1 _ o k+3 K
u; —2uj ug,

0<jsm
EHE 6.2 E4HKN (6.24)-(6.27) FFEERE.
iERE  ZE4# (6.24)-(6.26) THE—FH

2

1 1 1 1 1
6tu;7+’ =(1+ icl)dgu;"" + u§+’ — (1 +icy) |u§+2 u;H",
0<j<m, 0<k<n-1, (6.28)
Hr )
Eézu’%7 i=0,
1 ;
Gui=1{ 1 (6auj4y — 5xu,-_%) . 1<j<m—1, (6.29)
2 .
“_Jzum_%v j=m
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® ot BEFE. 4
wi=uitI, 0<j<m
M (6.28) ATB X
% (wj —ub) = (1 +ie1)82w; + wj — (1 +ico)|wj|*w;, 0<j<m. (6.30)
SEX T(w) : Uy, — U,

I(w;) = % (wj —uk ) (1 +ic1)é2w; — wj + (1 +ica)|w;|?w;, 0<j<m.

PRI ((w), w).

[(w, w) — (¥, w)] — (1 +ic1) (63w, w) — (w,w)
(1 +ie2)(Jw|?w, w).

(M), w) = 2
+

EEE

m—1
—(82w,w) = —h [-(5211!0 Yo + Z(&zwy)wJ + = (6 Wy )W ]
g=1

g=1
m—1 9
ZhZ 61-’wj+1 ’
=0
#
Re(TI(w),w) > > [(w,w) ~ Re(u*, w)] + [uf} — ]
> 2 (ol ~ ] ||w||) ~ ol
=227 (1wl - 2= 1) o,
%<2, Bl = 5ot Bt

Re(II(w),w) > 0.

H Browder EH (EH 1.3) 41 (6.30) FF7EMR. O
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6.2.3 ESRAMBEIRE
i

Sl 64 Ko Ao RAMEARHK 0€(0,1), FEEH ueclh, H

fs1+(1—6 -0
lullpa i Zger < luf§2r - flull G022,

iERR  NASRAE Holder AER, 53]

0s1+(1—0)s2
l[llggy+(1—6)s2

m
— 0s1+(1-0)s:
=h Y wjlug|?or+(-0)
j=0

] 1-6
thJ fus|***) ] lhzw fug =022 =7 }

VAN

. hiwj(lujl"‘)jl 'lhiwjﬂuﬂu)}

L 38
= llul - Jul 0. :

#it 62 EEFHucl, Rp>4, F

ullZ=2 < 7 - Jullp®
Jul§ < 2 - ) 2875,
Sl 6.5 sHMEEM uely B p>2,
lull& < pllulli=; - Jul: + —nung

iR WNTEEI0<ISm-1), F#E & T |u| M |uy | 20, 8
el = ful = 567 (uuea] = ).

eS|}

sl =l | < 2 (w8 + 57w | =

=
2
12—7(|'uz+1|g -1t |’l.Lz|2 )'ul_,.l = ull. (6.31)
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® s> j, NF (6.31), F

sl — Jug| %

s—1
=Y (luga|?® — |wl?)
1=
s—1
<Y g [lul+1|§_1 + |ut|g_1] g - uz‘
=
—

=hz

=5

[|Uz+1|}’:_1 + |Ul|§_1] 8oy

|3

< pllullZ; - fuls.
ERR 5 < WRBILH. BT
uel® < plullZ; - ful + g%, 0<s,i<m
# ERTL huy, HAE 5 M 0 B m KA, B
Lu% < IplulyZ; Juls + Julf, 0<s<m,

5%

lul& < pllulfZ - ful + —IIUIIz

S5 6.6 sHEFEM uecly K

lullp < & (lull*=lulf + lul), o=

FF k= max{p*, L=}.
ERA

B =
-

v

||u||*’—h2w1|um oax |uj|% - thJlqug lunwuuuz.

NG 6.5 53
llullp < (pllullf_‘;luh + %uuu‘g) -
HNA#ER 6.2 43
ully < [pIIUIIP “IIullﬁlull + —||u|lv ’||u|[2: ’4} |u||;’;-z-||u||§?53—3

4)
[pllullp ?|ul1 + —llullp }Ilullp"" ;
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Bp
ull3™ < pllull ¥l + —IIUHP_-’ (6.32)

HEERY a>0,b20,7r€(0,1) HEARFERX
(a+b)"<a" +0b".

i (6.32) 152

Jull, < mmﬁ%Mh+%mmf{’p<pwwwﬂmw+LﬂWML o
KT 6.1, %?%ﬁ%iﬁ (6.24)—(6.27) HIRE W T 418

6.
EE 6.3 | {uf|0<j<m0<k<n} BREMER (6.24)-(6.27) KR, H
lu*)l < 3T, 1< k<, (6.33)

uk[?  edesT (|U0|? + 2_9) , 1<k<n, (6.34)
8

HA o5 = (1 + 2)r024e5T |04, co = %e3T||u0||2 + (1 + G2)RO249T [[u0] 5.
iR () A ubt: 5 (6.28) fERIRR, 1
(5tuk+%,uk+%) =(1+icy) (Jguk*'%,uk"’%) + (uk"'%,uk"'%)
— (1 +icy) (|uk+%|2uk+%,uk+%)
= (L ie) R 4 w2 = (1 +ieg) (Jub*h 4, 1)

Xt EAPHELE, B2

o= (1P = [uf?) = —hub+ 32 a2 — (jub*14,1)
<Iluk+%ll2<(wz—+”1ﬁ”>2, 0<k<n—1,
B
(1——)Iluk“ll<(1+ )Ilu’“||, 0<k<n—1.
%7 <2 h

i+ < (1 + §T> l*), 0<k<n-1
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I+ < 3T, 0<k<n—1,
1 4
5 surts 5 (6.28) AT, &
— 11

1 k+1 5 o k+d 2, k+1 s k+d

__ 1 ki 5o k+d) _ 10 (1 ki102 kil oo ktd
i () L2 (P ).
Xt BB EEE, A3

1
R+ o (W - )

1+—c2”6tu

i
[+ - oA + YL b it

=
\\/1+ 2 Vit &

2(1_41_)”&”1&7“2 ||uk+%”2 2(1—+c%)“5tuk+§”2+#”uk+%“g,
0<k<n—-1.
NF5I2E 6.6, 2
o (W1 — [ R)

< Sttt + LG peee

S s e (VTN TS T |

< gl + %ms (Caid i S Masi OB (6.35)
B (6.33) AT40

k) < 2T, 0<k<n-1, (6.36)

# (6.36) R (6.35), B3]
1 "
;(Iu"“lf—lu 3) < eslu**7|% +co

Cg
< 2 ('“k+1|% + Iukl"{) +c, 0<k<n-—-1,

17
(1 —cg7) [ub2 < (14 ca7)|uF|2 4+ 2¢om, 0< k< n—1.
z 1
é CgT < 5 Wa

[+ < (1+ 8es7) [u¥} +3cor, 0<k<n—1.
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B Gronwall 7%=, &

[uk+1[2 < edesT (|uol¥+z_9), 0<k<n—1. a
8
HEH 6.3 K5I 1.1 \IMBELERES c1o H45
[4¥lloo < €10, 0K k<. (6.37)

6.2.4 ENHAMBME—4
EHE 64 Hr<2/(1+4/1+3 ) B, 4R (6.24)-(6.27) KR
iERR  HIREE 6.2 MAEBIE AR A 4 R EER (6.30) FE7EME—ME. ¥ (6.30) BH
f# {v;|0<j<m} R
% (v; —uf) = (1 +icy) 62v; + vj — (1 +ic2)|v|®v;, 0<j<m. (6.38)
i (6.37) &1

|wlleo < €10, ||l < c10-

,Q.

zj=wj—vj, 0<j<m,
# (6.30) #1 (6.38) HIWR, 78
2 2 . ;
~%4 = (1+ 161)622]‘ + 2z; — (1 +1icg) (ij|2wj - |'UJ'|2'U]') , 0<j<m.

R = 5 EXERR, B

%Hz”2 = (14ic1) (622, 2) + (2,2) — (1 + ico) (|w[*w — |v|*v, 2) . (6.39)
TE3
1w [Pws — o3 P05] < (sl + [o31)? [ws — vj] < 4edoz1,
g
|(lw[Pw — [v[?v, 2)| < 42|22 (6.40)
F5h
(822,2) = —|23. (6.41)

7£ (6.39) PIIABUSLHEE, HAUH (6.40) M (6.41), B

2
—l2l1? = =122 + 1217 + /1 + & - 4coll2?
< (144148 &) 117,

%, <) (1+4\/1+c% c'{o) B, [12[|2 = 0. O
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6.2.5 ENRAMeOUEYE

= 6.5 W {UF|0<j<m0<k<n} HEM (6.1)-(6.3) KIfE, {uf|0 <
j<m,0< k<n} AEFHER (6.24)-(6.27) KIfE. &

ef=UF—ub, 0<j<m, 0<k<n,
MFLEER o1, 5
|e’°|1 c11 (T + h2) 0<k<n. (6.42)
iERA K (6.19), (6.12), (6.20), (6.23) 1 (6.24) —(6.27) FHIK, WRREHRA
ey ™H = (1+ier)a2ef T+ € — (L ica) (U AU TR — A )
+REYE 0<j<m, 0<k<n—1, (6.43)
e9=0, 0<j<m (6.44)

B (6.10) FEHH s FH
|UF|<es, 0<j<m, 0<k<n. (6.45)

H (6.37) f (6.45), A

2|2 7 _ 2
“Uk-f- |Uk+ | l2 k+3
.7

k+% k+3 k+3 k+%
(10572 + Iy ’)I% P

<
< (o5 +cr0)’Jes 3, 0<j<m 0<k<n-—1 (6.46)
(1) B ek+3 5 (6.43) YERM, FFEUEH, B
1 2 2
o (eI ~ fle*1”)
<P+ 4 1 G e+ o) e+ P+ RS- e
< [+ /T Gles + cao)?] 4[4 R 53], 0<k<n—1
H EXAE
(e = ek < [1+ 1+ eBes +eno)”] [l +2 | + | R4+

0<k<n—1 (6.47)
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i (6.13), (6.21), (6.22) 40
|R*%| < VL max{ce,cr} (r* +h%), 0<k<n—L (6.48)
H (6.47) Al (6.48) 4
1
{1 ~3 [1 +4/1+ c2(cs + 010)2]7} ||€k+1||2
1 k|2
< 1+§[ 1+02 65+Clo J7 ¢ lle¥|l
+ vV Lmax{ce,cr} (T + h?), 0<k<n-—1.
o 1 1
= | E[\/1+C§ (cs + c10)?]7 < 3 i,
3
e < {1+ 500+ /14 G (s a1t
3
+ ix/Zmax{cs,q} T(r*+h?*), 0<k<n-1
B Gronwall AR, B3|
||ek||<e%[1+\/1+cg(65+810)2]T‘ \/Emax{c6,07} (7'2+h2)
1+ /142 (e5 + c10)?
E=T i) (7'2 + h2) y 0< k <n (649)
1 4
() f ;= 8e**3 5 (6.43) ENR, A
— i1
k+i2 _ (52 k+3 k+3
e LG (2ek+E, gt 1)
_ 1 ki s k3 _ 1A (okilio kel | kbdi2, k) s kel
_1+i61 (6 Z, §se 2) T4, (lU 2|U 2—|u 2|u 2, §se 2)
! k+3 5 okl
e (RE+E, 5kt E).
BUSEHE, B2
k+3 (2 1 k k
T e+ g (1 — 1)

_ 1 k+1 5 k+i
—Re{l-l—icl (e 2, dte 2)
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n Re{ 1+ 102 UR+3 PURtE - luk+%|uk+%’5tek+%>}
1+ie;

k+3% k+3
1+161 R Ot 2)}

1 1 2
leb+3 |- o™+ 4] + Y2 (05 + 10)? [l"+ | - (16" |

&

+

SVI+E Vit
1 1 1
+ IRE+3 || - | gk 3|
Vit
SR TS VN VLN P W T
T4(1+c2) 4(1+c§)
+ (14 3)(cs + cr0)*[|e*H 5|2
1 k+32 4 Ly getd g2
R TS <k<n-1,
+ g 1 I+ nR 32, 0<k<n—1
Bp
1 1 1 1
o (€571 E — 1e58) < [1+ (1 +B)(es + eo)] [l*F 3% + S| R¥2)12,

1<k<n—-1.
i (6.48) 1 (6.49), 7

1
o ("1 = [e*[7) < [1+ (@ + D)(es +cr0)*] (72 + 1?)?

2T
L 2, 12\2
+ 2ma.x{cﬁ,&,}('r +h%)?* 0<k<n-1,
B
le¥T12 < |e¥2 + {2 14+ (1+c3)(cs + 010)4] ¢35 + Lmax{cZ, cg}}f (7 + h2)2 ,
0<k<n—1. '
gLk 2|

le¥|2 < {21+ +c3)(es+ c10)4] 2, + Lmax{c§,c3}}T(r* +h*)?, 1<k<n.

a
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6.3 =R&HHEIHENX

6.3.1 ENRAMEI
LR (zj,tr) RERBHE 61) F

ug(zj,tk) = (1 + i1 )ugs (75, tk) + w(@j, te) — (1 + ica)|u(z;, te) |ulz, tr),
0<ji<m 1<k<n—1 (6.50)

NRABEHD AR, 550

AUF =(1+ic1)02UF + UF — (1 +ico)|UFPUF + PF,
1<j<m-1, 1<k<n—1, (6.51)

BREAEEH o 4
|Pfl<ciz(r*+h?), 1<j<m—-1,1<k<n—-1 (6.52)
B (6.15) M (6.16) FJ &

1
sz(wo, tk) — 5 [uzz(wa tk—l) + ua:a:(wm tk+l)] + O(Tz)

- %‘MJ; +0(7* + h?), (6.53)
1
Uza(Tm, k) = 3 [tz (Tms th1) + Uz (Tm, tes1)] + O(T2)
1 2 k—1 9 2 k1 5 3
2 h m—3 A i
- _%5$U§1—% +O(r* + h?). (6.54)

Xt (6.50) 1 j =0 KIHENA (6.53), j =m KRN (6.54) 745
A _
AUE =01+ icl)ﬁaxug + U - (1 +ico)|UEPUE + P,
1<k<n-1, (6.55)
AUE = (14 ic1) (—%azU,ﬁ_%) +UE — (1 +icy)|UX |2UE + PE,
1<k<n—1, (6.56)
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FERY cu, FH
|P¥| < cra(r®> +h%), |PE|<cua(r®+h?), 1<k<n-1 (6.57)
B (6.1) M (6.2) AT

ur(@,0) = (1 +ic1)@za(z) + p(x) — (1 +ic2)|(2) P ().

Bl
U} = p(z;) + Tus(z;,0) + PY, 0<j<m, (6.58)
FEFH o R
|IJJO| S CI5T2a 0 < J < m, (659)
63;})]0_'_% L5 6157'2, 0 < ] <Sm-— 1, (660)
FEEBME R
U =op(z;), 0<j<m. (6.61)

7E (6.51), (6.55), (6.56), (6.58) HFH&Z/NEIN, X W& (6.1)-(6.3) AWM TF=F&
Ptk =R

Auf = (14 icl)%éxu'—; - ué -1 +icz)|u§|2u§, 1<k<n—-1, (6.62)
Atu;?:(1+icl)5£u§-°+u§9—(1+icz)|u;? 2,“;9, 1<j<m-1,1<k<n-1, (6.63)
Ak =(1 +icy) (— % zui_%>+u;’§1—(1+icz)|ufn|2u§’n, 1<k<n-1, (6.64)
uj = p(z;), 0<j<m, (6.65)
ujl- = p(z;) + Tus(z;,0), 0<j<<m. (6.66)

6.3.2 ESEAMANF N

EE 6.6 B {uf|0<j<m0<k<n} HEMER (6.62)-(6.66) HIFE, N
FEEH o6 B8

[u¥]loo € c16, 0K k< 1. (6.67)

iERR  H (6.65)—(6.66) SIFFEEH L c1r

[ < e, [0 € eary (6.68)

u'll 1z, |utls < e (6.69)
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AR (6.62)-(6.64) E—F R
Ak = (1 +ie)02uf +uf — (1 +ico)[ubPuf, 0<j<m, 1<k<n—1. (6.70)
() A uf 5 (6.70) e AR, RBELH, 4

1
7= (12 = fu*=12)

4T
— [0+ PP — (P, o)
<[
k+1 k=11 2
(LAY g,
TR
R e P (P Y el IR R PR X
. 1 ¥
Hrg 3 B, AT 4%
[+ < 14+ 37) Y, 1< k<R L.
B, 7

¥ < 1+ 37)[§] max { ||u!||, [[«°]|} < e? max {||[ul[|, [u°|}, 0<k<n—-1

FE 32 (6.68)-(6.69), A/

Ilu"llse% max {|[u°, [u']l} < c1re™T, 1<k <. (6.71)

Atuk 5 (6.70) fERAR, BZ

% 1+iC2 %
k k k|2, k k
(u,Atu)——l i61 (|u|u,Atu).

(ID) )ﬁ

k|2 2,k kY
1+1 1 Agu* )2 - (5mu,Atu)—1+icl

EXJ::EQE‘J&’I%B ®

1 =
JAwH? + £ (W — =2 2)

1+2

B 1 _ltic (o R k

_R£{1+ic (u,Atu)}+Re{ —1+i1<|u|u,Atu)}
1 \/l—i-c2

< k A k +¥Y_T2 2 k2 k A k

1
< A k(2 = k12
\—2(1“%)” |7 4+ S+

1 1+c2 i
2(1—+c';’)“AtUkH2+ 2 e,
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B
o (W = =) < S+ L8 ke[, 1<k<n-1 @72)
B Young AERAE
b #uf? < Slule + 5.
FAIRSIE 6.6
o

2 6 Ll %
< gl fls + 5l®lls
2 1 2 6 1 =1 T2 = \6
< gn‘*(luklf (I3 + )+ gﬂs(luklf 1 + )
2 2 4 6 1 £ = i
< 002 (W7 )+ lu*|°) + 5m02 (oS- o)+ 1F°). 673)

# (6.73) fRA (6.72), HFIH (6.71) MELEFEE c1s 5

1 2 _1i2
L (st - )
~12
< cis (Iukﬁ + \uk’1> + c18

k|2 k+1|2 k—1|2 k|2
u + |(u u + |u
< s (I Il l ll I |1 | Il

)+Cls, 1<k<n-1,

Bl

kl% £ |ulc+1

2 k—1|2 k|2
(1 _20187-) |U 5 |1 < (1 +2618T) w

3 +2c187, 1<k<n-1.

1
X 2187 < 3 B,

[u*]f + w1
2

B Gronwall AEXFHEER] (6.68)—(6.69), 33

Iukﬁ + I’U,k"l'l % < e6c1gT (I'U-O % + |u1|% + l) S eﬁClsT (C%-{ g }_) , 0 < k <n-— 1.
2 2 2 2

(6.74)

(II) | (6.71), (6.35) LA 53 1.1 &1 (6.67) AL O

W + |uk R

< (1+ 6c187) 5

+3cig7, 1<k<<n—1.
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6.3.3 ESEAMHFFEMEMME—E

EE 6.7 E/MER (6.62)-(6.66) RME—TIMRK.

iEBR  H (6.65)—(6.66) &1 u,u! ME—HE.

W uk1 ok BFE. MH (6.62)-(6.64) AIEXT o MERMHEL. XBE
MR T TR4

1

—uftl = (1+ie1) hti«,,.ul+1 - ;u'g“ - % (1+41ic2) |u0| uftl, (6.75)

1 2,41 1 ket : k|2, k+1 .

7Y% =3 (1+ier) 0zu; ™ + Y —5 (1+icg) |uj’ u;7, 1<j<m—1, (6.76)
=

1 1
—6uf ) + Zuk — (1 +ico) qun|2ufn+1. (6.77)

1+i01)(—h53 ol 5 Um 2(

i %mgﬁ FELL (6.75) RO, i haly* L (6.76) BB, A Shaks FeLL
(6.77) HIWHIL, MREH G RAR A

1
el

1 . 1
= —5 (1 +ien) [k + 2 [t

1 ' m—1 1
~3 e [ b o+ 3 b+ L ot '”f"+l'2] |
j=1

PRIABUEHE, 2
1 2 1 2
o= [k == 5 a2 + ||u’°“||
1
T3 [ Jub|* |u*|* +ZIU’°I 2+ 2 | i‘nl]
7j=1
1 2
< Lk
Hr< i,
[u**]| =0,
Bp
Uk+1=0.

BT (6.62)—(6.64) KT ubt! RME—TRTARH). O
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6.3.4 ESEMAUHE

EE 6.8 W {UFI0<j<m0<k<n} REM(6.1)-(6.3) KRR, {uf|0<

i <m,0< k< n} BRESER (6.62)—(6.66) IR, 2
eh=UF—uf, 0<j<m, 0<k<n,

WFAEHH c19 BB

|e’°|1 < cig (T2+h2), 0<k<n.

(6.78)

iERR ¥ (6.55), (6.51), (6.56), (6.61), (6.58) #KIK5 (6.62)—(6.66) MWK, iR

ENEA
2 = . = =t
Aek =(1 +ic1)ﬁaze’; +ef — (1+icp) (|U(;c|2 of~ |u§|2u’5) + P,
1<k<n-1,
Al = (1 +ic1)636§° +e§? — (1 +1ic2) (|UJ"°]2 U}-‘ - |u;°|2u;°) + P,
. 2. & i
Atefn = (1 + lCl) (—ﬁ&,efn_%) + efn
—(1+ic (Usz— AR K E=
2) (|UE|"UE = Jub |"uf, ) + PE, 1<k<n-1,
e9=0, 0<j<m,
1 _ po .
ej—-Pj, 0<jsm.
K (6.79)-(6.81) £—BH
Avel=(1+ici)2ef + ek — (1+icy) (|UF[*UF — [ub|* uf) + PF,

i (6.82)—(6.83) A (6.59)-(6.60) 12

”eOH =0, ”61” < \/EC15 (7’2 + h,2) :
“60”1 =0, \elll < VILes (T2 + h2) .

1 (6.10) F (6.67) %0
UF| <es, |uf|<ee, 0<ji<m, 0<k<n

AN

2 E 2 r 2 r = = k
U705 = | w5 = [w3]"e5 + (&5 + €5T7) Uy

(6.79)

(6.80)

(6.81)
(6.82)
(6.83)

(6.84)

(6.85)
(6.86)

(6.87)
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() Fl &F 5 (6.84) AR, 2
(Atek,ef“) = (1+icr) (8265, eF) + (e"v,e’"“)
— (1+ico) (JUFPUF = [ PuF, oF) + (P*,€F)
= — (L +ier) 5] + || €F||?
— (1 +ica) (|ur [ eF + (u¥e + FT*) UF, eF) + (P¥,eF) .
ERWGBER, A (6.87), &
o (G ol
< ||€F|” + Re{ — (1 + ico) ((ube* + ekUk)UE,eE)} + Re{(Pk,eE)}

< [1€F112 + /1 + 4 (s + cue) e[| - [l + | Pl - [|e*]

< e + le*]
= 2

le* 2] + fle* 1]

+ 1+C% (C5+616)C5 l|€k||-|-”Pk||:| . 5 ,

1<k<n—-1
B X%
1 B k+1 + k—1
L e = ety < L A s e caedes ek + 1P

1<k<n—-1.

EEEF (6.52), B

(1= L)l < (1o 20 e AT B e b v ]

+T\/E613(T2+h2), 1€k<n-1

3
]Iek"'l“ <1+ g’r> Hek‘lH + 5\/1 + 3 (5 + c16) 5T ||ek|| -+ g\/fclgf (T? + h?)

3
<fre 3 [ VI e+ e - bmax (e e}
|

g\/fclgf(#mz), 1<k<n—1,
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17
k k+1 3 2 k—1 k
ma e e} < {1+ 3 [14+ /1 s+ cao)cn] e e}
+ oVEewsr (1 4+42), 1<k<n-1
B Gronwall AR, HEEZ (6.85), &

masx {{|e*]|,[le***[|}

< e3[1+y/1+cE(cs+c16)cs]T 0 1y 4 ViLeis 2 p2
se? ma.x{“e “,“e ”} 14 \/1_"'—C%(CS+016)05 (T + )

< %[1'{'\/ 1+Cg(65+cla)C5]T\/f + ﬁcla 2 + h2

S o 14+4/1+ C%(Cs -+ 616)65 (T )

=cyp (r*+h?), 0<k<n—1 (6.88)

(1) A 7

1+ic “ tek” = (526’° Ase ) - 1 +1ic1 (eE,Atek)

_ﬂ(wlc‘?(]k_lukl?uk Aek)+
1+ic1 1t

Lat 55 (650) fEWEL, @

k k
1+ic (P 188 )

UL B R, 183
e+ o (Je - e )

=Re { 7 +1i01 (eE,Atek)} +Re {—}—1%2 (|uk|zel'c + (uhek + ek T¥) U’-‘,Atek)}
+Re{ - -+-1i01 (P",Ate")}

1 % 14 _
<o I+ V25 (e o v ) et

+ Jﬁnpkn-nmeku

<qra 18"+ [ + gy et + 1+ et ]
+ qray 18"+ (4 e + e

+ g I8+ 1P, 1<k a1,
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Ep
1 2 g2
= (141 = =)
-112
<[t+ @+ ) cl] ||eF| + 1+ D) s+ o) E[e*]* + [|P**, 1<k<n-1.
i (6.88), (6.52), 2
1 2 _1(2
= (112 = [e*12)
<[+ (1 +3) k] B (72 + B2
+(1+ cg) (es + 016)2 c2c2, (T2 + h2)2 + Lc24(m% + h2)?
= { [14+ 1+ ) Z6) o+ (1+ ) (cs + cr6) Edo + cha} (% + r2)®
=co1 (72+h2)2, 1<k<n-1.
B XA
|ek+1|f £ Iek_lﬁ +dea T (7'2 - h2)2, 1<k<n—-1.
BHETR
ek 2 < max{ |e! 2, 302 + 2co1kT (72 + K2 2, 1<k<n.
1 i | 1
HEF (6.86), H

|ek|f < (ch5 +2021T) (1’2 + h2)2 , 1<k<n. 0

6.4 NG5EIEH

A EX Kuramoto-Tsuzuki FEVIAERBEY T —EIEHESRAN=E
Stz EHTESRIBOEEE. FRERNKRSYE. 2ELERNE
[27]-[29]. Kuramoto-Tsuzuki /&M Schrodinger HEH R BNV EHERBHE. i4
FREMHREARR. #1517 3t Kuramoto-Tsuzuki R T BEHHER, IEH
T EaH ARSI
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7.1 3| B

HTFEEDMETFRE. FERGYE., SETFREANBASTE T4+, BEFR
HEER/EM. Viadimir Zakharov (1972 4F) BB T #BREM Langmuir FHH
RMEETFEEALERNIERERE R HE4. BH LS Zakharov RE5|E
AT 2.

KERFF Zakharov 7 FEVIIAE ] B
iy + Uz —uv =0, 0<zx<L, 0<t<T, (7.
Vit — Voz — (JuP)zz =0, 0<z <L, 0<t<gT, (7.

u(z,0) = ¢(z), v(z,0)=9(z), wvn(z,0)=¢i(z), 0<z<L, (7.
u(0,t) =0, u(L,t)=0, v(0,t)=0, v(L,t)=0, 0<t<T (7.4
HKIHERESTTE, EF 0(0) = (L) = $(0) = %(L) = $1(0) = ¢1(L) = 0,u(z,t)

() ARERH, v(z,t), ¥(2), Yi(z) HEEERH
TEREER t, @ w(z,t) A TFHEBE

Wz (T,t) = vi(z,t), 0<z <L, (7.5)
w(0,t) =0, w(L,t)=0 (7.6)
BIfR. W E ML AR ALERERNE RS we,t) RE—FER, B5EMAT
X
w0 < Y (1), &
Ol < 2V e ) (78)
B, Bt=0HF
Wez(2,0) = Y1(z), 0<z <L, (7.9)
w(0,0) =0, w(L,0)=0. (7.10)

AT AR . i
w(z,0) = % /0 (L — s)1(s)ds — /0 (z — 8)y1(s)ds. (7.11)
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ia L T
F(¢1)(z) = %/0 (L — 8)y1(s)ds — /0 (x — s)p1(s)ds. (7.12)
IES
w(z,0) = F(¢¥1)(z), 0<z< L.
# (7.5) R (7.2), AT
(wt—v-—lulz)zz=0, O=<w< L.
BT
(we — v — |uf2)(0,8) =0, (w; —v— |uf?)(L,¢) = 0.
FirEA
w—v—|u?=0, 0<z<L.
FREE (7.1)-(7.4) BH-TF T 5 E
g + g —uv =0, 0<z<L, 0<t<LT, (7.13)
Vg — Weg = 0, 0<z< L, 0<t<T, (7.14)
wg—v—|u?=0, 0<z<L, 0<tgT, (7.15)
u(z,0) = p(z), v(z,0)=v(z), w(z,0)=F@1)z), 0<z<L, (7.16)
u(0,6)=0, u(L,t)=0, w(0,6)=0, w(l,t)=0, 0<t<T, (7.17)
HHF w(z,0) = F(¢r)(z) B (7.12) Bi5E.
EE 7.1 W/ {u(z,t),v(e,t),w(z,t)} A (7.13)-(7.17) KIfR. &
L 2
Q) = [ u(e.0ds,
L
B = [ [ls@ ) + 5uia,t) + 59%(a0) + fule, O Po(a, ) da,
k=)
Q) =Q(0), 0<t<T, (7.18)
E(t)=E@), 0<t<T. (7.19)

iERR (1) A a(x,t) LA (7.13) IPRIL, 36Xt =« M0 B L o, 5B

L

i/oL uy(z, t)u(z, t)dz + /0 Ugz (2, t)T(z, t)dz — /OL |u(z,t)|?v(z,t)dx = 0.
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PR, 5
L
%%/0 |u(z,t)|*dz = 0. (7.20)
BRI (7.18) BRAL.

