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30ecv pacemampusaemces 3a0aua onpeoenenus AHAIUMUYECKOU QYHKYUYU HA KOJbYe-
obpasnotl obnacmu. 30eco NOIYUeHO, YUMo O KAHCOOU AHAIUMUYECKOU (YHKYUU, OnpedeieH-
HOU Ha KOIbYeoOpa3Hou obaacmu, umerom mMecmo Hekomopuvle neobxooumvie ycrogus. Ecau
KO3 huyuenmol 2paHUYHBIX YCA08U NPUHAdIedcam Hekomopomy Kiaccy Ienvoepa, a npagvie
yacmu oughgepenyupyemoti QyHKyuu oodpawaromecs 6 Hylb HA KOHYAX UHMep8aud, 20e OHU
onpeoenennl, mo20a NOJYUeHHbLe SbIPANCEHUsL pe2yaspHble. JJoKa3ano, Ymo npu Smux yCeio8usix
U UCX003L U3 ONPEOeeHHbIX POPMYT, PACCMOMPEHHAS 2PDAHUYHAS 3a0a4a ped201bMOo8a.

KaioueBsie ciaoBa: Ananutiueckas GyHKIMS, (yHAaMEHTaIbHOE pelieHue, (opmyia
I'puna, kombiIe0Opa3Hast 00J1aCTh, CUHTYJISIPHOCTB, PETYIISIPHOE BBIPAKECHUE

BBenenue. [lycts I, 1 I’, ABe KOHLIEHTPUUECKHUE OKPYKHOCTH C IICH-
TPOM B Havaje KOOPAUHAT
D={X=(X,X,):r</x|<R},
a vV - BHEUIHSA HOPMaJIb K TpaHuily oD oOjacTtu D .
Paccmotpum cregyronyto 3agauy:

M+iM=0,xeDch (1)
ox, X,

&, (X)U(X,,—R* = X)) + o, (X U(X 4/ RP =X ) =g, (X)), -R<x <-r  (2)
&, (X)OU(X,,—/R* =X ) + &, (X u(X, ,—m)+ak3(xl)u(x,,m)+
+ 0 UG RP =X ) = (X)) , k=23 , —r<x <r (3)
&, (OUX,—R* = X7 )+, (U(X,4/R* =X ) =0,(x), T<SX <R (4)
e i=v-1, o, (x) ¥ ¢ (x) k=14, npu k=1u4, j=12;anpu k=2,3u j=14
— 3aJJaHHbBIC HETPEPbIBHbIE (PYHKIINH, a YCIOBHE (2) TMHEHHO HE3aBUCUMO.

B pabote [2] paccmoTpena oOpaTHasi 3ajada B CMbICe THXOHOBa-
JlaBpenTneBa 11 ypaBHenus Komu-Pumana. B cinydae, Korjia He BBINIOJIHSET-



cs ycnoBue Kamiemana B KpaeBo 3ajaue, KOTOpasi OCTaBleHa i ypaBHe-
Hus Komm-Pumana, nokazaHa HEKOPpPEKTHOCTb IOCTaBlIeHHOW 3ajgauu [3]. B
pabore [4] uccnenoBana (peAroabLMOCTh 3aadd MPU HEJIOKATBHBIX W TJIO-
OaJbHBIX KpaeBbIX yCIOBHsX A ypaBHeHUs Komm-Pumana. Korpa samuntu-
YyecKasi 4acTb paCCMOTPEHHOI'0 YPaBHEHHUs CMEUIAHHOTO THUIIA SIBJISIETCS ypaB-
HeHueM Kommu-Pumana, B pabdore [5] uccrnenoBana (penronbMocTs KpaeBoit
3aJ1a4yM JUIsl TAKOT'O YPABHEHHUS CMEIIAHHOI'O THIA.

1. Moayuyenue HeoOxoauMbIX yciaoBuil. Kak u3BecTHO, (yHIameH-

TajabHOE pewieHue ypapHeHus (1) umeer Bua [1]:
1 1
U(X_é:)_glxz_fz-l_i(xl_é:l) (5)

Torma u3 (5) u (1), mogo6HO kK BTOpoMy hopmyny ['puHa, momydamnm:
0= j%u (x—EYdx+i] ag)((x) U(x=&)dx = Ju(x)U (x - E)cos(v, X, )dx +

aU(x—§>+iBU(x—§fFX:

+i Ju()U (x = &)cos(v, x,)dx — ju(x)|: E» Ew

= Ju(x)U (x = &)[cos(v, X, ) + icos(v,x) Jdx — [u(x)d(x — &)dx ,

nin

Lr xR %) - a }
iK 1-i dx, +
27 R _\/Rz—_xlz_é +i(X|_§1)_ Rz_xl
RS o N A P
27T R \/R2—>(12 -, il =&)| \/Rz—Xf
L U %) [l—i N, +

2m _ﬂ_fz-}'i(xl_;)[ rz—Xf

u@). ¢eD
1’\/—) |V]-i‘l\/r al jl 1 (6)

1
\/r —x} +i(x, — L Eu(f), EedD.
Takum oOpazom, oayuyeHo OCHOBHOE cooTHoIeHue (6). [lepBoe Bbipa-
KECHHE, COOTBETCTBYOIIEE & e D, 1aeT MPOU3BOJIBHYIO aHATTUTHYECKYIO (YHK-
LIUIO, OIpPEJEJICHHYI0 Ha D, BTOpOE BBIpa)KE€HHE, COOTBETCTByMOIEe &edD,

SIBJIICTCS HEOOXOJUMBIMU YCIIOBUSIMHU.
OTaenum 3TH YCIOBHS:

: 8 u(x,—R* %) [ X
_ =" I ‘
U(f R J =R =X R =& +i(x, —&) tl }X]Jr
R [k
2” R \/RZ—X +\/R2 51 |()(I [ \/Rz 1

RS

—




dx, +

1

1 r u(x, —,/r -X) [l—i X, ]
e —\/r X AR = Hi(X —E) [ r-x
1 Uy = X0) [m % Z}dxl,

27[ -r \/r X]2 +\/R2 —512 +i(X1 _51)[ \/r2 —X

“R<& <R (7

L Ryt xR %) I-j—2 ]dx +
EU(;, R _51)_ 27[*R—\/R2——X12_\/ré:12+i(xl_§l)> RZ_X1

J U(Xl"\l RZ_XIZ) 1+i - ]dx -

+— !

27 R \/Rz—xz—\/Rz—.§2+i(xl—§l)_ JR =%
27T —\/r -X —\/R §+| [ \/rz—xz

1 U(Xw r’ _X) [ ]
N e v

, -R<¢& <R (8)

1 = u(x,,—/R*=x}) ’71 i
u(f - )__EJR_JRZ X} 41 =& +ix, - 1)[
VRZ—X) |71+I X ]dX—
27z R \/R2—x —\/r +i(x, — L
(X AT %) [l—i % ]
3 —\/r g i 1—5»[ Ir-x
1t U(X,y 1 = %) [

2;:Jr\/r2_x ==& 4ix, - [ \/r —X} :

r<é<r (9)

Jr’ =R %) ]dx+
u@ "4 )___J \/RZ ToJr-e +i(x]—§) \/Rz—x
+LT U, yR*-x') [l+| ]dxl—
27 = \/Rz—xf—\/ — & +i(x, - [ JR®
-Lj X7 %) [l—i - }dm
2ﬂfr—\/rz—xf—\/rz—ffﬂ(xl—;)[ \/rz—xf




(X1 =X%7) { X
1+i dx,, —-r<¢& <r.(10)
275 o \/r X —\/r —&E +i(x, —fl)L Jri-x;

Takum oOpa3om, MoyIydeHa:

Teopema 1. J{ns kax10il aHaTUTUYECKON (PYHKIIUHU, ONPENEICHHON Ha
KoJbIleoOpa3Hoi obnactu D, umeroT Mecto HeoOxoaumble yciaoBuu (7)-(10).

2. Peryasipuzanusi CHHTYJISIPHOCTH. JIErKO MOKHO OTIPE/ICIHTD, YTO B
KKIOM U3 HeoOXoaumbIx ycioBuid (7)-(10) comepuTcst OUH CUHTYISPHBIMA
UHTETpaJ.

YTOUHUM 3TH CUHTYJISIpHOCTH. HauHeM U3 mepBoro cjiaraeMoro mnpaBoi
gactu (7), T.e.
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Wrak, nokazaHa cieayromas
Teopema 2. Ecin ko3pdunmenTsl rpaHudHbIX ycnoBui (2)-(4) o, (x,),

k=14, j=12 ¥ j=14 OpuHamIekaT HEKOTOpPOMy Kiaccy I'enbaepa H* mpu
ve (0,), a mpaBble 4acTu ¢,(X,), k=14, muddepeHuupyemble GyHKIMH U 00-
pararoTcs B Hy/Ib B KOHIIAX MHTEpPBaja, IJie OHU OINPEIEICHbI, TOT/1a MOTyYeH-
Hble BelpaskeHus (19), (20) u (21) perynsipHsle.

