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OBOBIIIEHHA 1 PASPEIIIIMOCTBb CMEIITAHHOI 3AJTAYU
JJId HEJINMHEMHOTO UHTETPO-IN®®PEPEHIINAJIBHOTI'O YPABHEHU S
BBICOKOTO ITIOPAOJKA C BBHIPOXKJIEHHBIM AJ1POM

PaccmarpuBaioTcst BOpOCkl 0600IIEHHOM Pa3PenMMOCTH CMENIaHHON 331a9u 15T HeJIMHEHOTO nHTerpo-anddepen-
[MATHHOTO YPAaBHEHUs C IMICEBAOMAPAbOTMIECKNM OMEPATOPOM MPOMU3BOIBHON HATYPATbHON CTEIEHN W C BBIPOXKICH-
HbIM gapom. Vcmonssyercs nmoaxon B. A. Mibuna mist ompenesenus caaboro 0000MIEHHOTO PeleHuns MOCTABIEHHON
33291 C HAYAIHLHBIMU U FPAHHYHBIMI yeaoBuaMu. Ilpumenserca meron paga @ypbe, OCHOBAHHBII Ha pa3/JesIeHHUE TIe-
PEMEHHBIX. HOJ’[y‘IaeTCH CUyeTHad CUCTeMa a.TIl"e6paI/I‘IeCKI/IX ypE‘LBHeHI/Iﬁ C UCIIOJIB30BaHUEM BBIDOKJIECHHOCTH AJPa U UH-
TErprpoOBaHNEM IIPU HAYAIBHBIX YCIOBHAX. [IJIST pEIreHus CYeTHON CHCTEeMbI aarebpanvecKnx ypaBHEHUH W BBIBOIA
MCKOMOI (DYHKITNN U3 3HAKA, OMPEIEINTEIsT MOAN(DUINPYETCS U3BECTHBIN MeTon Kpamepa. DTO MO3BOISIET Oy IUTH
CYETHYIO CHCTeMy HeJIMHEHHBIX MHTerpPaJbHBIX YPaBHEHWIl IIDU PeryadpHBIX 3HAYeHUAX CIEeKTPAIbHOrO ImapaMeTrpa.
Jloka3pIBaeTcst JIeMMa 00 OTHO3HATHOM PA3peInMOCTH B HAHAXOBOM ITPOCTPAHCTBE TON CIETHOMN CUCTEMBI HEJTMHEHHBIX
WHTETPAJIFHBIX YPABHEHWI METOIOM CKUMAIONINX 0TOOpaskeHumil. /[0Ka3bIBaeTCsS TeOpeMa 0 CXOIUMOCTH psiaa Pypbe,
IMOJIy I€HHOTO KaK (DOPMAIHbHOE PelleHne MOCTABIEHHON cMemanHoi 3amadu. [Ipu moKa3aTesbCTBe JIeMMBI U TEOPEMBI
MHOTOKDATHO MPUMEHSIOTCS HepaBeHCTBa ['enbaepa, MunkoBckoro n Beccems.

Karouesvie caosa: cMmemranHas 3a7ada, HeIWHEHHOE MHTErpo-auddepeHnunaIbHoe ypaBHEHNe, BBIPOXKIEHHOE sIPO,

muddepeHnraabHbI OmepaTop BBICOKON CTermeHu, 0600IIeHHOe pelIeHme.

DOT: 10.20537/2226-3594-2017-50-10

§ 1. ITocTanoBka 3amaun

Bagaun a1s qudepeHmaabHbBIX YpaBHeHN B YACTHBIX TPOM3BOIHBIX, KOTOPHIE IO OHOMN mepe-
MEHHOIl SIBJISIOTCS HAYAJbHBIMU, @ IO IPYTUM MePEeMEHHBIM — IPAHUYHBIME, YACTO HA3BIBAIOTCS CMe-
manabiMu. CMeIanublie 33/1a9i B TEOPUM YIPYTOCTH BO3HUKAIOT TMPU PAcUeTe Pa3IudIHbIX JdeTasei
MAaIluH W 3JIEMEHTOB KOHCTPYKITUI, HAXOIAIINXCS BO B3AMMOIENHCTBUAM, P pacdere (DyHIAMEHTOB
U OCHOBaHWi coopyzxkenwuii [1]. CMeImanHpIMU 3a[a9aMU TAKKe SIBISIOTCS MHOTHE 33[a9i KOHIIEHTPA-
[NV HAMTPSI?KEHUIT B OKPECTHOCTH BCEBO3MOXKHBIX TPEIINH, HOPOJHBIX BKJIFOUEHUIN, TOIKPETLISTIONTNX
CTPUHTEPOB W HAKJIAI0K. MHOTO CMEITAHHBIX 33/1ad U B TUApoAuHaMuKe. [IpeacTaBisior 6OJIbIIONMN
UHTEpEeC C TOUKN 3peHust (pU3nIeCKuX npuiokenuii nudepeHimaibible YpABHEHNS B YACTHBIX TTPO-
M3BOJIHBIX 60Js1ee BRICOKMX MOPsiIKOB [2,3]. VI3yuenne MHOTHX 33129 ra30B0ii AMHAMUKN, TEOPUW YIIPY-
TOCTH, TEOPUU ILJIACTUH U 0DOJOUEK MPUBOIUT K PACCMOTPEHU0 NuddepeHInajlbHbIX YPABHEHTT
B 9aCTHBIX MPOU3BOJHBIX BHICOKOTO Topsiaka. Juddepenmnuanbubie u naTerpo-nnddepeHimaibHbe
YPaBHEHNS B YACTHBIX MPOU3BOIHBIX BBICOKOTO TOPSIIKA PACCMATPUBAINCH B pabOTaX MHOTUX aBTO-
poB, B wactHocTH B [4-8].