(1) A —a(x,t) FLh (7.13) MIBEIL, HXt « M 0 B L Ba, 5B

L

—i/OL |ut(z,t)|*de — /OL Ugza (T, )Ty (z, t)de +/0 v(z, t)u(z, t)us(z, t)de = 0,
EWHE LR, B2
L L
%/0 |ug (z,t)|?dx +/0 v(z, t)%ﬂu(m, t)[?)dz = 0. (7.21)
(1) F we(x,t) LA (7.14) MIPFIZ, HXF = M 0 B L KR4, 18
L 2
/ ve(, t)wy (z, t)dx —/ wi (T, t) Wy (z, t)dz = 0. (7.22)
0 0
A —vi(z,t) FLL (7.15) HIBI, Xt = M 0 B L K4, B
& L L
—/ we(x, t)ve (x, t)dz +/ v(z, t)ve(z, t)de +/ |u(z, t)2ve(z, t)de = 0. (7.23)
0 0 0
(V) ¥ (7.22) f (7.23) #in, &
- % / " w2 (e, t)da + . % / * (@ t)do+ /0 * lu@ )P, t)dz = 0. (7.24)
0 0

¥ (7.21) A (7.24) 0, B

L
G [ [0 + 5020 + 52w 0+ e 0o(e )] 2 =0
0

BRI (7.19) BROL. |
B Bk e 2 a1

& 1
/ [|uz(x,t)|2+§v2(w,t) dz
0

L
2
<= [ @bl e + BO
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L L
< / &@¢mx+/|m@nﬁm+Em)
0 0

N

L
< /«ﬂamu+wum&wmoW+mm
0

N

L
<1 [P 0de+ (. HIEQO) + EO

L
<3 [ o tda+ (.0l + LIt 01) QO) + EO)

1,
EXE':W(O),QQJ

[u( O + 30, Bl < Q°0) +2B(0), 0<¢<T,
L

2 o BIZ + (I < @%(0) +2B(0), 0<t<T.
ETIAFEER S oo 18

||u(-,t)||°o<61, ||U('7t)l|<611 0<t<T.

7.2 ZBEIEZHEES R

7.2.1 ESRNKREIL
TR (z),tyyy) BB (7.13)(7.15), MAREMS AKX, 77

. 2rrk+3 k+3: k+3  pht+i

1<j<m-1, 0<k<n—1,
1 1 1
5thk+2 _ 6gW;&'+2 _ Q_l;+2,
1<jsm-1, 0<k<n-1,
k|2 k412

T S O 12 e o L k+3

Jth 2_Vj g J 2.7 =Rj2
0<js<m, 0<k<n—-1,

(7.25)

(7.26)

(7.27)
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FHEFH o, R
|P;°+2|<c('r2+h2), 1<j<m-1,0<k<n—-1,
QY2 < ea(® +4?), 1<ji<m—1,0<k<n—1,
1
IRYE < ear®, 0<j<m, 0<k<n—1,
1 _1
¢ et M Y :
- <ce°+h%), 1<j<m-1,1<k<n-1,
k+1 sl
Q] % Q] 2 2 2 .
. et +h%), 1<j<m—-1,1<k<n~-1,
1 i
Rj** - R? .
= < eoT 0<j<m, 1<k<n-1

HVLAE R (7.16)~(7.17), H
U_? = Qo(l'j), V;'O = w(xj)’ W](') = F(wl)(xj)a 0<j<m,

U)=0, Ur=0 W§=0 WE=0, 1<k<n.
FE (7.25)-(7.27) PE&E/NETH, XA (7.13)-(7.17) B FE4HER

k k+3 k+d
ibpu; 2+ 02u; 2 —wy tu 2 =0, 1<j<m—-1, 0<k<n—1,
k+1 k
S T2 — 2w +=—0 1<j<m-1,0<k<n—1,

<
=

2
uj = p(z;), v? =Y(z;), wj=

uf =0, uk, =0, wg =0, w’”°1=0, 1<k <n,

Hr w? =G1); (0<j <m) HTFRME:
Spwi =1(z;), 1<j<m—1,
w =0, wd, = 0.
HBAAE AR At FT 4

0_,0 _,0_ 0
Ug = Uy, = Wy = W, =

BH 738 Hj=0M;j=mKHFETH

[
O
Il
e
&
I
Il
e
—
N
ol
/AN
3

(7.28)
(7.29)
(7.30)

(7.31)

(7.32)

(7.33)

(7.34)

(7.35)

(7.36)
(7.37)

(7.38)
(7.39)
(7.40)
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BAEY (7.38) FMT
1 |ub? b2
v =0, ok =0, k

H (7.37)-(7.38), (7.41) A8

012 4 12
52'“1' ';'Iual =0, 1<j<m—1, (7.43)

|u;?‘*'1|2 -+ 2|u;-°|2 - Iu_';—1|2

2 1 1
;(6tvj2 — ¢ (z;)) — 207 —

k+1+2v +v" =l

520k — 522 5 = : =0,
1<j<m—-1, 1<k<n—1 (7.44)

TRBRABIIZ SR (7.36)-(7.40) HIFE {uk,vF[0<j <m0 <k <n} WER

6t 4 528 M 0 1< i<m—1, 0<k<n—1,  (749)
;(Jtvf—wl(:c,-))— ';’1 azlu—op;rllz_o, 1<j<m—1, (7.46)
5;2 —62 ;+1+2Z +’le -1 62|uk+1|2+2|11k|2+|uk 1|2 0,
1<j<m—-1, 1<k<n—-1, (7.47)
u) = p(z;), v =v(z;), 0<ji<m, (7.48)
uf =0, uk =0, vf=0 k=0 1<kgn (7.49)

Xt R AR (7.1)-(7.4) BILESHR (7.45)(7.49).
7.2.2 ESRABHEFEMR

W & BRI {ub, o, o) BRI, TTRCKPIME {uftE, of ) b tE) FRR
K. X (7.36)-(7.40) AT LAZE 3

2 i 1 1
;(uf-’-’ —ub) - 16§u;+’ +iu?+"'u;-c+i =0,
1<j<m—1, (7.50)
2, ki e+l .
—(v; T _vf)— 82w =0, 1<j<m—1, (7.51)
2, k41l k+3 1 k+3
;(wj ? —w;-“)—vj §(|u'°| +[2u; " ? —uf?) =0,
1<j<m—1, (7.52)
1 1 1 1
ok o .o QY A ot s ) (7.53)
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i (7.51) A&

feth k4 T 2wttt

v 2 =1 , 1<j<m-1. (7.54)
# (7.54) R (7.50) F (7.52), AT 24
2, g+l k k+1 k
;(uj+2—ug) i62u +"‘+1u]+"'(;°+ 02w +2)_0,
1<j<m—1, (7.55)
2, gyl k+l k+1
;(wj 2 —wk) (v o 52 2) — (|u’°|2+ |2u 2 ~u§|2) = 0,
1 Sj <m-—1, (7.56)
St S ng QN SR o (7.57)
id
1 1
uJ—uk+2, wj—w;+2, 0<j<m

¥ (7.55)-(7.57) BA

—u—u) i0%u; + iu; v+ 62w =0, 1<j<m—-1, (7.58
j i i i

2

2 (g — k) = (o5 + Z6%0;) — S (P + 205 —ub?) =,
1<j<m—1, (7.59)

Uy = Uy, = Wy = Wy = 0. (7.60)

MER (7.59) A (7.60) BT&N, TR (u1,ug, - ,um—1) BF, WATE—HE (w1,
PR 7wm—1)- S )i

’l.Uj=w_7'(U1,U2,"',’LLm_1), j=1a2y"')m_1-
XHETHE (7.58) BRRRT ui,uo, -, um—1 KIFERM R4
EXETF L tdn—Un:
O(u); = %(uJ - uf) — i62u; + iu; (v;‘ - gégwj) , 1<j<m-1,

ﬁﬂp (w11w2, sy Wm—1 ) EH
2 k kT2 1o k2 k2 .
;(wj—wj)-(uj+§5mw,-)—§(|uj| +2u; —ukP) =0, 1<j<m—1,
wyg =0, w,=0

HE. WHEAH

Re(TI(u),u) = ~Re(u — u*,u) = = [Jul? - Re(u,w)] > 2 ful(ull - u*]).
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3 |lu|| = [lu¥|| B, Re(T(u),u) > 0.

B Browder EHE (FEH 1.3) I TRA (7.58)—(7.60) FFFERE.

FRERNBAWMT 2.

EE 7.2 E40H (7.36)-(7.40) FEAERE.

BRATT A T AR KA (7.58)-(7.60).

% (u{V|1<j<m— 1) B, B0 ALt BE

2w — by~ (of + 282 — 2 (b + 26l — ub?) =

1€<j<m-1,
wd =0, w® =0,

@3] (w® 1<) <m—1). REFRXARH R

2 . : T .
;(uy) - uf) - 15§u§-l) + my) (v;‘ + Eéf.w;-l)) =0, 1<j<sm-1,

u(()l) =0, uﬁ,l,) =0,
B3 P |1<j<m-1} HE

uj—u(l) wj=w§l), 1<j<m-1.

H

k+ k k+

D= 2u; —uk

J Y
BE| {ukt1, wkt},
BERE (7.37), B3

1= 2w; — wk,

ko 1<j<m—1

11;-""1 =v;-°+'r5§wj, 1<j<m-1

7.2.3 ESRABHOTIEMEMER Y
EE 7.3 B {ub,0f, 0 [0<<m,0< k< n} AESER (7.36)-(7.40) K]
fig. i
Q* =|lu*|?>, 0<k<n, (7.61)

m—1

1
Ek=|uk|§+§|w + = ||vk||2+hZ|uk2k 0<k<n, (7.62)
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JUES]
Q*=Q% 0<k<n, (7.63)
Ef¥=E", 0<k<n (7.64)
iERR (1) A hatE LA (7.36), 7 5 A 1 Bl m — 1 KA,

m— m—1 4
1hZ(6 uk+2)uk+2 +hZ 62 k+3)uk+2 _hzvk+,'uk+2I2

J J
Jj=1 Jj=1

PILEUEER, 14

j=1

% (1% = lu*I?) =0, 0<k<n-1,
TE
Qk+1=Qka 0<k<n—1.
BT (7.63) ARAL.
(1) Bl —hoat*? SRLL (7.36), 23 j M 1Bl m— 1 KA, 48

m—1

—th]5tuk+’l hz(éz k+2) +h2vk+, k+25t k+2 —0,
J=1 =1
0<k< n—l.
PIIABUER, 8
1 § i m—1 k+ |k+1|2 |uk|2
(k12 _ 2 1% % & f =1, )
T(‘“ T — |u l1)+hz o =0, 0<k<sn-1 (7.65)

Jj=1

(1) I hésw 2 JRLL (7.37), 3674 5 A 1 B m— 1 KA, 8

m—1 m—1
RS @ Gt — S 20k ) (6l =0, (7.66)
Jj=1

j=1
F —hswl? FLL (7.38), R § A 1 B m— 1 KA, 48

O O S W S Y k|2+|uk+1|2 k+1
—h > (Few; )y R Y vy 6w, 2+hZ sitE =

j=1 j=1

(7.67)
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% (7.66) 1 (7.67) AEh0, B
1 m—1

oo (W — k) + o (Ilvk’”ll2 I %) + 7Y

27 =

0<k<n—1 (7.68)

|u‘°|2 e |uk+1|2 3

+..
5t’U] 4= O’

¥ (7.65) 1 (7.68) AHin, 15
l:(luk+1,§ + %,’wk‘H]% ”vk+1”2+hmz—:1 luk+1|2 k+1>

j=1

N | =

m—1
- (lu"l% + 5l + Sk 4R Y Iuﬁlzv;?)} =0, 0<k<n-1,
j=1

Bf
%(E"“ -E* =0, 0<k<n-1
BRI (7.64) FRAL. O
B bR e B AT 40
1
u*? + §||v’°||2
m—1
<-—h Z ]uf|2v;° + E°
Jj=1

m—1

1
<h Y (|u§|4 - Zlvﬂ"’) +E°
j=1

<l

1
2 bR + 2| 4+ 20
1
— ¥ 2,Q° + St + E°
1 1
< (eu¥ + IH1?) @+ 11 + B°

1 1
< (s|u’°|f + ZEQO> Q°+ Z||v’°||2 + E°.

1 1
S+ I < @77+ E% 0<k<n.

HH5IE 1.1(b) B3

2 1 1
fllukllﬁo + levkll2 < 5(620)3 +E°% 0<k<n.

BN | =
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LS c; F5
[u¥lloo <3, [v¥]| <es, 0<k<n.
7.2.4 ESRERABHUSE

EE T4 ® {Uf,v;k,vnﬂosjgm 0<k
< n} AESHER (7.36)-(7.40) KRR, iC

{UJ, ],w I0<]

ef:U}‘—u;’, 0<j<m, 0<k<n,

fF=Vf-1f, 0<ji<m, 0<k<n,

gF=WF—-uwhk, 0<ji<m 0<kgn,
WHFEHH oy FH

le®ll + e¥ls + 1175 + 19" < ea(?® +R%), O0<k<n

(7.69)

< n} HEM (7.13)-(7.17) KIAR,

(7.70)

IERE ¥ (7.25)—(7.27), (7.34)—(7.35) 5 (7.36)—(7.40) AWk, BELEEHE4A

.o kt+1 k+3 k+1 k+1 k+i k+1 k+3
16tej 2+5§€j 2_(U.+2V> z _y avj 2)=P» 2

J j
1<j<sm—-1,0<k<<n—-1,
1 1 1
ST 2T = QM 1< i<m -1, 0<k<n—1,
k
k+3 _f{c+§ _ (|Uf‘2+|Uj+1|2
J

6t g 2 2

0<j<sm, 0<k
6? =0a fJO =0, g_? =F(¢1)(x_7) _G(wl)j, 0 S] <m,

e§=0, e =0, gi=0, gk=0, 1<kgn

B PR R RO E BB E R B T AR o R
JF

“90”00 < TCh2-

m—1 KM, 8

N

n—1,

|g°}1 < ch?,
(1) Al et E bl (7.71) OB, X j M1 B

i (6 k+2)ek+’+h2(62 k+,) ;c+2

luk|2 + |uk+1|2 »
)

(7.71)
(7.72)

(7.73)
(7.74)
(7.75)

(7.76)

3 7 J

=1 Jj=1
1

=k (U’.°+% Tids

m—1
L ok+3\ _k+3 k+3 _k+3
2 21507 a 2 2
v; )ej +h§ P %e;

§=1

m—1
k+%  k+i k+1 k+31\ _k+1 k+3 _k+1
=h (U~ 2f772 te. 2v-+’)e-+§+h2 prtaights

J 3 7

j=1
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B8, 7221

1
o= (=12 = e¥|?)

m—1 m—1

k+% ok+3 _k+3 k+1 _k+3

—tm{h Y Uptipftiett e a Y

§=1 j=1
1

el fEE| - |leFtE| 4+ |PHHE|| -l tE], 0<k<n—1. (7.77)

(I1) F —hdie;™* B (7.71) HIBEIL, X j A 1 B m— 1 kA0, 8

~1

1hZ|5e’°+=|2 hz s2efthygekts

4=1
m—1
= —n S UV skt g Z PFisets o<k<n-1.
J=1
PIILEUSEHES, B

-1
1 k+ k+3 . k+d o k+dy s k)
—2T(|ek+llf —|e*}) = { —h Z Wy Py )oE

7 2

m—1
+Re {—h Y prrasekts } , 0Sk<n—1. (7.78)
j=1

(IIT) I horgt+? LA (7.72) HIBEIL, X j M 1 B m — 1 A0, 48

m—1
hz 5¢fk+2 k+,)_hz zgf+2)5gk+’ _thk+25t k+2’
Jj=1

=1
OSk\

P —hoof}TE FRLL (7.73) BUBEL, X § A 1 B m — 1 KA,

m—1

A3 By 5)(6ef;H) + Z £ ha gyt

(U2 - |U'°+1|)+(|U"°|2 [ ktd NS kbbe ek
==& Z 2 ’ 6uf; T kY RS

=1

0<k<n-1.
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LU LR, B3]
o= (91 — 1g*8) + 5= (P12 — I£41%)

(UFP - [k R = (UF ~ ubf?) s}

h Z ] JT J p/] J

9=1

Uk+1|2 | k+1|2)_(|Uk|2 |uk|2)

Y J k+3
=h Z = fi?

m—1
+hZQ’°+’5 RN Ris R o<k<n-1 (779)
Jj=1 j=1

¥ (7.78) F]’LL 2, 35 (7.79) AHin, &

1 1 1 =
;{ !|ek+1".1’ + §|gk+1|% + 5”fk+1||2 +h Z lUk+1|2 k+1|2)f;c+1]
Jj=1

1 1 m—1
= [Ie"I'I’ + §Ig’°lf + 5151+ > (TP - IU§|2)f}°] }

=1
i S O S T
=2Re{—h (U; 2V, 7% —uy 2y %) }
j=1
(UE — b+ ) — (V2P ~ ib?)
u; J J +32
+hZ - fi*

=1

m—1
+2Re{—h Y Pftiselt } +h Z QFtis,gt

m—1
~h YRI5 ogk<n-1. (7.80)
J=1

m—1 k+1|2 k+12 k|2 k|2
s — |ut — (|UE|* — |u® 1
Bk = (I 7 I Iu] ' ) (I j | |UJ| )ka+§

T

i=1
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)
N = kb ktd  kd kbdye okt k4D
AF =2Re ¢ —h Y (U;7T2V;TE — w2 T )6(0;7F — 4
Jj=1
—_9R hm—l pEtiy Rt Rt _ Rty it gkt
==t (U5 2V 28U, Uy RV ey
=1
k+31 k+3 o mrht3 k+3 k+io _kt+i
m—1 k412 k|2 k+1|2 k|2
__2h2 Vk+%|Uj * = 1U;5] +vk+%|uj ¥ — uj
: J 27 J 2r
Jj=1
S ktd kg kbd | kbD ktd s mktd
+2Re{ b > (U TRV 6@ 4wy Py 26,05
g=1
m—1 |Uk+1|2 |Uk|2 luk+1|2_|uk2
Bk =h Z ( J J _ 3 '] )(V; +3 vj+
=1 T T
U _EwAEm, 7
Ak 4 B*
_9R hm_l At Tk T T an BTN Lt P
=2Re{ h ) (U; 72V 207" +uy" 2oy 2 8,0;77)
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1 - :
+Tlhz =

L(UFR - [uk )+ (|U}°‘1|2—|u§“‘|2)ff]
2

h

M

_h"{lj (IU’“’II2 UF P P - IU§"1|2)f.
B = 2r 2T g
m—1 R m—1 R
+h ) QSAugf —h Y REASS. (7.146)
j=1 =1

m—1
CF = —2Re {h S (UFVE - ukok Ak }
j=1

O] e s

=8 2T ’ )f’k

J=1

m—1
C*=—2Re {h (UFVF —ubof)(ATF - Ata;?)}

—

<.

m—1
=—2Re {h Z U’-‘V}kAg(jk + U UkAg’U, — UkaAe’U. - u AtUk)}

Jj=1

Jj=1

m—1
DF=2Re {h 3 (UFATE - uEAak) (V- U;F)}

m—1
=2Re {h Z (U;“ijAtU’c + uj vatu -~ ukV’“At va;-‘At(_Jf)} :

=1

Rl ERAR, B3
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Jj=1

m—1
C* + D*=2Re {h S Uf —ukyvEAml - (UF — uFy ’“AtU’“]}

Jj=1

m—1
b (VEAaE — vk ATF)eb }

=1

m—1
=2Re {h S VAl - AT + (VF - v;?)AtU]’F]ef}

m—1 m—1
= Vfé;?Ateg?} + 2Re {h FF(ATN)e } (7.147)

B (7.131) AT 40
Ak =id2e5 —i(UFVF — uFvk) — iPF
=i5§e§ - i(Uffk + erJ) - 1P'c (7.148)

¥ (7.148) R (7.147), T BHEEE c1p H15

C* + D¥ < cra([|€F|2 + €52 + (| 7% + [|2*[|?). (7.149)
i
k4112 k(12 k+1|2 k|2 k41112 k|2
+
FE = 2(cy + g MR IH? | JeH2E +[ebE | AP + 54
2 2 4
"1 B +16*B |, "= (TSP = T ) £F + (UEP - [ub ) £+
==k 2 :
Jj=1
il

F* > (c1 + cr0)? |Ie’°+lllz2+ lle¥1? 4 Ie’°+1|%2+ le¥ |3
" [P P B lg*+113 + lg"l?_
8 4
H (7.142) LA 4(c1 +cr0)?, B (7.143) UL 2, LR E (7.146) #n, RiE
FIH (7.149), BRIFEEL c13 T oy FH
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1 - . . X
;(F" — F*1) ea(l€f|® + €13 + 1F51% + 1 PXI12)

m—1
+2Re{—h215;= "‘}+hZQkAtg ~hZR’°Atf"

g=1

<ciy(F* + FF1 +2Re{ hZP"At }

m—1
+h ZQ?Atgf-h}:RfAtf}“, 1<h<n—1,

=1 j=1
R BNk #04 1, 3Fx 1 1 B & RA, B
1 k—1
—(Fk —FO)<C14(FIC+FD)+2C14ZFI
4 1=1
m—1 k . m—1 k .
sme{ -1y Had ] +n S dad
=1 =1 J=1 =1
m—1 k )
kYD RIAL, 1<k<n-1. (7.150)
j=1 I=1
HEA
k k+1 k—1
BLA 5l Lghtl _ gl-1) 1= 1_z Al+1 5l
> rad =5 S e -4 = 1 (S0 - T pvd
=1 =0
1 k=1 pl+1 _ pl-1
k— l—k k—k 1 P10 P2 =1 =l
27_(P +P + leej ’—‘}DJCJ)—' JTJCJ
=2
T£

m—1 k R
2Req —h Y > PIAE,

Jj=1 l=1

1oy ’ . .
< UPEH- N+ PR e+ NP - el + 122 - llet )

—1 pi+t _ pi-1

T Z 2T

=2

1(/3 7 3 I? . 3 L?
< — | (2 q1ek |2+ 22 | PR 12 O k2 Lk L 0 a2 LT p2y2
o |(Zal I+ S 1PA) 4 (e U4 e+ )

Jl€']
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Pl+1 Pl -1
l2
+Z(L2u R L2
1 Tle*3 +[e*3 | le'ld | L*  ak—1y2 k|2 52/|2
< — _
e L R L R L
g o=t ey 2 k= Pl+1 P‘1
+§Z|e|1 ?Z , 1<k<n-1 (7.151)
=2 =2
3, H
k

B

1. X A k=1 i1 _ Qz 4
Q;Azgg = E(Qf_l i+ Qk e Q}g? - Q?QJI') = Z ]Tyja
1=2

% Q521 llg* 4+ IQ% I - lg™ I + 1@ - gl + 1211 - lg* )

k=1n Al+1 _ Al-1
i E Q Q
1=2

@ -
<o (3 S+ Z1are) + (3 o+ i)
+(3- ﬁng"w + %@lnz) + (i - %ugluz 2]

1
<2—[ (16" + 19+ ) + 3 1o° + 1o’ )

gl

AL - A A
FEOQIP + 1QHP + 117 + 11|
k-1

k— 2
§Z|lll+L 3
=2 =

I+1 Al—1 |2
Q1 -Q

1<k<n-1. 7.152
2T ! e ( )

k

. L o A 2 3
S RAS) = (RS + R - R - BES)) S =)
=1
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4

-1

—h Y SR

j=1 I=1

1, an R N R
<o (BRI DR LA+ DR - 01+ 182 - 1110
k-1

Rl+1 _Rz—1 ,
+3 || 11
=2
< (GnreE + 1212 ) + (s + z02) + (e + 1222
“or(\4 4 4
k—1 2~ A1 1n2
l P RH—l_Rl 1
3 (e [ ) (r.159)

¥ (7.151)—(7.153) AN (7.150), HFIFH (7.89)-(7.94), (7.136), (7.139), (7.140)-
(7.141), 4 27c14 < % i, FEEE s 5

k-1
F¥<es Y Fltes(r?+h%)?, 1<k<n-1
=1

B Gronwall AR, 15
Fk < 6815T615(7'2 + h2)2, 1<k<n—-1.

BT (7.127) FRAL. 0

74 NGHIER

FEEHETIRFERER wz, t), BVILERE (7.1)-(7.4) BREMRAVILE A
(7.13)—(7.17). AEBH T ¥IAME I RR (7.13)—(7.17) BIARWE R BN SRIERR. BT 12 %
7.3 WHRTHAEIHER.

7.2 WHHKESERNEZ B &%, B T EZ0 KB EEEM
ME—HE, ERA T Z0 AR 2 A R TER, EB T 20 AR KB .

7.3 TR T =&ML RHERES KR, 8 —NRE L RERFBE ML
RI=N ARH TR, I T E0& R —N, i T 204 R
WA ERRTER, IFA T 253 AR KB,

EA%EE AR . FHRS E T Zakharov HFRRKERES i 2 13,18,
AERIEAATH TEERE_E R BT R,
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5 Zakharov FEAHIL K —HKIELIE BN Klein-Gordon-Zakharov 7 72:

Ut — Ugg + U+ uv + |ul?u = 0,

Vit — Ugy = (lu'z):m'-

Wang 7E [33] X _LiR AT T =B E K, I T Z 54 A 2 5
B TER, E0HAR N AEERRSYE. Wang 78 [34) #X LR EERY 7=
Bt Es .

L4 Zakharov FEERWMT

iug + Au —uv =0,

vt — Av — A(Jul?) = 0.
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Ginzburg-Landau 7R BWHE ¥R Ginzburg 1 Landau 7E 20 HE2 50 4R
YA RIRE SRR . XAMEELT 2003 43K Nobel WH XK. ZIERI AT
ERARs 1 REMY B RESEEA T Z M.

81 31 #§
AFXER Y Ginzburg-Landau FFEXAE A B
up — (v +ie)Au+ (k +if)|ul*u —yu =0, (z,9)€Q, 0<t<T, (81)

u(z,y,t) =0, (z,y)€d, 0<t<T, (8.2)
u(z,y,0) = p(z,9), (z,y) €, (8.3)
He Q= (0,L1) x (0,L2),00 A Q AT, A K Laplace BEF, v > 0,k > 0,0, 8,7

HEERLES. M zeoQ it lz,y) =0.
ENREMMERZE, RIVEARETESHEM (8.1)-(8.3) BHILRM

.
EHE 8.1 # u(z,y,t) HEE (8.1)~(8.3) KR, NEH
lut, - Ol < elul,~0), 0<t<T. (8.4)
iERR B w5 (8.1) KMIPAEAR, B
(ug, u) — (v +ia)(Au,u) + (k +iB)||ulli — 7llul* =0, 0<t<T. (8.5)

ERE (8.2), AAHRL AR, B
—(Au,u) = |Vul?, 0<t<T. (8.6)
# (8.6) fRA (8.5), FFEUEE, &
%(IIU(-, SO+ VIV, O + sllul, - OIE = yllul, - I =0.

