o iR L FER/ — b

Karel Svadlenka
2015 4




10o0dooboooogo

oo
obooooboooboboooboooboooooooobooobooboooboooOoooooboobooboon
obooobooobooobooooboooboooboooooboobooooboooboooboooboooobooon
boboooboooboooooboobooooobooobooboooooooooboooooooon
uboboobOoboooobobooood

11 00000000

0000000 partial differential equation0 0 2000000000000 OO O OO O partial
derivative 0 0000000000000 A-00000000O0D0OOCOODOOODOOOOOO

f(D*u(z), D" Yu(z), ..., Du(z), u(z),z) = 0, x € (1.1)

0000k>100000Q0R"00000z = (21,...,2,) 000000 f: R xR x
. xR'xRxQ - ROODOODOO0O0O0w:Q—»RO0OOO0OO0OO0OO0OO00DOOD000O0O
000000000000000000000

oo
e x;-U0DO0O0ODOOODOD D OODOO

lim u(z + he;) — u(x)
h—0 h

gooooboob0 0000 «w0 2, 0000000000000 00DO0O0OC0DO0DOO

goopooggooood
ou

8%1'

e OO UOUODOOOOUODOOOO
0%u 0 OJu

e 00O0DDOODDO ((10],p540001.1000)
-00w,...,0,0000000000000000 a=(o,...,a,) 000000 mul-
tindex 00 0O DOOOO000 |o000000000

lof = a1+ + an.
- goboobboobaaooo
al = aglag!. . oy, R e R o

- Joboobbod boobbooboobooo

ol oy (2
D%u(x) = 0u(x)

- [ «
0zt ... 0xn"



1.2 00OO0DOOOOO

- D000k00000
D*u(z) = {D%u(x); |a| = k}

vbobooboooooobooooooooooooooooooooboooo

Dhu() = (3 1)) "

la|=k
.DDDD f00000«.000000000D0000000000000O0OODODOODO0OO

goooQOo0oOoO0bOOo00ooO0o0bDoOOobOOo00oOo0oobDoOobOoOOoOooOooDoOoD
goooboooboooooooooouobbooobmooobobooooDboOoooooDoof,Q
gobooobooobbooboooboboobooonbobo

gooooboboooooobobboooooboobboooooboobboooooboon
gboboboboboboboboboboboooobooobooboooooooooon
well-posed D 00000000000 0OO0ODOO0OOO0ODO0O0OOODOOO well-posedd 0O OO0

) UO0DOOO0DOoooo
by DODOO0OO0O
c0bOobOobOobOobOobOobOoDbo

gboboboooboobbobbcogbobobbobboboobooboooboooobooobon
gooboboboboboboboboboboboboboboboobobooboboboobo
uooooobbooboobooboboobooooboo

gobogooboooooboooobobud 7L,p 70000

8l R’00000000000000000(8],p.3200

l.uy,, =0 000000000000 ¢g000 u(z,z2)=g(ze)000000000OODO
uboodpgbobobogbooboobogboboobobobboobobxy,0000oD
Ubbo0bUz00000000000000000O0O000O00O00O

2 Upe,=0 fOg¢gO0O0000000000000000000 u(z,xs)=f(z1)~+ g(za)
0000000000002, 00000000000000000000000000
0000000000000x 02, 000000000000000000000000
0000000000000

3. Uy, + iUz, =0 OO0 Cauchy-Riemann 00000000000 2 = 14tz O holomorphic
0000000000000 Cc~-00b0000dobodpooooooooooooaon
ooooonooooo

1.2 00000000

gbbooboobogobobobooboobooobobbooboobooboobooooonoooon
goboobooboboobooboooboobooobooboobobooboobboon
gobooobooooo

[2], p.2; [6], p.54; [5],p.281; [1],p.l DO OO OOOOODODO

1. 000000o0o0o0o0oooooooooobod z—w 0000000

20150 40 100 2 Karel Svadlenka



1.2 00OO0DOOOOO

2. 000000 c000000DO0ODOOODODOOO

3. 00000000 pbonDO

4. D000 TooOOobDOobOOobDOobDOobDOobOoDbOooboD

5. 00 00000006¢00000D00O0

0000 [e,b)0000000000ODOOO0OOOOOOOOOO

0000 (independent variables) : 00 ¢>0, 10000000 x € [a, b
0000 (unknown function) : D000 2000¢t000000000 u(t,x)

u(t,z)
/\ ‘
a \_/b x

Figure 1: 00 00000OOCOO

00 [z,x+Az]J000000000000O0000O NewtonOOOOO F=maOOOO
O0O00O0000ooooooOm=pAx000000000C0O %(t,:z:—i—Ax/Q)DDDDDD
ogbobobobob rFrOb0O0ObOObDODODODODODODODODbDODbDODOD 2o

F =Tsin (0(t,z + Az)) — T'sin ((¢,z))
w0 2:000000000000O0DO0DOO00O0000
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e 1000 0O 0O wave equation]
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eE;, = cullH
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by —a
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=
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Yy T
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00000 F(e,y) 000000000000 z(t),y¢) 00000 F(z,y) 000000000
000000000000000000000000000 F(z,y)=CO0000000000
0000000000 (2,9)0 (2,y)-00000000000F(z,y) 00000000000
0000000000000000000000000000000 (firstintegral) 1 0 00 O
000000000000000000000000 200 I

_a_.l 1 1 1 1 1 1 1 1 0

Figure2: 0000000 a=1,b=05,c=03,d=080000000000 CO —1.5,—-14,-1.3,-1.2,-1.1,—-1
ooboooob cy-obooobboooboooobooobobooooooooooobooooboooonooo

212 00O

x
i f(g) (2.5

O0000O0oo0Ogon (homogeneous) [ 00O O [5], p. 2700
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21 0000000000

goog

yw) = =)

y(x) = 2(x)-
2 = MO
x
0000000000 2(x) 0000000000000 O0OOODOOOOOOOOOO
/?ﬁf:z - /;dw:b@ﬂ+0 (f(z) —z#0000)
ef f(g)z—z — elog|x|+C _ eo\m\ — 2

oooDocC'=e000000000000000000 G(>:)00000G(z:)=C'z00000
goooog

Y /
G(Z)=C
2=
O00000000CO f(,)—2=0000000y(x)=¢x000000000O0O0ODO.

O

y=2z000000000

ubbooboobbod
log |z| —log |z + 1| =log |z]| + C

ooooo
z
=’ C'=4e C'eR, C'#£0
00000000 y/z000000000000000000
C'x?
y(w) = 1-C'x
oo0oooo

f(z)—2=22-2=0000000 =00 =-100000000000 ylz)=00
y(zr)=—200000000000000000C =0,0' >00000000000000
00O

-2

-4

-6

-8

-2 -1 0 1 2 3 4
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21 0000000000

O
, a;v—I—by—l—p)
= _ 2.6
f(cx+dy+q (26)
goopooogopooodg
z = (+a
y = n+p

000000 o,p0000000D0OOCO0DOOCOODOOODODOOOOOO [SL,p-29000000O
oob¢d 000000000 0Op0y0O0DOOOO0OO0OODOOOOO

213 1000000000

10000000
Y + Pla)y = Qx) 2.7)

0100000000 (linear differential equation of first order) O O O O [S5], p. 3400 00000 O
ooooooobooooogoo

e Q(x)=00000000000000000 (homogeneous) 01000000
v + P(x)y =0
gddoooooooodouooooooooouoooooobooooooa
y(a:):C’e_fP(x)dx, CeR (2.8)
ogooooao

e Q(x)=00000000000000000O00O0OO (inhomogeneous) 10O 0OO0OOONO
0000000000000 00x)=00000000000000000C0O0OODOO
0000 @3)UOo00dCU0x0000000y(z)0000 2700000000 C(x)
goboobooboboobobey)yuoooob «cboobboooba

y(x) = Cla)e P
000000000000 7Oo0oU0ooC(z)0000UOO0O0DOOOO
Y () = C'(w)e” I POE 4 C(a) (= P(a)e I PO = —P(2)y(x) + Q(x)
O00000000000000y(zx)DOODOOOOOOO
C'(z)e I P@d L O(2)(=P(z))e” I P@ = = _p(2)C(x)e= S P@ = 4 Q(x)

gooooooodao
C/(.CE) _ Q(x)efP(:v)da:

000 CcCoOOo0ooooooooooooooon
C(x)—/Q(w)efP(w)dx—ké

/Hoooooono
y(x) :e—fP(z)dx{/Q(x)efP(az)dm+C~v}

O0QR7HODDOODODDODODO0D00000000O00O (method of variation of constants) 0 O O [
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21 0000000000

/ —sinz

Yy = —ycosx+e
e 1I0ODOOOOO ¢y =—ycoszOODODOO

d
ad —/cosxd:n
Y
logly] = —sinx+ C;
y(x) — Cefsin:v

e JIDDDODDOOOIOOODOOOOODO
y(z) = Clx)e = (2.9)
googod . '
y'(z) = C'(z)e” ™" — C(x) coswe™ ™7
0000000000 y0OyO0oOooooo
C'(z)e™ "% — C(z) cos ze™ 1% = —(C(z) cos ze™ ST 4 ¢~ 507

000000000000000000C(z)=100000000000C(x) =2+C
gbobooboo eyuoboobbooboobbooboooboo

y(x) =e %z +C), CeR

214 2000000000000

v +py +qy=r(z) (2.10)
000000O000000[5,p. 640000000000 p,¢0000 0000000

00000 100000000000000000
y' +py +qy=0 2.11)
000000O00y(z)=e00000000
v +py +aqy =M+ pA+q)
00000000 AD
MN4+pr+¢=0 (2.12)

000000y(z) =0 @1H000000000 (2120000000 1HO000000
(characteristic equation) 1 0 0 0000000000 2000 A, A 00000000y, (z) = eM®
0 w(z)=e2*00020000000000

00000000000000000000000Oy(z)0 @1)000000000000
Cy(z) 000000000y (z)0 y(z)0 21H0200000000y(x)+ye(z) 0000
00000000y(z),y(x)0 Q1HD0D0000000000 1000 Cyux(x) + Caya(z) O
(211000000

O0000QE1IHOOO00000 Ciyi(x)+Cye(x) 0000000000 OOOOOODOOOO
O0000000w(x),y(x) 000000000000 O0OO0OOOOOOOOOOOOOOOO
0000000 (fundamental solution) O O O [

20150 40 170 18 Karel Svadlenka



21 0000000000

.2DDDDDDDDDDDDDDDDDD 2000000000000 200000000
obboodmUoOoobOoboOoobooboboboobooobo0O mboboo0Omuboobo0Ooo
gbooboooooooon

oooo oooobooooooo eahooboooooboeahoooobooooooo
gooo

l.pP—4¢>0000020000 (212)00000000000 M, 0000000000

y(x) = C1eM® 4+ Chet?® (2.13)
goon
2. pP—4¢<00000R12)000 o+ 0000000000000000O00O0
y(x) = e**(Cy cos fz + Cy sin fx) (2.14)

00000000 (eletible ele=iBley /o0 (elatiblz _ela=if)zy /0000000000
000000000

3.p°—4¢g=00000(.12)0000 A=—-p/200000

y(z) = M (Cra + Co) (2.15)

B coooooo
Y+ wly =0, w>0

ubbooboobbooboobo

000000 M+4+w?=000000000 +4wd00000000000 2000000
goooooo

y1(z) = €% =coswz +isinwz
yo(z) = e ™% = coswzr —isinwz
ygobooobbdoooobboooobboobboooubbbooubooboboon
gooooobob1000goo
1
a() = () @) = coswa
1 .
) = - Aule) ~ (@) = snwe

oooooooono
y(x) = C1 coswz + Cy sinwzx

goooooo

B coooco

ubooboooboogn

y//+3y/+2y:0

O00000 X430 +2=00000000 AW+1)(A+2)=000000000000
M=-1X=—20000000000eM*0eM0 1000

y(z) = Cre ™ 4+ Coe™*
goooooaa
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21 0000000000

000000 00000 oob0ooor(z)#000000000000R.1000000O
y(x)DOODQR10000000 yw(z)DOODOODODOODODODODODOOODODOOOOOO

z(z) = y(x) — yo()
00000000000000000000
2 rpd vaz ="+ v +ay) — (o +pyo+ ayo) = r(x) —r(x) =0

0000:000200000000 2"+p2'+¢:=0000000000000000000
0 y1(x), y2(z) 00000 2(x) = Cryr(a) + Coye(2) 00000000000 Q.10000000

y(z) = Criy1(x) + Coya(w) + yo(w)
O00000ooooooooon0D euouoooooooooooooon
. 00goooooooooououooog yg(m)DDDDDDDDDDDDDDDD

2. r(z)=00000000000000 Cy(x)+ Coye(z) 0000

3. 0000 y(z) = Ciyi(z) + Caya(x) + yo(x) OO O

0000000000000 00000000O0DUo0UoOr(x»)D0O0DODOOODOOOODOO

e r(z)=a=0000000y(x)=a=00000000000000000

o r(z) =aek* a,k e ROOOOy(z)=Ce*00000000000000

e r(@)=ar+b0000y(x)=ar+B00000000000000

e r(x)=ax?+br+cO0000y(z)=ar’+pBr+~y00000000000000O
0 oggoo

y//+3y/+2y262z
ogoogooooon

1. 000000000y (z) = ce000000000000000000O
Y 4 3y + 2y = 40> + 6Ce* 4 2Ce?® = 12Ce*® = **
O000C=1/1200000y 000000
2.00000000000000000 Cile®+Cee 2000000000000