B macrosimeit paboTe paccMaTpUBAIOTCS BOIPOCH! 0DODIIEHHON PAa3peIInMOCTH CMEIIaHHOi 3312~
97 TSt HeJIMHEHHOTO MHTErPo-a1uddepeHnaj brHOT0 YPABHEHUsT C ICEBI0Mapab0OTMIeCKUM OIePATO-
POM TTPOM3BOJILHOM HATYPATBHON CTEMEHU U C BBIPOXKIEHHBIM siipoM. VHTErpo-nuddepeniinaibHbie
YPABHEHMUsI C BBIPOXKJIEHHBIM sIZIPOM PacCMaTpUBaInch B [9-12].

B mpamoyromsroit ob1actu D paccMarpuBaeTcs: ypaBHEHME

o a4m+1 a4m n T
(5 + srgmmm * goim) Ut =u [ KoUG0d = ftaUta) )

C HaYaJIbHBIMU YCJIOBUAMMU

oIt —
U(Ex){tzo = p1(z), WU(E@&:O =pj(@), j=2,n,
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U TPAHWYIHBIMU YCJIO0BUAMU Benapa:

a2(2nm71)

U(t,x)‘zzo = U”(t’x){xzo = ) U(t’x){x:o =

aZ(an—l) (2)
= U(t’x)|z:l = Uxx(t,$)|x:l = ... = WU@’@‘:B:I = 0,

rie f(t,z,U) € C(DxR), ¢ j(x) € C" YD), @j(x)‘xzo = @'}(x)‘xzo =...= (p§.4nm72)(x)‘$:0 =

k

Anm—2 . E

= i@, = @),y = = 0@ L = 0,0 = Tn K(ts) = 2 aalt) bils), ailt),
bi(s) € C(Dr), p — melcTBUTEIBHBIN CHEKTpasbHbli mapamerp, D = Dp x Dy, Dp = [0;7],
D;=[0;1],0< T < 00,0 < <00, n, m — buUKCHPOBaHHBIE HATYPAJbHBIE YUCIA. 3eCh MPEIo-

maraercst, 9To GyHKInn a () n b;(s) ABAAIOTCS TUHEHHO HE3aBUCHMBIMI.
B nannoit pabore Bocrosbdyemcst merogoMm Dypbe pasiesieHusi MepeMeHHbIX, OCHOBAHHBIM Ha
MOWCKE pelteHns cMentannoi 3amaan (1)—(2) B Bume
o

U(t,z) = ui(t)9i(x), (3)

i=1

2
riae dyukuun 9;(z) = 7 sin A ;x ompenenersbl Kak cOOCTBEHHBbIE (DYHKIINY CIIEKTPAJIHHON 3aa9n
() + A20(z) = 0, 9(0) = 9() = 0, 0 < \, n 06pa3yIOT MOTHYIO CHCTEMY OPTOHOPMHPOBAHHBIX
im
dbynkmmit {791@)}:21 B Lo(Dy),a \; = ~ — COOTRETCTEyIomye COOCTBEHHBIE 3HAYCHIIS.

Orvernm, ato Meronm Pypbe paziereHws MEePeMeHHBIX i TnddepeHraThbHbIX yPaBHEHNH
B YaCTHBIX TIPOM3BOJIHBIX PUMEHEH BO MHOIMX paborax, B wacrHocTn B [13-20].

B nanpmeiitiemM BOCIOMB3YeMCsT CJIETYOIIMI W3BECTHBIMU OAHAXOBBIMHU MTPOCTPAHCTBAMU.

Paccmarpusaercs nipocrparctso Bo(T) mocsepoBarenbHOCTElM {ul(t)}z
peske D dbyHKIuIi ¢ HOpMOii

| HETIPEPBIBHBIX HA OT-

00 2
[u(®)] ez = Zl<trgg>;!ui(t)!> < 0.