TR
(”u(', '7t)“2)t < 2'7”“(" '7t)”2a 0<t< T.
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B Gronwall 7%=, B3|

[u:, -, )1 < eu,-,0)|?, 0<t<T.
WAFEH, B
- )l < e|lu(-,-,0)[, 0<t<T.
i

co=  max |u(z,yt)
(E,y:t)enx [O,T]

8.2 :)%‘ﬂlzé%ﬁ%ﬁ%it
BIEREH my,ma B, 4 b= 5 o = L R

m2 n
. . 1
x; = thy, Yj = jho, tx= k, tk+% = E(tk +tk+1),
Dby = {(@i, ;) |0 < i <My, 0< j <ma}, Q= {te|0< k< n},
={(%4) 10 < i <m,0<j < ma},

w={)|1<i<m-1,1<j<me—1}, w=0\w,
1

Sisml_la 1s 1<J<m2—1,
w; = ' w; = 1 '
5’ i =0,m, '2'1 J =09m2-

Vi = {v|vh Qn, n, LRI EREG,
Vh = {v|v € Vu, H(i, j) € Owhfv;; = 0}.
W u € W, 51T ES:
1 1
Opliylj = h—l(v‘“’j —vi5), Ojuij = h_f(”"‘l”' — 2055 + Vig1,5),
1 1
Oyv; iyl = h—z(vi,jﬂ —vy), vy = h_g('Ui,j—l — 2035 + vij41),
Ah’Uij = (531143' -+ ézuij.
55

1 1
Spuij = h_l(azui+%,j - 5xui—§,j)v ‘5;2;“1'1' = h_z(‘sy“i,ﬁ% - 5y“i,j—§)-
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B u,v € Vi, FIHEWT ABRATEE
mi1 mga
(u,0) = haha )Y wijuediy, vl = v/(u,u),
i=0 j=0
mi1—1 mg mi mao—1
62wl = Jhlhz Z ijwzuw%,jlz’ l|6yull = \Jh1h2z Z wi|5yui,j+§ %
=0 j=0 i=0 j=0

mi—1mo—1

IVaull = y/l16zul1® + | 6yull?, IIAhull=\|h1h2 Y D (Bnuy)?,

=1 j=1
m1 Mma
= 4 05 w4 = e = .
[|wlla Jhlhz ;jg{)wzwalutﬂ s lufleo ogs%?%)éjsmz |“U[s [uli = |Vl

e
81- = {w | w = (’UJo,UJ1, g ,wn)ﬁﬂfiﬂqm*ﬁﬁﬁ}
®w e S, FlHMTLS:

wkti = %(wk + whtl), wk = %(wkﬂ +wk—1)’
1
SawttE = (M —wh), Awh = - (wh -,

550

1
Ak = —(thk_% + Sywkt3),

Bou={uf[0<i<m,1<i<me,0<k<n} B Quypy x 0 LEIFHRES,
W v={uf|0<i<m,0<5< mz}%ﬂhlhzimlﬂ#&&ﬁ w = {uf;|0< k< n}
A Q, LRI R

513 8.1 ([4)) W uew, WH

flull <

6 , 6 luls.
5£+5
Ll LZ

iERR  HBIHE 1.1(b) THE

mi—1 2 mi

hy Z wf < Zh ) (Sauiy ;)%
i=1
e LT he IR j KA, 193

mi1—1mz—1 my ma—1

e 3 3 < Ehan 35S (g
=1 gJ=1

i=1 j=1
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Ep 6
L—%Ilull2 < [|8aul?.
[, a7

6
L—EHUIV < [ldyul®

KU LA, B2

6 6 ) 2 2 2 _ 12
77+ 77 ) lull® < lldzu]l” + [|8yull® = fuli.
(L? L3 ! '

AT T
1
lull € —===lulx

6 6
+
7t

BIE 8.2 #Huen WA
(Anu,u) = —|ul3, [ul? < [lull - [|Anu].

R ARAERAMAREBE
mi—1ma—1

(Apu,u)=hihs Z Z (0Fuij + Ojuij)uij
i=1 j=1

ml—lmg—l m1—1m2—1

=h1h2 z; Zl (6gu,-j)uij+h1h2 Zl zzl (ézuw)uu
= j= = =

mg—l m1—1 m1—1 m;—l
=hy lhl Z (Jguij)u,-j] + hy Z ho z (6§uz‘j)UiJ’

i=1 i=1 j=1

mg—1 my my—1 ma
=h2 ) [_hIZ(‘sw“i—%’j)z] s 2 !_hZZ(‘%ui,J“%f]

i=1 i=1 F=1
FH Cauchy-Schwarz AN ERBE]

|ulf = —(Anu,w) < [lull - [|Anu].

3178 8.3 (21]) B uew, WH
1

il s
_.+._.
Vi3 L3

| Apul|.
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iR SEANAT|HE 8.1 M5 3 8.2 B3

[uf? < flul - | Anul €~y | A
g
FALE |ul,, 73]
A — YN}
7t .

31 8.4(21) Buew, WH
lulloo < 5 V2L Ez] An.
SER R
| Anul®

mi—1mg—1

=hihy 3 Y (i + 62uiy)’

=1 j=1
mi—1ma—1 mi—1ma—1

=hihy ) Z (02uiy)” +2hahy Y Z (82uiz) (02us)
i=1l j= =1

=1 j=l1
m1—1mz—1 mi mg
= hihy Z Z (02ui3)” +2h1h 3 3 (Babyu;y ;1)
J= i=1 j=1

my— -1 mz—l

+h1h2 Z Z (Jzuij)z
i=1

=1
= [|62ul® + 21| 8o 8y ul|® + || 67ull?,

GIE: .
[1626,u|? < 3 [1Anul. (8.7)
HERE (,j) ew, B

4 =1
Ll L2
<7hlz s 2(5 Saty_1 -1)
=t a=1
L1L2

—a 18y 0zull®.
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B
ol < 2222 6,5,

REF (8.7), 7831
el < 222 A,

Bt T, 18 1
lullo < 3 VLI Anul. -

8.2.1 ENHEAMEIL
SEX Qs x Qr LEIRERE U -

UL = u(ziyite), (Lj) €W, 0<k<n,
R (@i, Y5 ths 1) RERHE 8.1),FH

wt(Ti, Y5ty 1) — (v + i) Au(wi, yj, tey 1) + (6 +i5)(|"|2“)($i,yj,tk+%)
—'yu(wi,yj,tH%) =0, (i,j)€w, 0<k<<n—1.

N FABEMSY AR
UL — (v +i0)AWUET? + (s +1B)|UETEPULTY — Ukt = REFS,
(i,j)€w, 0<k<n—1, (8.8)
BHFEREY o R
RS < ai(r? +R2+h)), (i) €w, 0<k<n—1. (8.9)

70 (8.8) Mg/ MBI RS MBI A N

U = eli,3),  (6,4) € w, (8.10)
Uk =0, (i,5) €w, 0<k <, (8.11)

Xt (8.1)~(8.3) BIALMN FENHER

Spug; ® — (v + o) Apuj, B34 (k+if)u ’°+=‘|2 AR, ’°+2 =0,

(,j) ew, 0<k<<n—1, (8.12)
u?j = o(zi,y5), (4,7) €Ew, (8.13)
uf, =0, (i,5) € 0w, 0K k< n. (8.14)
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8.2.2 ENMRAMETEFEM
EAKR (8.12)-(8.14) R—ATRELMENM R, K
u* = {u| (4, 5) e @}
HE kB H (3.13)-(8.14) 1% 0 BE « B4 RBERERAS & BE o T
# (8.12), (8.14) BREXLTPHME ub+i = %(u" +ubt) IR

2, k+i

2l - k) — v+ i) AnulyE + (o 1Bl Pul R -l =0, () € w,
(8.15)
uff’ =0, (i,j)€ dw. (8.16)
1
ERBT (v 7 (i,5) € @), WE
Z+1 = 2“:,'?-% - u:.'cj, (zaJ) Ew
id
1
wij=u:j+2v (iaj)ew
M (8.15)-(8.16) T HH
2 . . ;B
—~(wij — uf) — (v +ia) Apwy; + (8 + iB)wy; [Pwi; — ywi; =0,  (4,5) € w,
(8.17)
w;; =0, (,7) € Ow. (8.18)

0
2 . . 2
M(w)i; = ;(wz‘j —ufy) — (v +ia) Apwi; + (8 + iB)|wij [Pwi; — ywij, (i,4) €w
il

(IT(w), w) =§(Ilwll2 — (u*,w)) = (v +ia)(Apw, w) + (k +iB)||wl|z — 7llw|?

=§(IIWII2 — (W*,w)) + (v +ia)lwl} + (k + i) wllz — vlwll®.

TR
Re(Il(w), w) ==(llw||? — Re(u*,w)) + v|wf} + sllw|§ - v[lw]|?

(Il =l - ) = llew]?

(1 = 577) Il = 1) - L

‘]lMﬂIMﬂIM
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st 1 uk
% Syr <1 B ol = 141w,

. 1—577-

Re(II(w),w) > 0.
B Browder B (B 1.3) S1F7E v* B |w*| < Hu_’i“ f£15

1—§7T

O(w*) = 0.
BN (8.17)-(8.18) FF7EME. TRBAIW T EHE.
EIE 8.2 EKER (8.12)-(8.14) FEFEM.
8.2.3 ESRABHBIAE
EE 8.3 W {uf[(i,)) €m0 < k< n} AELSHR (8.12)-(8.14) HIME. N
T < % i, H
¥ < 3T O )], 0 < k<.
iERR F WA 5 (8.12) WRUMERR, B
Gk t3 uF ) — (v +i0) (ApuFtE, bt E)
+(k +iB) (Jul+E [Puk+E ukHE) — q(ubt Wb E) = 0, (8.19)
FEEE
—(ApuktE, uktE) = (| Vbt 2,
XF (8.19) BHIAENSLHEE, 75
o= (W2 = [412) + u Va3 P 4 sl [ b+ 2 =0, 0<k<n—1.

(8.20)
V<O F

(R - 42 <0, 0<k<n—1.
TR
I < ), 0<k<n.
% 4> 0 B, B (8.20) B2

[l + e+

1
- (2 = 12 < - e < (1L

2
) , 0<k<n—-1.
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W ERBAAE 3 (] + ), B
SO = ) < ZOl + 0+, 0<k<n-1 (821)

2 ”
1+ 2.
[+ < — 2k < (1 n

ST

5 )||u’°||, 0<k<n-1

BHERZ
¥ < ¥ w0 < eFT|[u0), 0<k<n
81 BEREETNEEEY o 8

lu*| < e2, 0<k<m. (8.22)

I 8.2 ¥ (8.20) FHI k By 1, X I M 0 B kKA, HFIH (8.22) AIE

k k
”uk+1”2 e 2TVZ “vhuk-i-% H2 4= 2}{7’2 ||uk+%”3 < (1+ QT)C%,
1=0 =0
0<k<n—-1. (8.23)

8.2.4 ZENRAMAVUSYE
SIHE 8.5([42]) & u€ Vy, NMAH

1 1
full < [#9wul? + (25 + 75 ) Il Ful?”
1 2

MR ZH0<s<m<m B
m—1
s | = e ® = ) (wiz1,51* — |uss|?)
=8
m—1
=Y (lwirr,g] — i) (i, g) + Juis)
=8
m—1

<hy Z

1=8

Uit1,j — Uij

h (lwis1,5] + |wiz])
1

1

m— % m—1 %
< <h1 > |5zui+%,j|2) [hl 3 (uipal + |uijl)2]

i=s j=s

mi—1 % my %
<2 (hl > |5Iui+%.j|2) (hlzwz‘luz’jl2) :

=0 =0
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EXX 0<m < s <my MRBRILE). B

1Tl.1—-1 % my %
|t < 2 (h1 N |5_.Eu,.+%,j|2) (h1 Zwiluijlz) + |uss?,
=0 =0
0<m,s <my.

o EREL wohy, X s M 0 Bl my KA, B
mi—1
Lijum;i[® € 2L, (h1 D 16zuiyy ) ) ( zw,|u”| ) +h12w8|ua,|
i=0 8=0
\ ms< S ma.

EREREX Ly, FF5F m BUBRAAE, B3]

mi1—1 mi
02127“ Juij|* < (hl Z |6z Uitl il ) (hl Zowiluiﬂz) —hl Zwa|“81| :

=0 s=0

R EXFRLL how;, T § M 0 Bl my KA, B

oism

ma
h2 ) W; max |UzJ|
=0

mi—1 % mi % 1
<2h22w] (h1 D 18z | ) (hl Z’wiluij'z) +L_1”u”2

=0 =0

1 1
mi—1
1
<2(hszJh1§jlaxuz+ Jl) (hszJhIszluql'*’) + g P

par
=2|[zull [lull + L—1|[u||2. (8.24)
e LRI
iy gw o [uisl” < 2lldyull [lull + Lizuuu?-. (8.25)
PUAERAGH (ulld

mi1 mz

lulf =haha 3~ 3wt uss -hlzw, [hz_zw,w ]

=0 j=0
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ma
<h Z w; [ l:[l:':),)ycn’2 |u-u| (hz ijlu,ﬂz) jl

i=0 §=0

my m2
] .12 = .12
. (hlng o525, ) (th o225, vl ) -
FIA (8.24) 0 (8.25) A48
1
Fuld < (20850 Tl + Z-1l?) (206 full + 71l
1 2
= (208, + ol ) (2160l + -l
< (shul? + Zglul® + 4152ul? + L hul?)

1 1
= [419 + ( 72+ 13 ) Iul?] Il 0

EH 84 W {UL|(i,4) €@, 0 < k< n} K (8.1)~(8.3) HIfE, {uf|(i,)) €,
k< n} AELHER (8.12)-(8.14) HIfE. L
el =U5—u, (i,j)ewm, 0<k<n
AR cs R
lek| < es(r? +h2+h2), 0<k<n. (8.26)
iERR % (8.8), (8.10)—(8.11) 4> AN (8.12)—(8.14) AHR, ATAHRZEHEA

k+3 : k+3 . k+3 2 k+3 k+3 2 k+3
5t zJ . (V+la)Aheij ¢ + (Ii +lﬂ)(|U1,] : \2uij ‘- luzg : |2u1_7 2)

el = RE (i) em, 0<k<n—1, (8.27)
e; =0, (i,5) € w, (8.28)
ek =0, (i,j)€dw, 0<k<n, (8.29)

Fl eF+h 55 (8.27) R, FFERSEH, T4
1 = 1
g (I ¥ 1P = [[e¥) + V[ Tkt |2 — ylet 4
=—Re{(k +i)(UFHPUR — bt RubtE b)) 4 Re((RHH, 4D},

0<kg<n—1. (8.30)
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HEEE
|U.k.+2|2 k+3 ~|u k+gl2 k+3
k+3 k+ k+1 k+ k+ k+3%
=|Us 2|2 2_|Uij e 2|2 v, ij P ij ?)

= 1
—2UEtE Pelts +(U’°+2)2e’°+2 —TEE (eEhy2 _gpkth bty | Rk

ij i
H
| = Re{(k +iB)([UF* 3 PUM — bt 3 2ubtE, htiy)
my ma
<\/m2_h1hzzzwlw] 3‘30[62] 2|2+3c |e | )
=0 =0

=V/k? + BP(3ch | " 2| + BeolleMF ] - |t )
211 k+1 2 k12 1 1 ertual 2 pad
<V {aclet 17+ 3o 41Tt H P+ (g + g IR ekt )

L¥ I3
1

< 52+,32[363”6’”‘%||2+€(4”Vhek+%”2 (L

1 1 9c 1
g+ gl P + Sk e
B 4y/i2 + Fe = v, HERE |+ | < UM — P | < covInLs + o, B
| — Re{ (i + iB)([UF+ [2URH — [uk+3 Pubtd, cb+h )y

T Als s v (1,1
K240 {3004—4 n2+ﬂ2(Lf+L§)

9¢2  4+/K2 + 32
+ _f‘ ' %(Cov LiLy +c3)?

le¥+% 12 + || Vaektd 2

1 1 9 2(,.2 2
- [36(2) R (L_ + L_> ¥ 02—(ny+ﬂ )(c()\/lm+c2)2 ek 2
2

- 1/||Vhek+%||2.
# _ERAANZ] (8.30), 8

1
o= (R 2 — [l %)

v(1 1 9c3(k? + 32 .
< sV TR+ { (g + ) + T VBT + el I

+ k3| - |[R*E]|, 0<k<n—L
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ﬁzﬁgﬂ ||ek+%” Z "ek+1” =+ ”ek" & ”Rk+l” <e \/ﬁ( 2 h2 h2 (@@J
X 2 2l a 1La(7° + 1+ 2),

(Ile 1 = le* 1)

<
=

1 1 9c2 (k2 2 k+1 k
[ n2+ﬁ2+z(ﬁ+ﬁ)+iy+ﬂ_)(co Llew)zhl] <21 + )

+ei/LiLy(t? + 2 +h2), 0<k<n—1.
id

C4 =

DO | =

1 1 9 + 2
[3 K2+ B2+ (L2+ ) c%(" 390 +5) (oo /IiLa + 2) I‘rl]
GIp:!!
(1- C4T)||ek+1|| <(Q +C4T)||e’°|| + eV LiLar(t2 4+ h2 +h2), 0<k<n—1.

1
3 B

et <
15 < (1 + 3ear) €] + gcw LiLyr(r® +hi+h3), 0<k<n-1.
H Gronwall A%R,, &
”ek+1" LedoukT [”60“ + aviilze vLle( 24 h,2 + h2)]

2cq4
<ot 1Vinla

—— (7 24+ h2+h2), 0Kk<n-1 O
4

8.3 =R&MHEI A

8.3.1 ENRAKEIL
E}ﬁ (xi;yjstk) &b%ﬁﬁﬁ (81), ﬁ

ut(xb y]vtk) — (V + ia)Au(miayj7tk) + (K’ + 1ﬁ)(|u|2u)(m,,yj,tk)
_'Yu(m‘iayjatk) =0, (7'1.7) €w, 1<k<n (831)

1 ’ 1 -
ViU = LU~ Vg, VarUl = 5 (U U,
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NAKEHS AR, B
ut(Ti, yj, tk) = 2VTU1:’;' =V U5 + 0(7'2)
1 » >
= E;(BU{} — U+ UE?) + 0(r%), (8.32)
w(@i, Yj te) = 2u(Ti, Yjy th—1) — u(Ti, Y5, th—2) + O(72)
_ k=1 k—2 2

L EBRARA (8.31), B

2V, UL — Vo, UE — (v +i@) ApUE + (5 +18)2U5 — UE22UE — 1UE = RE,

(i,j) ew, 2< k< n, (8.34)
FEFH s 58
|Ri-°j <ce(t? +h2+h2), (5,j)€w, 2<k<n. (8.35)
B (8.31) X AE 3]
VUL — (v +ia)AnUS + (k +iB8)|UGIPUS; — UL = Ry, (i,4) €w,  (8.36)

FEFEH o 8
|Ry| S cr(r+h3+h3), (i,§) €Ew. (8.37)

7 (8.34) 1 (8.36) FugEH/NETH, HERBVIAME LM

U = ¢(@i,u5), (i,§) €w, (8.38)
Ufi=0, (i,5) € 0w, 0< k< n, (8.39)

X} (8.1)-(8.3) BN TF &M ES KR

2V7ui-°j - Vg,.ufj -+ ia)Ahufj + (k+ iﬂ)|2ui-‘j'1 - uf;zlzufj - 'yufj =0,

(i,j) ew, 2<k<n, (8.40)
VTu%j —(v+ ia)Ahu}j + (k + iﬂ)lu?j|2u}j - 'yu}j =0, (4,j) €Ew, (8.41)
u?j = (i, y;), (4,7) €Ew, (8.42)

ub =0, (i,j) € 0w, 0<k<n. (8.43)
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8.3.2 ESMAMMFEN

EE 85 ¥ y<0,HYy>0H7<1/y0, Z9KA (8.40)-(8.43) iR
FAEME—H).

iERB  H (8.42)-(8.43) &1 u° TEAE.

B (8.41) Al (8.43) AIfAXT o' MM HEA. HRHF KL HFEA:

%ugj - (v +i)Apuj; + (5 +i8)|ul; [Pul; —yul; =0, (i,5) €w, (8.44)
uj; =0, (i,5) €00 (8.45)
w5 (8.44) KIBLEARR, IR
L2~ (-4 i) (At ) + (54 36) (a0 Pt ) — 7|2 = 0.
ERE —(Apul,ul) = | Vaul|?, ERFGLEELE, 775

1
[l l1? + vl Va2 + s(lu’Pu’, u') = ul|* = 0.

%y <0, MY y>0H r<1/y 8 |ul] = 0. BTTEMHRET ol RHE—TRE.
B ub—2 uh-1 BME—RSE, N (8.40) 1 (8.43) ATAXT u* KM TR
BREFREE TR

3 . . _ _ ..
gufj — (v +i@)Apu® + (k + 1ﬂ)|2ufj - ufj 2 zufj - ’yufj =0, (4,)) €w,
(8.46)
uf; =0, (i,5) € 0w, (8.47)

Fl uk 5 (8.46) fE AR, A48
%Hu"ll2 + (v +10) | VauF|? + (r +18) (12071 — u*72Pu¥, uF) — y||u|? = 0.
PRILEN S5, 18
53;||u’°||2 + V|| VauF||? + (12071 — o2 PuF, uf) — y|u? =0,

%y <OME >0 Hr< % B (b)) = 0. ETTEAHRET o BE—TTARE.
M AR, IR, o
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8.3.3 ESEAMMBRM

EHE 8.6 W {uf[(i,j) €w,0< k< n} AELHR (8.40)-(8.43) IR, M
max{0,7}r < 5 B,

o) < 2t meston 0], o<k <,
iERR () A ol 5 (8.41) MIBIAEATR, B
(Voud,ut) — (v +ia)(Anud, ut) + (5 +0)([u®Pul, ud) — 9flul |2 = 0. (8.48)
HRE
Re(V, !, ') = o (2 = ) + lu? ~ %)
= (1P = ) + S0,
—(Anut,ut) = | Vau|?,
7 (8.48) PHILEELHR, AT48
%(llulu2 = [°11%) + SV e |2 + v Vaul + ((uPu’,u?) = ylu'? = 0. (8.49)
Y~ <0 B, BB
lu]) < [lu].
4 y>0, H (849) B3]
(1= 297) || < [[u].
BT 2y7 < i i,

4
a2 < 35—l < S0l (8:50)

1—2vr
(1) H «* 5 (8.40) KIBIAVERH, B

2V uF —Vaoruk, uF) — (v+ia) (Anuf, u*)+ (k+iB) (|2uF 1 —uF 2 2uF, u®) —y|u¥|? = 0.
(8.51)
FEEE
Re(2V,u* — Va,uk, u)
1 s s s -
= 2= [Cle®1? + f12u" = w*71%) = (Ja* 717 + [|20*7F — o*72)%)

] — 20571 +uF2)2), (8.52)
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X} (8.51) PRIAENSEHES, 23]

1
2 IR I+ f120% = u*7H)2) = (a2 + 2™ — o722
+ = 2057+ uF 2] 4 )| Ve )? + (20— uF P, uk) = )P

B kX, 7B
%[(Ilukll2 + [12uF — wF 7 2) — (2 + 12057 — WF2)R)] < Al
< (b ))? + |20 - u*71)%), 2<k<n. (8.53)
Y4 y<0K, BB
¥ 1% + |20 — wF 112 < a2 + (|20t — k22, 2<k<n. (8.54)

%y >0 K, B (8.53) B3]
(1= 4y7)(Jlu*)1? + [|2u® — o*7H?) < [l Y2 + (2057 —u* 22, 2< k<,
BT 4y7 < % B, F
llu*)1? + [|2u® — u*=2|

1 .
=t (lluk 1P+ 2l - uk 2

<(1 +8'7T)(||uk 12 4 2jubt —u*2)?), 2<k<n. (8.55)

LiE (8.54) 71 (8.55) BE
(| + 120" w2 < (148 max{0, v})(|[u* 7 +2]|u* Tt —uF2)?), 2<k<n
B Gronwall ANZ&ERE
l* 12 + [[20* — u*=2||? < 2O (2 4 2flut —u0)?), 2<k <A
FH (8.50) 1§
[ N (T R (T R T )

< 3_3268max{0,’7}T“u0”2’ 1 < k < n. -
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8.3.4 EHHENMBK S
EHE 8.7 W {UL|(1,/) €@,0 <k <n} AR (8.1)-(8.3) IR, {u;|(i,j) €
@,0 < k< n} AEHSHKR (8.40)-(8.43) HIfE. EX

et =UL—ul, (i,j)€w, 0<k<n,

W= r EZ/E, FEHE s R
leF|l < es(r® +hE+h%), 0<k<n (8.56)
iERB K (8.34), (8.36), (8.38)—(8.39) 5 (8.40)(8.43) K IXAHMK, &

2VTefj — Vz-,efj - (v+ ia)Ahei-“j
+(s+18)(12U51 — UE2PUE — |26l — uf2Puf) — vel; = R,

(4,j) Ew, 2< k< n, (8.57)
Vrej; — (v +ia)Anej; + (5 +i8)|US Pel; — vei; = Ry,  (i,j) €w, (8.58)
e =0, (i,j) €w, (8.59)

ek =0, (i,j)€dw, 0<k<n, (8.60)

(I) A €' 5 (8.58) HIBRILYEATR, HEE R (8.59)-(8.60), &
L1 + v+ i aet I + (s +38)((UOPet, ) — Al = (B €.
P, 18
LeM? +vIVae |2 + R(UOPE ) = et 4 (R ). (861)

Spii}
211 < ol et 2+ IR e,
A% o),
2 < i - et + 1R,

% iy < 5 A

=
lle!|l < | IR < 2r||RM.

1—|y|7
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HRE (8.37), OB
lle'|l < 2rer(T + h% + h2) < 2c7(7% + h2 + h3). (8.62)
(1) A & 5 (8.57) MIBAENR, B
(2Ve* — Varek,e¥) + (v +i0)||Vrer||2 + (k +i8)(|2U%t — UF2|2U*
—[2uF7t — uF 2Pk, €F) — ||| = (R, €F). (8.63)
TE3
2UF—1 — U*2120% — [2ukt — R 220k
=|2u*" — W* 2 R(UF - k) + (2057 - UF22 — 205 — 22Uk
=[2u*"1 — uF 722k + {(2uF! — uF2)[(20%1 - U*2) — (2aFT — @F2)]
+[(UFT - UF?) — (2uFT — k2201 - TF2) YUt
=[2ub~T — k2 2ek 4+ [(2uFT — b2 (285 - &)
+ (26571 — F2)(20%1 - TFP) Ut
BAR (8.52), Xt (8.63) PAIAEN LR, 2]
= E[(Hekll2 +[12€* — €5 71)1%) — (Il + [|2¢*71 — €52|1?)
+€* — 26571 4 57217 + v|| Vie|® - vlle¥|?
—Re{(k +18)[(2u"~1 — u*"2)(2e"1 — - 2)UF, k)

H(ek1 = )0 TR, ]+ B M. (864)
Rl
1U¥]| o0 < co,
o) < 2Y8etioim o0 =
%

AR </ 5 52 (col| 2051 — w2 |26k T — R ¥ g
+8cf[2¢51 — 52| - |lek| ) + | B¥]| - [le¥)
<R+ Beg - Beo(2lleF 4+ €2 ) el
+ /2 52 - 3B (2| + R 2 )lle | + | R¥] - e
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V5 - o
<\//~z2+ﬂ"’3coc9—(lle’°lli+IIE’c Yz + lle*=212)
+ /K2 + B2 - 3c5+ - ||e"l|2+||6'° HE A+ R 2R) + N RF - ek

NG| 8.5 7

Ak < ,/2_,_'323‘/—0009 41V, k[ 1, 1Y, k]
[Vre®||* + zto lle®]l lle®]l

k=112 R B TR
# [a9ne 1+ (g4 55 ) 1] e

. QL § T Lo
+ [9ner21 + (G5 + 23 1] et 2||}
1 2

3v5¢2
35S (e

+ VK452 + 1R+ 1€5721%) + [ RF] - [le¥]

3v/5coc 1,1 1
VR + B 2502 e (4Vaek| + (17 + 77 ) 112 ) + llebI?
2 2 Ik de

1 1 1

4 k—1)12 2 Y k-2 k=12

e (41Vhe 112+ (3 73 ) 1F01R) + e
1 1 1

k—2)2 Lo Y k22 2o k—2)2

we (49ae 7P+ (g + g3) 1421 + et

3v5¢2 _ L
—22(||€k||2+ lle*=2 12 + [le*=2|[%) + || R¥] - [|€¥]|.

+VK2+ 52
B 6v/54/k2 + B2cocoe = %, ilE=]

v
5(”Vhe“l|2 +[Vhe* 22 + | Vae*~2]2)

2
+ 2 (VB 8vBaoes) (et + 1= + et=21P)

1
+ g <ue’°||2+||e'°-1||2+ne'° %)
2 |
eyl ”%(Hekuz 24 521 + [RH] - e

_ 3,2 2 v (1 L 2. 32 3v/5c
10—U(rc + 5% 45coc%+12(L%+L2‘)+ K2+ 5
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il

AF < (IVheH 2 + [ Vreh 2 + | Ve 2)]%)

+co(ll€®)® + [le* 12 + [1e*=211%) + IR - Nl
# EXARN (8.64), B3
4[|Ie’°IIZ+H2e e H?) — (leFH12 + [|2€T — €572)1%) ]+ IIVhe’°II2

- — -
<Z(IVhF 2+ [ Vaek2[2) + crollle¥ll® + =22 + [le"~22)

+7] - leF (1 + |1 BF|| - [le*]l, 2<k<m. (8.65)

!
F* = e[ + 26" — 12, 1<k <n,

# (8.65) H k B 1, IHXF 1 M 2 B k K0, 1B
k
= F) + F vl

k k
v I—1)2 1—2(|2 12 I-1)2 1-2)|2
<§l§(llvhe I+ Ve =2]%) + 10 D ('l + [le! 22 + [|e'=2]1%)

—_ =2
+1vl Z et + Z (IR*+ €N, 2<k<n. (8.66)
l 2
i (8.61) &
1 1
;Ilelll2 + v Ve |2 < - Il + §(IIRIII2 + |le']?). (8.67)

HERZ e =0, F* = 5||e!||2, B (8.66) F (8.67) A%

k
1 L =
=P e (P + €12 + et =2P)
=2

k k
1
+ D let® + 5 D (IRZ + 1l
1=2 =2

+ 5 [P + 01+ 117
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1 1
< (el + 3 ) IeH1? + e+ bl + 5 Z 12

=

+ (200 21+ 2) e+ 2Zj||R‘||2+ SIRYR 2<k<n (869

EE (8.67) &1 (8.68) XT k=1 HARRILH.
i (8.68) &

1
[1=4(cw+hl+3) 7] leti?

k-1

k
5 5 1 5
< 2 o 112 - k|12 e 1112 < < n.
<4 (2a0+ 21+ 2) r L e+ 4r <2§l=2:HR =+ 31 ) 1<k<n

=1
3 1 1
My C10+|’)’|+- Tg_ﬂq‘a
2 2
k—1

le¥ |2 <(16c10 + 10]y| +5)7 > [l€!|?
=1

k
i (Z IRM1* + ZIIRIIP) p IEREE:

=2

NH Gronwall AR, JHEEE (8.35), (8.37), B3|
[|e®||? < e16010+0I+BT . (4T 2 4 52 Ly Lo(m2 + h2 + h3)?, 1< k< n.

