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I'maBa 1. OCcHOBHBIE IIOHATUA

§1. Peryngpuble u CUHTYJISPHbIE BO3MYIIEHUS

Paccmorpum jiBe 3aj1a4mu.

Bamaua Ag : Lou = fy — HeBO3MyIIeHHAsT 3a/1a9a (YIPOIIEHHAS MOJIEH ),
Ly — sajmanubiii oneparop, fo— 3agannas Gyakuus, u = u(z), © € D —
UCKOMasi (PyHKIIMSI.

Bamaua A. : Lou+eLliu = fo+efi —3amada ¢ BOSMYIIEHUSIMEI OIIEPATOPa,
(eL1) n npasoit qactu (f1) (paciuupennast MoJeJIb), € — MaJblil Tapamerp,
B JaJbHeneM cantaem € > 0,

[Tycrs u = ug(x) — pemenue 3aga1u Ay, u = u.(r) — pemenue 3aauun A,
€D, u=(uy,...,u,) — sexrop-bynxnus, |[u]| = /uf +u3 + -+ ul.

Omnpenenenune. 3ajada A. HA3BIBAETCS PE2YAAPHO B03MYULEHHOT, €CITH

sup ||[ue(z) — up(z)|| =0  mpm e —0,
zeD

B nporusHoM ciiyuae 3ajada A. HA3BIBACTCA CUHRYAAPHO GO3MYULEHHOT.

[IpocThie mpuMepHI.

IIpumep 1.
d
A é =—u+ex, x€l0,1]; wu(0)=1;
d
Ao ﬁ = —u, re[0,1];  u(0)=1.
Pemenusa 3amau stux 3a1ad:
A u(z) = (1+e)e™ +e(x—1);
Ay : up(z) = e ".

Jlerko BueTh, UTO

sup ||us(r) —up(z)|| =e max |e " +x—1=ce' -0 mpu & — 0.
z€[0,1] z€[0,1]

CunenoBaresibho, 3aa4a A, — perysispHO BO3MYIIECHHAS.

OrmMerum, 4ro eciin paccMaTpuBaTh ypaBHeHue Ha npomexyrke [0, %],

10 sup ||us(x) —up(x)|| = O(1), u 3a7a7a CTAHOBATCS CHHTYJISAPHO BO3MY-
r€[0,2]

e

[IEHHO.



A u(z) = (1+e)e s +a —e;
A up(x) =
Puc. 1.1
Ouesnano, sup ||ue(z) — uo(x)|| = max |(1 +e)e s —¢| =1 A 0
z€[0,1] z€[0,1]

npu ¢ — 0, ciaenoBarenbHo, 3ajada A. — CHHIYJIsIpHO Bo3MyineHHas. Ha
pucytke 1.1 BujHO, 910 U () 6sin3KO K up(x) BHE J-OKPECTHOCTU TOUKU
x = 0, a 6-0KpecTHOCTH TOUKN & = () HA3BIBACTCS NOZPAHUMHBLM CAOEM.
OcHoBHast pobJieMa — MOCTPOEHUe TPUOJIMKEHUsT K U (), TPUTOIHOTO
BO Bceit obiactu, T.e. ipu 0 < x < 1.
O6o0bIIeHeM TTpUMEpa, 2 STBIISIETCS THXOHOBCKAsi CHCTEMa,

d d
e =Flayze), =gz we0X];
2(0,¢) = 2°, y(0,e) =y

Owna OyJ1eT OJIHIM U3 IVIABHBIX 00'bEKTOB UCCJIE/IOBAHUS B CJICIYIONIUX [JIaBaX.

§2. AcmMmnToTmyeckoe IIpubJIM>KeHne penieHnd Mo IIapa-
MeTpy. AcmMOTOTUYeCKIii P/,

[Iycrs  wu.(x), x € D — pewmenue 3agauu  A.;  Di — nojobiuacrs
ooiactu D (B wactaoctu, Dy = D), byuknusa U(x,e) onpenenena B Dy.
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Onpenenenne. ODyuxius U(x,e) Ha3BIBACTCS GCUMNIMOMUYECKUM
npubsusicenuem s u:(x) B Dy, ecam

sup ||us(x) = U(x,e)|| =0 upu e—0.

xeD

Ecan mpu arom sup ||u-(x) — U(z,¢)|| = O(e¥), To rosopsit, uro dynk-
zeDy
nust U(z,e) ABasgercs acuMIToTudeckuM npubsumkenuem g u.(x) 8 Dy ¢

TOYHOCTBIO TOPsAIKA £F.

Bammcn a(e) = O(e¥) ozmagaer, uro 3 umena ¢ > 0 u g9 > 0, Takue, 4TO
npu 0 < & < &g BBITONHACTCs HepasencTro ||a(e)|| < cek.

B mpumepe 1 dbyukius U = ug(x) — acuMITOTHYECKOE TPUOJIMKEHEE
Jist U-(T) ¢ TOUHOCTBIO TIOpsijiKa € Ha BceMm orpeske D = [0, 1], a B npumepe
2 dbyukmmsa U = up(z) maer acuMnToTudeckoe mpubmmxenne s u.(x) ¢
TOYHOCTBIO MOPsiJIKA € He Ha BceMm orpeske D = [0, 1], a ToJbKO Ha OTpe3ke
Dy = [§, 1], r.e. BHE OIPAHUIHOIO CJIOS.

[lon acumnmomuveckum memodom TOHUMAETCS TOT WJIM WHOH C€1OCOD
IOCTPOEHUsI ACUMIITOTUYECKOro 1pubsmxkenust U(x, ) jyisi perienust u. ()
samaun A.. Kak mpasusio, nmocrpoenne U(x,€) TPOBOIUTCS € MOMOIIBIO pe-
erunst 0oJiee MPOCTHIX 3a/1a4, YeM UcxoaHast 3a1a49a A.. Huciennbie n acumMi-
TOTHYECKUE METOJIbI — 9TO pasHbie MeTo/bl. Bo MHOrUX 3a1auax oun 3¢ dek-
TUBHO JIONOJIHSAIOT JPYT JIPYyTa.

OueHb 4acTo JIIst 110JIy YEHUs] ACUMIITOTUYECKOTO IIPUOJIMKEHMsI PeLeH sl
us(z) 3amaan A, CTPOUTCS AT IO CTEHEHAM &€

nguk(x,s) (1)

(rme ug(x, €) — orpanuuenubie (DYHKIWN ), TAKOI, 9TO 1 -ast YaCTHIHASI CYyMMa
pAjia

Up(z,e) = Zskuk(x,s), n=12,...
k=0

ABJIACTCH aCUMIITOTUYECKUM HpI/I6JII/I}K€HI/IeM JJI PELIEeHM A UE(ZU) B obJstacTu

D ¢ tounocTbio nopsaaka "1 Te. mpu e — 0
sup |[us(2) — Up(z,€)|] = O(e"") . (2)
xeD

Ormernm eme pas, uto cumsosn O(e"l) osmauwaer, 4TO CymecTByIOT
MOJIOKUTENIbHBIC Unciaa ¢ = c¢(n) n €y = go(n) Takme, 9TO TpH JTIOOOM
e € (0,e0] BepHO HEpaBEHCTBO



Omnpenenenne. Psiy (1), yaosiersopsioriuii yciosuio (2), Ha3biBaeT-
csl acumMnmomuueckum padom st GyHKIUN Ue(x) (MM aCUMITOTHYECKUM
pazsoxkenuneM GyHknnn u(x)) npu € — 0 B obmactu D.

AcuMITOTHYECKUT METOJL — 9TO, KaK IPABUJIO, Crocod (ajropurm) rmo-
CTPOEHHUST ACUMIITOTUIECKOrO Psijia JJisi perenust u-(x) 3amadu A..

Ormerum BaxKHbIi MOMeHT: acumirorudeckuit psj (1) moxer He ¢xo-
TUThCsT K DYHKIUU Uz () ¥ Jaxke MOXKeT ObITh pacxXoJsIuMcs. B camom
nesie, cxoaumocthb psaja (1) k dynkiun u-(x) B obracru D o3nadaer, 4To

VeeD: llus(z) — Up(x,€)|| =0 upu n — 0. (3)

Acumnrormaecknit ps (1) Mo ompeieenuio yo0BIeTBOpseT YCIoBuio (2),
T.€. JUIs JII0OOT0 M CYIIEeCTBYIOT KOHCTaHThI ¢ > 0 u £y > 0 Takue, 410 1pH
0 < € < g¢ BBIMOJIHSIETCS HEPABEHCTBO:

sup [|uz(x) — Un(z,€)]] < ce". (4)
€D

Xorst comuoxuTenb €' B npapoit wactu (4) cTpemuTCs y HYJIIO ODH

n — oo (ecsim 0 < € < 1), TeM He MeHee, u3 HepaBeHcTBa (4) He caejyer
yciioBre (3), MOCKONBKY ¢ = ¢(n) 3aBUCAT OT N, ¥ 9TA 3aBUCHMOCTbH MOXKET
6LITh Takoil, uto c(n)e" me crpemuTes K Hymo mpE N — 00.

[IpuBejieM npuMep acuMITOTHIECKOro psijia Buja (1), KOTOpBIl pacxo-
muresi. Pacemorpum muddepeniuanbioe ypasaenue (€ > 0)

du U 1

it (5)

ByneMm nckarth ero pemnienue B BHJE PsAia

oo
u = Z Py (2) .
k=0

[Tojcrasiisist aror psiji B ypasHenue (5), nosydaem:

e(up +euy + -+ +..) =

1 . 1
=——(uteur+- - +eu+...)——.
T T

[IpupaBauBast KO3(MMUIUEHTHI IPU OJIMHAKOBBLIX CTEIICHAX £ B 00EHX YaCTSIX
paBEHCTBA, PUXOJIUM K YPaBHEHUIM



OTKY/1a TTOCJIEI0BATE/IbHO HAXOJAUM KOI(PMDUIIMEHTHI KICKOMOT'O Psijia;

Uy = —1, Uy = 12, uy = —(2)a?,
up = (—1)k+1(k!)$k+1,

Taknm 0Opa3oM, MbI TIOCTPOUJIN Psi/l

ey

igk(—l)k+l(k!)xk+l ’ (6)
k=0

KOTOPbI pacxojgutcd npu € > 0 Bo Bcex Toukax, kpome =z = (.
Tem ne Menee, 3TOT pacXOAAMMICA psJl, KaK OKA3bIBAETCH, SIBJISIETCS
ACHMIITOTHYIECKMM DsiJIOM JIJisi HEKOTOPOTO pelliennsi ypasHenust (5) Ha 1po-

mexxyTke 0 < x < a, rje a — Jjoboe GUKCUPOBAHHOE MOJIOKUTEIBHOE THCJIO.
Yoeanmcest B 9TOM.

Obrmiee perrienne ypapaeHus (5) nMeeT BU:

T

u:cexp(i)—(/itexp(— 1)dt)exp(i).

ET € ET EX
0

Boszbmem vacruoe perienue 1npu ¢ = 0:

T

us(z) = —(/éexp (- é) dt) exp (i) :

EX
0

uTerpupyst HECKOJILKO Pa3 Mo 4acTsiM, MOJyYaeM:

X

1 1
wio = (o (- D)o -
0
1,7 1 / L !
:—[texp(—g)]+0-exp (5_:15) + (/exp(—g) dt) exp (E_x) =
0
= —r+ </€t2-dexp(—§))exp(€_x) =
0
— —p4ex?— (]25texp(—l) dt) exp (i) =
et EX
0
:—x—|—5x2—262$3+82/6t2€Xp(__ i) di
et ex



1 1
Tak Kak exp ( 5 + —) < 1upu 0 <t <z, TO ocae/ee caaraemMoe
et exw
B IIPaBOil YaCTH PABEHCTBA HE MPEBOCXOIUT

g / 612 dt = 2e%2° < 2¢%a® = O(?).
0

Taxum obpaszom,
u(r) = —v +er’ +0(%), 0<z<a.

[TocsiejoBaTesibHO BbILOJIHSSE UHTEIPUPOBAHKUE 110 YACTSM, HPUXOJUM K
PaBEHCTBY

ug(x) = —T + 6%2 — 282x3 + o+ 5"(_1)n+1(n!)xn+1 i O(5n+1) _
— 5k(—1)k+1(l{j!)xk+l —}—O(gnJrl)_
k=0

DT0 paBeHCTBO O3HAYAET, YTO pacxojsiiuiicst psi (6)  yjoBjerBopsier
yeJIoBUIO (2), W 3HAYWT, SIBJISETCS ACHUMITOTHICCKUM psoM mpu € — 0
nuist periernst uc(x) ypasuenus (5) Ha npomexyrke 0 <z < a.

§3. PopmaabHass aCUMITOTHUKA

Paccmorpum ypasnenue
A.: Lou:= Lou+elywu— (fo+efi) =0, rE€D.
[Iycte dynknus U(z,e) ynoBaeTBOpSieT YCIOBUIO
LU =6(z,e),

rjie
sup||d(z,e)|] =0 mpu e — 0.
xeD

Oyukiust  §(x,€) HasbBaeTcs He6askol, a npo ¢yukmuio U(x,e)
IOBOPAT, 4TO OHA SBJISICTCS ACUMNMOMUYECKUM peutenuem 3adavwu Az no
HesA3Ke.

Oyuknuio U(x,e) HazbBaOT Takke Gopmasvhol acumnmomurot. Bo
MHOTUX CHHTYJISIDHO BO3MYIIEHHBIX 3ajadax cHavaja crpoat psig (1), xo-
TOPbIH YJIOBJIETBOPSIET YCJIOBUIO: €ro vactuunas cymma U, (zr,€) siBisiercs
ACHMITTOTHIECKIM DEIeHueM 33JIa9H [0 HeBsI3Ke, IPUIeM HEBSI3Ka 0, (T, €) =
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O(e™*1), a 3areM J0Ka3bIBAIOT, YTO CYIIECTBYET TOUHOE pelleHue u.(x) 3a-
) J 9
naan Ag, st KoToporo psij (1) siBsteTcst ACUMITOTUIECKUM PSIJIOM.
Curenyer OTMETUTh, BayKHbIE MOMEHT: M3 TOI'O, UTO

L.U=06(x,e) -0 upu €—0

we ciepyer, uto U(x,€) SABASETCS ACHMITOTHICCKUM MPUOJIIKEHUEM JIJIst
perernst u-(x) 3agaan A.. [lpusegem npocroii mpumep.
Paccmorpum 3a1aqy

du
A Lou=e——u—¢"=0, 0<z<a; u(0,¢e) =0,
dx
TOYHOE PeIeHne KOTopoit u.(x) =" - es —&".
Oyukiust U(x,e) = 0 siBjsiercst aCUMIITOTHYECKUM PEIIEHHEM 110 HEBsi3-
ke (hopMabHON ACHMITOTHKOM ), TAK KAK

dU
LU=¢6——-U—-¢"=—-€"—=0 upu e¢—0,
dx
npudem Hesizka 0 = O(e").
Bwmecte ¢ Tem,

u(z) —Ulz,e) =" e —e"  — o0

npu € — 0 mpm Bcex x > 0, T.e. 1 Ha KakoMm npomexyTke 0 < z < a
dbyukius U(z,e) = 0 He gBiseTcss aCUMITOTHICCKAM MPUOJTHKEHAEM JIJIsT
pemenust u.(x) 3agaun A..



I'maBa 2. Samada Komm a9 TUXOHOBCKOI
CUCTEMBbI

§1. Teopema TuxonoBa

Paccmorpum TuxoHOBCKY0 cucremy [1]:

dz dy
— F -2 = <r<X; 1
de (x,y,2,¢), o flx,y,z,¢), 0<z<X; (1)
2(0,¢) = 2, y(0,¢) =y, (2)

rie € > 0 — magwii napamerp. B pabore A.H. TuxonoBa z u y — BekTOp-
dyHKIMYU 1POU3BOJILHOIN pasmepHocTu. Mbl paccmorpum OoJiee pocToit ciiy-
Jaii, KOrjia 2 U Y — CKaJsgpHble (PYHKIINN.

[TycTb BBITIOJIHEHBI CJIEJIYIONINE YCIIOBUS:

Ycaosue 1. F, f — menpepoiBuo nuddepeniupyeMbie (GyHKIUT B
HEKOTOPO# 00J1aCTH.

YciaoBue 2. YpaBHeHue
F(x,y,2,0) =0 (3)

MMeeT U30JIMPOBaHHbIA KOpeHb 2z = p(x,y).

Yciaosue 3. Hauasnnas 3aja4a

@:f(x,y,go(x,y),O), 0<z<X; y(0) =3 (4)

dx
nmMeer perierne  y = y(x).

Cucrema, nosyvatoriasics u3 (1), npu € = 0, Ha3bIBACTCA BLIPOIIC-
dennoti; B cuity yenosuit (2) u (3) oma mmeer pemenne y = y(z), 2z =
(e, y(r)) = Z(z)

Ycaosue 4. llyctb

F.(z) := F.(z,y(x), 2(x),0) < 0, z € [0, X].

Paccmorpum npucoedunennoe (no repmunosorun A.H. Tuxonosa) ypas-
HEHHe p
z

— =F(0,4°,2,0), > 0. 5

CoFO4.50, 7> ()

B cuiy ycnosust 2 ypashenue (5) umeer mouky nokos (T.e. perienue,
ne sapucamee or 7) Z = ©(0,1°) , a B cuay yciaosus 4 3Ta TOUKa MOKOs
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ABJISIETCST ACUMIITOTUYCCKN YCTOUYMBON NpU T —» OO, T.€. €CJIN 3a/i1aTh JIJIsd
Z(7) maganbHoe 3uadenue npu 7 = 0, JOCTATOYHO OJU3KOE K TOUKE MOKOS
©(0,4°), To pemrenue ypasuenus (5) ¢ 9TUM HAYAILHBIM YCIOBHEM OCTAHETCSI
6mskumM K ©(0,9%) npu 7 > 0 u, Gosee Toro, Gyuer crpemurnes k (0, yY)
Ipu 7 — O0:

lim Z(7) = (0,%°). (6)

T—00

Bagaaum st Z(7) HadaJbHOE YCJIOBHE

£(0) = 2°. (7)

Bagannoe uuciio 20 Moxker 6biTh He 6inzkuM K Touke nokost ¢(0, yY). To-

sromy, 9To0bI pemtenne 3ama4n (5), (7) yaoBrerBopsso yciosuio (6), HyKHO
BBECTH COOTBETCTBYIOIIEE TpebOBaHMeE.

YcaoBue 5. Hauajspnag 3aj1a4a
dz 0 ~ = 0
— =F(0,y",20), 72>0 2(0) == (8)
dr
wMeeT perierne Z(T), yaoBiaerBopsioniee yeaosuto (6):

lim 2(7) = (0,°).

T—00

B rakom CJIyda€ roBop«AT, 9TO HAYANDHOE 3HAUEHUE ZO npunadﬂeofcum

obaacmu eauanus mouxu nokoa z = p(0,y°) ypasnenus (5) (cm. puc.2.1).

Puc. 2.1

Iycts  F(0,9°,2,0) =0 nmpu 2z = z1, 2 = o(4°0), 2 = 23, aB
npomeskyTkax Mexky kopusmu  F(0,4°, 2,0) wMmeer snaku, ykazanHble Ha
pucynke 2.1. Torpa obaacrbio Biansanus rouku nokos  ¢(y°,0)  spiserca
HHTEpBaI 21 < 2 < 29.
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Teopema TwuxoHoBa (0 MpeIeIbHOM MEPEXOME).
Ecau svinoanenvt ycaosua 1-5, mo daa docmamouno Maivy € 3a0aa

(1), (2) umeem pewenue z(x,€), y(x,€), womopoe ydosaemeopaem npe-
DCNDHDBLM PABENCTNGAM

lim z(x, e) = Z(x), 0<z<X;
e—0
limy(r.c) = gx).  0<z<X.
e—0

HoxkazarenberBo Teopembl Tuxonosa mpuseneno B [2]. eomerpudueckas
WJLJIIOCTPalMs NpejicTaBena Ha puc. 2.2.

Puc. 2.2

§2. Metoa A.b. BacuiabeBoii

Coxpanum ycioBust 2 - 5 Teopembl TuxoHOBa, a ycjoBue 1 yCujimM Tax:
1", O®Oyukiun F' u f 9Biasiorcs 10CTaTOUHO TIAJKUMU B HEKOTOPOi 00-

JIACTH.
Acumnroruueckoe paszsoxenue 3ajgadu (1), (2) 6ygem crpoutsb B BUjie

z=Z(z,e) + lz(7,¢), y=19y(x,e)+ y(r,¢), (9)
He o) o]
Z(z,¢) = Zgiz—i(x), y(z,e) = Zsiy_i(a:) (10)

— pecYyAApHaA 1acmsv acCuMnImomuru,

Iz(r,e) = Zginiz(f), Iy(r,e) = Zsfmy(f) (11)

X

- 'I’LOZpCLHC/LOQCZHaﬂ, yacmsv acumnmomuru, T = — — noapaumoflnaﬂ nepe-
€
MEHHAA.
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Hust naxoxienus: koaddunuenros psijios (9) (10) mojcraBuM Bhipazke-
HUsT Jist z Uy B cuctemy (1) W mpejcTaBUM MpaBble YacTH YpPABHEHUIl B
BUJIE

F(a:,@—l—Hy,E—i—Hz,s) = F +1IF, f(:c,;y—i—ﬂy,i—l—ﬂz,a‘) = f+1If,
rie ~
F = F(x, y(x,e), Z(a:,e)) :
I[IF = F(er, y(er,e) + y(r,€), z(eT, ) + Uz(1, ), €)—
—F(ET, ylet,e), zZ(eT, e), 5) ,

a yukimu  f w IIf wuMmeror BbIpaskenus, anasorndnbie F u ILF.
Cucrema (1) sammmercs B Buje:
dz dllz - dy 1dlly -
e—+ ——=F+I1IF — 4+ ——=f+IIf.
dv  dr ’ de ¢ dr U
[IpupaBHsieM OT/IeJIbHO B 9TUX YpaBHEHUsT YJIEHbBI, 3aBUCATIINE OT T U OT T.
[Tostyaum jiBe cucrembi:

dz - dy -
— F —Z = <z<X 12
de ’ dx J O<z< (12)
! dll dll
z Yy
— =1IF —= =l > 0. 1

[loncrasus croga Boipaxkenus (10) u (11) mrs pagos 2,y u Iy, 1z n,
Pa3JIOKMUB MPaBble YaCTH YPABHEHUN B Psijibl 1O CTEIEHSAM £, OyJeM mociie-
JIOBATEJILHO TTPUPABHUBATH KOIPMUIIMEHTHI MPU OJIMHAKOBBIX CTEMEHIX € B
0benx JacTsx Kaxkjoro ypapHenus. B wynesom npubskennn us (12) nosy-
YUM CHCTEMY:

0= F(z,go(x), z(z),0), dgc(i);:c) = f(z,9o(x), 2(x),0), (14)

a u3 (13) — cucremy

dllpy
i

dHTz (15)
dﬁ = F (0, 90(0) + oy, 20(0) + Moz, 0) — F(0,%0(0), Z(0),0) ,

Boipakenus (9) uist 2 1 y TOJCTaBUM TaKKe B HaTaJbHbIE yCIOBU:A (2):
2(0,e) +12(0,e) = 2°,  5(0,e) +1Iy(0,¢) = ¢". (16)
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CroBa 3aMeHNM cJiaraeMble B JIEBbIX YaCTsAX 9TUX paBeHCTB psgamu (10),
(11) u Gygem TpUPABHUBATDH MOCJEIOBATENHHO KOIDMUIUEHTHI TPU OJTHHA-
KOBBIX CTEIICHAX MAJIOro lapaMeTpa € B 00euX 4acTAX paBeHCTB. B HyJieBoM
HPUOJIMKEHUN TIOJIY THM:

20(0) + Tp(0) = 2°  %0(0) + Ioy(0) = ¢°. (17)

TakuMm oOpa3oM, JijIsT 9eTbIpex UCKOMbBIX (DYHKIIUN HYJIEBOTO HMpUOJIMKe-
st Zo(x), wo(x), Ioz(7), Ilgy(T) wmbI umeem derbipe ypasaenns (14),
(15), upuuem Tpu ypaBHeHus U3 9TUX derbipex — juddepernuaibable, a ojl-
HO — KOHEYHOe, ¥ JiBa paBeHCTBa (17), cBA3bIBAIOIIUE HAYAJTbHBIC 3HAUCHUS
UCKOMbBIX (PYHKITUI.

Y10o0bI yCTpaHUTh HECOOTBETCTBHE MEXKJIy YUCIOM JuddepeHnnaabHbIX
yPaBHEHUI U YUCJIOM Ha4YaJJbHbBIX YCJIOBUI, JI0DABUM YCJIOBUE

Ilpy(c0) = 0. (18)

Tenepy u3 cucrem ypasuenuit (14), (15) u ycuosuit (17), (18) moxkno
I0CJIEJIOBATEJIBHO OIPEJEJUTh BCE WIEHbI aCHMITOTHKU HYJIEBOIO HMOPSJIKA.
I3 Broporo ypasuenusi (15) ¢ ycaosuem (18) Haxoum

yy(7) =0, T72>0.

B wactroctu, Ilyy(0) =0, mosTomy u3 BTOpOro pasencrsa (17) moydaem
HadaJhHOE yCIOBHE Jiist hyHKIMN  Yo(x):

70(0) = y". (19)

B cuny yenosuit 2 u 3 cucrema (14), (19) umeer perienue, coBiaJiaroiee
¢ pemenvieM Z(x), y(r) BBIPOXKICHHON CUCTEMBI:

go(x) =g(x),  Z(z) =z, y(x)).