1=
Paccmorpnm  kKoopamHATHOE THABOEPTOBO MPOCTPAHCTBO f9 YHCIOBBIX TOCTIEIOBATEILHOCTEH
o .
{(Pi}z‘:l € HOpMOIA

lell,, =

Pacemorpnm Takske nmpocrpancTBo Lo(D)) cymmupyembix ¢ KBaaparom (yHKIWiE Ha oTpeske D
C HOpMOIi

l
9@, = /0 ()| 2 dy < 0.

Crenys [13,21], onpezmennm o6061erHoe pererne cvernannoii 3agaqn (1)—(2). Oboznauaercs ve-
pe3 W3 (D) kracc HenpepsiBHBIX (yHKIwiA U (¢, ) ABYyX MepEeMEHHBIX B 3aMKHYTOM IPSIMOYTOTBHIKE
D wn nmeromux B HEM YaCTHBIE TPOU3BOIHBIE

oU(t,z) 0%U(t,x) oinm=1y(t,x) OU(t,x) 02U(t,x) ontU(t,x)
dx 9z 7 Qgiem-t 9t 7 9tz 7 7 9gtnTl 7

KasKJlast 13 KOTOPBIX MPUHAIERUT He ToabKO Lo(D), vo u Lo(D)) npu dpukcnposantrom t € D,
a takxke npuHamexut Lo(D ) npu dbukcupoBannom z € Dy, tje

T prl
Ly(D) = U(t,x):\//o /0|U(t,y)|2dydt<oo
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Onpengenenne 1.1. Oyuxmusa U(t,z) € WQ"(D) HA3BIBAETCS OOOOIEHHBIM peIIeHIeM CMe-
mranHoit 3agaqan (1)—(2), ecm OHA YIOBIETBOPSIET HHTErPATLHOMY TOXKJIECTBY

an+4m71 n(n _ 1) an+4m
/ / { [atn¢+natnlay4m¢+ 2 8tn728y4m+2¢+ et
n(n— 1) 84nm—2 a4nm—1 a4nm
2 8t28y4nm—4(I>+n8tay4nm—2q)+ay4nmq)+
an+4m an+8m—1 ’I’L(TL _ 1) an-‘,—Sm
<atnay4m¢+natnlay8m¢+ 2 atn72ay8m+2q)+ et
n(n _ 1) a4nm+4m72 84nm+4m71
+ 2 atQ ay4nm+4m—4 ® +n atay4nm+4m—2 P - Fo dydt =
! an 1 an+4m—2 TL(’I’L— 1) an+4m—1
:/ il )|:atn 1¢+”3tn723y4m®+ 9 atn73ay4m+2q)+”'+
-1 a4nm73 84nm72 8n+4m71 an+8mf2
nin 1) o=t ST S < T 27 s em 2T
2 otoyinm Qydnm otn—1oydm otn=20ydm
-1 n+8m—1 -1 Anm~+4m—3 Anm—+4m—2
nin-1) 9 gy prn=l 9 iy S | B
2 atn—?) ay8m+2 2 otod y4nm+4m—4 bS] y4nm+4m—2 0
l am 2 an+4m73 n(n_ 1) an+4m72
_/ #200) [atn 2P gy * T Ty gy P
nin—1)(n-2 a4nm—5 nin—1 a4nm—4 an+4m—2
+ ( )l( ) Anm—6 ( ) dnm—4 + ( n—2 4m O+
3! dtdy 2 dy ot" =20y
8n+8m73 n(n _ 1) an+8mf2
+”5tn735y8m¢+ 9 5tn743y8m+2‘1)+ e
n (n _ 1) (n o 2) a4nm+4mf5 n (n _ 1) a4nm+4m74
+ | Anm~+4m—6 + Anm~+4m—4 dy +
3! 0tdy 2 dy =0
l 2 4m+1 4m—+-2
0 aem n(n—1) 0
- _ ~ 9 i i
+ /030" 2(y) [31?2 +n3t8y4m + 9 dydm+2 +
84m+2 68m+1 ’I’L(TL _ 1) 68m+2
— O P P d
+<at28y4m +natay8m + 2 ay8m+2 >:|t:O y+
l 4 4m+1 8m
0 o*m o=m 0
_ P 0] P — P dy —
+/0 -1y )[8t T ey Ot Graym C T gy, LO v

l a4m
—/ ©n(y) [q>+ RIED ‘1>] dy
0 t=0

ntst moGoit dbyrkuun ®(t,x) € C™ 4 (D), noguanHenHoii CIeLyIOmuM yCI0BHSIM:

a2(2nm71)
@(t,x)|$:0 - (b$$ t .%' | 70 el = Wé(t’x)h:o =
82(2nm71)
= @(t,x)‘m:l = Uxx(t,x)|x:l =...= W(I)(t’x){x:l =0,
l l )
th_)rr% ; (¢, y)dy—hm a—fb( y)dy = —th_%/ Py O(t,y)dy =0,

rue

Fo= [N/OTK@,S) Uls,z) ds+f(t,:c,U(t,x))] O(t, ).