SN

lle®ll < e<8°w+5lvl+%>T\/ (4Tycd + 5¢)LiLa (T + hf +h3), 1<k<n. O

8.4 /NgESIEHR

AEHAT Ginzburg-Landau HREMFREN Tk MAT ZBEKUES
BAN=EaMhEssR. A TEMEBOFEENE T ARAEMHEK
RE Ly JEEAE T, I T EMEAME L WHETHERMERSE. KERN
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BRAE [35) M [42]) TAERIERY B RBIIALE. 3C [16] X Ginzburg-Landau 521
& TEEMEAMNEZE T RN, IEH T ESER T &R

FERVI=EREAZES N, RATZMHEERAR (8.32) BULHH
SH, SMEAR (8.33) BILIEL M. AR (8.1)—(8.3) BILWM T = Crank-
Nicolson BY&; k2 7 #& 3

Atu - v+ la)Ahu +(k+ 1ﬁ)|um ” - 'yufj =0,
(3,j) ew, 1<k<n—1,
VTu —(v+ la)Ahu” + (k+ 1ﬁ)|u”|2u - 'yu}j =0, (i,7) €Ew,

u) = (i, y;),  (4,4) € w,
ufj=0, (3,7) € Ow, 0 < k < n.



#9%# (Cahn-Hilliard AREHESHE

Cahn-Hilliard R —R M W IUSELEY BT, B8R HE Cahn H
Hilliard F 1958 EEMARNZFHHYRE (&L REVE) ZEKMHEELT #
BRI RN, EXR, EHRREYMHBNESFSHFAZR . FMAKNIBLRE. B
AFRE RN BETF 2T B2 PR HRRE T RN SRR

91 51 F
RN Cahn-Hilliard 7572 B9H13248 17 &E
u = A((u) — alAu), (z,y) €N, 0<t<T, (9.1)
%=0, WAE=O, 0<t<T, (9.2)
u(z,y,0) = p(z,y), (z,9) € Q, (9.3)

He Q= (0,L1) x (0, L), v HIAFR Q@ WRLISNERRRE, ¢(u) = ¢/'(u), Y(u) =
y(u? - 4?)?%/4, o, B,y AEEH.

EE (9.1)-(9.3) KIAEEF W T FIER.

EE 9.1 u(z,y,t) X (9.1)-(9.3) HIRE. T

F(t) =%//u2(m, y,t)dzdy+/0t [/ ¢ (u(z, y, 8)) [Vu(z, y, s)|* dzdy
Q Q

+ aé/ [Au(z,y, 8)]? d:vdy] ds,

m#H
F({t)=F(@0), 0<t<T. (9.4)
AR A u 5 (91) WBEAMHERE, KT (z,y) 7 Q LB, B
uugdzdy — | [ [A(¢(u) — aAu)|udzdy = 0. (9.5)
[t ]

BT LR SR — .
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BT

// uugdzdy = % . El(it// u?dady; (9.6)
o Q
BT

/ / aAu ud:ndy

/ [ /L‘( d(u) — alu) uda:]dy_ /OLl [ /OLz ( ¢(u)—aAu)wudy]da:
/ - [ d(u) — alu) u L=

mlo + /(;Ll (p(u) — aAu)muzda:] dy
+/(; [ (¢(u) - aAu) u'jio N /(-)Lz (¢(u) _ aAu)uuydy] dz

L, L, L. Ly
= [T otnias —au” +a [ (Ou)uada]ay
0 0 z=0 0

Ly Lo L L2
s [C[[7 nin— e ra [ (Guudds
0 0 y=0 0

:j/wmmmﬁh@+a/(Am%My (9.7)
Q Q

¥ (9.6)-(9.7) fRA (9.5) B3

%- %// u®(z,y,t)dzdy + // ¢'(u)|Vu|2dzdy+a//(Au)zdmdy =0, 0<ELT,
9 Q o

(9.8)
] 4
FF®=0, 0<t<T 0
E 9.1 EEE ¢(u) =v8u? - %) > 0% R |ulf < |ulz- [ull, B (9.8) B
2dt //u (z,y,t)dz + alu|=— //¢(u)|Vu|2dmdy
<7ﬁZIUI§ < 8% |ulz - [|ul
2[3‘1 "
<oluls + 5wl
ESHii]

= — ||ul|? € ==ul|.
5 lul? < T |
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-1 215 -
B EX5%
JuC,, )2 < Jlu(-, - 0)[2e5, 0<t<T,
B
DIl < €8 T u(-, -, 0)l, 0<t<T,
EE 9.2 W ulr,yt) X (9.1)-(9.3) K. i
v = ¢(u) — aAu,
~ [[ vut@ v pdndy + 5 [[ 1Vuta,v,0Pdoty
Q Q
¢ , .
+/0 ‘é/ |Vou(z,y, s)| dmdyjl ds,
lES]
E(t)=E(©0), 0<t<T.
iERR A o(u) — cAu FELL (9.1) BB, B
ut(p(u) — aAu) = [A(d(u) — aAu)] - [p(u) — aAu] = (Av)w.
PIART =,y 7E Q LB, B
o(u)udzdy — a [ [ (Au)ugdzdy — [ | (Av)vdzdy = 0. (9.9)
[ e [faema= |
B o(u) KIE X5
// ¢(u)updrdy = // ' (w)ugdzdy = %// (u)dzdy. (9.10)
Q Q 0
ERE (9.2) WE—RX, BaBRGSARK, B
d
—a [ | (Au)ugdzdy = a [ | Vu - Vuidzdy = = |Vu|?dzdy. (9.11)
I J i )]
EEE 9.2) KE—R, BRI AK, B
—//(Av)vd:z:dy =/ |Vo|?dzdy, (9.12)
Q Q
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B (9.10)-(9.12) fRA (9.9), 153
d a d
e ¢(u(w’ys t))dt gl |Vu($’y» t)|2da:dy
2l 2]
+ [ |Vu(z,y,t)]*dedy =0, 0<t<T.
i

550
d

a
9.2 ZRIr&MEEI A
T v e Vi, FEM TS

E(t)=0, 0<t<T.

f

2
Hdwv%’j, i=0,
1 .
(Sg'l)ij =1 h_l ((51,’111-_*_%’]- — Jl‘vi—%,j) , 1<i<my—1,
2
— (—53;'Um =1 ) ) 1= mi,
\ hl 1= 3557
¢ 2 )
h_26yvi’%’ J= 0’
1 .
Gyvij = 4 E(%%H%—%%m%) I<jsme -1,
2
7 (_514”1 m2—1> ’ J = ma2.
\ hz & 2

I3 9.1 Huew, WEH
—(Apu,u) = |uf}.

iR EoERMAXTE

—(Apu,u)
mi1 ma
= —hihg Z Z w;W; (53-”@',3' + 53“1’:‘)“%'1'
i=0 j=0
ma M1 el -
=hy ) @ [ —h)y wi(fﬁw,j)uia’} +h) e { ~ha ij(aguij)uij]
=0 i=0 =l 40
ma mi mi m2
S B Bl
7=0 =1 =0 J=1

= [uff.
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512 9.2 RueV, WERK :>0F
oo < w3 |2+ 5 (5 + 2 )| .

R
”u“oo = luio,jo"
MEIHE 1.1(e), B
mi 1 1 mi
U/L?o,jo <Eh1 Z({swut—— Jo) + (E + L_l) hl Zwiu?’jo
i=1 L
m ma 1 1 ma

2 _ 2
<ehy ; 5h2;(5 YOty J__) + (E + L—z) ha ;wj(ézui—%,j)

1 1 m ma 2
(o) [EM;(‘S”“""‘%’ (e Lz)'”;w] ]

1 1
<52||6y5zu||2 + [E (L—l -+ L—z) -+ 2] |u|?

1 1 1 1
+ (E + L—l) (E + L—2> Jlul|?. (9.13)
s, m
1A nul®

mi mz

_ Z Z ~ (£2 2 2
= hihsg wil; ((5zuij + 6yuij)
i=0 j=0
mi1 mg mi1 ma

= hihg Z Z w,-u‘zj (5gu,;j)2 + 2h1h2 Z Z w;il; (5_3“';3') (55’(11”)
=0 j=0 i=0 j=0
my me

+hihg Z Z Wil (6Zu,-j)2

i=0 j=0

my M2
hihe Y Y wi;(02uis) (55“@')

i=0 j=0

= ha Z@j [hl > wi(dFus) (55%)}
mi— 1

=0
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my—1 [ ma

i=0 j=0

my—1 i m2
=—h1 ) —h22(5y5w“i+é,j+%)2]

=0 | j=0
mi—1 my 5
= hiha Z Z(5u5w“¢+§,j+%)
i=0 j=0
= ||5y52u||2’
CIES)
[Anul® = |83ull® + 2118y 0zul| + [|65ull. (9.14)
5 i
18y 8zl < 5| Anu]|*. (9.15)
MG 9.1, WERK &1 >0, 7]
1
ulf = —(Any, u) < exf|Apul® + 4—€1||UII2 (9.16)

# (9.15) 1 (9.16) FRAN (9.13) BF|

1 11 1
forio S 52| Apul|? — 4 — Apul? + —|ul?
Uig,jo < 3¢ 1Anu[" + [E (Ll + Lz) +2] <€1|| wull® + g ll

+(cr) (G )
& L1 = L2 ’

B ey {578 [s (Li + Li) +2] o= e, L3

2
L (Li1Y,
L1Lo Ly Ly

CIEC
[E(1+1)+2]2

Li 'L 1 1 1 1
2_<2 2 1 2 - - - - 2
ul i <% Anul| +{ 5o + E+Ll E+L2 |

3 3/1 1 1/1  1\? 1
=ApulP+ |5+ (—+—= )+ (—++— —— | Ilul?
¢ ” h'lt” * €2+E L1+L2 +2 L1+L2 +L1L2 ||’LL||
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AT E SR 2
lulle < lldnal +V3 |2 + 5 (7 + 2. )|l 0
9.2.1 ESEAMEIL
é.
v = ¢(u) — aAu,
T (9.1)—(9.3) &M+
u=Av, (z,9) €, 0<t<T, (9.17)
v=¢(u) —alu, (z,y)eN, 0<t<T, (9.18)
%=0, g%=0, (m,y)eB_Q,O<t<T, (9.19)
u(z,y,0) = p(z,y), (z,y) € (9.20)
¥ (9.17) XF = kT, AJF
(uz)t = Vozz + (Vz)yy-
4 x=0,Ly, FFHA (9.19), \TH
Uz::c:z:lm:O =0, vwzzlz:Ll =0. (9-21)
¥ (9.17) Xt y KB, @ y =0, Ly, FFA (9.19) IR
Vyyyly=0 =0, Vyyyly=1, =0. (9.22)
FEERT (9.18) AHIXT = K y KT, FHFHA (9.19) /I
u:z;:czl:z::O = Oa u:c:z::cl:c:L1 = 0’ (923)
Uyyyly=0 =0, Uyyyly=1, = 0. (9.24)

& X PA#% R 3

UL = (@i, yj,tr),  Vig =v(@i,y5,t6), 0<i<my, 0<j<mg, 0<k<n.

TR (i, Yooty y) REEBITRR (9.17)-(9.18), REFASIH 1.2, (9.19), (9.21)-(9.24),

G

k+3 k+3 k+3
U, * =A0nV,; *+PF; 2,
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O<i<m1, 0<.7 m270<k<n_1, (925)
1 1
Vet = o) - atnUSTE 4 Q5
0<i<m, 0<j<mg, 0<k<n—1, (9.26)
BIEEY o 58
P <or(r2+h2+h2), 0<i<my, 0<j<ms 0<k<n—1, (9.27)

< a(? + hi + h3),
0<i<my, 0<j<me, 1<k<n—1, (9.29)

fE (9.25)-(9.26) FHE LRI, JFERBMEE M

U =o(@iy;), 0<i<m, 0<j<me, (9.30)

Xt (9.17)-(9.20) BN FEHHE R

k+3

Sl = ApoftE, 0<i<my, 0<j<mg, 0<k<n—1, (9.31)

k+3 k+ k+3
Vyj 2 =q§(uij 2) —aAhu-- 2,

0<i<my, 0< 2, 0<k<n—1, (9.32)
0

J<
0 <j < ma. (9.33)

Uij = So(whyj)a 0< 1y

# (9.32) R (9.31) W]78
=Ap
0<

k+1 k+1 k+i
6tuij+2 (¢(uij ) - aAhU 2),
1<my, 0<j<myg, 0Kk n—1, (9.34)
Ui = 90(3%',.%'), 0<i< my, 0 < J < ma, (935)

9.2.2 %ﬁ*ﬁiﬁﬁﬂ‘]ﬁ&'&

EE 9.3 & L7 <1, MZEAHER (9.34)-(9.35) KRR FELER).
iERR  H (9.35) %ﬂ% 0 BfE 0 T E.

WERRBE £ BHE o WE (9.34) ATRRTE k+1 B# o+ BMIERMES
B4, 4

k+3

Wi; = uij N
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B (9.34) A[ 8
2

= (wyy —ufy) = An(d(wiy) — @dpwyy), 0<i<my, 0<G<ma,  (936)
4 w KA,
ukHl = 2wy —u, 0<i<my, 0< ) < ma.
R EAER (9.36) TEAERE.
4
M(w); = %(wij uf) — An(p(wiy) — adpwy), 0<i<my, 0< ) < ma.
Ty
(1), w) = 2 [(,0) ~ (0¥, )] ~ (An(6ar) — @), )
= 2wl — )] — (Angl)w) +alArul’. (03)

ERAFE Gy MT wy 5 iy Z0, 503 AT vy 5 wign ZRER
~(Angw),w) =(3260),6o) + (539(0), )

lmz

=hihg Z ng ( a:d’ 1+ J) ( zwi+%,j)
=0 3j=0
my Tnz—l
+ hih; Z Z w; (5y¢(w)i,j+%> (5ywi,j+%)
i=0 j=0
m1—1 mz 9
=hyhsy Z ij¢,(£i+%—,j) (5zwi+§,j)
i=0 j=0
m: m2—1 2
+ hihe Z Z wid'(n; 541 (5ywz',j+%)
i=0 j=0
&
¢ (u) = 7(3u® — 8%) > —°
&n
v?B
~(Anb(w),w) > =18 Vwul? > 2| Axolfl > ~(alldpulP+ L2 ol ).
(9.38)
¥ (9.38) R (9.37) 18
2 1
(T0(w), w) >=[llw]® = [l - [lwll] = =8l
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2 Akl — T 204
=l (Jlwll = llu*l - 528 wll)
_2 _ T 244 ik
=Zllwll (1 - g57%6*) Il - ul]

By 'y ﬂ —7<1H ||w|= “u—l;"‘i i, ((w),w) > 0. B Browder B (FE# 1.3)
1- 78—57'
&N (9.36) FEEERR. 0

9.2.3 ZENENMAE R

EHE 9.4 B {uf|0<i<m,0<j<me,0< k< n} AEFHERK (9.34)-
(9.35) (AR, X %r <S1ELF

[t < e T|u0), 1<k<n
iER o 5 (0.30) MPAIERE, @
(deutE, ) =(An(p(rtE) — aAnutt), ukth)
=(Anp(uFt7),ukE) — a(ApuFtE, Apubti).

FIA (9.38) 0]

1 4 2
5= (WP = ) < o HAhuH T et - o awus+
2ﬂ4 H Wil
78 (I + It
<o 5 , 0<k<n-1.

Pt % %(Ilu”"“ + b)), 783

1 k+1 k 72[34 k+1 k
= ([l = [l < 5 v I+ llw"), 0<k<n-1
BEAE

234 2

(1 - ﬁ'r> uf*1) < <1+ T 7') lu¥], 0<k<n—-1.
8« 8a

224 1
2578 2 W,

3 24
lu*1) < (1 + ;THT) lu¥], 0<k<n-1.
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B, B3

204
lu*]| < "5 T), 1<Ek<n.

9.2.4 ENHBAMAIKSE

i
D ) YD
Ve~ B S R 2
{52
RIBEZERH o B8

|9 (u)] < ez |2"(u)] < ca
F92 Huclo+l,co+2] B, ATH ®(u) AR FFIFRMERHH 5 KIEE
£ E:o
O (co+1)=¢W(co+1), ®O(co+2)=0, 1=0,1,2.
Hu€[—co—2,—co— 1] B, FIHL @(u) AL THIBERMHK 5 RI\EZ T
X
O (—¢g—2)=0, ®V(—¢y—1))=¢O(=cx—1), 1=0,1,2.

X 9.3 EERITHER LR B o(u) HBWTES (Cut Off Function), FFHR
A5t FE AR T R BB ATE 22 43 XSS 0 2k o AR B e k.

i
cs = W)
’ (z,y)élsl‘l?gistsir|ut(w’y )
ZIREMER
k+3 k+3 ; ;
Gtug; =By %, 0<i<m,0<j<mg, 0Sk<n—1, (9.39)

1 1 1
v P = @(uf ?) — alpug P, 0<i<my, 0S5 <mg, 0<k<n—1, (9.40)
ugj =(zi,yj), 0<i<my, 0<j<me. (9.41)

EE 95 W{ULEI0<i<my,0<)<me,0<k<n} A (9.17)-(9.20) KIfE,
{uk |0 < i <my,0<j <mp,0< k< n} A (9.39)-(9.41) HIfE. 8

ef; =Uf—ul;, 0<i<m, 0<j<my 0<k<n
WHEEER o E5

oo <cs(2 +h2+h2), 1<k<n. 9.42
1+
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iERR i
k _ vk k . .
f,-j—V,;j—v,;j, 0<1<m1,0<J<m2,0<k<n.

HERB S(ULTE) = g(UETY), ¥ (9.25)-(9.26), (9.30) 55 (9.39)-(9.41) HRIKAH
W, BEREHEH

k+3 k+3% k+3
(Ste,‘-j = Ahfij 2 4+ Pij 2,

k+1 k+1 k+3 k+3 k+3
fii 4 =(I’(Uij 2)—‘1’(%'3' 2)—0‘Aheij : +Qij %
0<i<my, 0<j<mg, 0Kk<n—1, (9.44)

(1) B ek+3 5 (9.43) FIBAERTR, B3]
% (”ek+1”2 _ ||ek||2) _ (Ahfk+§,ek+%) + (Pk+%,ek+%)
= (fk+%,Ahek+%) - (Pk""l?',e’”‘%) ; (9.46)
R <+ 5 (9.44) f 0, 7831
%Hflwé 2=§ (@(Uk+§1) _ (I,(uk+%),fk+§)
— (Bnekth, fi48) + 2 (Qh+, 1) (9.47)

¥ (9.46) F0 (9.47) #in, 83

o (12— ek1?) + [+
=§ (@(Uk+%) _ @(uk+§),fk+%) 4 (Pk+§’ek+%) " é (Qk+%’fk+%)
[ e e o
<l + g2 1) + Gl + )
+Haa 4 + g o) (049
HED (9.27), (9.28), AT

1 2 2
= (Cal

1 1
< 2oy l|ek+§
a
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1 1
<5 (14 2) s+ ZIPHH + et
2

2
%1(142) <l A
2 «@ 3

!
(1+ )|| G | ( +E)L1L2cff(r2+h§+h§)2, 0<k<n—1.

[le5+1)1* < [1+3(1+ ) ] lle*]|*+5 ( +§-)L1LQC¥T(T2+h%+hg)2, 0<k<n-L

i Gronwall A%R,, A]#&

2 ( a)L]chl
lek|? < e3(1+3)7 (P2+h2+R2)2 1<k<n.

c

1=
(1) F 8pebt2 5 (9.43) HIBEILVEATR, 18

2
1
i -

B Anbiert? 5 (9.44) AR, 18
(fk+%,A,,5te’°+%) (<I> (Uk+h) <1>(uk+%),Ah.5tek+%)

1 1
— (Ahe"+7 , Ah5t6k+2)

+ (Q’”%,Ahate’”%) , 0<k<n—1.

KU _ERAEM, B
2
% (”Ahek+1“2 _ ”Ahek”2) 4 ”5t6k+%
= (o) — @@r*h), Andie™ 1) + (@4, Andiet+)
* (Pk+%’6tek+%) , 0<k<n—-1

¥ LX)k #h 1, XL 0 B kSRA B

k
@ 2
e (1A = ane) + 3 et
=0

k
(@(U“r%) — a1, Ahéte”%)
=0

(Ahfk+%,5tek+%) + (pk+%,5tek+%) , 0<k<n—1.

(9.49)
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k
+Z(Ql+2 Ah5tel+2)+Z(Pl+2 (SteH'z), 0<k<n—-1. (9.50)
=0

=0

F (9.50) BIRHIE TN, H

i (Qz+% Ah&e“%)

=0
- [(czk -] z(—)
=1
<2 (@3- I1ane )
+lz="; M welll (9.51)

XF (9.50) AREIE—I0, H

k
> (2t - o(u+h), Apsiet*h)

o~

0
[(204*]) — a(ut+h), Ane*?) — (2(U) - o), Ane’)]
_y- [pth - et - o' h e

1
=

=1 ’
<2(le@ ) - b vt + oot —@(u%>\|-l|me°ll)
k UH’i —®(u+3)] — 1=3) — ®(ul—3
+;” [@( ®( )]T[‘I’(U )= o)) H'“Ahel“-

EBINFLE p € (0,1),0 € (0,1), 48
20 +h) - o@i*h)] - [oUi~4) - o(u'H)]
[ (U3 + 7AUY — ®(ul~} + A )] - [@(Ul—%) - @(ul—%)]
=<I>'(Ul_7 + AU TAU - '1>’(ul_§ + TpAsul)rAgul
=3 (U~ + 7pAH) (AU — Agud)
+ [<1>'(Ul-- +TpAUY — @ (Wb F 4 TpAtul)] TAU
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=@ (u"2 + 7pAwul)TAE
+ " (O(UF + 7pAUY) + (1 — 0)(wd T + 7pAY)) (7% + TpAse) TAUY,

[o(U*3) — 2(ut*2)] - [o(U'~5) — B(u'H)]
H : ”
<co||Agel|| + czcs (“el_% || +7'||Atel||) ;

T2

i( o(UHh) — o(u't), Ansie'*1)

o~

0
%(H@<U’°*=> b

Jane |+ [|le@?) - ot

°I)

k
+ 2 ((ea-+ cacam) el + cacole! 1) hane'

< c:lle"+=|| IIAhek“H+E(62+6263T)||Ate’|| [ Ane'l
=1

+_cacslle! |- [ Anel]. (9.52)
=1

# (9.51) A1 (9.52) FRA (9.50), 73

k
%“Ahekﬂnz-l-ZH&BH% ?
=0

1 1
e “ k+3
~|e

k 1 1
Ane* |+ Hf [l Ane!]
=1

k
1
+ a3 2R + (2 + eacom) Zj lAcel - | Anell

k
-1
=+ cac3 z He 2
=1

l|a 2
< [Z1aneriie+ Zigmap]

1
. ”6t€l+§

k
A+ ||P
=0

k

k
%Z | Anel2 + Z

QH-‘ Ql——
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2 9
+1 FnAhekHu? + 22 ||+ ]
T [0
k
2 Z [Ae|? + Cz + cac3)? E Ane!|?
=1
k 1 C C k
=% 2C3
+ 22 ZH B+ 223 sl
=1 =1
k k
2 2
Al 3l
1=0 =0
ey 4
ERFRE T, A
802 1 8
”Ahek+1”2 <E22 HeIH-2 _”Qk+1”2

2 2cac —k
e — (1+0203+(02+C203 ZHAh l||2 e Z”l 7|2

(ZHPzn 'y fenioen ) D<k<n—1

¥ (9.49) RN LR B IFERE] (9.27) M (9.29), FIFH Gronwall RERMALER
B ey 57

QH—2 _ Ql

|Ane®|| < ca(r®> +h2+h2), 1<k<n (9.53)
B (9.49), (9.53) MBI 9.2 WTHRFLEFH o5 45

lle¥lloo < es(t?2 4+ h2+h3), 1<k<n (9.54)
ZEH, BANES T Z08 (9.39)-(9.41) HIBBEE] (9.17)-(9.20) K, BF
it (9.42) K. O

FERFH c5(r2 + b2+ hd) < 1 H,
luf| < |UE|+|ef;| Sco+1, 0<i<my, 0<j<m, 0<k<n.

5]

' q’(“?j)z‘?(ufj)» 0<i<my, 0<j<me, 0Kk n.

WM ESER (9.39)-(9.41) FIZESHE (9.31)-(9.33) 5TE&—H. HMES R

(9.31)-(9.33) HIRRKSRE (9.17)-(9.20) HIfE, HAE MR (9.42). TRBIWT &
H,
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Eﬂss B {UE|0<i<m,0< ) <myp,0< n}jb(917)—(9.20)B<Jﬂ¥,
{uf; [0 <i<m1,0<j<me,0< k< n} A (9.31)- (933)9‘1%

e =ULk—uk, 0<i<my, 0<j<me, 0<k<n

WHEEES cs, B2 +hl+h3<1/cs B, F

€¥]loo < c5(72 + h2 +R2), 1<k<n

9.3 =R&MEMER

9.3.1 EHENAVEIL
5 (ziy0ty) ABEIE 0.17), (918), FASIE 12 & (9.19), (9.21)-
(9.24), AT

5tUi§ = AhVé +py 0<i<my, 2y (9.55)

0 m
Via%' = ¢(ij) — aAhUé’ +ay 0<i<my, 0<j <my, (9.56)
Hr
uj—u(m,,y],0)+ Ut(zuyﬂao)a 0<i<my, 0<j<my,
FIEEFER o 4
mi, 0< ,7 < ma (957)
7 < ma. (9.58)

T (zi, i, tr) EERFGTE (9.17), (9.18), FIFFIH 1.2 K& (9.19), (9.21)(9.24),
EE:

AU =ApVE+p5, 0<i<m, 0<j<my, 1<k<n—1, (9.59)

V= ¢(UE) — o UE +¢f, 0<i<my, 0<j<mg, 1<k<n—1, (9.60)
FEFH o 47

P < er(r® +h3+ k), 0<i<my, 0<j<ma 1<k<n—1,  (9.61)

g5 <cr(r® +h3+h3), 0<i<my, 0<j<mg, 1<k<n—1,  (9.62)

|Agl| <er(T +h3+h), 0<i<my, 0<j<my 2<k<n—2. (9.63)
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i (9.20) AT40
U = (i, y;), 0<i<my, 0<j<my (9.64)

£ (9.55)—(9.56), (9.59)—(9.60) HE& Z/NET, HEER] (9.64), XF A& (9.17)—(9.20)
BT ES R

1 1
dru; = Apvg, 0<i<my, 0<j < my, (9.65)

'Ué. = ¢(’a74.7) —_ aAhu,?;, 0 < i < my, 0 g -7 g m2, (9.66)
Aufy = Apvfj, 0<i<my, 0<j<mg 1<k<n—1, (9.67)
vk = o(uf) — aAhuf’j, 0<i<my, 0<j<m, 1<k<n—1, (9.68)
u?j =p(zi,¥i), 0<i<m, 0<j<ma. (9.69)
# (9.66) £ (9.65), ¥ (9.68) £ (9.67), AIHR

Jtui%j =i Ay (d’(ﬂij) = aAhu-i%j) y 0<i<my, 0K ) <ma, (9.70)

Aculi = A (9(uly) — ot}
0<i<my, 0<j<mg, 1Sk<n—1, (9.711)
u?j = po(i,¥i), 0<i<my, 0<j<my, (9.72)

ABEH (9.70)-(9.72) B—AN=ZBEUHESER. X (9.1)-(9.3) B ESER
(9.70)~(9.72).

9.3.2 ESHRARHFEMME—E

EE 9.7 ENHER (9.70)-(9.72) BME—AT AR
iEFR  HH (9.72) 40 u° ME—TRRE.
B (9.70) AIAXT o' MEHETEA. FREFRTEL

1
—uly = —ZA%ul, 0<i<my, 0<)<ma. (9.73)

A u' 5 (9.73) BIFAEAR, B
2 + S HAnt 2 =o.