Tak kak dyuxiuu oy (7), go(x), Zo(x) yxKe onpeesnenst, a B CHIy mep-
Boro ypasHenus (14) F(O, 70(0), Z0(0), 0) =0, TO U3 1IEPBOIO ypaBHEHMUsI
(15) u mepsoro pasencrsa (17) mosydaeMm HadasibHyio 3agady s oz (7):

dH()Z
dr

= F(0, %0(0), 2(0) + oz, 0), 7> 0; Iyz(0) = 2% — %(0).

Bamena nepementoii [lpz = Z — Zp(0) cBogur 31y 3ajauy K 3ajgaue (8),
OTKYJIa B CUJTY YCJIOBUS D TEOPEMBI CJICIYeT, YTO PEIICHNE 3aa91 CYTIECTBYET,
a B cuay nepasenctia  FL(0) < 0 (cMm. yei. 4) nMeeT SKIMOHEHIMATLHYIO
OLICHKY

Toz(T)| < ce ™, T>0. (20)
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BykBamut ¢ u 3 351ech 1 B JajibHedineM 0603HAYAI0TCS TTOXOISIIIE TTOJTO0K M-
TeJBHBIE THCIIA, HE 3aBUCSIINE OT €.
Hoxaxewm onenky (20). Sanumewm ypasuenune (15) mms Ipz(7) B Buge

dH()Z
dr

= Fz(oa g()(O)a 20(0) + 9H02(7)7 O) ’ Hoza T 2 07

rie 0 <6 <1.

Tax kak (1) = Ipz(7) + 20(0) — ©(y°,0) = Z(0) npu 7 — 00, TO
IToz(T) = 0 mpu 7 — oo, amnockousky F.(0) := F.(0, %(0), Z(0), 0) <0
B cuiy yeiosust 4, to F,(0) = —23¢ < 0, wu cymecrsyer 0 > 0, Takoe,
qTO

F.(0,%(0), 2(0) 4 0Iyz(7),0) =: F.(1) < —3,

ecim |pz(7)| < 9.

[Tockombky Ilpz(7) — 0 mpu 7 — 00 , TO JIJIsT yKA3aHHOIO 0 Hajijercs
10 > 0, makoe, uro |[lpz(7)] < 6 upu 7 > 79, 1, 3nauur, F,(1) < —x
nupu 7 > Ty.

Nurerpupys ypasuenue jyisi [lgz(7) npu 7 > 79, nosyvaem

T

[Myz(7) = [pz(7p) - exp (/Fz(s) ds), T > T,

70

OTKYJIa CJIeJ/IyeT OlEeHKa,

Moz(r)| < e = [5em] . 7 <
<12 = 2O)e ] e, rem. (20)

Ipu 0 <7 <7 ummeem:
Moz(7)] < [2°=20(0)] < [|2°=2(0)|e"] e, 0<7<m. (20

O6oznauus uucao |2 —z(0)]-e*™ Gyksoii ¢, uz (20") u (20”) nosyuaem
orerky (20):
Toz(7)| < ce ™, T > 0.

TakumM oOpaszoM, 4ieHbl HyseBoro mopsijika psiyios (10) u (11) ompesesens.

[Tycrs onpejenenbt Bee wienbl psijios (10) u (11) ¢ Homepamu 0, 1, ..., k—1.
Torna jJis 4I€HOB aCUMIITOTUKU k—TO IOPsIJIKa, T.€. JJIst KO3 DUIIMEHTOB [IpK
e panon (10) u (11), n3 cucrem (12) n (13) momyuaores ypasHeHus

dzlzl - Fy(x)gk(w) + F.(2)z1(2) + Fi(2), (21)
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i

dr = fy(x)?jk($) + fz(x)ik(gj) + fk:(x) 7 (22)
dlc_lljz - Fy(T>Hk‘y + Fz(T)sz + gk:(T) ’ (23)
dlc_z[jy = et f(7), (24)

rne Fy(z) = F,(2,9(z), Z0(x),0) n anasorndubiii cMblca ©MeI0T 0003HA-

wenus F.(z), f,(x), f.(z).
Oyukiun  Fj(x) u  fy(x) BbIpaxkarmoTcs peKyppeHTHO depe3  ¥;(x)
u z(z) cuomepamn i < k—1, Fy(1):= F,(0, v’ Z(0) + Iyz(7), 0),
F.(7) :== F.(0, ¢°, %(0) + oz(7), 0), a byukunu gx(r) un i1 f(7)
pekyppeHTHO Bbipaxkatorces depe3 1Ly(7), IL;z(7) ¢ nomepamn i < k — 1.
I3 pasencts (16) B k—0oM MpUOIMKEHUH Oy YaEM:

5(0) + T2(0) =0, 5n(0) + Iy (0) = 0. (25)
Kax u B ciiyuae HyJI€BOTO MPUOJUKEHNS JOOABUM JIOTIOJHUTEIHHOE YCIOBUE
[y(c0) = 0. (26)

Tenepb MOXKHO 110CJIEJ0BATEJILHO OLPEJenTh (PyHKIUU k-ro 1npubiiv-
JKeHHA B TAKOM 2Ke IOpAJKe, KaK 3TO JIeJaJloCh B HyJI€BOM IIPUOJIMXKCHUN.
Herpyiao jiokaszars, uro ecau norpanudnbie dyuxiuun [Ly(T) u I;z(1) ¢
nomepamn ¢ < k — 1 uMeoT 9KCMoOHeHNHANbHBIE onenkn Tuma (20), To
dbyuxmn gy (1) u ;1 f(7) nmeroT Takne e ONEHKH.

13 ypasrenus (24) ¢ ycaosueM (26) HaxXouMm

T

My () = / My f(s) ds, (27)

o

u tak kak [I;_1 f(7) umeer ornenky tumna (20), TO TaKyio Ke OINEHKY HMEET,
ouesuiHO, [y (T).

O6partumcs Tenepb K cucreme (21),(22). B cuy yenosust 4 F,(x) # 0,
M09TOMY U3 ypaBHeHusi (21) MOXKHO BBIPA3UTh Zj (Yepe3 Y W T) U MOojcTa-
BUTH B ypasuenue (22). [loayuum suneitnoe qud depennuaabioe ypaBHeHne
OTHOCHTEIHHO MCKOMO# hyHKINM g ()

i _
dx

rie A(z) = f,(z) — f.(2)F Y (2)F,(z), hi(x) — ussecrnas dbynxipust.

A(x)yr + hi(x), z € [0,X], (28)
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Havasibroe ycsosue juist  gp() ciaegyer u3 BToporo paseHcTBa (25),
nockoabKy [ly(0) yke ompeseneHo:

yr(0) = —ILy(0) . (29)

B cuny nuneitnoctn ypasuenusi(28) wmatanbras 3agada (28), (29) nmeer
eJIMHCTBEHHOE peIlleHre, U TeM caMbiM GYHKIMA Yy () u Zix () ompe/ie/eHsl.
Pemenne zagaqu (28), (29) MoxkHO 3anucarsh B BUje

Gi(x) = —H(2)Tly(0) + H(x / H(s)hu(s) ds

T

rie H(x) = exp (/A(s) ds).
0
[loncrasnss najigennoe Beipaxkenue (27) ms 1zy(7) B mpaByio gacth

(23), mpuxonnm K JiuHeitHOMY Jud HepeHInagbLHOMY yPABHEHUIO OTHOCHTE h-
1o nckoMoit byukmmu Iz (7):

deZ
dr

rie gx(7T) — usBecTHAS DYHKIMS, HMEIOTIast SKCIOHEHIUATLHY IO OICHKY THIIA,
(20). Hawasbroe ycaosue st Iz(7) caemyer u3 nepsoro paercrsa (25):

= F.(T)iz + gi(7), >0, (30)

Pemenne 3agaqm (30), (31) MoxkHO 3anmcarh B BUJE

T

[z(7) = —=®(7)2(0) + O(7) / d1(s)gi(s) ds, (32)

0

rie O(7) = exp /Fz
0
Tak kak
FZ(T) - FZ(07 y07 ZO(O) + HOZ(T)7O) = Fz(())yon 20(0)7 0) + F;Z ) HOZ(T) )

a F.(0,1°,%(0),0) = F.(0) < —3» B cuiry ycaosus 4, 10

P(7) < exp (/ (= 3¢+ c1|oz(s)]) ds> <

0
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T

< e *.exp (02 / e_”sds> < e g% = ce T, 7>0, (33

0
U aHaJIOTHYHO IIOJIy49a€TCd OICHKa

O(1)D(s) < ce 79, 0<s<rT. (33"

Ucnomn3ys npeacrasaenue (32) u ornenku (33), HETPYIHO JTOKA3ATH, UTO
IIp2(7) nmeer skcmoHeHNMANBHYTO OfeHKy THia (20).

Urak, nosib3ysich onmucanubiM ajropurmoMm A.B. BacuibeBoit, MOKHO 110-
CJIEJIOBATENILHO ONpeienuTh wieHsl psyioB (10) u (11) mo moboro momepa n
BRJIFOUMTEsIbHO. [Ipr 9T0M BCe nmorpaHudHbie (DYyHKIUE UMEIOT SKCIOHEHIH-
AJILHBIC OICHKH.

BBejiem obo3HaMeHMsT U1t YACTHIHBIX CYMM M-T'O TIOPsijiKa TIOCTPOEHHbBIX
psiyioB (9):

Zn(x,€) = zn:é“i (52(95) + Hiz(z))

1=0 ¢
V(o) = 32 & (le) + Ty(2))
1=0

Teopema BacuibeBoit.  Ecau swnoanenv, ycaosus 17, 2-5, mo das
pewenus z(x,e), yl(x,e) 3adawu (1), (2) nocmpoennvie padv. (9) acia-
romesa acumnmomuveckumy npu € — 0, m.e. das 4106020 N cnpasediusl
ACUMNMOMUNECKUE PAGEHCTMEA:

2(x,e) = Zy(x,€) + O™, y(x,e) = Yy(z,e)+ 0", xe[0,X].

JpyruMu cjoBaMu, JiJjisi KaxKJ0T0 M HaflyTcsl MOJOXKUTEJIbHbIE YHCJIa
En, Cp, Takume, uto g 0 < ¢ < g, mw 0 < z < X BBIIOJHAIOTCA
HEpaBEHCTBA:

max |z(z, ) — Z,(z,¢)| < ¢,e", max |y(z, ) — Yy (z,¢)| < g™

[0,X] [0,X]

[ToapobHoe jokazaTesbeTBO TeopeMbl BacuiheBoit mpuseeHo B [2].
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Sajiaun.

Ucnons3yst meron A.B. Bacuiberoii, mocrpoiite acuMmToTndeckoe mpu-
GarKenne ¢ TouHocTbio nopsaaka O(g?) i pemnenus 3aadu:

dz 9 9 @_

e = 0<z<
3adava 2.2.1 Ed:c =Y dr % ST s a,
3(075) =0, y(O,e) =1;
dz 5 ) dy
g ° - = 0<z<
Sadava 2.2.2 8cl;z: = 7Y dr ) <z <a,
Z(O,g) = 0, y(O’g) = —1,
dz 2 2 dy
ar - - = 0<z<
Badava 2.2.3 ar - Y dr Y + 2, r < a,
z2(0,¢) =0, y(0,¢e) = 1.

§3. Metoa auddepeHnnaabHBIX HEPABEHCTB

2.3.1 Teopemsvr cyuecmeosarus u e0UHCMBEHHOCNUY, PEULEHUS,
3adavwu Kowu.

Pacemorpum 3ayaay Komu (v — ckansprast yHKIws )

— = f(z,u), 0<z<aq; u(0) = u’ (1)

¥ [IOCTABUM BOIIPOC O CYIIECTBOBAHUU U €JIMHCTBEHHOCTH €€ PEIICHUSI.
Kitaccuueckasi Teopema, Bxojisiiast B yueOHUKHU 110 JindpdepeniinaibHbIM

ypaBHeHusIM (cM. Hampumep, |3]), rapaHTupyer cymnecTBOBAHUE U €JIMHCTBEH-

HOCTH PEIIeHUsI B JIOCTATOUYHO MAJOi OKPECTHOCTH HAYAJILHONR TOYKN.
Paccmorpum npumep:

du
d—:ku2, 0<z<a; k=const>0; u(0) = 1.

x

Permtenue stoit 3amaan
(@)= —
u(z) =
1 —kx
cymiecTByer ToJbKo Ha mpoMexyrtke 0 <z < 1/k, u lim wu(x) = oo.

x—1/k
CuiestoBaresibio, npu a > 1/k perienue cyniecrByer He Ha BCEM 3a/JaHHOM
orpeske 0 <z < a (puc. 2.3).
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Puc. 2.3

Teopema 1. [lycmo dynxyua f(x,u) onpedesena u nenpepuiena 6
obnacmu D = {(z,y) : 0 <z < a, [u—u’] <b} (crenosarensio,
CYMECTBYeT max |f(z,u)| = M).

ITIyemo f(x,u) ydosaemsopaem ¢ D  ycaosuro Jlunwuya no nepemen-
HOU u, Mm.e.
| fz,w) = flz,u)| < N - Jug — us,
2de N > 0 — nexomopoe wucno.
b
Tozda na ompeske | = {0 < z < min (a, M)} sadava (1) umeem

eduncmeentoe peterue.
IIpu 6onbmiom M orpe3ok [ MaJi, B 9aCTHOCTH, B CJIydae CUHTYJISPHO

du

BO3MYIIEHHOTO ypaBHeHuss e— = f(z,u) juHa OTpe3Ka [  sIBJIseTCs

BesimanHoi nopsiika  O(¢).

[Tpusesem ewie ojiHy TEOPEMY, J0KA3aTEJILCTBO KOTOPOH nMeeTcst B yueh-
Huke |4].

Teopema 2. [ycmov gynwyua f(x,u) onpedesena, nenpepviena u
ydosaemesopsem ycaosuto Jlunwuya no nepemennoti u 6 noaoce P =
{(z,u) : 0 <z <a,u € R}. Toeda sadaua (1) umeem eduncmeennoe
pewenue.

Dra Teopema yxKe He SIBJSIETCA JIOKAJIBHOH, OJHAKO KJacc (DbYHKIHi
f(x,u), ymOBIETBOPSIONMX YCJOBUIO TEOPEMbI, BecbMa y30K. Hampumep,
dbyukiust  f(x,u), makas uro f(z,u) = O(u®) upu uw — oo, a > 1,
HE YJIOBJIETBOPSIET YCJIOBHIO TEOPEMBbI 2.

2.3.2. Memod dupgepernuyuarvrovir Hepaserncmes Hanavieuma.

Bo MHorux ciyudasx 3pheKTHBHBIM METOIOM HecsenoBanns 3agaun (1)
sBisiercst  memod dudiepenyuarvnux nepasencms Hanaveuna 5] (npyroe
HA3BAHUE — MEMO0 HUMCHUT U GEPTHUL PEUEHUTL).
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Banuiiem ypasuenue (1) B Bujie

Lu ::Z—z—f(x,u):O.

Onpenenenue 1. @Oynxuua U(z) € C1(0,a] N C[0,a] nasbibaerca
nustcnum peuweruem 3anaun (1), eci oHa yI0BIETBOPSET YCIOBUAM

LU = —(z) — f(z,U(x)) <0 mpu 0<z<a, Uuo) <u’. (2

Omnpenenenne 2. Dyukuus U(z) € CH0,a] N C[0,a] nasbisaerca
seprnum peweruem 3aaau (1), eciu OHa YIOBIETBOPSET YCJIOBUIM

LU = g(x) — f(z,U(x)) >0 mpu 0<ax<a, U0) >u’. (3)

[Ipumepom bynxiuu us xaacca CH(0,a] N C[0, a] MoxkeT cryKuTh
u(z) =V, 0<z<a,

Ora QYHKIMS ABJISICTCsT PEIICHUEM 3a,1a91

du 1
—=—, O<uz<aq, u(0) = 0.
dr  2u

OTMeTUM LOILyTHO, YTO pelleHre 3T 3a/1a91 He €JMHCTBeHHO, U UMEeTC st
apyroe perienne uz(x) = —y/x, 0<z <a.

Hokaxxem, 4To

U(z)<U(z) mpu 0<z<a. (4)

Ilpu z=0: U() <U), rak kax U(0) <u’ a U(0) >u" (cm
(2), (3)). Jonycrum, uro cymecrsyer xg € (0,a] rakoe, uro (cMm. puc. 2.4)

U(x) <U(xz) mpu 0<x<uag, U(xg) = U(xyp) .

Puc. 2.4
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Torna B
dU dU

) > T,
T W ey D) = sl Lo
TO Z—%(:ﬁo) > f(zo,U(z)), e.
LT(ay) = 0 _ T > 0

dx

qT0 mpoTuBopednt HepasencTsy (2). [ostromy U(z) < U(z) mpu 0 < 2 < a.

Teopema 3 (Hanasiruua).  [Tycmo cywecmeytom nuocnee U(x) u
ceprmee U(x) pewenua sadavu (1), u nyemov dynwyua  f(x,u) ydoscae-
meopaem ycaosuto Junwuya no nepemennotc w6 obaacmu D = {(x,u) :
0<zr<a Ulx)<u<U)}

Tozda 3adava (1) umeem eduncmeennoe pewenue u(x), npuvem
U(x) < u(x) < U(x), 0<z<a.

JokazaTeaneTBo. [Ipomomkum dyukiwo  f(x, ) Ha BCIO M0JI0CY
P={(z,u):0<z <a, u€ R} ciaenyomum obpazom: BBejieM (DYHKIIUIO

fla, U(x)) + (u—-Ulz)), 0<z<a, u<Ulx)
g(z,u) = < flx,u), (x,u) € D
fx,U@)+(u—-Ux), 0<x<a, u>U(x).
Oyukuusa  ¢(z,u) HENpepuIBHA B MOMoce P M yIOBIETBOPSIET YCIOBHIO

Jlummuna ¢ mocrosauoit N1 = max(N, 1), rme N —nocrostanas Jlummmna
B obiactu  D. CrenoBaresibHO, COrVIacHO TeopemMe 2, 3ajia4da Korru

du
dx
MMeeT eJIMHCTBeHHOe periernne  u(x).

AHajIOruIHO TOMY, KaK OBLIO JIOKA3aHO HEPABEHCTBO (4), MOXKHO JIOKa-
3aTh, 4T0 U(ZT) YJOBJIETBOPsiET HEPABEHCTBAM

=g(z,u), 0<zx<a; u(0) =

U(z) < u(z) < U(x)), 0<z<a.

Ho sist snavennit w us narepsana (U(z),U(z)) dynxums g(z,u) =
= f(z,u), nosromy dynkius wu(z) spisiercs pemenueM 3ajaqn (1).
Teopema 3 mokazana.
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Bameuanue 1. Tlycrs B 3agave (1) u = (uy, ..., u,) — BeKTOp-DyHKIHUS,

ug = (ud, ..., ud), flz,u) = (fl(x,ul,...,un),...,fn(x,ul,...,un)).

Torsa nuxknee U(x) n sepxnee U (x) pemenns 3ajaun (1) oupesensiorcs kax
sexcrop-cpymmcunn U(x) = (U, (2, ..Uy (2)) 1 U(x) = T (2)..... Uo(x),

YJOBJIETBOPSIONINE TIPpU ¢ = 1, ..., HEpaBEHCTBAM

U,(r) < Ui(z) (ymopsamoueEHOCTh HIZKHETO U BEPXHEro PelTeHmnii) ;

au;

% < fi(xnub"'7ui—17Qi(x)7ui+17"' ,Un) Ipu 0<zx < a,
h

Qj(x)gujgﬁj(:c), j=1,...,i—1,i+1,...,n;

Ui(0) < uy';

dU; —

# > fi(x,ul,...,ui_l,Ui(x),uiH,... ,un) npu 0 <z <a,
h

Uj(z) <u; <Uj(x), j=1,...,i—1,i+1,...,n;

Sameuanue 2. B ompejeneHnsix HUXKHErO U BEPXHEro peIIeHUN JIOIY-
CTUMbI HECTPOTr'e 3HAKW HEPABEHCTB.

Sameuanue 3.  OcHoBHast npobJIeMa, 1IPU >KEJAHUU KCIOJIb30BATH Me-
Tos HalJbiruHa — KaK IOCTPOUTL BepXHee W HIKHee pernenus! Bo MHOrnx
CUHI'YJISIPHO BO3MYILEHHBIX 3a/[a4aX 9TO YJIAeTcs CjejaTh TaKuM 00pa3oM:
cHaYaJa CTPOUTCs (OpMaJbHAs ACHMIITOTHKA (ACHMITOTHICCKOE DEIeHne
0 HeBsi3Ke), a 3areM oHa "mognpaBisieTcs"B OJHY ¥ B JPYI'YIO CTOPOHbI
TaK, ITOOLI TOJYIUINCH, HIPKHEE U BepxHee pelrenns 3anaqn. IIpu srom pas-
HOCTH MEXKJIy BEPXHUM W HUXKHUM PEIICHUSIMA OKa3bIBAETCs MaJIoi BeJINYN-
HOM (CTpeMﬂmeﬁCﬂ K Hyato npu € — 0, rae € - MaJblil TapaMeTp BaﬂaTII/I).
B pesysbrare mosydaercs He TOJILKO JOKA3aTEIbLCTBO CYIIECTBOBAHMS PeIlle-
HUsL 33J1a91, HO 1 000CHOBAHKME OLEHKU PA3HOCTH MEXKJ1y TOYHLIM PELICHUEM
3aJIa9d 1 IIOCTPOEHHON aCUMIITOTHKOM. TaKoil moIXos Mbl Ha3bIBAEM  ACUMTL-
momuyeckum memodom duddepenyuarvrur nepasencms (cm. [6,7]).
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§4. AcnmvmnTorndeckuii Mmetoa And pepeHnuaabHbIX HEPa-
BEHCTB B CHHTYJISIPHO BO3MYIIeHHO# 3aaade Koimn

Pacemorpum sagaay Komm (u — ckanspras dynkims, € > 0 — masbrit
napamerp):

5%:]‘(56,10, 0<z<a; (1)
u(0,¢) = u’. (2)

[TycTh BBITIOTHEHBI CJleIyIONINe YCIOBUSI.

Ycaosue 1.  Oyukius  f(x,u) u ee 4aCTHbBIE IPOU3BOJHBIE JIO0 BTO-
pOro TOPsiJIKa BKJFOUUTEIBHO HempepbiBHBI B oOtactn D = {(z,u) : 0 <
r<a u <u< ug}, rjie Uy, Uy — HEKOTOpblEe YuCJa, u’ e [ul,u2].
YkazaHHasi crenenb raajgkoctu GyHkun f(z,u) 00ecmeduT mocTpoeHue u
000CHOBaHNE ACUMIITOTUKH MTEPBOTO MOPSIIKA.

YcaoBue 2.  Bruipoxkjennoe ypasuenue f(x,u) = 0 uMeeT KOpeHb
u=px); uy <elx)<u mpu 0<z<a.

YcaoBue 3. BpInosneno ycjaoBue yCTORIUBOCTH
fu(@) := fulz, p(x)) <0, 0<z<a. (3)

YcaoBue 4. IlpucoejuHentasi cucrema

di N
o= (0,a), T>0; ()
1(0) = u°

mMeer perierne U(T), Takoe, 9To

(1) = ¢(0) mpm T — 0.

D10 YCJI0BHUE O3HAYA€T, YTO HaYaJIbHOE 3HaYECHUE uO MNpUHaJJE2KNUT obsracTn

BIUSAHNs (IPUTsXKenus) ToUky nmokost U = (0) ypasuenus (4).

I3 reopembr Bacuiibesoit caejtyer, uro 3ajgada (1), (2) nmeer euucTBeH-
HOE perienne u(x,€), U CIPaBEJINBO ACKMITOTHIECKOE PABEHCTBO (ACHMII-
TOTHKA TEPBOIO MOPsIJIKA)

u(z,e) = p(x) + ey (x) + 1 <§) +elly <§) +0(e%), 0<z<a. (5

[IpoBesieM Jl0Ka3aTEILCTBO CYIECTBOBaHUs perennst 3agadn (1), (2) u
obocHoBanue paBeHCTBa (5) ¢ HOMOIIBIO ACUMITOTHIECKOTO MeToja, Audde-
peHInaNbHbIX HepaBeHcTB. C 3TOi IesIbio HOCTPOUM CHAYaIa POPMAIBHYIO
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ACHMIITOTHKY MEepBOTO Topsijika Jyist 3ajauu (1), (2). Acumnrornka cTpouTest
B BUJIC

u(x,e) =u(z,e) + (1, ¢e) =
— dio(2) + iy (x) + -+ To(1) + eIl (7) + .. ., T:g (6)

[Toncrasisiem Boipaxkenue (6) B ypasuernne (1):

d ,_ _ d _
5%(u0—|—5u1+...)+E(Ho+5H1+...) :f(x,u—i—l_[) =

= f(x,ﬂ(x, 8)) + [f(sT, u(et, e) + (7, 5)) — f(ET, u(er, 5))} =: f+1IIf.