§ 2. Cuernas cucreMa HeJMHENHbIX MHTErpajbHbIX ypaBHenuii (CCHIY)

B mHTerpaspHOM ToxIecTBe yuTem pasaoxenne (3). [lomoxmm @ (t, 1) = h(t)9;(x) € C™4"™(D),
rie dyukunn 9 ; () 06pa3yioT MoJgHy0 crucTeMy opToHOpMupoBaHHBIX dyHKImi B Lo(D;). Torga us
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ompeJiesienns 0000IEHHOTr0 perennst cMeranuoit 3agaun (1)—(2) myreM WHTErpUPOBAHUS TI0 YACTAM
CJIEJIyeT, 9TO

n(n

T —_—
| o [%"’(t)+nA?mu§"‘”<t>+72 Dm0y 4
0

n (n B 1) (n - 3) )\4nm76 "

N n(n— 13)!(71—2) Admady =By oy - ; wy () +
4 L) o0y o A2 1) £ A () +
<)\4m ™) () 4 nAS Y (n—l)(t)+”(”2_ D ysmt2 (0=2)g) 1 n
L =D =2) e 09y D022 s gy

3!
-1
n TL(TL2 ))\4nm+4m 4 /I( )+ )\4nm+4m 2 /Z(t)> _

—M/OTK(t,S)u@-(S)dS—/Olf<t,y,§;ua'(t)79j(y)> Vi(y)dy | dt = 0.

Tak kak u;(t) nmeror 06obIIEeHHbIE TPON3BOHBIE TIOpsiaKa 1 110 t B cmbicae CoboJieBa Ha OTpe3Ke
Dr w h(t) # 0 gyst Beex t € Dy, 1o u3 (4) ciaeyer

3!

W) + AR D () ¢ LT i -2y

2
-1 -2 n— -1 -3 _
+ n(n 3)'(77‘ ))\;lm+4u£ 3)(t) + o+ n(n 3)'(77‘ ))\ilnm GUIZ{/(t) +

n(nQ_ 1) >\4nm 4 /l( )+ >\4nm 2u/ (t)+)\4nm (t)+

i <>\;1m (n)( )+n>\8m (n— 1)(t)+”(n2— ))\fm+2u§"72)(t)+

n (n— 13)' (n—2) ASmEd =Dy 4o (n - 13)' (n=2) AFITHAm=O 1 (1) 4

))\4nm+4m 4 /l( )+n>\4nm+4m 2 /z(t)) —

- u/ K(t,s) ds+/lf(t,y,§uj<twj<y>) Pi(y) dy.

C y4eroM BBIPOXKIEHHOCTH sapa ypaBHeHue (5) mepemnuInemM B CJIEIyIONeM BUe:

n(n—

{(1 + A;‘m> % + A;‘m} nui(t) -

T k . oo
:u/o ;aj(t)bj(S)ui(s)der/o f(t,y,;uj(t)ﬂj(y)> 9:(y) dy.

Pemmrast cuernyio cucremy (6) MeTOZOM BapHAIMU MPOU3BOJBHBIX MOCTOSIHHBIX, ¢ TIOMOIIBIO 060-
3HAYEHN S

T
cji:/ bi(s)ui(s)ds (7)
0
u3 (6) momywaem
u;(t) = (Cli+02it+c3it2+c4it3+ +Cmt"71> exp { — 01t} +

t
+/u
0

k

1 oo

j=1
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rIe

(n—1)!(t—s)" 1
06

4nm

n
902

Pi(t, S) =

exp { — 04 (t— 5)},

n
0<6y <1, egi:(1+>\;1m)
s onpenenenns: kosdgdununenros Cj; (j = 1,n) B (8) mcnoms3yiores ycaosus

w;(0) = @15, W;(0) = g, u(0) = 3, ..., ul(-n_l)(o) = Pni-

Torma u3 (8) mosyvaem CaegyONIyI0 CIETHYIO CUCTEMY HETMHEHHBIX MHTErPATHHBIX YDABHEHUIT

(CCHIY):

wi(t) = w;(t —i-,chﬂ/Pts (s)ds+

+/0 /0 f<3,y7;uj(s)19j(y)> Pi(t, s)0i(y) dy ds,

1 n

th- jok tIF
ZQO]% ZHM mexp{—eht}
=k

J=

rIe

[MoncranoBka Beipaxkenus (9) B (7) maer cuerHyio cucremy u3 k ajreGpanvecKux ypaBHEHUil
(CCAY):
k