550 |ut]| =0, BF (9.73) REZMH. HTW (9.70) HE—HHE u'.
W ookt ok BEME—FE. B (9.71) AIERT o WEHGTREA. HFKT
B4 N

g 0<Z<m130<]<m2

R ATHE [kt = 0. BTG (9.71) E—HE uk1. O

1 k a
S S I O |
oty = gl
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9.3.3 ESHERASE

513 9.3 ®Wu=@ul - ,u") MU= UU% .., U") & Q EKBHENH
R, ﬂl'J???EpE(O,l)ﬂIEe(a,b) e

A[d(U*) = ¢(u")] =¢/ (pu™** + (1 - p)u* ) A (U* — uF)
+0"(€) [p(U*! — u**1) + (1 - p) (U — uF 1) AUF,
Hep
a =min{pu*! + (1 = p)u?~1, pU**! + (1 - p)U 1},
b=max{pu**! + (1 - p)u*~1, pU! + (1 - p)U*1}.
MERR
A($(U*) — ¢(u*))
= - {19 — 6] — [U*) — p(u )]}
= o {IB(0* + 27AU*) - 6t~ + 2rAwb)] ~ (U - )]}
= ¢ (U 4+ 20rAUF)AUF — ¢ (uF~1 + 2p7Au®) Agu® (9.74)
= ¢'(uF 1 + 207 AWF)AL(UF — u¥)
+[¢' (pU** + 207 AUF) — ¢/ (Wb~ + 2prAu*)) A U*
= ¢/ (pu"*! + (1 = p)u* ) A (U* — u¥)
+[¢ (U + (1= U = ¢/ (puf + (1 - p)u* )] AU
= ¢/ (pu* ! + (1 = p)u* ) AU - u)
+¢" (&) [p(UF —u* 1) + (1 - p)(UF! —u*1)] AU . (9.75)

FERE (9.74) B, ¥ o(UF1+27pAUF)—p(ur 1 +2rpAu*) FBEL p€[0, 1] HIRSL,
RERMSPEEE. 83 9.75) RERNAMS> FEEHE. a
5|2 9.4
k i k-1
ZulAtvl = g(u"vk"'1 + uF 1% — Oyt — 4l — Z(Atul)vl, 2<k<n-1;
= 1=1

k
1
Z:ulAtv’ = E(ukv'€+l + b ToF — ! — ule? E(Atu Y, 2<k<n-1
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R EEE
k 1k
;UZA{U! =§ Zul(vl'H = ’Ul_l)
k+
- =
=5 <Zul 41 Zul 1) = (lz:: =1, Zul+1 l)

£
k—1
ZUAt'U k k+1 -|-’U.k 1 k uovl—ulvo)—Z(Atul)vl
=1
1 k. k+1 k-1, k 2,1 0
=§(uv +u" T —uv —uv)—Z(Atu O
EEE98 B {UE10 <i<mi,0< 5 <mp,0<k<n} h (9.1)-(9.3) K
{uf; |0 <i<m,0<j<mp,0< k< n} A (9.70)- (972)&9 .
L=Uk—uk, 0<i<m, 0<j<my, 0Sk<n.
: 1
MFFFEFEH cs, 2 72 + b + A3 < - i,
8
le¥|loo < ca(T2+ A2+ h2), 0<k<n. (9.76)
iERR 2
fl=V§—vlh 0<i<m, 0<j<my 0<k<n
= YU B)ls = " .
co (z,y)é’s‘ft’é[oj]'“(w y,t)l, co= gaR ax |¢'(u)l, e |u|123§‘+1|“’ (w)|
# (9.55)—(9.56), (9.59)—(9.60), (9.64) 5 (9.65)—(9.69) FHIK, BAREHEA
6te = Ay "’+p”, 0<i<my, 0<7j<mg, (9.77)
1
fz] aAhe’lJ + ng’ 0<1 < my, 0< .7 m2, (9‘78)
Ase Ahk+pw, 0<i<my, 0<j<mg, 1<k<n—1, (9.79)
fz] ¢( 1.]) ¢(uij) - aAheij + q'ij,
0<i<my, 0<j<mg 1<k<n—1, (9.80)
)i =0, 0<i<m,0< )< my, (9.81)
B (9.81) &1

“60”00 =0.
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@) [let]| R [|Anet|| HIfET.
(a) i e} 5 (9.77) WIBILERR, B

(‘ﬁe%,e%) = (Ahf%,e%) + (p”,e%) ;
Rl 1% 5 (0.78) MPLAEWE, 7
L - (k. ) + 2 (850,
L0 E =R, 43

_1_ 1)2 02 1
(e = [e0)2) +

f3

= (p",e%) $s (q",f%)
«

1,202 1
<l ] + 2 73]+ ZglellP:
<1l e[| + < 73] + e

EEI L =08
o=l <Ip°l - glet + 2 lla’)?
<l + 7l + ool
B
1P <7l + 1)
<7 <T + é) caLyLa(7* + h3 + h3)2. (9.82)
(b) F diei 5 (9.77) WIBIAMEAR, B3
i - (2074 ) « (4.
B Anbict 15 (0.78) WFBLAE AR, B3]
( f%,Ahate%) = =g (Ahe%,Athe%) + (qU,Ahate%) .
L0 E =R, 93]
e

FEE L =08

; +a (Ahe%,AtJte%) = (po,éte%) + (qO,Ah(Ste%) g

1 132, @ 2 _Ll.0 1 1 1
§||e I +;||Ah6 | =;(P € )+;(q ,Ape’)
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1 1 a 1
< —|let 2_{ Z1p°12 + = |ARet |2 + —1|g°]2.
\,),2 “C “ 4||p “ 47_“ h€ ” aTllq ||

ar
f bl -, A
47 (/1 1
22T (o2 o 21,012
Ianet 1P < 2 (G571 + L1717

_T,02 i 02

=2l 1" + 5l

<(Z+2)2LiLy(r2 + 2 + h2)2.

S\zT2)% 1 2

(I1) % (9.76) 5 1 < k < m BRI [ﬂU§r?+h§+h§<clE'\:l',

8

TE

lulloo < U*]loo + ll€¥lloo S co+1, 1<k <m,

6(U) — ¢(uf)] < colel, 0<i<my, 0<j<mg, 1<k<m.

MG 9.3, &

|AB(UE) — (u)]] < colAeels| + cro(lelT| + lef ),

BRAERAERA (9.76) X k =m + 1 tEIL.
(a) Al eF 5 (9.79) MIBEAMERA, B3

(Atek,e’-“) = (Ahf'_“,eE) + (pk,e'_c), 1< k< m.

i~ 1 15 (9.80) MBLAE 1R, 18

P =2 (B%) - 6(4), £5) - (AneF, ) + 205,75, 1<k<m

01 =R e, 8
= (12 = e 2) + 12

= (8(U%) ~ 6(*), ) + 04, ) + = (05, 15, 1<k<m.

(9.83)

(9.84)

(9.85)
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NF (9.84),
i(Ile’“’“‘H2 - [le*=11%) + l||f'_°I|2
4r «a
Cg i e i =
<glle’°ll EI A+ RN e + allkuI bl
1 k2 1 o0 kna , 1y k2
e -
<o P+ s cBle I + 5 "
1 k2 Bz . L oykg2
= — — 1<k<
+ 51l +2a||f 1P+ 5o lld?, 1<k <m,
Bp
1 - 1 1, z 1 1
E(lle"“ll"’ — [l < <o 2|Ie’°||2 + —IIe"II2 + -I|p’°||2 off —IIq”lI"’
socalle™ll* + 3 (Ile’°+‘||2+||e’°‘1||

2
+3 ||p 1% + allq 2, 1<k<m. (9.86)

PRiLFRLL 47, B3]
(1= I < (1 + et + et

1
+or (P + IR, 1<k<m.

k+1)12 k=12 , 3B\ ky2
1e*H1% <(1 + 37)[|e*1% + —2rle¥]
1
+ar(IH7+ 2IPP7), 1<k <m,
550
k+12 k(|2 Cg k|2 k—1)2
max{[le* %, [l 7} < |1 43 ( 1+ 22 ) 7| max{[le|%, "1}
1
+3T(||19’°II2 + allq’“llz), 1<k<m.
B (9.61) F (9.62) /&
2

a7 JeH?) < 143 (1+ 2 ) | maxglet]?, ek )

1
+3 (1 + E) LiLoc(r* +h3+h3)?%, 1<k<m.



. 236 - £ 9F Cahn-Hilliard FREHZES

i Gronwall A& LK (9.81) Fl (9.82), MNFLEEL ¢y HE8
max{||e*"1||?, |e¥]*} < i (7? + B + h3)?, 1<k<m,
Ep
le¥|| < cin (P + A2+ h3), 0<k<m+1. (9.87)
(b) F Ase* 5 (9.79) BIBEAERTR, B
[[Ae®|? = (AnfF, Ae®) + (0%, Ave*), 1<k<m
F AnAe* 5 (9.80) HIFIAERTR, B
(fF, AnAce®) =(3(U*) — (u*), AnAse®) — a(AneF, ApAce")
+ (g%, ArAF), 1<k<m.
# L B AR, 8
||Atek||2 + a(Ahe’_‘, AhAtek)
=(¢(U*) — p(u*), AnAceF) + (¢¥, AnAce®) + (0¥, Are®), 1<k m.
55
[Aee® |2+ (1 AR* 2 ~ [ Anet %)
<(B(UF) — p(uF), AcAne®) + (¢, AcAne®) + (0¥, Ase")
<(BUF) — ¢(uF), AyAne®) + (¢F, ArAne®)
+3lAt+ 2t 1<k <m.

R BN E & B 1, I00F 1 1 Bk SRAL, B

l\')l*-‘

k
Z | Ae!|* + g(llAhek“II2 + [|Ane®||* — |Are! |12 — (| Ane®|?)
k - 1 k
<Y (U - p(ut), AAne') + E(q AeBne') + 23 [P,
=1 =1
1<k<m (9.88)

NAGIE 94 HE—R, B

Z(¢(U’ — ¢(u'), AgAne®)
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=§1_ [(BUF) = $(u*1), Ane¥) + (S(UF) — (u¥), Ane*)]
k—1

- Y (ASUY) - B(u), Anet), 1<k <m.

=1

ERZ (9.84)-(9.85), (9.81) X5|HE 9.3, 8

($(U") — p(u!), AgApe))

M=

o~

1

(IB(U*=) = Sl - 1 Anek| + [ $U*) = (¥ - | Anet*])

?I'-*

k-
5> |(Ac(oU") - (), Ane')|
=1

< 5= (calle™ - lAne¥]| +calle] - | ane*+1])

k—

+2_es(coll e+l I+l IAne, 1<k <m.  (08)

I\Dl._,

NASIE 94 WBE—RX, A

Ma-

(q ) AtAhel)
1

o~

k-1
1
=5 (@5 Ane**h) + (@7, Ane®) — (¢, Ane')] = 3 (Aed', Ane)
1=2
1 =
<o (g 1A ]+ "1 - 1 Ane®] + gl - | Anet )
k—
+3 18] fnell, 1<k<m. (9.90)
=2

¥ (9.89) A (9.90) R (9.88), B3

DO =
-

(e
1A' + £ (1Ane™ |7 + | Ane®|* — || Ane'|?)

-
1
A

1
S.2_—( 9”ek 1” ”Ahekll+59”ek" ”Ahek+1”)
k—1
+ 3 cs(eall e +crolle ] + [l D) 1 Ane|
=1

l\)l'_,

— (11"l - lAne™ ] + lg* I - 1Ane®] + gl - [|Ane'(l)
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B<i k
1
+ Z [Aed]| - | ARe'] + 2 Z [P
=2 =1
1 (a k2 L 268 k112 , @ k12 L 2€8 ) ky2
<3 8||Ahe I*+ S e +8||Ahe %+ 5 lle”]|
k—1 1 C%
+ 3 (310 + S panete + Ljeye
=1

c2c? | c2c?
£ 50 A2 4 L1124+ B A2
2 2 2
1 [« k+12 2 kg2, @ k2
+ 5 (et + 2112 + Shanet)
P21 + 2R + 1212 ) + L ST A + AnetP)
o 2 2c¢ 2 P

k
lellz, 1<k <m.

Nlr—‘

R
o
2 (lAne 1P + AneI?)
2 2c2 2

L anetP+ 5 (e + ety 4 gty + 2ty

a 1 s 1
+§||Ahe1||2+%nq2u2) + 3 (85 + o) Nanell? + et + Gl P

=1

1 ¢ 12 2y , L 2
+§§(||At‘1|| +||Ah6||)+§§||17||, 1<k<m,

A DL
IMWHW”HMWWZ
2
<2 (k12 + 1)

k—1
871 1 1
+—{ (%+quMéW+§:Q@%+@%+ NAMW]

=2

k—2
llIeOII2 + e + [leF 1P + eflP +2 ) lle')’?
1=2

4 (2 2 o 1
9 2, 22 k2 4 k=12, & 12, L o.2)2
+28neP + 2 (21412 + 2+ Slanet P + ol
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47
X:IIAqII2 ZII 2, 1<k<m.

=2

H1 (9.87), (9.61)—(9.63), (9.81), (9.83) MFFEER L c12, c13 1H8

1ARe" 12 + [ Ane®|®

<zt S (1Ane!|? + [|Ane" 1 ?) + c1a(r® + B2 + 132, 1<k <m.
=2

B Gronwall A%, B

|AReF % + || Anek||? < €25 . e13(T2 + 2+ h2)%, 1< k< m.

S pit}
|Ane¥|| < e3°2T Jerg(r? + h2 +h2), 1<k<m+1. (9.91)
HE5|H# 9.2, (9.87), (9.91), &

1/1 1
le™ oo <Ane™ I+ V814 2 ( T+ - [le™* ]

L; L
c12T 1 1 1 2 2
e3°12 \/F-{—\/_I-F— — 4+ —c1 (7" + hi + h3)

2\L; L,
_Cg(T +h2+h ),
BF (9.76) %F k= m + 1 AL

9.4 =BE&MEHEMIER
MF ue vy B TIEE

1 .
gloi T g Ui i=0,
Aruij = 12(u,_ g F10u; +uip1j), 1<i<mg—1,
1 5 .
glmi—1j T glmajs i =my,
1 .
6“720 + Eu“’ 3=0,
Azt =\ 51+ 100 +uiin),  1<j<me—1,
1 5 ;
Eui,mz—l + aui,m,, j = ma.

Ap = A1da, Ap = A282 + A15§,
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53 9.5 NEBK ueVn FH
5
T llull® < Azl < [lull?,
5
T lull® < IAzull® < Jllf?,

2o ll? < Anul? < [l
51 9.6 XEEBMueV, H

[ Anul? < 303+ VElAnul®
iERR  H (9.14) &

162012 + [|82ul|® < [|Anul®. (9.92)

1 1
Ah'u'ij = Ahuij - ﬁhgézﬁiu” - ﬁhféf.&zu“,

i

1 1
1Anul < lAnul + 5h3l6262u] + S h3l6262u
1 1
< [lAnull + —1152u|| + 3162

< [1Anull + 5 = (62l + ll65ull)

< [[Anul + 5\/2(||63u||2 +1153u])
V2
< llAwull + 5=l Anul.
33+xf
Anl < 2D ),

1_£ a
3

|Anull <

9.4.1 ENMEAKEIL
XA (9.17) XT « K= FH, HAIA 9.21), 9.23), B/

'Uz:c:c:z;z|z=0 =0, Uzza::m:l:c:Ll =0. (9.93)

XA (9.18) XF y K= 5%, FFH (9.22), (9.24), B

Uyyyyyly=0 = 0, Vyyyyyly=L, = 0. (9.94)
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XHFE (9.18) KTF = R=EMrFH, FFFIA (9.19),(9.21),(9.23), B
Uzzzzz|z=0 =0, Uszzzz|e=1, = 0. (9.95)
XHHTR (9.18) KT y REF%, A (9.19), (9.22),(9.24), 8
Uyyywyly=0 =0, Uyyyyyly=L, =0. (9.96)
ER (zi,y;,ty) BEBTE (9.17)-(9.18) 7
ue(i, Yirt1) = Voo (Tis Yir 1) + vyy (@i, Wi 1), 0 < i <mg, 0<j <y,
(i, Yoy by) = S(u(i, Yirty)) — @ [ta(i, s ty) + (@i visty)]

0<i<my, 07 < ma.

A ArA FERUL BB, FNATIE 1.4 LUK (9.19), (9.21)-(9.24), (9.93)-(9.96), AT
5

A AobU% = Aob2VE + ABVE +5%, 0<i<my, 0<j<ma, (9.97)
1 1 1
AL AgViE = ArAad(itis) — a(A282UE + MB2UE) + 5,

y-ig
0<i<my, 0< 7 < mg, (9.98)
He
iy = ulai, y;,0) + gm(zi,yj,O), 0<i<my, 0<j<my (9.99)
FEEHEE 1y 18
59| < c1a(T? + ki +h3), 0<i<my, 0<j < my (9.100)
63| < cra(r® +h1+h3), 0<i<my, 0<j<ma. (9.101)

TEA (i, yi tk) EHEBFHR (9.17), (9.18) AH
ut(xi)yja tk) = vm(:t,-, y],tk) + 'Uyy(xi, yj,tk),
0<i<my, 0<j<me, 1<k<n—1,
V(Zi, Yj, tr) = S(u(Ti, Yjr tk)) — Ao (Ti, Y5, t) + Uyy (T3, Y5, te)]s

0<i<my, 0Sj<me, 1Sk<s<n—1

A Aid, FERU EHR, HEXRNATIE 1.4 P& (9.19), (9.21)-(9.24), (9.93)-
(9.96), A[ 18

A1 A AU = A82VE + A82ViE + 55,
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0<i<my, 0<j<mg, 1<k<<n—-1,
A1A2VU = A1A2¢(Uk) — a(AzézUk + .Al(szU'C )+

ij 1,_1’
0<i<my, 0<j<mg, 1<k<n—1,

FEFH o5 5
pE| <cis(t?+hi+h3), 0<i<my, 0<ji<me, 1<k<n—1,
i 1 2
65| < ers(r? +hi+h3), 0<i<my, 0<j<mg, 1<k<n—1,
|Ag| < crs(T> +hi+h3), 0<i<my, 0<j<mg, 2<k<n—2

7 (9.97)-(9.98),(9.102)—(9.103) F B E/NEI, HERBWMEEH
U = e(@i, ), 0<i<my, 0<j<my,

Xt (9.17)-(9.20) B F =S8R

.AlAzétu? = A252'u + A162 v 0<ismy, 0<j<mg,

A1A2vij = A1 A20(ts5) — (.Az&ﬁu” + Aléyu”)
0<i<my, 0 )< my,

A1A2Atu Azézv +A162 f],
0<i<m, 0<j<me, 1<k<n—1,

Ar Aol = Ay As(uly) — o (Apd2uly + 62
0<i<m, 0<js<mg, 1<k<n—1,

B (9.108)—(9.111) A[#8

A’l&tu _Ah'l)u, Ogigmlg 0<J ng,

1
Ahvé = Ah(ﬁ(uij) CkAh,’uU, 0 < 1 < my, 0 < ] S ma,
AhAtu Ah'UzJ, 0<z<m1,0<3<m2,1<k<n—1,

Ahvfj =-Ah¢(uzj) aAhuzJ’
0<i<my, 0<j<mg, 1<k<n—1.

A Ap YR (9.113), 34 (9.114) RAFTALR, B3

1 1 . .
ARSiul = An(And(iij) — aApu?), 0<i<my, 0<j<my,

(9.102)

(9.103)

(9.104)
(9.105)

. (9.106)

(9.107)

(9.108)

(9.109)

(9.110)

(9.111)
(9.112)

(9.113)
(9.114)
(9.115)

(9.116)
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A A, fER (9.115), 38 (9.116) RAFTBER, B3
A2 A, = Ap (Ang(ul) — ahpuy), 0<i<my, 0<j<ma, 1<k<n—1,

FRABZIRM 9.1)-(9.3) FIEHHR
ABdeud = An(And(iis) — ahpud), 0<i<my, 0<j<ms,  (9.117)
Af Avul; = A (Ang(ufy) — ahpuly),

0<i<my, 0<j<my 1<k<n—1, (9.118)

wy = (i, y;), 0<i<my, 0< )< ma. (9.119)

9.4.2 ENRAMBOFEEIMME—1E

EIE 9.9 EHKA (9.117)-(9.119) RME—TTRRE.

MERR 2 oF = {uf; |0 < i <my, 0< 5 < mal
B (9.119) 41 u® ME—EA5E.
B (9.117) AIRRT o' MM HBEA. ZREFRGTEL

A Gu}j) = Ah<— alp (%ulj» 0<i<mi, 0<j<ma.
H o' 5 LEAPRENR, #

1 1
;(Aﬁul,ul) + Ea(A,z,ul,ul) =0,

Bp
1
;(Ahul,Ahul) + %(Ahul, Aput) =0,
17
l 12 , @ 1112
SIARe " + S Anu|® = 0.
S 5n

lut]l =0,

HmEMER (9.117) XF o' HE—TATHE.
W oukl ok BME—FE. W (9.118) WIAXRT oFt! HERHHEA. ZRH
FRITTEA

1 1 . ;
.A% (EUZ‘H) = Ah<— ozAh(ﬁufj'H>), 0<i<my, 0<j<ma.

A ubt SEBEAENR, 7

1 k+12 , @ k
— —IA +112 — ]
o AR 2 4+ S AR = 0



. 244 . # 9% Cahn-Hilliard 7EHNES &

575
lu**1]| = 0.
ETZAHR (9.115) ME—HFHE ub+!. |
9.4.3 ESKEABURE
EHE 9.10 B {UL|0<i<my, 0<j<my, 0<k<n} & (9.1)-(9.3) IR,
{ul;|0<i<my, 0<j<my, 0<k<n} K (9.117)- (9119) (IR, it

_Uk_uk

gy 0<i<my, 0<j<mg, 0<k<n

MIZEEERH c16 BB 72 + hé + hi < 51—6 B, &
lle¥|loo < c16(7% +h+h3), 0<k<n, (9.120)
SR i

fh=vE—vk, 0<i<my, 0<i<ms, 0<k<n,

# (9.97), (9.98), (9.102), (9.103), (9.107) 5 (9.108)—(9.112) K IKAHMK, FiREHE
4
Ah5te = Anfl +pz,, 0<i<my, 0<j<my, (9.121)
Anfl = —ahnel +d%, 0<i<mi, 0<j<my, (9.122)
Apliel, = AnfE+95, 0<i<my, 0<j<my, 1<k<n—1, (9.123)
Anfl = An(9(UE) — ¢(ul)) — anel; + F;,
0<i<my, 0<j<my 1<k<n—1, (9.124)
=0, 0<i<my, 0<j<ma. (9.125)
B (9.125) %1 ||e°]loc = 0. BT (9.120) % k =0 FIL.

(D) f&7F |Ane!| F [|Anell.
(a) B Aner 5 (9.121) WIFLEAR, £

(Ahéte%,Ahe%> = (Ahe%,Ahf%) + (Ahe%,ﬁo) ’
A S Afh 5 (0122) WPHLAE R, 7

1 1 1 b 1 1
EHAhfsz = —(Anf2,Ane?) + -&(Ahff,éo)-
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HL BRI, B
o= et = [ 4xe®)) + 2 1 AnsH P
- (Ahe% ) + = (Anfh, &)
=—(.Ah€1 °) + é (Ahf%,qo)

1 12 . T 14002 1 L op2
Pl ail — - —
<3 (gt 1? + J18°12) + 2 1),
B
1 Ane™ (2 < 7216112 + Z11g°1%
B (9.100)-(9.101), 13
Anet 2 < (72 + 2 )cleLz(T +hd 4 B2, (9.126)

(b) A Andier 5 (9.121) HIBILIEATR, B

1 2
”.Ah5t62 =

(Ahf%,Ahéte%) (p,Ahate%)
F Andiez 5 (9.122) EWAR, 8
(Ah f%,Ahate%) = o (Ahe%,Ahate%) + (Ahate%,q‘)) .

Ko ERA I, B

HAhéte% ’ +a (Ahe%,/\téte%) = (“O,Ahéte%) + (Ahate%,q") .
B
A+ o- | Anel |2 =2 (50, Ane?) + - (Ane, &)
<ozl Ane' 1P+ 101 + ARt + 201
B

12 ¢ 47 o2 o L yson2) — Tysonz o 4 -012
Inet P < 5 (1018 + oo 11P) = ZI8°1P + 2 0PI
i (9.100)-(9.101), 13

4
1Ane!|? < (% + ;) 3y LaLa(r? + hi + h3)2. (9.127)
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(I1) fB# (9.120) X & M 0 B m(1 <m <n—1) BIL. W2 72+ hi+hf <

C16

Bt
llekloo < c16(T> + R +RE) <1, 1<k m.
H LA
[4*]|oe < [U* = (U — 4*)||loo < [|U¥||loo + [|€¥lc S co+1, 1< E<m, (9.128)
|6(US) — (ufy)] < coleljl, 0<i<my, 0<j<mg, 1<k m. (9.129)

MHTIE 9.3, 8

AU — (k]| < e [eolAeeks| + crollels™ | + ek
0<i<m, 0<j<mg, 1<k<m—1. (9.130)

BLZERIER (9.120) XF k = m + 1 HRAL.
(a) F AneF 5 (9.123) IBRILERR, B

(Ane, AnAse®) = (AneF, Anf*) + (AneF,p¥), 1<k <m.

J éAh & 5 (9.124) WIBHAEAR, 8

A = (An(8(T¥) — $()), An s
— (Anf¥, AneF) + = (Ahfk §*), 1<k<m.
WL LRI, 8
= (A2 = [ Anet = 12) + = A 742
=~ (AN(BU*) — (), Anf*) + (AncF, %) + = (An S, )
<N BT*) — s + i‘”Ahfk”z
+alAneF? + SI0HIP + o IR + 5P, 1<k <m. (9131)
B (9.129) ARG 95 B
[An(B(T*) — SNI? < Bt < Sl Anetl?, 1<k<m. (9132

# (9.132) /R (9.131), &

1 -
1 (AR 2 = [ Ane" %)
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;a eI+ (AR + [ AnE )
+§Ilp’°ll2 %Ilq I, 1<k<m. (9.133)
B Gronwall A&, HERED] (9.126), (9.104), (9.105), FIFEERE o1y 8
| ARe!|| € er7(T? +h2 4+ h%), 1<I<m+1. (9.134)

(b) H AnAcer 5 (9.123) BIBIAIERR, B
| AnAce®||? = (AnAer, Anf*) + (AnAee®, p%), 1<k < m.
F AnAcer 5 (9.124) KIBRIAEAR, B
(AnAe®, Anf¥) =(An(0(U*) — ¢(u*)), AnAseF) — a(AneF, AnAse*)
+ (AnAee*,¢%), 1<k<m.

¥ el Ew AR, 8

At + - (1Ane )2 = [|Ane 1)

=(An(d(U*) — o(u¥)), AnAseF) + (AnAseF, 5¥) + (AnAceX, ¢%), 1<k < m.

H
X 1 L.
|(AnAse, )| < §||AhAze"ll2 + §||p’°||2,

SIARAHI? + 2 (1Ane [ ~ [[Ane* )
<(A(O(U%) — 9(u)), Anree®) + 2 + (Aneek, ), 1<k <m.
K EXFE kB9 1, 0 1A 1B K RA, B

Z AR Ace!||? + (IlAhek“II2 + | Ane®|I? — | Ane!|* ~ [|Ane®|?)

k k

<D (An(B(UY) - d(uh)), Anlee’) + 5 Z 18']2 + Y (AnAee', d'),

=1 =1

1 < k <m. (9.135)

M5 9.4 E—RE
k

D (An(@(UY) — p(ul)), AnAe')
=1
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=$ [(An(@U*) — §(u*)), Ane™*) + (An($U*) = $(uF71)), Ane”)

~(An($(U°) — ¢(u)), Ane') — (An(6(U") — (u")), Ane®)]

k—1

=) (AeAR(B(UY) - ¢(uh)), Ane), 1<k <m,
=1

MF Cauchy-Schwarz AR, (9.129), (9.130) BAK (9.125), &

k
> (An(@(UF) - ¢uh)), Andeet)

=1

1

o= (I 4n($(U*) = S N] - IAR -+ |An (W) — S - 1Ane*])
k-1

+ 3 IAcAB(U") - S - [Anell
=1

< o= (collAne I - [AneH* | + eoll Ane" - [ AneH])

Eod
-

+ (Cg”AhAtel” + c10/| A€ TH{| + crol|Ane' ) [ Ar€!]l, 1< k < m. (9.136)
1

XF (9.135) KB E—, NASI#E 94 WE=X, B

Il
N

k k
D (AnAce',d') =Y (' ArAne!)

l 1 =1

[( , AReFth) + (6571, Ane®) — (6%, Anel) — (¢%, Ane?))
-1

Y |

(Asd', Ane')
=2
< 217("@"“ AR+ 1G5 - 1 Ane® (] + [12] - [[Anet)
+ 3 1A - IAnel] (9.137)
# (9.136) A1 (9.137) AR (9.135), HFEER (9.125), &2

k
1 a
2 Z [ AnAe|? + ;(ll!“he"“ll2 + [|Ane®(? — || Anet(I?)