Haiee, ecnu
o,(Xx)#0, o, ,(X)#0 , X e[-R-r] , (22)



TO U3 (2) 1 (19) OTHOCUTENBHO U(X,,-y/R* —X') U U(X,,4/R*—X’) TpH X, € [-R,~r]
MOJIYy4aeTCsl CHCTEMa PETYISPHBIX HOPMAIbHBIX HHTETPAJIbHBIX YPaBHEHHIA
®pearosbma BTOPOro poja.
Ecnu umeeT MecTo orpaHu4YeHHe BUIA
0, (X)) o, (X) o (X) o (X)
_[oa (%) e (x) e () e (x) |
o, (X)) o (X)) —ag () —a,(X)
0 (X)) (%) —o(X) —a(X)

TOTJIa, aHAJIOTUYHBIM 00pa3zoM, u3 (3) u (20) moaydaem OTHOCUTEIHHO

U, RT = X7 ), U(X, =TT =X ), U(X,/FT =X ), U(X,y/R*=X)

IIpU X, € [-r,r] YETbIpe HOPMAJBHBIX PETYJSIPHBIX MHTETPAJIbHBIX YPABHEHUH

aZ} (XI ) a24 (XI )
a}} (X] ) a34 (Xl )

all(xl) aZZ(Xl)
0, (%) oty (X))

#0, X €[-r,r],(23)

Ax;)

®pearonasma Broporo poaa. Hakonen, ecnu
o,(x)#0, a,(x)=0, x€[r,R], (24)
TO U3 TPAHUYHOTO YCJIOBHUS (4) U peryasipHOro BbipaskeHus (21) OTHOCUTENBHO

byHKIMI
U(x,-R*=x’) | u(x,yR*=x7), x €[r,R],

MOJIy4aeM CHUCTEMa HOPMAJbHBIX PETYISPHBIX HWHTETPAIBbHBIX YPaBHEHHIA
®pearoabpma BTOPOro poja.

3akiarouenue. TakuM o0pa3oM, UMEET MECTO CIIeTYIOIIast

Teopema 3. [Ipu ycnoBusix Teopemsr 2 u ucxoas u3 Gopmyn (22), (23)
u (24) paccmoTpenHas rpannyHas 3aaada (1)-(4) dpearonsmona.

JIUTEPATYPA

Brnagumupos B.C. YpaBreHust Matematudeckoit pmsuku. M.: Hayka, 1981, 512 c.

2. Sajjadmanesh M., Jahanshahi M., Aliyev N. Tikhonov-Lavrentev type inverse problem
including Cauchy-Riemann equation (English) Azerbaijan Journal of Mathematics, Baku,
January 2013, Vol. 3, No.1, pp. 104-110.

3. Aliev N.A., Mustafayeva Y.Y., Murtuzayeva S.M. The Influence of the Carleman Condi-
tion on the Fredholm Property of the Boundary Value Problem for Cauchy-Riemann
Equation (English) Proceedings of the Institute of Applied Mathematics, Baku, Azerbai-
jan, Vol.1, No.2, 2012, pp.153-162.

4. Aliyev N., Fatehi M.H., Jahanshahi M. Analytic Solution for the Cauchy-Riemann Equa-
tion with Non-local Boundary Conditions in the First Semi-Quarter (English) Quarterly
Journal of Science Tarbiat Moallem University, Vol.9, No.1, Winter 2010; Iran pp.29-40.

5. Jahanshahi M., Aliyev N. Determining of an analytic function on its analytic domain by
Cauchy-Riemann equation with special kind of boundary conditions. (English) Southeast
Asian Bulletin Mathematics 28 (2004), no. 1, pp.33-39. (Reviewer: Dinamiirico P. Pom-
bo, Jr.).

—_—

10



HALQAVARI OBLASTDA ANALITiK FUNKSIYANIN TOYIiNi
N.9.OLIiYEV, L.F.FOTULLAYEVA, N.B.MOMMODOVA
XULASO

Toqdim olunan isdo halgavari oblastda analitik funksiyanin toyini masalosine baxilir.
Burada halqgavari oblastda toyin olunmus hor bir analitik funksiya ti¢iin bir ne¢o zoruri sortlorin
varligi alinmigdir. ©gor sorhad sortlorinin oamsallart Holderin hor hansi sinfino daxildirse, sag
torofindoki funksiyalar diferensiallanandirlarsa vo toyin olunduglari intervalin uclarinda sifra
borabordirlorss, onda alinan ifadolor requlyardir. Isbat olunmusdur ki, bu sertler daxilinde vo
miioyyan diisturlar asasinda qoyulmus serhad masalesi fredholmdur.

Acar sozlor: analitik funksiya, fundamental holl, Qrin diisturu, halqavari oblast,
sinqulyarliq, requlyar ifads

DETERMINATION OF THE ANALYTICAL FUNCTION
ON THE RING-SHAPED AREA

N.A. ALIYEV, L.F. FATULLAEVA, NN B.MAMEDOVA
SUMMARY

In the given article the problem of determining an analytic function on a ring-shaped
domain is considered. It has been obtained here that for each analytic function defined on a
ring-shaped region, some necessary conditions exist. If the coefficients of the boundary condi-
tions belong to a certain Holder class, and the right-hand sides are differentiable functions and
vanish at the ends of the interval where they are defined, then the resulting expressions are reg-
ular. It is proved that under these conditions and on the basis of certain formulas, the consid-
ered boundary problem is Fredholm.

Keywords: Analytic function, fundamental solution, Green formula, ring-shaped do-
main, singularity, regular expressions
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MUXTOLIF REOFIiZiKi XASSOLORO MALIK SIXISDIRAN VO
SIXISDIRILAN SISTEMLORDO DAYANIQLIGIN MUDYYON
EDILMOSI UCUN TOQRIBI USULLARIN iSLONMOSI

[.C.MOMMODOV
AMEA, Riyaziyyat va Mexanika Institutu
imamedoff1997@list.ru

Togdim olunan isda sixisdiran va sixisdirilan mayelor arasinda sarhadin horakatinin
dayanighginin giymoatlondirilmasi iigiin taqribi tisul toklif olunaraq tadqiq edilmisdir. Homginin
sixisdiran mayenin ozli-plastik oldugu hal iigiin aywrma sarhadinin harakatinda dayaniqghligin
tadqiqlari apariimisdir. Cobha dayanmiqliligini tohlil etmoak ticiin sortlor alimmisdir.

Acar sozlar: mosamoli mithit, sixisdirma, 6zli-plastik mayelor, dayaniqliq

Giris. Mosamoli miihitlordo miixtolifolciilii saxolonmis kanallarla maye-
nin horokoati son doraco miirokkob sistem soklindo bag verir. Buna goro do neft
va su kimi bir-birina garismayan iki maye bir yerdo axdigr zaman mosamali
miihitdo miirokkeb doyma paylanmasina malik, giiclii oyilmis soth yaranir.

Bununla olagodar olaraq sixisdirma prosesinin hidrodinamik yazilisi
moveud axin vo tosir qiivvelori nisbatlorindon asili olaraq forglonmalidir.

Maosamoli miihitdo axini siixur donaciklorinin Olgiilori ilo miigayisodo
todqiq etmok ticiin sothi qlivvalor nozors alinmaqla mayenin 6zIlii axin1 nozo-
riyyasindan istifads olunur [1,7].

Stixur donaciklorinin 6l¢iilori ilo miiqayisods ¢ox sayda mosamalori ohato
edon lay ti¢lin yazilan iki fazali siizilmo nozoriyyosinin Bakley-Leveretta sxe-
mi prosesi tam shato etmir.

Bakley-Leveretta sxemi sixigsdirma prosesini nisbaton kigik miqyasda
diizgilin oks etdirir, quyular arasindaki mosafslorlo miiqayise tosvirine kegorkon
prinsipial ¢atinliklorls rastlasir [2].

Catinliklor neft vo qaz kollektorlarinin geyri-bircinsliyi, keg¢iriciliyin, de-
mok olar ki, xaotik paylanmasi ilo baghdir ki, bu da "dillor" soklinds son do-
roco miirakkab sixigdirma cobhosinin yaranmasina gotirib ¢ixarir [8].

Masamoli miihitdo mayelorin sixigdirilmasiin dyroanilmasi zamani alds
edilon hallorin dayaniqliligi masalalori miihiim oshomiyyat kasb edir.

Fiziki olaraq dayanigsizligin yaranmasi onunla baglidir ki, ixtiyart te-
sirlor naticasinda daha horakotli maye hissociklorinin az harokotli mayeyo daxil
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olmas1 onu harokata gatiron tozyiqlor forqinin tosiri altinda yaranir vo burada
hissaciklorin harokati siirotlonir. Ogor sixigdirict maye daha yiiksok horokato
malik olarsa, bu “hiddotlonmonin” artmasina gotirib ¢ixarir [9].

Belos elementar yanasma noticosinds [3] daha ciddi nozoriyyadon istifads
edildikds, eyni davamliliq sortlorini oldo etmok olur. Burada sistemin stabilli-
yinin tohlili ilo olagodar dayaniqligin analizindo, osas vaziyyato kigik tosir ala-
va olunur vo onun davranisinda sonraki voziyyat aragdirilir.

