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OBILIASA XAPAKTEPUCTHUKA PABOTbBI

AKTYaJIbHOCTh TeMbl auccepTamuu. VHTErpanbHbIE ypaBHEHUs, OCHOBHOMN
pas3zesl MaTeMaTHKH, IUPOKO UCTIOIB3YIOTCS B (PM3HMKE, TEXHUKE, MEXaHUKE, TCOPUU
yhnpaBieHUs W Apyrux obOrnactsx. CBs3aHHBIE C TPUMEHEHHEM WHTETPATbHBIX
ypaBHEHUH, pPa3BUBAIOTCA HOBBIC O0JIACTH, TakWe KaK JKOHOMHUYECKHE HAYKH,
HEKOTOpPBIE Pa3aeibl OMOJIOTUH U T.1.

Teopuss WHTETrpaJIbHBIX YpPaBHCHW B OCHOBHOM pa3BHBajdach B KOHIIC
JEBSITHAAIATOTO-HAavYajae ABAJIATOr0 Beka, HaunHasi ¢ Opuka MBapa dpenronbma
(1900-1903), Buro Bomsreppsr (1908), HaBuma I'mianbepra, Dpxapma Ilmuara
(1936) u 1.1. ero HavaJIM U3y4aTh yueHble. TeM He MEeHee, B paMKaX MaTeMaTHUSCKHUX
KOHIICTIIINA, CYIIIECTBOBABIITNX /IO TICPBOM MOJIOBHHBI JBAIATOTO BEKA, TAKUE 33 a4H
CUMTAIMCh HEKOPPEKTHBIMH H3-3a TOTO, YTO HEOOJBIIOC HW3MECHECHHE 3aJIaHHBIX
(GYHKIUI PUBOIMIIO K OOJIBIIIEMY U3MEHEHUIO HCKOMBIX (DYHKITHH.

Tuxonor A. H. (1963, 1986) mnocraBuia BOMPOC O JOMOJHUTEIBHON
uHpOpMaIlMK, HEOOXOAWMMOW JUIS H3Yy4YeHHUS HEKOPPEKTHBIX BOMPOCOB, W BBEI
MIPEANOJIOXKEHUS O >KU3HECIIOCOOHOCTH PEHICHUS W KOMIAKTHOCTH MHOXECTBA
pemieHnii. OTo MO3BONWIO pa3paboTath TeopeMy OO0 YCIOBHOW KOPPEKTHOCTH
noctaBiieHHOW 3amauu. OH TakKe MPEIOXKUI HCIOIb30BaTh 00Jiee KOHKPETHBIN
METOJl PETYJIMPOBAHHUS - Majioe BO30OYKIECHUE-TIPUMEHSEMBI K WHTETPAIbHBIM
YpaBHEHUSAM IIEPBOTO POJIA.

Takne HEKOpPpEeKTHBIC 3a7a4dl W TEOPHs WHTETPATbHBIX YpPaBHCHHM JaiH
OOJIBITION TOJYOK PA3BUTHIO HCCIEAOBaHWN. BakHbIe pe3ylbTaThl OTPaXEHO B
padotax JlaBpentheBa M. M. (1932), Anamap JIx. (1978), Apcenner B. . (1969,
1969), IMumankwmii C. I1. (2001), Byxreiim A. JI. ), (1972, 1978), Henncos A. M.
(1975, 1980, 1999), (1972, 1978), u T.1. [To3ke TeopeTHUecKast 4aCTh HHTETPATbLHBIX
ypaBHEHUH ObLIa M3ydeHa MHOTHMH CJICIYIONIMMHU ydeHbIMU. B wactHocTH, [lamrok
3. b. (1977), Amapuunu A. C. (1973- 2018), I'nymkos B.M., sanos B.B., SlneHko
B.M., (1983), Jlamm P. K. (2000), Mmananmues M. M. (1978- 2018), AcaHoB A.
(1979- 2015) wu ap.

VYpaBuenue Bonbreppa mepBoro poaa — 3To HHTETpaIbHOE YpaBHEHHE, KOTOPOE
UMEET TOYHOE PEIICHHE TOJIBKO B HEKOTOPHIX ciydasx. [Ipenen mHTerpoBaHUU, OBLI
MPOBEJICH B OYCHb HEOOJBIIUX KOJIMYECTBAX IO HEKJIACCHYSCKHM JIMHCWHBIM W
HEJIMHEWHBIM ~ HMHTETPAJbHBIM  YPaBHCHHSAM C IEPEMCHHBIMH MpeaeiaMH U
MMOCTPOEHHUE PEIICHU B 3TUX pab0TaX OCHOBAHO HA YMCIICHHBIX METOJIaX.

[ToaToMy nJ1s Tak Ha3bIBAEMBIX HEKJIACCHYECKUX WHTEIPAJbHBIX YpaBHCHHM
BonbpTeppa akTyanbHBIM SBIISICTCS ONPEICICHUE YCIOBHH, O0OCCIICUMBAIONTUX
CAMHCTBEHHOCTh M PETYJISIPU3AINH UX PEIICHU.

CBsI3b TeMbI JAUCCEPTANMA ¢ MPHOPHTETHBIMH HAYYHBIMHM NMPOrPaMMaMH,
OCHOBHBIMH  HAYYHO-HCCJI€I0BATEJILCKMMH  padoTamMu,  NPOBOAUMBIMH
o0pa3oBaTeJIbHBIMM W HAaYYHBIMHU Yupe:kaeHHsaMH. J[uccepranmmonHas paboTta
BHITIOJTHEHA B paMKaX HAy4YHBIX MPOEKTOB B MHCTUTYTE (yHIAMEHTAIBHBIX H
NPUKIAIHBIX uccienoBanuii npu Oml'Y u©  HaydyHO- HCCIENOBATENbCKOU
nabopatopun Teopwsi HEKOTOPHIX M OOpaTHBIX 3amad MHCTHTYyTa MaTreMaTuku



HanuonanpHoit akamemun Hayk Keipreisckoir PecnyOmuku, «WccnenoBanme
BAKHEUMIIMX  KJIACCOB  TOIMOJOTMYECKUX H  KUHEMATHYECKUX  IPOCTPAHCTB,
muddepeHIManbHbIX U HHTErpo-auddepeHnaibHbpIX YpaBHEHUH U pa3paboTka
MaTEMaTUYECKUX MOJIEIe AKOHOMHYECKUX CUCTEM», B paszzaene 3. MHTerpanbHOe
ypaBHEHUSI, HEKJIACCUYECKUE U 00paTHOE 3a/1a4u.

Heap u 3apaun ucciaegoBanms. Llenbio ncciie10BaHus SBISIETCS UCCIECIOBAHNE
pEeLIEHNs HEKIIACCUYECKOTO NHTETPAJIbHOTO YpaBHEHUSI BobTeppsl nepBOro poaa, To
€CTh TMOCTPOUTH OIepaTopa peryispuzaldd peuieHrue, BbIOOp MapaMmeTpa
peryJyspu3alui U I0Ka3aTelbCTBO €AMHCTBEHHOCTH PEILICHHUSI.

1. Onmnpenenennie yclaoBUM, O00ECIEUUBAIOIIUX €IUHCTBEHHOCTh PEIICHUS
JMHEWHOTO HEKJIACCUYECKOTO MHTETPaIbHOTO ypaBHEeHUs BonsTeppa nepBoro poaa;

2.  IlocTtpouts  omepaTopa  peryjsIpu3alliM  PEHICHHWE  JIMHEWHOTO
HEKJIaCCUYECKOT0 MHTErpaJIbHOTO YpaBHeHUs BoiibTeppa nepBoro poja;

3. BwiGop mapamerpa perynspuzaluu A pPEHICHUS  JIMHEWMHOTO
HEKJIaCCUYECKOT0 MHTErPAIbHOTO YpaBHEHUs BoibTeppa nepeoro poza.

4. OnmnpeneneHue yCJIOBHUM, OOCCHEUYUBAIOMUX E€AUHCTBEHHOCTh PEIICHUS
HEJIMHEMHOTO HEKJIACCHYECKOTO HWHTETPAIBbHOTO ypaBHEHUs BosbTeppa mepBoro
pona.