N —
<o (coll Ane®[| - |Ane™ | + coll Ane® || - [|Ane" )
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k—1
+ Y ca(coll AnAce']| + crol| Ane* T + crollAne' ) | Ane'|
=1 '

1212 + o= (1a* N - 1ARe™ ]+ 1671 - [1Ane® ] + 18] - | Ane™ ()

Ma—

+
FoN -
o)

—

IIAtq I llAne!l

+
gk

1 « kt1y2 4 2 2 k|2 o k|12 4 k—1)|2
<— (= z = z
<5 [ (31mnersi1P + 21net ) + (Shancti? + 2l net |
k-1 1 1
+ 3 | (GMnei? + gdianetl?)
=1
1 1
+(§||A 12+ geldallane'l?) + (51Anet 1P + gededaline' )|
l 512 + a k+1)2 | 2 4k2
2§=jnzo 1+ 5= [ (SInet 7+ 214
o k2 sk—112 o 12 i 2|2
+(F1netl?+ 20112 + (F1ane P+ ool?lP) |
lk -1
F LS + Ane?).
=2
4 T

| Ane* T2 + || Ane®|?

4 [2¢2 2c? _
<llAnel | + 2 [—"nAhekn? + 25 ke

2 ~k 2 ~k—1 2 1112 1 ~2112
z A —
+a||q °+ ||q I+ || ne ||* + 2o(llq

1
laray) ||Ahe‘||2]

8r 211 1
I+12 1-12 2
Yy > [§||-Ahe I+ 5l Ane™"l 4”03(2

=1
k
81' 1 8r 1 N
- ZIIA e+ —- 52 12+ 12:d'?), 1<k <m.

H (9.134), (9.104), (9.106) BAK (9.127) SFFEHE L c1s H13

|ARe* |2 + || Ane®||> <=(c3e + 2¢3cty +1 "'Z [Are(|?

+c18(7-2+h1+h‘21) , 1<k<m.
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FH Gronwall R, MFEHY c1o B

|Ane®|| < cio(T? +ht+h3), 1<k<m+1. (9.138)
H5IH# 9.2, 512 9.6 (9.134), (9.138) SIFEEEH ¢ F48

lle*lloo < coo(T2 +h2+h3), 1<k<m+1.

BRI, EHIRE c17, cis, cro, c20 BRE 7, he, he BRI EH. Hif
(9.120) Xt k = m + 1 BRAL. a

9.5 /MNEHIEHR

AFEITR T Cahn-Hilliard HEVLAERBHZES L. BEENMET HE (9.1)-
(9.3) MW ERRETER BEMHWNET ZBEEEESKRR. ZRZN=E
S ESRIANZR NN =BRELEBEMER. NE—ZK, s TE
RSB —PE, ERR T Z 0 ARFE R 57 T e it

AFEA B [20] M [26) THERIER R BT

SHREE (9.1)-(9.3) BB —A=Eie&H =T,
kY _ A, (tb(uffl) — P(uf; _aAhulf:T{b%) ,

étu

ij uﬁﬂ-l —Ufj J
0<i<my, 0<j<mg, 1<k<n—1, (9.139)
u; = o(z5,y;), 0<i<my, 0< )< my, (9.140)

k1Y _ ap(uk.
sl =ty o, g L) g

AILMEBAZ 404830 (9.139)—(9.140) IR R RER FIEME . ATARHERIM S,
N EE 9.6 MR AR BEH 1.2 W ZBIEREZEMER (1.15)-(1.17)
FET ST THT e Stk




F10E SMNEEKRBEFENESTLZE

10.1 38| B
AR = AN E R KA [

us + 6A%u — V + (|Vul|*Vu) + Au = 0,

(z,y) €R? 0<t<T,
u(z,y, 0) = w(z,y),

(10.1)

(10.2)
MENTTE, B 6 B—NEFEH, v ABEET, A 4 Laplace HF, u(z,y,t) X
F (z,y) 7 R? EXTFTHET Q= (0,L1) x (0, L) £ARK.

EE 101 ¥ u(z,y,t) K (10.1)-(10.2) KRR, WEH

(z,y) € R?

1
s s O < Jlul:,  0)1* + 5 La Lot

, t>0,
iERR v 5 (10.1) KWLE @ LERR, B

(10.3)

(ut,u) + 6(A%u,u) — (V - (|Vu2Vu),u) + (Au,u) = 0.

NS HRR AR ARG R &4, B

1 d

Al (e, - )1%) + 8l Au|® + (|Vul*Vu, Vu) — (Vu, Vu) = 0

Il
d
2 57 (1 OI) + 8l Aul? + [Vuld — [ Vu]? =
EREALER
d 2
_;. = (||u(, .,t)||2) +¢5||Au||2 B // (|Vu|2 - %) dzdy = 414/ 1dzdy.
Q
Z51i] \
53 (”u N “ ) L1L2, t>0.

$40

1
“u(" 'at)llz < “u('1 ,0)“2 + §L1L2t1 t>0.
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EE 10.2 ® u(z,y,t) K (10.1)-(10.2) KIfE. i

Bt) = ghaut. 01 + 5 [[ (Vute,tF ~1)*dady+ [ fuste - s)lPs,
Q
JUES)
E(t) = E(0), t>0. (10.4)
R A w5 (10.1) WA @ AR, B
(ut, ug) + 6(A%u,ue) — (V- (|Vul* V), ue) + (Au,us) = 0.

R ERR AR AL T &4, B

6 d
2,7 = e 4 o+ 8 2

e+ (180l + 3= / Vu(z,y, ) 4dedy—3- % / [Vu(a,y, 1) dady =0.
BT
< [2||A I+ / (Va0 = 1) dady + [t ,s>||2ds] =0, >0
o dE(t)

t

T—O, t>0

S50 (10.4) BRAL. O

HERE 10.1 MEE 102 UERBRACEMEEES o F5

flu(y 5 t)loo < co, 0<ELT. (10.5)

10.2 e5E5EASH

EXIE&& my, ma,N. iE.'

L L T . ;
hy = —1, h2=‘—2’ T=—, x;=1h, yj=]h2, ty = kT,
ma me n

Qhyhy = {(@0,95) |0<i<ma, 0K <me}, Qr ={tx |0< k< n}.
id

Wi = {u | u= {15}, Ysrmy,j = ijy Uiy jma = tsj }-



10.2 BE5EAT|HE - 253 -

W ue W, 51 TFRS

1 1
Oalif g = —(ui+1,j —Ui)y Oyiey = (Uit — ),

1
Amuij 2h (uz-l-l,g ui—l,j)a Ayuz'j = ’sz(ui,j+1 - Ui,j—l),
1;

Spuij = h_l(amui+%,j boti5)s Oyuis = 3=(Byti iy = Syuis-p),

Vhuij = (Aguij, Ayuij)T,  Apug; = 62uq; + Jﬁuij, Apuy; = (A2 + A2 ) Wij-
B8R

1 1
Agui; = 5(55“7;-%,]' +* ‘szui+%,j), Ayuij; = ) (6 -3+ by, J+§)

B u €W, veW, EXAR

my me
(u,v) = hiha Z Zuijvij
=1 j=1
K Sobolev Ju (F7EH)
mi m2 2 mi1 m2
16, = \lhlhzzz (bauicgs) > Noyull = \Jhlhgzz (v J__) ,
i=1 j=1 i=1 j=1

lull = v/ (uyu),  |uly = /[10zul® + [|dyull?,
mi1 maga mi M2
IVhull = \ hiha Y3 " [Vauil?,  ([Vaulla= & hiha DD [Vauil4,

i=1 j=1 i=1 j=1

mi Mm2

”Ahu” = \ hihs Z Z |Ahu,~j|2.

i=1 j=1

i
Sy = {w|w = (wo,wy,+ ,w,) A LHIPIMEEE].
®’we S, 5lHMTES:

1
wkti = l(wk + whtl), 5t,wk+% = ;(wk+1 — wk),

— BN

1
Vb = = (wk —wk-1), Vewk = 5;_-(3111" — 4wkl 4 wk-2),

\"



. 254 - F10E HEMKERFENESTE

313 101 WueWw, UF

[Vaull® < | A - [Jull. (10.6)
iERR H
—(Apu,u)
= —-hl h2 Z Z (Ahuij)u,;j
i=1 j=1
= hy Z [ —h Z ((Sguij)uij] + hy Z [ — ho z: (éiuij)uij]
j=1 i=1 i=1 j=1
= hg Z [hl Z (éxui_%’j)z] + hy Z [hg Z (6yui'j_%)2]
=1 =1 i=1 g=1
= [|0zull® + [|6u|®
= I""%,
(EE
|uf = —(Anu,u) < [[Any] - [lu].-
BEED
IVhull < Jul1,
EP#3 (10.6). O

10.3 ZEIE&M MG Euler Z24%3
10.3.1 ESEAMEL

é.
( ! ) = |Vul?*Vu,
w
M (10.1) EMT
ug + A% — v, —wy + Au=0, (z,y)€R? 0<t<T, (10.7)
v=|Vul|?u;, (z,y)€R? 0<t<T, (10.8)

w=|Vul|?uy, (z,y)€R? 0<tgT. (10.9)
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EX Wy, LR
Uilg‘ = u(mi,yjatk)’ V;? — U(mi»yj,tk), Wz’; = w(miayj,tk)-
FER (zi, 5, t) EERFE (10.7)-(10.9). NF Taylor BFR, &

V. UE +6ALUE — A VE - AW +AhU’° L=Fg,
£ k<

<
= =
=|Vh ,-,-I2A U"+R£‘J, 1<i<my, 1< n, (10.12)

FEERH o R

|PEl<ci(r+h3+h3), 1<i<my, 1<j<my 1<k<n, (10.13)

lQ”lS01(h¥+h%), 1<1<m1, 1<3<m23 lgkén, (1014)

|RY| < ci(hf+h3), 1<i<mi, 1<j<mg 1<k, (10.15)
FERBVERMS

FE (10.10)-(10.12) FEBEE/NEIN P, QF, R, Xt (10.7)-(10.9) & (10.2) B3z in
TEMER:
X 0< k< n, Kok ok vk ew, FE

Vouli + 6A%ul; — Agvli — Aywl + Apuli =0,

1<i<my, 1<j<ma, 1<k<n, (10.17)

= |Vput IZAzu“, 1<i<my, 1<j<mg, 1<k<n, (10.18)

= |th,J| Ayum, 1<i<my, 1<j<me, 1<k, (10.19)

u?j =o(zi,yj), 1<i<my, 1<j<ma. (10.20)
¥ (10.18), (10.19) fRA (10.17) B3): X 0< k < n, K u* e W, 118
V,-ufj + 5A§uf~ (|th |2V huk ) + Ahufj'l =0,

1<i<my, 1<j<mg, 1<k<n, (10.21)

u?j =@(zi,95), 1<i<m, 175 < (10.22)

Jt (10.1)~(10.2) BT ZEAH# (10.21)-(10.22).
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10.3.2 ENHBABHERY

EHE 103 B {uf|0<i<m,0< 5 <me,0< k< n} e W, HEMER
(10.21)-(10.22) KIf#, mua

(12 + 7 Vr® 1 < [l + 7 Vau® |+ 5 Lletk, 1<k<mn,

EFKEF1, 1<k<n,

Hr

mi1 mg

= —||Ahuk||2 S hlhzzz |Vh’u1']|2 = ].)

=1 j=1
iER (1) B «* 5 (10.21) BMPLERR, 8

(VruF, ub) + 6(A2uF, u*) — (Vi - (|VReF PVRub), uF) + (ApuF—1,u%) = 0.
FEE
1 T
kooky — & (il k2 _ (1 k=1)12y 4 T k|2
(o, 04) = oo (b2 = [b=12) + 9|2
(ARu®,uF) = || Apu®|?,

— (Vi - (IVau*PVauF), uF) = (Vauk PVipub, Viuk) = ([Vau®|,

—(ApuF uk) = (Vaub1, ViuF) < hlhzi i |Vhulit| - | Vauk]
o i=1 j=1
<t 35 (19naly [Vt + 1)
i=1 j=1
< 5 (1900 4 + [Vaeld) + 7LaLa,
%
o (12 = 1) + TV 4 6 An[? + |V
<GV E + Vi) + T LaLs.
BT

)12 + 7| Vra® g < [l + 7l Vaut )] + L1L2ﬂ 1<k<n.
BHER

11 + 7| Vau*|1§ < [l + 7 Vaulll + L1L2kT, I<k<n.
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(1) A v.u* 5 (10.21) BRI ERR, 8
V-uk|? + 6(AZuk, V., uk) — (Vi - (|Vau*PVRu*), Vouk) + (Bpub—1, Vb)) =
M
(AFuk, Vruk) = (B, T, (An)) = SV (180H2) + Z Vo (An) P,

— (Vi (IVau*2Vaut), Voub) = (|Vauk2Viub, V, Viuk)

m; ma2

= hyhs EZ Ithf'j|2 (thfj) : VT(thfj)
=1 j=1
mi; m2

= hohg ZZ |th“| ( V-,-(|th,J|2) + —|VT(th )|2)
Jj=1j=

-
- §h1h2 SN 1Vhuli 2 (VL (1Vaub?) + 5hiha DO Vau? - [V (Vaul)?
i=1 j=1 i=1 j=1

= g 33 [ 3V-(Vnubl) + F (7219l

=1 j=1
my ma

+%h1h222 V|2 - |V Vouk |2
i=1 j=
. 1
~(Buut1, Vo) = (Vaub ™1, VaVeuk) = SV (IVaub]?) - 20V,

g P 1

5Vf(|lAnu"||2) + ZVT(IIVW"Hi) = %VT(HVW"IIZ) <0, 1<k<n,
Bp

V.EF <0, 1<k<n. O

HEH 103 fiEH 92 7 ‘I?%ﬁn‘F%ie
EE 10.4 % {ul[0<i <m1,0< ) <m0 <k <n} AEFHER (10.21)-
(10.22) HIfR, DIIJZ?E’#?& c2 {tf%

[u*lloo <2, 0<k

N

n. (10.23)

10.3.3 ESBAMNEFEM
EHE 105 #® 7 <80 MES#N (10.21)-(10.22) FFEERE.
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R W3 k-1 BRE «F ' 850, B (10.21) AIRRT oF FIAE4

- (ui‘J - u’c 1) 4+ 6A%u ne (IVaub |2th )+ Ahu’c l=p,
1 <z<m1, 1< 7 < me. (10.24)
id
MT(w) = - (wi — uf )+6Ahw,1 Vi - (IVawy PVhwe) + Bk,

1<i<my, 1<5<
Aw 5 O(w) fEWNR, B8
(1(w), w) =~ (Joll? — (@, w)) + 5(AFw, w)
~ (Vn- (VhwPVu),w) + (Bre~ )
= (Il ~ (=) + 8wl + (VP Vw, V)
— (Vaub1, Vyw).

HERE]
k-1 1 2 1 k—12 1 1 k—12
(Va1 Vi) < Va0l + 5[ Vaub~ 2 < 5ol - [ Anw] + 5 Taut=)
< SlAnll? + el + 5 [Vt P,
75
1 y 1
(T1(w), w) > = (fwl® = =] - o] - = =llul? — 2 [Vt
1oy, e Ly k—ipey 12 1 k112
> = (5llwll? = 51w 1?) = csllwl? = 51Vaus~
_ i 2 k—1p2 _ T 2 k—1)2
= o (Il = =42 = - ffwl = Ve ?)
= i i 2 _ k—1(12 k—12
= o= [(1= &) Ill® = (=1 + 7l Vi 12) ]

% g5 <1E [l = — (W + iVt ~t2) B, @) w) > 0. 8

8 =
86

Browder EH# (B 1.3) FE w* € Wi B |lw*|? < ; _ll (|lub =2+ 7| VauF—1)1?),
86
W2
(w*) = 0.
BI7HE (10.24) FREERR. O

THERERBARRME—. bl T
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513 10.2 & u € Wh, v € Wh, & &ij = uij — vij, WH
|Vhuii|? — |Vavi[? = Viaug - Vagij + Vavij - Vagsg,
|Vhuii 2 Vhui; — |Vavi|*Vavij

= |Vh’vij|2Vh6ij o (thij . VhE,'j + thij . VhEij) thij'

WERR (D)
|Vhusi;|? = |Vaoij|?
=Vauij - Vatly; — VRvij - Vavg;
=Vhuij - (Vauij — Vavig) + (Vaui; — Vavig) - Vv
=Vpuij - Vieij + Vavij - Ve,
(IT)

IVaui 2 Viaui; — [Vavii|*Vavi
=|Vhvi; 2 (Vaui; — Vavig) + (IVaui* — | Vavij|*) Vausg
=|Vh’vij|2VhE1;j + (Vh.uij * Vheij + Vv - Vhsij)vh“ij' -

EHE 10.6 EE (10.21)-(10.22) KIfERME—K].
iERR & (10.24) HEME vF € Wy, BIFE o* e W, TR

2

1 L, B |
= (va = ufJ N+ JAﬁvfj — V- (Ith,’;‘j|2thfj) + Ahufj 1=,
1<i<my, 1<j<ma. (10.25)
k. k

Pij = Ug5 — V4j-

¥ (10.24) A1 (10.25) AR, B

1

~Pii + §A%pi; — V- (IVauli PVius; — |thgcj|2vhv1§') =0,
1<i<m, 1<) <me. (10.26)
H p 5 (10.26) FIFAEAR, B

1

—llol* + 8l Anpl* + (IVau*PVau* — [Vav**Viok, Vap) = 0.

M5I#E 102 %8

mi1 ma

1
~llol® + 8l Anp|* + haha 03 (190l Ve

i=1 j=1
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+ (Vhud; - Vapi; + thfj - Vrpij) Vauly, Vapij) =0,

Bp
my m2 2
—HPH2 + 8] Anpl® + hahe D) [lvhvt_7| “|Vapis|* + (Vaulj - Vapis) ]
=1 j=1
mi1 m2
=—hihy ZZ (VavE - Vapis) (Vauli - Vapis)
=1 j=1
1 e 2 2
§h1h2 ZZ [ thz] Vhpij) + (thfj . Vhpij) ] r
=1 j=1
B [|pll = 0. O

10.3.4 ESBRABUSE

Eﬂun BA{UE10<i<my,0<j<me,0< k< n} K (10.1)-(10.2)

f#, {uf 10 <i<my,0 < i <my,0<k<n} H (10.21)~(10.22) B, & RER
#

- Uk

R e {f?%

l]’

|@*]| < cs(r+hE+ 1), 0<k<n. (10.27)

iERR  H (10.18)-(10.19) 5B X vF, wk € Wy, ZEAH (10.21)-(10.22) ATLL
B4 (10.17)-(10.20). id

ok =Vk - =Wk - 0<i<my, 0<j<mg 0<k<n.

1,_7’ z]ﬂ

# (10.10)-(10.12), (10.16) 5 (10.17)—(10.20) AH¥K, 18

Vi + 0AF Y — ALl — Ayl + Apiii !t = Pk

v i

1<i<my, 1<j<mg, 1<k<n, (10.28)
o5 = [VaUEPALUE — |ViuliPAcuf; + QF,

1<i<my, 1<j<mg, 1<k<n, (10.29)
wF; = |VaUEPAUE — [Vauli2Ayuf; + RE,

1<i<my, 1<j<mg, 1<k, (10.30)

iy =0, 1<i<my, 1<j<ma. (10.31)
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B (10.31) 401 (10.27) X} k = 0 FRAL.
A a* 5 (10.28) WIBIAERR, &

(V,iF, %) + 6(AF TR, @%) — (A%, @F) — (Ay@F, 7F) + (Apa* 1, @F) = (PF, @),

1<k<n. (10.32)
5
|
(Voa*,a%) = —(la"])* - [1&*|?) + ||Vfa’°||2, (10.33)
(ARa*, @*) = | And®|*. (10.34)

B (10.29)-(10.30) 2

—(A%, @%) — (A wF, @%)

= (0%, Aza*) + (0F, Aya*)

=(|VaU*PALU* — |Vauk2AuF + QF, AL iF)
+(|VRU*PAU* — |Vau®2A,uF + R*, A, iF)

= (|Vaub2AL % + (|VAUF? = |Viu*|P) AU + QF, AaF)
+(|VauFPAya* + (|VRUF| — |Viau®?)A, U + RF, A i)

m1 m2

=h1hg Y > [Vaul? - [Vaiiky[?
i=1l j=1
mi1 ma2

+hihs Z Z(IvhUikj 2- lvhuij)VhUikj ' Vhﬁi'cj

i=1 j=1

+(QF, Agit*) + (RF, A, @) (10.35)

A,
(Apak—1,@F) = —(Vapa*—1, Viik). (10.36)

¥ (10.33)-(10.36) /R (10.32), &

m1 mga
(Ilu’°ll2 1T5H) + 8[| ARE* (| + hahe D > [Vaufy[ - [Vai[?
=1 j=1
mi me
—hih2 3 Y (IVAUER — [Vaul P)VAUE - Vaiki + (Vaa* =, Vi)
=1 4=1

—(Q*, Az@*) — (RF, A,i*) + (P*,a*), 1<k<n (10.37)
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2 2
Cf = max us(x,y,t max us(z,y,t 10.38
! (m,u)eﬁ,ostsT{ (@, )}+(z,y)eﬁ,o<tsT{ v(@u i} (10.38)

=]
IVAUE? < ca. (10.39)

M5 102, B

m1 mg
—hih2 Y (IVAUE? — |Vaul[?) VAUE - Vit
i=1 j=1
mi1 m2
=—hiha Y > (VaUE - Vit + Vaubi - Vaithy) VAU - Vil
i=1 j=1
my ma
Shiha D Y (VUS| - |Vaiily| + [Vauly| - [Vaily]) [VaUE| - [Vaii
i=1 j=1
my1 mg
=hihy > ) |VAUEI? - |Vniti[?
i=1 j=1
+hihe Y Y (IVauly| - [Vaiily]) - (IVUE| - [Vai])
i=1 j=1
mi1 m2
Shihg 3 ) |VAUE [ - |Vaith|?
i=1 j=1
my m2 1
k|2 ~k |2 k|2 ~k |2
+ hihe ;; (|thij| | Vatg|® + ZlvhUijl - [Vnig)| )
mi my 5 mi1 m2
<hiha Y > IVaulyl? - [Vaihy* + Zhaha Y Y [VAUS[? - [Vaithy?
i=1 =1 i=1 j=1
mi1 m2 5
Shiha Y [Vaubil? - [Vait|? + 708l VAt

i=1 j=1
B,
(Vai*1, Vaa®) < %nvha’“—lu? - %nvhﬁkn?,
—(Q%, ALit*) — (R*, A,it*)
<IQHIP + AP + IRH? + 5 1A,

1o
=[1Q"I* + IR¥I* + ZIVna"|I?,
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(P*,a*) <||P¥|* + ||u'°||2

# L EPRARA (10.37), B

1
27

1 5 N 1 T 1 =
< (— - 264) IVha*||* + §||thk 12+ §||Vh“k||2 ““k"2

o= (1R ]2 = 1a*=21%) + &l Anw®®

4
+1P*) + Q%1% + | R¥|1?

3 5 ~kn2 o L sk=13 o Lyskgs
<[22 - i
< (34 Zed) IwaatiP + JIvaat P + J1a
+IP* + Q%11 + | R¥|1?

3 5 . _ 1 R ke L.,
< (3+ eu) Dan® - 11+ Gant ) - + Sl

4
+ 1 P¥12 + [|Q¥|1 + || R¥|2
1,3 .5 1
2 k|12 + k|2 + 2 k=112 4 k=12
<12 + o (3 e k1P + I Ana 7 4 s

+ leﬂ’“II2 +[|P¥|1% + |IQ’°||2 +||IR*|?, 1<k<n
HEF (10.13)-(10.15), B ERATH

L e ) ke .
5 [(I1a5]1* + o]l Ana®|?) - (IIU'c P+ roll At )]

s[% + %(3 % 5c ) ]||u’°||2 ]|a’°-1||2 +3LiLoci(r+ ki +h3)%, 1<k<n
i
F* = ||a*||? + 78| Ana®||?,
B kAR
Uk ety o (L, 1305 N ok ket 20 2 p2y2
E(F —F )<[4+26 1+ 7% ](F + F*Y) + 3Ly Lyci (1 + h3 + h3)?,
1<k<n,
B
1 1/3 5 \?
_ |z sl [ v k
{1 [2+5(4+4c4) ]T}F
1 1/3 5 \? _
<{1 + [5 + S(Z + Zc,;) :IT}Fk Ly 6Ly Loc?r(r + h2 +h2)2, 1<k<n.
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2
P {1+ 3[% + §(§ + §c4) ]T}F’H FOLiLalr(r + B2 +h22 1<k<n

4 4

B Gronwall AR, HEERBI FO=0,8

|ak|? < F* < SlirErte)]T 3l

PIAFFFTr, BRI EER.

104 ZB&MEMNNJE Euler Z40#3X

10.4.1 ESEXAVEIL
FER (20,95, te) ERHFRE (10.7)-(10.9), N Taylor BFFR, B

V. UK + 643U AwVi’}—AyWi’;+5hU{°j‘l=P 3
1<i<my, 1<j<my, 1<k,

‘/;§=|VhUz"°j_1|zA +Q,J, 1<i<my, 1<j<mg, 1<k<n,

Wz’§=IVhUZ§-‘1I2AU’°+Rl°,, 1€i<m, 1< <ma, 1<k<n

TR s ER

Sos(t+hi+h3), 1<i<m, 1<j<my, 1<

Ak
tj

k
<c5(r+h%+h%), 1<i<m, 1<j<mg, 1<k<n,
k

Ses(t+h2+h2), 1<i<my, 1<j<mg, 1<

EREPMER A

Up = e(zi,y;), 1<i<my, 1<5 < my,

(10.40)
(10.41)

. (10.42)

(10.43)
(10.44)
(10.45)

(10.46)

7E (10.40)—(10.42) FEEE/NEIA, Xt (10.7)-(10.9) & (10.2) BT E 04

X
XF 0 <k<n, Kok, oF vk ew, R
V,-ufj+6A,21ufj —vafj -A w'-°-+5hu'F71 =0,
1< <m111<.7 m2a1<k<n’

(10.47)
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= |Vaul PAzuf;, 1<i<my, 1<j<my, 1<k<n,  (10.48)
= [Vaui ' PAyul;, 1<i<my, 1<j<mg, 1<k<n, (10.49)
ug; = o(ei,y;), 1<i<my, 1<j<ma. (10.50)

# (10.48)~(10.49) 1R (10.47) HABH]: XF 0 < k < n, K v e W, &R

Vouly + 885uf; — Vi - (|Vaul ! PVaufy) + Apuli ' =0,
1<i<my, 1<j<my, 1<k<n, (10.51)
ug; = o(xi,y;), 1<i<m, 1<j<ma (10.52)
XF (10.1)-(10.2) BILZEAH#E (10.51)-(10.52).
10.4.2 ESBAMHERME

EHE 10.8 B {uf;|0<i<my,0< 5 <mp,0<k<n} AEDHRK (10.51)-
(10.52) HIR&, NI

[l < [lu®]l + %LILZtk, 0<k<n
iERE A «* 5 (1051) R, B
(Vouk, uk) + 8(A2uk, uF) — (Vi - (|VauF 2 2VRuF), o) + (Apu 1, uF) = 0.
FEEE

1 _ T
(Vouk,uF) = ;(llukll2 — [l*%) + §||Vru’°llz,

(Ahu 3%y = HAhuk”za
mi M2
— (Va- (IVau* " PVru) uf) = hahe 3 3 Vel [ Valy |,
i=1 1
Jml ma
— (Ahuk_l,uk) = (thk_l,vhu = hihg szhuk ! th
=1 j=1
m1 ma
Shih )Y |Vauli | - |Vauk|
i=1 j=1
e p12 w12 1
< hiho ;; (’thij— 8 ’thij] + Z) ;

1 1
o= (l*]1? = [lw*=11%) < ZLle’ 1<k<n.
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R , y
lu®)? < ||lu®)? + 5Llelw = 0% + —2~L1L2tk, 0<k<n. O
10.4.3 ESHEABIATREM

EE 10.9 E4HI (10.51)-(10.52) BME—TRT AR,
MERR  H (10.52) 5058 0 BHIE «° B4 . RERBE k-1 BHE 1. N
B (10.51) AIXTHE k BME «* WEEHTEH. ZRAFRTE4

: uf; + A7 ne (IVauf P Vauf;) =0,

1<z<m1, 1<) <ma. (10.53)

A u* 5 EXWAERR, B

%"uk”z + 8[| Ant¥|? + (|Vaub~ PV 5uF, Vauk) = 0.