Koaddurumenrsl  peryiasgpHoii  4acTu acCHUMITOTHKU —OIPEJEJSaIOTCd U3
ypaBHEHUS

ewy+euy+...)=f:=f(z,ap+ecu +...)=
= f(z,7) + f,(x)(cu +...)+....
CranjapTHBIM CIOCOBOM OTCIOJA MOJIyYaeM

f(z, 1) =0 = Uy =p(x),
W= e = m=1, ()¢ (),

W TaK jaJjiee.
Koadpduimen bl H0rpaHC/I0MHON YacT aCUMIITOTUKU OIPEIEISIOTCH U3
ypaBHEHUS

%(H0+5H1+...) =1IIf :=
= f(er,ﬂo(m') + ety (er) + - -+ Iy + el + .. .)—
— f(em,Toler) + et (er) +...)
U Ha4YaJIbHOT'O YCJIOBUA
To(0) + €1 (0) + - - - + I(0) + eIl (0) + - -- = u".
Orcroma mosryaaem

% = £(0,0(0) +T0p), 7<0;  Ip(0) =u’ —(0).  (7)
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Bamena nepemennbix ¢(0) + Iy = @(7) cBopuT a1y 3amauy K 3aaqe (4)
u3 yejosust 4. B custy yesosust 4 perenue 3ajgaun (7) cymiecTByer, u

IIy(t) -0 mpm 7 — 0. (8)

B cuiy (8) u ycsoBust 3 jiiist 0CTATOMHO GOJIBIIOTO Ty OyJeT BBIIOJTHEHO
HEPaBEHCTBO

fulT) == fu(O, ©(0) 4+ Ho(T)) <—2<0 mpm 7>1, (9)

nosromy st 1lp(7) crupaBeiuBa SKCIOHEHIHAIbHAS ONEHKa (OHA ObLIa
noJiyueHa B §2):

(1) < ce™ ™, 7>0. (10)

Bamaua qurs [ (7) wumeer Bug

% = LD+ fi(7), 720, TL(0) = —m(0),

rjie
fi(r) = [fo(7) = Fo(O)] 7 + [fu(7) = FL(0)] (¢"(0)7 +7:(0)) ,

fx(T) = fx(oa 90(0) + HO(T))7 ?m(O) - f:r(ov 90(0)) ;

a by f,(7) n f,(z) onpemenenst B (9) u (3). B cuiy (10) dbyukuus
f1(7) umeer takyto xke onenky, kak u Il(7):

[filr)] <ce™, T =0

Pemenwe sagaun qus I11(7) sanumem B Buje

I1,(r) = —@ () (0) + / B(r) 0 (s) fu(s) ds (11)

rie (1) = exp (/fu(s) d5>.

B cuny (9) byuxmun &(7) u II;(7) wMeoT 9KCIOHEHTIHATBHBIE OTICHKH
tuma (10).

Bosbmem renepb u3 npapoit yacru (6) 4sieHbl HYJEBOIO U 11EPBOIO HOPSsI-
Ka 10 £, T.e. COCTABUM CYMMY

Ur(z,e) = ap(x) + ety (x) + Ho(7) + elly (1), T = g
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B cuny ypashenuii jjisi wieHoB 1ot cymmbl dbyukims Uy (z, €) yiaosie-
TBOpSIET PABEHCTBY

L.Uy = 5% — f(z,Uy) = O(£?), z € |0, al (12)

1 Ha4YaJIbHOMY YCJIOBUIO

U(0,e) = u. (13)

Ucnonbsyst dyuknuio Up(z,€), MOCTPOUM HUXKHEE U BEPXHEE PEIeHuUst
sajaun (1), (2). Hmkaee pemenne BosbMeM B BUje

U(z,e) = Uy(z,¢) — & (M + p(§)> , (14)

rie M > 0 — aucio, P(7) — byHKIUs TOrPaHCIONHOTO THUITA, UMEIOIIAsT
onenky 0 < P(7) < cMe™; M w P(7) Oynyr BoIOpaHbl Tak, 9T0 (hyHK-
st U(x,€) s JOCTATOTHO MAJIBIX € OKAXKETCsI HUXKHUM DEIeHIeM 3a-
naan (1), (2).

Boipaxenue jyist L.U(x,€) sanuiem rax:

LU = g% ~ f(z,U(z,e)) = [5% ~ f(a, Ul)} _
-~ ) - fe )] (19

B cuiy (12) BbipaxkeHue B KBaJ[PATHBIX CKOOKAX siBJISIETCs BEJMIMHOL
nopsanka O(e?) u me sasucut or M. Boipaxkenue B bUrypHBIX CKOOKaX
1peodbpasyeM CJieIyommuM 00pa3om:

f(@,U) = f(a,U1) = fulz,U1) - (U — U1) + O((U — Uy)?) =
— fulz,Ur)e* (M + P(1)) + Om(e?),

riae samuch  Ojp(e%)  o3Hadaer, 4To 9Ta BeaMUMHA 3aBucuT or M u mnpu
Kaxk0M ukcupoBanaoMm M umeer nopsjgok  O(e).
[Ipoussonnyio  f,(x,U;) mpejacraBum B BUjie

Jul@, Ur) = fu(w, o(2))+
+ [fu (96, () + ey + o(7) + 5H1(7)) — Ju (96'7 90(@)} -

Orcroa caejyer, 9To

fulw, U1) = Tul@) + fr - (02) + O(To(r)) ) < =3+ 1 €77 = k(7).
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rjie npousBogHasg f,, Oepercsd B HEKOTOPON IIPOMEXKYTOYHOI TOUKE.

13 (15) Teneps mosyqaem:

P
LU <O0(%) — 822—7_ + ( — 3+ 1 e_””) e (M + P(1)) + On(eh) =

— |0 = %M + On(eh)] -

e [Cfi—P — k(r)P — i Me 7| (16)

T

Omnpenenum dyuknuio P(7) kak perienue 3ajiadm

dP
— =k(OP+aMe T, >0 P0)=0.
T
Torna
P(r) = /exp </k(t) dt) cgMe ™ %ds > 0.
0 s
Tak Kak
exp (/k(t) dt> = exp ( — (T —8) + /01 et dt) =
_ €1 —18 —T —9(T—35)
—eXp<—%0(7‘—s)+—-(e —e ))Scze :
)

rje yureno, uro e % —e 17T <1, 10
T
P(1) < c1e9 M/e‘”O(T_S) ce M ds < creoMT e T
0

rIe 2o = min(sg, ).
CireoBaTesibHO,

0< P(r)<cMe ™, 7>0.
Takum obpazom, 3 (16) nmeem
LEQ = 0(52) - 82%0M + OM<€4) ,

U, CJIEJIOBATEJILHO, JJIsd JIOCTATOYHO Oosbimioro M W JIOCTATOYHO MAaJIbIX &€
CIIPaBEJJIMBO HEPABEHCTBO

LU<0, z€[0,q,

28



1.e. yukunss U(x,€) ypoBieTBoOpsieT nepBoMy U3 HepaBeHCTB (2) onpeje-
nenus 1 B §3.

Tak kak  U(0,¢) = Uy(0,e) — (M + P(0)) (cm. (14)), u Tak Kak
P0)=0,a U(0,e) =u" (cm. (13)), 1o

U(0,¢) =u’ — M <,

T.e. U(x,€) ynoBaerBopsieT BTOpoMy U3 HepaBeHCTB (2) onpeesnenus 1 B §3.
Urak, bynkuus U(x,e) onpepenennast dbopmyuoit (14), mist gocrarod-
1o 6osbmoro M M JIOCTATOYHO MaJIblX € ABJISCTCs HUXKHUM PEHICHUEM
sajgaan (1), (2).
AHaJIOrMuHO JI0Ka3bIBACTCS, YTO (DYHKILUST

Uz,e) = Up(z, ) + €2 <M + P(§)> , (17)

x
rie M u P(—) — re xke uucio u dyukiys, 4o u B (14), sapiasercs
5

BepXHUM pertrerneM 3agaqdu (1), (2).
CornacHo Teopeme 3, cyiiecrByer perenne u(x,e)  3samaan (1), (2),
VJOBJIETBOPAIOIIEEe HEPABEHCTBAM

U(x,e) <u(x,e) <Ul(x,e), z € [0, al,

)
atak Kak U(z,¢) = Uy(2,e) + O(e?) u U(x,e) = Ui(z,e) +O(e?) (a10
suano w3 (14) u (17)), ro  u(z,e) = Uy(x,e) + O(e?), me. cnpasemmBo
pasencrso (5).

Takum 06pa3oM, MOCTPOMB HUXKHEE W BepxHee perienus B Buje (14) u
(17), MBI He TOJILKO JIOKa3au cyliecTBoBanue pernennst 3ajgaau (1), (2), Ho
1 000CHOBAJIM ACUMIITOTUKY MEPBOrO HOPSIJIKA.

Anasioruunbiv 00paszoM, moctrpous U, (T, €) — 4acTUIHYIO CyMMY N-T0 10-
psiyika psjia (6) (pasymeercs, Ipu JOCTATOUHOI TtagkocTu dhyHKImu f(x, u)),
MO>KHO JIOKa3aTh 4TO (DYHKIINN

x
U(z,e) = Uy(z,¢) — ™! (M + P —)

5
5
SIBJISTIOTCS HYPKHAM U BepxXHUM perenusivu 3aaqdu (1), (2), a orciona cie-
JyeT aCUMIITOTUYECKOe PABEHCTBO

(
U(z,e) = Uy(z, ) + ! (M + P<
(

u(z,e) = Uy(z,€) + O(e"™), z €0,al.
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I'maBa 3. 3agaga Komm B caydasx
IepeceKaroInXcd 1 KPpaTHbIX KOPHeN
BBIPOXKJIEHHOI'O YPaBHEHU S

Paccmorpum 3amaay Kormn:

EZ_Z = f(z,u,e), x€][0,al; u(0,¢) = u’. (1)

B KJlacCHYeCKOM TUXOHOBCKOM CJlydae BbIPOXKJICHHOE ypaBHeHue
f(z,u,0)=0

UMEET U30AUPOSAHHIT Kopenb U = (), STOT KOPEHb SIBJISETCS YCmotiiu-
6bLM, ITO CJIETYeT U3 YCJIOBHSI

fu(@) = fu(x,gp(:n),O) <0, x € [0,a], (2)

N HaYdaJIbHOE 3Ha4Y€HUE U,O I[IPpUHAJJIECKUT obsactu I[IpUTA>KEHNA 3TOI'O KOP-

ust. B arom caydae nmeer mecro meopema Tuxonosa o npedeavnom nepexode
ot perenus u(x,€) 3amadn (1) K KOpHIO () BBIPOKJIECHHOTO YPABHEHUS
Ha nosycermente 0 < x < a, T.e.

limu(z,e) = p(x), 0<z<a, (3)
e—0
a MPW YCJIOBUH JOCTATOUHON riagkocTw GyHkunu  f(x,u,€) MOXKHO MO-
crpouth 110 Merojy A.B. BacuibeBoit acumirornieckoe mpubJiMKeHue Jijist

PEIeHus ¢ MPOU3BOJILHON TOYHOCTHIO Ha BeceM orpeske [0, al.
Hanumewm dopmyity jijisi HyJ1eBOro npubJIMKeHusi:

w(z,e) = o(z) + Ho(g) +0(), xel0d. (4)

31ech Ho(f) — IJIABHBIA YJIEH NMOTPAHCIONHON YacTu acHMIITOTHIECKOTO
PABJIOXKEHUsl PEIICHUSI.

B stoii riaBe Mbl pacemoTpum 3asatdy (1) B ABYX CIydasix, KOTJIa yCIOBHE
(2) Hapyiaercs, & UMEHHO, B CJ1y4dae, KO/ BbIPOXKJICHHOE yDABHEHUE UMeeT
JIBa KOPHsl, KOTOPBIE TlepecekaloTcs mpu Hekotopom g € (0,a) (B 910i TOU-
Ke npomsBojHas f,(r) paBHa Hyl0), M B cilydae, KOrja Kopenb u = ()
BBIPOXKIEHHOTO yPABHEHUsI SIBJISIETCS IBYKPATHBIM Ha BeeM orpeske [0,a] (B
sToM cinydae  f,(r) =0 mpu x € [0,a]). MBI yBHANM, 9TO BOTPOC O Tpe-
JICJIBHOM 1Iepexojie 1 00 aCUMITOTUKE PElleHUs CTAaHOBUTCA B 3TUX CJIydasix
60J1ee CIIOXKHBIM.
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§1. XapakTepHble ITpUMEPHI

PaccmorpuM JiBa nnpuMepa JUisl Caydas I1ePeceKarolmxcs KOPHeil.
IIpumep 1. Paccmorpum 3amady (1) B ciydae, Korja

flzu,e) = —u*+2°+¢,

a x u3Mensiercst Ha orpeske x € [—1,2], T.e.

e—=—u'+12’+e, x€[-1,2 u(—1,¢) = u’. (5)
B 5TOM cirydae BBIPOXKICHHOE YPABHEHHE
flz,u,0) = —u?+2*2=0
VIMEET J[Ba KOPHS
u=i(z) = —=x u u = @y(x) = x,

KoTOpbIe nepecekatorcst ipu © = 0 (cM. pucyHok 3.1).

Puc. 3.1

Tak kak fy(z,u,0) = —2u, TO KOpeHb U = —T SBJSETCS YCTONIUBBIM
npu x <0 (fu(x,—2,0) =22 <0 npu x < 0), a npu > 0 OH CTAHOBUTCsI
HEYCTONUMBLIM. BTOpO#l KOpeHb u = T ABJAETCI YCTONIUBLIM mpu x > 0
(fu(z,2,0) = =22 < 0 npu z > 0 ) u weycroitunssim npu x < 0. Obpasyem
coCma6Hol Kopens N3 JIByX YCTOWYUBBIX BETBEH 3TUX KOPHEIA:

—x, x € [—1,0],
T, z € [0,2].
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Ha pucynke 3.1 rpacduk u = @(x) BbiieseH xkupHOit uaneir. Ormernm,
aro  fu(x) == fu(z,0(x),0) <0 mpu x #0, f,(0)=0.

[TocraBum Borpoc: Gyuer sin perienne u(x,e) 3amadn (5) crpeMUThCs K
coctaBHOMY KOpHIO U(x) mpu € — 0, T.e. Byner ju u(z,£) yAOBIECTBOPSATDH
MpeJieIbHOMY paBeHCTBY THTa (3) 7

T[Torpebyem, 4Tobbl HadanbHoe sHadenne u(—1,¢) = u® upunaieskaio
obsactu npuTskeHusi Kopas  U(x). C 9TOi IeJbI0 PACCMOTPUM COOTBET-
CTBYIOIIYIO [IPUCOEJIMHEHHYIO CHCTEMY, KOTopasi 1oJydaercs u3 3agadu (5),

r+1
€CJIU CJIeJIaTh 3aMEHYy IIePeMEHHON T = U [OJIOYKUTH B [IPABOI 4acTu
€
ypaBuenus ¢ = (:
du = ~9 ~ 0

Ypasuenue (6) umeer Touky nokos Uy = u(—1) = 1, a Takxke TOUKY
nokost 1is = —1. Hauasbhoe znauenue u’ K0JKHO NPUHAJJIEKATH 0OJIACTH
IIPUTSPKEHUST TOUKU [TOKOST Uy .

Puc. 3.2

Ha pucynke 3.2 ykasanbl objacru 3Hakonocrosiucrsa dpyukuuu f(i) u
B COOTBETCTBHUU C 3TUM H300parkeHbl rpaduKi HECKOJLKIX PEIIeHnil 38, a9u
(6) st pasubix sHadenuit u’. OuesniHO, YTO 0BIACTHIO IPUTSKEHUST TOUKN
nokos i, = 1 aBasercs noaynpaMas v’ > —1, T.e. qus moboro u’ € (—1,00)
pererue  4(7) 3ajgaun (6) yaOBIETBOPSIET YCIOBHIO

Th_)rglou(T) =1=u(-1).
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Takum obpazoM, TpeboBaHMe K HavajbHOMY 3HadeHnto u’ wnmeer BUj

u’ > —1.

[losenenue pemenus u(x, €) 3aga4u (5) upu majom € u u’ > —1 orpaze-
HO Ha pucyHke 3.3. 3jiech u300paXKEHbI TAKXKe COCTABHOH KOpeHb u = U(x)
BLIPOXKICHHOT'O YPABHEHUS U JBE BETBU MUIEPOOJILL 1 = /22 + £, B TOUKax
KOTOpO#t npasas vacth f(r,u,e) = —u?+ 2%+ ¢ ypasuenus (5) obparaercst
B Hyb. IIpu stom f > 0 eciim —vVa?2+e < u < Va?l+e, u f < 0 ecin
lu| > Va?+e.

Puc. 3.3

Ha pucynke 3.3 BHJHO, 9TO BHE TOIPAHUYHONO €Jiosi (T.e. BHE MAJOW
OKPECTHOCTH HAYAJIBHON TOuKN & = —1) perenne u(x, €) 3amaqau (5) 61m3K0
K COCTABHOMY KODPHIO (%) BBIPDOXKJIEHHOTO YpPABHEHHS.

Herpyano jokazarh, 4T0 OTBET Ha, MOCTABJIEHHBINA BBIIIE BOIPOC — HOJIO-
KUTEJTHHBIN:

limu(zx,e) = a(x), z e (—1,2].

e—0

BumecTe ¢ TeM HMeeTcst CYIEeCTBEHHOE OTJININE OT CIydasi B30JUPOBAHHO-
IO KOPH$I BBIPOXKJICHHOI'O YPABHEHHUSI, KOIJIa BHE MOIPAHUTHOTO CJIOST UMEJIO
Mecto papeHctBo  u(x,e) = o(x) + O(e) (oHo caeyer usz paencrsa (4)).
B nanuoM npumepe BOJIM3M TOYKHU [epecedenusi KOpHeii (T.e. B OKPeCTHOCTH
roukn = = 0) pasnocrs u(x,e) — t(x) wumeer nopsgok  O(y/), dro
HAJIHO MOKa3aHo Ha pucyHke 3.3. Takas e cuTyalus, Kak Mbl YBUJUM
B §2, Bo3HMKaeT u B Gosee 00IMEeM Cllydae Tepecedenust KOpHeil BhIPOXK IeH-
HOT'O YPABHEHUS .
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IIpumep 2. Paccmorpum Teriephb 3ajiady Korm, koTopasi mojydaercs u3
sajaun (5), ecju B MPABOil YACTH ypABHEHUs 3aMEHUTD € HA —€:
du
8_
dx
Kak u B nnpumepe 1, obpasyeM cocTtaBHOM KOPEHb BbIPOXKJIEHHOI'O ypaB-
HEHUST:

= w42t —e, ze[-1,2; u(—1,g) = u®. (7)

a(z) =z, xel-1,2]
1 noTpebyeM BbilosiHeHns Hepasencrsa u’ > —1.

Cy1ecTBeHHOI 0COOEHHOCTBIO JJAHHOIO IIPUMEpPa SIBJISIeTCs TOT (PAKT, 4TO
KOPEHb U = —I BBIPOXKJICHHOI'O yPaBHEHHUs yJIOBJeTBOpsieT ypasHeHuio (7)
ngist gioboro €. [losromy rpaduk perennst u = u(x,e) ypauenus (7), Ha-
YUHAOIUNCA B TOYKE, He JIeXKallled Ha IPAMO U = —x, He MOXKeT Iepecedb
9Ty TPAMYIO (B CHIIY €JIMHCTBEHHOCTH DEIeHMs ).

Ha pucynke 3.4 nzobpaxkenbl rpaduk cOCTaBHOrO KOpHS U = (), TH-
nepbosia u? = 1?2 —¢, B TOUKAX KOTOpO#l f = —u?+4 2% —¢ = 0, n rpacdukn
u=u(zr,e) m u=us(x,c) nByx pemennii 3aa1u (7) ¢ HATATHHBIMHI TOU-
kamu P (Boime Touku Py(—1,1)) u Py (amxke roukn Fy). 3amerum, 4ro
f < 0 mexay BerBsiMu TurepObosibl u f > (0 JieBee JIeBOil BETBU U IpaBee
1paBoil BeTBU TUIepOOJIbI.

Puc. 3.4

Pemenne wuq(x,¢), madwnatomeecs: B Touke Py, ObICTPO MPUTSTHBACTCS
K KOPHIO 1 = —X BBLIPOXKJICHHOIO yPABHEHUSI U OCTACTCS IPU MAJIOM € BOJIN-
31 (K BBIIIE ) 9TOTO KOPHsI, IIPHYIEM, KaK OKa3bIBACTCS, HE TOJNBKO 1pH = < ()
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(rme Koperb u = —x ycToiiuuB), HO 1 Ha npoMmexyTke 0 < x < 1, xoTs Ha
5TOM NIPOMEKYTKE KOpeHb U = —& HeycToiunBbil. JJokaxkem 3To.

Oyukiusa u = uy(x,€) yaoBaerBopsier ypaBaeruio (7), T.e. CIPaBeJINBO
PaBEHCTBO

d
8%(1“ + 1) =—(u; — x)(u; + x).
[lonarast z(x,e) = uy(z, ) + &, IPUXOJUM K DABEHCTBY
dz
2 (59
e (z — 27)z,

a Tak Kak uy(x,e) > —x, 1o z(x,e) > 0, u, ciegoBaTENbHO,

z _,
E— xrz.
dx

Nurerpupyst 510 HepasencTso or —1 10 & 1 yuntbiBag, uto z(—1,¢) = u’ —
—1 > 0, nosyuaem:

2(2,2) < 2(—1, ) exp (1 / Qxdx) ~ (W — 1)exp (E) |

€

Urax,

0 < z(z,e) < (u’ —1)exp <$> : (8)

Tak kak jyisi Jjiroboro x € (—1,1)

21
lim exp (a:_) =0,
e—0 £

10 U3 (8) ciemyer, 9To lir% 2(x,e) =0 mpu —1 <z <1, wu, 3Hauwr,
e—

limu (z,e) = —x, -l<z<l1.
e—0

Takum 00pazom, perienue ug (T, €) PacloJOKEHO PU MaJoOM € BOJIU3HU
KOpHSI U4 = —X BBIPOXKJIEHHOI'O ypaBHEHHUs HE TOJLKO Ha HHTepBaje —1 <
x < 0, Tj1e 3TOT KOpeHnb yCcToWduBbIil, HO n Ha uHTepBaje 0 < x < 1, e
3TOT KOPEHD SIBJISIETCS HEYCTOMUUBLIM. DTO SIBJICHIE HAZLIBAETCS 3A0€pHCKOT
pewenus 60AU3U HeYCmotiuu6020 KOPHA.

[Ipu = > 1 pemenne wuj(x,e) coBepimaeT pe3Kuii CKAIOK U OBICTPO
IpUOINKACTCA K JIPYTOMY KOPHIO BBIPOKJICHHOTO YPABHEHMSI — YCTONIN-
BOMY KOPHIO % = I, a 3aT€M OCTaercs BOJM3M 9TOrO KOpHA IpU T > 1
(cm. puc. 3.4).
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Urak, pyst perennst uq(x, €) UMEET MECTO TPEJIETHbHOE PABEHCTBO

) —, —-l<z<l1,
limuy(z,e) =
e—0 x, 1<z <2,

OTMeTuM, 4TO OIUCAHHOE SBJICHUE — 3aJIePXKKA, PEIIeHUsT BOJIN3HU HeyCTOl-
YUBOTO KOPHS — BO3MOXKHO TOJILKO B TOM CJIydae, KOTJa OJUH N3 KOPHEeil Bbl-
POXKJIEHHOI'O YPABHEHU SIBJISCTCSA TOUHBIM PEIICHUEM UCXOJIHOIO YPABHEHNUSI.

Pemenne us(x, €), HaunHaoIeecss B Touke Py, Takxke OBICTPO MPUTSITH-
BAETCS K KOPHIO U = —I BBIPOXKJICHHOIO YPABHEHUS W OCTACTCS MIPU MAJIOM
€ BOM3Y (M HUXKE) ITOTO KOPHs HE TOJIBKO JIO TEX MOP, MOKa KOPEHbU = —T
ocraercst ycroiuusbiM, T.e. ipu * < 0, Ho u pu 0 < x < 1. ObocHOBaHUE
TaKoOro moBesieHus us(x,e) umeercs B [8]. Ilpuw x > 1 u masom € pemrenne
us(x, ) crpemuTesbHO yObIBaeT ¢ pocToM T. MOXKHO JIOKa3aTh, 9TO TPHU J0-
CTATOTHO MAJIOM £ PEIleHue Us (X, ) HempoIOIKAEMO 38 TOUKY = = 1 + §,
e 0 > 0 — CKOJIb yroJIHO MaJioe, HO (puKcupoBanuoe npu € — (0 aucio, T.e.
perenue us(x, €) ere 10 9To# TOUKHM YyXOJUT B —00.

Taxkum obpasom, jiist perierust us(x,€), B oramdue or ui(x,€), mpe-
JICJILHOE PABEHCTBO

lim uy (2, €) = ()

uMeeT MecTo ToJabKo Juisi —1 < x < 0.

PaccmoTpennble TpuMephbl OKA3bIBAIOT, ITO B CJIydae IepecedeHus Kop-
Hell BBIPOXKJIEHHOI'O yPaBHEHUSsI 110BejIeHue peleHus 3aa4u Komm B okpecT-
HOCTH TOYKH TepecevdeHns KOpHeil CyMecTBEHHO 3aBUCUT OT UJICHOB MOPSIKA
O(g), BXOJAIMX B MPABYIO 4aCTh yPaBHEHUSI.