Hayunasi HoBu3HA padoThl. B nuccepranmonHoit padore:

— JlokazaHo ompeneneHue YCIOBHH, 0OecHeunBaIONMX €IUHCTBEHHOCTh
pelleHUs] JMHEWHOrO0 HEKJIACCHYECKOr0 HWHTETpajbHOrO YypaBHeHUs Bombreppa
EepPBOro poaa

— IlocTtpoen omneparop peryispu3anus pelieHHe JTUHEHHOro HEKJIACCHYECKOTOo
WHTETpaJIbHOTO ypaBHEHUS BoabTeppa nepBoro poaa;

— BeiOpan  mapameTp — peryispuzanudyd ISl pelieHUus — JIMHEWHOro
HEKJIACCUYECKOr0 MHTETpalIbHOTO YpaBHeHUs1 BosbTeppa nepBoro poaa;

—  IlocTtpoen  omepaTop  peryjspu3alus  pPEUIEHWE  HEJIUHEWHOTO
HEKJIACCUYECKOT0 MHTErPAIbHOTO YpaBHEHUs BosibTeppa nepBoro pojaa;

— JlokazaHo ompenereHue YCIOBHM, 00eCTeunBarONMX €IUHCTBEHHOCTh
pEelLIECHUs] HEJIMHEWHOr0 HEKIIACCUYECKOIO0 HWHTErpaIbHOTO ypaBHEHHs Boibreppa
MIEPBOIO poAa;

IIpakTHYyeckasi 3HAYMMOCTH MOJYYEHHBIX pe3yabTaToB. XO0Ts J(uccepranus
MMEET TEOPETHUYECKOE COJCpKAHUE, €€ Pe3yJbTaThl MOTYT OBITh MPUMEHEHBI TPH
M3YUYCHUM WHTETPAIbHBIX, HWHTErpo-updepeHINnAIbHBIX YpPaBHEHUHN, TaKuUX Kak
WHTETpajbHOE YypaBHeHHE BonbTeppa mnepBoro poja, a Takxke 1 HU3YUYEHUs
HEKOTOPBIX KOHKPETHBIX MPHUKIIAIHBIX MPOIECCOB B 00JACTIX (DU3MKHU, IKOJIOTHH,
MEJIUIIMHBI, TEOPUU KOMILJIEKCHOTO YIPABJICHUS B CJIOXHBIX CHCTEMaXxX YIPaBJICHHUS.
Mpbl Takke mpeArnosiaraéM, 4YTO €€ MOXKHO MPUMEHSTh JJisg pelieHUus HEKOTOPBIX
KOHKPETHBIX MPUKIAAHBIX 3a/1a4, KOTOPbIE CBOATCS K YpaBHEHHUSM MIEPBOTO PoJia.

OCHOBHBIE M0JI0KEHNSI JUCCEPTALNU, BBIHOCUMbIE HA 3a1INUTY:

— Onpenenenue ycIoBUH, OO0ECNEUMBAIOMIUX €IUMHCTBEHHOCTh PEIICHUS
JMHEWHOTO HEKJIACCHYECKOT0 MHTETPaIbHOTO ypaBHEeHHs BonsTeppa nepBoro poaa;

—  Iloctpoenune  omepatopa  peryisipu3allid  PELICHUS  JIUMHEWHOTO
HEKJIaCCUYECKOT0 MHTErPAIbHOTO ypaBHEHUs BonbTeppa nepBoro poja;
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— BriGop mapamerpoB asii  peuieHUS  JUHEHHOrO  HEKJIACCHYECKOIrO
MHTETPAIbHOTO ypaBHEHUs BoabTeppa nepBoro poaa;

— IloctpoeHue omeparopa  peryiasipu3aldd  PEIICHHUS  HEJIUHEWHOTO
HEKJIACCUYECKOI0 MHTETPAIIbHOTO YpaBHEHUsI BosibTeppa nepBoro pona;

— JloKa3aTenbCTBO €IMHCTBEHHOCTU PEUIEHUS HEJIMHEHMHOTO HEKJIACCUYECKOTO
MHTETPAIBbHOTO ypaBHEHUs BonbTeppa nepBoro poaa;

JInuHbIil BKJIAA coMcKaTess. Bce HayyHble pe3ynbTaThl, MPEICTABICHHBIE B
AUCCepTally, TpUHAUIekKAT TOJMbKO aBTOpy. [locTaHoBKa 3amayu  OBLIH
OCYIIIECTBJICHBI HAYYHBIM pyKoBoauTeNeM. Maen, pazpaboTaHHbIe METObI, HAYIHBIC
pe3ynbTaThl mpuHAIeKaT aBTopy [1-12]. OOcyxneHWe HAydHBIX pPE3yJbTAaTOB B
cratbsix [1], [2], [3] mpoBommnoce T.O. bekemoBbpIM, a Hay4HBIE PE3yJIbTaThI
MPUHAJIEKAT aBTOPY.

AnpoGanus pe3yJbTaTOB HCCIeAOBaHMsA. Pe3ynpTaThl paboThl  ObLIM
MIPE/ICTABJICHBI U O0CYKJICHBI HA MEXITYHAPOIHBIX KOHPEPECHIIHSIX:

— Hayunas xondepenius, nocpsmeHHas 60-meturo akangemuka bopyOaesa
Antas AcblikaHoBUYa, mnpoBeneHHas B Kbipreizcko-Poccuiickom CraBsHCKOM
yauBepcutete uMenu b. Enbitnna (2010 1., ropon buiikek);

— Hayunas xoudepennus, nocssameHnHas 80-ieturo akagemuka lmananuena
Mypzabeka ImananueBuda, mpoBeneHHas B  KBIPTbI3CKOM  HallMOHAIBHOM
yHuBepcutete nMenu JKycyna banacarsina (2011, burikek);

— perHOHAIIBHBIM Hay4HOM cemuHape uMeHn K. AunbiMKynoBa “AKTyanbHbIE
po0JIeMbl MaTeMaTuku U ux npumenuenns’ (2020-23 rr., Omr;)

— Hayunas koHdepenuus, mnocpsmenHas 70 JneTtu0 AOKTOpa (PHU3UKO-
MaTeMaTU4ecKuX Hayk, npodeccopa AnbsibaeBa Kypmanbeka CapmaHoBuua,
npoBeneHHass B J[kaman-AOaackoM TOCYIapCTBEHHOM YHUBEPCUTETE HMEHH
Bbexmamara Ocmonosa (2023, dxanan-Adan).

IHonHoTa OTpaKkeHHUs Pe3yIbTATOB JUCCEPTALMHU B MyOJTUKALMSAX.

ITo pesynpTaTaM HCCIEIOBaHMM coucKaTenaeM: 12 craTeil omyOJIMKOBaHBI B
pelieH3UPYEMBbIX M3JIaHusX, 3apeructpupoBanHbix B PUHII. Cpenu Hux [4, 5, 6]
CTaThH, ONMyOJUKOBAaHHBI B )KypHaiax Poccuiickoro rocymapcersa. B sxypHanax Obuio
onybnukoBano 6 crarei [6-11] ¢ wummakt-pakropom 6omee 0,1 B PHUHII,
WHJEKCUpyeMbIX B 6a3zax gaHHbIXx ISSN. O6mias onenka cocraBuia 169 6anna.

Ctpykrypa u 00bemM auccepramuu. Pabota cocTouT U3 comepxkaHusi, CIIMCKa
YCIIOBHBIX 0003HAUEHUM, BBEJICHUS, YETHIPEX TJIaB, pa3jesieHHbIX Ha 10 maparpados,
3aKJIIOYEHUS], CIIMCKA U3M0JIb30BAHHON JTUTEPATYPHI.

Cnucok HM3MOJIb30BAaHHOW JIUTEPATYPhl COJMEPKUT 96 HammeHoBaHuil. OObeM
texcta 90 cTpaHUIIbI.