Dayaniqligla olagadar todqiqatlarda ozliiliikklorin  miinasibastlorinin biitiin
diapazonda doyisilmasi vo hom do garisan mayelorin sixisdirilmasinda daya-
niqliliq masalalari tam hall olunmayib. Burada osason qarisan mayelorin sixig-
dirilmas1 zamani keg¢id zonasinin eninin vaxt ke¢dikco durmadan artmasi (~ +/t
) vo sorhaddo soraitin doyismesi ilo todqiqat aparilmasi ¢atinlosdiyindon bu
problem amala golir.

Son vaxtlar neftveriminin artirilmast mogsadi ilo suvurmada miirokkob
reofiziki xassolora malik olan 6zlii-plastik, Ozliielastik va s. mayelorden istifado
olunur.

Bu halda prosesin tam hidrodinamik tosvirini vermak, sixisdirmanin davam-
liliginin tadqiqinin miirakkabliyine gore praktiki olaraq qeyri-miimkiin olur.

Buna goro do isdo sixigdiran vo sixisdirilan mayelor arasinda sorhaddin
harokatinin dayaniqliginin qiymetlondirilmasi {igiin toqribi tisul toklif olunaraq
todqiq edilmisdir.

Toklif olunan yanagmada miixtalif 6zlilikli mayelorin 6zIii axini {igiin
alman naticalorin ciddi hidrodinamik nozoriyyadon [4] istifado etmoklo alinan
eyni naticolora uygunlugu miiqayiso olunmusdur. Burada bundan slavo ma-
yenin Ozlii-plastik vo 6zlii-elastik oldugu hallar {i¢iin ayirma sorhadinin horo-
katinda dayaniqliligin tadqiqlori aparilmigdir.

Toklif olunan yanagmada bir mayenin digor maye ilo mosamali miihitdon
sixigdirilmast ayirict sorhodin horoketinde dayaniqliqla bagli mesalo forma-
lagdirilmisdir.

Masalonin qoyulusu va halli. Nozors alsaq ki, mosamoli miihit modeli
osason 0zlii neftlo doydurulmusdur vo bir miiddotdon sonra nefti sixisdirmaq
liclin bura su vurulmaga baslanmisdir.

Tutaq ki, bu sixisdirma prosesindo doyma sahosinin doyismosi nozors-
carpacaq doracado kigikdir. Onda biitiin axin sahasini iki hissoyo bolmak olar.
Onlardan birinds yalniz neft o birindo yalniz suyun oldugu qgobul olunur. Bu
saholori ayiran sorhad doymada qirilmanin riyazi sothidir. Burada miihitin
suya gora kegiriciliyi K, vo nefto gors kegiriciliyi K, m masamoalilikli bircins
miihitdon su ilo diizxatli sixigdirmasina baxaq. Niimunanin uzunlugunu kapil-
yar vo agirhiq qiivvelorinin tosirini nozere alinmayacaq doracods qeyd edok.
Darsi ganunundan vo tozyiqin paylanmasi {i¢lin kosilmozlik tonliyindon asa-
gidaki tonliklori yaza bilorik:
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J°P.

s — 1
> 0, 0<x<I(t) (1)
9°P, _ )
v =0, It)<x<L (2)
Pn—PszP()
7n:75’ le(t) (3)
LoP. ko,

g OX  p, ox
P, =P, X=0 (4)
P, =P,, X=L (5)

(3) sorti horokat sorhadindon kegorkon tozyiqin kesilmozlik vo material
balansimin yerino yetirilmoasi sortloridir.
(1), (2) tonliklorinin (3),(4),(5) sortlor daxilinds inteqrallanmasi neft vo
su sahalorinds tozyiq paylanmalari ii¢iin ifads verir:
AP
P =P-——— X 6
oL -0)) ©

QAP
po=p— O () 7
oL+ -0 ) 7
Burada: AP = P, — P, -niimuno li¢iin yazilmis tozyiqlor forqidir.

_kou
koa
Odur ki, harakat siirati ticlin ayiric1 sath koordinatlar1 ("6n" do yerloson ma-
yenin hissociklorinin siirati) asagidaki barabarliklor soklinde dogrudur:

d v

V. =—=
" dt m

) - harakatlilik omsali,

s

Onda (6)-dan alariq:
dl  k, AP
o e, pLe(-p)() ©
Forz edok ki, ixtiyar1 kigik tosir cobhads hissacik koordinatlarin1 & qoader
doyisdirir (prinsipco ¢ox az tasir << I).
Indi hans1 zaman arzindo ¢ tosir soraitinin sénacayini (davamliliq sort-
lori) arasdiraq (dayanaqliliq sorti).

de _d(+e) dl
dt dt dt

de  kAP(p-1l)e
dt mufpL+(1-p)If

)

(;—‘tg <0, p<1 olduqda, (9)-dan

14



k., k
94 o va ya —<— alinir (10)

S n

Yoni sixisdirilan mayenin horokatlilik omsali sixigdiran mayenin horokot-
lilik amsalindan az olarsa, cobhods yaranan "dillor" hamarlanir vo axin da-
yaniqlt olur.

Mayelorin 6zlIii plastiki oldugu halinda dayanigliliq sortlorini miioyyon edok.

Mayenin stasionar horokoti zamani 0Ozlii-plastik mayenin ("cobha'"ya
qador) sixigdirilma siirati asagidaki ifado ilo miioyyan edilir

PP _M(;)rm
) =— ———— 11
PATO (b
va sixigdirilan mayenin stirati
K R 4[LL_ II(Et)}r
=—. — 12
T (2
burada, P, - "cobhado” tozyiq,
P=P (x=0)
P=P (x=L)
P, —"cobhada” axin siiratlorinin kasilmozliyi v, =v, sortindon miiayyan edilir .
Plluz (L -1 )+ PZIUII - 4I(:_ | ) (/usz —H Ty )
P =
' ﬂz(L_I)-l':ulI (13)
(13) ifadasini (11) — do nazars almagqla alariq:
4
(Pl - P2)_7[(L_I)Toz +|Tu1]
v =K. d (14)
s |[1 - ﬂ} ey
H H,
"Cabhanin™ harakat siirati asagidaki miinasibatdon tapilir:
a_u (15)
dt m
Onda kigik tasir iiclin £ bels olacaq:
4
d(|+€) k AP_E[(L_I_S)T02+(1+8)701] (16)
at # (I+g{1—’u2)+’U2L
1 ll'll

(:jl_f - ifadosini tapsaq

15



# de

kdt[
I

4g[( |)%2+JTM{/ ”2}

1

%L]+

_{.

1-

1 M | A
H, H,

Hy lé L
H,

T

| M
M)

L) [1_

APe[l

A=
H,

1 By
M) A

&

Ifadoni £-na bdlok vo | — L yaxinlagdiraq. Onda alariq:

alariq.

de

“ )\, s
M, M,

-k

e
Ll1+=[1-
M[ L(

A,

LT [1

R

M(“
MDP{“%}

Belo ki, tosir daha az gotiiriilir L(e << L)

de

-k

£
Ll1+—|1-
7 |

4,

Boraborliyi

2

alariq.

Tosirin s6nmasi tiglin asagidaki barabarsizliklori aragdirmaq lazimdir:

AP
AF)(ll l[lZ

TOI +ﬂlQ

01

H,

-9 vursagq,

d_g__4k.:u2101 [ AP (&_IJ_ Tk, +1

%DP{

e dL

TOZ +ﬂ2Q

4

>1

1)_

AP(]l LILIZ

02/’11
01/’12

Qrafiki olaraq g, u, belo miioyyan edilir

AP

Q

burada # — miitloq ozliliikdiir [3]

Qeyd etsok,

:a’ o=

16

& +&L
H, H,

ﬂ[z’m -7, &Ildt
d
H
_& _ﬂ To _Tm& dt
u, ) d u,

Touuz

+1>0

1
U

b

J+

(17)

(18)

(19)

(20)

21)



M =7, +4,Q

My =Ty, +14,Q
My 1 -mayelorin effektiv ozliiliikklorini (21) vo (22) borabarsizlikloring olavo
etsok, naticodo cobho dayanigliligini tohlil etmak ti¢lin asagidaki sortlori alariq:

Qu, [ﬂ—l}&—l

AP()I ﬂz TOI

* (23)
ﬂ—‘* >1
A,

Burada "sixigdiric1" vo "sixigdirilan" mayelorin kompleks hallari iigiin biitiin
miimkiin sortlor nozordon kegirilir:

T, <T,
1) ogor oo
M > U,
ixtiyari Q lgciin “cabha” dayaniqlidir.
T,<T
2) ogor oo
H < U,

onda Q<Q,, haliiigiin “cobho” dayanmiqhdir.