§2. Sagaua Ko B cirydae nepeceKaronimxcsd KOpHeil BbI-
POXKJIE€HHOTO YpPaBHEHUS

Pacemorpum 3amauy Komn

53—3:]0(1:,14,5), 0<z<aq (1)
u(0,¢) = u’. (2)

[TycTh BBITIOTHEHBI CJIeIYIONIAE YCIOBUSI.

Yeaosue 1. Dyukumst  f(x,u,e) aBax sl HempepbiBHO jnddepen-
nupyema B obsiactu {(x,u,e) : 0 < z < a,u € 1,0 < e < g}, e [ -
HEKOTOpBIil mHTepBaJ, €9 > 0 — nekoropoe 1ncio, u’ € I.
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YcaoBue 2.  BripoxjeHHoe ypaBHEHUE
f(z,u,0) =0
UMeeT POBHO J[Ba KOPHSI OTHOCUTEJBHO 1
u=pi(r) m u=pr), 0<z<a,

npudeM GyHKIWE ©1(x) 1 po(x) JBAXK Bl HEMPEephIBHO JuddepeHinpyemMbl
Ha orpeske = € [0;al, a ux objacTh 3HAUEHUIT TPUHAJIEKAT HHTEpBAJTy I.

Yeaosue 3. Kpusbie u = p1(x) n u = po(x) mepecekaroTcsi B TOUKe

(z0, ¢1(0)), o € (0;a). Iycrs (uust onpenenennocru) ¢1(z) > o)
mpr 0 <z <y, ¢1(x) <@xr) mpn xy <z <a (puc. 3.D).

Puc. 3.5

Ycaosue 4. Ilyctn

fu(l':(pl(x):o) <0a fu(x7902(x)70) >0 pu 0§$<$0,
ful@,91(2),0) >0, fu(w,p2(x),0) <0  1mpu  zo<z<a.

Bamerum, 4ro u3 yciaosus 3 ciaeayer  fu(xo, pi(r),0) =0, i=1,2.

[Ipumepom byukmuu f(z,u,0), yroBrerBopsiormeii ycaosusam 2 u 4, sB-
JIAeTCs

f(@,u,0) = —(u—pi(2) - (u— g2(x)), (3)

eciim yuknun  1(x), @2(x)  yIAOBIETBOPSIOT YCIOBHIO 3.
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HeiicTBUTENIBHO:
fulz,u,0) = =2u + @1(x) + pa(x) =

= fu(z,01(2),0) = [p2(x) — 1 ()] {i 87 20§<xx<<x27.
= f“(x7902($)70) - [901(1')_902(1')] {>0’ 0<x <,

< 0, ro <z < a;

ful@o, ¢i(x0),0) = 0.

U3 yenoBust 4 crenyer, 9to Kopenb p1(x) yeroiuus npu 0 < z < zy, a
KOpEeHb o) yeroiiuus npu  xyp < < a. ObpasyeMm cocmasHnoti Kopens
13 YCTOWUMBBIX BeTBeil KOpHEil 1 (z) 1 ¢o(x):

a($){¢1(x), 0 <z <,

wo(x), ro<z<a.

s ycnosuii 2 u 4 caeayer, 9To

~

f(@) = flz,0(z),0) =0,  ful@):= fulz,a(z) <0.

Oyukius 4(x) HenpepbiBHa Ha oTpeske x € [0; al, HO He Tuddeperupy-
emMa, BOOOIIEe TOBOPsi, B TOUKE To. B 9TO# TOUKE CyIIeCTBYIOT JieBas U MpaBast
TPOM3BOJTHBIE U():

Uyepi(20) = @1(T0),  Uypigni(0) = @y(0) -

[TocraBrm BOIPOC: MpU KaKKMX yCIOBUsIX perierne u(x, €) sagaun (1), (2)
Oy/ieT CyIecTBOBATEL U YIOBJIETBOPSTH MIPEIEILHOMY PABEHCTBY
limu(x,e) = a(x), 0<z<a? (4)
e—0
[Tpumep 2 m3 §1 mokaspiBaeT, UYTO Tak OyaeT He Bcerzda. llpeskme Bcero
HYKHO TIOTPe60OBaTh, 4TOOBI HadaJbHOE 3HadeHHe u IPUHAIICIKATIO 00JIa-

CTU NPUTSIKEHUsE KOPHst ©1(x) BbIpOxKieHHOrO ypasHenusi. CoOTBETCTBYIO-
1mee TpeOOBaHUE CBA3AHO C MPUCOEIMHEHHBIM YpaBHEHUEM

du
dr
rie @ = p1(0) m @ = y(0) — TOIKM TTOKOsT ITOTO ypABHEHWsI, TPUIEM B

cugty yesaosust 4 4 = ¢1(0) — acuMITOTHUYECKH YCTORUMBAS TOUKA IOKOs, &
U = p9(0) — HeycTOWIMBAS TOUKA MOKOSI.

£(0,4,0), >0,  @(0)=1d’, (5)
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Veaosue 5. Hauanbnoe snadenne v’ MpuHAIJICKAT 0OJACTH MPUTS-

JKenwst TOUKkH okost @ = ¢1(0) ypasuenus (5), T.e. permenne 4(T) 3a1a9n
(5) cyrmmecTByeT U yIOBJIETBOPSET YCJIOBHUIO

lim @(7) = ¢1(0).

T—00

HerpyHo yeMoTpers, uto yejiosue 5 Bbinosineno, ecin u’ > p9(0) (cm.
puc. 3.6).

Puc. 3.6

Ho ycaoBuit 1-5 HejocraTrodto Jijisi BbloJiHeHust paBeHcTBa (4) Ha 11po-
mexytke x € (0;al. YeaoBus 1-5 B custy Teopembl THXOHOBA TapaHTUPYIOT
BBIIIOJIHEHNE 9TOI0 PaBeHCTBa TOJBKO npu 0 < x < 11 = xg — 0, rjge 6 > 0
MOYKHO B34Th CKOJIb YIOJHO MAaJbIM, HO (pUKCHpOBaHHLIM Tpu £ — 0.

Ha orpeske z € [0;x;] pemenue u(z,e) samaun (1), (2) cymecrsyer u
JIUIsT HEro, COIJIaCHO TeopeMe BacmibeBoil, mMeeT MecTO aCHMITOTHIECKOEe

PaBEHCTBO
u(z,e) = p1(x) + I (g) + O(e), 0<z<umm (6)
rie o(7) — norpannanast GyHKIMsI, SBJSTIONIASACS PEIEHIEM 3a,/1a a1
% = f(0,1(0) +y,0), 7>0;  I(0) =u’ — ¢1(0).

Ota 3aa1a ceoguTcs K (5) 3amenoit nepemennoii Iy (7) = u(7) — ¢1(0),
a B cuity yesosuit 4 u 5 s Ilo(7) cripaBeinBa 9KCIOHEHIMATBHAST OTIEHKA,

}HO(T)‘ <ce T, T>0,
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rie ¢ >0 u 3 >0 — nekoropble yucaa. U3 (6) ciemyer npeenbaoe
paBeHcTBO (4) Ha mpomexytke z € (0;x1].
Bsenem obosnauenue
u(xy,e) =uy . (7)
B cuny (6)
Uy = @1(.%’1) + O(E) . (8)
Paccmorpum renepn ypasaenue (1) Ha orpeske x € [xy,xs], Tae Ty =
xo + 0, ¢ HauagbHbiM yeiosueM (7). Jlokaxkem CyIecTBOBaHWE PENEHUs 3a-
naau (1), (7) va orpeske [x1;x2] ¢ nomompio MeTosa JuddepeHIaibHbIX

HepaBeHcTs. s 9Toro Ham moHajobsATCs elre JiBa yCJIOBHs, CBSI3AHHBIE C
TOUKOH T nepecedenns: KopHeit ¢1(x) u pa(x).

YciioBue 6. fuu(xO) <0, rze fuu(x) - fuu(xaa(x)ao)
Ormerum, 40 Jyist byHKIUK (3) 9T0 yCJIOBHUE, OUEBUJIHO, BBIIOJHICTCS.

Veamosue 7. @/ (x0+£0) — fo(xg) <0, e fo(x) = f-(x,a(x),0).
DTO yCJIOBUE JIOJIZKHO BBLINOJHATHCS B TOUKE X JIJIs1 JIEBOI 1 IPaBoOii IPo-
n3BO/HBIX (yHKImu U(x). OHO moKasbIBaeT, 4To dieHbl nopsijaka O(g) urpa-
FOT CYHIECTBEHHYO POJIb B 0DOCHOBAHMU 11PEJIEJLHOIO paBeHcTBa (4).
Huzknee perienne BO3bMEM B BUJIE

U(z,e) =u(r) — Me, (9)

rie M — moJoKATEILHOE TUCI0, He 3aBUCAINEe OT €, KOTOPOE BLIOEpEM HIXKe.
[losyaum onenky mna  L.U:

LU := 5% - f(x,Q(x,e),e) = 5al(x) - f(SE, ?fL(IL‘) o Mg, 5) =

= et/ (z) — [f(z,0(2),0) + fu(z) - (—=Me) + efe(x) + o(e)].
Tak kax f(z,0(z),0) =0 u f,(x) <0, 10
LU <ei'(x) - f(2)] +o(e).
B cuuy yeaosust 7 nepasencrso @ (z) — fo(z) < —cy < 0 BbIIOIHEHO HA
oTpeske [x1;T9] = [xg— §;x0+d], ecam § JMOCTATOUHO MAJIOE TUCIIO, & C(
~ HEKOTOpOE MOJIOKUTEIbHOE Tnca0. CresoBaTennno,

L.U < —cye + o(e), r <x<uzy,

a, sHaunt, L.U <0 s TOCTATOYHO MaJIBIX € Ha OTpe3Ke [T, Ta).
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B rouke x; umeem U(xy,e) = G(xy) — Me = p1(x1) — Me. Conocras-
JIsis 9TO BbIpaykeHue ¢ papencrBaMu (7) u (8), MPUXOIUM K BBIBOJLY, UTO JIJIsT
JIOCTATOYHO 60J1b1I0ro M BBIIIOJHEHO HEPaBEHCTBO

U(zy,¢e) < u(zy,e) =uy .

Takum obpasom, ynkius U(z, ), onpejesennast paseHcrsom (9), jis
JOCTATOYHO 0ObIoro M U JIOCTATOYHO MAJBIX € SABJIACTCA HUMKHAM pPeIle-
nuem sagaqn (1), (7) Ha orpeske [x1, o).

Bepxuee perienue 3Toil 3aa41 BO3bMEM B BH/JIE

U(x,e) = a(x) + M+/g, (10)
rie wnciao M 6yaer soibpano nmke. Onernm L.U:

LU = 5% — f(z,U,e) = et (z) — f(z, (z) + Mye,e) = et (z)—

— [f(:p, u(x),0) + fu(x)M\/E + f’g(x)s -+ %fuu(x)MQa + 0(6)] >

> ¢ {ﬁ'(m) _fz) == fw(x)Mﬂ +o(e)

B cuny yenosusa 7

~

iW'(x) = fo(x) = =1,
a B cuJjly ycjioBus 6

1.
—§fuu(33) >cy >0

Ha OTPE3KE [T, To] IPU JOCTATOUHO MAJIOM 0, TJI€ C1 U Cy — HOJIOKUTEJIbHbBIE
uncita. CrenoBaTesbHo, s JOCTATOUHO 60abmoro M BhIpaKeHne B KBaJl-
PATHBIX CKOOKAX 60JIbIIe Hy/Is, U, 3HauuT, L. U > 0 JJIs JOCTATOYHO MAJIbIX
£ Ha OTpe3Ke |[T1, Tl

B rouke x1 U(zy,e) = pi(z1) + My/e > u(wy,€) = @i(w1) + O(e)
JIst JI0CTATOUYHO MaJjibix €. Takum obpasom, dynkius U(z, ), oupejesen-
nast pagercrsoM (10), jisi gocTarodno 60JbI0r0 M 1 JIOCTATOYHO MAJIBIX €
siBJIsieTCsl BepxHuM perenueM 3ajaqu (1), (7) va orpeske x € [x7, 9] .

ITocTpoeHHbIe HUZKHEE 1 BepXHee PEIIeHUs 00eCIeunBaloT CyIIeCTBOBAHNE
pemenust u(x,€) 3agaan (1), (7) Ha orpeske & € [, T3], yIOBIETBOPSAIONIETrO

HEPABEHCTBAM
U(x,e) <u(x,e) <Ul(x,e), r1 <z < @9

U3 stux nwepaBencts u Buja ¢pyuxknuit U n U ciejyerT acuMITOTHYECKOE
PaBEHCTBO
u(z,e) =a(x) + 0(We), 1 <z<m
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Bsenem obosnauenmne
u(we, €) = uy (11)

v paccMoTpuM ypasHenue (1) Ha oTpeske T € [Tg,a] ¢ HAYATIBHBIM YCJIOBH-
em (11).

Hust samaan (1), (11) Ha orpeske [z2,a] BbITIOJIHEHB BCe YCIOBUST TEO-
peMbl BacmabeBoil, corjacHo KOTOPOii pelleHne 9TOH 3a/1adui CYIeCTBYeT U
VIMEET aCUMIITOTHICCKOE MPeJICTABICHUE

u(x,e) = u(r) + O(Ve), 1o <z < a. (12)

MoxHo 310 0boCHOBATH M HE CChLIasiCh Ha Teopemy BacuibeBoil, a 1o-
CTPOUB HUXKHEE W BepXHee pellieHne B BHUJIE:

U(x,e) =a(x) — Mye, U(z,e)=1a(zx)+ Mye, T € [x9,a]l. (13)

Herpynno jiokazarb, 4To jyjisd JOCTaTouHo Oosbinoro uuciaa M > 0 u
JI0CTATOUHO MaJIbiX € (yHKImu (13) OyiyT HUKHUM U BEDXHUM DEIeHUsIMHI
sagaqan (1), (11) ma orpeske [xe,a], oTkyma ciemyer pasencrso (12).

Taxum obpaszom, JI0Ka3aHa CJeayoliast TeopeMa.

Teopema 1.  Ecau svinoanenvt ycaosus 1-7, mo das docmamourno ma-
avr € 3adava (1), (2) umeem pewenue u(x,€), U cNPaBEOAUCHL ACUMT-
momuueckue pasencmea

ﬂ(x)—l—H()(E)—I—O(g), 0<z<z1=20—9,

u(z,e) = 3 (14)
a(z) + O(Ve), rn<z<a.

CaencrBue. U3 (14) caemnyer mpesgenbHoe paBeHCTBO (4).

Sameuanne. B npumepe 2 u3 §1 yciaoBue 7 He BBIIOJHEHO, T.K.

di 5 du 5

—(—0) = f:(0)=—=14+1=0 —((+0)—f:0)=1+1=2>0

0 h0) = 111=0, Do) - fo) =1+ ,

¥, KaK OBbLIO MOKA3aHO, MpeJeJbHOe PABEHCTBO (4) He MMeeT MecTa Ha BCeM
npomexxyrke (—1,2].
Sajiaun.

[IpoBepbre BbINOJIHEHE YCIOBUIA TeopeMbl 1 U MOCTPOHTE ACHMIITOTHKY
Bua (14) g permenns  u(x,e) 3amaun Ko,

3adava 3.2.1.
du
e = —(u+2x—-2)(u—2x)+e(u+1), 0<x<1;
x
u(0,e) =1.

42



3adava 3.2.2.

d
gd_z —(u—1)(u—2sinz) +eRu+z), 0<x< g;
u(0,e) = 2.

Nzobpaszure rpaduku Gyukuuii v = u(r) u u=u(zx,e).

§3. Bagagya Kommu B cirydae JBYKPATHOIO KOPHS BBIPO2K-
JE€HHOT'O YPpaBHEHU

CuoBa pacceMmorpuM 3ajiady Korm

63—2:f(x,u,5), 0<z<a; (1)
u(0,e) = u’, (2)

HO Te€II€Pb IIPpU MHbIX YCJIOBHAX.

VYenosue 1. f(z,u,e) = —h(z)(u — go(x))2 +efi(x,u,e).
[Ipu s1oM ycsioBuun Bbipoxientoe ypasaenue f(z,u,0) = 0 umeer jBy-
KpaTHBIl KOpeHb u = ().

Ycaosue 2. llycrs dyuxmun h(z), ¢(x), fi(z,u,e) — nocraroano
riaajikue u, kpome toro, h(x) >0 npu z € [0,al.

Bynem crpouth acummroruky perennst 3agadu (1), (2) B BUje CyMMbl
PEryJIsIPHOTO U TIOMPAHUTHOTO PsIJIOB

u(z,e) =u(x,e) + (7, ¢), T = (3)
Ho B oTimmune oT KJIaCCHYECKOTO TUXOHOBCKOIO CJIydasi, KOTJa KOPeHb U =
() BBIDOXKJICHHOIO yPaBHEHHUs OBLI MPOCTBIM (OJHOKDATHBIM), B CJIydae
JIBYKPATHOIO KOPHst psiyibl U(x, €) u I1(7, £) okasbiBaloTcst psijiamu He 10 1ie-
JIIM CTEIIEHsM €, & PAJAMHU 110 CTEHEeHAM +/E:

X
£

ﬂ(il?, 8) = ﬂo(x) + \/Eul( ) + EUQ 281/2_ , (4)

H(T, 8) = HQ(T) + \/gﬂl( ) + EHQ ZEZ/2H (5)

Bosee roro, norpannansie dyukiwpn  [;(7) Oyayr 3aBucersh He TOJHKO
Or T, HO U OT €, HO C II€JIbIO YMEHbIIIEHUs] IPOMO3JIKOCTU (HopMysr Oyjiem
nmucats 11;(7) Bmecto ILi(7,¢).
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Hasiee, mojicraBisieM Bbipaxkenue (3) B ypasrenue (1), mpejcrapisiem
IIPaBYIO YaCTh B BHJIE

flz,u+1,e) = f + IIf,
rje

f= f(:c,ﬂ(x,s),g), If := f(sT,ﬂ(eT, e)+11(r, 5),6)—f(57,ﬂ(57, 6),6) ,

¥ OTjIeJIsieM ypaBHEHUs Jijist peryssipHoii u(x,e) u norpancsoinoi I1(7, €)
JacTeil aCUMIITOTUKN:

i an _
dx dr

[TocTpoenne perynsgpHoil 9acTH aCUMITOTUKH.

~7 . (6)

Barnuiem 6oJiee oApobHO nepBoe ypasHerue B (6), yauTbiBast BuJL hyHK-
nuu f(z, u, €):

d

5%(% + Ve +...) = —h(z) (W + Veu + o + - — go(a:))2+

+efi(z,m +Veu + ... ).

I3 91010 ypaBHeHust CTaHjapTHbIM 00pa30M, T.€. PACKJIA/IbIBas 1PABYTO
9aCTh B D] 10 CTENCHSAM /€ W IpUpaBHEBas KOIDMUIMEHTHI TIPU OJIHHAKO-
BBIX CTEIEHSX /€ B JIEBOIl M NPABOil 9acTsiX ypaBHEHHUsI, 1OJydaeM ypaBHe-
Hust s Koabdunuentos u;(x) paga (4):

e 0=—h(z)(W—e(@)’ = =)

du, _ _ P
Yoo = (@) fi(eT(2),0) mm h(a) T = Fi(2) - (),
me fi(x) = fi(z,W(x),0) .

Hrobbl ypaBhenne jijist Uy ObLIO pa3pemUMO, HEOOXOJUMO OTPEOOBATDH
BhInOJIHEHNsT HepasencTBa  fi(x) — ¢'(z) > 0 (mockosmbky h(z) > 0).
[Torpebyem BbITIOJIHEHWST CTPOIOI'O HEPABEHCTBA.

£

VYeqosue 3. fi(x) —¢'(z) >0 mpn 0<z<a.

Bameuanne. [lockonbky f1(z) = fo(x,U(x),0) n ¢'(z) = uy(x), To
YCJIOBHE 3 MOYKHO 3aIMCATH B BUJIE

ay(r) — fo(2,7,0) <0 mpn 0<z<a,

1 TOTJIa OHO HPUHUMAET TAaKOW »Ke BHUJ, KaK ycjoBue 7 B §2 HO C TeM OT-
JIMYKUEM, YTO TaM 3TO YCJIOBUE JIOJZKHO BBIIIOJIHATHCA TOJBLKO B OJIHON TOUYKE
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xo (B 9TOH TOUKE KOPHU 1 W (P TEPECeKaroTCst, T. €. KOPeHb CTAHOBUTCS
JIBYKPATHBIM ), & 3/16Ch KOPeHb () SBJSETCS IBYKPATHBIM Ha BCEM OTPE3Ke
x € [0,al], u ycioBue 3 I0/KHO BBIMOJHATHCA HA BCEM OTPE3KE.

[Ipu ycsioBuu 3 ypaBHeHHE OTHOCUTEJILHO U; MMeEET JiBa pelienusi. Kak
OyeT BUJIHO U3 JIaJIbHEHIIero, ciaeyer B3sSTh II0JOXKHUTEJIbHOE pelleHue:

_ 1/2
@ =7 @) - (@) = ¢@)| >0 wpn 0<e<a
YpaBHeHue Jjist Us(x) UMeeT BuL

% = —2h(@)u ()us(x) + Fr, (@) (2).

Taxk kax koapdumment —2h(x)ui(x) nepen Us(xr) He paBeH HYJHO, TO
OTCIO/Ia OJHO3HAYHO Olpejesisiercst Uz (x).

Host cneyomux koaddunmentos w;(x), i >3 psjga (4) mosydarorcs
YDABHEHUsI TAKOIO XKe THIla, Kak st Uz (x):

2h(x)uy (x)u;(x) = Fi(x),

rie ¢yuknun  F;(x) PEKyPPEHTHO BBIPAXKAIOTCS Uepe3 YiKe HU3BECTHBIE
bynkipn  uj(x) ¢ nomepamn j < 4.
Wrak, peryssipubiii psijt (4) nocrpoet.

ITocTpoenne morpanc/JIORHON YacTH aCUMITOTHK.

Banuiem 6osiee 1opobHO Bropoe ypasHenue B (6), BBes HAPsLY ¢ pac-
x

TAHYTOW TTOTPAHCIIONHON MepeMeHHoOil 7 — — elle OJHY PACTAHYTYIO mepe-
€

x
Mennyto ( = —= = /&7 u nojicraBuB B ypasuenue Bmecto 11 psn (5), a

NG
BMECTO U(ET,T) DI Zemﬂi(\/g() ;

1=0

i(Ho+\/EHlJr...):Hf:

" = f(Ve¢,u(vec, e) + (r,e),e) — f(VeC, u(vel,€),e) =
= —h(VZ0) [F(VEQ) + VET(VEQ) + -+ Ty + VL + - — o(v/EQ)| +
+ h(vVeQ)(Veu (Vel) + ... )P +ellfy =
— —(h(0) + R'(O)V/EC +...) | (o + VETL + ...+

2(vET (VEC) + elia(VEC) + ... ) (g + eIl + . .. )] Vellfi. (7)
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13 3roro pasencTsa Oy1eM U3BJICKATH yPABHEHUS JIJIsT TOTPAHUIHBIX (DYHK-
numit [1;(7), HO He cTaHIAPTHBIM CIOCOOOM (OH OKA3BIBAECTCST HETPUTOIHBIM B
cilydae JIBYKPATHOTO KODHsI BBIPDOXKJICHHOT'O YPABHEHMUS ), & C MOMOIIBIO O~
CAHHOI'O HUXKE aJIrOPUTMA.

Eciin npuMeHuTh CTaHJAapTHLIA CII0C00, T.e. IPUPABHUBATL B Pa3JIOXKe-
HUsIX JIEBOW W 1IpaBoii yacteil paBeHCTBa KOIMPQMUIMEHTHI IPU OJIMHAKOBBIX
crenensix /e, To nis [y(7) momyuanrcsa ypasuenne

dlly

Hauasbnoe yciosue jyist I1o(7) usBiekaercs u3 paBeHCTBa, KOTOPOE I0-
JlydaeTcs B pesyJibrare MOJCTAaHOBKA psijia (3) B Haua bHOE ycsoBue (2):

o(0) + w1 (0) + - - - 4+ Ho(0) + eIl (0) +--- = u’. (9)

Orciosia moydaem
I15(0) = u’ — @@p(0) =: 11°. (10)

Yrobwr perenve 3agaqn (8), (10) crpeMuioch K HyJ0 Ipu T — 00 (CTaH-
JlapTHOE TPEDOBAHUE K ITOIPAHMIHBIM QYHKIMSIM ), HEOOXO MO 110TPebOBATh,
arobObl [1y(0) 6but0 HEOTpUTIATEIBHBIM. BBesem Gosiee xKecTKoe yeaoBue.

VYenosue 4. 11(0) = u’ —up(0) >0 (re. u® > p(0)).

OrmernM, urto caydail 110 = 0 Tpebyer oTneabHOro paccMOTPeHHs.

[Ipu ycsosuu 4 pemenve 3agaqdu (8), (10) umeer Buj (He orpannunBas
o0IITHOCTH, OYJIeM CUMTATh, C IEJIbI0 YMEHBIICHUs] IPOMO3JIKOCTH (DOPMYII,

aro h(0) = 1):

HO
II R — 11
1
orkyja caegayer, aro lly(7) — 0 npu 7 — 00 Kak = T.€. CTEIICHHBLIM
T

obpa3zoM.