3.0000 y(z) =Cre ®+Coe @ + Se* 0000

215 0OO0O0O0OOOODOOODO

gooo0o0o0oooo1l1oocooboooooooo
44 (z0) = 2 (2.16)
—_— = X = .
0oooooaois],p. 84DDDDDDy:y(x):(yl(x),yg(:n),...,yn(:c))TDDDDDDDD
O000DAO0nxnOO00O0OO0ODOO0ODOOOOOOUOODO nOO0OOO0OOOOODODDOUOOOOO
g

vty 4 tany =0, ylzo) =21, ¥(m0) = 22,y (m0) =2 (217)
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21 0000000000

Ue;000000000000000000

Y=Y =y, ., yp=y"V
0000 (2.17)0
i Y2 0 1 0 ... 0 n
yh B Y3 1o 0 1 .. 0 Y2
Yn —a1Yn —  — ApY1 —ap —Qp-1 —Ap-2 ... —a1) \Yn

000000000 y=(y1, - ,yn)’. 20 = (21, ,2,) 7 0000 216000000000
ooo

Y =ayD0D0 y=Ce* 00000000000 (216000000 400000000
000000000000 0000000000000 «*0000000000000000
oon

1 =1
TA _ Z2A2 4 0= ok Ak
e —I+3:A+2:EA+ —Zk!xA
k=0
0000000000000 oooA'=r0000ooooooog

0O0oo00bO0oO0d0b0 «20 ADODOODOOOOOUOD «.DOD0OODOOODODOOOOOODOO
00000000 000000 AODDOODODOO

s oooooooooo ~
1 f=I
(2) (exA)—l — e—xA
(3) e(a:—i—x’)A — eerm’A — em/AemA
4) ex(al—‘rA) — 0T TA
5) %6“‘ = Ae*4
N J

gbobooboobobobooboobobboboobobbobooboboboboooaon
gopboooboobood

000 20eR*"000000 e—20)AgQgoooooon

(z—x0)A

y(z)=e 20

gobbooooboobooboooboooo

y(l‘o) = GOAZQ = COZO = IZO =20
d d d
%y _ % {e(xfxo)AZO} — % {eerfonzO} — AewAefzoAzO _ Ae(xfxO)AzO _ Ay

obobobobgoboby0OO0O0O0O0Ob0 RlIpobO0obO0ODbODODODLODOOOOOOOO
goboobooobooboooboobooobooboboobobooboon

00 ADDOODD 40000 000 ADDODODODOODODOO0DDOOO0
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21 0000000000

.00 ADODOOOODO

M O ...00
0 X ... O
A=PDP D=1\ . . )
0 0 A
2.00 DOODOOOOODOOOO
Moo ..o
k
o 0 X .0
0 0 DY
ooooon
S Sk 0 0
ok 0 S0z Ak 0
D _ T~k k=0 kT2
- Z k! D .
k=0 . .
0 0 >ho Fr
e 0 0
0 ete? 0
0 0 e n?
3.e54000000
2
etA = 2(PDPTY) I+xPDP—P+%ﬁPDP4F+~~
22
= I+xPDP”4~§PD%r%+~
1‘2 .
= P<I+xD+2Jﬁ+w~>P1
_ Pe:CDP—l
0ooooo
eMT () 0
A
A p 0 eff 0 .
0 0 ern?
O00dO0dMN,...,\, 000 A0D0DDDDOO
0| ooooo
Y= -yt 2y
Yy = —4dy1 + 5y,
y1(0) =1, y2(0) =3
0000
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22 0OOOOODO

0000
e (-1 2 (1
v=(n) 4= ) == ()

00000 det(A—A)=0000000000 A =1,A=30000000000000
Ap,=\p;0000000000000000 p,=(,1)7,p,=(1,27 000000000

00000 POOOO
3 (1 1\ (1 0\[2 -1
A=FrDP _<12 0 3)\-1 1

000000000000
_ 1 1)\ /e O 2 -1 2e% — 3 e 4 37
TA __ xzD 1 _ _
¢r=Penh _<ﬁ 2)(0 eh)<—1 1)"(%%—2&% —e¥ 4 2637

000000000

_oaa (1Y —e® + 2¢37

y=e¢ (3) - <_eac _|_4€3x
000000000000y(z) =—e*+2e%, yo(x) = —e*+4e3* 00000000

gobodboobbuoobooobboobuoobboobuodoboobbooboo

22 0O00O0OOO

O00DOdynamical systemU 00 0000000000000 000O0O0O0O0OO000O00OOO
oobobooobooboooboooobobooobooboooobooboooooooirsy p.
1Booogooooobooboobooooobobooooboboobooooobobooonoog
ubobooboooboboobooobbooobooboobobooboooobooboooboobon
gbobobobobobobobobobobobob

gooboboobooooboboboo+sbbuooob yoobbboooobbobbooooboo
gobooboobboobooboooboobooboboobogobooboobobon
gbobogboobbogbooobboobooboobbooboobboobuoobobon
goo

goboobooooboobotboobbooboo

y=f(y), y(to) = Yo (2.18)

0000000000y 00000dy/dt0000000f:R"->R"O00000000C0O
goo

0000000000 00oon
y = y(t;to, yo)
0000000t =00000000 y*(ky,)00000000000000

Yy (t;90) = y(t;0,90)

0 y(t;te,yo) O y(t;0,9,) 00000000000

2(t) = y*(t — to; Yo)
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22 0OOOOODO

gooo

2 = @y@—mwdzf@(#%meZf@)
z(to) = y*(0;90) =y(0;0,90) = yo
000000z2(¢) 0 y(tte,y,) 00000000 218)000000000000000000
Ooo00O00ooO0ooo
y(t;to, yo) = Yy (t — to; yo)
000000000000 0000000000000000000000000 t=t01¢=0
00000000000000000000000000 (218)00000000000000

Odtp=000000000000O000O0OODO0OOODDO FOtOODOODOOOODOO
ooobobod

00000000000 (Ly(t)0000¢t00000000000R"000000000
D000000000000000000000000000000000R"00000000
Yy (t;yy) OO0

O(yo) = {y"(t;yy); teR} CR"
0y, 0000000orbit0 0000

0 oooooon
F+kxr=0 (k > 0)
00000 R20O000000O0O

y=z 000000000000

T=1y
y=—kx

000000y = (z,9)7, f(z,y) = (y,—k)’ 00000Q18)00000000000000

= ,):
oboobooooooooooooog

z(t) = Cy cos VEkt + Cy sin Vkt
y(t) =2(t) = \/E(—Clsin\/%t—i-Cgcosx/%t)

000000000000000002000
kx?(t) +y*(t) = k(C?+C3) =C =00 >0
000 +00000000000000 («(¢),y(t)) 00000000000000000300

T TN
L \\

Figure 3: 0000000000

20150 40 170 24 Karel Svadlenka



22 0OOOOODO

~BH B\

e J00OUODO (218000 f(P)=000000 P e R*"0O00O OO equilibrium (point)d
Oddoooooooooooooooo

e y*(t;y,) 0000000000000 0000 O periodic orbitd 0 000
I\ J

00ooo0o0oooo (r,y)=(0,0)00000000000O0O0OO

oooboobogoo
4 M
e NOODDOOODOODDOOODOODDO

Y (539" (ty) =¥ (LY (s:90) = Y™ (s + 15 90)

obobooob sbobgooooboobbob sbboboobobooobobooon
ubtooobobooboboooobooboboooboobooobobooon
s+t0opoooooooboobooobooboon

e 0000000000000 DN000D00O0D O,=0(y,)0 O,=0(y,) 0000
00000000000 O, =0,000000000

e 1000000000000 D000000 y*(ty,) 000 Oy,) 0000 t000
000000000000000y,00000 O(y,) ={y,} 00000000 O(y,)
0oooo0o0ooo

N J

oboooood

gbooboobobooboobobooboboobobbobooboboboboobon
gbobodgboobboobooobbooboobooobooboobboobuoobobon
obooopooboooooboobooobbooboobooouobooogogls), p. 146, 41, p- 12400

Oy)DO0O0ODO0OO0 POOOOODOODODOOOO
y(t) = P +v(t)
0000000 y0OD0Ooo0O000O0O0f(P+v)0 POOODOOOOOOOOODO
f(P+v)=f(P)+ f(P)v+g(v) = Av+g(v)
gooooood

e glv)0 vO000020000000000000000C>000000/| 00000
O |gv)|<Cl?00000000000000

e A=f(P)O0n0000DODO
shpy ... §h(p)

O o
o (P) .. 5(P)
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22 0OOOOODO

good

ddddo000000oooon
v = Av +g(v), v(0) =vy=y,— P (2.19)

goboogooob pOODOOOO0ODODODOOOOODODOOOO PODODODOOO
O0000»()000000000000000000000 »000000O0DOOO

v = Av

gboooboobooooboboooobooboboooobobob0 PODOO Ay ODO
gooo

O
T=—-r+xy+y
y=—2y+a’+y?

00 filz,y) = —x+ay+y, folr,y) = -2y +2>+420000 f1(0,0) = f2(0,0) =0000
DDDP:(0,0)DDDDDDDDfD rPOOOOOOOOO AO

. 8h 4h (~14y x+1 (-1 1
T\ %% @w=00 \ 22 =242/ l@y=00 \0 -2

00000000000 v=(v,w)’ 000

gboogd {

v=—v+w
W= —2w

gooogo

v=Av000000000 v 000000000000ANDOO0 ADODOOODODODOO
00 ADOODDD MOO0000D0D000000D0D0000000D0D0000000000
ooooooO00obOOooO00DbDOO00bD ACODOOOO0ODOOO0DbOOOObOODDbOOODOO
gboboboboboob

000 000000 ADDDOOODOOOC0OO0000O0000000000 vo,0 00000
000 (2.19000
v(t) 50 (t— o0)

goooo

y(t)=v(t)+ PO000O0O0OOOOOO0O00000 y,0000 POOOOOOOOO0 y(t)O
D00 POOOOOOOOOOOOOO

~ 00 N

e 00 PODOODOODODOODDODOOD POODUOODODDDODUDDODO PODODOD
O asymptotically stabled D OO O OO0

e U000 POOOODODODOODODLODODODOO:>0000000DO00OOO
Oo0obobo0oboboooobo0 pPO0O0OOstabled OO ODOO0

e 0000000000000 Dunstable 0000000
N J
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2000bo0boobooboobbobboobOoobooboobDboOobDbOobDbOon
O0OR?20000000 POOOOOOOOODO

v = Av

00000DADOOOOOOO A,AO000000000COO000 p,p, 00000000
M#X 000000

p0p, 000000000w(t) =a;1(t)p; +a(t)p, 00000000000000000
000000000

1Py + Gapy = a1 Apy + agApy = a1 \ipy + axdapy

00000000 py,p, 0000000000000006d; =M a1, d2 =X 0000000
0 vo=aip, +ap, 000000000 v(t) 0

v(t) = eMaip; + eMagp,
goooogoooogd
godooogogoooogogno
. M, M >00v(H) 0000000000

2. <0< 000t) 00000 p,0000000O0O0O0O0OD p,00O0O0OOOOOOO
goo

3. M, <00v(t)00000000OOO0OOOO

4. M =X%000000MMN=p+ig0000 et =ePl(cosqt+isingt) 00000 0v(t)
00000000000 00000000p>0000000000p<00000000
ooo

e e

AL >00000000000000000 <0< 0000

)z

A, <000000000000000000 A =X00000
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0 ODooooooobooOobooooooooooboooooDoogrs), . 1e0on

23 O0O0O0OOO0OOOODOOO

goboooboooooobobooboobooboobooboobooboboobooboo
gooboboboboboboboboboboboboboboboo

goboobooobooooboobobooboobbooboobobon

v = f(z,y),  ylxo) =10 (2.20)
0ooooooo

231 0OO0O0OO

gboboboboboooooboooooooooo

r Cauchy 00 O O ~

xy000000000000 (x,y) 00000 2¢,2000000
D ={(z,y); |x —=zo|l < a, |y —yo| < b}
0000000 f(z,y) 000000 Lipschitz 0 O
[f(oy) = flzoy2)l < Llyr — 2| V(z, 1), (#,92) € D
00ooO0o0ooopO0OD |fjD0000 MOOOOOOOOOO 20000000
I=[xg—r,20+T] r = min a,i
M

goboobooobboooboon

Peano O O O

DO 2zy-000000000 f(z,y) 0 DOOODOOOOOOOO0000O0 (z,y) € D00
0000000 (220000 y(z) 00 (zo,%) 000000000

gboboboboboboboboboboboboboobo

1. 00000000000 Cauchy OO O
ugboogoood

y =2y, y(0)=1 (2.21)
000000000000000
D000 y=e®0000000000000

0000000 (z,y(z) 0000000000000000000000O0O0O0OO0O
000000000000000000000000 (z0,y(z) 00000000000
tanf = y/(20) 0000000 400000000 20=03000000000000000
(zo,y(z0)) = (0.3,e*0) 000000000 1000000000000000000000
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00 y(wg) =220 =25°0000000000000 (z0,y(20)) 00000 (20, y(w0))
0000000000000000000000000000000000000000O0
0000000000000000000000000000000000

y(x) Y(&)W‘(X‘O)(X’ T

NN N N NS T
NN NN N —
NN N N N —
N N
NN N N —
NN N N e — —
NE N N
NN NN N~ — e — - —

/
/
/
/
/
/
/
/
/,
/
-

N NN

/
/
/
/
/
/
/
/
/
/
/
~

DD D N p——
NN N N —
AN N NN

L N N
L N

T~

N e N

Figure4: 00 000000000O0OO

O0000000000000O000 (x,y)DO0O0DO0OOOODOODOOOOOOOOODODO
ugbobooboooobooooo

Y (x0) = 2y(x0) = 2y0.