{API = APOI +1L11Q
AP2 = APOZ +11'le

7, <T
3 2001 01 02
) S s,
Onda Q >Q,,, hali ii¢iin “cobho” dayaniqlidur.
7, <T
4 ogor " "
) <,
halinda “cobha” homisa geyri- dayaniglidir.
5) ogor T =T s
>
halinda “cobha” homiso dayaniqhdir.
7, =T,
6 9 gr 01 02
) & <u,
halinda “cobha” homiso geyri- dayaniqhdir.
7) QgQI' TOI <T()2
H=H,
halinda “cobha” homiso dayaniqlidir.
8) ogor for = e
H=H,

halinda “cobha” homiso dayaniqlidir.
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Natica. Sixigdirma zamam sixigdiran va sixigdirilan mayelords dayanig-
l1igin miisyyan edilmaosi iigiin cobhado & qodor ixtiyari tosir naticosindo doyisil-
molorin (prinsipca ¢ox az tosir £<<1) hansi zaman orzindo sénacoyi arasdiri-
laraq dayaniqliliq sortlori tapilmisdir. Sixisdiran mayenin 6zlii-plastik oldugu
hal ti¢iin ayirma sorhadinin horaketinds sixigdirilan mayenin horokatlilik omsal
sixigdiran mayenin horokotlilik amsalindan az oldugu halda , cobhads yaranan
"dillor" hamarlanir vo axin dayaniqli olur.
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PA3BPABOTKA SKCITEPUMEHTAJIBHBIX METOJOB J1JIs1 ONPEAEJEHUSA
COITPOTHUBJIEHMA B KOMIIPECCUOHHBIX 1 KOMHPECQI/IOHHHX
CUCTEMAX C PABJIMYHBIMU PEOOPUBNYECKNUMHU CBOUCTBAMMU

N.J:xx.MAMEJIOB
PE3IOME
B mpencraBieHHO# paboTe MPEANIOKEH W MCCIIENOBAH MPUOIMKEHHBIH METOA OICHKH
YCTOHYMBOCTH [BM)KCHUS TPaHUIBI MEXKIY CKAMAeMON W cxkatoil xumkoctsmu. Mccremo-
BaHUS CONPOTUBICHUS TAaKKE IMPOBOIMIINCE HA TPAHUIIEC pa3zelia h3-3a BA3KOCTH CKIMaeMOM

XKHUIKOCTH. [losrydeHs! yCIIOBHS JUIS aHAIN3a YCTOMYMBOCTH (POHTA.

KarueBble ciioBa: nmopucTtas cpcla, CxKaTtue, BA3SKHUEC KUJIKOCTU, JOJITOBEYHOCTb.
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DEVELOPING EXPERIMENTAL METHODS TO DETERMINE STABILITY
IN COMPRESSIVE AND COMPRESSIVE SYSTEMS WITH DIFFERENT
RHEOPHYSICAL PROPERTIES

LJ.MAMMADOV
SUMMARY
In the presented work, an approximate method for estimating the stability of the
boundary movement between the compressible and compressed fluids has been proposed and

studied. Resistance studies have also been performed on the separation boundary due to the

viscosity of the compressive fluid. Conditions have been obtained to analyze the stability of the
front.

Keywords: porous environment, compression, viscous liquids, durability
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Paccmompen 6osmywennviii onepamop Lllmapka na nonyocu ¢ kpaegolm ycaoguem Hu-
puxne 6 nyae. Jlano onucanue obracmu onpedeienus 3mo2o onepamopa.

KuaroueBble ciioBa: Bo3MymnieHHBIH omeparop llltapka, ypaBHenue Oiipu, QyHKIHH
Olipy, caMOCOMNPSKEHHBIN omeparop.

BBenenue M OCHOBHOM pe3yabTar
PaccMoTpuMm omepatop L, ONpeAeieHHbI B MPOCTPAHCTBE L, (0,+o0)

nuddepeHIaTbHBIM BEIPAKEHUEM
I(y)==y"+xy +q(x)xe [0,+)

#a o6mactu D(L) = {ye L (04e0): v,y € AC(0e=) X y.I(y)e L, (0:4e2), y(0) = o},

IpUYEM BELIECTBEHHbIH K03 uiueHT ((X) yIOBIETBOPSET YCIOBHIO
Q, = £|q(x1dx <oo,

rge depes AC(0,+<>o) 0003HaYaeTcs MHOKECTBO aOCOJIOTHO HEMPEPHIBHBIX
GyHKIUA Ha (0,4e). [IpH BBINOJHEHUH YCIOBHS Q, < omepaTop L camo-
COTpSIKEH B L, (0,+c0) 1 orpannden cansy (cM. [1], rn.VI, Teopema 4.2). Takoii
onepaTop onuckiBaet (cM. [2]-[3]) BiusHME noTEHIMANA SIEKTPHIECKOTO OIS
u Ha3bIBaetcs oneparopoM LllTapka.

B pa6ote [l]yCTaHOBneHo, 4yTO 00JIaCTh OIpeeseHus oneparopa L co-
CTOMT U3 BCEX TaKuX ye L,(0,00), 94TO y,y’ abCOMIOTHO HEMPEPBIBHBI Ha (0,00) U

x%y(x)e L,(04e0), y'(x).2(y)e L,(0,+e). B nanmHoii pabore maHo Gosiee MOJIHOE
onmcanue obnactu omeparopa L. ITomoOHas 3amaua uist orneparopa JUpH 1
jutst oneparopa Llpeausrepa pacemarpuaiack B padorax [4][5].

PaccMOTpUM ypaBHEHHE
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— Y +xy+q(x)=Ay,0<x<eo, leC. (1)
N3BecTHO, 4TO NpH q(x) =( ypaBHeHue (1) obmagaer pemeHusIMu

f,(x,A)= 27z%Ai(x -1), g,(x1)= 2"7r%Bi(x -1), ()
rae Ai(x) u Bi(x) sBusorcs ¢ dyHkumsaMu Difpy epBOro H BTOPOro poja
COOTBETCTBEHHO. DTH (YHKIIUH CITYy’)KaT JTMHEWHO HE3aBUCHMBIMH PEUICHUSIMHU
YpaBHEHUS I(y): 0 npu q(x) = (0. lna BpoHckuana 3tux QpyHKUMN crpaBen-
JIUBO PABEHCTBO

W{Ai(x),Bi(x)} = Ai(x)Bi’(x) - Ai’(x)Bi(x)= 7"

O6e 3Tux QYHKIUH SABISAIOTCS LENbIMU QYHKIUSAMU nopsnaka 3/2 u tuma 2/3.
Umetor mecto (cM. [6]) acummroriueckue pasencrsa npu |z| = e

Ai(2)~ (4z) 32 e [1+0(¢ )]
A(2)~ —(4r) 2% 1+ O(¢ " )}argz| < 7,

3)
Bi(z) ~ 7{%2&64[1 +o(¢) (4)

Bi'(z) ~ ﬁféz%e‘[l +0(¢ " )argz| < % ’

ol w

rae g“:%z .

Jlanee, Kak MOKa3aHo B [7], IpH YCIOBUM Q, < oo IS KAXIOIO JACHCTBUTEb-
Horo 3HavyeHuss A ypasHenue (1) mmeer pemenus f(x,1), g(x,4), yAOBIETBO-
PSIOLINE YCIOBHAM

f(x,4)= f,(x, A)1+0(1)), f'(x,4)= f/(x, A)1+0(1))x = oo, (5

g(x.2)=g,(x.A)1+0(1),g'(x,2)= g5 (x, A1 +0(1))x — o . (6)
OueBuHO, uro pemmenus f(x,A) u g(x,A) JIHHEHHO HE3aBUCHMBI, KOO B CHILY
(2)-(6) ux BpoHCKHAH paBeH eAuHUIE. BBOAMM Teneph GyHKIINU

y(x)= f(x0)o(x)=g(x0). Q)
He napymas o6urHoctH, OymeM cuutath, 9to ¢(0)=0, nbo uHa4ye ¢(x) MbI 3a-
MEHUITH ObI HA w(x)—m(p(x).
9(0)

Teopema. O6racme D(L) onepamopa L coénadaem ¢ mmnosicecmeom
@yHryuil suda

()= p(x)plth(t)dt + ox) fy (), (8)

20e pynxyust h(x) npobecaem éce npocmpancmeo L,(0,40). s 110601 hynx-
yuu y(x)e D(L) cnpaseonuevt coomnowienus:

x% y(x) = 0,y’(x) = 0, x%y(x), y'(x)e L, (0,400). 9)
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Paeencmeo (8) sadaem 6 npocmpancmee L, (0,+00) ozpanuuennviii onepamop,
aenAowuLica oopamuvim K onepamopy L .