Cji +M2Am0m = Bji(u;), j = 1,k, (10)
n=1

Ajpi = / /P 2(€) d€ ds,
Biji(ui) :/0 b;(s) [wi(S)Jr
/ / <5 yaZ% > i(5,8)Vily )dydf] ds, j = 1,k. (11)

CCAY (10) ogmosHavHO pa3pertima mpn JT00bIX KOHETHBIX B jj, €CIn BBITOIHIETCS CIIeyoIee
YCJIOBHE:

rIe

T+ pAyy pA o pAg
pAz 14 pAs . Aoy
Ai(p) = : : y : # 0. (12)
p Ak pAk2 oo 1+ p Agg

Ompenermrenn A;(p) B (12) ecTb MHOTOWIEHBI OTHOCHTENBLHO [ CTENeHN He Bhime k. Kaxkmas
U3 CYCTHOU CHUCTEMBl ypPaBHEHUN Ai(,u) = 0 umeer He OoJsiee k PA3IUYHBIX KOPHEH. DT KOPHU
SIBJISTIOTCST COOCTBEHHBIME 9HCIAMHI si7pa HHTerpo-and depennnaasaoro ypasuernns (1). Yepes A
0003HAYNM MHOYKECTBO KOpPHeil CIeTHOI cucreMbl anrebpandecknx ypasuennit A () = 0. fcno, aro
9TO MHOXKECTBO MMEET CYEeTHOE THCI0 7eMeHTOB. [Ipn Apyrnx 3HadeHwWsiX mapamMerpa, TO eCTh Mph
€ (—00;00)\ A, ycaosue (12) BeImONHSAETCS. DTH 3HAUEHIS TApAMETPa [ HA30BEM PeryJISPHBIMU.
CresoBaresibHO, JIsi TAKUX PeryJsipHbIX 3HadeHnii p cucrema (10) wMeer eIMHCTBEHHOE DelleHNe
mpu J000i KOHEYHON! TpaBoil 4acTu.

Torga pemennst CCAY (10) sanmceiBatorcst B Buje

Ajilp,ui)
c]l 2 Z(M) I j 7k7 ( 3)
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e A ji(p,ui) =

L+pAni oo pAygoye Bu(ui) pAigen - pAK
pA2 oo pAggory Bai(ui) pAggiryy oo pAok
_| e e Bul) e i gy
pAk o p Ak Bri(wi) pAggirne oo T+ Agk

Cpenn s1eMeHTOB ompeaeauTeneii A jl-(,u,ui) nHaxonarca B j;. B cBoio odepens, B cocrase B j;
HAXOIATCA HEM3BECTHBIE (DYHKITNN u,(t)
Oynkmmio (11) 3anmmem B caeayomem Buje:

Bji(u;) = Bji(wi) + Bji(fi),

rIme

T
Bﬂ(wz) :/0 bj(s)wi(s) dS,

Bji(fi) / / / (5 y,Zuj ) i(5,6)9;(y) dy déds, j = 1,k.

B srom cityudae corsiacHO CBOMCTBY OIMpEJIEINTE ST UMEEM

Ai(p,ug) = Aji(p,wi) + A i, fi),

e ompenemutean A j;(pu,w;) n A ji(u, f;) monyuatores n3 (14) myrem 3amensr croabna B j;(u;) Ha
Bji(w;) n Bj;i(f;) coorBercrento. Torga smecto (13) mveem

Aji(p,wi)  Ajip, fi)
Cii = +  j=1F.
7T T A ) Ay

[Moncrasmsis nocrennee paseHcTso B (9), nmeem caemytonryio CCHIY:

k

ui(t) =S(tui) = Fi(t) + MZ

J=1

| lf(s,y,iuxswj(y)) Pi(t,) 0:(y) dy ds, (15)

A i, f3)

Ny Ot

rie
k
A i1 , Wi t
RO = i)+ 3 S 60, 650 = [ Pt aso)ds

§ 3. Oganosmaunasa pazpemmmvocts CCHUY (15)

J'I eMmMma 3.1. Ilycmsb 6unosnaomea caedyousue Ycao8ua ONd PeeysipHoll 3Ha4eHUT:
o
) Hucaoswvie nocaedosamesvbrocmu, {goz} i J = 1,n, maxue, wmo HF HB < 71 < 00;

)

) 50 = maXtGDT fg ||f(s,x,u)HL2(Dl)d8 < 00, 0 < §p = const;
4) |f(s,z,u) — f(s, @ 19)‘ 51(t x) lu—9|;

)

d9 = maxiep, fo ds<oo, 0 < 09 = const;

2 BO<OO,'

A (71|, < 00

w

t

6) p =13 52[1 +/80‘,U{J§152j V3 HA]'(M)HZJ <1
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20e

L+pAi o pAigoy: v pAigeye oo BAIK
— pAi o pAginy vs2 BAvyre oo Ak
Ajl'(,u) = . . . . - . :
pAR o pArGone Yk ARGy - T pAgk

T .
Y2 = HP(uS)HBg(T)”ng:fO ‘bj(i)‘dt,j :1,/€.
Tozda CCHHUY (15) umeem eduncmeennoe pewenue 6 npocmparcmee Bo(T).