00o000o0ooO (xe,y) 0000000000000 0O0O0O0OOOODOOOOOOR-O
Ul 10y-000 2y obobbubogbobobbdbtdxeyb0boonoooon
gobooboboobobooobobooboboboboboobobobooboobon
0000000000000 4000000000000000 (0, )ODOOOOOOOO
gobbooobDooobooobooboonobooboooobg

gbobooooboboboooobobobooobbooboboboooboboboon
ugbboobuoobbooboobbooboobbooboo

O000000000o0o0ooOoze(0,)000000DODODOODODOOO (0,)DnO0ODO
oo0O0ooooooo h:1/nDDDDDDDDDDDDDDDD xg = 0,21 = h,x9 =
2h,...,xp—1=(n—1)h,z,=10000

000r=200000000000000000000000000 (0,1)0000000
00000000000000000000000000000000000000 =05
000000D00000000000 (zo,5) = (0,1) 000000000 (1,y(x0)) =
(1,2y90) = (1,2) 000000000000000 y=20+1000000 2, 00000
=2 =050000000000000000000000000000 (0.5,2)000
00000000000000 (0520000000000 (1,4/(0.5)) = (1,2y) = (1,4)0
0000000 (052)000000000000000000000 y=4:00000
0000 2=100000000000000000000000000000

o= [ 20 z €[0,0.5]
Y208 =\ 4a, z € (0.5,1]

gboboboobobosobooboobooboob
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Figure5: 00000000 O00DOO02000300040000000000D0

0000n =30000000 ygyOOOOOOOOOODO (0,))ODD0O0DODOOQOODO

OO0z € (0,) 0000 00000 y=20+100000000 (3,5 00000
(L,2y) = (1, 00000000 z€(3,2) 000000000 y=L2+200000
0000 (z,23) =(3,1)000000000000000000000000

204+1, z€][0,1]

ys(x) = %x—i_éé T e (%,%]
9T~ 37, TE€(3,1]

gbobooboobooboboobobob

0000000000 4000000000000 y(z)=€e*000000000000
ubbooboobbooboobboobooo

000020000 fO000000000n —o00c0000000 yp(x)0000 y(z)0O
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veK

K = {ve LY0,1); v € L*(0,1), v(0) =0, v(1) =a}
0 minimizeru(x) e KOOOOOOOOOOOOOOO mnimizer 0 0000000000000

() KO0OOODODOO0O0O0O0O00000O0oooo
@ {u>0}:={zeR;u(z)>0}00000000000«00000000000000
(3)00000«000000000000

4 boboobodo«w0obooboboooboboboboobooboooobobooooo
gboobooobobooboboobobooboboobobobbobobibd eb
gooboobogoo

G)bbdb«.000ob0obonoonbogg

6) v(0)=00000000000 v0)=b00000000000000 (a,b) € (0,00) x
(0,00) »u(z) e KOOOOOODOOOODO

ob* 443 0044200 0000000000000 000000D0ODO O

1
/ u(z)dr =V >0
0

bobobboobooboboobbobooobooo4420 (-6 DO

References

[1] H.W. Alt, L.A. Caffarelli: Existence and regularity for a minimum problem with free boundary, J.
Reine Angew. Math. 325, pp. 105-144, 1981.

[2] E. Giusti: Minimal surfaces and functions of bounded variation, Birkhiuser, 1984.
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suotod

oo
gboocobOobooooboobooooobooooobooboooooboobooooooboon

51 0000000

00oD00o0oooobooooooooooooddrty,p.1200
0000 (independent variable) : OO ¢, 00O00OODO0O x
0000 (unknown function) : D0Dt00000 20000000 u(t,x)

0000000 [zz+Az] 0000000000000 00O0O0OODOOODOOO AtOOODO
0000000000000 HOOOUOOOOOoOo AwO0O0O0O0OC0OODDODODODOOCOCODODO
ubbeo0boobobOoobOn pbbo0bOo0bboobooobboooobooaon

H=pAzx-0-Au 5.1

O000Au=u(t+At,z) —u(t,z) D000

1, g—;(t, T+ Ax)]---..

—k%(t,x) —_— - k%(t,x%—Am)

goboobooobooobboobboobbomoboooobooooboooboboooDoo
gbooboooboooogan %DDDDDDDDDDDD kO0DOO0OOO0ODOOOoOooooooon
gooocOoOoOoCoOoOoOoOOOOOOsOCO0DOOOOOOODOOcsODODOODODODOOO AtO

goooogooono
ou

ou
H=k <ax(t,x + Az) — ax(t,x)) At (5.2)

00006100

pAzxo (u(t + At,z) —u(t,z)) =k <



51 0O0OOO0OODOO

000 AtAzOD00O0At, Ae 000000

Ou _,
Pt = a2

ooobobobobobuobool1booobooogonogd (heatequation) 0 000

0 doogboobooooboobooobbooooboooobooboooboboooboo
gbobobooboboobboboobobooooo

00O (heat source) 0000000000000000000000000000000
000 f(t,2) 0000020 f(t,z)AzAt00000000000000

ou 0%
iy Ml
P =k T
good
00 000000000 ooogogONewon D000 gogog

gbobobobobooboboobooooobobooboboooboboobOobOoD

ou_  Ou
Po%¢ = "ag2 "

goboogbooboooooo

gboobooboboobooboboboobooboboobooboboobooon
goooooboognd

OO0D0 (initial conditions) oboob:oboboboboboboobooobo+=000
obobobobobobo

u(0,2) = wup(z) Oo0o0ooooooo

OO0O0 (boundary conditions) dooddoooooobooooooooooodg z0
0000 [e,b) 00000000

e Dirichlet 0000000000000 OOOOOO

u(t,a) =va(t),  ult,b) = vy(t)
5 00D0DDDOD0000D00000000000

u(t,a) = u(t,b) = 0.

e Neumann U OO0 00000000 O0DOO0OOOO0ODOOODOO

Ot a) = D), O(t,0) = (1)

20150 60 190 110 Karel Svadlenka



51 0O0OOO0OODOO

0 0boobooooboooobooboobooooooooo

ou ou

e Robin(Newton) 00 O OO O O Dirichlet 0 0 0 Neumann O O OO 0O O

Newton DO DO OO0 k%:fyuDDDDDDDEIDDDDDDDDDDDDDDDDDD

e 1000 OO (periodic boundary condition) 0 0O O0O0OOO0OO0O0OOOOODOODOOOO

oooooOoood
ou _ Ou

u(t,a) = u(t,b), %(t,a) = %(t, b).

gooobooooboooboi1ooboobooobooboooobobooboobobobooo
R, p4400«000000000O00DOO0ODOOODOOOOOODOOODOODODOOODODO
oooooQcRrOgooooobvovboooobbovbboooobbooobbooooboooooon
gounOooooooooon

d/u(t,x)dx:— F-vdS.
dt Ju ou

oooovOouOdOoOOO0ODOOOOOO0ODOOOFOODOOOOOODOOOOOFOwO
0000000000 F=—-aVu(e>0)000000000000000O0OOOODODOOO

u; = —div F = aAu
U000e=1000000000000000000O000O00¢0O
O000000000O000O00000O00000 DirichletO O

/]Vu\de

gbooooooboboboooobobobobouoboobOobO DirichletdDOD0O0OO
ooobooobodboobobuobobobobooobDobo0bD0obU0bUobUuobU DirichletO O O
goboobooooboobooooooobooooobooon

oo0bDOodooQcR*O00000O0DOOOOOOODOOOOOODnO
ug(t, ) — Au(t,z) =0 (t,z) € (0,00) x Q

O00000w:[0,0)xQ—>ROOD0OD0O0000000000O0O0O0OOOOO0OOOOOO
goboobooobbooobooboooboobooboboobooobooboobobon
goboodboooobooboooobooboooboobooobooooooboooo
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52 0000 CauchyO OO0

52 0000 Cauchy O QOO

00000¢0000100002:200002000000000u(t,2)0000000u(A\t, \x)
oo xeROOODDOOOOOOOOOO @DDDDDDDDDDDDDDDDDDDD
gobooboobbooobooboboooboobooboboobooobooboobobon

gooog
2

r T 2
=) =r(2F)

obobobobobobobobobobsaboboo

00000000000000 u(t,z) = A, ) 000 00000000000000
00000000000

u(t, z) = \u(\t, \x) YA >0
0000 «0000000000000A=100000
1 T
u(ta) = 2o(5) (o) = u(ly)

gboobdobobogbobutotboboboboobobobooboab B::%,a::%
goood

2

v(r)=Ce T

o0000000.0000000000000000000

C
u(t,z) = Wefﬁ' 53)
0000 [2],p450000
OO0 51(@00000000) 00
B(t.z) = ) e o TERT >0

0, rzeR™ t<0

gobodgbooobodgbood

(53)0000CO [@(t,z)de=1Vt>0000000000000520000000090
0 (0000000000000 DODOOO0OO

goboobooooboobooooboobooobbooboon

u—Au = 0 in (0,00) x R" (5.4)
u = g on {t=0}xR"

goboobooobooooboobooon

00 5.2(CauwchyDO000) ge C(R)NL®(RY)OO0OO

1 _le—yf? n
ure)= [ Sta-pemdy= s [ g a, serni0 6)
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52 0000 CauchyO OO0

O000000000ue C®((0,0) xR OODODODwOOOOOOO (54) 0000000000
gobooboobobooboon

f t,x) = g(z" vz® e R™.
(fgt)%(ro,l(JIilzeR",t>ou( ) = g(z") x

goboboboboboobobooboboobooooooooooor2], pd4700

0 ¢000000DD0000000000D000g((zY>0000 2000000000 (5.50
00000000000 (t,x) € (0,00) xR*"O0D0O00O0O0OOOOOOOOOOODODOOOO
uboobobuoobobooobuooboboobobobobooboboooboobo
vobooboobobooobobooobooboobbooooboooboobobooboboo
gboboobooboooboboobooo

00000000 Ononhomogeneous problem
u—Au = f in (0,00) x R" (5.6)
u = 0 on {t=0} xR"
000000000 f(t,»)OOOOt0 20000000

000000000 Duhamel’s principleD 0000 ¢t=s000000000000 f(s,-)
gobooaoboo

w(t,x;8) — Au(t,z;s) = 0 in (s,00) x R" (5.7)
u(t,z;s) = f(s,x) on {t=s}xR"

00 wu(t,z;s)0 sO0O00 000¢t0000000O0O0O0ODOODOOODOOOtOODOOOOODO
gboboobooobod

00 G000 u(t,z;8) = [ ®(t —s,2 —y)f(s,y)dy 00000000000 (5.6)000
ooo

t t
u(t,z) = /0 u(t,z;s)ds = /0 /n Ot —s,x—y)f(s,y)dyds (5.8)
! 1

le—y|?
= - TG-S f(s,y) dyds, t>0, zeR"
| (At — 5))"2 L e s yas g

gooog

00 53 fO[0,00)xR*"O00000O00000O0OO¢tO000O0O /000000200000
0200000000000000000000000000000000000O00O C?200
oboobOt«0¢Gs)uooooooonognoonognn

(1) u € C((0,00) x R™)
(2) w(t,z) — Au(t,z) = f(t,x), t>0, z€R"

(3) lim u(t,x) =0 vzl e R™.
(z,t)—=(x0,0),z€R™ >0
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52 0000 CauchyO OO0

g

0 (0,00000000000000000000000000000000000
0000000000000000000000 f000000000000000
00 (0,6)0 (0,6)0 (,t)00000(0,e)000000000000000O0O0OO

t
u(t,x)—/ / O(s,y)f(t— s,z —y)dyds (5.9
O n
oooboofOo0O00O0O0ODOOOnDO

wto) = [ [ @enite-so—ydydst [ Senro.e -y

0%u t 0?
(tw)==(A‘/ O(s,y) 5 5. ft—s,2—y)dyds
n 7 7

00000000ue C3((0,00) xR OOODODO
00 @O000000

u(t, ) — Au(t,x) = /Ot /n @(s,y)(gt - Ax)f(t —s,x —y)dyds
+ [ wenro.e -y dy

= (/OE+/:> /an)(s,y)(gt—Am)f(t—svw—y)dyds

+/ ®(t,y)f(0,z —y)dy
= J+L+K

DDDDDJEDDfan)dy:1DDDDD O)D00Oooooooo

13
192 < (I fullze + 1D 1) /O /R B(s,y) dyds < Ce.