OCHOBHOE COJEPXAHUE JUCCEPTALIUU
Bo BBejcHHM TaHBI aKTyaJIbHOCTH TEMBI, OOIIast XapaKTePUCTUKA PAOOTHI, eI
U mpoOJeMbl HCCIICIOBAaHUS, HaydyHas HOBH3HA, MPAKTUYCCKas 3HAYUMOCTbD,
OCHOBHBIC TTOJIOKCHUS, KOTOPBIC IPUBEIYT K 3amuTe Jluccepramnuy.
IepBas ranaBa  “Ob30P  JIMTEPATYPbI W  PE3VJIbTATOB
JNUCCEPTAIIMMN” coctoutr w3 nByx maparpadoB. B maparpade § 1.1. “O630p



JUTEPATYPhl” Mbl OCTAHOBWJIMCh Ha PE3YJNbTATaX M JHUCCEPTAUMOHHBIX paboTax
aBTOpPOB, OJM3KUX K Teme nuccepranuu. B maparpade § 1.2. “O030p pe3ynbTaTtoB
JIUccepTaluK’’ MPUBEIEH MOJAPOOHBIN 0030p HAYyYHBIX PE3YJIbTATOB JUCCEPTAIMH C
MUPOKUM akileHToM. [locraBiieHHblEe 3amauyu ObUIM 4YEeTKO CGHOPMYIUPOBAHBI, a
TEOpeMbl OBbLIM MPEICTaBIICHbI 0€3 J0Ka3aTelbCTB. B 3akitoueHnn 0TMEYanoch, 4To
JTUCCEPTAIIMOHHBIE  HMCCJIEIOBAHUA IO  MPOBEICHHOMY  aHAIM3y  SBJSIOTCS
aKTyaJbHbIMH, OPUTHHAIBHBIMU U TPEJICTABISIOT TEOPETUUYECKUN W MPAKTUUECKUN
MHTEpEC.

I'maBa BtTopas “METOJOJIOTUA W METOAbl HNCCIEJOBAHUA”
coctonT u3 AByX maparpadoB. § 2.1. "OObeKkTsl U TpPEIMEThl HCCICIOBAHUS".
OOBEKTHI HCCIICTOBAHUS:

1) PaccMoTpuM uHTErpaibHoe ypaBHeHUEe BobTeppa nepBoro poaa:

t
jK(t,s)u(s)ds: f(t); teft,T]. (1)
a(t)
rne at)eCt,T], alt)=t, a)<t, mpum Bcex te[t,T], K(,s) B obmacTu
G={(t,s): t,<t<T, a(t)<s<t} u f(t) Ha otpe3ke [t,,T] u3BECTHbIC (yHINH,
f(t,)=0. u(t) — uckomasi pyHkKIusi Ha oTpe3ke [t,,T].
2) PaccMoTpuM cliiemyroriee HEMMHEHHOE HHTETpallbHOE YpaBHEeHHE BombTeppa:

.t[K(t,s,u(s))ds= f(t); telt,T] (2)

a(t)
IIPY ATOM YUHTBIBAJICS CIIy4dan
K(t,s,u(s)) = K, (t,s)u(s) + K,(s,u(s)) .
3) B unrerpanpaHom ypaBHeHuu BosibTeppa (2) erie paccMarpuBaeTcs cirydaid
K(t,s,u(s)) = K, (t,s)u(s) + K, (t,s,u(s)) .

4 ) (1) npuBencHO WHTErpajbHOE ypaBHeHHE. 31mech «a(t), K(t,s) m f(t)—
3ajaHHble QyHKIUH, TIe a(t) € C't,, T1, a(t,) =B <t,, ft)eC't,,T], a(t) <t, Opu Bcex
telt, T].  K(,s) u  K{(t,s)- HempepbiBHbIE  (QYHKIIMK B 00JacTu
G={(t,s): a(t)<s<t<T}, a(t)— cTporo Bo3pactaromias QyHKIUs Ha OTpe3ke [t, T],
u(t) — uckomas GyHKIHS Ha OTpe3ke [t,,T].

a) K(t,s) u K/(t,s)— HemnpepbiBHbIe PyHKIUH B oOmact G={(t,s): a(t)<s<t<T},
pu Bcex teft,, T] K(t,t)=0.

b) a(t), &'t), fM)—, f'(t)elt, T, alt,)=B<t,, a()=t,, a(t)<t, mpu Bcex te[t,T],
rae a(t)— cTporo Bo3pactaromias GyHKIUS Ha OTpe3ke [t,,T].

3agaua: (1) nns  ypaBHEHUS ONPENEIUTH YCIOBHs, 0OECIEUNBAIOIINEC
€IUHCTBEHHOCTh  PELICHUS A peryjsipusanuio, Koraa  Aapo K(t,s)
HenuddepenuupyeMo uin K(t,t) =0 B onmpeAeICHHbIX TOYKaX MO JUaroHau.

Jlemma 1.1.1. (O600mennas popmyna Hupuxie). [lycts a(t) e C[t,, T], a(t,) =t,,
a(t)— cTporo Bo3pactaromas (yHkuus Ha [t,,T], «(t)<t npu Bcex telt,T],
F(t,s) eC(G), G={ts): t,<t<T, a(t)<s<t}, F.(t,s)eC(G),
G, ={(t,s): t,<t<T, t,<s<ea(t)}. Torma misg mobdoro te[t,,T]
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j[ jF(s 7)dz]ds = f)[af%(s 7)ds]dz + j [jF(s 7)ds]dr,
o a(s) at) = )l
j[a(f)ﬁ(s,r)dr]ds =aj)[ jFl(s,r)ds]dr £

ty a(2)

rae o '(r) ooparHas QyHKIUA c(t).

IIpeamer wuccaenoBanus: lcciaemoBanue
pelIeHUs HEKJIACCUUECKOTO MHTEPBAIHOTO ypaBHEHUS! BosbTeppa nepBoro poja.

B §2.2. «Metoasl WCCIICIOBaHHUS» PACCMOTPEHBI TaKHE METOJbI, Kak:. 1)
oOpatHOe JoKazaTenbcTBO; 2) Perymspuzaumss no M. M. JlaBpeHTheBy; 3)
BBIUMCIICHUE KpaTHBIX HHTErpanoB; 4) Teopema @penronbma, HU3BECTHAs Kak
anpTepHatuBa @penronsma. [lpuBeneHbl  yClIOBUSA, JEMMblI H  TEOPEMBI
YCTaHOBJICHHBIC JIJIS1 UCCIIEOBAHUSI TUCCEPTAIUH.

Taxoke ObLTIO MPUBENICHO 3aKJIFOUEHUE JIJIS1 BTOPOH TJIABHI.

OcHOBHBIE pe3ybTaThl AUCCEPTALMU MIPEACTABIECHHI B riaBax 3 u 4. B riase 3
MIpUBEICHA pEryJisipu3alus pPEIICHUS JIMHEWMHOr0 MHTETPaJIbHOIO ypaBHEHUS
Bosereppa nepBoro poaa u JokazaHa € JMHCTBEHHOCTh pellieHus. ['1aBa 3 cocTouT us3
4 maparpados.

B § 3.1 paccmoTpeHo cieayroniee HHTErpalbHOE YPaBHEHUE:

t
[Kts)u(s)ds=f(t); telt,T]. (3)
a(t)
rie  «(t)eC't,,T], a(t,)=t, a)<t mpum Bcex te[t,T], K(,s) B oOnacTu
G={(t,s): t,<t<T, a(t)<s<t} u f(t) Ha oTpe3ke [t,,T] u3BecTHbIC PYHKIIUU. u(t)—
uckoMast pyHkus Ha [t,,T].
[Ipennosiaraem BBINOJHEHUE CIIEAYOIIUX YCIOBUN:
1% a(t) e C'[t,, T1, &/(t) >0 HpH mo4TH Beex te[t, T];
2° K(s,s)>m>0u K(t,t) e C[t,,T] npu Bcex se[t,,T];
3° Oynkua K(t,s) yaosierBopser yciosue Jlunmmua no t, t.e. Vt,zelt,,T], (t>7) u
Tpu Beex (t,5),(z,5) G, |K(t,s)—K(z,s)| < L(t—7), L>0—const.
Hapsny ¢ ypaBHeHueMm (3) paccCMOTpHUM ypaBHEHUE
t
av(t,e)+ [K(ts)v(s,e)ds=f(t)+au(ty); teft,T], (4)
a(t)
rae u(t)— pemenue ypasuenus (3). Ero pemienue Oyaem HCKaTh B BUJIE

v(t, &) =u(t) + £(t, €) (5)

Torna u3 (4) umeem

e&(t,e) + Jt‘K(t, S)&(s,e)ds =—e(u(t) —u(ty)).

a(t)

ITocnennee nepennmeM B CJ'IGI[yIOHleM BI/II[e

Et,e)+= j K (s, 5)E(S, g)ds:—— j [K(t,s)—K(s,s)]EGs, )ds +

a(t)



a(t)

+— j K(s,8)E(s, £)ds — (u(t) —u(t,)) - (6)
3ILCCI> ITOCJIC HCCKOJIBKUX I/ISMGHCHI/II/I, IMOJIy4YUM CJ'IGI[yIOHII/Iﬁ BUO:
a(t) 71 IK(S s)ds 0,*1(1—) 1 *EEK(T,T)dT
E(t, g)_— j{K(r e+ [ ZK(ss)e [K(s,7) - K(t,7)]ds +
&

T

- JK(r,r)dr LK (oydr
He o g [K(t,7)~K(z,7) p&(z,£)d 7 +

+— j{ K(t,7)—K(z,7)]+ jK(s s)e_4 [K(s,r)—K(t,r)]ds+
€.