HokazareasncTso. Mcnmoabp3yercs MeTO ] TOC/IEI0BATEIHHBIX TTPUOINKEHUIL:

ud(t) = Fi(t), t € D, 15)
ul T (t) = S(t;u]), t € Dy,
T=0,1,2,....
B CI/IJ_[y IIOCTAaHOBKHU 3a/Ja9U 1 yCJIOBI/IfI JIEMMBbI CHpa.BerZ[.TH/IBLI OIICHKIN
HP(tsHB (1) S <M Z 2n—72<oo 962:(1%—)\;””) ,
rie
0<M=(n-1)! t—g)n 1 -0 (t—s)t <oo, 0<By<1;
(n ) " S)EI%anDT( s) exp { 1 ( s)} 00 1
A (p, F(t)) HA]'(Na'Yl) 1
T A7 N I || A7~ < A(MaVl) N :/81’<OO;
H Alw) o, Ap) g, 2, le. A, 7
t
1650y < 1P| [ as6085] <70 <o
Ucnonw3yst wepaBencTsa [enbaepa u Beccenst, B cuty ycaoBuit JIEMMBI [OJTyIaeM OIEHKY
185, < me/ / 5,9,10) Pilt, 5)04(y) dy ds | <
t > l 2 T
<P gy g | Zl [/0 £ (s,9,u)] Wz‘(?/)(dy} ds/o [b5()] dt <
T
<7250/ b ()| dt =~26073; < o0, j =1,k (17)
0
T
rae 7vs3; = fO ‘b](tﬂ dt.
Orcroma caeayer, 9TO UMEeT MECTO M CJIEIYIONMAsl OITeHKA:
A (1)) 1 .
— = < || A, f(E ——| =Bz <o, j=1k. (18)
H A(,u) ‘s H ]( ( ))Hﬁg A(M) ‘s J

s onerkn mo HOpMe epBoii pasHocTH ¢ ydaerom (17) m (18) u3 (16) momydaem OneHKyY

1A (s £(2)
o) =00l < bl 32 | 2R

|’Gj(t)HBQ(T) +

t 0 pl 2
P05y s | Z;/O £(so) | o) ] s <
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k
<72<|M‘253g‘52j+50>- (19)
=1

C ydgeToM mpeablaylninX OIEHOK IO HOPpME [I/Id MTPOU3BOJJIBHOTO HATYPAJIBHOTO YUC/Ia TIOJIYy9IYUM

OLIEHKY
k
[ @) = uT O gy < Bova il D Boy 1850 u7) = A (u,u™") ot
j=1 2
t l oo o0 2
e [ [ (v Zur00w) <1 (snSur @) dvds. 20

Kax moe ciaraemoe B mpasoit wactn (20) Gyaem onenusath oraensuo. Anamornano (17), ncmorn-
3ys HepaBeHCTBa Lenabaepa u Beccens, B City yCIOBHil JeMMBI IIOTy9aeM OIEHKY

HBj(fT _ fT—l)

<
2

2
dyds

N

t l
< Y2735 gggx /
T .Jo 0

f<&%§:uﬂﬁﬁxw)—f<&%§;uz%@ﬂxw)

l
ul(s) —ul 1(s) /0 d1(s,9) {ﬂz(y)‘ dyds <

t o0
< 72735 max/ E
teDr Jo i—1

uZ(s)—u;—l(s)HBQ(T) i [/Olél(s,y)wi(y)‘dy] g <
=1

t
< V2735 géllajx/ ‘
7.0

wf(t) —u]™" j=TF (21)

g (t)HBQ(T)’

< 0272735 ‘

Torma ana pasaoctu A ;(u,u™) — A (g, u™1) ¢ yaerom (21) crpapesiupa oleHKa M0 HOpMe

"AJ(M7UT)_AJ(M7UT_1) <
Lo
. T o, 71 A .
<022y [ul ) —ui 0, I, (22)
rie
LtpAm o pAigorye v pAgyy - ALK
— pA2i oo pAginy vs2 HAgGr1 oo pAoki
Ajiln) = : : : : : : : ’
pAR o pAgGo1i Yk BARGen oo- LA Ak

T .
’ygj:fo |bj(7f)|dt,]:1,k‘.
[Moncranoeka (22) B (20) n yuer (21) npu sTom naior