00000 000000000000 DOOOOOOOUDOOOODOY/ot—A,
Uepobooboobobebooooonoooonoonoong

I, = /Et/n [(868—AZI)(I)(s,y)}f(t—s,m—y)dyds
+ [ aCuft-co—ydy- [ atu)r0.0-y)dy

n

= / Sle,y)f(t—e,x—y)dy — K
gopooogooo

ug(t, z)— Au(t, z) = lim O(e,y)f(t—e,z—y)dy = f(t,x) for t >0,z € R™.

e—0 Rn

000690 [@dy =100 Jlut,)|lrec@ny < tflle(000)xrn) — 0ast — 0.
]
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53 0OD00O0OO0OOooooooo

53 O000000OO0O0bOOoOooDo

gooooQObooobooobooobooboboooboobobooooboooo

0 O O O parabolic cylinder(1] Qr=(0,T|xQ 0000000
U 0O 0O 00 0O parabolic boundary[1] I+=Qr—Qp 000000000

gooobooobobooboobobooboobobooboobobboobOooooon
000000000000 0000000000000DO0000O0O0000O®(z)=0000
gboboobogb 0000000000

gbooooboobooboobobooooboobooooboooobobbobooooDon
O000000o0oO00oOo0o0oOoO0o0oOo0oOoOo0oOooOD o(,z)000

0000000000000 0O0o0OODOOoOOOOOO (s,yODODODOOODODOOODDDDOD
goog

(1)

T
0o0oo0o0oo0ooo0oooDOoooOoo (L) DODDODOOODODOOO

oo 5.4(DDDDDDDDDDDDD)uEC%(QT)DDDDDDDDDDDDDDDDD
000000000oo E(t,xy;r)cQrO0000000DOO

_ 1 |z —yl?
u(t,z) = o //E(m;r) u(s,y) = s)? dy ds.

0 0bobotgbooogooooobooogoooooooooooog
gbobooboobooboooooboobooobobooboobooboooboobooo

1 lyl?
o(r ::// u(s,y)— dy ds
(r) =3 Mww( ) g2

000000000 ¢'(r)=0000000000000000000 [21,p.530000

54 0O0O0OOOOOOO
541 0O00O0O0OO0OOOOOOOO

00 55(Q000000000)uweC2(Q)NnC@r)0 Q0000000000000
ooo
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54 0O0OOO0OOOODOO

(i) (maximum principle)
oooon
max 1 = max u.
Qr Ip
(ii) (strong maximum principle)
DDDDQDDDDDDDu(tO,xO):maxﬁTuDDDD (to,xz0) e Qr 0000000 wO ﬁtOD
dooooooooon

0 (H boooooooooooooooooon

@ obooboboobobobotbobooboboobobooobOobDbobOobbobo
Ubob0«00000000000000000D00

u=0 on [0,T] x 0%, u=g on {t=0}xQ.

oooboobbgOooQUuUuboOOoOoobbOOo0OoDbOobOooooDOOObOoOD wbO QrO
ooooooo

@3 0o0oo0o0000dtdwd QyOO0ODOOOO00O0OO0O00O0OO0OOOOOOOOOOO0
gobooobobooboboooobuobobooooboboobobooboobon
ubogoboobooobobbobooobooboboobootoboboobooooon
gbgbogboobobboobobuoboobobuoboobobouoooobobon
gboboooboobooboooobobooboboobobobo

RN

000000000000000000000000000G) 00000000
u(to,z0) = M = maxg v 00000 (to,m) € Qr 0000000007 > 0
0000000000 E(,z;r)Cc Q00000000000 0000000
0000000000

1 —
M:u(t07$0):W//Ev(t )U(S,y)’(to_y)‘dyd5<M
0,203

DDDDDDDn// 20 — ’cwﬁ—IDDDDDDDDD
4r to,ato,r) to — 8)

U(S,y) =M V(Suy> € E(tova;T)'
0000se<to000 (50,50) € QO (to,20) 00000 LOODO
Smin = min{s > so; u(t,x) = M V(t,z) € L such thatt € [s, o]}

O000000smy, >s0000000000000000w000000 u(Smin, 20) =
MOODODOOOOOO2 0 s DO00O0O0 LOODOODOOODOODOOODODO
00000u =M in E(Spin,20;7) 000000 0000000000 8y, 00
U00b0b0ob0obo0ob0ob0OUsmm=s00 u=Mon LD

0<t<t, 00000000 (tx) e, 0 Q,0000000000000C00O0O0O
(to,zo) DO ODOODOOOOUO0OOO0Ou(t,x)=MOODODO O
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54 ODO0OO000O0O0D0O

gobodgbood

u—Au = f in Qp (5.10)

u = g on ['p

goboobooobboobooobbooobooboobobooboooboboobooboobon
goooaoo

00 5600000000 O)geCTp)DfeC(Q)00O0OODODDOODODO
(5.10)0 00000000000

ugoooboobobtbodooooooboobobotboobbodouooon
gobooooooooooooooobuoooooooooooa
000 |2|0000000000D0DOO00DOOO0DOOOOODODO0
oo

00 A4,a0000  u(t,z) <A, 2eR™ te[0,T]

00000DO00D000o0o0obOoooOoboooDoooooooonois)],
p.211 O Tychonoff O 00 OO

542 0000000000
0000000000000000000000000000000000000000
00 57(00000) weC2(Q)00000000000ueC®(Qp)000000

HEN

000000 (4,2)000 r000 200000 Ct,2;r) 000000000
C(t,{L‘;T‘) = {(Svy)) s € [t_TZ)tL |CL‘ _y| < T}-

O (to,xo) € QrO000O00O00OC = Clty,zo;r) CQr 00000000000
oooUoocoooooooC’ccccoopooooooooo

C" = C(tg, o; 31), C" = C(to, o; 37).

Cut-off 00O ((t,x) 00 000000000000 OODOODODOOOO
e 0<(¢<1, (=1lonC

e COOODODDOODOOOC=0

o C=0in ([0, x R")\ C
O00uweC>®Qp)D0000000O0DOODODODOOO

o(t, z) = C(t, w)ult, ),  te[0,t], z €R"

gooond
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54 0O0OOO0OOOODOO

v = Cug + Gu, Av = (Au+ 2Vu - V{ + uAd.
O000w(0,2)=0, zeR*"000O0

v — Av = Gu — 2V - Vu — uAl in (0,tp) x R™.

00000 fODOO

t ~
ﬁ@xwzj"/ Bt — 5,2 — y)f(s,) dy ds
0 n
goooogos300

o —AD = f in (0,¢p) x R"
o = 0 on {t=0} xR"

005600000000000000000000000000 v=4.
00(tz)eC”00000

u(t,z) =v(t,z) = //C@(t—s,a:—y)f(s,y)dyds
= //C@(t—s,x—y)[(Cs—AC)u—QVC-Vu (s,y)dyds.

(000 ¢0000000O0O0OOOOODOUOOODOOOOUOOODOOOODOO
gooooooon

uto) = [[ Ktospulspdyds,  @oec” 5
(&
goooooon

K(t,x,s,y) = (I)(t — 5T — y)(CS(Svy) + AC(Say)) + 2v¢(t — 5T = y) : VC

weC*000000G1H000000ue C3(Qr) 0000000000 uf = ne*u
goboooe¢anooobobooobobogobe—-000000000O 1D O

oooo
KO C'0000 K=0000000 KO COOOODOOOOOO (5.11)00
weC™(C"OO0O0 O

gobooooboooboboboobooobooboobooboobooobor2,peelobod
OO0 s8 00000k leNODOOD CyuyOOODDO

k Chi
max |DiDul < ————
C(m;r/z)| »Dyul < rhH20+n+2

1wl Ly e,

0000 Q,00000000000000000 C(t,a;r/2) C Ct,z;r) C Q000000
ooo

000000 uw(t,x)DDDDD¢tO0O0O00000 a—wu(t,x)0O0OOO
00000000000 t—wu(t,z)DO00OD0O0ODODOOOOOOO
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55 000000

543 00000000 Harnack O OO

00 59000 Harnack OO O) 00 w € C3(Qp) 0 Qr 00000000 wy—Au=00
oobooo w>0 mQe 0O0O0OO0OO0OOOODOODOODUOUOUcCccQUODOODO
0000000000 0<t1 <t <TO0O00O¢,,, 0000000000 COOODODO

sup u(t1,x) < C inf u(te, x) (5.12)
xeU ey

gooooo

0 00oDooogooR,p3700000b0b0000D000 HarnackOOODOOOOOO(GS.12)
Uboob0mfO000swp000000D00DO0ODOODOOODOOOOOOOODOOOODO
ugbbogboobbooboobboobooo

55 0OOO0O0OOO

gboooboobooboooboobooooogbsebboobooboobobooboon
gobobobobobooboobuoobuobbtowhbObOobbOOobbOOobDbOOobLO0LDwO

we—Aw = 0 in Qr
w = 0 on ['p
gooogo
e(t):/wQ(t,a:)da:, t€[0,T]
Q
oooogo

e’(t):Q/wwtdx:Q/wAwdx:—Q/ |Vw|*dz <0
Q Q Q

000D00000e(t)<e(0)=00000000e(t)000000000000 w=0inQp0
ooo

gbooobooobogobobbooobooboooobobooooobooooboboooDoon
00000000000000w,2eC?*(Qr)000000000000000D0D00O0

’Ut—A = 0 in QT
v = g on [0,T] x 00N

v=uwDv=0000000000000000
u(z,T) = u(z,T) Vo € Q

g

U=1q in Qp

obogg

ooboboooroooobooboboboooooooboobooooooboobobOo To
gboboobooboooboboboobooboobooboboooboobooboobooobob
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56 0OOOO

000000e() 000 me(t)0000ODOO0DDODODOODOOOOOO
oo [2,p640 000

56 0O0O0O0O

00 51(121,p87) n=10000u(t,z)=v(2)0000

ey
Up = Ugy O 420" (2) + 2+ 2)0'(2) =0, 2>0

oboboobooooobon

@ Hoooooooooo
z
v(z):c/ e /s ds + d
0
ygodooooon
3 @Uoobooo UDDDDU(‘L;)D z00000b00b0ob cObObOO0O0DbOobOOobOOD

oénopobooboobonDg

oo s2gboobooboobooboonb
/ O(t,x)de =1 vVt >0

gbooboooooon

g s3QcRO00000DOoO00oOoOoOooDDOo00b00w:Q—=ROODOOOO
gbobobooboboooooon:

ut(t,x) = Au(t,z) (t,x) € (0,00) x Q, u(0,2) = ug(x) x €.
gogodoooboboobbbododoouoaoon
(1) 00O Dirichlet 0 0 Ju(t,z) =0,z € 9Q,t >0

(2) 00 Neumann 0 00 0u/on(t,z) =0,z € 02,t >000000n,0 0Q00000000
ugoo.

(HhOOOODOOOO «0000 et fQ (t,z)dze 0000000 ¢t0000O00O0OODOODO
DDDDDDDD(2)DDDDDDDDuDDDDm fo u(t,z)de 0000000 ¢tO000O
goboobooooboobooooboobooo

00 54 feC2(R)O00000000O0O0O0O0O0OO0O0O0000000 ®@t2)00000

lim O(e,y)f(t—e,x—y)dy = f(t,z) t>0,zeR"
E—)O-‘r Rn

gbooboooooon

o0 55(2),p87) v u—AuO (0,00) x R*POOOOO0O0O0OOOOOOODODOODOOOO
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REFERENCES

() 0000 AeROOOOuy(ta) =u(X%, z)0000000000000000

(2 000000000w(t,2) :=2-Vu(t,z)+2tw(t>)000000000000000

oo s.e((2],p.87) DOODODOODO

u—Au+cu = f in (0,00) x R"
u =g on {t =0} xR"

oboobobobobobObceRO

OO* 5.7(2],p.87) g€ C([0,00)),9(0)=0000000000000

Up — Ugy = 0 in (0,00) x Ry
u = 0 on {t=0} xRy
u =g on [0,00) x {z =0}

goboobooobobooboon

22

t — x ! 1 4(t—s) d
u(t,x) = =/ (t—s)?’/?e g(s) ds.