OJ1HaKo, Kak 110Ka3blBaeT MCCIeJ0BaHKe, ToBejIeHre pelenus 3ataqu (1),
(2) B morpanmdHOM cyioe umeer GoJiee CIOXKHBIA xapakTep. OKasbBaeTcs,
YTO MOIPAHUYHBINA CJIOW MOXKHO Pas3jieJiuTh Ha TPU 30HBLI. B 1epBoit 30HEe
HOTPpAaHUYHBIE (DYHKIUU YOBIBAIOT C POCTOM T CTEIeHHBIM 00pPa30M TaKKe,
kak dynkinus (11). Barem caejpyer Bropas (mepexojiHas) 30Ha, B KOTOPOIf

LPOUCXOJAUT HOCTEIIEHHOE U3MEHEHUEe MacLITada IOIPAHCJIORHON IIepeMeHHOM
T

%7

norpaHnyunbix Gpynkiuit. I, nakonerr, B TpeTheit 30He morpaHuydHbie (DyHKIUK

x
or T =— g0 ( = a TaKyKe M3MEHEHWe XapaKTepa yObIBaHUs
€

yOLIBAIOT KCIOHEHIMAIBLHO Kak e ¢, rue 2 > 0, ( = —=. Pasmepnbl

NG

30H YTOYHHUM HH2KE.
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OrmeTnM Tak»kKe, 9TO B CIydae MPOCTHIX KOPHEH BBIPOXKJIEHHOTO ypaB-
HEHUST MOTPAHUYHbIE (DYHKITUU UMEJTH IKCIOHEHIINAJIBHYIO OIeHKY Ha BCeil
nojiynpamoit 7 > 0 :

IL(r) = O(e ™), T>0.

MOXKHO CKa3aTh, 9TO B CJIyTae MPOCTOTO KOPHS BBIPOKJICHHOTO ypaBHe-
HUST TIOMPAHUYIHBI CJI0H OB OJIHO30HHBIM, a B CJIyUae JIByXKPATHOTO KOPHST
IIOIPAHUYHBINA CJIOU — TPEX30HHDIN.

Yrobbl mOCTPOUTDL MOrpaHudHble (QYHKIUN, TPABHIBHO OIMCHIBAIOIINE
MOBEJICHNE DEIeHUs] B MOIPAHMIHOM CJI0€, HY?KHO U3MEHUTH CTAHJAPTHDIH
aJTOpUT™M (OPMUPOBAHUS YPABHEHU JIJIsT TTOTPAHUIHBIX (DYHKIUH CITeIy10-
UM 00pa3oM.

B npasyio gacts ypasrenus (8) jobasum caaraemoe —24/cu;(0)Iy, oHo
COIEPXKUTCs B TPpaBoil yactu pasencrsa (7). Ypasuenue jist [1o(7) npumer
B

dlIl
SV = (W4 VEkT), 720, (12)
:

rie k = 2u;(0) > 0.
Pemenne ypasrenns (12) ¢ nadanbibiM yesosreM (10) Takke HAXOJAUTCS
B ABHOM BHJIC:

() VEKTI? exp(—+/ekT)

T) = .
0 Vek + TI(1 — exp(—+/ckT))
Ormerum, uro  Ilg(7) > 0, wu 910 Oyjer urparb BaxKHYIO POJib IIPH

00OCHOBAHUY ACHUMITOTUKU.
Hecnoxubiit ananus Boipaxkenust (13) nmokasbiBaer:

(13)

1
ecim 0 <7< oy THe O - moboe uucio us unrepsaia (0;5), To dynxius

1
147

IIy(7) yOwIBaeT ¢ pocToM T Kak , T.e. CTEMEHHBIM 00pa3oM (3T0

mepBasi 30Ha MOMPAHUIHOTO CJIOsT );

ecm T > L, to Ily= O(\/Ee_kc), rie ( =+/eT = i, T.e. (pyHKIINA
Ve Ve

[Ty yObIBaeT KCIOHEHIMAJIBLHO C POCTOM IOI'PAHCJIONHON 1epeMeHHol

(9TO TPeThsT 30HA MOTPAHUTHOTO CJIOS );

MEXKJ1y MepBOii U TPeTheil 30HaMi HaXOJIUTCsi Bropas (epexojiHasi) 30Ha, B

1
Koropoit — <7 < 7, a € (0; %), /1€ IPOUCXOJUT HOCTEIIEHHBIN TIePEX0/]
£ 5

OT IOIPAHCJIONHON IepeMEHHON 7 K IOI'PAHCJONHOI mepemeHHoit (
u3MeHsiercs xapakrep yobiBanus dpynkiuu Iy — or crenenHoro yobiBaHust
JIO 3KCMOHEHTUATHHOTO.
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Takum 0OpazoM, 3aMeHa CTaHJAPTHOrO ypaBHeHust (8) HecTaHapTHHIM
(12) mo3BossteT MOMYIUTDH MOTpaHHIHY0 GYHKIHO (13), OMHCHIBAIOIILYIO TO-
BeJIeHIEe PEIIeHKs] BO BCEX TPEX 30HaX MOIMPAHMYHOIO CJIO.

Kak Oyjer BujiHo u3 jaJbHeiiero, see caepytomue Gynkuuu [1;(7),
i > 1, 6yayr obaagaTh TakuME e cBoicTBamu, Kak u [1(7). Ho mis sroro
HY>KHO M3BJIEKATH JIJIi HUX ypaBHeHWsi u3 paBeHcTBa (7) HecTaHIapTHBIM
CITOCODOM.

[Tpexjie Bcero, B npaByio 4acTh ypasHenus jist 11;(7) Hapsijy ¢ djieHom
—2I0o(7)II; BraOuMM ciaraemoe —+/ckll;, amHajormvHOe ciaraeMomy
—/eklly, Brmouennomy B (12). Ypasuenue jiusa 11;(7) i =1,2,... 6yger
VIMETh BUJI;

dll;
dr

rie GyHKIn (7, €) BhIpaKaeTcst OMpe/Ie/IeHHBIM 00pa30M Yepe3 U3BeCTHbIE
K MOMeHTY pacemorpennst ypasuenust (14) dyukiuu I1;(7) ¢ nomepamu j < .

Hecrangapriaocts dhopmuposatust GyHKIWMH 7;(T,£) COCTOUT B CJIELYIO-
IIEM.

O6osznaunM koaddument npu (1/€)" B pazjioKeHUH IPaBoil YacTH pa-
sencria (7) depes q;((, Iy, ..., II;_1) (craraemoe —2I1pll; B ¢; He BKitOUaeMm).
Ecin kakoe-to ciaraemoe (0603HAUNM €ro §;) BXOJAIIEE B ¢;, UMEET OICHKY
0 MOJLYJIIO, COJEPIKAIlyl0 HEe MEHee JBYX COMHOXKMTENeH n3 unciaa QpyHK-
nuit I, . .., 1,1, 10 910 coaraemoe BkJtoUaem B 7;(T, €); €U 2Ke OLEHKa §;
110 MOJYJIIO COJIEP?KHUT TOJLKO OJMH COMHOXKHUTEb YKA3aHHOTO THUIIA, TO 3TO
caaraeMoe, yMHOXKEHHOE Ha /¢ BKJovaeM B m;_1(T,€). Kpome Toro, nepe-
MEHHYIO (, BXOJISINYIO B BbIpaXkeHue JUIs ¢;, 3aMEHUM Ha /ET.

B kauecrBe nmpumepa HalmieM Bbipaxkenue jist m1(T, €), chOpMUPOBAH-
HOE 110 YKA3aHHOMY HMPHUHIIAILY:

= —(2Ly(7) + Vek)IL; + mi(r,e), T3>0, (14)

(re) = | = 2(SROVE + VEm(0)) () — KOG+
+\/E(f1(0ﬁ0(0)+ﬂo(7)70) —fl(oﬁo(o)ao))] =
(=er

= —2(%(0)57‘ + \/EEQ(O))HO(T) — W(0)V/erIlg(T)+

+ \/E(fl(o,ao(o) +TIy(7),0) — fl(o,ao(()),o)). (15)

OrMeTrM, 9TO B CJIydae CTaHIAPTHOTO ajroputma Obuio 661 (7, €) = 0.
Havasbroe yesosue jist 11;(7) caenyer usz (9):

I1;(0) = —w;(0) (16)
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Pemenne ypasuenust (14) ¢ HadanbubivM yeiaoueMm (16) nveer Buj:

T

IT,(r) = —®(r)® 1 (0)a@;(0) + &(r) / o (s)m(s,e)ds, (1)

re
2(r) = T2 (7) = ~ [I(r) + VERTI(r)]. (13)

Yrobel joKazaTh, 9o Bee dynxknuu 11;(7), ¢ > 1, uMeior Takoe xe Tpex-
30HHOE ToBejienne, Kak u 1y, BBejieM amasonnyio (oneHouHy0) QyHKIMIO:

_ Veexp(—yexT) _ L _ o
= oo T2% € (0,k], k=2u(0)> 0.

Bamerum, uro byukrus [, umeer Takoii xke Buj kak dyukiws I (em.
(13)), u, crenoBaresnbho, yosBanue dyukiuu [, ¢ pocrom 7 umeer Taxoii
JKe TPeX30HHbII xapakrep Kak u yoObiBanue Ilj. OueBujHo, 9T0 npm BCex
» € (0, k) cpaBeyinBO HEPABEHCTBO

IL(7)

(1) < eIl (7), T >0, (19)

IJle C — HEKOTOpas 110CTOsiHHAsA. B jjajibHeiliemM pasJjinyHble HOCTOSHHbIE TUIIA
c OyjieM 0bo3HaYaTh TOM »Ke OYKBOil ¢, MHOIJIA Yepe3 ¢, Co.

OxkazbIBaeTcs, 9To cjeyiomue norpannanbie pyukmun I1;, ¢ > 1, nmeror
AHAJIOTUIHYIO OTICHKY.

Jlemma.  Bcee ¢ynryuu 11;(7), i = 0,1,...,n, 2de n — aboe Pukcu-
POGANHOE HAMYPAALHOE YUCAO, UMEIOM OUEHKY 61Uda

‘HZ’(T)‘ < cllL, (1), T >0, (20)

2de NOA0IACUMENBHBIE YUCAA C U 3, 6000ULE 2060PA, PAAUMHBLE OAL PA3AUY-
wor 1, 0 < 3¢ < k, npuvem x MOHCHO 63AMDb CKOAL Y200H0 OAu3KUM K kK,
nPU IMOM C 3aA8UCUM OM, 3.

Hoxazaresncro. s Ilp(7) onenka (20) Bepua B cuity (19). okaxkem
onenky (20) just I (7).

Oyuxrms 11;(7) Beipaxaercs dopmymoit (17) mpu i@ = 1, a g (1) u
m1(7, €) mmeem Boipakernst (18) n (15). U3 (18) caemytor oueBnHbIC ONEHKH:

c1 (Hg(T) + \/EHO(T)) < ’(I)(T)‘ <
< oo (I(7) + Velly(r)) < ely(7) < eIL(7), (21)
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B cuity nmpaBoro mepaBeHCTBa JiJist IEPBOTO CJIAraeMOro B MPABOH dacTH
(17) mmeer mecto omenka Buga (20):

|®(r)® 1 (0)ui (0)| < cll(7), 72>0. (22)

[Tosryuum Tenepb onenky st GyHKIuK (T, €), UCIOIb3YsT BhIPAYKEHUE
(15), mepaBeHCTBO

| £1(0,%0(0) + TIo(7),0) — £1(0,70(0),0)| =

u otieHky (19):

Srdlo(7)| < eIlp(T)

|mi(r,)] < e[(e7 + VE)lo(r) + Verlly(r) + velly(r)] <
<clleT+Ve)L(r) + Verlli(r)], 7>0, (23)

rJle 2 MOXHO B34Tb CKOJIb YTOJHO OJM3KUM K K.
Bocrnonbzyemcest TeM, 9To

VET - e VERT _ NEE e VenT | o —VE(r—m)T < Ce_ﬁ%ﬁ,

rme 0 < s = — 1 < »x, WU, ClleJOBaTEJbHO,

 JE(/Er) expl— /)
Verll(r) = Ve + 1 —exp(—+/ex7) =

veexp(—vemr) L (r
= VE+ 1 —exp(—+ermT) 1La(r).

Urax,
VETILAT) < cll,(7), 720,

IPUYEM o MOXKHO B3STh CKOJIb YTOIHO OJU3KUM K 3¢, IPU 9TOM UUCJIO C TEM
OoJibITie, YeM MeHblle 3 — 3. VI3 (23) Tenephb mosydaem:

mi(r, )] < e (IE,(7) + VElL, (1)), 720
st yrpoltieHus 3anmucu 0003HaIUM TUCTIO 2y OYKBOit 2. Takum obpazom,
mi(7,6)] < ¢ (I(7) + VEILA(7)), 720,
a s O(T)®71(s) w3 onenok (21) ciejyer HepaBeHcTBO:

) < TB) 4 VAT
R OENE e

o0

0<s<7<o00.




[TosTomy Jiyist Broporo ciaraemMoro B nipaBoii uacru (17) nipu ¢ = 1 nosrygaem:

T

T, (r)| = \@m [o ms.cas

0

<

<c (H%(T) + \/EHO(T)) / IL(s) + \/EH%(S)CZS.

HaJjiee, BOCIIOJIB3YEMCsl TE€M, UTO

E(5) +VEILG) _ Tels) £ VE Thls) - TL(s) .
II§5(s) + Vello(s)  Io(s) + v Mo(s) ~  Io(s)’ B
Onenky () 4 /5
»\S) + /€
o(s) 1 V2 <c, s>0 (24)
HOJIy UMM HUKE.
CnenoBarebHO,
I, (7)| < ¢ (I3 () + Velly(7)) - O/ EZ((;) ds = c (I + L)
He T T
I, = I13(r) / ?[Z((j))ds Ir = el (7) / Ez(f))ds

0 0
[Tonyaum onenku s [ u I, 3anuiem I; B Buje

wmaomo [ ] o

Tak kak (cm. 13)

o(s) 2 e Ve + 1 —exp(—+/cks) 520, (25)
IL(s) 1 Ve + 1 —exp(—+/cks)
M) < o "V T e (e ©



IOCKOJILKY
1— —\/ek
\/E—i— eXp( \/g S) S CQ, s 2 O, (27)
Ve + 1 —exp(—+/esxs)
(sTa omeHka TakKe OyJeT JOKa3aHa HUXKE).
AHaJIOrMIHO TOJTyYaeTCsi HePaBEHCTBO

gi}f(:)) < ¢ exp[—ve(k — »0)7], r>0. (28)
CiejioBaTesbHO
[ [TL(s) [ Mo(m)] CTeX - A — eVlds < 7
0/ [HO(S)] [H%(T)]d = 0/ p[—Ve(k )( )lds < .
[ToaToM
y [1 S CHO(T) . (TH%(T))7
() = TRV sy (29)

e+ 1 —exp(—+/exT)

(HuKe 9Ta OneHKa OyjeT JOKa3aHa), TO
L <clly(r) < eIl (1), 7>0.

[Tepeiijiem K onenke Iy, 3anucas I B BUjie

i [ [ (2]

Iy(s) | [IL.(7)

Ucnosn3yst onenku (25) u (27), nosydaem:

I, < Il (1) / Veexp[—ve(k — ) (T — s)]ds =

Cc T C

IL.(7) exp[—=v/(k — 30)(7 — 5)]

T k- 0= k— 2

Urak, [ <cll, (1), 7>0, wu,ciegoBareibHo,

I, (7)| < eIL,(7), T>0.
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YaurhiBasi TaKyrO e OIEeHKY Jjisi ePBOro CJaraeMoro B paBoii 4acTu
(17) (em. (22)), OKOHIATETHHO TOMYTACM:

1L (7)] < eIl (7), T>0.

Hasee o mnyknun. Jomycrum, ato onenka (20) sepua jst I1;(7) ¢ mo-
mepamu j < 7. Torya, yaurbisas npuniun popmuposanust Gyukiuu m; (7, €),
MPUXOJIUM K OTEHKe JIjisi 7;(7, €) TaKOro ke BUJA, KaK OIeHKa Jis (T, €):

mi(r,e)] < e (I(7) + VeIL(7)), 720,

a B CUJTY 9TOi OIEHKH TaKMM yKe 00pa3oM, Kak st 11y (7), mosywqaercs omnenka
(20) st 1I;(7):
1L (7)| < eIl (7), T>0.

JlemMa JloKa3aHa.

Hoxazamenvcmeo scnomozamenvruox ouenor (24), (27), (29).

Hanomnum st OII€HKH, 3aME€HHNB S Ha T !

((:_))if_ >0, (24)

VE+ 1 —exp(=vEkT) _
Ve+1—exp(— \/_%T) - 720, (27)

I, (1) = VET exp(—VExT) <c, T>0. (29)

Ve + 1= exp(— )

Haunem ¢ omenxu (27).

W(T,€) NZENTE eng,_\/E%T | N
=0
B NG N 1 — exp(—+/ckT)
e+ 20] T VEH - exp(—Er)]
T
1 —exp(=kt) _
stHoT exp(—st) e,
rie 1 okt

F(t)zl—e—%t , 20, b=



Tak kax lim F(t) = £ > 1, lim F(t) = 1, F(t) > 1 u nenpepbip-
t—0 ” t—+00 i

na na nouynpsamoii (0,4-00), eciu nonoxure F(0) = =, 1o cymecrsyer

| nax F(t) =: Mp, u, cnenoBaresibho, ¥ (7,e) < 1+ Mp, 9r0 1 10Ka3bIBAET
<t<400
onenky (27).

Jlokaxkem Terepb OreHKy (24).

 VEelovExr) o AR+
) Ve = T () YT e 1= exp( )

a g (Iog(T) ++/€), wucnosnbsys (25), mojsydaem ONEHKY CHU3Y

Ve exp(—v/ckT)
HO(T)+\/EZCI\/E+1—eXp(—\/§kT) +ve>

. Ve exp(—v/ek) _
= h\mm(i—/l’ b Ve + 1 — exp(—+/ckT) Vel =

C2

 VAWE+D
*VEe+1—exp(—+EkT)’

CriejtoBaresibHO, yuuThiBasi ONEHKY (27), mosydaem:

L(r)+VE _ 1 VE+l—exp(—vekr) 1
o(7) + € = o e+ 1 —exp(—+/exr) —Cle( e) <

Tem cambiM oreHka (24) jgokasaHa.

Hoxaxewm orerky (29).

t exp(—st) < t exp(—st)

A7) = Ve+1—exp(—xt) = 1 — exp(—st) = 9(0),
rie t =+/eT > 0.
Tak Kak llt% g(t) = " tLieroog(t) =0, ¢(t) >0 wu HenpepbiBHA IpH
t > 0, eciu monoxkuts  g(0) = ;l{’ TO CYIIECTByeT Ontlngoog( ) = My, n,

ciaeposarenbio, TIL,(7) < M,, €10 u noKaspiBaer orenky (29).

(ObocHOBaHME TIOCTPOEHHON ACUMITTOTUKH.

O6oznaunm vepes U, (x,€) HacTUUHYIO CyMMY HOCTPOEHHOIO psijia (3):

e uann)
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Teopema 2.  Ecau svinoanenvt ycaosus 14, mo das docmamouno ma-
avx € 3adava (1),(2) umeem pewenue u(x,e), u cnpacediuso pasencmeo
(daa mobozon =0,1,2,...)

w(z,e) = Uplz,e) +0(e7), z€l0,a]. (30)

HoxkazarenbcTBo.  Jlokaxkem Teopemy ¢ IMOMOIIbI0 MeToja auddepen-
IUAJIbHBIX HEPABEHCTB.
Huxuee pemenne 3agaqn (1), (2) BosbMeMm B Bujie

U(z,e) =Uy(z,e) — Me3, (31)

rae n > 2, M — TONOXUTENIbHOE YUCTI0, KOTOPOE BhIOEpEM HUKE.

aU
[Tonyuanwm onenky s L.U := sﬁ — f(z,U,¢).

du,
LU=¢ - f(z,U, — Me"?¢)
dU, .
= [5 . —f(x,Un,s)} — {f(x,Un—Ms /2,5) —f(m,Un,a)} =

= L.U, - [fu(:c, Up,€) - (— Me"?) + %f{fu(Ms”/Q)Q}, (32)

rjie MMpPOU3BOJIHAA o OepeTcss B HEKOTOPOI IPOMEXKYTOUHON TOUKe,

|fr.] < 1. Bewiy anropurma nocrpoenust psijia (3) cripaBejinBo paBeHCTBO

n+1

L.U,=0(7), z € [0,a],

n+tl
re. |LUy| < ez mpu x € [0,al], rje nocrosinnast ¢o He 3aBUCHT OT € W,
YTO BarXKHO, He 3aBucut ot M.
Hautee,

Jul, Un, €) = =2h(2) (Un = ¢()) + & fru(, Un, €) =
= —2h(z) (Ve (z) + o(7) + VeILi(7)) + O(e).

Tak kak h(x) >0, @ (z) > 0npu x € [0,al, n lly(7) > 0 mpu 7 > 0, 10O
JIs1 JIOCTATOYHO MAJIBIX € BBIIOJHACTCSI HEPABEHCTBO

fu(@, Uy, e) < —cpv/e mupn  z €0, al,
e ¢o > 0 u ne 3aBucur or €. 13 (32) Tenepnb mosydaem:
n n 1
ngg 026%1 —CoMa’i%l +§CQM2 "=

n 1 —
:Mg?[c—]\;—cﬁaclMgﬂ. (33)
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C2

Boszbmem crosib 6ostbinoe M, 4ToObI BBITIOJIHAJIOCH HEPABEHCTBO

Co n—1 1
B < 0. Tak kak n > 2, TO 5 > 5 > (0, u 1Mo3ToMy JIJisl BBI-
opannoro M 1pu JIOCTATOYHO MaJibix € OyJieT BbIIIOJHEHO HEPABEHCTBO

c e
_50 + ot Me"T <. CrenoBaresbHo, mpaBas 4acTh B (33) Oymer orpu-

[[aTeJbHOM, T.€.

L.U<0 mpu z€][0,qa]. (34)

Nrak, Gyukius U(z, ), onpejesennas pasercrsoM (31), jyist jgoctarod-
HO 60JIbIIOr0 M 1 JIOCTATOUHO MAJIBIX € YJIOBJIETBOPSET HepaBeHCTBY (34).
Kpowme Toro, tak kak U,(0,&) = u® (8 cuiy (10) u (16)), To

U(0,e) = Uy (0,e) — Me™? = — Me™? <.

Takum 00paszom, dyukiust U(x,€) sB/siercs HUKHUM DELICHUEM 3a/1a-

au (1), (2).

AHaAJIOrMIHO JIOKA3bIBACTCS, UTO (DYHKIUS
Uz, e) = Up(x,e) + Me"? (35)

JUIST JTOCTATOYHO O0JIbIOro M M JI0CTATOYHO MAaJIbIX € SIBJISIETCS BEPXHUM
pemenueM 3ajaun (1), (2).

CresoBaTesibHO, JIJIs JOCTATOYHO MAJIBIX £ CYIIECTBYET perneHue u(x, )
sajiaun (1),(2), u cripaBeyinBbl HEPABEHCTBA

U(z,e) < u(w,e) <U(x,e), z € [0,qa].

I3 srux Hepaseners u Bujia (31) u (35) HUXKHErNO W BEPXHETO pereHuii cie-
JIyeT aCUMIITOTHICCKOe PABEHCTBO

u(z, ) = Uy(z,e) + O(e"?).
3anuiieM 5T0 paBEHCTBO, 3aMEHUB N Ha N + 1:
u(z,8) = Uppi(z,6) + O ), (36)

" BOCIIOJIB3YEMCA TEM, 9TO

n+1

Upi1(z,e) = Uy(z,e) + € 2

Torga u3 (36) cueyer paBeHCTBO
u(z,e) = Uy(z,e) + O(anTH), z € 10,al,
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T.e. paBercTBO (30) jokazano Jisi n > 2.
3amuineM 370 PABEHCTBO JIJIs 1 = 2:

u(z,e) = Us(z,€) + O(%?). (37)
Tax kax
Us(z,e) = Ur(z,e) + e(ua(z) + Ia(7)) = Ur(z,e) + O(e),
10 w3 (37) coleayer paBencTso
w(z,e) = Uy(z,e) + O(e), z€l0,d, (38)
a tak kak Uy (z,€) = Up(z,¢) + O(VE), 10 u3 (38) nomyuaen
u(z,e) = Up(z,€) + O(VE),  z€]0,d].

CrestoBaresibto, papeHctso (30) BoinosHsiercst st goboro n=0,1,2,. ...
Teopema 2 joka3aHa.

Ba1aun.

IIpoBepbTe BBLIIOJHEHUE YCIOBUI TEOpEMBI 2 U IIOCTPONRTE ACUMITOTHKY
Buga (30) npu n = 1 jus pemenns u(x,e) 3amaan Korm.

3adava 3.3.1.

53—1:—(u—x)2—|—6(u—|—2), 0<x<1;
u(0,e) =1.

3adava 3.3.2.
du . \9
6%:—(U—SIHSE) +e(u+ 14 cosx), 0<z<m;
u(0,e) =1.