X {1_ eg{K(”)dT}[K(t, 7)-K(z, 1) é(z, £)dr -

O-uge -t j K9 " () - u(es (7)
BBenem 0003HaueHHUS:
H, (t, 7, 5)——K(a (e).)e o I<K>(Ss)ds, (8)
1 a(0) “Lik(eoydr
H(trg)_—le et Kt.7)-K(z,2)] +i j K(s,s)e = dfeteate
2K (oyde
x[K(s,7)— K(t,7)Jds += [K(t -K@i(e) ok 0, (9)
H, (t,7,¢) = —lei( YKt D) -K(z,0)]-
—jK(s,s)e 2O L@ r) = K (s, 0)ds (10)
&
LikEode gt LK (e o
U(t, &) = u(t)—u(t,)le ° - [K(s.5)e = [u(t) —u(s)]ds - (11)

VYuutsiBas o6o3naueHus (8)-(11) ypaBuenue (7) 3anuiiemM B CICAYIOIIEM BUIC
alt) a(t)

Et,e)= [Holt,z,)é(r,e)dr+ [H,(t7,6)é(r, e)dr+

t
+ IH2(t,r,g)§(f,g)dr+U(t,g) s telt,, T]. (12)
a(t)
Jlanee ObLIH JJOKA3aHBI CIIEAYIONINE JIEMMBI U TEOPEMBI:
Jlemma 3.1.1. Eciiut BBITIOTHSIFOTCS YCIIOBHS 1°-2°. Torma ms bynakimu H,(t,z,¢)

omnpeesieHHou o Gopmye (8) UMEEeT MeCTo
a(t)

[Ho(t.ze)dz <7, telty,T1; (13)

)



Jdemma 3.1.2. Ilycts Bwimommsores yemous 1°-3° m bymkmum H,(t,7,),
H,(t,z,&) ompenenensl mo ¢opmynamu (9) um (10) coorBercTBeHHo. Torma
CHPaBEIMBBI OLIEHKH:

1) |H1(t,r,g)|£%(281+1), t,7)eG ={(t,7): t, <t<T, t,<r<a(t)}; (14)

2) |H2(t,r,g)|s%, t,r)eG={{tr7): t,<t<T, a()<r<t}; (15)

Jemma 3.1.3. Ilycrs Bomonasiorcs yeiaoBus 2° U(t,e) OIpPEHENCHHAs IO
dbopmyie (11). Torna:
1) ecnu u(t) eC[t,,T], TO

utt,e), = sup ]|u &) <2u).e  +a@,(c”); 0<p<1 (16)
rae w,(e”)= sup ju(t)-u(s)|;
\t—s\s‘g/’
2) ecimu u(t) eC’[t,, T], 0<y <1, TO
Ut &), <C,C.e7, (17)

rue Cy = sup M

, Cy :Ie_m’ﬂ_ldr.
e
t.sefto ] |t - s| 5

Teopema 3.1.1. ITycts  Boimomnstorest  yemosust 1%-3° 1 b, <1, re
K !
_ sup K aa'©) b, :exp[%(2e4+1)(l'—t0)].

velty T] K (U, U)
Torna: 1) ecnu ypaBHenue (3) umeer pemieHue u(t) e Clt,,T], To pemieHue v(t,¢)

Yo

ypaBHeHusi (4) mpu ¢—>0 cxomurcs mo Hopme Cft,,T] k pemeHuro u(t) u
CIpaBeJIiBa OLEHKA:

v(.2) -u@®l, < 2| 2ol e 7+ | (18)

0™~0

rae o, ()= ‘sup u(t) —u(s)|;

t-s|<s

2) Ecnau ypaBHenue (3) umeer perrenue u(t) e C’[t,, T], O0<» <1, 1o pemieHue
v(t,€) ypaBHeHus (4) npu ¢—>0 cxoautcs no HopMe C[t,,T] k pemenuto u(t). Ilpu
ATOM CIIpaBEIJINBa OLIEHKA:

b
V(t, &) —u()]|. < 1—; —CCe7 (19)
0™~0

u(t) —u(s K
rae C, = sup M C, :Ie‘m’r7‘1dr.
t,selty,T] |t—5|7 5
Teopema 3.1.2. IIycts  Boimonmsitorest  yemosus  1°-3° u b, <1, e 7, u b,
onpeneneHsl B Teopeme 3.1.1. Torna pemenue ypasHenue (3) B mpoctpanctse Clt,,T]

€IUHCTBEHHO.



Teopema 3.1.3. Eciu Bomomnmsiorest  yenosust 1°-3° i mouts st Beex te[ty,t,],
K(t,t)>0 Oynmer cymecTtBoBaTh Kak t e(t,,T], To pemeHue ypaBHeHus (3) B

t
npoctpanctse C)[t,,T], (0<y <1) €MUHCTBEHO, Iie ¢(t) = j K(s,s)ds.

)

B § 3.2 BoiOpan mapamerp peryispu3aliil HHTETPalIbHBIX ypaBHEHHM
BonwsTeppa mepBoro, ¢ nepeMeHHbIMHU MpejaesamMu uHTerpaia. [Ipu stom ycioBue
3a/laud yCTaHABJIMBAeTCs Tak ke, kak U B § 3.1. Takke Kk yclioBHIO 3a7auu Oblia
nobasiena Qynkuus f,(t), mpuOIKeHHas K 3aaHHON QyHKIMH f(t) Ha OTpe3KOM

[to.t].
Pemenne sToit 3amaum ObUIO ompenenieHO ¢ MmoMmombio (yHkUH fi(t), C

MPUOJIMKEHHBIM MTApaMETPOM PETyJIIpU3AIIH.
Hapsiny ¢ ypaBHeHueMm (3) paccMOTpUM ypaBHEHHE:

av(t, &)+ j'K(t,s)v(s,g)ds: ft)+eu(ty); telt,, 7], (20)
al(t)

t
vyt e) + jK(t,s)vg(s,g)ds: f () +euy(ty); telt,T], (21)
a(t)
0< & <1—Mamblid mapamerp.

T -0 = tS[tJQ]I (O~ 0] <8, Julty) —u, ()] < d (22)

a, >0 n 0< 6 <1 manelil mapamerp.

TpeboBanoch BHIMIOJHEHHUE TEX K€ YCIOBUH, UTO U B BhIIIeCTOsIICH § 3.1.

3atreM MbI BO3CIOJIb30BIKMCH BBIMICYNOMSHYTHIMUA JieMMon 3.1.1 u memmoii
3.1.2 u chopmupoBasU CISAYIONIYIO JIEMMY:

Jemma 3.2.3. [Tyctb Bomommsiercs yeaosue 2°, U, (t, &) onpenerero GopMyoi

U, (t.e) {[f () £, O+ [u(ts) ~u, (t,)] -

—%j K(s, s)eii“””“{ftf ()= T, ()] +[u(ty) —u, (t)T}ds, (23)

u f(t), f;t)e C[tO,T]toTo Ha [t,,T] cmaBeguiBa OLIEHKA
U, t.e), < 2(§+ 5) (24)
rae ||f(t)-f,@)|. =t€s[t:g]| f)—f,(t)<5, ult)-ust)<ad; 0<ay, B 0<5<1 Mablid

napamerp.
Teopema 3.2.1. Ilycts Bomommsiorest yemosust 1°-3° 1 y b, <1 rae
_ sup NCLIOION b, = exp[ = (26 +1)(T —t,)].
velty,T] K(v,v) m
Taxke MPEANONIOKUM, 4YTO BBIMOJNHSAETCA YyciaoBue (22), dyHKuus v(t,es)
sBisieTcss  perieHneM ypaBHenus (20), a dyHKIus v, (t,e) SABISICTCS pEIICHUEM

Yo

uHTErpajgbHOro ypaBaeHus (21). Torna cnaBeaniaBa oneHKa
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VCORACH S [— +a,5].