00000u(ta) =u(t,z)—g(t) 00000v0000000000 {z<0}00000 M

00* 5.8([2],p.88) ve CiQr) 0
v —Av <0 in Qp

O00Db0b00Ovw0OO0Db0D0OD00OOsubsolution DO oogoon

() OO0 00000
2

1 // [z —y|
v(t,z) < — v(s,y dy ds
( ) 4rm E(t,x;r) ( ) (t - 8)2

0000 E(t,zr)cQr000000000O0O0OOO

() 0000

maxv = maxv
ﬁT 1—‘T
ggoooooboooo

3 ¢:R-ROODODODODDOOOODO0OOODO0OOU0O0wOO00wv=9¢w) 0000000
oboboobooooobon

4) «000000000000w:=|Vu?+«2000000000000
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6o

g

gboobOoboooobobooobooboooobobo0ooooboooooboOoobooon

0bobobobob0ob0ob0ob0obO0bOobOobobOb wave equation

ug — Au = f in (0,00) x Q

000000000000QCcR*"00000wu(t,):[0,00)xQ—-RO00O0O000O0O0O0

0000 AQ0ODOCDO z00C0C000000O0ODOCOOOOOOODDOOOOO

Ou = uye — Au

gobooboooobooooo

oboboboooooooboobobo120000b00bo0ob0oboooooooobooobon

gooobgo

61 100000000

gbooooboooobobooooooboobooooi1boboooobobooooDooon

gobooooogooo

Ut (t, ) — Cge(t,z) =0 in (0,00) xR

u(0,2) = g(x),u:(0,2) = h(x) on {t=0} xR.

obdbOe>00000

ooooobooooooooo
T + ¢t = const., T — ct = const.
o0o0o00oooooOooboooooooooooon
& =x+ct, n=x—ct

oooooe.1)o
u€n:0

gboooooo

6.1)
(6.2)

gooooooooooooooooooooooddgdgdodooiodud pddoddnd

000000 A DO0O0OOO0

u(é,n) = / A(€) de + B(n) = A©) + B(n)



6.1 100000000

00000 B(n)DOOOODODOOOODO t,zO00DDODO
u(t,x) = A(z + ct) + B(x — ct).

oo0oooo@enHoDoion vu—cv, =000 Alx+ct)D0v+cv, =000 Bz —ct) D00
goboooooboogoooooooobooooao

ot? or2  \ot or)\ot Ox

0000000000000 000w(t,z)DOOOODODOOOOOOOODOD cOOOODODODO
obooboboobobooo

ABOOOOOOOOOODODOOOOO (62000000

u(0,z) = A(z) + B(z) = g(x), (6.3)
u(0,2) = cA'(z) — cB'(z) = h(z). (6.4)
godb 3 00000000000000000000
1 1 [* 1 1 [*
Aw) = 50(0) + 50 [ h@) dy+ € A) = gote) — 50 [ h) sy C:
ooooG,C,000D00poe.3)o00 ci+Cy,=00000
1 T+ct
u(t,z) = A(x +ct) + B(x — ct) = B g(x +ct) +g(:v—ct)} + 2c/ h(y) dy. (6.5)
r—ct

000000000000 0OD Alembert’s formulaD 0000 0000g € C*(R), h € CLR) O
0000000000000 w(t,z)DO0OO000 (6.1)-(62) 000000

godesoooboooooobooobogoooo

0 ON(2 N,
ot “or)\at " ar )" T
0 0
v(t,z) = <(’9t + cax) u(t, x)

ve(t, ) — cvg(t,x) =0 t>0,zeR
0000000000000000D(z) = v(0,2)000

gooond

googd

v(t,z) = D(x + ct).
gooad
u(t, @) + cug(t,x) = D(x + ct) t>0,zeR
doooooboboobobbotodoooooon

1 x+ct
uta) = 5o [ Dy + Bl —a)
r—C

00000000E(x) =u(0,2)=¢g(x). 000000 DOOOODDD0000 (650000
0ooo

10gb0bogobobobobobobobobobobobo

20150 60 180 124 Karel Svadlenka



6.1 100000000

OO0 61 ¢gecC?R),hecCYR)O000w0000D0DOOO (650000000
(i) u € C*([0,00) x R)

(ii) ug — gy = 0in (0,00) x R
(ii) 0000 e RODOO

1‘ t’ = 0 ) 1 t, :h 0 .
o0y mo BT ZIED ey g M) = M)

0 obobobobobobobooboboobobooboboobobooooo

e 0000000000000 D0O0OgeCkR)O ke CFYR)ODOOOODOOOOO
00 Ck-0000000000000000000000000000000000000
000000000000000000000000000000000

e U (¢,2)0000000D0O0UO ¢,Ah00000000D00DOOOOOOOOOOOOOO
(¢,2)0OD0200000000000¢t0000000000O00O00O0O0O0O 2z-00000
2002/ —ct/0 2/ +c/ 00000000 (650000000 (¢,2)000 w(t',2/)00
000000000 g,h000 @' —ct',2’+e/|]00000000000O0O0O0O0ODOOO
00 (¢,2)0000000000 0 domain of dependencel] 0 0 0O O

0000000000000 (0,z0) J0O0D0ODOO g,A00000D0O0DCOOODOO
0000000000000 000 (0,z0)000200000000000000000
{(t,z); = € (xop —ctyxzo+ct), t >0, 000000 VOOIOIODODOOOOODO domain of
inflltence0 00000000000 0OODO0O0OO0OOO cOOOOOODODOOOOOOOO
goboobogoo

—ct=a —ct

T+ ct =0 T —ct =g

domain of
influence

omain of dependenc

z —ct’ 4+t xo z

gooooooooooboooooo

gooooogooes)tgd pObDDODOODOODOODOODODDODOOOODOOD
000 w(t,2)0 C?-0000000000000000000000O0D000000ODO000weak
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6.1 100000000

solutionD0 J OO0 OO00O0O0O0O0OD00OO000O0O00D0000O000O00OO0

u(t,r) —u(t+ ¢,z +cC) —ult+nz—cn)+ult+¢+nz+cC—cn)=0 VY{n>0. (6.6)

ooo

e uy —u,, =00000000 A(z+ct)+ Bz —ct),AABeC}R)D0000D0DOO0

gbobobooboboobobobooboboo e ooooo

e J0DODOMG6)DOOD u(t,z)D C?00000000000000000D000OwD

00000 ug —c?u, =0000000000000

00000000000000000000 (6.6)00000(@.6)000000 «wO C2.-000
gboobobogooobooooobooobo oo ooboobobbobobobbo
obooooooooobobee b obobboobobooboooooobobo

Oweakequationl0 0D OO0 OOOOOD0OOOO Oweak solutiond O O OO

611 0OO0OOOOOOOO

gbobobobobooboboobooobooo3obOoboon

oboooood

Q=R,={reR; z>0}0000000000000

U — gy = 0 in (0,00) x Ry
u=g, uy=nh on {t=0} xRy
u=0 on (0,00) x {z =0}.

O0000g,h0g(0)=h(0)=0000000000000000000O

goooooboogn

_ o u(t, x), t>0,z>0 N o g9(z),
ity o) = { —u(t,—x), t>0,2<0 glo) = {

DAOODOODOOOOOOOOOO
Tigg — gy = 0 in (0,00) xR
=g, @=nh on {t=0} xR

gobodgboobobuoobooobobgo

xt+ct
u(t,x) = = |g(x +ct) + gz — ct)} + % / h(y) dy.

N | =
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6.1 100000000

oooog g, Rr0000DO

1 x—l—ct .
(t2) = slg(@ +ct) + g(z — ct)] +%f+¢ (y)dy if 2>t>0
Ugla+ct) —glet — )]+ & [T h(y)dy if 0<z <t

oobor=00000000000D000DO00DOODOODOODOODOODOODO
bdbz=00000000D00D0ODODODODO

¢"(0)=000000geC*R)D000O0O C?-0000000¢y00000000000O
0000 Cc*-000000000000

uboboobooobbooboooboo [2], p.1410
OelOoon

OoliDOo0obooodbo-000D0000b0O000oOo0o00oDOo0o0nD MNOPO
gbobobobobobo«wbOobOobOobobOobOobobOobo

u(M) +u(O) = u(N) + u(P). (6.7)

t z+ct=C) M x—ct = Cy

x—Ct:Cg :E+Ct:C4

gobooooobooon

Ut — gy = 0 in (0,00) x (0,1)
u=g(x), u = h(x) on {t =0} x(0,1)
u(t,0) = a(t), u(t,l)=p(t) for t € (0, 00)

goooooboogon

000000000 Q:={(ta);t>0, 2€(0,)}0000000000 Q,Q,...000
000000 (0,0)00 (0,)0000000000000000000000 2=00 =10
0000000000000000000000000000000000000000000
00000000
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6.2 0O0O0OO

M S
W r
LY 0 O
@) o
0 =g w=h@) | z

ooooooooooooogonD ,e=1,2,...000000000D0OOOODOODOOO
goo

e \0000000D0D0OOO S 0000000 DDO0NOODDOOONDODOOODDOOO

e 0,0000Q,0000000000000000000000000000M = ()0
0, 000000000000000O0,P0Q,00000000000NOOODOz=0
000000000000 MNOPOOOOOOOO000000000000000000
000000wO),wP)0 O, 000000000000000000000wN)000
000000000000MOO00000 (6700000000

e NUUOOODLODLOOODLOODDOODLOOOOO

0000000000 C:000000000000000000000000000000
0000 Q000 MO POOOO0O0O0000000OuwN) — a0),u(0)— ¢(0)0000 (6.7)
00 uw(M) = —g(0) +u(P)+a(0)00000uwM) - w(P)00000000a0)=g(0)00
000000000000000000000000compatibility conditionsd 000000

a(0)
B(0) =

(0), o’(0) =h(0), a”"(0)=c?g"(0),

g
g(l), B'(0)=h(D), B"(0)=c*g"(D).

oboooooooood

62 0O0O0OO

oo e.1(2],p45 g hU0DDOODOOOODOODOOOOOOD

gt (t, ) — gy (t,2) = 0 in (0,00) xR
u(0,z) = g(x),u (0, ) = h(x) on {t=0} xR

O0wu(t,z)JODOOD0tO00 00000000000 OCODODOOOOOOOOO
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REFERENCES

000u(t,z)=A(z+ct)+Bz—ct) 000000000 A,B00000000O0O0OOO
00000002 KEde=00000000000000000

00 6.2(2],p45) a#—-c0000000g,RhcC?(R)02z=00000000000000
goboobooboooboo

gt (t, 1) — gy (t,2) = 0 in (0,00) x (0, 00)
u(0,z) = g(x),u (0, ) = h(x) on {t =0} x (0,00)
Up = Qg for (0,00) x {x =0}

00 u(t,z),t >0,z >000000a=—-0000000000000000000O
00 63(2,p45 000 Ly, L, 00000000000
Liu = au, + buy, + cu, Lou = duy + euy + fu.

00O00a,b,c,de, fOae—bd£00000000000
(1) Lyws = Low; 0000000 Liu=wy, Lou=w, 00000 « 000000000
0000000000000 Oa=e=1,b=d=0000000000

2) Lilou=000000u=w+w 00000000000000000w,uwe00000
Ll’LLl:O,LQUQZODDDDD

00 6.4 (2], p-45)

Ut (t, ) — Cuige(t, z) = 2 in (0,00) xR

u(0,2) = z,u(0,2) =0 on {t=0} xR
ggooooboobbooobbobobbtbddouooom
oo 65 (2],p45 UDODODO
Ut — g = Nu

O0000u(t,z) = f(z?-c2?) 00000000 w0 s=22-c200000000000000
AD0000000
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6o

oo
gboobOoboooobobooobooboooobobo0ooooboooooboOoobooon

ubboooboaobod

goooooboooboobooboboobobooboobobboobbooboboOoo
goboobooboboobooboboooboobooboboobooobooboobobon
gboboobooobboobooobbooobooboobobooboooboboobooboobon
gbooooooobmogoooooooboboboooooboboboooooobobobo
goog

gbbobooboboobobooobooobooobooboooboobobooooooon
gboobobgbobooboboobbobooboboboobooboooboooobooban
gboobobobobobboboboboboboboboobooboooooooooooon
goboobooobboooboobobooobooboobboobooobooboooboobon
ubobooobooooboobooooboobooobbooboonbobg

gooooooboboooooooo1obbooooooooobbooobooboooooobbOoo
gboobbooobooobobooboboobobobobooboooboboooboon
goboobooobobooobooobbooobooboobobooboooboboobooboobon
gbobogboobboobooobboobooboobbooboobboobuoobobon
gboboboboboobooooboooooobooooooooooooobooonoo

goobooOoobOoOo!booooooboOoobooooono

52 C o2 = 0 (t,z) € (0,00) x (0,1) (6.1)
u(t,0) =u(t,l) =0 t € (0,00) (6.2)

oo0do0oooooooooooooboodo00 «o00oo0ooooooooooooooa
go0dooooooooooootdogs 0000 ¢tooooooooooooooooooan
godoodootdootdoodoouoouoooooooooooooobooobooooao
ooo
u(t,x) =U()V(x)
godoooooooooooonon
UtV (x) = UV (z)

0000000000 vVOoooooooooooo0dy/dt,dv/de0000000O0O UV OO
00000000000 000OoguUu#0,vA000000

U//(t) _ Vl/(x)

cU(t)  Vi(x)




0D000t0000002z0000000000000000000O0D0O0O00OOOOO0OO0
0000000000000 ADODO
U'(t) = MPU(t) (6.3)
V' (z) = AV(z) (6.4)

gopbodoboogoob20b000b00bboooboobbooobooboobbOon

VO0OOOOOOOOO0O002000000000000000
V(z) = Cre¥™ + Che ™ 01, €R
000000002 000000000
V(0)=V()=0 (6.5)

O000000ANODOOO0O0V(x)=00000000000000000000O000O0OADDO
oooogo

V(z) = CscosvV—Az + Cysin vV —Az
00000000065 000000000000C;=000000000000000V()=0
goooooon
A=  a=12...

gobogboooobooo

gooo

voooooooo A bOobobobuobobobo

U(t) = Cs cos (?t) + Cg sin (?Q = C7sin (?(i - CS))

0000000 sin(e+ f) =sinacosB+cosasinf 0000000000

vououoooooocy=1,C;=1,Csg=000000000000
u(t, z) = sin <$t>~sin (?:c)
Joooooooobobbobboboboodooooooooboboboobboooboooooboobo
jooooooooooobobbbobbbotbtbodooooooo+ooog 20
O000000O000ooo0oU0ooooUooooDog0 z=Ik/nk=0,1,2,...,n0000000

00000 z=Ik/2n,k=1,3,...,2n—1000000000000000000O00OOO0OO
gooboboobon

gooooooooob/oboobodobooooboobooboooobooooobooooo
gbobobobobobobobo

Wnp = =N, n=12,...