Jloka3aTe1bCTBO TeOpPeMbI

OueBuHO, onepatop L MIOTHO ompejaesneH, Tak Kak ero o0iacTb co-
JepKUT OeckoHeuHO auddepeHurpyemble (QYHKIHMM C KOMIIAKTHBIM HOCH-
TeneM Ha uHTepBane (0,00); MHOXKECTBO KOTOPHIX INIOTHO B L, (0,). Kpome
TOrO, 3aMeTHM, uTO, B cuity (3), (5), (7) byHKuus w(x) SKCHOHEHIIHAIBHO YObI-
Baet. CneoBaTeslbHO, HECOOCTBEHHBI MHTETPajl, BXOASAIIMA B PaBEHCTBO (&)
cxomures. IockonbKy f(x)e L,(0,400), To GyHKIMS y = y(x), ONpeneIeHHas pa-
BEHCTBOM (8), IPUHAIIEKHUT pocTpancTBY W,'[0,b] mist mo6oro koneunoro b .
Juddepenunpys paBeHCTBO (8), HOJyUYUM COOTHOLLIEHUE

y'(x)= w’(X)i olt)f (t)dt + (p’(X)fl//(t)f (t)dt, (10)
u3 KoTtoporo cueayer, uto y'(x)e W!'[0,b] mmg mo6oro komeunoro b. dud-
bepennupys teneps (10), momydaem

y(x)= [y (x)p(x) - (x)g (<)) () + 1" () o) ()t +

0
+ 9700 [y (R)F ()t = = £ (x)+ xy(x),
T.e. y(x)e W?[0,b] mpu mr0Gom b>0 u /(y)= f(x)e L,(0,+e). Tak kak y(0)=0, TO
y(x)e D(L). BepHo u oOpaTHOE yTBEpKIe€HHE. A MMEHHO, IMyCcTh ye D(L) u
o(y)= f(x)e L,(0,+0). TIpMEHUB METO I BAPHAIIMHU ITOCTOSHHBIX HANIEM, YTO

y(x)=Cpr(x)+Co(x)+ W(X)E o(t)f (t)dt + ¢(X)+f y(t)f (bt ,
rae C, U C, SIBISIFOTCS MOCTOSIHHBIMH. M3 paBeHcTBa y(0)=0 CIleayeT, d9To
C,=0,au3 ycnoBust ye L,(0,+) 1 omieHKH (12), KOTOPYIO JOKaKeM HUKE, MO~
nydqaeMm C, =0; T.e. yHKIUA Y Aomnyckaer npeactaBieHue (8). Takum obpa-

30M, opmymna (8) 3amaeT obparHsIi onepatop L. Ero orpanuueHHOCTD Ciie-
nyet u3 onenku |y(x)<R|f| Ha moGom koneunom mHTepBane [0,b] u oreHku

(12). 3meck u pmanee uyepes R,R,,j=1230003Ha4ai0OTCsA Pa3IMYHBIE TIOJOXKH-

TeJIbHbIE KOHCTAHTHI U ||o|| = ||o

L, (O,w) )
Hoxaxem cootHomenus (9). Buauane ormerum, uto B cuiy (4) (6), (7),
HaleTcs mocTosiHHas R, Takast, 9To mpu t > 0 BBIIOTHSAETCS OIICHKA

lp(t) < RE™ exp(%t;J

3

Bl 3
Jlerko BuzeTh, 4To (GyHKIMsa g(t)=t “exp(gtz} BO3pAacTaer Mpu JIOCTATOYHO

Oombmmx t>b =b(a). [ToaTomy mpu x>b+1 uMeem
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i(p(t)f(t)dts(i +£ +J )(p(t)"f(tXSRl”f""‘

SR exp(x; _x? J| f|+R xs exp(xz )( ﬂ f(t) dt )2.

3necy R, -mocrosiHHAs, 3aBuCsmIas Toiabko oT h. IIpu mepexone ko BTOpomy

HepaBeHCTBy MbI YYJIH, qTO OJIMHA OTpGSKa I/IHTCFpI/IpOBaHI/ISI JJIA BTOpOl"O HNH-
3 3 1
Terpanga MEHbIIE X, a TaKkKe HEPaBEHCTBO (X—I)E < x? —x?, BepHOE TpH
JIOCTATOYHO OOJBIINX X .
Hcnonb3ysi MOTYyYEHHYIO OLEHKY U COOTHOIIEHUs (3), HaX0IUM, 4TO
P IOCTATOYHO OONBIINX X MMEET MECTO HEPABEHCTBO

0ot 10 R )

1

b Lrx \2

+Rexp(x 2J|f||+Rx z(”f(t)rdt)i
Mpbl nosydniaM OLIEHKY HepBoro ciaraemMoro B (8). AHaJOTMYHO MOTy4Yaem
OLIEHKY BTOpOro ciaraemoro. B camom pnene, mpu poctaTouHo Ooibmux t

' 3
byskms hit)=t2 c-xp[—t2 ) yOBIBAET, TIO3TOMY TIPH OOJBIIMX X HMEEM

Ty () (et

X

g(; ] Jt//(t)||f(t)|s Rk | @)+

X+1

+ R( e ot j2|| f| < Rh(x)xi(*ﬂ ()« 2 Rx *h(x+ 1) ]

3 31
Tak kak (X +1)2 < x2 + X2, T0

o) <R K (b h(x-+ D (x) < Rexp(— X;J

¥ MOJyJb BTOPOTO CJaraeMoro B MpaBOil yacTh paBeHCTBa (§) OlleHMBaeTCA
BEJIMUYUHOMN

Rexp(— 0 )| f[+ in(?‘“(t)rdt .

CKHa,Z[BIBaH MOJIYUCHHBIC OLICHKHU, IIPUXOAHUM K HCPABCHCTBY

ly(x] <R, exp(— X )|f||+ Rsx;(xm f(t) dt )z,x >h+1, (11)

YTO JIOKa3bIBacT MepBoe cooTHolmenue B (9). Bropoe coorHomenue B (9) mo-
JydaeTcs TaK Ke, TONBKO BMeCTO paBeHcTBa (8) ucnonb3yem (10) u yauThiBa-
€M, YTO OIIEHKH MPOU3BOAHBIX '(x) U ¢'(x) OTIIMYAIOTCS OT OIEHOK CaMHUX

1

GYHKIMI MHOXKUTEIIEM X2 .
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1
JTokaxeM, 9To x2y(x)e L,(0,4e). ITonb3ysich ouenkoii (11) umeem

x;y(x)( dx < R|f ||ZTXexp[— 2% ij+ +R]QT| f(t) dtdx <
b b x-1

]

b

(12)
<RJf[+R [ (€) Joxdt < R

Brutouenne y'(x)e L, (0,+o0) MOMy9aeTCsl aHAIOTUYHO, €CIU YYECTh, YTO

y'(x)
1
OLIEHUBAETCsl BEJIMYMHOI B mpaBoit yactu (11), ymHOkeHHOH Ha x*. Tem ca-
MBIM 3aBEPIIAETCS T0KA3aTEIbCTBO TEOPEMBI.
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HOYOCANLANMIS STARK OPERATORU HAQQINDA BiR QEYD
AX.XANMOMMODOV, HM.MOSMALIYEV
XULASO

Yarin oxda Dirixle sorhod sortli hayacanlanmis Stark operatoruna baxilmisdir. Baxilan
operatorun toyin oblastinin tosviri verilmisdir.

Acar sozlor: hoyocanlanmig Stark operatoru, Eyri tonliyi, Eyri funksiyalari, 6z-6ziino
qosma operator.

ONE NOTE ON THE PERTURBED STARK OPERATOR
A.Kh.KHANMAMMADOV, HM.MASMALIYEV
SUMMARY

The Stark operator on the positive half-line with the Dirichlet boundary condition at ze-
ro is studied. A description of the domain of definition of this operator is given.

Key words: perturbed Stark operator, Airy equation, Airy functions, self-adjoint operator.
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PEHIEHUE OJTHOM 3AJIAYM 1JIS1 JUHEWMHOI'O
HATPYKEHHOT' O JJU®GPEPEHIIMAJIBHOT' O YPABHEHUSI
IMAPABOJIMYECKOT' O TUIIA
C UHTET'PAJIBHBIMH YCJIOBUSIMHA

3. XAHKHUIIINEB
bakunckuii I'ocyoapcmeennwtit Ynueepcumem
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B nacmosuwyeil pabome paccmampusaemcs 00Ha 3a0a4a 05t TUHEUHO20 HAZPYHCEHHO2O0
oudepenyuanvroeo ypasrerus napadoIutecko2o muna ¢ unmezpaibHoimu yciosuamu. Cra-
Yana uHmezpaibHvle YCAo6Ust 3AMEHIIONCSl HEeLOKAIbHBIMU SPAHUYHBIMU YCIOGUSMU, 3AMEM K
PeuenuIo noayueHHol HOBOU 3a0aull, ¢ HEIOKANbHLIMU SPDAHUYHIMU YCIOBUSMU, NPUMEHSIEMCS]
Memoo KoHeuHwvlx pasnocmeti. Cmpoumcs pasHOCmMHAs 3a0ayd, annpoKCUMUpyowas dmy 3d-
oayy co 8MopviM NOPSIOKOM MOYHOCMU, 0AeMCsl CNOCOO peulenus PA3HOCMHOU  3a0ayu, npu
ONPEeOeNeHHbIX YCL0BUSIX OO0KA3bIBACMCSL CXOOUMOCHb U ONPeOeNsemcs CKOpOCmb CXOO0u-
Mocmu.

KioueBbie cioBa: HarpyxeHHble TuddepeHmansuble ypaBHEHNs, METOJ] KOHEUHBIX
Pa3HOCTEH, NPUHIMIT MAKCUMYMa, CXOAUMOCTb.