0 0
Teopema 3.2.2. IlycTs BeimonHstoTcs ycnoBus Teopemsl 3.2.1. Torga:
1) ecim ypaBHenue (3) mmeer pemeHue u(t)eClt,,T], To pemeHue Vv,(t,e)
ypaBHeHus (21) mpwu =6 >0 cxoauTcs MO HopMme C[t,,T] K pemeHuro u(t) u“
CHaBe/IMJIBA OIICHKA

va (t,\o) - u(t)”

<R T w07+ 2008 4 ), (25)
— 70
rae w,(8) = sup ju(t) —u(s)|;
|t-s|<5
2) ecmu ypaBHenue (3) mmeer perienue u(t)eC’[t,,T], 0<» <1, 1o pemrenue
vs(t,\/g) ypaBHeHus (21) npu & —0 cxomutcs mo Hopme C[t,,T] K peumieHuo u(t) u
CIIaBEIWJIBA OIICHKA

Hv (t,/5)— u(t)H [c cyyaz +2(J3 +a,5) (26)

rae C,, C, ompeneiieHsl B TeopeMe 1.

B § 3.3. Obuio ckazaHo O peHIeHUWH JIMHEWHOIO0 HEKJIACCHYECKOTO
MHTETpajbHOrO ypaBHeHHs BomabTeppa mepBoro pona. Ilpu sTom 3mada craBUTCS
CJIETYIOIIUM 00pa3oM.

[TpuBeneHo uHTerpaibHoe ypaBHenue (3). 'me a(t), K(t,s) u f(t)— 3amaHHbIC
byHKIUY, tae a(t) e C't,,T1, a(t,)=p<t,, f(t)eCt, T], a(t)<t npu Bcex telt,T],
K(t,s) u K(ts)- HemnpepbiBHble (QyHKIHH B obmactu G={(t,s): «(t)<s<t<T},
a(t)— cTporo Bo3pacTaromasi GyHKIus B [t,,T], u(t) — uckomas QyHkuus B [t,,T].

[IpennosioKuiy BeIMOJIHEHUS! CIEAYIOIINX YCIOBUM:
a) K(t,s) u K/(t,s)— HempepbiBHbIe GyHKIIUU B oOmactu G={(t,s): a(t)<s<t<T},
K(t,t) =0 mpu Bcex te[t,,T].
b) a(t), o'®), ), f't)elt,.T], alt,)=L<t,, a()=t,, aft)<t, npu Bcex telt,T],
rae at)— ctporo Bo3pacraromas GyHkius B [t,,T].

Ilycth

u®=e(t), telst] (27)

r7e ¢(t)— U3BEeCTHAs HempepbiBHAS QYHKIUA B [A,t,].

Torna nuddepeHuupys uHTErpasibHOE ypaBHeHHE (3) MMeeM

K(t, tu(t) - K(t, a®)u(a(t))a'(t) + jKt'(t,s)u(s)ds =f'(t), telt,,T]
a(t)

OTCIOJIa MTOJTYYHM:

K (t, a(t)) K!(t,s) £'(t)
u() ==y @O - a{) KLy "O8 e telb Tl (28)
YuuteiBas ycioBus a), b) u (27) uHTerpasbHoe ypaBHeHue (28) 3amuiinem B
BUJIC:
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j (t, S)u(s)ds+P(t) teft,T] (29)
rac
K(t,a(t)

K{(t,s) £'(t)
K(L1) @(s)ds

P0= <@ 7O Ky

== o(at)a'(t) - j telt,T]. (30)

a(t)
IMomaras =1, u yunrsiBas (27) u (30), u3 (3) u (29) monyumnm:

tJQK(tO,S)(p(s)ds =f(t,),; (31)

alt)
Kty a(ty)) ' FKY D) f,(to)
m%%)wmm»am)iji)() PR (32)

Teopema 3.3.1. Ilycte BeImoONHAIOTCA yciaoBus a), b), (31) u (32). Torma
uHTerpaisbHoe ypaBHeHue (3) ¢ ycimoBueMm (27) SKBHBAJICHTHO WHTETPATBLHOMY
ypaBHEHHIO BTOporo poza (29), rae P(t)— ompenenero no ¢popmyite (30).

CnencrBue 3.3.1. [lycTe BBIIONHSIOTCS  yCIOBUS — TeopeMbl. Torma
uHTerpanbHoe ypaBHeHue (3) ¢ ycnoBueMm (27) mMeeT €IUHCTBCHHOE pEIICHHE B
npoctpaHcTse C[S,T].

IIpumep 3.3.1. PaccmoTpum cienyroriee HHTErpaibHOe ypaBHEHUE:

o(ty) =

t
I[1+(t—s)]u(s)ds=t2 +3t—g; t e[0:1] (33)
t-1
C YCIIOBHEM
ut) =2t, te[-10] (34)
3nech a(t)=t-1, t,=0, A=-1, T=1, K(ts)=l+(t—s), a(t)=1, @)=t +3t—§.
Kpome toro mpennonoxum, uro npu te[-L0], u(t)=2t. ¢t)=2t, t<[-L50]. B sToM
cayyae K(t,t)=1, K(,a(t)=2, Ki(ts)=1, npu (t,s)=G={(t,s):t-1<s<t<1},
pla(t))=-2, f'(t)=2t+3.
OKOHYATENbHBIN OTBET MOJYYUIIU:
ut)=2(t-e"+1); te[01] (35)
B § 3.4 Opima paccMOTpeHa peryispusaiusi penieHue HEKIaCCHYeCKUX
JIMHENHBIX ypaBHEHUN BonbTeppa nepBoro poaa, ¢ Ha4ajlbHBIM YCIOBUEM.
[Tpu »ToM 3amava ctaBuTcs Tak ke, kak u B § 3.3. [lorpeboBanu BBIIOTHEHHE
ycioBuii a) U b). MbI ucnionb3oBaiu § 3.3 1o ycnoBus (32) mis penieHus mpooIeMbl.
3aTeM Mbl IPOJIOJIKUIIU UCCIIEI0BATh CIEAYIOIIEee NHTErPAIbHOE YPABHEHHE:

vt e) + j K (t,s)V(s,&)ds = f (t) + egt,) (36)
a(t)
C yCIOBHEM V(t, &) = p(t), te[f.t,] (37)
rae ¢>0 HEKOTOpBIH Manblii mapamerp. B wHTerpaspHOM ypaBHeHHH (36)
CEeJIaeM IOJACTAHOBKY:

v(t,e)=ut)+<(t.e), telBt] (38)

Otcyrona nosy4nm
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au(t) + e&(t, &) + j[ K (t,s)u(s)ds + j K(t,8)E(s, £)ds = f (1) +ealt,) . (39)
a(t) a(t)
B cuny (3) u3 (39) monyunm:

£&(t,2)+ [K(t,5)&(s,2)ds = £[p(t,) —u(t)] (40)
a(t)
YuuteiBas ¢pynkiuio (38) u ycnosus (37) u (27) umeem:
&t e)=0; te[B]. (41)
N3 (40) pa3nenuB HHTETpall OTYIHM:
e&(t, ) + fK(t,s)g(s,g)ds+jK(t,s)g(s,g)ds = elp(t,) —u(®)] . (42)
a(t) ty
B cuny (41) umeem:
jK(t,s)é(s,g)ds =0, te[B,T] (43)

a(t)
H OTMCTHUM, YTO

o(ty) =u(ty);
Torna B cuny (43) u3 (42) nonyunm:

£&(t,8)+ [ K(t,5)&(s, £)ds = elo(t,) —u(t)] (44)
Huddepenunpys ypaBHeHOI/Ie (44) nmeem:
eE'(t, &)+ K(t,1)E(t, ) + j K{(t,s)&(s, £)ds = —au'(t) (45)

C HA4YAJIbHBIM yCIIOBUEM
E(ty, ) =0 (46)
VYpaBHenue (45) - nuHeitHOe WHTErpo-AudQepeHIInaTPHOE YPAaBHEHUE TIEPBOTO
HopsiIKa

E't,e) o1 K(t,t)E(t, &) =—u'(t) —ij K{(t,s)&(s, €)ds, (47)
& &1

¢ ycnoBueMm (18). 3Bamaum Komm (46)-(47) SKBUBAJICHTHBI CIEAYIOLMIEMY
HUHTETPAIbHOMY YPaBHECHHIO.