21
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ooooooooo/obooobobo0oooooobooooooboobbo0ooDboOobboOoooo
goognf

gbboboobooobooboobobbobobooboooboobooboboooboooon
gboobobobobobob

u(t,x) = [ancos (?t)%—bnsin (?t)} sin (?x), n=12,....
gddbooodobooooobooooouoouoouooooouoooa

Pu 0%

uw(0,z) = ¢(x), u(0,z) =1p(x) z € (0,1) (6.7)
u(t,0) = u(t,1) = 0 t>0 (6.8)

gobooboobboooboobobooobooboooboobogobooboobobon
gobooobooooobooboobooan

o(x) = C;sin (nll:c), P(x) = Cysin (nl—ﬂa:)

goooo

nme Cy .  nme .o nm
u(t,x) = |Cy cos ( l t)—i—mfcsm( ;i t)| sin (Tx)

goboobooboooboobobboooboboobboobooboboobooobobooboon
gobooooboognd

gbooooogoboboobobooboooobooooobooboooobobooooDoon
gboboboboboobobooboboboboobo

N
o(z) = Z ap sin (?z) (6.9)
n=1

N
v(x) = Z?bnsin (nllx)

n=1
gddooodouooouoouoooooon

N
u(t,x) = Z [an cos (?t) + b, sin (?t)} sin (nllx) (6.10)

n=1

gooo

coHoooooooooooooooooooboboobbooobboobbDoobbOobLbDOoODO
000000000000000000000000000000000000000 {sin(“Fx)}
oobooooboooboooobooooboeeyy NODOODOOOoD

olr) = Zansin(n%x) 6.11)
n=1

() = Z?bnsin (nwa)

n=1
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gbooboboobe.1000 N—-ococUO0O0DODOODOOOOOOOOOODOOOODOODO

u(t,z) =2 Z [an cos (?t) + b, sin (?t)} sin (nlias) (6.12)

n=1

gbobooboobboobooobboobooboobobooboobboobuoobobon
gbobobobobooooboooooon

gobooboooobooboooobooboobobooboonobg

. 0o00b0o0boooobooobooboobooboobobooooooboobooDoboboOoooDo
ubbogobogbooboo

2.000 p,p000@G1HOODOD0OO0O00OO {a,},{b,}000000000O0O0O
3.0012)000000bo0ogoooooDn

4. 6. 12)000000D00DOOO0ODOODOOOODODLOOODOODObOODODOOODbObLOO
ugbbooobogbooboooo

gobooboobboobooobooboobbooboboobboobbon

goooooogn

ooooo f:(0,)) >ROOCOOOOOOOOODOOODO
ag > 2nm > . 2nm
f(a:)z?—i—Zancos (Tx)—i—ansm (Tx) (6.13)
n=1 n=1
gddbooodoboooooooooouooouoooad

gboboboboooooooooboooboooboobogee3)uogoooooooobon
o0oodoOOo0oo00ooOO0ooOo0oOOdbOoU0o0 fOODOOOODOODOOOOODOODOOOOD
gboboobooobobooobooobbooobooboobobooboooobooboooboobon
goboodgboboooboooboo

000000 a,,b,0000000000000000000000000000(6.13)0
cos (%z) O sin (®r2) 00 0OOOO0O(0,)0000000000000000000000
00000000000000000000000000000000000000000000
000000000000000000000000000000000000

ag N 2nm N . /2nm
sy(x) = 35 + E ap, COS (T:E) + g by, sin (Tx)
n=1 n=1

0(,)0000000o00o0o00o0o0oo0oUooooooooUooo

sup |sny(x) — f(x)] — 0, as N — oo
z€(0,0)

gobooobobooobooobbooboayd
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OO0 e2(0OI0DOODOO)OODOODOOOODO

l
2 2 /2 =n0O00
/cos( mﬂx) cos (ﬂx) de = / (m=n )
0 l ! 0 (m#n000)
l
2 2 /2 =n0O00
/sin(mx)sin(m:z:)dzx = / (m=n )
0 l ! 0 (m#n000)
l
2 2
/cos( mﬂx) sin(ﬂx) dr = 0
0 l l
o0
ooobdm#np000000O0OO
2mm 2nm 1 2(m+n)w 2(m —n)w

cos (7 x)cos(lx):2[cos(lm)—i—cos(lx)]

ugbobooboad

! ! !
/ coS (2’}” ) coS (2?”93) der = % / cos (Mm) dr + 5/ coS (Maz) dz
0 0 0

( 2(m+n)7r )

_ 1 :
—  4(m+n) sin

= 0

’0+4m n)SlIl( l_ -

gboobooboobo0Om=n0000

! !
/ cos? (%—Wx) dle/ [l—i—cos (Wx)] de =1/2
gooooo
sin (2[ ZL‘) sin (2’;”16) = % [cos (Maj) — cos (Ma@)}

0000000000000000000000//200000000000000
000000000000sin(2%2)01/200000000000cos (2%2) 00
000000000000000000000(0,/)0000000000 O

000f0000 cos (2 2) 00000 (0,)0000000
l
/f(x)cos(2n;7ra:) dx
0
_ao/l (2m d+/z (2m7r)d
= B ) COS 7[ T (079 COS COS I xT)ar
-I-/ Zb s1n cos(2T77Tx) dx

gooboboboboboboboobobobobobobooboboobobooboboboobo

goooooon
!
2
/f(a;)cos( nlmrx
0
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DDDDDfDDDDanQM)DDDDD@@DDDDDDDDDDDD

l
/f sm )da: bm§

oboobobooboooe.a3)ogo OZ)DDDDDEIEID

ap aol
«0 d _ 2o
/ fle T
/D gooooooo N
o > 2nmw > . 2nm
x) & 5 + nzlan cos (Tﬂv) —|—;bn sin (Tm) (6.14)
2 [t 2
ay, = l/ f(zx) cos (?w) dz (6.15)
0

l
b, = ?/Of(x)sin(zrlmx)dx

9 l
ag = l/of(x)d:c

N J

00000000000000 fel?0,)00000000000000O0OOOOOO0O
goboooouooboooooboobooboobooooboboobooboOoone.ls)0on
OO000O0O00ooOooo 140 fO0O00D0O0OO00O0O0O0OOOOO0ODO=000000=0
ooooOdOde14000000 fODOOOOCO0ODO (Fourier series) 0 00O O

0 /=2x0000000000000
x (0<z<m)
2 —x (m <z <2m)

O00000!=2x00000000000000(0,))0000000O00O0O0O0OOOOOOO
0000000 b0o0bOO0ODOO00DO00bOoD fOO0DOODOODOODOOODOOsinO00O0DO0O
goboboobobooboooboon
1 g2r
ag = /0 flx)de =7

™

27 T -
o = 2 [ @ eostnn) e =2 [ seyeostna) e = 2 [T costne) o
™ Jo ™ Jo T Jo
= i(;m sin(nx) + i 5 cos(nx))[f = %ﬁ(cos(mr) —1)

nO0000n=2kkeNIOODODOOOOO0OOOO0RO000On=2k—1,keNOOODODO
—4/7(2k—1)2000000f0000000000000000

T oA 1
f(z) =~ 5~ w;%l)ms@k_ 1)z.
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0 /=10000000000o000

1
f(:c):§—x, x € (0,1]
fO000!=100000000000000O000O000DOOO0OO0DOO0OOOOOO0OODO0
gogogoooopooooogggooogo ooy ooooobouogog
goodogoopoooogooooodoggoooooogoobo oo ooouogu g
O fO0000000O0O0ODOO0ODO0ODO aO0O00cosO0ODOODOOOOOOODODODO sinb0O

goobooooo
1
b, = / f(z)sin(2nmz) de = 2/ (3 — z)sin(2n7z) dz
1 1 1
= / sin(2nwx) dx — 2/ xsin(2nmx) dr = —2/ xsin(2nmx) dx
0 0 0
1
= —2/ 52— cos(2nmz) dz + [ cos(2n7r:v)](1) =0+ -1 cos(2nm) = —
0

nm

fOo00oO0ooooooooooo

:]
3

1m1
— Z —sin(2nmz).

gboooboobooooboooboboooobooboooobooboobooboboooobooon
gobooboobboobooboooboobooboboobogobooboobobon
gooobooboobooooboobooboooboob0 NOODODOOoDbOobbOOoDoDbDOOoDbo
gooooboobooooboooboobooobooobooogbooooooboboooD @Woooo
googoo)ooooboobooooogobooooboboooooobooooboboobooo
gobooboobboobooboooboobooboboobogobooboobobon
gbobooboooboobooooooboboooboobooboobooaonoo

goooboooon

00000000000 000U0OU0DOU0OU0OU0Oo0OoOooOooooooOooo f:(0,1) - R
oooooooboogels)oooooooooooo fOobOoOOOOO

a > 2nm > 2nm
= ?O—FZancos (Tx) —i—ansin (T:z:) (6.16)
n=1 n=1
000000 s(z) 0000
a N 2nm N 2nm
0 .
ZE—I-Zancos(Tx)—i-ansm(—
n=1 n=1
ON—-ooOOOOOOODOOOOODOOO0OO0OOOOOO0OO0Oo00ooOoan

0000s000!0000000000000000000000 f0000000000
000!/000000000000000000f000000000f0 (0,))00000000
000 f(0)=/f()0000000000000

gobodoboboooboobooobooobooobooab
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00 6.3 (Jordan-Dirichlet criterion) f 0 [0,/]0 00000000000 (-0000000O0O
ooooooon

()0 f0000000000000 zefo,)0 {&NHE)nngnoo
(ii)0 z0 f0000000000f00 2000000000 f(z)000000

(iii)0 fO0000 [a,b) C [0, 000000000000000O00f00000000 [a,b]
000000 f00000000

O @Cooo)oooood0o=x<zr<z2<...2,=10000000 fO[0,0]O0
gboboobooobobooood

n—1
Z |f(@rs1) = f (@)
k=1

uboooboboboboobobooboboobobooobooobobobooobooboono
ubooboobuoobuooboobooboobobobobobobboobooboobobo
gbobobobobobobobobo

fl(:v)z{o’ v f2(fc)={0’1 TEY p@) =ah), fae) = 2 h()
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O00000OWeierstrass O M-O000O00OO0O0O00O0O R2DDDDDDDDDDDDDDDu(t,x)
gooooooood

nmce Il .  nme. . ,nmw
Qy, COS (Tt) + ﬁn% sin (Tt) sin (TZL‘)

oo e17)-61900000000000000000000

e u(t,0)=wu(t,]) =00 sin0=sin7n=000000000

o u(0,2) =377 (- 1+ 0)sin (") = @(z)

20150 60 250 140 Karel Svadlenka



e w;(0,) 0000000000000 0O0OOOOO0OOOODOODOOOOOODOODOD
> nmc nmc nmwc nim
|—an ™ sin (FT54) + B, cos (“11) | sin ()

n=1

ubboobidd«bw 0b0O0ob0bO0o0boobbbeobboobooanog

o0 o
nmwe . mr e
Z‘_Q”TSI - )+Bncos( 7 t)sm ‘< n]an]+|[3’n]
=1 n=1
D000 njan| <o 00DOO0DOO0DO00D0@(x)00000¢ e C2(0,])0000
O000000000000000000 0000000000000 g 000ooon
O0DcosODOOODODOOODO

2 21
7 / cos mrx) dx = % ? &(z) sin (nllx) dx = %nan
0

¢0000000000000000007% > njay|<occDO0O

O00OWeierstrass 00000 a0 000000 R20000000000000000O0O
ubobooboogn

u(t, x) i [ I7E Gin (?t) + By cos (n;rct)} sin (nll:n)

n=1

goog
oo
nmw

w(0,2) = Y (0 + By 1)sin () = §(x)

n=1

gboboooboaaoo

e I0D00DOODOODOODOODOOwD t0000020000 20000020
O000000000000000wO00000000000000000000000
D00000000¢ e C*R),y € CYR)ODDOODO ¢ € C3([0,1]),% € C*([0,]]) D0 DO
0000000000000 0000«00000000000¢t02z000020000
D0000D000000000000 ugD v, 0000000

000000000000 ¢eC?(R),y € CY(R)D0DOOOOONONONOOOONONODN w00
00000000000000000000000000 ¢, 000000000000000
00000

Y(0)#£0000000¢y000000000000000«¢02=0000000000000
00¢(0)=0000000000000000000¢()=0000000000000¢(0)=00
0000¢02=0000000000000000x € [~,0000000¢(z) =—¢(—2z)000
000000000000 ¢/ (0+) =¢/(0+4) 0000000 ¢/(0—) = (—1)-(—'(—=0—)) = 3/(0+)
00000000000:=(000000000000000000

00 6.4 o< C3([0,1)),y € C%([0,1)) O

20150 60 250 141 Karel Svadlenka



63 0O0O0O0O

00000000000000000 (617619900 veC?(Rx[0,/])0000000000
00000000000

[e.e]

u(t,z) = Z [an cos (?t) + ﬁ"% sin (?t) sin (?x)

n=1
0000w, 6,0 (62000000000« 000000000000 200000000000
gooooodoon

O

e NUO0OODOUOOODLODOODLDDOOODLDOOODLOOODLDDOOODLDOO w0000
000 C?.0000000000000000000000000000000D0D0O00O0
000000000000000C?000000000000000

ey 00O OUOOOOUOOOOOOO
cosa —cos 3 = 2smo‘+’831n#, s1na+s1nﬁ—251na+5coso‘7_ﬁ

ubobooboobood

u(t.a) = YT [sin (e + b)) +sin (@ —at)) |

2c

ubobooboobobooboboooboooobaooobooo

gdddddddddddddddddudouog 2Lp140000d
goboogooood

63 0O0O0O0O

od e66 DUIOOO0ODOOUODOOOOOODOO!DODODODOOO

2 2,
g%ﬂWZg%tho t € (0,00)

gbobodbooobbooboooboboobooan

20150 60 250 142 Karel Svadlenka



63 0O0O0O0O

oo 67 000DO

0?u 0u

— —4-—==0 0,5), t>0
52 452 =0 z € (0,5), t>
u(0,x) = 3sin(mwz), x €1]0,5]

ou 9

5 (0@) = —sin(Fz),  z€[0,]

u(t,0) = u(t,5) =0, t>0
00 u(t,z) 00000
00 68 U0 f(x)yUODOOODDOOOUODODO
f(z) = —2® +z, x e (—1,1)

o0 fO0002000000000000000000D0000000000000000ORDO
ogooboboboboobobooo

00 69 U0 f(xyUODOODOOOUODOO
f(z) ==, x € [0, ).
() fOO0C00O0OOO0,7O000snO0000000OOOOOOOO