1. ITocTaHoBKA 3aga4n
N3BecTHO, uTO OOMBIIOE YMCIIO 33/1a4 €CTECTBO3HAHMS MPUBOJIAT K 3a-
JadaM i Harpy>keHHoro auddepeHIanibHOr0 ypaBHeHHs (CM., HAIpUMeEp,
(1], [2D.
3amaun 1Sl Harpy»KeHHbIX Tu(depeHIanbHbIX ypaBHEHUN HCCIeno0-
BaHBl MHOTUMHU MaTeMaTHUKaMHu (CM., Hampumep, [3] - [6]) u 3Tu uccnenoBaHus
MIPOJIOJKALOTCS IO CEHl JIeHb.
B nacrosimeit pabote uccnemyercs ciaeayromias 3aaada s JTMHEHHOTO
Harpy>keHHOTo AudQepeHnanbHOro ypaBHEeHUS TapadoIuIecKoro TUIaA:
HAWTH HEMPEpHIBHYIO B 3aMKHYTOM 00nacTu (pyHKIHIO u=u(X,t), YAOB-
JIETBOPSIOIILYIO YpaBHEHUIO D ={0<x<1,0<t<T}
du(x,t) _ 2 ’u(x,t)
ot ox*

+bu(x,t) + ibku(x,t’k) +f(x,t),
k=1

0<x<l,0<t<T, (1.1)
YCIOBUSIM

25



Jo, (U Hdx = (1),
Ij(:z(x)u(x,t)dx =4, (),

U Ha4YaJIbHOMY YCJIOBHIO
u(x,0)=@(x), 0<x<I. (1.3)
3necb a>0,b, b ,k=12,..,m—eHCTBUTENbHbIE YuCHa, {,K =1,2,....,m— TOYKHU

0<t<T, (1.2)

uHTEepBaia (0,T], f(xt), g (t), &, (1), c,(X), C,(X), ¢(X) — U3BECTHLIE HEIPEPLIBHELIE
Gynkuuu csoux aprymeHrtoB. Ilpenmonaraercs, yto QyHkmuu C,(X), C,(X)
MOTUYUHSAIOTCS YCIOBUAM
{ci(x) =a,C (X)+a,c,(X), (1.4)
C,(X) =a,,c (X)+a,c,(X),
rae a,,, a,,, a,,, d,, — JIeUCTBUTEIIBbHBIC YNCIA.

B nanbueiimem npennosnoxum, uro 3azada (1.1)-(1.3) umeer enun-
CTBEHHOE PELLEHUE.

Hanuumne maTerpansubeix ycnoBuii (1.2) co3marT onpeaesieHHbe TPY/I-
HOCTH IIPU YUCIIEHHOM peLIeHUH MOA0OHBIX 3a/1ad. B 31oil pabote, ucnonb3ys
ycnoBus (1.4), rpanuunbie ycnoBus (1.2) 3aMEHSIOTCS COOTBETCTBYIOUIUMHU
JIOKaJbHBIMU TPAaHUYHBIMU YCJIOBUSIMHU, 3aTEM K PELICHUIO MOJYYEHHONW HOBOU
3a/1a4M MPUMEHSETCS] METO/I KOHEUHbIX pasHocTed. CTpoUTCsl pa3HOCTHAas 3a-
Jla4ya co BTOPBIM IOPSAJIKOM TOYHOCTH, AAETCS AITOPUTM DPELIEHUS Pa3HOCTHOU
3aJla4l U HCCIEAYeTCs] CXOAUMOCTh METOAA.

2. 3aMeHa HHTErPaIbHBIX YCJI0BHH € HEJIOKAJIbHBIMU
TPAHNYHBIMH YCJIOBUSIMH
Paccmotpum mepBoe ycioBue B (1.2) u npoauddepeHimupyemM ero mo
nepeMeHHou t:

;jcl(x)%dx = 4(t).
Orcrona, ¢ yuerom ypaBaenus (1.1) umeem:
jc (x)[ Xk “(X QUOY | pyyq, 0+ £b.u(xE)+(x, t):|dx (D),
NN
azic](x)%dx + by (t) + ébkyl (t'k)+;jc](x)f (x,tydx = 1/(t). 2.1

[TpumenuB popmyiny UHTETpUPOBAHUS 110 YACTSAM K IEPBOMY HMHTErpa-
J1y B JIEBOM YaCTH 3TOr'0 PaBEHCTBA, II0Jy4YUM CIIPABEIIUBOCTh PABEHCTBA

ch (X)a u(x t)d C(I)E)u(l 390 1(O)au(o 1) IJ ¢(x )au(x L0 dx. 2.2)

Jost I/IHTerpana B IIPaBOM YacTH ITOTO PaBEHCTBA, C YYETOM IEPBOTO
ycnoBus B (1.4), umeem:
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jo (x)a“(X e =[(a, 0,00+ 2,0 2(x>)au(X Y g =

au(x t) au(x t) dx.

IC (X) (2.3)

Hcnons3ys (bopMley I/IHTerI/IpOBaHI/I}I 1o yactam, u yciaosus (1.2) u
(1.4), nerko MOKHO TIOJIYYHUTh CIPABEITUBOCTD CICAYIOMNUX PABEHCTB:

Ijcl(x)%dx =c,(Du(l,t) — ¢, (0)u(0,t) — Ijc]’(x)u(x,t)dx =

d +a12J-C( )

= ¢, (u(l,t) — ¢, O(0,1) — (a, ¢, (x) + a,c, O U(x,tydx =
=¢,(Du(l,t)—c,(0)u(0,t) — ;HM () —a,u (1),

icz(x) a”g’;’t) dx = ¢, (Hu(l,t) — ¢, (0)u(0,1) — &, 4, (t) — a1, (1).

B cuny 3Tux paBeHCTB, paBeHCTBO (2.3) MpUHUMAET BUJ

je ()a“( -ty = (a0, (1 + a,c, (WD) — (3,6, (0) + 2,6, (0)-

U(O’t) - (a‘l] + a12a21 )/ul (t) - (allalz + alzazz )/uz (t) 5
a paBeHCTBO (2 2) — cneayrouIil BUA:

WD 0) MO (o, c.0)+ ac.0)
u(l,t>+(a“cl <0>+auc2<0>)u(o,t>+(a” +aua21)ul<t>+

+ (a]la]2 + alZaZZ )/'12 (t)' (2'4)
Haxkoser, ¢ yuerom 3TOro paBeHCTBa, U3 (2.1) momydum crpaBeasIUBOCTh pa-
BEHCTBA

jc () LU u(x t) dx =c (1) au(O t)

au(l t) au(O t)

¢ (h—=>-c (0)—=>—(a,c,(D+a,c,(Hu(,t)+

(a“cl (0> +a,C, (0))u(o,t) =T (t), (2.5)
rae

70 = | 40 -bu - £ b0 ) ~fe 00 (x| -
_(alzl +a12a21 )ﬂl(t)_(allalz +a12a22 )ﬂl(t)'

AHaJIOTHYHBIM 00pa3oM, MCIIOJIb3Ysl BTOpoe ycioBue B (1.2) u ycnoBus
(1.4), MOXHO MOJIY4YUTh CIIPABEITIMBOCTD PAaBEHCTBA

e o XD (a0, 0)+ a0, +
+(a,c (0)+a,c, (0))u(0,t) =1, (1), (2.6)
ﬁz(t)=%[u;a)—buz(t)—ibkuz(t‘k)—}cxx)f(x,t>dx]—

- (a11a21 +a,3a, )lul (t) (a a,+ azz ):uz (t)
Wtak, BMECTO MHTErpajbHBIX yciaoBuil (1.2) momyumnu HeJOKalbHbIE
rpaHu4HbIe yciaoBus Buaa (2.5) - (2.6).
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Ecnu uckimounTh M3 IpaHUYHbIX ycinoBul (2.5)-(2.6), cHadana % ,
X

3aTEM u(0.H

, TO BMCCTO 3THUX yCHOBI/Iﬁ MOJIYYHUM YCJIOBHA

UOD b w0+ p Ut =) A1) + 6, (1) 7).
OX 2.7)

aua(:(’t) + P U(O,t) +pP,- U(I’t) =-C, (O) : /71 (t) +C, (0) ’ /72 (t)a

rae kKodppuumenTsl p, p,, p,, p, ¥ p, ONPEICTSAIOTCS CICAYIOIIMMH PABEHCT-

p .

BaMH
p =¢,(0)-¢,(h—-¢,(1)c,(0), p, = (a,c,(1)—a,c,(h)e,(0)+
+(a,c () —-a,c, (D), (0), p, =-a,c’()+(a, —a, ) ()-c,()+ +a,c(,
P, =2,¢(0)+(a,, —a,)e,(0) - c,(0) - a,c; (0),
p, = (a,c,(0)—a,c (0)-c () +(a,c,0)-a,c,(0)) ). (2.8)
B nanpueitmem BMecto 3amaum (1.1)-(1.3) paccmorpum 3amauay (1.1),
(2.7), (1.3).