™) = " ()| oy <

k
<Bodays ] D Bajva 185wy, [[u™ (@) =™ Ol gy ) +
j=1
+ 8273 [u™(t) = w0 gy = 27O = u O gy (23)
k —
e p=v3 851 —i—ﬁo‘,u{ 2152]'73]' HA]'(M)HZ }
Jj= 2
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Tak Kak 1O YCAOBHIO JEMMBI p < 1, TO JijIs MPOM3BOIBHOTO HATYPAJBLHOrO uncaa 7 u3 (23)
TTOJTyvaeM OIleHKY

HuTH(t) - uT(t)HBQ(T) < HuT(t) — uTﬁl(t)HBQ(T). (24)

B cuy mocieHero ycioBHsi T€OPEMBI, W3 OleHKH (24) cremyer, 9TO OMEpaTop B MPaBOi da-
cru (15) sagercs cxumaronmM. U3 onenok (19) u (24) 3akmouaem, 9To /1 ONMepaTropa B MPaBoit
qactu (15) cymiecTByeT eMHCTBEHHAS HEMOIBIDKHAS TOUKA (cM., Hampmvep |22, c. 389-401]). Cue-
nosarensro, CCHITY (15) nmeer equucreennoe pemterne: u(t) € Bo(T).

§ 4. PaszpemumocTs cmermanHoii 3agaun (1)—(2)

[Moxcranoska CCHUY (15) B pax ®@ypwe (3) maer dbopManbHOe PerenRne CMENTanHoi 3a1a9u

(1)-(2):

k

Ut,x) = Zﬁ@(x) [F@(t) +,UZ R
i=1

v/ t / lf(s,y,iuxswj(y)) Pi<t,s>m<y>dyds]. (25)

[Tokazkem, arto psizt (25) cxopurcest abcomoTHO 1 paBHOMepHO B obaacti D. C 9roit nesibo, mpu-
MeHss K (25) HepaBeHcTBa MUHKOBCKOTO U yunThiBas orneHkn (17) u (18), mosyaaem

k

i <3 9:60)]|[Fi) w;%’&{”aﬂm\ ¥

+ <

/Ot /Olf<5’y’j§;uj(8)79j(y)) Pi(t,s)Vi(y) dy ds

Aj(p, f(1))
A(p)

< \/g HF(t)HBQ(T) + |'“| Zk:

J=1

1G5y +
2

t s l 2
P i g [ ][ 1wl il an] as <

k
2
< \/; 71+72<M2ﬁ3j52j +50> < 00.

J=1
Taknm obpazom, HaMM JIOKA3aHO, YTO CIPABEJINBA CJIE/TYIOIIast

Teopewmad.l. ITyemv swnoansromes ycaosus semmor. Tozda cmewannan 3adaua (1)—(2) o00-
HO3HAYHA PA3PEUUME OAA BCET PELYAAPHBE 3Havenut (1 6 obaacmu D. Obobwenroe pewerue smot
zadawu npedcmasasemcs 6 sude pada Pypve (25).
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This paper is concerned with the generalized solvability of a mixed problem for a nonlinear integro-differential equation
with a pseudo-parabolic operator of an arbitrary natural degree and with a degenerate kernel. V. A. IIin’s approach
to the definition of a weak generalized solution of the problem posed with initial and boundary conditions is used.
A Fourier series method based on the separation of variables is applied. A countable system of algebraic equations
is obtained using the degeneracy of the kernel and by integration under initial conditions. The well-known Cramer
method is modified to solve the countable system of algebraic equations and to derive the desired function from the
sign of the determinant. This makes it possible to obtain a countable system of nonlinear integral equations for regular
values of the spectral parameter. First, a lemma on the unique solvability of this countable system of nonlinear integral
equations in a Banach space is proved by the method of contracting mappings. Next, a theorem on the convergence
of the Fourier series obtained as a formal solution of the given mixed problem is proved. In the proofs of the lemma
and the theorem, the Holder, Minkowski and Bessel inequalities are repeatedly applied.

REFERENCES

1. Aleksandrov V.M., Kovalenko E.V. Zadachi mekhaniki sploshnykh sred so smeshannymi granichnymi
usloviyami (Problems of continuum mechanics with mixed boundary conditions), Moscow: Nauka, 1986,
336 p.

2. Algazin S.D., Kiiko I.A. Flatter plastin i obolochek (Flutter of plates and shells), Moscow: Nauka, 2006,
248 p.

3. Zamyshlyaeva A.A. The higher-order Sobolev-type models, Bulletin of the South Ural State University,
Series Mathematical Modelling, Programming and Computer Software, 2014, vol. 7, no. 2, pp. 5-28 (in
Russian). DOI: 10.14529/mmp140201

4. Pokhozhaev S.I. On the solvability of quasilinear elliptic equations of arbitrary order, Mathematics of the
USSR-Sbornik, 1983, vol. 45, no. 2, pp. 257-271. DOI: 10.1070/SM1983v045n102ABEH002598

5. Skrypnik I.V. Nelineinye ellipticheskie uravneniya vysshego poryadka (Nonlinear elliptic equations of
higher order), Kiev: Naukova dumka, 1973, 219 p.