2 (HODODOOO0OO0OO0 s, 00000000 2cRO0O00ss(x) 00000000000 s
oboobobUoz0b0DODOD

3) fO000O000OO0,7]OD000cos00000DOOOUOOOODOO

4 300000000 s,00000000 2eROO0O0s.(x)D000O00O0ODODODOS,
oboobobUoz0b0DODOD

6 seobbogboooooooobooooooobooboboooDoo

00 610 00 f(z)=a,2€ (—m,7) 000000000000

goooaoo

00 611 00O f(r)=sinz000000 (0,mO0000000O0DOODODODOO

n—1
S lf(mra) = far)l,  we € (0,m), 2 < T
k=1

goboooboogd

00 61200 f(z)=2% z€(~1,1)0002000000000000000000 z€R
0000000O00000000

00 61300 Y°,%<meogoio0n

20150 60 250 143 Karel Svadlenka



REFERENCES

00 614 00 f(z) =22 z€(0,2r)000000000000000000000000
0 f00000000000000Y, 500000000

oo

472 4 47 .
000000000000000000000 —- +Z(—2cosna:——smna:).m
n

n
n=1

OO0 6.15 f(x)000¢00D020000000000000 fO0ODDOOOOO cosOOO
O« 0000 fOODOOODODOOOOOODOOODOOD fOOODOODOOODOOOODO
O IDDDDDDDDDDDDDDDDD%DDDDDDDD by OO DOOO

b, = Cnay, CeR OO
oo0oooOooooooooa
00 6.16 ([2],p45 OOODO

Ut (t, ) — ugy(t,x) =0, z € (0,m), t>0
u(0,z) =1, z € (0,m)

u(0,2) =0, x € (0,m)

u(t,0) = u(t,m) =0, t>0

00 wu(t,z) 00O 2000000000000

(I bOilooooooooooooooooooobooooobooooobooooo

() 00000000000

References

[1] L. C. Evans: Partial Differential Equations, American Mathematical Society, 1998.

[2] F. John: Partial Differential Equations, Springer, 1982.

20150 60 250 144 Karel Svadlenka



6o

oo
gboobOoboooobobooobooboooobobo0ooooboooooboOoobooon

64 0O0O0OOOOOODO
gobooboooobdrn>200000000

wy — Au =0 in (0,00) x R" 6.1)
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t ¢
Au(t,x) = /Au(t,x;s)ds:/ u(t, x5 8) ds
0 0

00 uwD uy—Au=f00000000000000000wu0,z)=u(0,z)=0

B

reR"O000O0000O00OO O
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66 OOOOOO
n=1000000000000000

1 r+t—s
u(t,z;s) = 2/ f(s,y) dy.

—t+s

T+t—s
// f(s,y) dy, t>0, zeR™
r—t+s

n=3000000000000000

oood

ult, z;8) = (£ — S)J[aB( S asw)

goodg

u(t,x) = /t(t—s) (]([93(:“ S)f( ,Y) dS(y)) ds
- //aB(mS s Was 47T//({)B(M - FE=19) 45y ar

flt—ly— =, y)d
47T B(z,t) ]y—x|

v, t>0, z € R

Ubobobobob0obobO0obobobobOO retarded potentiall O O O O

0o00oOo sSoooooboboboboboboooono 12, p136000
0000000b0o0bo0bo0oooobooOobooOoog SO spacelike
ggoooobooooooodod

66 OOOOOO

gboboobuooobooboboobooboboobooboobobobboboooaon
gbobobobobooboboooooooboooooooooog

00 69(00000000D0O00)Q CR'O0DOODOONONOOODONOOOO, =
(0,7 xQTr =07\ Q000000000

utt—Au:f in QT
u = on I'r
ur =h on {t=0} xQ

0000 C%Qp)-000000000000

o
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66 OOOOOO

U0 w,e 000000000 D0O0w=uv—u0000000000

wy — Aw =0 in Qp
w=20 on I'p
wy =0 on {t =0} x Q.

gbooboboooo

e(t) = ;/Q Wi (t,2) + [Vo(t,2)] de, ¢ [0,T]

ooddododoeodnoonn
e (t) :/ [wiwy + Vw - V] dx:/wt(wtt—Aw) dx =0
Q Q

00000000000 w=0onT700 w,=0o0n[0,7T]xdQ00000000
00000000000000000

te[0,7)0000e(t)=e(0)=0000000w,=0, Vo=000000000
wOIO0O0O0O0O0000000000000000000w =0inQp0 O

00 610(0000000) ue C%((0,00)xRMOO00000 uy—c?Au=00 (0,00) x R"
000000000000000¢#>0,z0€R"0000

w(0,2) =u(0,2) =0  for x € B(xg,cty)
googd

u=0 in C:={(t,x); t €[0,t0], |x — zo| < c(to —1)}.

O0O0000B(x,tp) JOD0D0OODO0OUOOD COOOOUODOOOOUDOODOOODOOUD
gooooobooon

RN
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6.7 OOOO

O0000oO0ooOoogese70 000000 ODOOODOO0OO0ODOODOOOOOOO
gooooooboooooo
1
e(t) = / [W2(t,2) + A|Vu(t,2)?] de, < [0,
2 JB(xo,c(to—t))

gboogd

e(t) = / [upuge + AV - V| dx — C/ [uf + c2]Vu|2] as
B(wo,c(to—t)) 2 JaB(xo,c(to—t))

= / g (ugy — czAu) dz + ¢ / %ut ds
Bl(zo,c(to—t)) 8B(z0.c(to—t)) OV

—C/ [uf + 2| Vul?] dS
2 JoB(zo,c(to—t))

2
= c/ [cauut - luf - C\VUF] as
OB(wosclto-t) L OV~ 2 2

Cauchy—SchwarzDDDDDDDDDDDDDab§%a2+%62,8>0DDDDDD

C

1 2
| < el Vul Jug| < Juf + 5 Vul?

O00000E(#) <000000 e(t)<e(0)=0,te0,t)00000000COM
000w =0, Vu=00000000000«=0000000 O

67 0O0O0OO

00 617 00 E=(Ey,Ey, E5)000 B=(By,B,,B;) 0000000000

E;,=curl B
B; = —curl &
divB=divE =0

0000000u=E000u=58,i=1,230u—-Auv=00000000000
00 6.18([11,p.88) uc C%((0,00)xR)0 10000000000000000

U — Ugg = 0 in (0,00) xR

u=g, ug=n~hn on {t=0} xR

0000000000000g,A000000000000000O0000 k(#)O0000000
00000 pt) 0

o0 1 o0
E(t) :—2/ ul(t, z) dz, p(t) :—2/ ul(t,z) d
ogoooooooooooooon
() k(t)+p(t)0 t00D0000

) to 00000k =p(t) V>t
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6.7 OOOO

oo 6.19([1,p89) ¢, A 0DO0ODOOOODOOOOOODOOOOwWwD
up — Au =0 in (0,00) x R?
u=g, u=~h on {t=0}xR?
oooooooooobooobobooocooooo

lu(t,z)| < t>0, r€R?

?7
00000000000

00 6.20 (2], p46) Lu = uy —c*u, 0000 000w,v0000000000Lu=0,Lv=0
00 L(uw +cugv,) =0000000000

000 Lu= Lv=0for (t,z) € (0,00) x (a,b)0 000 u(t,a) =u(t,b) =v(t,a) =v(t,b) =00
goo

d b
dt/ (utvt—kczuxvx)dx:O
a
oooooooooon

00 6.21(2],p46) OODOOOOOO

0*u  ,0%u

U(O,$> = (,O(l‘), ut(ovx) = ¢($) T e (Ovl)
u(t,0) = u(t,l) =0 t>0

goboogoboogad

u(t,x) = Z [an cos (?t} + by, sin (?t}} sin (?m)

n=1
gddooooooooooooo

1

l
e(t) = 2/0 (u?(t,m) + ui(t, x))dx

oooooog ey, b, 0000000
oo 6.22(2],pd46) DOOOOODOOODODOODOO
u(O,x):g—‘g—x’, u(0,2) =0 for z € (0, )
gbdbooodotooooouoboootobootouoooouoooouooa
00 6.23 ([2], p46) f,g,h € C%([0,00)) O
a(0)=g(0),  (0)=h(0),  a"(0)=c’g"(0)

gobogboobboobooboaobodg

U (t, 1) — Py (t,x) =0 t>0,z>0
u(07$) = g(.’L‘), ut(()?x) = h(l’) x>0
u(t,0) = a(t) t>0

0ooooO0Cc?-000000o0oooon
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6.7 OOOO

00 624(21,p.132) (1) n=3000000000 uy—Au=000000000000
w000 A BOOOOO
A(r +ct) + G(r — ct)

u(t,z) = . , r=|z|

gooooooooooo
2 ¢g0OoooooooOoOOnO
u(O,x):O, ut(O,x):g(r)

ubobobooboooboobbooboonbooo

1 |z|+ct
u(t, x)

= pg(p) dp.
2C|J"‘ |x|—ct ()

3 @dgd

0, for r>a

g(r):{ 1, for r €[0,da]

0000000 «w00000000w0t=0,lz|=a0000000000000wOO
00 (0,e/c)00000000OO0DOOOOOOOOO

00 6.25(2],p.132) n=500000000000«0000000U(x;rt)000000
oooood
N(z;r t) = 12U, (z;7,t) + 3rU(x; 7, t)

gl1ggdoooobooboobobooboobbooboobbo0«w0obd

N .
u(t,z) = lim 7(:6’ L)
r—0+ 3r

gobooaoo

oo 6.26 (2], p.133) n=300000000000

0? 0?
<8t2 - c%A) <8t2 - c%A) u(t,x) =0

bobodbdb0Oe,cec>00000000000

(Hh OO0O000«0000000 U(x;r,t)0O

(g; — c§86:2> <§; - c§86:2> (rU(x;r,t)) =0
0000000000
) (HOODDOOO +UO
A1(r + c1) + As(r — ce1t) + Bi(r + cat) + Ba(r — cat)

uboboobooood
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3G OHoO @oboooooooooooooooooooo

00 6.27([2],p.133) 00 n=300000ueC?0 uy —cAu=00t>0,zcR®*000
0o0o0ooOoooo

U@p:23/|nmmxwm<a> for t =0
<2 /B

gooooggooooggno
(Hh«O0000000 KOooOoooa
hﬁwﬂggU@, >0
000000000000 D00000000000 {&eR%: |r—y|<ct}00000M
@) 00

t—oo

oo00000000«O0O0000OO00OOODOOOOODOCODDOOOOMO vt T) =
w(T—t,z) 0000000000

00 628 (2], p. 135 01000000 ODOODOODOOODOO
Upp = 02u11z1 — A\
U(O,[El) = 05 Ut(o,l‘l) = 1/)(f51)

goo o
ut) =5 [ B(NEE @) )0ty dy

—ct

gobooboobobooboon
w/2
Jo(z):/ cos(zsin ) d
0

gboboobooobood
000 00Methodofdescent 1 D 00000 cos(Ax2)u(t,z;) D0 D0 200000000000
goboobogm
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3. 000000061000000e(t) 000000000 B(zo,c(to—t) 0000

20150 70 20 157 Karel Svadlenka



JRERERNRRRERNRE

oo
obooobooobooooooobooooboooooobooboobooooboooboooboooooobooon
gboobooobooboooboobooobooboooboobooooooooobooobooobooon
ubboobOoboooooboooobooboooooboooo

gogooooo
goboobodgboobboobuooboboobbooboobbobobooboobbon

—Au(z) = f(z) for x € Q, (7.1)
u(z) = 0 for z € OS. (7.2)

gboooooogboboooobogobobooobooboobooo2000b0b000DO0D

goog

e 0000 QOO (7.H000008N00 (720000000 weC*(Q)NC(Q)0OO0O0O00
00

00000000000 000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000 000000000000000