3. ITocTpoeHue pa3HOCTHOM 3a1a4H U ee pelieHue
Pasmenum otpe3ok [0,1] ocu Ox Toukamu X, =nh, n=0,,2,..,N,
h=I/N, #Ha N paBHbIXx uacTeir, a orpe3ok [0,T] ocu Ot TOYKAMH
t,=jr,j=012,.,j,7=T/j,, Ha Jo paBHBIX uacteil. Illar 7 BbIOepeM TakuM
00pa3om, 4To0bl TOUKH f,k=12,.,m, ObuM Cpeau TOYEK t, = jz, j=12,.,],.
[ycte  f =t k=12,...mt, <t <..<t .Onpegenum B obmactu D  ceTky
@, ={(x,,t),n=012,.., N, j=0,12,... j,}.
Ucnone3zyss ¢opmyny Teitnopa, Ierko MOXKHO TMOIYYUTh CIpaBel-
JIUBOCTH CJICAYIOIIUX PABEHCTB:
ou(0,t) _ u(x,,t)=u(0,t) h 9’u(0,t)
ox h 2 ox’

+0(h?),

ou(l,t) _ u(x,,H—u(x,.,,H) N h 9*u(l,t)
ox h 2 oX’
[Tycte ypaBHenue (1.1) BblmosiHsieTcss U HA rpaHunax x=0 u x=I|006-

+0(h?).

JIaCTHU 5 Torz[a MOCJICIHUC PABCHCTBA MOXKEM IICPETIUCATh B BUJIC
ou(0,t) _ u(x,H-u(0,t) h (Qu(0,t)

bu(0.t) ~ £b,u(0.6) -

X h 2a°| ot
- f(oat))+o(h2)a

au(l,t) _u(xy,t)—ux,,t)  h (au(,t) R L
F - +2a2( ot bu(l,t) k22‘1bku(l,tk)

— f(I,t))+0(h*).
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VYuutbiBasg 3T paBEHCTBAa B IPAHUYHBIX YCIOBUSX (2.7), mojiyduuMm, c
TOYHOCTBIO O(h?), CIpaBEINBOCTh PABEHCTB

u(x,,t)—u(0,t) ph du(0,t) ( pbh
! - + +p, |u(0,t) + pu(l,t) +
p H ot 2azIOI()|0()
ph
aZ

7_k =-C, (I)IL_II (t) +C, (I):Ez

pu(XN ,t)—U(XN,l,t)_i_ ph 8u(|,t)+ p3U(0,t)+(p4 _%}(Lt)_

h 2a®> ot

ph
a2

11,(t) +¢,(0)/z, (1)
[Ipu anmpokcuManuu TpaHUYHBIX ycioBuid (2.7), OyaeM Moib30BaThCA
MTOCIICTHUMH PaBEHCTBAMMU.
B cerounoii obnactu @, ,,3anaue (1.1),(2.7),(1.3) conocraBum cienyro-
Y0 Pa3HOCTHYIO 3a7a4y:
g( v - : VI A J phoyt -y +( pbh ) 'y,

2 h 2a’ T 2a’ 2

jH

vp, 2o ;yN +p_h2§bky5k:_ 1,
Yo' Yo (YOI -20 V0L Ve —2Ya + Y,
T 2 h? h?
i+l i m . .
—b%—zbky;sznl, n=12,..,N -1, 3.1)
k=1
j+l j+l Iyl j+ i j+l i
DW= Ya=Yu ), PRV e Yo Y
2 h h @ ¢ 2

_ pbh yﬂlﬂ"'yN_p_hm i §— i _
+[p4 ]—2 e EbkyN =f), J=0L..,]J,-1

y =g(x,), n=012,..N. (3.2)

) h T T
3necy fl =P 0t +— |+c,(Waft, += [-c (O]t +=
I[ 0 2a ( 2) 2( )ﬂl( j 2) 1( )ﬂz( ] 2)

fl=f xn,tj+% n=12,.,N-1,

. ph T _ T _ T
f) = Y% f(l,tj +§]—Cz(0)ﬂl(t1 +5)+ cl(O)yz(tj +E)

Ota pa3HOCTHas 3a/1a4a anmnpokcumupyet 3agaay (1.1),(2.7),(1.3) ¢ Tou-
HOCThIO O(h* +7%), ecnu pemieHne ypasHeHus (1.1)-pynkmus u =u(x,t) umeer

B obmacth D={0<x<1,0<t<T} OrpaHHYEHHBIE YACTHbIE MPOU3BOHBIE MO X

JI0 4eTBEPTOro, a 1o t 10 TpeThero nopsaka u ypasHenue (1.1) BeImomHsIETCS
W Ha TpaHuIax x=0 u x=| obmactu D.
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Hamuume cmaraemsbix by’ +b,y" +..+b y",n=0,,..,N, B ypaBHCHHUIX

(3.1) co3maroT ompenercHHbIE TPYAHOCTH PEIIeHHs pasHOCTHOU 3anayn (3.1)-
(3.2). Ans pemeHus 5TOH 3a7a4M MEPETUIIEM €€ B CISAYIOIIEM BHJIC:

Gy by +d Y ey QY T YL+ G Eby) =1,

—ayS Ty -y Ay +Ey Ay - Shy) =1

n=12,..N-1,  (3.3)
Ay, +b, Y HC Y HEY T Y R Y+
+q_ngkyg‘* =), i=01,...j,—1,

y) =¢(x,), n=0,L...,N, (3.4)
rie K03(QHUIMEHTBI pa3HOCTHBIX YPAaBHEHHI ONPEICISIFOTCS PaBEHCTBAMU
C p_ph  poh P g P g_P g P, ph  pbh B

>

" 2h 28’ 4a> 27" 2n7 ' 277" 2n 23t 4a> 2
gl=£’ ﬁ:&’q= ph ,§= a , 6=l+a__97 §=_l+a__97
2h 2 23> 2h? r h> 2 r h> 2
az=&,52=—£,62=£+ ph +&_ pbh,rzzﬁ,g2=_£’
2 2h 2h 23t 2 4a 2 2h
__p_ph+&_pbhc_12= ph

g, =— , .
'2h 22’7 2 4@ 2a°
Paznoctayto 3amauy (3.3)-(3.4) nepenuiiem B CISAYIOMEM MaTPUIHOM

BHJIE:
Ay’ +By' +Dy" +D,y" +..+D,y" =F’, j=0l..,j, 1, (3.5)
y' =9, (3.6)
rie
¢ b 0 0 0 d
-a Ct -a 0o 0 O
A 0 -a ¢ 0o 0 O ,
0 0 —-a C -7
d o0 0 b ¢
e 9 0 0 0 1
-a €& -a o 0 0
0 -a &€ 0 0 0
B=
0 0 0 -a € a
L 0 0 0 g, ¢
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qg-b 0
0 -—b
D, = o |, k=12,...,m,
0 -b, 0
0 0 b
Yo ~f, P(X,)
y, f’ (X))
y'=| .|, F'=|| .. |, o= ... |
Y fi, P(X,_,)
Y fo P(Xy)

[Tepenummem pasHocTHyIO 3a1a4y (3.5) - (3.6) B Bume

Ay'+Dy" +D,y* +..+D,y" =F°-B- ¢,

Ay’ +By' +D,y" +D,y* +..+ D, y" =F',

Ay’ + By’ +D,y" +D,y" +..+ D, y" =F°,

(3.7)
Ay" +By"" +Dy" +D,y" +..+ D, y" =F"".

Ay +By" +Dy" +D,y" +..+ D, y" =F",

Ay» +By"" +Dy" + D,y" +..+ D, y" =F"".
[Tycts MmaTpuna A umeeT oOpaTHyr0 MaTpully. Tornaa u3 nepBoro ypas-
Henns B (3.7) MOXKHO ONpeNenuTsh ', u3 BTOPOTo Y, U T. J., U3 TIOCIIETHET0
y b yepe3 cyMmy Dy’ +D,y" +..+D, y" :
y' = —A"(Dly"‘ +D,y" +..+D,y" )+ A'(F'-Bgp),
y>=A"(BA" - E)(Dly"‘ +D,y" +..+ Dmy"m)—
~A'BA'(F*-Bg)+A'F',
y'=A"'(-(BA")’ +BA" —E)D,y" +D,y* +..+ D y" )+
+A'(BA)(F* -Bgp)-A'BA'F' + A'F?,
y'=A"'((BA") —(BA') +BA" —E)D,y" +D,y" +..+D,y" )-
~A'(BA')(F' —Bgp)+A'(BA'fF' —A'BA'F + A'F’,
yh = AT (D)R (BAT) + ()M (BAT) T +(-D) M (BAT)
+..—(BA") +BA'—E)-(D,y" +D,y" +..+D,y" )+
+(=D)"" A" (BA)(F = Bo)+ (- A" (BA")F' +
+(=D) AT BA!) R 4.~ ATBATF R 4 AR
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y' = AT ((=DH(BA™)! + (=DM (BAT) (-1 (BAT) +

+..—(BA') +BA'—E)-(D,y" +D,y* +..+ D y" )+

+(=D" A (BA!)(F = Bo)+ ()" A'(BA)F' +

+(=D" A (BA TR 4. —ABATF I+ ATF M

BelaenuB u3 3TUX PaBEHCTB, PABEHCTBA IPU | = |, Jyseers Jy» HOIYYUM
CHUCTEMY M3 M BEKTOPHBIX YPaBHEHMM OTHOCHUTENBHO Yy’ ,y"..y". W3 sToM
CHUCTEMBI BEKTOPHBIX YPAaBHEHUU JIETKO MOXHO HaWTH Dy’ +D,y" +..+D,y".
JU1 5TOrO JOCTaTOYHO CJIOKUTH 3T M ypaBHEHUs, IIPEIBAPUTEIILHO YMHOKHB
ux cnesaHa D, D,, U T.A. D,, COOTBETCTBEHHO.