Nzobpasure rpadukn byuxkumit u = u(r,e) n u = ug(x).
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I'naBa 4. CuHryJISpHO BO3MYIIEHHBIE KPaeBbie
3a1a4u

§1. Metron aunddepeHnaIbHBIX HEPABEHCTB B JIBYXTO-
YeUHBIX KPaeBbIX 3aJadaX

4.1.1. Teopema cyuwecmeosanus pewenus xpaesoti aadavu
PaccMOTpuM IBYXTOUEUHYIO KPAEBYIO 3aa49y ¢ FPAHUYIHLIMA YCIOBUIAMU
Hupuxiie (u — ckajsipaast HyHKIUA):

%:f(a:,u), 0<z<l1; (1)
u(0) = u’, u(1) = u'. (2)

[TocraBum Bompoc o cymmecrBoBanuu ee periennsi. OHIM W3 MOJIXO0B B

MCCJIEOBAHUE 9TOIO BOIPOCA SIBJISIETCS TaK HA3BIBAEMBI Memod cmpeabooL.
OH cOCTOUT B CJIEJYIOMIMM: BMECTO KPAeBbIX YCJIOBUI (2) 3a1a/iuM Hadab-
HbIE YCJIOBUSI:
o) =k, )
rjie k — Ipou3BOJIbHOE YUC/IO, U IOIPOOYyeM MoA00paTh YKUCIO0 k TakK, ITOOLI
periienre HavabHON 3ajaun (1), (3) yIoBIETBOPHIO KPAEBOMY YCIOBUIO (2)
B TOuKe T = 1.

Ecnu perenne 3amaqau (1),(3) cymecrsyer wa orpeske [0, 1] u menpepbis-
HO 3aBUCUT OT I1apaMerpa k, u eciu JJisl KaKOro-To 3HadeHust ki napamerpa
k pemenue u(z) sagaun (1),(3) yaosnersopser nepagencrsy ug(1) < ul, a
JUIs KAKOTO-TO 3Hauenus ko perenue ug(x) 3amadu (1), (3) yuosaersopser
nepasenctsy us(1) > ul, To cymecrsyer taxkoe k € (ki,ks), Ipun KoTOpOM
pemenve u(z) zagaun (1), (3) ynosaersopsier yenosuio u(1) = ul u, cre-
noBatesibio, byHKusa u(x) ABAgeTCsa permenneM Kpaeoit 3amaqdn (1), (2).
MeTos ¢cTpesbObl NCTONL3YIOT NHOT/IA TPY YACICHHOM PENICHUN KPaeBoil 3a-
Jlavi: PeriaioT HadalbHyio 3ajady ("crpesstior") ¢ HEKOTOPbIM 3HAYEHUEM
k u cMOTpAT, 9TO MOJNYyYUSIOCH Ha TPaBOM KOHIE oTpeska — "Hemomer"(T.e.
u(1) < u') wim "nepesner" (re. u(1) > ul); B 3aBucumocTu or 3roOrO BHIGNPA-
10T HOBOE 3HaUeHHe k U pelialoT HaYadbHyIO 3aJady ¢ 9TUM k, U TakK J0 Tex
nop, moka "He monaJyT B 1eb" (T.e. TOKa He OyJeT BBINOJHEHO PABEHCTBO
u(1) = u! ¢ xemaemoit TouHOCTHIO).

Bo3MoxKHOCTH peasinzaium MeToja CTPeJibObl 3aBUCUT OT CBOWCTB (PYHK-
nuu f(x,u). Paccmorpum reopemy, B KOTOPOil CyIIECTBEHHBIM CBORCTBOM
dbyuxiun f(x,u) sgBisercs ee OrpaHuIeHHOCTb.

u(0) = u®,
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Teopema 1.  Ecau ¢ynxuyua f(x,u) nenpepvisna, ozpanuvena, u ydo-
saemeopaem ycaosuto Jlunwuya no nepemennot u 6 nosoce P = {(x,u) :
0<x<1, ue R}, modaa mobwr v’ u u xpacsas sadaua (1), (2) umeem
pewenue.

Hokazarenmbcrso. U3 yemosuit na dyukimo f(x,u) ciaemayer, 9to mis
moboro 3Hadenust k HadasbHast 3ajada (1),(3) uMeer eMHCTBEHHOE PereHne
u(z, k), u 9TO pelieHre HEMPEPBIBHO 3aBUCUT OT TapaMeTpa k.

[Tosicrasum 910 perienne B ypasaenue (1) u 1oaydentoe Tox 1eCTBO mMpo-
uHTEerpupyeM JBaxk bl or 0 J10 &, ncnosb3ys Hadasabhble yeaosust (3). [Hosy-
IUM:

X

S

w(w, k) = v + bz + /d:r:/f(t,u(t, k) dt.
0 0

HpI/I xr = 1 9TO paBeHCTBO HpI/IHI/IMaeT BU I

1 s
u(l,k):u0+k+/d3/ftutk )) dt. (4)

0

Tak kak 110 yciaosuio f(z,u) — orpanuuentas QyHkiys B 1noj0ce P, 1o
CYIIECTBYET MOJIOKUTeNbHOe uncyio M, Takoe, 9TO

|f(z,u)| < M,  (x,u) €P.

Ucnonssyst 910 HepaBeHCTBO, U3 (4) mosy4daem:
0 1 0 1
u +/<:—§M<u(1,k) <u +/€+§M.

Bosbmem k = kj Takum, uro u’ + k; + %M < u!', a k = ky makum, 4To
u + ko — %M > u'. Torna

u(1, k1) < ut, u(l, ko) > u

Orcrofa cesyer (B cuty HenpepbiBHO# 3aBucuMocth u(1, k) ot mapamer-
pa k), uro cymecrsyer snauenne k € (ky, k), Takoe, uro u(1, k) = ul.
Takum obpasom, Gyukius u(x, k) npu ykasanHOM 3HadeHun K siBJIsieTCsl

perenneM Kpaepoii 3agaqan (1), (2). Teopema 1 mokaszana .

Bameuanune. OrmernM emnie pas3, UTO CYHIECTBEHHBIM YCJIOBHEM B TEO-
peme 1 Ob110 yesoBue orpanudennoctr dbyukimn f(z, u) Bo Beeit mosoce P.
Do ycaorue Jenaer Kiaace GyHKmit f(r, 1), K KOTOPbIM MPUMEHNMA, TEOPe-
ma 1, Becbma y3kum. Jlaxe sinneitnast ynkius f(x,u) = u He nouajaer B
9TOT KJIAcCC.
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4.1.2. Memod dupdepenuuarbrvir HEPaABeHCME 8 KPAE8bLL 3a-
davax

JpyrumM MeToJioM B UCCJIEJOBAHMK BOIIPOCA O CYIECTBOBAHUU PEIICHUS
Kpaesoit 3ajaun (1), (2) aBisiercss Mero); uddepeHInaibHbIX HEPABEHCTB.
OJIHEMHU U3 HEPBBIX B 9TOM HAaIpaBJEeHUU ObLIU pe3yJbTaThl SIOHCKOI'O Ma-
remaruka Harymo 9], pasusiiero ujen Hamibiruta npuMeHUTEHHO K KPa-
eBbIM 33/1a4UaM.

Yro0b1 chopmysmpoBaTh Teopemy Harymo, Ham 1moHamo0sTCsi TOHSITHUST
HIKHETO W BEPXHETo pereHuii s kpaesoii 3agaun (1), (2).

Omnpenenenne 1. Oyukrun U(x) u U(z) us kracca C2(0,1)NC[0, 1]
Ha3bIBAIOTCS COOTBETCTBEHHO HUMCHUM U 6ePTHUM pewenuamy 3ajgaan (1),
(2), eciu OHU YIOBJIETBOPSIIOT HEPABEHCTBAM

LQ::%— (0.U() 20> LT, O0<w<l, (%)
U() <u’<U0), U1)<u' <UQ1). (6)

Huxnee u BepxHee pereHust Ha3bIBAIOTCS YnopA0JoueHHbLMU, €CIT
U(x) <U(z) mpu 0<x<1.

Bameuanue.  OrmeruM, 4TO B OTJMUYKE OT 3aja4u Kollu HuXKHee 1 Bepx-
nee pemenns U(r) u U(z) kpaesoit zagaun (1),(2) MoryT 6bITh He ymops-
JIOYCHHBIMA, T.e. MOTYT He yhoBjaersopsaTh nepasencrsy U(r) < U(x) upm
0 < 2 < 1. B kauecTBe mpumepa TaKoil CHTyalliil PACCMOTPHM KDAEBYIO
33140y

' 4+ mu =0, 0<z<l,
u(0) =0, u(l) =0.

Oyrknun U(z) = 2sinmx u U(z) = sin 7x yaA0BAETBOPAIOT, 0YEBUJIHO,
repaercTBaM (5),(6) (st arux dynkimit HepaBencrsa (5),(6) cranopsTes
pasencrBamu ), Ho pu aroM U(x) > U(z) mpu 0 <z < 1.

Teopema 2 (Harymo). Ilycmo cywecmeyiom ynopadouennvie Hudic-
nee U(x) u eeprmnee U(x) pewenus zadavwu (1), (2), u nyemo dynryua
f(x,u) nenpepvisna u ydosaemsopaem ycaosuto Junwuya no nepemennot
u 6 obaacmu D = {(z,u) : 0 <x <1, Ulr) <u<U(x)} Toeda cyue-
cmeyem pewenue u(x) s3adavu (1), (2), ydosaemsopaousee nepasencmeam

U(z) <u(z) <U(x), 0<z<1. (7)

JTokaszareaneTBo. [Ipoposkum dyukuuo  f(x,u) Ha BCoO 10J0CY
P={(z,u):0<z <1, ue R}, sBBeaa Gyuknuio g(z,u) caemyiomnmm
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obpa3zom:

( u—U(x)
f(z,U(x)) + Tru?

mpu  (z,u) € D) ={(u,2):0< 2 <1, u<U(z)},
g(x,u) =< f(z,u) upn (zr,u)e D,

— u— U(z)
[z, Ux)) + EFRTE

mpu  (x,u) € D) = {(u,2): 0< 2 <1, u>U(x)}.

\

Yoeaumest B Tom, uro dyukius f = g(x,u) HenpepbiBHa B noJoce P,
OrpPaHMYeHa U YAOBJICTBOPSACT yCaOBUIO Jlummmia no mepeMennoit  u. Eé
HEIPEPLIBHOCTH OYEBU/IHA, OTPAHUYECHHOCTH CJICJYeT U3 HEIPEPLIBHOCTU U
CYTIECTBOBAHUY TPEJIEJIOB TIPH U — —00 U IPU % — +00 (9T TpeJIesibl
coorsercrrenno pasubl f(z, U(z)) n f(x,U(z)) ). B obnactn D dynxuus
g(x,u) paBua f(x,u) u, ciej0BaTEIbHO, YIOBJIETBOPsET yCjaoBuio Jluimuma
10 IIepeMeHHOi u ¢ mocTodunoi JInmmmuia, paBHoil HeKoTOpoMy ducyay Ni (B
cury Tpebosanus k bynknun f(z,u)). B obnacrax D) u D) dyuxius
g(x,u) nMeerT OrpaHNICHHYIO TPOU3BOHYIO 110 TTEPEMEHHOMN U

142U (z) - u—u?

gu(x,u) 0+ a) npn  (z,u) € D,
14 20(x) - u — u?
gu(T,u) = @ (—l—)u?)z npu (x,u) € D).

U3 s1ux BHIpasKeHU cjejyer, 4To B yKazaHHbIX obJjactsx |g,(z,u)| <
Ny, tme Ny — HEKOTOpOe TOJIOXKUTEJbHOEe Yrcyo. ITosroMmy Bo Bceit momoce
P dyuxius g(z,u) ynouersopsier yciaoButo JIummmia mo nepeMeHHoi u ¢
nocrosinuoit JIunmmna N = max(Ny, No).

Taxkum obpaszom, dbyuknus ¢(r,u) yaoBIeTBOpseT B mojoce P Beem
YCJIOBHSIM, KOTOPbIE HAKJIQ/[bIBAJIMCH HA MPAaBY0 YacTh ypaBHenus (1) B Teo-
peme 1. CreoBaTeibHO, COIJIACHO Teopeme 1, KpaeBas 3a/a4a

%:g(x,u), O<z<l1; (8)
u(0) = u’, u(1) = u' (2)

nMeeT perenne U = u(x).

JlokaxkeM, 4To 9TO pelleHre yiIoBIeTBopsieT HepaBercTBaM (7), T.e. KpH-
Bast u = u(zx), = € [0,1] sexur B obsacru D, vue g(z,u) = f(z,u), u,
snaqant, byHknusa u(x) asiasgercs perrennem 3agaau (1), (2).
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[Ipenonokum, 910 Kakoe-To u3 HepapeHCTB (7) HAPYIIaeTCss B HEKOTO-
poit Touke z* € (0,1) (oT™MeTuM, 9TO B TpaHWYHbIX Toukax z = 0, z = 1
HepaBeHCTBa (7) BBIMOJHSIIOTCS B CUJIYy ONPEJETICHUsT HUYKHETO W BEPXHErO
pemenuii, (cm.(6)). Ilycrs, nanpumep,

u(z™) < U(x").

Torpa dyukius U(x) — u(x) umeer B Hekoropoii Touke zo € (0, 1) noJo-
KUTEJIbHBIN MakcuMyM, cienoBarenbho, U(xg) — u(xg) > 0,

|t -uw)| =T - <o

=X

B touke xy /st penenust u(x) BBIIOTHIETCS PABEHCTBO (8), T.e.

d? —U
Eg@ﬁ:MMWWWZJ@mQ@m+U$2M&$®a (10)
a it U(z) B cuity (5) BBITOJIHSIETCST HEPABEHCTBO
2
%(1‘0) — f(z0,U(z0)) > 0. (11)

Boranrasi u3 nepasetcrsa (11) pasencrso (10), nosydaem

%(ﬂ:o) — %(@"0) > Q(lxi)l;(zg())

>0,

9TO MPOTUBOPEUUT HepaBeHCTBY (9).
Nrak, permenve u(x) 3agaqau (8), (2) yuosiersopsier HepaseHcTsam (7) u,
CJIeJI0BATEIIbHO, siBJIsteTcst perienueM 3aa4au (1), (2). Teopema 2 jokazana .

Bameuanue 1. Ilycrs BMecTo KpaeBbix ycsosuii (2) 3ajiaHbl KpaeBble
yenoBus Hefimana

du du
%(O) = 1, %(1) =1. (12)

Huxuee U(x) u Bepxuee U(x) pemenns 3amaan (1),(12) onpenesnsiorcs
kax dynknmm 3 knacca C2(0,1) N C0, 1], ynosaersopsiomme Hepasen-
crBaM (5) u3 onpejiesenns: 1 n TpAaHUYHBIM HEPABEHCTBAM

alu dU dU dU
—(0) > vy > —(0 — (1) <1y < —(1). 13
d:lf( )—VO— d:L‘( )7 d.fC( )—Vl— dl'( ) < )

B ornomennu cymecrsoBanust pernienust 3ajaun (1), (12) umeer mecro
TeopeMa, aHaJOrnYHas Teopeme 2.
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Bameuanue 2. Paccmorpum 6osiee obiiee ypaBHeHue 1o cpasrenuio ¢ (1)

d*u du
— = flz,u,— |, O<z<l. 14
dx? ( dx) (14)
du
B orsmune or (1) npasasi wacre B (14) 3aBucur or —. B Bompoce
paspermmmMocTy Kpaeoil 3ajadu (14), (2) BaxHyIO poJib UIpaeT XapakTep
d d
3aBUCUMOCTH 1TPaBOil YacTu ypasHenust (14) or d—u npu d—u — 00.
x x
[Tycrb
)< e((gl) e wer [F=.
x,u, npu  {x u
—_ 90 dx p 9 Y 9 d

rie  (t) — nosokuTebHAsS HenpepbiBHas dyHKusg npu t > 1, [ — HeKo-
TOPBIIT UHTEPBAJI.

(0.¢]
udu
Onpenenenne 2. Eciu / —) = 00, TO OyJeM IOBOPUTH UTO
u
/ ¥
du 5
dynKIMSI f<a: u, X ) MPUHAJJIEIKUT KAaccy dynkuuts Hazymo.
x
DTOMYy KJIaccy TPUHAJJIEKAT (DYHKIUU, PACTYIIUE TTPU ‘— — 00 He
du |2

obicTpee, yem |—

T

Hns samaan (14), (2) BBOAATCS TMOHATHS HUXKHETO W BEPXHETO DEITICHM
(ompe/iesierne, aHAJIOTHTIHOE ONPE/EJICHHIO 1), I IMEeT MeCTO TeopeMa O Cy-
IECTBOBAHKMH PEIICHHs!, AHAJIOIUYHAS TeopeMe 2, HO TIPK YCJIOBUH, 4TO QyHK-

du
"dx

g f <:E u, > npuHajexkar Kimaccy Harywo.

§2. CunryjgpHo BO3MYIlleHHas KpaeBasg 3ajada C T'pa-
HU4YHbIMU ycjaoBuamu Heilimana

Paccmorpum kpaesyio 3ajiauy (u — ckaispHas dyHkius, € > 0 — MaJiblid
mapamerp) ¢ TpAaHUIHBIMHU ycioBusiMu Heitmana:

d2
st—;; f(z,u,e), O<x<l1; (1)
du du
--(0,¢) = w, —(Le)=w. (2)

IIycTh BBITIOTHEHBI CJleIyIONIe YCIOBUSI.
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Ycaosue 1. Oyukiust  f(z,u, ) — oCcTATOYHO TyIajKast B 00JaCTH
D = {(z,u,e) : x € [0,1], u € I, € € [0,&0]}, [ — nekoropsiii nuurepBa,
go > 0 — nexoropoe uucio. mesa B BUJYy HOCTPOCHUE ACUMIITOTUKH HPOM3-
BOJIBHOTO TIOpsiJiKa Jiis perienust 3ajaqu (1),(2), Oygem cuurarb QyHKIMIO
f(x,u,e) beckoneuno auddepennupyemoii B obractu D.

YcaoBue 2.  BbipoxjieHHOE ypaBHEHUE
f(z,u,0) =0

uMeeT Kopeb u = p(x), Takoil, uro ¢(x) € I upu x € [0,1].

Yceaosue 3. f,(x) := fu(r,¢o(x),0) >0 upu z € 0,1].

[Ipu sTux yeaoBusx Gyger g0Ka3aHo (¢ TOMOIBIO ACUMIITOTHIECKOTO Me-
To/18 AU bEPEHIAIbHBIX HEPABEHCTB), YTO JIJIsi JOCTATOYHO MAJbIX € 3a-
naga (1), (2) umeer pemenne u(z,e), oTIMUalONeecs OT KopHsa  ¢(T)
BBIDOXK/JICHHOT'O ypaBHEHUsT Ha BeJudauny nopsizika (O(€) Ha BeeM OTpeske
z € [0,1], re.

u(z,e) = p(z) + O(¢e), xz € [0,1].
I3 HanmMcanHoro paBeHcTBa CJIeJLyeT TeopeMa O IPEJIEJIBHOM MePexo/ie:

limu(z,e) = p(x), xz € [0,1].

e—0

Punc. 4.1

Bameuanne.  Boipoxenunoe ypasuenue f(z,u,0) = 0 MOXKeT UMeThH
HECKOJILKO KOPHEIH, yI0BJIeTBOpsTioNnxX yejaosrio 3 (Ha pucynke 4.1 910 1 ()
u p3(x)). dust KaxkJ0ro Takoro KOpHst cyiecrpyer perienue u;(x,€) 3a-
naqau (1), (2), ymoBiaerBopsiomiee IpeieIbHOMY DaBEHCTBY

limu;(x, €) = pi(x), z € [0,1], i=1,3.

e—0
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B sToM cocTonT NpUHIMIIHAJILHOE OTJINYHEe KPAeBbIX 3a/1a9 OT 3aa4un Korn.
st perernst u(x, ) 6GyneT MOCTPOEHO TAKIKE MOJHOE ACHMITOTHICCKOE
paz3JIoKeHne B BUJIE

u(z,e) =u(z,e) +11(§,e) + II(§, €) , (3)
rmue
o0
U(r,e) =Y ()
1=0
— peryjsdpHad 9aCThb aCUMIITOTUYIECKOT'O Pa3JIO2KEHN I,

0.9]

MEe) = e, =<

9
1=0

— HOI'PAHCJIONHDBIN P, UTPAIOIIUIA POJIb B ONUCAHUN HMOTPAHUIHOIO CJI0A B
oKpecTHOCTU TOUKMN T = 0,

1l—=x

(0.}
I1 f, g) = <€ZH¢ £’ s f =
(€9 =3 eid -
— HOT'PAHCJIONHDIN Psif], UI'PAIOIIUIA POJIbL B ONUCAHUN MOTIPAHUTHOIO CJIOS B
OKPECTHOCTH TOUYKHU T = 1. o
Hst maxoxgennst koaddunmenron u;(x) u 11;(€), I1;(€) perynsiproro u
IIOI'PAHCIORHbIX PsAJIOB MOJICTABUM MCKOMOE pasiioxkenue (3) B ypasuenue (1)
n samenuM  f(x, U+ 11 + ﬁ,e) cymmoit [+ If +1I1f, e

f= f(x,ﬂ(:z:,e),e),
IIf = f(e€ ule, e) + I1(§, e),¢) — f(e&, u(eg, €),€)
If = f(1— e€, (1 — €, e) +ﬁ(§,e),6) .

[Tomydennoe paBencTBO

Pu PO PO - -
2 — = IIf+ 11
8d:1:2+d£2+d§2 fHILf +11f

pasjiesIuM Ha TPU PaBEHCTBA /JIJIsI PEry/IsipHON U JABYX HOIPAHCIONHDBIX YaCTen
ACUMIITOTUKH

T d*11 Il ~
2 _ . _ .
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IloncraBum B 3T paBencTBa BMmecto u, II, 11 ux mckombie paznoxkenust
110 CTeNeHsIM £ U PazsiokuM (hbOpMaJIbHO) NpaBble YaCTH PABEHCTB B Psijibl
10 CTETeHsM €:

F=Y_cf, Mf=) s, If=) f.
=0 1=0 =0

[TpupaBHuBas Tenepb UJIEHBI C OJIMHAKOBBLIMU CTEICHAME £ B 00EUX dYa-
CTAX PaBEHCTB, MOJIy4YaeM TPU CEpUU ypPaBHEHWIA:

7=0, F,=0 7 =%t cl0,1], i=23 (5)
— e .= €T 17 = e
0 ) 1 ) i dr2? ) y +1y )
11, P~
_TL,f, >0 _ L, f, 0, i=0,1,2,... (6
st naxoxaenusi norpanndabix byakmuit 11;(€) u Z(5) MOHAI00ATCS
rpaHuuHbie yciaosust. [lojcrasisis Beipazkenue (3) jisi u(x,€) B rpaHUYHbBIE
ycaIoBust (2), MOTydaeM paBeHCTBA
du 1dI1 1dIT /1
0 0 T T <_7 ) - )
a8+ 208 - e G 7
~ (7)
du 1dII /1 1dII
50 1L -l
L S e =

[TojicraBum B 11 paBencrsa B™Mecro U, 1I, u I ux ucKoMble pas-
JIOXKEHUsI U [PUPABHSAEM YJIEHbI ¢ OJMHAKOBLIMU CTEIEHSIMU € B OOEHMX da-
CTsIX paBeHCTB. 3aberasi Brepej, ormerum, dro Bee dyukimun 1L (€) wu
ﬁz(é) ¥ UX [POU3BOJAHLIE OYIyT MUMETh SKCIOHEHIMAJbHbIE OINEHKH THUIIA
(&) < ce™™, unosromy ILi(1/e) = O(e %) = o(eV), u raxxe
I1;(1/¢) = o(eY) pnst moBoro N, 4T0 MO3BOAET IPEHEOPETD CIATACMBIMI
1dIl <1 8) 1dII

(—, 8) B JIGBBIX YacTsX paBeHCTB (7).

e df e dE \e

[IpuMmenus cTan1apTHYIO IPONELYPY, TOJTYTHM:

dHO dHl dﬂo dHZ dﬂi_l

—20)=0, ——(0) =1 — —(0), 0) = — 0
i=2,3,...; (8

dIl, dIT, d dIl da;

—20)=0, —(0)=—u +—2(1), _ 1),

70 F0 = O, 20 = T2
1=2,3



K stuMm ycioBusiM Jo0aBUM CTAHAAPTHBIE YCJIOBHUSI CTPEMJICHUS] K HYJIIO
MOTPAHUYHBIX (PYHKIUH Ha OECKOHETHOCTH:

~

Mi(c0) =0, I(oo)=0, i=0,1,2,... (9)

Paccmorpum renepb mpoieypy HOCAEJA0BATEILHONO OHPEJICJICHUs] dJle-
nos acumnroruku. 13 (5) nosmydaem ypasnenue Jist Uo(z):

Jo:= f(x,ﬂo(x),O) =0.

B kadecTBe perienusi 9TOro ypaBHeHus Bo3bMeM (DYHKIHIO Ug(x) = ¢(z),
ONpeJIeJIEHHYIO yCJIOBUEM 2.
Bropoe ypasuenue u3 (5) B pa3BepHyTOil 3allCH UMEET BU/T

f1:=fu(o)um + f.(x) =0,

rie [ (z) = fu(z,9(2),0) > 0 mpum =z € [0,1] (cm. ycnosue 3),
fo(z) = f-(z,¢(z),0). Ussroro ypasHenus Haxoauu:

—1

u=—f.(z) f, ().

AnaJsioruunbiv 00pasom onpejessitores Gyuxiun w;(x), i =2,3,... u3
MOCJIe LY IOTIHX ypasHennit (5).
I3 (6) npu i = 0 nosnyuaem ypasuenue st yuximu o(€):

4T,
de?