0000000:00000000000000000peC*()D0O00 (7.HODODOO
QOoO00O0000O00oO00Oo0o0oO0oU0oDOoU0oDOOoU0DbDOUODbDOD DOooOoooooo
ubboobuoobbooboobbooobooo

gboboboboboboboo

1. 000000000 peCe@UDOOOOOODODOOOOQOOOODOOO

—Au=f = /—Augpdaj:/fgodx
Q Q

2. 0000000000000000O00O0D0OO0ODOO0OOO

/—Aucpdx:/fcpd:v = /VU'VSDd$—/ &LSOdSZ/fSde
Q Q 0 a0 On Q

OO0 0000Q000000DODOOCDOO0O0O0OODODO

/Vu-Vgoda::/fgodx Ve C5o(R)
Q Q

gbooooo



72 000000

00 71(00) 00 (71)(72)000000000000000 we HY(Q)DDODOD

L/VM-V@M%-/]@dm Vo € HE(Q). (7.3)
Q Q

goo H&(Q)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

gbobob @3)ooboooooooooog

e IO DDOOUODLDOOODDOOUDLDO«UDOOODDOOODDOOODO
gbobgooboobooooboood

e yJOUODOODODOODODODLODODOODOOO0ODLODODLODODOODLODO
ubboobogboobbooboobboobooobboobooaboboonoog

e NUIDDOODDOODLOODDOODLOODDOODDOODLDODODDOODOD

00000000000000000000 ¢C?000000000000000000000
gooobobobobooboboboboboboboboboboboboboboboob
72 0O0OOOOO

oooorrPobDooooooboonoo
1<p<oo, 000 QCR"ODOOODOO f:Q—=-ROODODO

1/p
P dx ifl <p<oo
i = § (JalfP o) <P
ess supq | f] if p=o0

000000000000 LM(Q)0000000000000000000000000000
LP) ={f: Q= R; |[fllLro) < oo}

000000o00o00o0oUo0oooooOoUooooOL(Q)UoOO0UD00OUO0OO0OUDO
oooo

00 72(Holder 000) 1<pg<ooD i+1-1000000000000000000
we LP(Q),ve LYN) 0000000000

/Q v dz < [lull gy 1ol oo,

O

e 10 QUOOOUOOp>00000000DOOO0OO fO LP(Q)DOOODO

1/p 1/p
ey = ([ 17 da)" < (maxirp [ 1do)™ = el 1017
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72 000000

e 10 QUIO0O00ODDDDOODDD f0 LP(Q)DO000O0DDDOOODODOOOOO
000000000 Q000000000 f(z)=2"t000000 L*1,00)000
000LY1,00) 000000

1 1/2 17>
-1 — = | —= =
o 21,00 = ( / — dr) [J 1

1

o
_ 1
o sy = [ do = logal™ = o0

e 10000000000 LPO0ONDNOOOONONONOOOONOODO f(z)=1/yz0 LY(0,1)

gdon )
1 1
11/vE o) = / Jdo = 2] =2

ooboboobooooo rkgboboooooobooboobobobobobooooooboD
ooboooooboobooooboobo P,gboboboobobobobbobobobon
gbobobobo

000000000 weCHQ)OOOOODO ¢eCP(Q)DDNNNNINNDNDODDDDOOOO

gooooooooon
/pricmz_/uxi% 1=1,...,n.
Q Q

pyO0QO0O00000D0ODOOCOO0O0O0 OO0 000ODODOOOOOOOOODDOODO
0000000000000000 LY(Q)000000.00000000000000000
goobooooboobooobooboobbooboo

00 73@00) w,vell (Q0e00000000000000000 e Cee(Q)O000

/uDacpdx:(—l)|a/vcpdx
Q Q

ooooboooby0 w0 D*-000000D00O0D00O00y =D 00000000000
veN(QDDDDDD0D0N0NwDDDDD0D000000000m

o0 74 0000000000000 0O00OO0O0OOO0OOOO00O0O0O0

00
v,0 € L () O

/ uD%pdz = (—1)l° / vpds = (—1) / Vpdx Vo € C§°(Q)
Q Q Q

gooooooon
/(v—f))cpd:czo Vo € C5° ()
Q

OO0000000v—9v=0ae. inQ0000 O
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72 000000

0 »n=10 Q=(0,2)00000

T if 0<z<1
u(z) = .
1 if 1<zx<?2

ogbobooboooobooooo

1 if 0<x<1
v(z) = .
0 if l<xr<?2

goog

gbooboooboobooboooooooooooooog

2 1 2 1 2
/ ugo'dx:/ xgo'daz+/ go'dx:/ godx+cp(1)g0(1):/ v dr.
0 0 1 0 0

if 0<z<1
if 1<x<?2

000000« 0000000000000

000000 wWhw(Q)DOO0000O000OO0Ooo000000000000000000o0
QcR'O00D0O0OO000OO0O0ODOOOOOOODOOOOOODOODOOODOO

00 75@000000) 000000 W»(Q)DOOODO0DO0D000000«0000000
000w:Q—>ROODOD00000000000 u, On=1,...,n0000000u0 up, OO
00 Lr(Q)0D000000000

p=20000HYQ)=W'(Q)0D00000D000000000

whr(Q)ODO0O0000000000000

1
o(lul? + S0y fug [Py dz) P (1< o)
ess supglul + Y i ess supg|uy, | (p = o00)

HUHWLP(Q) = {

0 000000000 WwWk(QDeAOO0D00000000 LP(Q)O0O0O0000000O
uboboobooaoo
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72 000000

00 76 1<p<oc00000D0DDDO WH(Q)OOOOOOODODDODO

o

DDDH-le,p(Q)DDDDDDDDDDDDDDDDDDDDDDDDDDDDD
ubobooboooboobod

fr9€ LP(Q) = If + gllze) < N1 fllze) + 19l (o)

oooooooooooooa
n 1/p
[lu + UHWLP(Q) = (HU + UHip(Q) + Z ||u:r1 + Vg Hip(g))
i=1

n 1/p
< ((HUHLP(Q) + ||UHLP(Q))p + Z (Hu%;HLP(Q) + ||U:E¢HLP(Q))p>

=1

n 1/p n
< (HuH]Zp(Q) + Z Huxinip(g)) + (HUH?,;D(Q) + Z ||UCB7,‘HI[),P(Q)>
=1 =1

gobooboobboobooobooobooo

(Srnr) < () " (Ene)

1/p

00000

00 wW»(Q)DO0DDO0000{u,} 0 W»(Q)OODODO0O0OO000O0D0 {un}

O {(um)y;} O LP(Q) D000D0DOODODOLP(Q)DOOO00ODDOODODO

w,ut v, W € LP(Q)O00000
U = Uy, (U)o, = 'y 1=1,2,...,n in LP(Q).

D000ueWhP(Q), u,, =v'0000000¢peCe(Q)0O000

/ Uy, dr = lim Um P, dr = — lim (Um)z,pde = —/ ulp da.
Q

0000« 0 w0 000000000000 (un)s, — ug, in LP(Q)DO0000OO0
00000u, — uwin WHP(Q). O

O (H'oooooo)
e 0 FY(NDOOODDOODODOO4000000000000000DO0

(f.9) = /Q(fg—FVﬁVg)dx.

e NOODOOODODOO

10130y = 1011320 + 17011320y

e 100000 HYQ)CL*(Q)ODDDDODOO
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72 000000

° IDDDIDDDDDDDHl—DDD%—DDDDDDDDDDDDDDDDDDDDDDD
O00000dQ=(0,1)0000y,zeQ0000

z z 1/2
o) =)l = | [ @rde] < ol ( [ WP ) < ol ol - vl
Yy

Y

0| Q=5(0,1)000000000R00000000000000CO
u(z) = |z|7* (z £ 0)
0HY(Q)0000D0«00000000000000

ubboobogboobbooboobod

ooon )
[Vu(z)| = oA z # 0.

ubooboboooboobbbodoobobodb efbobboobooobob e—=00000
ugbboobuoobbooboouooboobbuooboan

/ Uy, dr = —/ Ug, p dx —|—/ upn; dS,
Q\B(0,¢) Q\B(0,¢) 8B(0,¢)

000On = (n1,ne,n3)0 B(0,e)000000000000000000000n; =—a;/|«/00
0000000 «00000000000000

/ upn; dS
0B(0,¢)

oboob@4ooobooboobD0«w00o0oooooooonog

1 1!
Vul?dz = / 935/2dx:/ / p75/2dep
/Q Vel 16 Jo = 16 Jo JaB(o,p)

1 1 o ! s
16 J, TP P P 4/, 4 P 2<OO

< max || e/t as < o1t 0, as e — 0.
Q 8B(0,¢)

0000 [pulde=8r/b<ococ000000000uwe H(Q)OOOODO [ |

goooooo @2boobogboobooooooobobboooobooooboooobooooboooboon
gboboboboboobobobobooboboobobooo

WyP(Q)0 CP(Q) 0 Whr(Q)DOD00000000000000000u € WoP(Q) 0D
000000 u, € CR(Q)OODDOWH(Q)DO0D000 u, »u0000000000000
p=20000HAQ) =W,*(Q) 000000000000

H}(Q)D QOO0ODDODODODO0O0000D HYQ)- 00D0000000000000HY(Q)O
0000000000000000000000000000000000000000000
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72 000000

gbobodgboobboobooobboobuooboobobooboobboobuoobobon
000000000000 H-00000000000000000000000000000
goboobooobboooboooboboobooboboobbooboobbon

00 77@000000) 0000000 Q0000000000000 00000 #:
HY(Q)— [?00) 0000000000

w=v) Yv e C(Q).

000 [2],p2580000

Joooooooooboobon H&(Q)DDDDDDDDDDDDDDDDD
HY Q) ={ve H(Q); yv=0 ondQ}.

00 78(000000) Q0 C-000000000000O0O00veWHP(Q)DOO0O
v e WyP(Q) & yv =0 on 9

gooooo

000 [21,p2590000

OO0 79 (Friedrichs 000000000 OODOOO0) OO0 QOOOOO0OOOOODOO
OoooOooooo cpODOODO

ol ) < Crlolme) Vo € Hy(Q)

DDDDDDDDDD]-‘H1(Q)DDDDDDDDDDDDDDDDDDDD
1/2
ol = ([ 1V08)" .

OvbO0bOO0bO0obO0ob0obOobobOobobobobOobob

Friedrichs 10 D00 HY(Q)0000000000 HY(Q)OODOOOOO0O000000000O
0000000000 ¢>000000

vl < vlria) < vllm@ Yo € Hy(Q).

ooobooobooobgoon (2], p247-2890 00 [3], p.144-1730 0
ooooooooooognooooooggn
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73 0OO0O0OO0OOOOOO

73 0O000OO0OO0OOOOO

gboobooboobogboboobuoobobooboobobuooboboobogn
ooboooboooboooboboooboobbooobboobboobobodl Lax-Milgram O DO OO O
gobooboobbooboobooobooboobbooboobboobdebbOn
0000 FOOOO a(u,-)=F()0000000O0O0O0OO0O0OO0OOO0OOOOOOOOOOOO
0000 HOOOD HxHOOOOOOOOO o(,)0ODDOO0OO0D0ODQOO0OO0veHOOO a(v,-) 0O
a(-,v) 00000000 OO0OOOOOOO

OO0 710 (Lax-Milgram OO 0O) HOODOOOOOOOODOODOOO a: HxH—-ROO
a,f>0000000000000000000000O0CDOO

(00g) la(u,v)| < allul [|v|| Yu,v € H (7.5)
(ooo) a(u,u) > Bllul? Yu e H (7.6)

ooboooooooobobooboboo0 F-H—-ROODODODOOODOOD
a(u,v) = F(v) Vve H (7.7)
Uo0d0bweHOOODOODOOOOO

RN

ve HOOOOUOOOvw—a(u,v) DOO0OD0O0 HOOOUOOODOOOOOODOO
00000000000 S00000000HO0»wO00000a(u,v)=(w,v)0
O000veHOOODODOOOOODODOOO0O00wDOw00000000w = Au
goooboo

a(u,v) = (Au,v) u,v € H. (7.8)

A:-H—-HOOOOOOODOOOOOOOOOO@.eo a(-,v)DDDDDDDDD
(A(ajuy + agug),v) = (a1 Auy + agAug, v) Yve H

0000000000000 0000v e HOOODODOOOOOOOA(aui+agug) =
alAU1+a2AUQDDDDDDD

lAulf = (Au, Auv) = a(u, Au) < aflu|| g Aull g

000 ||Aullg < ellullg,we HOOODOOOOD

000ADDDOOODDOOOOO
Bllullyy < alu,u) = (Au,v) < | Aullglulln

00 Bllullg < |4u|p000000A0D0D000O0O0O0O0OOODOOOOOOOOO
00 ADDO RA)D HOOODOOODODOODOOODODOOODOOODOOO0OOOR(A)*
D00O0D0DO0OOD0ORA)#HOODODODOODODOD we RA)OOODDOODOOO
00000 Blw|%) < (Aw,w)=000000000 R(A) = H.
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73 0OO0O0OO0OOOOOO

000000000000 FOODO feHOOOOO
F(v) = (f,v) veH
OO0000AQ0O0ODDO0Auw=fO0000weHODOODO
a(u,v) = (Au,v) = (f,v) = F(v) veH.

oboob«Db @7 Hoooooo
00w, 000000000v=uv—u00O0O00D0OO0

Bllu—allf; < a(u—@,u—a) = a(u,v) - a(@,v) = F(v) = F(v) =0
gboobobobob O
0 00000«00000000a(u,v)=a(v,u), u,ve HOOOOO(u,v)q == a(u,v)d HO
D0000000Lax-Milgram O OO 000000000 D0DOOOO0OOOOOOOLax-Milgram
oodobobbe0dooobobbObObObO0000Uooooon

Lax-Milgram OO OO OO OO

—Au = f in €, (7.9)
u = 0 on Of). (7.10)

goboobooooobooooboboooboboooobooooooboboooobobooooboooono

/Vu-Vgoda::/fgodx Vo € Hi(Q). (7.11)
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