t
1 K(z,r)dr

E(t,¢) =—'t[e K (u’(s)+ljKé(s,r)ﬁ(r,g)dr]ds, (48)
t ¢ f

ChopmynrpoBanu CIeayONIy0 TEOPEMY.
Teopema 3.4.1. [IycTh BBINONHSAIOTCS YCIOBHS a), B) U GYHKIUs U(t) € C'[t,, T]

SBIISICTCS pEIICHHEM HHTerpadbHoro ypaBHenus (3) c¢ ycmoBuem (27). Torma
pelieHust HHTerpajabHoro ypaBuenus (36) ¢ ycioBuem (37) CXOAUTCS ¢ peIICHUEM
u(t) mpu ¢ —0, T.e. cipaBeyIMBa CIAEAYIONIask OLEHKA

||V(t, £) —u(t)||c <Me.
rIe
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_ me%(mo)
(04
M, = sup [K{(t,s)],

(t,5)eG

Uy =), = st ),

I\/Il

||V(t, £)— u(t)||c <M.
3aTteM cregyronui npuMep 2 ObLI MOJHOCTBIO PEIICH.
IMpumep 3.4.1. PaccMoTpuM clieyroIIee HHTETPAIbHOE YpaBHEHHE:

t
[e“u(s)ds=¢'; te[o] (49)
t-1
C YCIIOBHEM
u(t)=e', te[-1L0] (50)
3nech aft)=t-1, t,=0, g=-1, T=1, K(,s)=e", o (t)=1, f(t)=e'. Kpome ToOrO
MPEIIOJIOKAM, 9TO TIpH te[-L0] u(t)=e', o(t)=¢'. B 3tom ciydae K(t,a(t)) =€,
K{(t,s)=e", K(t,t)=1mpH (t,s)=G={(t,s):t—-1<s<t<I}.
[Tonyunnu pemenne:
u(t) =e' (51)
Temnepsb orieHUM periieHne ypaBHeHus (49)

. _u }
lim|&(t, )| < lim =2 Mg
&0 &0 ¢

3aTeM MBI COCPEIOTOUMITUCH HA 3a/1a4e PETYJIIPHOCTH PEIICHUSI HHTETPATLHOTO
ypaBHeHwust (49). T.e. MHTErpabHOE ypaBHEHUE

t
av(t,e)+ .[et’sv(s,g)ds=et +&, te[0]], (52)
t-1
PEIIWIN C YCIIOBUEM
v(t,e) =¢', te[-10], (53)
[Tokazanu, 4To pemieHHe HWHTErpanbHOro ypaBHeHus (52) mpu HadaabHOM
ycnoBun (53) siBiisieTcsl peryisipuszanyedl pemeHusi HHTerpaabHOro ypaBHeHUs (49)
npu HadanbHOM ycioBu (50). Hanee

) < [ele(r, )dr + 2, o] (54)

0
HCIIOJBb3Ys HCPABCHCTBO rpOHy.HJ'IBI-BeJ'IBMaHa IJIs1 HCPABCHCTBA, IMOJIYIUM OLCHKY

[, 2)], <[Vt &) —u®)],. =|vtt. &) —etHC <ee’s, (55)

Orcrona, € >0, nocneaHee COOTHOIIEHUE CTPEMUTCS K HYJIIO.

I'maBa 4 cocroutr w3 2 maparpadoB. B § 4.1 paccmorpenu pemnieHue
HEJIMHEHHOTO MHTETPABHOTO YpaBHEeHUs BonbTeppa nmepBoro pona. 3aiada CTaBUTCA
CITyyIOIIeM 00pa3oMm.

PaccmoTpum cienyroniyro HHTETpaibHYIO YPaBHEHHUIO:

jK(t,s)u(s)ds: f(t); telt,T], (56)
a(t)
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rae a(t) e Clt,,t], a(t,)=t,, at)<t, f(t) 1 K(t,s,u(s))3amanabie GyHKIINN HA OTPE3KE
[t,,T] u B obmactu GxR, tae G={(t,s): t,<t<T, a(t)<s<t}, u(t)- HcCKOMas
byHKIUsA Ha OTpe3ke [t,,T].

K ycnoBusim § 3.1 no6GaBiieHO clieayrolee yCIoBHe:
4° Tlpu Beex (r,u,),(7,U,) €ty TIXR, [Ky(7,U,) — Ky (z,u)| < L (D)|u, —|,  Ly() e Llt,, T,
K,(t,0)=0 ipu Vte[t,, T].

ITycTh

K(t,s,u(s)) = K, (t,s)u(s) + K,(s,u(s))
Torna ypaBuenue (56) MOKHO MpECTaBUTh B BHJIE:

[Ko(t.s)u(s)ds+ [K,(s,u(s))ds = f(t); tet,T] (57)
a(t) a(t)
Hapsny ¢ ypaBaenem (57) paccMoTpum:

t t
aV(t,8)+ [Ko(t,s)V(s,&)ds+ [Ky(s,v(s,8))ds = f (1) +eu(t,); telt,T] (58)
al(t) a(t)
rae 0< e <1 HEKOTOPBIA MAJIBIM ITapaMeTp.
Ero pemennie Oynem UCKaTh B BUJIE
v(t, &) =u(t) +<£(t, &) ; (59)
rie u(t) pemenue ypasuenus (57), a £(t,s) HeusBecTHast PyHKITHUS.
Jlanee STOM MBI HCIOJIB30BAU JIEMMBbI, JIOKAa3aHHBIC BBIIIEC, W CIEIYIOIINE
JIEMMBI ObUTH CPOPMYJIMPOBAHBI U IOKA3aHBI:
Jdemma 4.1.4. Tlycrs somommstores yemous 1°, 2° u 4°, dynxuws
N, (t,7,u(r),&(7, €), &) ompeeneHa COOTBETCTBEHHO opMyIoit

1t
—= [Ko(z,7)dz fé}Ko(r,T)d
&z

No(t,f,u(f),ff(f,é‘),g):%[e o e Kz +E(6) - Ky (zu(@)]  (60)

Torma uMeroT MecTa clieayIoNIue HepaBeHCTBA
a(t)

[INo(t.7.u(). £(z. 2), &)dz < p|é(z. )| . (61)

LL(a()e'(v)
rne y,= sup -~
h ve[a(f)),T] | KO (V, V)|

Jlemma 4.1.5. IlycTh BBINOJHSIOTCS YCIOBUS 19 2° 4° 4 byHKIHS

N,(t,7,u(z), (7, €),£) ompeneneHa COOTBETCTBEHHO (popmytoit
1t

N, (t,7,u(c), E(r &), £) = —%m(r, WD)+ £, 8) - K (mu@le = (62)
Torna cpaBeuBa OlLCHKA:
a(t)
[IN:(t,7,u(0), &Gz, 2), )de] < et 2)] . (63)
L
e 7. = rz[ltiPT] |K0 (2',2')| .

Torna Obla 10Ka3aHa cieayolas Teopema:
Teopema 4.1.1. ITycts Bemommsiores yenous 1%-4° i (v, + 7, +7,)b, <1 Tre
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_ g K@ a@)'w) L(@va'0)

e , = Sup
0 ety T1 K(v,v) £ vela(t)T] |KO(V,V)|
L(2) Lo
¥, = sup , b, =exp[— (2e~ +1)(T —t,)].
2 7€ty T] |K0 (T, T)| 0 m 0

Torna, 1) ecnu ypaBaenue (56) umeer pemenue u(t) e C[t,, T] To pemieHue v(t, )
ypaBHeHus (58) mpum &—>0 cxomurcs mo HOopMme Clt,, T] X pemeHuto u(t) |

CIIpaBCJINBA OILICHKA

by . _
Tty oy, Ok 7 o) (64)

Iv(t, &) —u(t)] <
rae w,(”)= sup u(t)—u(s)|.
\t—s\gg”
2) Ecnu ypaBuenue (56) mmeer pemienue u(t)eC’[t,,T], 0<» <1 10 pemienue
v(t, &), ypaBaenus (58) mpu ¢ —0 cxomutcs mo Hopme C[t,, T] k pemenuto u(t). [Ipu
ATOM CIIpaBeAINBa OI[CHKA

b
v(t, &) —u(t)| < 0 yC,C & 65
” ” 1-(vo+ 7 +72)bg o (65)
rae C, = 7Ie‘fr7‘ldr ; C, = sup —|u(t) —u(s)| )
0 todtTl  t—s|

B § 4.2 paccmarpuBanach peryisapu3anusl peluieHUs HEJIMHEWHOTO YpPaBHEHHUS
BonbTeppa nepBoro poaa. 31ech IOCTAHOBKA 33/1a4M Takas e, Kak u B § 4.1.