=1I0of := f(0,9(0) +1Iy,0) — f(0,£(0),0),  £>0,

au3 (8) u (9) caeayroT rpaHuTHbIE YCIOBHS

dlly

Ouesu o, uro p(§) = 0 upu £ > 0, u rakum ke 00pa3OM 1HOJIyYaeM

[Iy(§) = 0. Takum obpaszom, Jyisi KpaeBoil 3ajaun HejiMata morpaHuvHbIe
byHKIMK B HyJ1eBOM IPUOJIMAKEHUN OKA3bIBAIOTCS PABHLIMU HY.JIIO.
IIpn i = 1 u3 (6) numeem ypasuenue s 11 (€):

d*11;

e I f := fu,(0) - 10y, £ >0,

a u3 (8) u (9) cielyror rpaHUUIHbIE YCJIOBHSI

dIl du
d—gl(O) — vy — %(0), T (c0) = 0.
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Permrenne 91oit 3a1aun 3anuineM B BUJIE

Hl(g) - Z_Z ’ e_k[)£7 é Z 07

du, —
=20 =, ko=1/F.(0)>0.

Oyukrmust  [1;(€) wmmMeer, 09eBUIHO, IKCIOHEHITUATBHYIO OIEHKY

rje

()| <ce™™, €20, (10)

e ¢ W 3Jech W Jajiee — TOAXOJSIINE TTOJOXKNATEeIhHbIE JHrcia, He
3aBUCsAIe or €. B pasHbIX OIEHKAX TaKOrO0 THUIA 9TU YKCJ MOIYT ObIThH
Pa3HBIMH, HO JIJIsl YIIPOIIEHUs 3alucu OyeM o0o3HaYaTh UX OJHUMU U TEMU
ke OykBamMu ¢ u .

TaxuMm xe 00pa30M HAXOIUM

rie
71:V1——xo(1)a ki =/ f.(1)>0.

DOynkiys ﬁl(é) ¥MeeT, 04eBrIHO, oneHKy Tura (10).
[Ipw i > 2 ps IL;(€) us (6), (8) u (9) momyuaem 3amaay

d2HZ = '__ . . .
@ = W= 10 Tt m(©), €05
de dﬂi,1
e =""g 0 Tie)=0,

rie m;(§) pexyppentHo Bpipazkaercda depes dyuknun I1;(€) ¢ nomepamn
J < i u umeer onenky rtuia (10), eciau Takyio ke OlEHKY UMeT ByHKIUHU
I1;(§) mpu j <.

Pemenue 3ajaun jist 11;(£) HeTpyiHO BbIMCATH B SIBHOM BHUJIE, OTKY/IA
caeayert, ato 11;(€) umeer onenky tuma (10).

Takum ke 00pa3oM ONPEIESTIOTC (DyHKIH ﬁ@(é) npu ¢ > 2. Oun Tax-
JKe HAXOJATCS B SBHOM Buje u mmeror orenkn tuma (10). Urak, pam (3)
TTOJIHOCTHIO TTOCTPOEH.

Teopema 3.  Ecau svinosnenvt yeaosus 1-3, mo das docmamouno ma-
avix € kpaesas 3adava (1), (2) umeem pewenue u(z,e), das Komopozo
CNPasediuso aCUMNMOMUNECKOE PAGEHCIMGO

u(z,e) = Uy(x,€) + O(e"), xz € [0,1], (11)
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2de

Un(z,¢) = En: [ﬂi(a:) +Hi<§> +ﬁi<1;x>] (12)

i=0
— wacmuunas cymma pada (3).

HokazarenbcTBo. [ oKazaTeibCTBa, TEOPEMbl TPUMEHUM aCHMIITO-
Traeckuit Mmeto 1 qruddepernmaababix HepaBeHCeTB. C 9T MEeJbI0, NCTIOJIb3YST
MIOCTPOEHHBIN sl (3), CKOHCTPYUPYEM HUYKHEE W BEpXHee DeIleHUsl 3a,/1a1n
(1),(2) cremyromum obpazom. [losoxum

U(z,e) = Uy(z,6) =" 2(x, ¢), U(z,e) = Uy(w,e)+e" M 2(x, ), (13)

rie byukuus U, (z, ) onpenenena dopmymoit (12),

z(a:,s):M+eXp(—k§)—l—exp(—u), (14)

£

M u k — monoxuresbHble 9uca (He 3aBUCAIINE OT €), BLIOOP KOTOPBIX yTOU-
HUM HUZKE.

JokaxkeM, 9TO JIJIs TOCTATOIHO MaJbiX € dncyaa M u k MOXKHO BeIOpaTh
tak, uro dynkimuu U(x,e) u U(z,e) OyayT HIKAAM ¥ BEPXHUM DerieHus-
vu 3agadn (1),(2), Te. OyayT ynosiaerBopsaTh HepaBencTBaM (5) u3 §1 (mpm

. 2 d*u
9TOM HYKHO y4eCTh, 4TO B Halel 3ajgade L.u = € peie flz,u,e) ) m
nepasencrsam (13) u3 §1.

Haunem ¢ nposepku BbinosHennsi Hepaercts (13) u3 §1. B cuuy (8)
MMEET MECTO

dU, o adu,
dl' (076) =V te¢ dﬂ'f (0)7

a u3 dopmyisl (14) cremyer, aro

;l—;((),s) _ —5[1 —exp(— g)]

[TosTomy

dU . | duy, _k
%(0,5):V0+5 [%(O)—Fk(l—e 5)]

OueBHUIHO, UTO IPHU JOCTATOUHO DOJILIIIOM k CyMMa, 3aKII0UEeHHAS B KBA/I-

paTHble CKOOKH, HOJIOXKUTEIbHA 1, ciejoBarenbio, — (0,&) > VY, T.e. Bbi-
x
MOJIHEHO TiepBoe n3 Hepasencts (13) B §1. Amanmornvno mposepsieTcst, 9To
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IPU JIOCTATOUYHO GOJIBITOM K BBITOJIHSIIOTCS U OCTaIbHble HepaseHcTBa B (13)
u3 §1.

[Tepeiiiem K mpoBepke BbinoJHeHns1 HepaseHcrs (5) u3 maparpada 1. B
cuty ypastenuit (5), (6) mist dynkiun U, (z,€)  crpaBeyiuBo paBeHCTBO

2d2Un n+1
LU, :=¢ — f(z,Uy,e) = O(e"), z € (0,1).
dx?
[Toaromy
d*U d*U,
_ 27 = _ |2 n
LU=¢ i (z,U,e) = [5 W—f(l’,Un,é“)]—

- (e e)) + 10U - S )| =

dx
n+1 n+17.2 kx
=0\e¢ — "k lexp | — - +

+«aq>(——ﬁililfi)] + e e),

3

T/le Tpon3BoOJHAS [, OepeTcsd B TOUKe (x, Uy — Oz, 5), © — HekoTopoe
yucsao u3 uarepsasia 0 < @ < 1.
Tax xak

U, — 0"z = 5y(x) + O(e),

1o f = f,(x) + O(e) u, ciepoBaresbHo, B Culy yCJIOBUs 3 JIJIsd JIOCTATOYHO
MaJIBIX € BBIMIOJTHSIETCS HEpaBeHCTBO fif > 22 > (.
[Tosromy, yuurbiBast, 4ro z(x,€) > M, NPUXOJUM K HEPABEHCTBY

L.U > e"HO(1) — O(K*) + M | .

IIpu nocrarouno GosbimoM M cymMMa B KBaJpaTHBIX CKOOKaX ITOJIOXKM-
TeJbHA, W, 3HAUUT, JIJIs JIOCTATOYHO MaJIbIX € M JIOCTATOYHO OoJibioro M
Oy JaeM HEPaBEHCTBO

L.U >0, O<z<l1,

T.€. BBIIIOJIHEHO HEPABEHCTBO (5) u3 onpejiesienns 1 jijisi HUKHErO PelreHus.

AHaJIOrHIHO POBEPSIETCs, YTO JJIs JIOCTATOYHO MAJbIX € U JOCTATOYHO
6osbmoro M dbywnkiusa U(z, ), onpenenennas B (13 ), yaosiersopsier nepa-
BeHcTBY (5) u3 §1 muist Bepxuero perenust. Takum obpazom, dyuknuu U(x, €)
n U(z,€) 115t JOCTATOTHO MAJBIX € U JI0CTATOqHO Goabimx M u k ssasiorcs
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HIDKHUM ¥ BepxHuUM periernsimu 3ajaan (1),(2). Ynopsgouennocrs U u U

OUYeBUIHA: B
U(z,e) < U(x,e), O<x<l.

B custy Teopembr Harymo 3amaaa (1),(2) umeer perenue u(z, €), yuosJe-
TBOPSIOIIEE HEPABEHCTBAM

U(x,e) <u(x,e) <U(r,e), 0<x<1,
Us supa (13) dywkmmit U n U caemyer, uTo
U(z,e) = Uy(z,e) + O™,  Ulw,e) = Uy(z,e) +O(e™).

[TosToMy Takoe e aCHMITOTHYECKOe PABEHCTBO UMEET MECTO JIJIS PEleHusT
u(z, e), T.e. cipasejyBo pasencrso (11).  Teopema 3 jnokasana.

Bajiaya.

3adava 4.2.1.

a) [Iposepbre BbINOJHEHNE YCJIOBUIT TEOPEMBI 3 U MOCTPOHTE ACUMIITO-
tuxy suga (11) npu n =1 (r.e., ¢ rounocrsio O(e?) ) juist pemenns u(z, €)
KpaeBoi 3a1a4n

€2d2u (1 + si )+ ¢ 0<z<
— = —u inz —u u, x < T
dx?

du 1 du

e 0 )
de |, 2 de |,

™ ™

0) Usobpasure rpabukn dyuxmmit = Ui(x,e) u u = u(x).

§3. CunryjgpHo BoO3MYyIlleHHas KpaeBas 3ajada C TI'pa-
HUYHBIMUI ycjaoBusamu Jlupuxie

Paccmorpum JiByXTO4YedHYI0 KPAEBYIO 3a/1a4y JIJisi TOI'O »KE€ YPABHEHUSI, 4TO
u B {2
du
2
19 @: (.CU,U,E), T € [0, 1], (1)

HO Telepb ¢ TpaHnIHbIME yeaoBuaMu Jlupuxie

u(0, ) = u’, u(l,e) = u'. (2"

Ilycrb BbimoJiHEeHBI yejoBus 1-3 u3 §2, a Takke CJeAyIoliee yCJIOBUE,

CBfA3aHHOE C I'PaHUYHBIMHN SHAYCHUAMU UO n ’U,l.
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YcioBue 4.

/ f(0,u,0)du >0 mupuscex v € ((0),u’], mbo u’=p(0); (3)

©(0)

/ f(1,u,0)du >0 upuscex v € (p(1),u'], mmbo u'=p(1).

e(1)

Bnecs p(0) u (1) — smavenus Gynknun v = p(x) (KOpHSI BBHIPOXK-
nentoro ypastenust  f(z,u,0) = 0) B rpannunbix Toukax £ = 0 un x = 1.
Kak Mbl yBUJIUM B JIaJbHEAIIIEM, YCIOBHE 4 O3HAUAET, YTO TPAHUYHBIE 3HA-

genna u’ w uw' npuHasIeKaT 06IACTH BIAMSHUSA (npuTsiKeHUsT) KOPHsI

u = @(x).

Puc. 4.2

IIpumep.  Ha pucynke 4.2 uzobpaxen rpabuk yukiuuu f(0,u,0). Ha
OCH U OTMEYEHBbI TOUKHU U U Vy TaKue, U9TO

/ f(0,u,0)du =0, 1=1,2.
©(0)

st moboro  u' € (v1,v5) BbiosHeno yeiosue (3).
Acummrormaeckoe paznoxkenne perterns 3agadu (1), (27) cnosa Gymem
CTPOUTH B BUJIE:

u(w,€) = (z,€) + (¢, €) + (€, &), (4)

T 1l —2x

rie §:g " éz

— HOr'PAHCJIONHDBIE TePEeMEeHHbIE.
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Peryiisiprast 9acTh aCUMIITOTHKH
o0
u(x,e) = g e'u;(x)
i=0

OMpEJIEIAETCST TOTHO TaK Ke, Kak B §2; B gacrHocTH Ug(x) = ().
Ypasuenue Jiisi [1g(£) — riaBHOro wiena norpaHcjaoiHoro psijia

H(£7 8) - Zglnl(f)
i—0
~ UMeeT TOT K€ BUJ, YTO U B §2
2
T = H0e0 10, ¢>0. )

HO rpaHuvHoe ycjopue npu & = 0 ciejnyer Tenepb U3 paBeHCTBa
u(0,e) +11(0,6) = Y _&'[w(0) + I1;(0)] = u’
=0
" IIO3TOMY HMEET BU
MMp(0) = u” = (0) = u” — ¢(0) . (6)

B kauecTBe BTOPOro rpaHUYHOrO yCIOBUS BO3LMEM, Kak U B §2 yCIoBHUE
crpemienust [1y(€) k myso pu £ — 400

Hoxkaxewm, ato B cuiy yeaosus (3) 3agada (5), (7) uMeer eauHCTBEHHOE
MOHOTOHHOE Ha noJynpsimoit 0 < & < +oo pemenne I1y(§), npudem st
1y (€) crpaBeinBa SKCIOHEHIIHAIBHAST OTIEHKA:

Mo(&)| <ce™,  £>0. (8)
dIly
[TosoxKxuB = (), 3amenum ypastenue (5) cucremoii JIByX ypaBHEHUIt
IIEPBOrO MOPSIJIKA,
dIly dQ

1 paccmorpuM dasopyio miockocetb cucrembl (9). Touka (Ily, Q) = (0,0) Ha
(}Ha30BoOfi MITOCKOCTHU SIBJISETCS TOUKO TTOKOsT cucTeMur (9).
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KopHu cOOTBETCTBYIOIIEIO XapaKTEPUCTUIECKOTO YPaBHEHU

—A 1 , -
£00.0(0),0) —a| =~ ~Ful0)=0

pasabl £4/ f,(0), mostomy Touka moxos (Ily = 0, Q = 0) cucrembr (9) aB-

JIACTCA CEJIJIOM.
U3 s1oit cucrembl ciejyer ypaBHeHue

dQ — f(0,9(0) + 1y, 0)
dlly @ ’

MHTErpUPysi KOTOPOE, MoJIydaeM ypaBHEHUsT (Da30BbIX TPACKTOPUit

I,
Q2:2/f(0,g0(0)+s,0)ds+c,
0

r7ie ¢ — TPOU3BOJIbHAA KOHCTaHTa. [Ipn ¢ = 0 ypaBHeHHE MOXKHO 3alliCATh B
BUJIE

Q=+ 2/f(0,g0(0)+3,0)ds 4 F(TT). (10)

Puc. 4.3

DTO ypaBHEHUE ONPEJEIACT CENnapampucv, — (PasoBble KPUBbLIE, BXOJIsl-
e B Touky mokost (Ilp = 0,Q = 0) u Bexomsmme u3 Hee. s dbyHK-
mun f(0,u,0), uMeroruit BuJi, TpecTaBieHHbIil Ha puc. 4.2, cenapaTpuch
(10) m3obpazkensl Ha puc. 4.3. CTpesiKi yKa3bIBAIOT HATIPABJICHUE JIBUKCHUST
TOUYKH TI0 CEMapaTpuce ¢ POCTOM TepeMeHHoi £.

B cuiy yciousi (3) nadasbhoe sHadenue dbyukuuu [[o(§), re. qucso
y(0) = u® — (0), sexur B unrepsage (v — p(0), 9 — p(0)).
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Ecin u’ — ¢(0) > 0, To pemenue cucrembr (9) ¢ HauaJbHBIM YCIOBU-
em IIH(0) = u® — p(0), QO) = Q° rae Q" — opaumara Toukn A
(em. puc. 4.3), uzobpaxkaercsa Ha dazoBoil mwiockoctu orpeskom AQ cena-
parpucel, upu 31oM 1g(€) MoHOTOHHO YyObIBAET ¢ POCTOM & U YJIOBJIETBOPSIET
yeaosuio (7): Ilp(oco) = 0. Bamerum, 4ro B 9TOM caydae cucrema (9) mmeer
BTOpOE perlenne, yuopiersopsioniee yciaousim (6) u (7), oHo u3obpaxaer-
s OTPE3KOM CeNapaTpUChl, HAUNHAIONMMCH B TOUKe A1, IPOXOAAIMM Uepes3
TOUYKY A W BXOJSIIMM B TOUYKY TOKOsi 1ipu & — 00, HO npu 31om (&) ne
SIBJISIETCSI MOHOTOHHOM (byHKIHEH & Ha BceM mpoMexyTke 0 < & < +00.

Ecan u® — p(0) < 0, To Mmonoronnoe pertenue 3ajauu (5), (7) maer Il —
KOMIIOHEHTa PelieHust cucreMbl (9), HadaabHO TOUKO# KoTOporo Ha (ha3oBoit
JIOCKOCTH siBJisieTcst Touka B (e, puc 4.3).

Haxoner, eciiu u’ — (0) = 0, to (&) = 0.

Takum obpazom, mpu yeiosun (3) 3agada (5) - (7) uMeeT eTUHCTBEHHOE
monotornoe perenne 1g(€).

Hoxkaxem, aro jist [1(€) cnpaseusa onenka (8). st onpenenennocTn
pacemoTpnM caydait, korna u’ —(0) > 0. B atoM cirydae MOHOTOHHOE perrie-
rue 3ajaun (5)-(7) 6y/er yObIBAIOIIMM, OITOMY B IIPABOii 4aCcTH yPaBHEHUs!

(10) Bosbmem —F(Ily) u, 3amenun ) Ha — 0 hoayunM ypasrenue:

d¢’
dIly
TN _ P, > 0.
i (1) 3
Nurerpupyst 910 ypasHenue ¢ HadajbHbiM yeiaosuem  1Ip(0) = u® —

©(0) =: I, npuxomum K paBeHCTBY

KOTOpOE HesIBHBIM 0Opa3oM ompejessier uckomyio dyukimo I1g(&).
Hecoxxabie BRITUCIEHUST TTOKA3BIBAIOT, ITO

F'(0) = 4/ f.(0),

n tak kKak f,(0) > 0m F(s) > 0mpu 0 < s < u’ — ¢(0), To cymecTByer
qncyo »x > 0 Takoe, 4TO

F(s)>xs mpu 0<s<u’—p0).
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[Tosromy 13 ypasrenusi (11) cieyer HepaBeHCTBO

re. Inlly(&) —InTl® < —€, orxyna aaa Iy(€) momyuaeMm HepaBeHCTBO
Tuma (8)
Mo(§) < Mexp(—sc), =0

Hyst norparnanbix yukiwii 11;(€), ¢ = 1,2, ... noayvatores 3amadu

d?T1; B .
de2 SulOIL 4+ mi(E), §>0;

(12)

rie fu(§) == fu (O, 0(0)+1Ip(£), O), a dbysakun 7;(€) peKyppeHTHO BbIpaXKar-

torcst depes I1;(€) ¢ nomepamn j < i U NMEIOT IKCIOHEHIMAIbLHBIE OIEHKH

trna (8), ecin Takue xe ornenkn nveor dyuknun [1;(€) mpn j < .
Pemenus 3agaa (12) MOXKHO 3alicaTh B IBHOM BH/IE:

¢ s
I(€) = —B(&)® (0)m(0) + B(€) / 2(s) / S(t)m(tydids,  (13)
0 00
re I,
B(6) = (€)= ~F(o(6)).

Ucnosnbayst Boipaxkenue (10) aust F/(Ily), verpyano pokazars, aro P(&)
MMEEeT SKCIOHEHIMATBHYIO ONeHKy Tuma (8), a siBHOEe Bhipaxkenue (13) maer
BO3MOYKHOCTD TOJIYIUTh Takyio ke onenky st I[1;(€).

Yaensr I1;(§) morpamcioiinoro psiia
L€, e) =) £TLi(é)
i=0

onpeesistiorest anagorudio GyukiwsaM 11;(€) 1 uMeroT aHAJOTHIHbIE SKCIIO-
HEHITMAJIbHbIE OIEHKH.

Mrak, MbI pacCCMOTPEJIN aJITOPUTM, TTO3BOJISIONTUI ONPEJICTUTD YJIEHbI Psi-
na (4) o moboro Homepa n BKIOUUTeNbHO. Kak 1 panee, 0603HAUNM depes
Un(x,€) yacruunyto cymmy 9roro psjia (em. Boipazkenue (12) B §2). Ormernm,
aro st U, (z, ) cupaBeiuBbl CICIYIONHE ACUMITOTHICCKIE DABCHCTBA:

,d2U,

L.U, =
© dx?

— f(z,Un(z,€),6) = O(e"™), 0<z<l, (14)
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i~ 1
Un O, — ,,0 ZHi<_) — 0 N :
(0,e) =u +ZO:5 . u +o(e")

Z (15)
Un(1,6) = ut + o(e7),
riae N — 1060€e MoJOKUTEILHOE YUCIO.

Pagencrio (14) ciejyer u3 caMmoro aJropurma oJly YeHusi ypaBHeHUi Jijisi
wieHoB psja (4), a pasenctsa (15) cripaseyusbl st goboro N > 0 B cuty
rpaHudHbIX yeaosuit qus dynknwmii 11;(€) u I1;(€) B Toukax € = 0u £ =0
(em.(6) m (12)) m 9KCITOHEHIMAIBHBIX OTEHOK JJTsT 9TUX (DYHKITHIA.

Teopema 4.  Ecau svinosmnenst ycaosua 1-4, mo das docmamouno ma-
avz € 3adava (1), (2') umeem pewenue u(x,€), das xomopozo cnpasediuso
ACUMNIMOMUMECKOE PAGEHCTNGO

u(z,e) = Uy(x,e) + O™, x € 0,1], (16)

ede Uy (z,€) — wacmuunas cymma pada (4).

JlokazaTebCTBO. [IpoBejieM jioKa3aTebCTBO TEOPEMbI C ITOMOIIBIO
ACUMIITOTHYECKOTO MeToj1a Jud depeHialbibiX HEPABEHCTB, T.€. IIyTeM II0-
CTPOEHHMsI HUXKHEro W BepxHero perienuii 3ajgaaun (1), (2'), ucrnonbsys ps
(4).

Huxknee n BEPpXHEE pelieHunsd InmocCTponM B BUJIE

U(z,e) = Uy(z,e) — " 2w, e), Ulw,e) = Uy(z,e) +e"z(z,e), (17)

1O byHKINIO 2(T, €) BO3bMEM OTINIHON OT z(x, &) u3 §2, a UMEHHO

2(x,¢€) =M+P<§> +]3<1;:1:>’

e M — momoKuTeIbHOE UHCI0, He 3aBucamee ot £, a P(€) u P(§) - neor-
putaTesibibie (DYHKIMNA, BHIOOP KOTOPHIX C/IeaeM HUXKE, MPUIEM TakK, 9To
OHU OYJIyT SKCIOHEHITHAJIBHO YOBIBATH TP & — 0O U 5 — 00. 3aMEeTHUM, UTO
2(x,e) > 0 mpu x € [0, 1], mosromy

U(z,e) < U(w,e), x €[0,1],

a B cuny (15) dynxmm U(x,e) w U(x, €) A5 J0CTATOIHO MAJIBIX € YI0BJIe-
TBOPSIOT HEPABEHCTBAM

U(0,e) < u’ < U(0,¢), U(l,e) <ut < U(1,¢),

r.e. st pyukuuit Uz, e) n U(x, €) Boinosnensb HepaBencTsa (6) u3 onpejie-
JICHUsT HUXKHETO U BEPXHEro pelleHuil Kpaesoii 3aj1aan B §1.

7



Joxazem Tenepn, 1T0 MOXKHO BRIOpaTh qncao M u bynknun P(§) u P (€)
tak, uro Gyukiun U(z, ) n U(z, €), onpejenennnie hopmymnamu (17), Gyuyr
VJOBJIETBOPSITH HEPABEHCTBAM

Zd*U _
L.U :=¢&? pr (z,U(x,e),e) > 0> LU, 0<zx< 1. (18)

Tem cambiM GyjlyT BBIIOJHEHBI HEPABEHCTBA (5) u3 onpenenenus 1 B §1,
u, caegosaresibno, Gyukiun Uz, e) u U(x, €) Oyiy T yHOPsJIOYEHHBIMU HUXK-
HUM U BepXHUM pererusmu 3ajgaau (1), (27).

Paccmorpum Boipaxkenue L.U u npeobpasyem ero cjejayrolmmM o0pa3om:

o, d*U

_ |2
LU =& ol (x,U(x,€),¢e) = {5

d*U,
dx?