6. Todorov T.G. On the continuity of generalized bounded solutions of quasi-linear elliptic equations of high
order, Vestnik Leningradskogo Gosudarstvennogo Universiteta, 1975, vol. 19, pp. 56—63 (in Russian).

7. Yuldashev T.K. Mixed value problem for nonlinear integro-differential equation with parabolic operator of
higher power, Computational Mathematics and Mathematical Physics, 2012, vol. 52, issue 1, pp. 105-116.
DOT: 10.1134/50965542512010150

8. Yuldashev T.K. Inverse problem for nonlinear integral differential equation with hyperbolic operator of
a high degree, Vestn. Yuzhno-Ural. Gos. Univ. Ser. Matem. Mekh. Fiz., 2013, vol. 5, issue 1, pp. 69-75
(in Russian).

9. Dzhumabaev D.S., Bakirova E.A. On the unique solvability of the boundary-value problems for Fredholm
integrodifferential equations with degenerate kernel, Journal of Mathematical Sciences, 2017, vol. 220,
no. 4, pp. 440-460. DOT: 10.1007/s10958-016-3194-2

10. Yuldashev T.K. Inverse problem for an ordinary integro-differential equation with degenerate kernel and
nonlocal integral conditions, Vestn. Tver. Gos. Univ. Ser. Prikl. Mat., 2016, no. 3, pp. 19-33 (in Russian).

11. Yuldashev T.K. An ordinary integro-differential equation with a degenerate kernel and an integral
condition, Vestn. Samar. Gos. Tekhn. Univ., Ser. Fiz.-Mat. Nauki, 2016, vol. 20, no. 4, pp. 644-655
(in Russian). DOT: 10.14498 /vsgtul502

12. Yuldashev T.K. Determination of the coefficient and boundary regime in boundary value problem for
integro-differential equation with degenerate kernel, Lobachevskii Journal of Mathematics, 2017, vol. 38,
issue 3, pp. 547-553. DOI: 10.1134/S199508021703026X

13. I’in V.A. The solvability of mixed problems for hyperbolic and parabolic equations, Russian Mathematical
Surveys, 1960, vol. 15, no. 2, pp. 85-142. DOI: 10.1070/RM1960v015n02ABEH004217

14. Lazhetich N.L. On existence of classic solution of mixed problem for a one dimensional hyperbolic equation
of second order, Differential Equations, 1998, vol. 34, no. 5, pp. 683-695.

15. Martem’yanova N.V. The Dirichlet problem for an equation of mixed elliptic-hyperbolic type with variable
potential, Russian Mathematics, 2015, vol. 59, no. 11, pp. 36-44. DOI: 10.3103/S1066369X 15110043

16. Moiseev E.I. On the solution of a nonlocal boundary value problem by the spectral method, Differential
Equations, 1999, vol. 35, no. 8, pp. 1105-1112.

17. Sabitov K.B. Nonlocal problem for a parabolic-hyperbolic equation in a rectangular domain, Mathematical
Notes, 2011, vol. 89, no. 3—4, pp. 562-567. DOI: 10.1134/S0001434611030278

18. Chernyatin V.A. Obosnovanie metoda Fur’e v smeshannoi zadache dlya uravnenii v chastnykh proizvod-
nykh (Justification of Fourier method in mixed problem for partial equations), Moscow: Moscow State
University, 1991, 112 p.

131



19.

20.

21.

22.

Egamberdiev U., Apakov Yu.P. On Dirichlet problem for mixed elliptic-hyperbolic equation in three
dimensional domain, Izvestiya Akad. Nauk Uzb. SSR, Ser. Fiz.-Mat. Nauki, 1989, no. 3, pp. 51-56 (in
Russian).

Yuldashev T.K. On a mixed differential equation of fourth order, Izv. Inst. Mat. Inform. Udmurt. Gos.
Univ., 2016, issue 1 (47), pp. 119-128 (in Russian).

I’in V.A., Moiseev E.I. Optimization of the boundary control of string vibrations by an elastic force on
an arbitrary sufficiently large time interval, Differential Equations, 2006, vol. 42, issue 12, pp. 1775-1786.
DOT: 10.1134/S0012266106120123

Trenogin V.A. Funktsional’nyi analiz (Functional analysis), Moscow: Nauka, 1980, 495 p.

Received 13.05.2017

Yuldashev Tursun Kamaldinovich, Candidate of Physics and Mathematics, Associate Professor, Reshetnev
Siberian State Aerospace University, pr. im. Gazety Krasnoyarskii Rabochii, 31, Krasnoyarsk, 660014, Russia.
E-mail: tursun.k.yuldashev@gmail.com

132