BT ||ub|| =0, B (10.53) & FMH. O
10.4.4 ESHERARA U

Eﬂlom B’ A{UL|0< m1,0<_7<m2, < n} A (10.1)-(10.2) B
f#, {uk 10 <i<m,0< 5 <ma,0< k< n} K (20 51) (10 52) HIfE. EICRER
/1

=UE—uf, 0<i<my, 0<j<ma 0<k<n
MFEE s F5E
[@*]| < ce(r + AT +h3), 0<k<n. (10.54)

MERA 1 (10.48)—(10.49) FEX {v*,w*}, MZES# (10.51)-(10.52) ATAE R
(10.47)—(10.50).
# (10.40)-(10.42), (10.46) F1 (10.47)—(10.50) AHWR, BREHBRA

V,af + 68 — Ayl — Aywk + Apal !t = PE,

1<z‘<m1,1<]<m2,1<k<n, (10.55)

5 = |VaUE™ 1| Vo UE — |Vhul; | Vouk; + Q%
1<z<m1, 1<j<mg, 1<k<n, (10.56)

= |VaUE [ W, UE — | Va2 * vyl + RE,
1<j<my, 1<j<mg, 1<k<n, (10.57)

22 =0, 1<i<my, 1<j<ma. (10.58)
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B (10.58) 40 (10.54) X} k = 0 AXAL.
# a5 (10.55) FIFAERR, 2

(V,a*,aF) + 8(A2a*, aF) — (AL*,a%) — (A%, @F) + (Apa*L, @) = (PF,a).
(10.59)

MNA (10.56) M (10.57) A[ 43
— (Agt*, @) — (A 0¥, T)
=({’ks Al'ﬁk) T ("I)k» Ayﬂk)
= (|VhU’°‘1|2V,,U’° — |VauR 2V uk + OF, Amﬁ’“)
+ (VAU PO, U* — [Vhuh 2 PV + RE, A, )
= (|Vau* 2 2(VU* — Voub) + ([VRUF 2 — |Viu* 22V, U*, AL %)
+ (IVauk=12(VU* — Vyulb) + (VR UF 2 - |V 2V, UF, A aF)

3 (Qka Azak) s (Rks Ayﬂk)

my ma

—h1h2ZZ|th ' 'Vhﬁzylz
=1 j=1
my1 Mg
+haha Y)Y (IVAUE? - [Vauly™[2) VAU - Vait
=1 =1

+(Q%, A @F) + (RF, A i*).

# ERARAN (10.59) W]
1 T -
T (la*)1? = fla*=)1%) + 5lIVTu’°II"’
m1 m2
+0|| Api¥|[? + hahe Y Y [Vl P - [Vaiik[?
i=1 j=1
m1 ma
:—hghzzz (IVAUE'? = |Vaul 2 ?) VRUE - Vit + (Vai=?, Vai*)
=1 g=

—(Q*, AL T*) — (RF, AyiF) + (PF,aF). (10.60)
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MF5IE 10.2 ALK (10.38), 33|

mi1 m2
—hiha 3D (IVAUE? = |Vauli ™ [?) VAUE - Vyi;
=1 j=1
mi1 mz2
=—hiho )Y (VaUE™ - Vaith ™ + Vaul ! - Vi) VAU - Vaii
i=1 j=1
my1 mg
<hahe 3 ) T (IVAUE ™ - VRt + [Vaul Y| - [Vail ) [VAUE| - Vi)
i=1 j=1
mi1 mz
Scahih Y Y |Vaiily - [Vailf
=1 j=1
m1 m2

+hihe Y Y (IVauf - [Vailyl) (IVadls ] - VaUE])

i=1 j=1
my g

<cqhihg Z Z |vh~k g |vhﬂ'ij|

=1 j=1
my mz

" Lo =k=
+h1hzZZ(IV wy [ Vi + 71V 1|2IV»»U!3-I2)
=1 5=1
m1 m2

= - c ol = C. ~k—
Shihe Y Y [Vl PIVAa | + 5 (1988517 + [ V4E*]%) + I Vaah 2.

=1 =1
¥ ERARA (10.60), 8
21—T(||ﬂ’°||2 |a*=1)|) + 6|l Ana*|?

<0 + LV + (Vait, Vi)
QF, Aqi*) — (R*, Aya¥) + (P*, ")

~(
- c4 - 1 - 1 -
<ZIVATP + VAT + VAT + 2 Vit
1 k(2 *kzl ~kn2 o Lopky2z o Lp=kpz o Lypk2

+ 18T + I + S 1A + SIRH? + a1 + S 112
_(3es 1 ~k—12 , [C4 =k |12
= (4 3) 19+ (2 41) (9t
+ 1212+ 5 (IBHI2 + Q¥ + 1841?)

2 2

3cs 1 ) ~k— G T i
< (Bt +3) pana 1@+ (1) anat -l

=

=

1/ = R .
k2 L & k(2 k|2 k(2
+ 512+ 5 (112 + QM2 + I18*|2)
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01, ak-12 4 L 304 IN*keryz, Sia k2, 1 (o4 k|2
g E oA Loy
SlAna™ " + + 1@ + Sl Ana®| +25(2 + ) @]

26
+ Liakpe 4 SEI2 L (1 AR2 o || k2
+ 5l + OWH-WQH4WRH),1<k<n

2

i
F* = ||@*|? + r6)| And®].
EEE (10.43)-(1045), &

Lok e
—(Fk—F
2T W )

1 (3 1\* 1 [cy 2Nk ket
< - —f a2 -
max{zé( +2) ,25<2+1> +2 (F*+ F*1)

+ gcg(T—l-hf-l-hg)z, 1<k<n

ia 2 2
c max ! %4—1 i C—4+1 +1
8= 20 2) 7 25\ 2 2 [
iz
(1= 2c7m)F* < (14 2e77)FF1 4+ 327(r + B2 + h2)%, 1<k
% 2077 < 3 Y,

F* < (14 6¢rr)FF1 4 gcg*r(T +h3+h2), 1<k<n
H Gronwall A& R, &
c?
Fk<66°7kT-2 (4 h2 + hZ 22, 1<k<n.

ZSii] ,
||k < eberkr . %(‘r +h2+h2)?2 1<k<n.
i

PIATT TR P ELE R,

10.5 ZB&MHn)E Euler BIE04 R
10.5.1 EHEXRET
id
0i; = @i y5)s  Yij = P(i,y5)-
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B (10.1)-(10.2), &

us(z,y,0) = —6A%p(z,y) + V - (|Vo(z,y)*Ve(z, y) — Ap(z,y) = ¢(z,y).

TR (zi,y5,t1) BB FHE (10.7)-(10.8).
iH

3 @,y 0) + @y, t0)] = - [u@,u, 1) — (e, v, t0)] + O(2),
- 2
w,0,01) = 2 [ulz, 1) = u(z, i to)] = (a3, a) + O,

FERE
u(z,y, t1) = u(z,y,0) + Tur(z,y,0) + O(r?),

CIE:!
2VTUilj—¢ij+5A%Uilj—A¢Vi; -—AyWI +Ah( +T1/1U) ley’
1<i<m, 1<5 < ma,
=|Vh( +T,‘/)1] |2A +Qz]’ 1<7'<m17 1<J<m2,
Wi; = |Va(U + m45)PA U +R}J, 1<i<my, 1< < ma.
FHEEY s 42
1P <cs(r® +h2+h3), 1<i<my, 1<j<m,
Q4 < cs(r® +hi+h3), 1<i<my, 1<j<my,
|RL| < ca(T +R2+h3), 1<i<my, 1<) < ma.

(10.61)
(10.62)
(10.63)

(10.64)
(10.65)
(10.66)

TR (i, y)tr) (2 < k < n) ERHSHRE (10.7)-(10.8). N Taylor BFF

X, IR/

VarUfy + AU — AV — AWE + Ay U5 - UE?) = B,
1<i<my, 1<j<mg, 2<k<n,
— k—2\ |2
vh=|Va (205 - U2 A0b + 8,
1<i<my, 1€<j<me, 2<k<n,
- 2
=|Va UE - UET?)|" AUE + BE,
1<i<my, 1<j<mg, 2<k<n.

(10.67)

(10.68)

(10.69)
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FEEHY oo 7
|PE| <co(r® +hi+h3), 1<i<my, 1<j<mg, 2<k<n, (10.70)
Q% <co(r® +hi+h3), 1<i<m, 1<j<mg, 2<k<n, (10.71)
R <co(r® +hi+h3), 1<i<my, 1<j<mg 2<k<n  (10.72)
ERENEEMN
U =wij, 1<i<my, 1<j<my, (10.73)

fE (10.61)—(10.63), (10.67)—(10.69) HH&Z/ MBI, X (10.7)-(10.9) & (10.2) B LW
TFTESER:
Xt 0 < k< n, Kok, oF, vk e, 5
2V,-u%_,- — i + 6A?,'u}j = szilj — Ayw}j “+ Ah(u?j + T’lﬂij) =0,
1<i<my, 1 <7< my, (10.74)

v = |Va(ud; + i) PAgu;, 1<i<my, 1<) < my, (10.75)
wij = |Vh(u,-j +’T'1,[)ij)| yu}j, 1<i<my, 1 <5< mg, (10.76)
Varufj + 68%uf; — Agvf — Aywl; + Ay (2uf! —uf%) =0,

1<i<my, 1<j<me, 2<k<n, (10.77)
vfj = |Vh 211,'c - uk 2 | Azu”,
1<i<my, 1<j<me, 2<k<n, (10.78)
= |Vn (2ulf —ul?)[* A,
1<i<my, 1<j<me, 2<k<n, (10.79)
Ui = @ij, 1<i<my, 1<) <me. (10.80)

# (10.75)-(10.76) /RN (10.74), ¥ (10.78)—(10.79) /R (10.77), AT B W F =404
A:

K uk e w, R
2V ug; — Wi + 0A%ug; — Vi - (|Va(ud; + m¢45) PVaul;) + Ba(u; + i) =0,
1<i1<my, 1 <5< myg, (10.81)
V2,-u + A% uE, — V), - (|Vh(2uij" - uij_2)[2th£°j) + Ah(2ufj_1 - ufj_z) =0,
1<i<m1,1<j<m2,2<k<n, (10.82)
u?j=<pij, 1<i<my, 1<j<ma. (10.83)

Xt (10.1)-(10.2) BILZE/HEK (10.81)-(10.83).
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10.5.2 ESEXBRE A

EE 1011 B’ {uf 1 <i<m,1 <j<m, 0<k<n} BESHER
(10.81)-(10.83) KIfE. id

E* = ||u¥)? + ||2u®f —u* Y2, 1<k <,
IIES
E* < 6|ju® + %wnz + 5(|u?|% + ngthk, 2<k<mn, (10.84)
ul? < [[u° + 2@0”2 +1haLat. (10.85)
iERR (D) A o' 5 (10.81) KIFAERR, B

2(Vrul,ul) — (v, u') + 6(A%u! ul) — (Vi - (VA + 7¢) P Viu), u?)
+ (Bn (e’ + 79),u') = 0.

R
27t ut) - () = 2P - (a4 v,
(A%’ u) = | Awa P,

— (Vi - (VR + 79) |2 Viu!), ul)
=(|Va(u® + m¢)|*Vhu', Viu')

my m2

=hiha 3 3 |Va(ul + )| - [V,
i=1 j=1
— (An(u® + 79),u')
= (Va(u® + 1¢), Vau')

m1 mg
<hihe 303 |Va(ul) + m4i5)| - [Vau|
i=1 j=1
1’;111 m2 1
<hiha 33 ([vh(U?j +795)% - [Vaul[? + Z)
i=1 j=1
my sz
=hiha 3 3 |Va(d) + )| | Vau|* + Lle,

i=1 j=1

2
o + 8] At
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< (guo + 1, ul) + lL1L2
T 4

(14 o) + ok
1 1 2 1
<G+ 2+ 5o+ 30Le
B .
o < o+ 3ol + St
a0 A «* 5 (10.82) MIFHIEATR, B3

(Varuk, uF) + 6(AZuk, uF) — (Vy - (|VR(2uF! — u*2) 2V ,u*), uF)
+ (Ap(2u* —uF2),u*) = 0.

HEEE
(szu’“,uk)
1 — =
= (12 = 22 o+ fl20® — uh 22
_“2uk—1 _ uk—2”2 i ”uk _ 2uk—1 g uk—2“2) ,
(Afu,uF) = || Apu®|?,
—(Vh- (|Vh(2uk*1 — ub=2)2V,uk) o)
= (|Vh(2uk_1 - uk‘2)|2th’°, thk)
o 2 [2 2
=hiha 33 [V (uii™ —ulf )| [Vau]
=1 j=1
(_Ah(Zuk—l _ uk—Z)’ uk)
= (Vh(Q’uk_l - uk_z), thk)
my1 mg
33V (- k) Vi
=1 =1
m1 mg 1
Shhe ) Y (IVh(2ufj_1 —uf ) - [Vauly? + 4>
i=1 j=1
mi1 m2 1
=hiha Y [Va(2ul™ —ulf )2 |Vl 2 + 1 L1Le,
i=1 j=1
H

1
%(Ek — EF1) 4 8| Anu|? < 1lls, 2<k<n,
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S|
E¥<EF'47LiLy < K E* 4 (k—1)7L1L;, 1<k<n
EEE
E' = [lul[? + [|2u* - u°|?
= 5[[ut||? — 4(u®, u') + [|u°|
< 6|t + 502
1

<6 (I + JulP + JLalats ) + 502

A

EF <6 ”u" + %zp‘]z + 5[0 + [g'r + (k- 1)1'] Bl
sﬁl.uo—}-gw”z+5”u°”2+ Zk'rLle, 2<k<n. 0
7 10.1 44 (10.84) M (10.85) A8
412 < 6 [+ Z] "+ 81000 + SLaLats, 1<k <R,
¥ 10.2
E* = (V2= 17 (Ju¥| 4 ub=)?) + 2|2+ 1u* - V2 - 1471

10.5.3 ESEAAATARME

EHE 10.12 E40#R (10.81)-(10.83) BME—ATARH.
iERR  HH (10.83) 41 «° BAE.
(I) (10.81) &KX TF v MERHHTRELA. ZREFKRHEA

gu}j +8A%ui; — Vi - (|Va(udy + 7¢45)PVaul;) =0, 1<i<my, 1<j<ma.
A o' 5 ERmaknR, B3
Z 1+ S Ane I + (196 + ) PVt Vau?) = 0.
S50 |ut| = o0. B (10.81) ME—FER ul.

(I1) & w*=2, u*=1 B0, M (10.82) AIRRT o* MEMTEE. FREFK
TiE4
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23 uf; +68%ul; — Vi ([Va(uf —uf 2)PVaul) =0, 1<i<my, 1<5 < ma.

A o 5 EXBPAERR, T8

%Hukﬂz + S| AuF|? + (IV(2uF — uF2)PVuk, Vpu) = 0.

B4 ||uk|| = 0. BT (10.82) ME—HE . a
10.5.4 ESEABRUEYE
EE1013 B’ {UL0< m1,0<]<m2,0 < n} A (10.1)-(10.2)
f#, {uf |0 <i <m0 < <mp,0< k< n} 2 (10.81)- (10 83) HIME. ESRER
#
N=UF—uf, 0<i<mi, 0<j<my, 0<k<n.

MFFFER B c10 178
|[@*|| < er0(r® + A +B3), 0<k<n. (10.86)

iERR  FIA (10.75), (10.76), (10.78), (10.79) K& X {v*, w*}. MZEHHER (10.81)-
(10.83) AI'E 2} (10.74)—(10.80).

& X
=Wk

~k
1,]’ i = Wij — Vij-

# (10.61)-(10.63), (10.67)—(10.69), (10.73) F (10.74)-(10.80) KM, BEiR=E
Pak i)

k
=Vi-

2V, iy + 0% — Ay — Ayl = PL, 1<i<my, 1<5<my, (10.87)
= |Va (US + 735 | Agily; + @, 1<i<my, 1< < my, (10.88)
= |Va (U] + Ti5) * Ayak L+ R, 1<i<m, 1<) <ma, (10.89)

Varuf; + SAF AN — Al — Ayl + Ay (287" — a¥7%) = Pk,

1<i<my, 1<j<my, 2<k<n, (10.90)
— s s o 2

= |Va @UE™ - UE?)[* A.UE - |Va 2 fal i ?)|” Aouf; +QF,
1<i<m, 1<j<my, 2<k<n (10.91)
- " 2

= |V QUET - U2 AUE — |V (zufJ 1 _u )| Ayuk; + RE,
1<i<my, 1<j<mg, 2<k< (10.92)

% =0, 1<i<m, 1<j<ma, (10.93)
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i (10.93) B 40
a°] = (10.94)

(1) ¥ (10.87) WFLL o EATR, B
2V at,at) + 8(A%at, at) — (Agdh, @Y) — (Ay@t, at) = (P, ab).
EERE
— (As0', @) — (Ayw', @)
=", Agu') + (@', Aya')
= (IVa (U +79)[" Aei' + @1, Azt + (|V (U° +79) " A8 + B, At )
= (IVa (@ +79)[* va, Vi) + (@, Anat) + (B, A8,
CIES
2 a2 + dllan |2
—(@", Aqu') — (R, Ayﬁl) + (P, o)
<1nvha1n2 L1 1E + 5 (1GMIP + NP + 1717)

_ o 3
<zl ana] + -llulll2 + 5¢8(r* + b1+ h3)?

.—-wl

= - 3
< OIARE? + o - ZIGH? + S1G2 + S0 + BT+ R (10.95)

t\D

& 1/1 3 4
[1_ (+ )]uuln2 S (s + 12 + )2
1
%(46+1> <2,
1@l < 3c§T(T2+hf+h§)2. (10.96)
FH (10.95) /J48

Shana<
3
4

1

T
< ( +1)c87'(7' + h? + h)? +3
46 2

3,
)ll 12+ = c8(‘r + h2 + h2)?

cB('r + h2 + h2)

1
|An@t|? < <35 [§ (46 + 1) ~r+3] (1% + h? + h3)2 (10.97)
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(I1) A @* 5 (10.90) WFIAERR, £

(Varu®, uF) + 6(AZaF, u¥) — (A%, @F) — (A 0%, @F) (10.98)

+ (Ap (28471 — ak-2)  ak) = (Pk, ak). (10.99)
Xt EXAFEERI TR
(Vor@*, %) = [ (1a*]1* + 128" — a*=*)1%) — (la*=*)2 + 28" - a*2)1%)
+||a’° —2ak1 4+ a%2) 7, (10.100)
(ARaF,a*) = ||Ana*|?, (10.101)

— (A%, 7%) — (A, @, @)
= (9%, A@F) + (@F, A, TF)
s (\Vh Uk 1_ k-2 ‘2A3Uk _ th(2uk—1 _ uk—2)|2Ayuk _|_Q"k’Am,&k)
+(IVaU*! —UF2)2A,U* — |Va(2u5~! — u*=2)2A " + RY, A aF)
= (|Va(2uF~! — uF=2)2(A,U* — Au*)
+(|Va@UF —UF2)2 — |Vy (205! — uF72)2) A U*, A, %)
+(|Va(2ur~t — uF=2)2(A,U* — A uF)
+(|Vh(2Uk_1 _ Uk—z)lz _ lvh(zuk—l uk— 2)|2)A Uk A ~k)
+(QF, Az@*) + (R*, A,@F)
= (|Va(2uk! — u*2)|2V,aF, V,a*)
+((|VR(U* = U*2) |2 — [Vh(2u*1 — uF=2)2) W, UF, v, %)
+(QF, AziF) + (RF, A, (10.102)

_ (Ah(zak—l o ﬁk—2),ﬂ,k)
= (Va(2a* " — @*72), Vui*)
<|IVh(2E*1 = @F2)| - || Vhi®|. (10.103)

# (10.100)—(10.103) 4R (10.99), 22|

417 [(la* 2 + 128 — a*=12) = (N + (1285 — @*2)%)] + &]| Ana”|?
+(IVa(2uh! = u*2) P Vs, Vaat)
= (VAU = UF2)? = |Vn(2uk71 = u*2)2)V4U*, Vi)
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+|Va(@a* "t = @*2)| - | Vad|
+(BF, @%) — (QF, Azi*) — (RF, Ayi*). (10.104)

EEE
[VRU*|? < ca,

H

— (IVa@U* = U*2)]2 — |V,(2uF 1 — ub=2)2) W, U*, V")

_ ((Vh(zUk_l _ Uk 2) X vh(zuk 1_ ,ak 2)
+ Vi (2uk'1 - uk—2) . Vh(2ﬁk—1 - ﬂk—z)) ViUF, Vh'l'.lk)

mi1 ™m2
<h1h222|vh QUET —UE?)| - |Va (2057 — 57%)| - | VaUE| - |Vaik;

i=1 j=1

' 7311 ma2

+h1hZZZ|Vh k 1_ I |V (2~k 1_ ~k 2 I |Vh

=1 j=1

51+ [Vt

m1 ma

<3c4h1h222|vh k = ~k 2 | |Vh

=1 j=1
mi1 M2

""“hZZZ(Wh ul -l ?) | Vi

i=1 j=1
Ivh2~k1 ~k2||v |)
\(|Vh (2051 — u4=2) P Vi, Vi)
+3cq||Va(2a* 71 — @52 - | Vaak|| + C4||Vh(2u’° 1 gk-3y)2,

# EXARA (10.104) B
= [(1a* )12 + [12a* — a*=*1%) - (@~ + |2~ -

4r
k=1 ke o 1 o
< 3cq||Vh (2851 — @F72) || - | VadF|| + —C4||Vh(2'uk 1

@*2|%)] + dllAna*|?

ﬁk_2)||2

+[IVa(2a* — a2 |Vad®] + 5 (Iluk||+||P"’||2)+ (IIAzﬁ"II2+IIQ’°II2)

> (18 + ||1“z’°||2)
<(1+3eq) - (Ilvh(%’“1 ’°‘2)||2+IIVhﬂ’°II)+ 70 [Va = — a2 |

+ IV + 1412 + 5 (IBH12 + 19¥1 + 11?)
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1 7 N k- 3 r
=(§ 64) IVa(2a*" - a*=2)|? + (” 5“) V822 + 1

+5 (IBH2 + Q4P + 1 241?)

2
+ S + S (BHP + QM2 + 141?)

I R 1 /1  Tea 5 e d -
L g 2)||2+—(—+ 7o) oot — g+ St

1 7C4 e ~fo— ~do— = 3
<( )HA (251 — @2)| - |2t — b 2u+(1+ c4) lAni®| - ¥

<e||An(2a e
1 3 3 \* k|12 4 <k |2 2k|12 k|2
+[ %(H C4)]||u 12+ 5 12 + 1G#12 + 1212).
PR3

“2,&]0—1 _ ,&k—2“2
= 4”,&1:—1“2 _ 4(,&):—1,,&157—2) 0 “,&k—2“2
S 1l e { [t e [ S [

= 5 (a1 + 22)P)
| An (2% = @*2)|* < 5 (|Ana* 12 + A 2?),
@3l
= [a#1? + 2

i e 5 (1 Tea\? ke "
<Be (18w P+ s 217) + 2 (G +T28) (a1 + 1at21e)

+[3+5(1+ C4)]uu'°||2 (BRI 0 )

. s P 2 "
= @) = (a1 + 1265 - @572)1%)] + o)l Anat|?

Ble= % HEER (10.70)-(10.72) 53]

(a*)1? + fl2a* - a==H%) — (a2 + [|2a*" - a*=2)|2)]

5=
Wl —

+ 5 (2ART*? ~ ARE* 1 ~ |AnT*2)1?)

1 i k(24 75 (1 Tcy ~k—1((2 | (|~k—22
<[+ & (0 o) Jrotre 2 (54728 -t t-ape
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+gc§(r2+h§+h§)2, 2<k<n.
%tiﬁ*ﬂﬁkﬁm,#ﬁz%ﬁukﬂm,ﬁ

= L1417 + 126 — a2 2) - (a2 + f2a® - a°)?)]
g[ZnAha'w ZnAha' 1 - ZnAha’ 21
<[z+5(1+3 c4)]2nuu2 2z 7“"‘) (Zn“ 1||2+Z||ul 2||2)

3
+ E(k— 1)ci(r2 +h2 +h2)?, 2<k<n

ERZEF, R
% [(la®I1® + f12a* — a*=2)1%) — (Ila']® + 128" - a°]%)]

) N SR N .
+3 [2l|ARE*|? + |ARTF? — 2| Apat|? — || ARE°]?]

<[+ d(1r C4)]Z|| i+ (5420 (Z||ul||2+§juun2)

+g(k—1)c9(7' +h2+h3)? 2<k<n.

HWREE (10.93), (10.96), (10.97), FIEEH c1o 5

k—1
@12 < eom > |&]|? + cro(r® + b} + h3)?, 2<k<n.
=2

H Gronwall AR, 53
||17.k||2 < ec10T | 610(7'2 i h%’ A h%)2, 2<k<n (10.105)

256 (10.94), (10.96) & (10.105), & FEAHIE. O

10.6 /NgE5%EHR

AEEZRTHMERKER (10.1)-(10.2) AL FAE DB RBERRE BT
EAESKRR, AHAZEELEM AT Buler B3R . ZBRMAAE Euler 204
K ZBRHARE Euler REMER, T T Z0BBE Y. FENE. B—
PR, —BRMHARE Buer RIE (23], ZBL&HAR)S Euler B4
A [14].
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X B (10.1)-(10.2) EAT ARSI 40 F P ELRHEAL Crank-Nicolson BYZE /M 4&
= (23].
R uk e Wy,

W
Spu ’”*2 +6A2457 v, (IVhﬁ?jlzvthf’) +Bpuj; =0,

1<i<mh1<j<mm2<k<n—1 (10.106)
sl ® + 503u - W (|VadPVaul?) + And =0,
1<i<my, 1<j<me, k=0,1 (10.107)
w)y = (@i, y;), 1<i<my, 1<j<my, (10.108)
e
. 1
¢ij =u(xhy,7’0)+ k+§ Tut(wiayjaO)a ’C:'O,l,
b =2ub  — bt 2<k<n-1L

AT DAIEBE 24088 3% (10.106)—(10.108) RIS itk . FEAEM: . ME—MERISe k.
FRmm

—_v. (V¢ \_
¢r = -V (1 = |V¢|2) 5A%¢ (10.109)
IR B
EXFTHE—BE R
_ [Vg|?
=V (WW) — Ap — 6A2¢. (10.110)

4 Vo2 « 1 B, ATHTFRIEEMEE (10.110):
¢y =V ([V|*°Ve) — Ap — 5A%p. (10.111)

R (10.111) AFERIRE K IMEH KRR TR, TR (10.109) A LR HEFEK 5
FER KT FE B8], ST A RERMI A TR (10.109) FISERMEET LIS % [24) M
[38].
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111 51 7
AREEH R AR AR 9
¢ =V - (M($)Vp), (z,y)eR? 0<t<T, (11.1)
p=A%+200+ ¢ +(1—7)p, (z,9)€R? 0<t<T, (11.2)
o(z,9,0) =¥(z,y), (z,y) € R? (11.3)

WiEs T, Hp y BR—NADTF 1 MEES, vV ABEET, A & Laplace HT, 1
BALES, M(¢) AEBE, ¢ 7 R? EXRFET Q= (0,L1) x (0, L2) ZRHIK.
EE 11.1  #/ {¢(z,y, 1), ulz,y, 1)} KA (11.1)-(11.3) FI#E. id

B(60) = [[ [5@07 - 1VoP + 39t + 15267 doay
Q

k=)
%E(gb(., L8) + / / M(¢)|ValPdady =0, 0<t<T. (11.4)
Q

E Rl u 5 (111) 489, 3T (o,y) 7 O LB, @
J[ omasau= [[ 19 - @i udady.
Q Q
# (11.2) KA LR, B
[[1a%0)+28) + 8 + (1 = ) dlsrdady - J[[ 19 @) viudoc.
Q Q
A RBA R R AL R,
d 1 1 1—7
- Z(A¢)? — |Vo|2 + =¢* + ——¢?|dady + [ | M(¢)|Vu|*dzdy =0,
dt é/ [2 1 2 ] é/

B
S BO(,0) + / [ M(#)|VilPdzdy =0, 0<t<T. 0
Q
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HEH 11.1 BB
E(¢(-, 1)) < E(¢(-,-,0)), 0<t<T.

ARBERRL, UTXER M(¢) =1 KI1ER.

11.2 B E5EAR5#H
EUERH mi, mo,n. i

= Li/m1, ha=La/ma, T=T/n;
z; =1thy, 0<i<my; y; =jhs, 0<j<my;

1
tk=kr, 0<k<n; tpi1==(r+tkr1), 0<k<<n—1
k+3 2

BRAEERY 5 08 4 < % <B. 38

Qnyhy = {(,45) |0 < <my,0< j <Kma}, Qr ={te|0< k< 0},

Wi = {u|u = {uij}, Yitmy,j = UijsUij = Yij+my )}

XFF u,v € Wy, 18

1 1
Oxttiv gy = - (Uit1 — i) Oytligey = h—2(uz’,j+1 - Uij),

1 . 1
82u;; = m —(0auiy g5 — Oatty_3,d), Spui = h—2(5y“i,j+é = Oyui5-4),
Ahuij = (qu.,] + 6y’u,¢j,
mi ma
(u,v) = hihs Zzuijvij, lull = v/(u, u),
=1 j=1
mi1 m2
(B, 000) = hah )3 > (Boti g ) oviy )y 8ol = v/ (B, 5z,
=1 j=1
m1 Mma
(0yu, Oyv) = hiha ZZ(&;,UZ'J_% v i-1), ll6yull = 1/ {(6yu, Syu),
g=1 j=1
|ulr = y/[16zul|? + [|6yul?,

my ma

(Bhu, Apv) = hihy Y D (Anui)(Anvi), || Anu] = v/(Apu, Apu),

i=1 j=1
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|Au, = J hiha 303 {16e(Anw)i_y 412 + 16, (Anu)s s 2},

i=l =1

mi1 mz
— ;s = 4 ..4.
follo =, max gl = ke Y03 i)

i=1 j=1

I 111 Buew, UFE
—(Anu,u) = [uf?. (11.5)

iR BERAMARX K AR ATR

—(Ahu,U)
m1 m2
= —hihs Z Z (52’(1,1__7' + 6§uij)u,;j
i=1 j=1
ma my miy ma
= hg Z [—hl Z(égui,j)uij + h1 Z —ho Z(dﬁuij)uij
j=1 i=1 i=1 j=1

j=1 i=1 =1 Jj=1

18 [ S 1] 8 [ S

= [ul?.