- 10Uy -

. (d?P 2P

Bripaxkenue B KBaJpaTHBIX CKOOKax He 3aBUCHUT 0T M, P(f), ﬁ(é) u
pagio O(e"™) (cm. (14)), a Bbipaskenue B GUIyPHBIX CKOOKAX PaCCMOTPHM

1 1
paszjiesbHo Ha nmpoMexyTkax 0 <z <5 u 5 <x <1,

1

Ha npomexyrke 0 < x <35, uMeda B BUJY IKCIOHEHIUAJLHYIO OIEHKY

z—1

]5(5) <ce Mt =ce*T

nonyaem P(221) = o(e¥) ans moGoro N > 0. Hostomy
—{f@.U.0) = 1, Un )} = ~{ fule, U ) U-U) +O((U-TL) } =
= |2zt 10 (£),0) + 0| - 741 (0 + (&) + O =
= {£u(@.0(2),0) + fu | (€ () +11(€),0) = fu(8, (=), 0) | | -+ M+
+ fu(56, 9(8) + To(€),0) - ™ P(€) + O(e"2) = {1, (x) M+
+ 1 1u(0,0(0) + TIo(€), 0) = £u(0,(0), 0) + O(=E)Ty(€)| M }+

+ | £4(0,0(0) + To(€),0) + O(=6) | P(&) + O(=™+2) =
= &I, @) M + € [£,(8) = Fu(0)] M + " () P(E) + O(E™)

3/1ech UCIOJIL30BAHLI BBEJIEHHOE paHee 0b03HadeHne

ful€) = £u(0,(0) +11y(£),0)
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u pasencrso  €"T1O(e€)P(€) = O(e"™?), cnpaseiinBoe B CUJLy TOTO, YTO
dbyuximst P(€) Gymer uMerh SKCIOHEHITHAIBHYIO OIEHKY.
Kpome Toro, Mbl BOCIIOJIb30BAJIUCH PABEHCTBOM

fu(e€, p(e€) +109(€), 0) — fu(e€, p(e€),0) =
= fu(0,(0) +Ip(€), 0) — £u(0,£(0),0) + O (&) (€) -

JlokaxkeM, UTO OHO BEpHO:
fule€, p(€) +TMo(€),0) — fu(e€, ¢(€€),0) =

1

— [ et 9060 + sTIa(€),0) ds - Th(€) =

0
1

— [ (5u0.600) + 5110(9).0) + O(=6) ) s (€)=

0

_ /fuu(O,go(O) + sI0p(€),0) ds - TIy(€) + O(e€) - My (&) =
0

= fu(0,0(0) +11p(€),0) — £u(0, ¢(0),0) + O(e€) - Iy (€) -

Ormerum Takxke, uto nociaeinee caaraemoe (") zapucur or M.

2P
C ydueroM MOJIlydyeHHOrO PaBEHCTBa, a Takxke paBeHcTs (14) u —— = o(e™),
dg&?

BoIpaxkenune A L.U na mpomexxyTtke 0 < x < % 3aluIleM B BUE
LU = O + "t f (v) M —

4P
de?

_ gn—f—l

- fu(g)P o (fu(g) o ?u(o))M + O(8n+2) :

Onpejesum rerepsb dyuknuio P(€) kak perenue 3ajaqu

d2P
de?

e g(€) = (£ul€) = Fu(0))M — V(). a (E) — kaxasn-nubyan dyiuns,

YAOBJIETBOPAIOIIasd HEPpABEHCTBAM

[ful€) = Fu(O)|M S W(€) <ce™™,  £20. (20)
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Takast bynkus ¥(€) cymecrTByer, MOCKOIbKY

1£,(6) = T.(0)] < c|T(€)],  £>0.

B cuiy (20) (&) < 0 npu & > 0. [Mosromy pemenne P(§) 3apaun (19),
KOTOPOE MOXKHO 3amucarh 1o dhopmyse Buja (13)

& S

P(€) = 3(¢) / 2(s) / B(t)g(t) dt ds (21)

0 00

siB/sieTCs HeoTpunareapabiv: P(€) > 0 npu € > 0, u tax xak |g(€)] < ce™%,
10 P(§) nMeeT Takyio yKe SKCIOHEHIUATIBHYO OIEHKY.

C yuerom ypasuenusi (19) Boipaxkenne st LU Ha HpoMexyTKe
0 < 2 < § MOXKHO Temepb 3alUCaTh B BUJE

LU = O™ + ™ f (e) M + " (€) + O(e"?). (22)

Kax y»e 6b110 ormeueno, ciaraemoe O(") B npapoil qactu pasencTsa
(22) me zasucur M, a cnaraemoe O(e"*?) zapucut or M. Tax kax f,(x) > 0,
10 uncao M MOXKHO BbIOpATL TAKMM, 9TO CyMMa JIBYX IIEPBBLIX CJIAraeMbIX
B npapoii yactu (22) Gyger Gosbme € npn 0 < x < % IIpu BLIGpaHHOM
saavennn M ist I0CTaTOYHO MAJIBbIX € MOCIeHee CaraeMoe B IpaBoii 4acTu
(22) Oymer MenbIre O aOGCOOTHON BEJIMUUHE, IeM g™l u, cnenoBaTennbHoO,
CyMMa, TIePBOTO, BTOPOTO M MOCICIHErO CAAraeMbIX OyJIeT MOJOKNTETHHOI.
Tperbe ciaaraemoe €71 (€) > 0, nockonbky Gynknus ¥(€) spOpana HeoT-
PUIATEJIHHOM.

Taxum obpazom, st jgocrarodHo 60Jibioro M u JOCTaTOYHO MaJIbIX €
Ha npoMexyTke 0 < x < % BBIOJTHAETCST HepaBeHCTBO L. U > 0.

AHAJIONMYHO JIOKAa3bIBACTCS, YTO 3TO HEPABEHCTBO BBIIOJHACTCH TAKIKE

1

Ha mpoMexkyTke 5 < x < 1. Ilpm srom dynknun P(§) u P(§) menaiorcs

d’P
posisimu: P(€) u @ ABJIAIOTCS BemdnHaMu Topsaka o(e™) s mo6oro
N > 0, a ¢pyukius J2 (é ) OIpeJIeIeTCs KaK pelleHne 3aJ1adu
PP~ s~ s - ~ ~

rjue

~ R ~ o~

ﬁt(é) = fu(lygp(l) + ﬁ0<€)70)7 g(é) - [ﬁ(g) - fu(l)} - M — l*p(g) :

Oyukms L_Z(é ) Y/IOBJIETBOPSIET HEPABEHCTBAM

Fu(&) = FulD)] - M < 0(E) < ce™
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¥ [OTOMY E(E)NS 0 npu &> 0.

Oynkiusa  P(§) Beipaxkaercs dbopmyiioii, anagornvnoit (21), ona Heor-
pULATEJIbHA U MMEET 9KCHOHeHImanbHylo onenky P(§) < ce ™ upn

£>0.
Anasiornano (22) JI0Ka3bIBAETCsI, YTO HA TPOMEXKYTKE % < x < 1 cnpa-
BEJJINBO ACHMIITOTHIECKOE PABEHCTBO

LU = O™ + €™ F ()M + "1 (€) + O(e"?),

oTKyna u ciaenyer Hepapenctso LU > 0 npu % <x<l1.
Urax,
LU>0 mpn 0<z<l1,

r.e. it U(x,e) Boinosreno nepasenctso (18). Touno Tak ke jiokasbiBaer-
s, 9TO JJIsL JJOCTATOYHO O60bmoro M U JJOCTATOYHO MAJIBIX € BBLIIOJIHACTCS
nepasencrso (18) s U(x, €).

Takmm obpazom, bynknun U(x, €) u U(z, €) aBasaioTes yIopsaiodeHHbIMA
HIDKHUM M BepXHUM perenusiMu 3ajaaun (1), (27), orkyna cieyer, 410 st
JIOCTATOYHO MAJIBIX € CYIIECTBYeT perienue u(r, £) 9Toi 3aaun, yI0BIETBO-
PAIOIIEe HEPABEHCTBAM

U(x,e) <u(x,e) <U(x,e), z € [0,1],
a mockosbky U(x,e) = Uy(x,e) + O(e"™) u
(em. (17)), 1o u(x,e) = Uy(x,€) + O(e™1),
pasencrso (16).  Teopema 4 jokazana .

U(x,e) = Uy(z,2) + O(e")
x € [0,1], re. cupasejuBo

Bajtaua.

3adaya 4.3.1.

a) IIpoBepbre BbInoJIHEHHE YCJIOBHIT TOPEMbI 4 U IOCTPOiTE aCHMIITO-
tuky Buja (16) mpu n = 0 (r.e., ¢ Tounocrsio O(g) ) st peniennst Kpaesoit
381401

€2d2u (1 + si )+e 0<x<

— =—u- inr—u u T < T

daj2 Y )
1

u(0,¢e) = o1 u(m,e) =2.

0) Usobpasure rpadukn dyuximmit v = u(x,e) u u = u(x).
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YKa3zaHud K pelnieHuio 3a/Ja4

K sadave 3.2.1 us §2 I'naswr 3.

u——(u+z—2)(u—2x)+e(u+1), 0<xz<1;

5%— = 5
u(0,e) = 1.
Beegem obosnadenue: f(z,u,e) = —(u+ 2 —2)(u — 2x) +e(u+1)
e=0: —(u+z-2)(u—22)=0 = u=2-—x[=¢(v)], u=2x=p(v)];
2 2 2 4
pr(z) =po(x) & 2—2=2r = =3 <P1(§>—<P2<§>—§7

fulz,u,0) = =2u+ (z + 2);

( 2
< 0, 0<r<-—,
>0, S<z<l;
\ 3
( 2
>O7 O§$<—,
fu(iE,SOQ(!E),O) =-3r+2 5 3
<07 _<SU§1,
\ 3
2 2
ul 52 ¥Fi\l 5 70 _0,
/ (3 o (3) )
2
2—1'7 0§w§_7
u(z) = 5 3
2z, —<zr<l.
3
Puc. 5.1
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26—27
O(T) o _1 + 6—27
A~ /2
Yesosue 6: fuu <§> =-2<0.
1 (4 + 1) <0
2 nr2 —+t7 \9 )
VejioBue T: o’ <§ + O) — f <§> — 3
—(— ¥ 1) <0.
3
2 —2z 9
2 w- 200 Lo, 0se<ios,
u(x,e) = 1+ exp(—%) ) 3
a(x) + O(Ve), §—5<x§1.

u
IIpousBonnas d—(x,a) obpamiaercsa B Hy1b Ha Tunepbore I': f(x,u,e) =0, T.e.
x

—(u+2x—2)(u—2x)+e(u+1) =0, npuuem f(z,u,e) > 0 mexay BerBamu [ u [y
runiepbostbt 1 f(z,u,e) < 0 Bbrme 'y u Huke Iy,

Puc. 5.2

[Tostomy rpacduk pemenust © = u(x,€) MPOXOJUT TAK, KAK MTOKA3AHO HA PUCYHKE 5.2,

T.€. He Iepecekaer UpsMyio u = @o(r) = 2z. Ecju 6bl Takoe HPOU30LLIO B HEKOTOPO
2 du

1 1 4
TOUKE Ty > 3 10 %(xo,s) = gf(xo,u(xo,s),e) = gf(xo,on,e) > 3 +1 > 2, uro

IIPOTUBOPEYIUT PABEHCTBY @h(xo) = 2.
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K sadave 3.2.2 us §2 I'naswl 3.

d
5d—z:—(u—l)(u—Qsinx)+5(2u+x), OSZESg;
u(0,e) = 2.

Beenem obosnadenue: f(z,u,e) = —(u—1)(u —2sinz) + (2u + z) .

e=0: —(u—1)(u—2sinz)=0 = wu=1[=¢i(z)], u=2sinz[=es(x);

D) -n()

fu('xauao) — _2U‘|‘ 1 +281nl‘,

pi(z) = po(z) & 1=2sinz =

<0,0<z< %,
fulz,01(x),0) = =14 2sinx o
2

fulz, po(x),0) =1 —2sinx

o(Geei(3)0) =0

Puc. 5.3
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dll,
— = —II(II 1 >0;
dr 0( 0+ )7 L

= HU(T)
Ho(o) =1,

Veaosue 6: fuu (%) =-2<0.

T
| o o 0—(2+5) <0,
Yenosue T u(=x0)—fe 3

0 VB— (24 ) <0.
1+ 6_5_£+O(€), nggz 0,
u(x,e) = 2—e€- _ 6 _
Puc. 5.4

[Tponssonnas d—(x, e) obpamaercs B Hy/1b Ha KpuBoii '@ f(z,u,e) =0, me. —(u—
T

1)(u—2sinz)+e(2u+x) =0. Kpusas I' cocrout uz asyx Berseit 'y u I's (cm. pucynok
5.4):

u= §<1+2sinx—|—25j: V(1 —2sinx)? + 4e(x + 1 + 2sin ) +482)) =

= u(%)zl:t\/g' 2+%+O(E).
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Bamernm, aro f(z,u,e) > 0 mexuay BerBsvu 'y u Iy w f(x,u,e) < 0 Boimre I'y

u Huzxe [y, Tlosromy rpaduk pemrerus u = u(x,&) He MOKET IIE€PECEKATH KPHUBYIO

. 7T .
u = po(x) = 2sinx B TOUKe (T¢,P2(x0)) P xH > 5 T.K. B TaKOIl TOYKe Mbl UMeJH Obl

du 1 ) T
——(w0,€) = - f($07¢2(x0)75) =d4dsinxg+ 9> 2+ 5’

dz
a @h(xg) = 2coszy < V3.

K sadave 3.3.1 uz §3 I'nasv 3.

d
e—u:—(u—x)2+5(u+2), 0<z<1,;
dx

u(0,e) =1.

u(r,e) = Z % () + Z e21L;(7), T
i=0

1=0

6%(504—\/5@1%—.--):_(ﬂo—i-\/Eﬂl+-'-_$)2+5(ﬂ0+\/gﬂ1+"'+2);

g0 : —<ﬂ0 — .CU)Q =0 = Uy = =: 90(33)’
1
e l=-mtr+2 = m=Vrtl>0  m(0)=1 w(0)=y;
1
2. = e+l T+ Vr+1 =
Wz + 1 2
L] 1 2+l _(0)_1
T T dw ) Aw@r1 VYT o

diT(HO + VeIl + ... ) = —(T(vVEE) + Veur (VeE) + ...+ (1) +

FVEIL(T) + . = VEE) + (VEm(VEE) + ... ) e(Tlp(r) +...) =
:—[(Ho+\/EH1+...)2+2(\/Eﬂ1(\/2§)+...)(110+\/EH1+...)]+
+e(Ilo(T) +...), e 5:%.

dI, _
I, : - = — (I3 + 2v/2u; (0)Iy) = — (113 + 2v/=1y), >0;
Ho(O) = 1,
y(r) = — 2V 7
T)= .
‘ 1+ 2 — e 2Ver

I, : %:—2(1_[0(7—)“—\/gﬂ1<0))H1—|—7T1<7"5)7 7—20’
I1,(0) = —w;(0) = —1,

(r,2) = (= 20, 0)e7 + 2vEm(0) + V)Ia(r) = VE( — VBT + 3 ) h(r);

86



e P
%(T) - 1-’-\/5—6_\/‘5%7
I, (1) = —®(7)d1(0) + /@(T)CI) (s)mi(s,e)ds;
e '
dIl, ,
®(7) = ——(7) = =(I5(7) + 2VElly(7)) = —To(7) (To(7) + 2v2) =
B 2/ce 2VET 2./ee2VET o de(142ye)eVEm
T 142 —e Ve . <1—i—2\/§—62\@7 +2\/§> N _(1+2\/g_€—2ﬁ7)2 ’
B(0) = —(1+2v/2).
L) — AT Q2B VR Ve ()
) e ooy TG +2v8)
L e 4632 (1 + 2,/B)e >V / B-VEs
- (1+ 22— 6*2\57)2 (1+2e— 6*2\/57)2 ) Mo(s) +2ve
_ dee VT 2ee Ve / 3 _ s _ o 2VES) g —
B (1+2\/E—e—2\/57)2+(1—1—2\/5—6—2\/57)2/(2 \/E>(1+2\/g )d N

0

T

Qe 2VET

_ )2[_2+/(g_\/gs)(uwz-e—?ﬁs)ds]:

(142 —e2ver

2ee2VET 3 1+2ye ~,
= -2+ (142 - —
. 1 o =2\/eTy 1 —2¢/eT | .
7 (1 e ) 27‘6 } ;

I (7)] < c-11,(7), T>0;
u(z, e) = Tolx) + Vem (a) + H0(§> + VAL (g) 1 O(e).

BHe morpanu4noro cjod:

du(z, 1
u;ig) = E[—eﬂ§+g(ﬂo+2)+o(e)] =—(z+1D+(x+2)+0(1)=1+0(1) >0,
u(x, &) = Ug + Veu + o(ve) = v+ ye(x + 1) + o(v/e) > x = up(x), 0<z<l1.
d
[Ipoussoanas w@,e) obparnaercsi B HyJib Ha Kpusoit f(x,u,e) =0, re.

—(u—2)?+eu+2)=0 = -Q2r+e)utart-2=0 =
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Puc. 5.5

2
= u:x+5i\/m2+€x+%—x2+25:xi\/E\/Q—i-x—i-O(s).

B touke xg:

d
ﬁ(ﬂfo, e)=0, u(wo,€) = 19 + Vev2 + zo + O(g) > Up(wo) + Vet (xo) ;
du( o) = < 0, T < X,
x
dx > 0, x> xg.

Bosee xoporkoe Boraucienue 11 (7):

(7)) = /(I> Y(s)mi(s,¢)
~ II§(7) + 2y/ETlg (7 ) 2 Ves)o(s)
T 1122 + (To(7) + 2Vl (7) O/Hg +2\/_H0()d5_

= (I3(r) + 2v/Io(7)) (1 ot 1),

e
——\/_S 1+2\/§—e_2\[3)d
S =

0/ o§+2\fds_\/_ 2VE(1 +2V/E)
1 [ ( +2\/—) 1+22\/_\/ET2—%(1—6_2\/ET>_%7—6_2\/57—].

(1+2\/')
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K sadave 3.3.2 us §3 I'naswl 3.

d
gd—u:—(u—sina:)2+5(u+1+cosx), O<z<m;
T
u(0,e) =1.
- i/27. 21, =Z,
u(z, €) ;5 uz(x)—i—;s (7)), 7=

d

Sa(ﬂo + \/gﬂl + .. ) = —(ﬂo + \/gﬂl + ... = Sinl‘)2—|—

+e(ty + Veu; + ...+ 1+ cosz);

el —(ug —sinz)?> =0 = Uy = sinx =: () ;
el cosx = —j +sinz + 1 + cosx =
1
= U =V1+sinz > 0; u1(0) =1, ﬂ’l(o):g;
2, Y osina 41T+ Vsima + 1 =
2T+ sinz ’
N _ 1 CoS T 2sinx + 2 —cosx (0) 1
Uy = = — = ; uz(0) = .
72 A(sinz +1) A(sinz +1) ? 4

(M VT + ) = = [(Mo+ VT 4+ )%
+2(VEm(VEE) + ) - (To+ VETL 4. ) |+ e (Mo(r) + .. )

rie

xT
5_ %?

HO: W:_(Ho‘FQ\/EHO)a 7_207

Io(0) = 1,

2\/56—2\@7'
H()(T) = —2)\ﬁ7' .
14+2ye—e )

dlIl

—— = —2(TTy(7) + VoI + mi(7,¢), T2>0;
Hli dr

I,(0) = —7,(0) = -1,

(7,2) = (= 204 0)e7 + 20Em(0) + VE)Ia(r) = VE( ~ VBT + 3 ) h(r);

|7r1(7', 5)} < c-EllL(T),
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rjae

rIoe

_

€ £)e 2Ver
b(r) = Moy AT 2B

(142 — e2ver)?’

I1;(7) umeer Takoe yKe BbIpaKeHUe, KaK B HPEJBLIYINEH 3a1ade:

u(z, e) = Tolx) + Vem (a) + Ho(f) + VAL (g) 1 O(e).

Puc. 5.6

Brue morpanugnoro cjos:

2

dulw.e) _ _é [\/Eﬂl(x) + Ty (2) + 0(53/2)} +

dz

+ (to(x) + Ve (z) + O(e) + 1 + cosz) =
- [ﬂf(x) + 2Vt (2)us(z) + O(s)] + (%) + Ve (x) + 1+ cosz + O(e) =

444sinx —2cosw +0( )>+
£
4/1 +sinx
+sinz + vev1+sing + 1+ cosx + O(e) =

:—<1—i—sinx+\/§

m
COS 1 ) > 0, x0<x<§—5,

=cosT + Ve ———=+0(e
2v/1+sinz <0, g+5<x§7r.
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u(z,e) =Tp(x) + Veur(z) + Ofe) =
=sinz + v V1+sinz + O(g) > sinz = Uy (z), 0<z<m.
du(zx,e)

[Ipoussognas y obparaercs B Hy/ b Ha Kpuboit f(z,u,e) =0, Te.
T
—(u—sinz)®* +e(u+1+cosz) =0 =
= u? — (2sinz + )u +sin®x — e(1 + cosx) = 0 =

€ g2
= u:sinx—|—§i\/sin2x—|—£sinx—|—z—sin2x+1+cosx:

=sinz £ v/eV1 +sinz + cosz + O(g).

B Touke x

du
%(1'0,5) = O,

u(xg,€) = sinxg + /ey/1 +sinzg + coszg + O(g) > Up(zo) + Veur(xo) ,

cJetoBaTesibHO, Tpaduk perennsa u = u(x,e) He TepeceKaeT TpadHK BBIPOXKIEHHOTO
peleHnd u = sin .

K 3adaue 4.2.1 us §2 I'naso 4.

€2d2u_ uw(l +sinx —u) + u O<z<m;
d:c2 - ) )
du 1 du _
de |, 2 de |,
U u(z,e) = up(x) + eur (z) + O(e?);
2
2 . —
£ ﬁ(ﬂg + .. ) =
= —(uo + ey + O(e?)) (1 + sinz — wp — ey + O(e%))+
+¢ (o + ety + O(e?)) .
Uy =0,
el OZ—EO-(1+Sinx—EO) — ’ ]
Uy =1-+sinz;
Uy =0 = f(2)=2u — (1 +sinz) = —(1+sinz) <0,
Up=1+sinz = f,(r)=1+sinz >0, z € [0,
Urax, Up(x) =1+sinx
81 : 0 =g -us + Up — ﬂl(l‘) = —1.



IT: H(§78> :€H1<£)+O(82), f: g;
j_gz(gnl + .. ) = —(ﬂo(&,f) + Eﬂl(é‘,f) + ell; + 0(52)) X
(Lt sin(e€) — To(=8) —<7i (<€) — <Th + O(e) +

=0, cM. yp-e aua Up(x)

(T (c6) + 2 (=€) + O(e) x
x (1 + sin(e€) — Tp(e€) — (€) + O(=2)) +

=0
+e?I1; + O(e?).
d211
el d§21 =(0) - I, =11y, §>0;
dIl, 1 du 1
R - - _ = = —_ 11 =
& |y 2 dr |, 2 1(0) =0
1
— H1(€> = 56 E.
~ ~ > ~ = - T—x
IT: I1(¢, €) = ell, (§) + O(e?), §=———:
A - - i
— = f (m) - 1I; =114, > 0;
i fulm) -1y =10 3
dIl du -
T =248 =3 (o) =0
df EZO dx T=m

—  I0(¢) =3¢t

Puc. 5.7

Takum obpaszom, acumnrorudeckoe npubsuzkenue pemtenus u(x,e) 3amauu 4.2.1 ¢
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Tounoctbio O(£?) nveer Bug (puc. 5.7):

u(z,e) =To(x) 4 €ty (x) + elly + eIl + O(e?) =

zl—l—sinx—e—I—%exp<—§>+3éexp<7r;x>+0(€2).

K 3adave 4.3.1 us §3 I'nasw 4.

f($7u78)
e — = —u- (1 +sinz — u) +eu, 0<x<m,

dx?

1
u(0,¢) = 2 u(m, e) = 2.

Uy : Uy =1+sinz, u(0)=1, up(m)=1
d?11, _ _
5~ = J(0,(0) + Iy, 0) — f(0,(0),0) = (1 +IIo) - Iy,
d§
1o (¢) . .
Ho(O) = 5 —ﬂo(O) = —5, H0(+OO) = 0,
re &= ad >0
&0 _ (14T - TI —
&~ g - (U)o = o w —

L, 1., 1, dI s 2 \2 2
s S =SR2 4 oI — :—:i<H —H) = +4/1+ 10y - T,
3 =3T3t T 0t 3% gt

B nocsieaneit popmysie BpiOMpaeM 3HAK MUHYC B COOTBETCTBHU C PUCYHKOM 5.8

Puc. 5.8

dII, 2 1
o 14y, Tp(0) = —= .
i + 5 Ho - 1o, 0(0) 5
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rie

o (&)
ds

— e = [
1+§H0H0 7% 1+§S'S

2 3
l+3s=t = s:§(t2—1), ds = 3tdt =

—

Ty =

1—4/1+ 210,

=—¢ = In

:_f _—

1+ /14 21,

1—/1+ 210, NCESVo R
1+ /1+ 20, V3-V2

::%(k0<1)

1+ %HO (T4 koe™®) =1 —koe™*

— 6_5
(i) -1 = o
V33
= (V3 Va)
23 _ .
1+ ko= \/— 7 2\/_(\/_ \/_)

(1+ko)* = 12(V3 - v2)".

—

6]€0€_E )
(1 =+ k06*5)2 ’



,/1+2H0—1 \/>+1
\/1+ 21T, + 1 \/é—
W1+ 200, — 1 ) _

3 :kle_g kfl \/_ \/_

,  TAe

1_|_§ﬁ0_|_1 \/_+\/_

9~
— 1+ gHo . (1 — kle_g) =1+ ]'{516_£ —

6]{?167€

—H (1 =+ kle §
o (1 — k1€_£)2 .

ke 5) -1 = ﬁo(é):

Puc. 5.9

TakuM 00pa3oM, acUMITOTHYECKOe Hpubauzkenue perrenus u(z,e) 3amaan 4.3.1 ¢
tounocrso O(g) umeer ug (puc. 5.9):

ulw,e) = p(x) +o(€) + Lo() + Ofe) =

=1+sinz —
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