VYcnoBus B § 3.1 ObulM MPUBENECHBI U BMECTO 4° ycioBuil B § 4.1 ObLIO JaHO
CJIeIyIolIee yCIOBHUE.
4° [Tpu BCEX (t,z,u,), (s,7,u,), (t,z,u,) u (s,7,u,)eGxR
K, (t,7,u,) — K (5,7,U,) — K, (8, 7,u) + K (5, 7,0,)| < Lt —s|u, —u,|, L, >0—const. K (t,t,u)=0 u
K,(a ' (t),t,u) =0 mpm V(t,u) et,, TIxR, K(t,5,0)=0 pu V(t,5)€G.

[Tycts B ypaBHeHue (56)

K(t,s,u(s)) = K, (t,s)u(s) + K, (t,s,u(s)) .
Torna ypaBaenue (56) MOXHO MPEICTABUTH:

[Ks(t.s)u(s)ds+ [K,(t.s,u(s)ds=f(t); telt,T]. (66)
a(t) a(t)
Hapsiny ¢ ypaBaenuem (66) paccmoTpum:

t t
() + [ Kot V(s e)ds+ [K,(t,5,v(s,2))ds = f () +eu(ty) ; telt,T] (67)
a(t) a(t)
rae 0< e <1 HEKOTOPBIM MaJjbli IapamMeTp.
3/1ech ToKe ObUIM YUTEHBI JIEMMBI, JokazaHHbie B § 3.1 u § 4.1.
Teopema 4.2.1. TTycrs Bomonstores yemosust 1°-4° u B, =y,e" % <1, rie

- ap Ko@)
velty,T] KO (U, U)

-1
, M :ﬁ(e‘l+1)+5(e—+3e‘l+2).
m m'm
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Torma: 1) eciu ypaBuenue (56) mmeer pemrenue u(t) B mpoctpancTe Clt,, T], TO
pemenue v(t,s) ypaBHenus (66) nmpu £ -0 cxoaurcs mo HopMme C[t,,T] K pCIICHHIO

u(t) u crpaBeaivBa OI[€HKa
1

vt &) —u(®)],. < [E4IU(t)|| e 7 +w,(e")]; (68)

rae w,(¢”)= sup |u(t) u(s)|;

|t-s|<e”
2) Ecmn ypaBHenwue (56) nmeeT pemrenue u(t) B mpoctpanctse C/[t,, T], (0<y <1) ToO
pemienue v(t,e) ypaBuenus (66) mpu ¢ -0 cxomurcs mo HopMme Clt,, T] K pELICHUIO
u(t) . [Ipu aTOM cripaBeIMBa OIICHKA
oM (T-t)

t,e)—u(t
Mt -u® <7 —

rae C, je "7z, C, = sup |u(|t) T(S)|.
t,5€efty.T] t—S

= CCe, (69)

BbIBO/IbI

B gucceprauMoHHOoil  paboTe  JI0Ka3aHO ~ €AMHCTBEHHOCTb  PEIICHHUS
HEKJIaCCUYECKOT0 MHTErpajJibHOTO ypaBHeHHs Bonbreppa mepBoro pojaa. BriOpanbl
rapameTpsl i1 PELIEHNs] UHTErpajIbHOro ypaBHeHust Bonbreppa nepsoro poxaa. s
pELICHUs HEKJIACCUYECKOI0 HWHTETPAIBHOTO YPAaBHEHHUS NEPBOr0 poAa IOCTPOECH
omeparop peryisipuzanuu 1o M.M. JlaBpeHTbeBY H JI0Ka3zaHa Teopema o
€MHCTBEHHOCTH, MOJY4YEHBI CIEAYIOIINE PE3YIIbTATHI:

— Jlokazana  €IMHCTBEHHOCTb  PELICHUWM  HEKJIIACCUYECKHUX  JIMHEHMHBIX
MHTETPAIBHBIX YpaBHEHUN BosibTeppa nepBoro poaa;

— Iloctpoen omnepartop perynspuzauun no M.M JlaBpeHTbeBY i peLICHUN
HEKJIACCUYECKUX JIMHEWHBIX HHTETPAIBHBIX YpaBHEHUN BosbTeppa nepsoro poaa;

— BpiOpan mapamMeTrp peryjsipu3alMi pelIeHUN JMHEHHBIX HEKJIaCCHYECKHX
MHTErPpAIBHBIX YpaBHEHU BosibTeppa nepBoro poaa;

— JlokazaHa €AMHCTBEHHOCTh pEIICHUHW OJHOTO KJIacCa HEKIACCUYECKUX
HEJIMHEMHBIX MHTETPAJIbHBIX YpaBHEHUN BonbTeppa nmepBoro poaa;

— Iloctpoen omeparop perymnspusaunu o M.M. JlaBpeHTbEBY Ml peLICHUN
HEKJIACCUYECKMX M OOIIEero ciydas HEJIMHEWHBIX WHTErpajbHBIX YpaBHEHUN
BonbTeppa nepsoro poaa.

MPAKTUYECKHUE PEKOMEHJALIUN
PexomenmyeM HaydHbIE pe3yJabTaThl IUCCEPTAIIMU MJIs WCIOJIb30BaHUS TIPH
pemennn nuddepeHInaTbHBIX YPaBHCHU, B (PU3UKE U IPYTUX 00JIACTIX HAYKH.
Jymaem, d4Yro pemeHue JIMHEWHOTO HEKJIACCUYECKOr0  HWHTErPajJIbHOTO
ypaBHeHHs BombpTeppa mepBOro pojaa HaXOAWT MPAKTUYECKOE MPUMEHEHHE TpU
MOMCKE pelieHni nudPpepeHraibHbIX YpaBHEHUN.
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YorwodexoB Canapdexk MuiizamO0exkoBHUTHH “Kiiaccukajbik 3Mec OMPUHYM
TYpAery afipbIM HHTErPAJABIK TeHAeMeJepAuH YyeyuMACPHUHUH
peryjasipu3aumMsachbl KaHa KAArbBAbITbI” gereH Temaaarsl  01.01.02 -
auppepeHIMANABIK  TeHAeMeJdep, AUHAMHKAJABIK  CHCTEMajap  KaHa
ONTHMAJABIK 0alIKapyy aAuCTUrH 00I0HYA PU3HKA-MATEMATHKA WINMACPHUHUH
KAHIUAATBI OKYMYIITYYJIYK AaPAa’KAChIH U3ICHMII AJIYY YYYH AMCCePTALUSHbIH

PE3IOMECH

Herusru ce3pep: MHTErpaiablKk TEHAEMEIEP, PErYIApU3ALUAIO0, Y3IYITYKCY3
GyHKIUS, JKaKbIHAAIITBHIPBUITAaH YE€UUMAEpP, MEWKUHIWK, JIMMIMUOTHH [IapThl,
JlMpuxJIeHUH Kanmnblianrad gopmynacel, ['panoysuia- benmanabin 6apadbapchi3abIThl,
ACEIIMK UHTErpaiaap.

N3unnee odbexkTHcu: BonbTeppaHblH OMPUHYM TYPAOIY KIACCHKAIBIK dMeC
MHTETPaJAbIK TEHIEMECH.

N3unnee npeamern: BonbTeppaHblH OMPUHYM TYPAOTY KIACCHUKAIIBIK 3MEC
MHTETPAJAbIK TEHAEMECUHUH YEUMMUH U3UIIIO00.

Kymymryn Makcatbl: BonbTeppaHblH OUpUHYM TYpAOrY KIACCUKAJIBIK 3IMEC
MHTETPAIbIK TEHACMECUHUH YEUYMMHH HU3WJIZA06 KaHA YEUMMI€ PEryJIIpHU3aLUsIIOO
ONEPATOPYH TYPry3yy, PEryJSIpH3alHsuIO0 NapaMETpUH TaHI0O0 JKaHA YECYMMJIHUH
KQJITBI3/IBITBIH TAIWII06 O0JIyI 3CEnTeeT.

N3unpeenyH Meroaaopy kaHa annaparrapbl: TeckepucuHeH aanuinee; M.
M. JlaBpeHTheB OOIOHYA PETYISAPU3ALUSLIO0; ACENYY HHTErpaiiapibl 3CEnToe;
@pearoapMIyH alNTepHATUBACH! Jen aTanyydyy OpearonbmMayH TeOpeMachl.