I3 11.2 HueW, MEEK:>0F

1 1/1 1
£ L o = A .
lulle < ellanall +V3 2+ 3 (£+ 22 )|

iERR &
”ulloo = Iuio,jol'

HIIHE 1.1 (e), B
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1 —
ufo Jo Seh1 Z(&zu,__ Jo)2 ( L_1> h1 Zuzjﬂ
i=1

miy m2

1 1 A
<ehy Z {Ehz Z(é Jmul__ J__) + (g + L_2) ha Z(Jzui—%,j)z}
i=1 3=1 i=1
11 - - 11 o= 5
+ (E + L—1> hy Z ghg E(éyu”_a) + <E i L—z) hzZui’j
=1 j=1 Jj=1
<E%||6,0,ul® + |e LI P |u|?
S Ly L h
1 1 1 1 2
-4+ — — o — . 11.
T (5 ¢ Ll) (5 ¥ Lz) Il (11.6)
HEERE
[ Anull?
mi ma 2
= hihy Z E (53:uij + 5311,']')
i=1 j=1
mi1 m2 2 mi1 ma m1 mz 2
= hihg Z Z (621.%]) + 2h1ho Z E (6%1;11) ((5:11.;]) + hihs E Z (5:uij)
=1 j=1 i=1 j=1 =1 j=1
mi1 ma mi; mg my1 M2
= hiha Y3 (02uiy)” + 2k YD (Babyrs_y ;o) +haha DY (62u)’
i=1 j=1 i=1 j=1 i=1 j=1
= || 6zull® + 2(|620,ull® + [|55ull?,
CIES:
1
1620y ul* < 51 Anull*. (11.7)
MAGIE 111, MMERK ¢ >0, TR
1
ul} = —(Anu,u) < e1f|Apul® + Eﬂullz- (11.8)

¥ (11.7) # (11.8) RA (11.6) B2l

1 1 1
i <gl8nal? + o (4 1) +2] (uldmal? + - lul?)

+(z+2) (41 ) e
e Li)\e L ’
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) +z} = 1e RS

2
— <4+
LiL, L, Ly

(8]
L, L 1 1 1 1
u? o <e?[|Anul® + = + (— i —) (E + —) lelf?

20,70
5 2, [3,3(1 1 1/1  1\* 1 5
=&°||Apul|® + [25 + = (L_l + L—2) + 3 <L_1 + L_z) + m] ||u||
2
<l +3 23 (£ + 4 )| e
PIAFFF IR 2)

1 1/1 1
< o=+ = .
lulloo < ell Anul| + V3 [E 5 (L1 + Lz)] Jull O

5138 11.3 ([37]) Wue W, WXHEER >0, F
2 1
lAnul? < SlAul} + 5 llul™

WERR Hue Wh, 4 Apu € Wh.
MK AR AR TE

mi ma2

[Anul®=hihe Y > " (Anui;)(Anusg)

i=1 j=1
mi1 ma

=hihe )Y (83uij + Sjui)(Anuis)
i=1 j=1
m1 mgz

_h1h2 ZZ (51 1,—— j Ahuz—— J) + (511”; ]—-)6 (Ahuz J——-)]

=1 4=1

3
< S 1Al + ooful. (11.9)

HE51E 11.1 T4
uff = —(Anu,u) < —nAhuu" ||ul|2- (11.10)



11.3 ZREIE&EHESM R . 287 -

# (11.10) RN (11.9), B3

1
Al < Slawuf + ( lArul? + ——HMF>,

o 2 1
|Anul? < S1Anuf} + 5 vl O
11.3 ZEIegkH =R
EX W, EHRIMgES on, U :
(I):';' = Qs(xiayj:tn)a UZ} = ,u(a:i,yj,tn).
i

|p(x,y, t)].

= max
(2,9)€Q,0<t<T

11.3.1 ESHEAMEIL
TER (20,95, tryy) EFRBITR (11.1) M (11.2) I

(»bt(xi,yjatk-{-%)=A/~"(wi7yj7tk+%)a
I'L(xiy Yj, tk+%) :A%ﬂs(zu ijtk+%) + 2Ah¢(wia Yj» tk+%) + ¢3($ia ijtk+—%)
+(1 = 7)d(wi, Y ey 1)

N F Taylor B A15

55T = AUETE 4 PEYE 1<i<m, 1< <mg, 0<k<n—1,  (1111)
ok)% + (®) oFt | ot

ULtT = A2ekE 4 on, <1>’“+2+(’°+2)( 2 S+ (-8 + Q5

I1<i<my, 1<j<me, 0<k<n—1, (11.12)

BHEEREY o &5

IPE | Cor(r2 4 h2+RD), 1<i

<m
Q5 el +hi+hY), 1<i<m, 1<)
ERBIE A

&) =Y(@i,y;), 1<i<my, 1<) <ma (11.15)
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BAK (11.1)-(11.3) BIL T Z0HR:
X 0<k<n, Kok, uk e W, R

k+3 k+3 ; :
8edyj 2 =ADnpy; * 1<i<my, 1<j<mg, 0<k<n—1, (11.16)
k1 k1 ket kel (B5)2 + (052 k+1
At BN Pl BNl B b Lait AR Vinl
1<i<m, 1<j<my, 0<k<n—1, (11.17)
¢?j = w(zi,y]—), 1<i<m, 1 <j5 < ma. (11.18)
¥ (11.17) /R (11.16) BRI FEHER:
Kok ew, HE
1 k41 kel ket (052 + (852 k+1
Sidi; * = An |ARgy T +20mgy T+ T (1-)g
1<i<my, 1<j<mg, 0€k<n—1, (11.19)
¢ =v(@1,y5), 1<i<my, 1<j<ma. (11.20)

11.3.2 ESBRABHERE

EE 112 B {¢f|1<i<m1, 1<) <my,0<k<n} HESHER (11.16)-
(11.18) HIfE. 2

1 1 L=y
F* = S| AngH|? — 1642 + ZI6¥14 + 5 I¢"12, o<k <n,

UES)

FFSF? 1<k<n.
iEW ) 5 (11.16) ROPTERR, WERE] 44+ ARSI, TR
(8™t 3, ub43) = (Appht3, pb ) = —ub*3 1} < 0.
# (1117 KA LR, B3
(00" H, ARGHTE 420,98 4 g+ w +(1-m¢**t) <o.
REFI HRAARIERE] o++1 A Angh+ AR 23]
o (188 |2 = [ Ang*]2) — 2812 ~ 194D
1

1
+- (16" 12 = 19°1D) + (1 =) 5 - (16111 ~ [1#"*) <0, o<k <.
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S

%(F’M—F’“)go, 0<k<n—1.

S]]
FESFY 1<k<n. a

EHE 113 B {851 <i<my, 1< <ma,0< k< n} HESHR (11.16)-
(11.18) KIf#, MFLEEE o, 45

[¢*lcc S €2, 0K k<.
ER ERE (2-1D)2>0,F
%(4523-)4 > %(fbi-“j)z - }—1, 1<i<m, 1<j<ms.
¥ ERFRUL hoho, 3T 4,5 KA, 23]
—||¢’°Il4 > —||¢II2
SHER € > 0, B Cauchy-Schwarz ANZER A

(And*, ¢%) = —|¢*3,

L1L2

#
6418 < SHAnGHIP + o l6¥]
Wa=1-7>0F
F(8)=5 10088 — 64 + 1 16¥14 + 2102
>1||Ah¢k||2— (anmkn%%nwn?) +(ghee - 222 + 2ot

1 L
P+ (14 0= 1) ot - 222

i

;(1+a—1>>0 ﬁ%ﬁ'ﬁ:—<s<l %

l1-¢ 1 1+a—l
2 2 e)’

AT —IEAR e — “2;4“” c (lia,l). TR

Ly1Ly

F(6*) > Lo (angh 2 + 16+17) -
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HEE 11.2 4
2+ 147 < FO+ 272, o<k<n.
FH5IE 1.2 MFEEESH . F8
[¢*lloc < €20 0Kk <. -

11.3.3 ESRAMHFEMEME—1E

EE 114 Y4 (2+ %cg)r <1, Z2#%R (11.19)-(11.20) FER.

iERR  H (11.20) %038 0 BME ¢° B0, ®E & E{E‘ o* B4, B (11.19) A8
KT8 k+1 R 6 WL BBl = 2o - oh), ek o

B4 ¢:7+1 = 2¢k+2 ¢:"1 i Wi = Z+2, ;) (11.19) G

(2wij — ¢£§)2 + (¢%)?

2
;(w,-j —(;bf]) —Ap Ai’w,;j +2Apw;5 +w;j - +{(1— ’Y)Wij:l =0,
EXIL: W, — W, T

2
M(w)ig ==(wij — ¢3;) — An | Afwis

+ 9wy + i (2wi; — ¢§J-2)2 + (¢%)? =l

=]

(T (w), w)

= 2 [l ~ (6]

—( A (Aﬁw + 28w+ wiZ = ¢22 ud G i (1- 'y)w> , w)
= 2 [l - (0]
(Aﬁw + 28w + w2 ¢k;2 Rl AV, Ahw). (11.22)

HEE 11.3 41

lwlloo < c2, [16¥]loo < c2.
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T2
(2w — ¢*)% + (¢*)°
o]
k|2 k

< ”2w ¢ ” +||¢ ”oo”,w“ ||A ,w”

< 563|wl] - IIAthI (11.23)
s E

—(Aﬁw, Ahw) = |Ahw|f. (11.24)

¥ (11.23) #1 (11.24) RN (11.22), HFNHFIHE 11.3 8
(1), ) > 2 (ol — (22, %)) + | A} — 2] Ao
Csetlul - | Awwl + (1 - Mlwf?
> 2kl = ol 141D+ 2 (14wl - 25 ol
—2) A2 - 5w - |Anul]

B e= %, "
(@) w) > (1wl = ol - 1641 + 3 N Anul? - Glul?)
~2anul? - (Janul? + Feui?)
= 21wl - ol - 1641) — (4+ 2t ol
=2 [1- (24 Zet) ] ol - neti b,
4
re—be Il =—AEL
2+ 3¢k 1- (2+§c2)
H—‘j'a

(I(w),w) = 0.
B Browder EH (I 1.3) FIFFE w* € Wy, |[v*| < [ ) ﬁﬁ

25 4

I(w*) =
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T 115 Hr< 16+121 ————— I, 20 (11.19)-(11.20) HIARRME—H.
iERA & (11.21) BEMR z e W, KR

(225 — ¢:.'cj)2 + (¢§]_)2
2

2
;(Zij — k) — A lAﬁzu + 2AR2;5 + 25
+(1- 'Y)Zij] =0, 1<i<m,1<j<ma. . (11.25)

Q.
Pij = Wij — Zij.
e (11.21) A (11.25) R, 18

2

Qw;; — ¢F)2 + (¢F)?
;Pij — Ap lA%pij + 2Ap045 + wij ( J ”) (¢”)

2

(221.7 ¢)z_7) (45:3)2
2

R p 5 EXFREAR, B

2101 ~ (An(AZ0). ) — 2(A30,p)

k2 k)2 2+ k)2 k\2
-(Ah(w(2’” 2O W R E CWORT,

A RAAR, T
2112+ 18npl} — 20 Anpl? ~ 5 (w(2w — 62 ~ 2(22 — 6412 — p(8*)%, Anp)
+(1=9)el; =0. (11.26)

EE2

+(1—7)P¢j] =0, 1<i<my, 1<j<ma.

w(2w — ¢*)% — 2(22 — ¢*)? — p(¢*)?
= (w = 2)(2w = ¢%)? + 22w — ¢)* — (22— 6")?] - p(¢")”
=p(2w — ¢*)? + 2(2w + 22 — 26")2(w — 2) — p(¢*)?
)3

lwlloo < 20 [19¥l0 <2, N2lloo < 2,

H

lw(2w — %) — 2(22 — ¢*)% — p(¢*)?|| < 9S3llpll + 123 oIl + <3l oIl = 223 -
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B (11.26) AT
2
;llpllvaIAhrrl2 2[|Anpl|? + 1163l - [|ARpl < 3| Anpll® + 4 ¢:2||pll2

NASIE 11.3 8

2 3 3 %8 . 1 ga 12 All[?
=1 < — —_— .
Zlell” +[Arply <3 [3 |Aneli + 53l 2llel

He= % #B
2101 < (4+ 54 1ol
Hr< m BT lloll = E
11.3.4 ESHEABRAKEE
EHE 11.6 & {of, 2, <n} RAA (11.1)-

K UEI1<i<m,1<5 <
(11.3) B, {g5,uf|1 < i < my,1 < j <m0
(11.18) HIfE. & X M%K%

of =0k —ok, Ak =Uf-pk, 1<i<m, 1<j<m, 0<k<n
WHEESPK 7, hi, hy FERKIFEH 3 1

6]l < cs(r® + R} +R3), 0<k<n (11.27)

me, 0 <
<k< n} RESHEI (11.16)-

2y

iERR B (11.11)-(11.12), (11.15) 5 (11.16)~(11.18) #Ik, 12

6t¢k+2 A /J/k+2 +Pk+2,
1<i<m, 1<j<my 0Sk<n—1, (11.28)

k\2 k+142
e ¢k+2+2A ¢k+, +q)k+ [(‘I’ij) +2(‘I’ij )
1 (68)2 + (¢5)? Tkl | Akt
—¢1.J 1.7—2_ +(1 _7)¢z_7 ? +Q 2’
1<i<my, 1<j<me, 0<k<<n—1, (11.29)
i =0, 1<i<m, 1<j<my. (11.30)

H ¢k+2 5 (11.28) HIBAERR, B
(8e@*TH, §F4E) = (ApihtE, g5F3) 4 (PFH3, g4 3)
= (T3, Apdkta) + (PF+3,4%3), 0<k<n—1. (11.31)
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¥ (11.29) ALK, 8
o= (185117 = [ 41)
= (B3G5, AngtHE) + 2| AngHH 2
+ (tb"*% w s w, Ah$k+§)
+(1— &) (§"5, ApdF ) + (QFF, ApgFt i) + (PFHE, gF+E).  (11.32)
B [|@%[|oo = co, [|6*]|oc < 2, B

ol GO G _ o O+ AT
ij 2 ij 3
_| ke @52+ @ @h)? + @)
_ o . :
1 1 k 2 k+1y2
+@Eh - ¢?§)M

; k+§ [(Q + ¢£¢])(¢1’3 ) 4= (¢k+l o ¢k+1)(¢k+l k+1)]

+2[(85)2 + ($5H1)2] (a7 — g+E)

l\?lp—t

—CO(Co+C2)(|¢ 1+ 1G5 + Rlder |

[Co(co+02)+02] (1851 + 1651 (11.33)
7S K]

_1_ Tk+1)12 _ || k(|2

5= (1857112 = 116417
<—|And*+E 2 4 2| ApdFt |2

1 ~ = —_—

+5(c8 +coca + B) (16811 + 165+ DIl And 3 |

—(1 = )| E 2 4 QK2 | - |AngttE| + | PFFE| - |55
<- |Ahq‘sk+%|1+2uAhq's’°+%||2

4+ ||A FrHE|2 4 (co+coc2+c2) 20116511 + 1651 11)

+(—||A P21 —|1Qk+%||2) ; (—||£s’°+%||2 % —||P’°+%||2)
=~ 1AW + B ARG 4 2 [(6B+ coca + )7 + 1] (I8¥112 + 164+7?)

+§(IIP’°+2 12+ |Qk+|2). (11.34)
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1,
#5IE 113 Pl e = 5
Thti2 « LA, Ghbdi2 o dpgktl)2
1Ang™ 2 * < 3RS T2 + ll6"F 71, (11.35)
# (11.35) R (11.34) 8
i Tk+112 Tk12
57 ™17 = 1871%)
1 ~ - 1 1 1
< (e +coca + 3) + 9 (19" 1> + l*+111%) + §(IIP’°+5 12+ Q% %)12).
EEF (11.13)-(11.14) B
1 .
[1 - 5((;3 + coca + ¢35 + 9)7'] [|p*+1 2
1 :
< [1 + §(c§ + coc + 2 + 9)7‘] |¢%|12 + 2L1 Laci(7® + A2 + h3)%r, 0<k<n-—1.
i 2 4
M (B +cocz+c2+9)7 < 3 i, B ERE
15+)* < [1 + g(cé +cocz +cf + 9)7] +3L1 Lo (72 + h2 + h3)*r, 0K k< n—1.

(11.36)
- H Gronwall AEREZ

2
At112 < %(cg+cocz+cg+9)T 2-L1L201 2 hz h2 9 0<k<n—1
”¢ ” € Cg+6062+cg+9(7- +hi+ 2) ) SKESNn

114 =B&EHES %R

11.4.1 ESHEX BB
i Taylor BFR, H

o(xi,y5,t) = o(2i,y;,0) + gﬁbt(xi;yj’o) +0(7?).

- T
ij = $(@i,95,0) + 5¢(2i,5,0), = . . |pe(z, y, 1)

1
4 5ot <1 i,
|Bis| < co+ c4r co+ 1. (11.37)
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BUE HHRERETENENTE

R (i, y5,ty) AR (23,95, tx) EAHFRE (11.1)-(11.2), B Taylor BRI,
H

1 1 8
8:®% = AU + P <my, 1< 5 < my,

0. 14 (11.38)
b _ A2l } L (g120k 5L
Uj = AR®) + 28007 + (645)°@7 + (1 — 7)®); + Q5o
1<i<my, 1<j<my (11.39)
A
A®E = AWUE+PE, 1<i<m, 1<j<my,1<k<n—1, (11.40)
UE = A2ef, +20,0F + (25)%0F + (1 - y)ef + QF;,
1<i<my, 1<j<mye, 1<k<<n—-1 (11.41)
FEES s 518
|PE| <es(r?+h3+h3), 1<i<my, 1<j<mg, 0<k<n—1, (11.42)
Q%] <es(r?+h2+h3), 1<i<my, 1<j<my, 0<k<n—1. (11.43)
ERIVIMEEM
O =Y(zi,y;), 1<i<my, 1<) <my, (11.44)
7E (11.38)—(11.41) HrEEE/NEIR, X (11.1)~(11.3) BT TR Z MR
K oF e Wi, k=0,1,--- ,n fF8
1 1
6:0% = Anplyy 1<i<my, 1<j < my, (11.45)
1 1 1 ~ 1 1
Bi; = A7 5+ 20n075 + (¢ij)2¢,-’j + (1 =795,
I1Si<m, 1<j<mg, (11.46)

Al = Anpl, 1<i<m,1<j<me,1<k<n—1, (11.47)

ul; = 3ok +20n0F, + (6526 + (1 — )¢k

ij
1<i<m1, 1<J<m27 1 (11.48)
?j = "/)(-’L'i,’yj),

(11.49)

k<n-1,
1€i<my, 1<j<m

% (11.46) RN (11.45), (11.48) R (11.47), 7]

3
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Kok e Wy, k=0,1,2,--- ,n, [F15
508 = An(D26E + 28008 + ()28 + (1 - k),

1<i<m, 1<j<my, (11.50)

Avgls = Dn(AFeF + 2808k + (85)20F + (1 —7)05),
1<i<my, 1<j<my, 1<k<n—1, (11.51)
0% = ¥(i,y;), 1<i<my, 1<5<ma. (11.52)

B (1152) 41 ¢° BHSE. B (1L50) FTART ¢ KIGMTRE. % 61, ¢t
BRI, (1151) HHT ¢+ WRMARE. TRRRERIKLRIH YL

11.4.2 ESEABHERREM
EE 117 W {¢f[1<i<m,1<j<me,0< k< n} A (11.45)—(11.49) f)
f#. &
G(9*,¢+1) = 11 AnsH P + s il S8+ +18411)
+

T2 @) + LM + 19+,
ni
RIS ||vh¢1||2> SR +18)
+3(@2 @97 + 2 <||¢°||2+||¢1|| )
<IAnI? ~ 100 + 7 (() (87 + 51600 (11.59)
G(¢F, ") < G(o*1,¢4%), 1<k<n—1 (11.54)

R (1) A p? 5 (11.45) BIBAEAR, A w2 ERE, &
(8:03, %) = (Anpd, p?) = —|u3 3 <0,
# (11.46) RN, 8
(8:02, %97 + 28407 + (9)%92 + (1 - 4)$?) < 0.
FIRAMRAAR, o3 & Ano? KRR, 8
o= (18n6H 17 = 1 80°)%) — (6"} - )
+5- [P ) — (@) ¢°>2 N+ 12 (12~ 19°17) < 0
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ZFENA (11.53).
() A % 5 (11.9) WBGEAR, MR o~ KRR, 83

(Atﬁbkvuﬁ) = (AhﬂE,ME) = _||Vh/"'k”2 <0.
¥ (11.48) RA LR, B
(AegF, AZPF +2058F + (6%)26F + (1 —7)8%) <0
FASERAMAR, ¢F B Ak ARY, B
1= (18012 — Angh12) = - (84412 — [+ )

= [(92 ) = (@9 @5)] + 2 (1412 ~ 817 < 0
B 13 (11.54). O
11.4.3 ESHERBEIWME

EI 11.8 B {05, UL |1<i<mi,1 <j<mp,0<k<n} REE (11.1)-
(11.3) HIMR, {0k, ul;|1 <1 <mi,1 <j<mp,0<k< n} RENHER (11.45)-

(11.49) MR 32

of =05 —of, Bh=UE-pl, 1<i<mi, 1<ji<my, 0<k<n,

1
Cg = max {(200 + 1)20(2), : + (co + 1)4}, cr = GSCGT\/B + ;LILZCS’

MBS 7, by, b Wi PR é B @24/, ZAHR (11.45)-(11.49)

h2 h2
FEME—, B
1651l < er(r? + BE +B3), 0<k<n. (11.55)
iERE ¥ (11.38)—(11.41), (11.44) 5 (11.45)—(11.49) AWk, BREHBEH
6t¢zg = Ahu‘zj ‘L]’ 1<i<my, 1<) <my, (11.56)
A ~1
uij = A%¢‘lgj + 2Ah¢2§ (¢ij)2¢z?_77' ( )‘bz?] + QU’
1<i<my, 1 <5< mg, (11.57)

Al = Apl; + BE, 1<i<my, 1< <mg, 1<k<n—1, (1L58)

ﬁi’ej = A%ﬂ(’fj - 2Ah¢i'cj (@%)2‘1)% = (¢?j)2¢?j # {1 = ’Y)Cl;f; + ij,
1<i<my, 1<j<mg, 1<k<n—1, (11.59)

$%=0, 1<i<m, 1<j<ma. (11.60)
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B (11.49) 41 ¢° BEAE.

B (11.60) &0 (11.55) Xt k = 0 FRAL.

(I) @' HIME—T] RPERI .

(a) (11.50) ART ¢ HIRETERL. HRHFKRTEA

~9l = A ( ARl + Andl; + 5 (¢U)2¢U + —%) , 1<i<my, 1< 5 <ma.
Fi 29! 5 ERIPAE R, 83

—Il¢1||2 (An(ARQ" +24n8" + (9)°¢" + (1 —7)¢"), )
(An(ARY), 81) + 2/|Ang | + ()71, Ang!) + (1 —7)(¢, Arg")

<—|And' 3 + 2| And |12 + (co + 1>2||¢1|| lArgt|| — (1 =)o}
<—|And' |} + 2| And | + || Ane* | + (co +1)4o"%.

Il

N5 11.3, B e = 5, EE

2 1
216417 < [4+ oo+ 0] hot1P
. | 8 —

(b) A 7 5 (11.56) HIBAIEAH, B
(6:6

MI»—A

,$8) = (Anit,
= (a3, hJ’
¥ (11.57) RALR, 8
5= (18117 = 19°1)
= (A76% + 20488 + (96} + (1 - )3t +Q°, Mgt ) + (P°,6%)
= —|ARBH2 + 20 AndH |2 + (8252, And)
~(1-7)|6% + (Q°, And?) + (P°, 4%)
<—1AnBH 2 + 2| And P + (co + 1)2BH |- [ AndH |
QO - ARG+ 18O - 3%
<—1AnFHR + 21 AnBH? + SIARGEI + 5 (0 + DYH?

TEIINE T IIQ°||2+1|I<731HZ+ 1P|,
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RIFISIR 113, B e = -, @
1 71 70112
L (12 - 18°1?)
<P+ [ + 5+ 1 ISP+ SO+ Q)
HEEE (11.60) M (11.42)-(11.43), F
I <[5+ oo+ 1] - HIBP + LaLache? + 12+

Bp
{1 - [g + i(Co + 1)4} 'r} 6112 < 2Ly Lackr(r? + h3 + h3)>.

e [%+%(c0+1)4]¢<%ﬁ‘¢,

611> < 4L1Lacir (7 + b + h3). (11.61)
(1) & ¢°,¢,--- ,¢' BHiE, B (11.55) RY k=0,1,---,1 FEREL. W
W < 1/er Y,
16800 < (hih2) 2|65 <1, O<k<L
S]]

1650 < 18*]lo0 + 16*]lc0 < co+1, 0< k<L (11.62)
(a) ¢ HIRTRRYE.
B (11.51) AIEXT o' WRHTEL. BERAFRTEL
%dfg ' =%Ah (B30T +20nl T + (8120 + (1= ), 1<i<my, 1< <ma.
H 20" 5 EXBAEAR, 7
1
;||<15l+1||2
- (Ah (A2 4 28567 + (265 + (1 — 4)¢tY), ¢z+1)
=—|Ang™t 1+ 20| An8™ 7 + (8", And'tT) — (1 =)™}
<=|Ang™ [} + 208002 + (co + 116 - [|Ang'
<—|Ang T + 20 And 2 + | ARg P + i(co +1)% 15,
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RIFIFIER 113, 3 < = 5, 78

Lige < [4+ Lie+1) ] 1611,

. 4
Al 16 + (co + 1)3 T,
6> =0
BT (11.51) ME—HSE o111
(b) ¢t MBSt

FEE3
(q)ic])z (¢'L]) ij )
=[(®5)? — (¢5)%195 + (¢5)2 (2% i= o)
Z(ij + ¢ij) z‘_j(‘I’ij ¢ij) _(¢ij) (‘ij = ¢7j)
= (‘I’fj + ¢i‘cj)q)§j¢?j + (¢fj)2¢§j,
PR (11.62) F
|( ) (¢’LJ) ¢1,_7| < 2CO+1 CO|¢1]|+(CO+1 |¢ |, 0<k<l (11'63)
H ¢ 5 (11.58) MIPHAEATR, B
(Ak, 3F) = (ARiF, ¢F) + (PF, 8F) = (iF, And®) + (P, 8F). (11.64)

¥ (11.59) /R (11.64), M (11.63), 23
1 - =
prd( A R B
= (A36F + 2808 + (@9)%0F - (6)%6F + (1 - 16" + QF, And") + (P, 8¥)
= (836, AndF) +2(AndF, AndF) + ((2%)20F — (¢%)°¢F, And")
—(L= IS} + (@F, And) + (P*, )
<—|And } + 2] And 17 + ((2c0 + ol + (co + 1)1 1 And¥|
+IQH - lAnd* | + (P*, )
<~ IAnFF R + 20 andFI? + Z1ARFFIP + (200 + 172
418G + (o + DAIFFI® + GG + 1G4

1. e 1,
+3 18517 + SIPEI% 1<k <t
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REFEEIEE 11.3, FE & = % A
1 zkeige  pqk-1y2
I3 = 3+
<4)|FF2 + (2c0 + 1221112 + [(co +1)t 1] 18512 + S ULB*I + 19*1P)

N Tk+1((2 Tk—1|12
<Ceo+ 0PI + [+ @+ 1yt IR Sqphpe gy

- Tk+1(12 Tk—1]12
<maX{(2r:o+1)2c§, g +(co+1)4}(||¢k||2 I il '2F||¢ || )
+LyLock(m? + b2 + h3)2.

id

[
2 )

cg = max {(200 +1)%c3, g(co + 1)4}, FF =
lE=)
oo (P — F%) < co(F¥ 4+ FY) + L (2 + W + ), 1<k<L,
Bp
(1 —2ceT)F**! < (14 2¢67)F* + 2L  Locir(t? + A2 + h2)?, 1<k <.

1
% 2667- < g H‘Ta

FM' < (14 6c67)F* +3L1 Lacdr(r® + hf + b)), 1<k<L.

B Gronwall A%R,, 5

Fitl < ebceT [Fl + 3Léfﬁ2c§ (7_2 +hf +h§)2:| )
HED (1161), F

- )
S (I8'17 + 161]]?) < €™ [4L1L2c§r(r2 +h2+R2)? +

131 < €37, f8 4+ = o LnLacs(r* + hi + h3),

B (11.55) X} k =1+ 1 BAL.
HRGRE, eI O

LILCZCZ( N EN
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