AJIBIHTAH HaTBIKAJAp JKaHa aJlapAblH JKaHbLIbITbI: BoapTeppaHbiH
OMpUHYM TYPHAOIY CBI3BIKTYY KIJIACCUKAJbIK 3MEC HHTErpalJIblK TEHJAEMECUHHUH
YEUMMUHUH KQJITBI3bITBl  JANWIJIEHTeH; BonbTeppaHblH OUPUHYU  TYpAOrY
CBI3BIKTYY  KJACCHUKaJbIK  3MEC  MHTErpajAblKk  TEHAEMECUHHH  YECYHMMHUHE
PEryIspU3alUsAsioo OINepaTopy Typry3yirad; BonbTeppaHblH OUpPUHYM TYpAOIY
CBI3BIKTYY  KIJIACCHKAQJIBIK 3MEC MHTETPAJABIK  TEHJAEMECHH  4Yeuyy Y4YYH
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PETyJIIpU3alMSAIO0 TlapaMeTpH TaHJalraH; BoibTeppaHblH OWPUHYM TYPAOTY
CBI3BIKTYYy OMEC KJIACCHKAJBbIK HSMEC HMHTETrPalAblK TEHACMCCHHHH YCYMMHHE
peryispusanys omnepaTopy Typrysyirad;, BoibTeppaHblH OHPHUHYM TYPIAOTY
CBI3BIKTYYy OMEC KIACCHUKAJIbIK HSMEC HHTEIPAlJbIK TEHAEMEHHUH YCYMMHHHH
YKaJITBI3BITEl JAIWIICHTEH.

Koamonyy pgapaxkacel ke KOJJIOHYY OoroH4Ya cyHymrTap: JKymym
TEOPUSIBIK Ma3MyHJa OOJTOHY MCHEH aHbIH HAThIM)KaJapblH  HHTErpPO-
mubdepeHnManaplk  TEHAEMEIEpId W3WIAeeAe JKaHa aWpbhiM  TPHUKIAIJIBIK
MaceJeepId U306 YIYH KOJIOHYYTa CYHYI KbIIbIHAT.

Koamonyy xaatbl: By ceisikryy macenenep quddepeHIuaiabk TeHaeMenepanH
camaTThIK TEOPHUSICHl MEHEH OaiijlaHbIIIKaH MAaTEMAaTUKAHBIH, (DHM3MKAHBIH, TEXHUKAHBIH
’K.0. WIMM/IMH K33 OMp TapMakKTapblH/Ia, TECOPHSIIBIK MaceleNIepAH YbIrapyyaa Ke3IemieT.

PE3IOME

duccepraumu  YowodexkoBa Canapdexka MuiizaM0exkoBHYa Ha Temy:
“Peryasipu3anusi ¥ €IUHCTBEHHOCTb pelIeHHii HEKOTOPBIX He KJIACCHYECKHX
HEKOTOPBIX MHTErpajJbHbIX YPABHEHUIl MEPBOro pojaa” Ha COMCKAHHE y4eHOW
CTeleHH KaHAMIATa (PU3NKO—MATEeMATHYECKHX HAYK M0 CHelUAJIbLHOCTH
01.01.02-nud¢epenunanbubie  ypaBHeHHs, [IMHAMHUYECKHE CHCTEMbI U
ONTUMAJIbHOE yIIPpaBJIeHue

KuarwueBblie cioBa: MHTerpanbHble YpaBHEHUS, PETYISIpU3aLUs, HEIPEPbIBHAS
byHKUMSI, TPUOMMKEHHBIE  PEIICHMs, TPOCTPAHCTBO, ycioBue Jlummmiia,
o0o6mennas opmyna Jlupuxie, HepaBeHCTBO ['paHoymibl - benbmana, KpaTHbIE
MHTErPAJIbI.

O0bexkT mcciaenoBanusi: Hexnaccnueckoe — MHTETpallbHOE  ypABHEHHE
Bosereppa nepsoro poaa.

Ipeamer wuccaenoBanus: IccnenoBanume  pemieHuss  HEKJIACCHYECKOTO
MHTETPAJIBbHOTO ypaBHEHUsS BonpTeppa nepBoro poaa.

Heas padorbi: HcciienoBaHue pemieHUs HEKJIACCHYECKOTO WHTETrPabHOTO
ypaBHeHus1 BonpTeppa 1mepBoro poga a HMMEHHO IIOCTPOEHA  Omeparopa
peryiaspusand  BbIOOp — MmapaMerpa  peryjasipu3allid W JIOKa3aTeIbCTBO
€AMHCTBEHHOCTH PELICHUS.

Metoabl wucciaenoBanuss u anmaparypa: OOpaTHoe J0Ka3aTeIbCTBO;
perynspusauus o M. M. JlaBpeHTheBY; BBIUUCIIEHUE KPATHBIX HHTETPAJIOB; TEOpEMA
®penrosbMa, U3BECTHAS KaK ajnbTepHaTuBa Opearosibma.

IonyyeHHble pe3yJbTaTbl M HUX HOBHM3HA: J[0Ka3aHO €JAMHCTBEHHOCTh
pELIEHNs HEKJIACCUYECKOr0 MHTErpAIbHOTO ypaBHEHUs BoibpTeppa mepBoro poja.
[TocTtpoeH anropuT™M BbIOOpa [UIsl PEryJIIpU3ALMU  JUHEHHOTO HWHTETrpaibHOro
ypaBHeHus Bombereppa mneporo pozma. IlocTtpoen omeparop peryispusanuu
HEJIMHEWHOTO HEKJIACCHYECKOTO HWHTETPAIBHOTO ypaBHEHHs BosbTeppa mepBoro
ponaa. BeiOpan mapameTp perysspusaiuu.

CreneHb HMCHOJB30BAHHE MJIM PEKOMEHJAALUMH MO HCHOJIb30BAHMIO: XOTH
paboTa SBISETCS TEOPETUUYECKOM, €€ pe3yslbTaThl MOTYT OBITh HMCIOJb30BAHBI MPH
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M3YYeHUU UHTErpo-auddepeHIaNbHbIX YPaBHEHUN U IJS U3YYEHHUS MPHUKIaJHbBIX
3aj1a4 (pU3UKHU, SKOJOTUHU, METULIUHBI U T.1I.

Oo0sacts npumenenusi: [lomoOHbIE 3amauM BCTpeyaroTCd B MaTeMaTHKE,
¢u3uKe, TEXHUKE M HEKOTOpBIX JpPYrux OOJacTsIX HAyKd MpU IOCTAaHOBKE
TEOPETHUUYECKUX 3a/1a4 CBA3aHBIX C KAYECTBEHHON TEOPUEN YPABHEHHM.

SUMMARY

Dissertation of Saparbek Miyzambekovich Choyubekov on “Regularization
and uniqueness of solutions of some non-classical integral equations of the first
kind” for the degree of Candidate of Physical and Mathematical Sciences on
specialty 01.01.02-differential equations, dynamic systems and optimal control

Keywords: integral equations, regularization, continuous function, approximate
solutions, space, Lipschitz condition, generalized Dirichlet formula, Grénwall-
Bellman inequality, multiple integrals.

The object of the study: Non-classical integral Volterra equation of the first
Kind.

Subject of research: An investigation of the solution of the non-classical
integral VVolterra equation of the first kind.

The purpose of the work: The investigation of the solution of the non-classical
Volterra integral equation of the first kind and the establishment of the regularization
operator for the solution, the choice of the regularization parameter, and the proof of
the unigueness of the solution.

Research methods and apparatus: Inverse Proof; regularization according to
M.M.Lavrentiev; calculation of multiple integrals; Fredholm Theorem, also known as
Fredholm Alternative

The results obtained and their novelty: The uniqueness of the solution of
Volterra's linear non-classical integral equation of the first kind is proved; A
regularization operator is constructed for the solution of Volterra's linear non-
classical integral equation of the first kind; The regularization parameter is chosen to
solve Volterra's linear non-classical integral equation of the first kind; A
regularization operator is constructed for the solution of Volterra's nonlinear classical
integral equation of the first kind; The uniqueness of the solution of Volterra's
nonlinear classical integral equation of the first kind is proved;

Degree of use or recommendations for use: Although the work is in
theoretical content, its results can be used in the study of integral differential
equations and for the study of applied processes of physics, ecology, medicine.

Scope: Such problems are encountered in some fields of science, solving
theoretical problems related to the qualitative theory of differential equations in
mathematics, physics, engineering, etc. /
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