Ilycts Haitneno Dy’ +D,y" +..+D,y". Torna yuduTeiBas 3Ha4€HUE HTOTO
BBIPA)KEHUS B IIPABBIX YacCTAX paBeHCTB (3.8), MOXKeM onpenenuTs y',y’,..,y".

4. IIpyHUMI MAKCUMYMA U CJIeICTBHS, MOJYUYeHHbIe U3 ITOT0 MPUHIIUNA

PaccmoTpuM pasznoctHyo 3amady (3.1)-(3.2) u gokaxeMm CIeAyIOUIyIo
TEOpPEMY O PEIICHUH dTOH 3aa4H:

Teopema 1 (IIpunumumn MmMakcumyma). I[lycts cetounas QyHKIUS
y),n=0,,..,N, j=0,,..,j,, YIOBIETBOPSET pPAa3HOCTHHIM YypaBHeHHsM (3.1).
[IycTp BBIMONHAOTCA yesoBus f!<0 (f'>0),n=0,,.,N, j=0,1,.,j, —1. Eciu

p>0,p,20,p,<0,p,+p,<0,p,+p,20,b, >0,k =12,...m,

b+3b, <0, (4.1)

. 2h*p 2h? 2h*p
7 < min 2 2 2 4 2 272 2 2 2 >
p(2a® —bh*)—-2a’ph 2a*-bh*" p(2a’ —bh*)+2a’p,h

TO pELIEHUE y,{ ypaBHeHu# (3.1), OTIIMYHOE OT OCTOSTHHOTO, HE MOXET IMPH-
HUMaTh HAUOOINBIIETO TMOJOKHUTEIFHOTO (HAUMEHBIIETO OTPHUIATEIBHOTO)
3HaueHusA 1Ipu n=0,L..,N, j=12,.., j,.

JoxaszarenbcrtBso. JlokaxxeM NEpByr0 4acTb Teopemsl. IlycTh
fi<0, n=0l.., N,j=0,Ll..j, —1, 1 BeImonHsAtOTCA ycioBus (4.1), HO pere-
Hue Yy ypaBHeHuil (3.1) mpuHHMaeT HauOOIIbIIIEE OIOKUTEIFHOE 3HAUCHHUE

npu n=n, j=i+1, (0<n, <N,0<i<j -1:

i+ __ i
y”“ - nsng\ll%z(jq Yo = M>0.

——————

i+l i+l

[Iycts n, =0. He ymeHbI1as OGIIHOCTH, MOKEM CUUTATh, UTO Y, >y,
Paccmotpum nepBoe ypaBHenue B (3.1) mpu  j =i:
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i h b M i+l i+l Mo il
—f0=[—£—p—z+ b, P Jyo AR

2h 2a’t 4a’ 2h
p,_ph _bph pl p P,
+ -+ +—— — +— g
2h 2a’c 4&’ o+ y‘ Yt
<—£— ph +bph M+pM+&M+
2h  2a’rt 4a’ 2 2h 2
+ _£+p_h+@+& M+ M+ P +p—hM ibk =
2h  2a’t 4a® 2 2h 2 28«

Ph (. &
(p,+p, 2az(b+ébk)M <0,
TakK KakK II0 YCJIOBHIO TCOPEMBI p, +p,<0,p>0, © b+ ibk <0. DTO MpOTUBOPE-
k=1
YUT yclIoBuIo f) <0.
[Tyctb 0<n,<N. He ymMmeHbmas OOIIHOCTH, MOKEM CUYUTaThb, 4TO
i+l i+l

yn0 yn0
PaCCMOTpI/IM paBHOCTHOG ypaBHeHue B (3.1) npu n=n,, j=i:

f Y Yo @ (VA2 YL Ve =2V Ve |
T 2

Ny h2 hZ

W e, & . (1.a b). &
b D Mo b e —_ 2y === i+ i+
2 Z{ k ynﬂ zhz yn(,—] ( T hz 2 yn“ 2h2 ynUH

az ; 1 az b . a2 ) m :
— +| -+ ——— o ! _ b Je >
2h2 yn(,fl ( T 2 2 )yn“ 2 ynu+1 g kyn(,

h h?
>_a M + l+a——BM—a—M— a M + —l+a——EM—
2h? T h* 2 2h? 2h? r h* 2
a m
>
M -MEb - (b+gkaM_0,

T.c. f' >0, YTO MPOTUBOPEUUT yCinoBUIO f' <0.

[Tyctb n, =N. He ymeHbIasi OOIIHOCTH, MOXKEM CUUTATh, 4TO Y, >y,
Paccmotpum nocnennee ypaBHenue B (3.1) mpu  j=i:

i p ph p p4 i+l p i+l p3 i+l
= —+— —
" (Zh 22’7 4@’ Jy“ on ety
P __ph _bph p4 _£ & ph o, i
+(2h 2azz' el e (RR e T s LR i
> £+ ph +p4 £M +&|\/|+ i_p_h_@+& M —
2h  2a’r 4a 2 2h 2 2h 2a’t 4a> 2

_iM +&M —
2h 2 2

m
TaK KaK MO YCJIOBHIO TEOPEMBI p,+ p, =0, p>0,b+Yb, <0. T0O NpOTUBOPEUUT
k=1

+pom -0 M(b+ibk)z
2a k=1
yCIIOBHIO f <0.
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[lepBast yacTh T€OpeMbI JI0Ka3aHa. AHAJIOTHYHBIM 00Pa30M MOKHO J10-
Ka3aTh BTOPYIO YaCTh TE€OPEMBI.

Teopema 2. Ilycte cerounast ¢pyHkmus y',n=01,..,N, j=01,...j,, yIOB-
aerBopsier 3amade (3.1)-(3.2). Ilycte f)<0,¢(x)<0(f) 20,¢(x)20), n=0,1,..N,
j=01...j,-1. Eciu BemonasroTest yenosus (4.1), To y'<o (y'20)n=0L..N, j=0,1...j,.

CrpaBeJIMBOCTh YTBEPXKIIEHUSI ITOW TEOPEMBI CIENYeT W3 MPUHIUIA
MaKCHMyMa.

CaencrBue. Ilycts Bomomnnstorcs ycnosus (4.1). Torma ogHopoaHas
3amaya, cooTBercTByromas 3aaaue (3.1)-(3.2), uMeer ToIbKO TPUBHAIIBLHOE pe-
meHue Yy, = 0, n=01..,N, j =0,1,..,j,- I3 3TOrO CieacrBus cienyer, 4yTo Ipu
BBITIOTHEHUH YCIIOBUH (4.1) cylecTByeT eIMHCTBEHHOE PEIleHNEe Pa3HOCTHOM
3amauu (3.1)-(3.2).

Teopema 3 (Teopema cpaBHenus). [Iycts y/,n=0,..,N, j=01,..j —
pemenue pazHoctHod 3amauu (3.1)-(3.2), a §/,n=0,..,N, j=0,,..j,— pemieHue
pa3HOCTHOM 3amauu, mnomydeHHod mnpu 3amere B (3.1)-(3.2) ¢yHkmit
fl,n=0L..,N, j=012,.,j,-1, ® @(X), n=0L.,N, COOTBETCTBEHHO, Ha
fn=01.,N,j=012...j,-1Lu §(x) n=0l.,N. Torna, ecnu [£]< T n=01N, j=0L...], -1,
¥ |o(x,)<@(x,), n=0.L..,N, To Ipu BEINOTHEHUH YCIOBHi (4.1) NMEIOT MeCTO
HEPABEHCTBA |yn’|s Vi, n=0l1..N, j=0l..,]j,.

JoxaszaTteunscrtTBsBo Illycte u/=y'+y!, v =V -y,
n=0,1,.,N, j=01,..,j,. CxknaapBas 3agauy (3.1)-(3.2) ¢ 3agaueit OTHOCUTEIHHO
V) u otnumas 3amauy (3.1)-(3.2) u3 3a1auM OTHOCHTENBHO ¥’ , HPUXOAUM K
CIENYIOMM PAa3HOCTHBIM 3ajJadaM OTHOCHUTEIbHO QYHKIMA u' © V!,
n=0L..,N, j=01..,],:

pfu-u" +u1"—u0" _p_hzuo"*‘—uoj . pb[]_i_p1 U+ N
2 h h 2a T 2a 2

ut+u)  phoao, T
+ pz%"_z_azébku(;k :_(fol + foj)’
U -u) @t (ul-2ur sl ul -2u)+ul,

r 2 h? T B

whrul m =
b Shul = fL n=120.N - (4.2)

k=1
plu—u +u;—u,ﬂ71 +p_hu¢'*‘—u§, +p%.ug*'+ug .
2 h h 2a’ T ’ 2
bh u!" +u/ heo oo = oo .

+[p4‘§_az)%—2p—angku¢ T T TR -
u'=g¢ +¢,n=0.12,..,N, 4.3)
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v =v" +v1‘ -V, |_ ph v -V, . pbh +p, vy .
2 h h 288 1 2a’ 2

j+l i

+p2%+ ph __( _-|=J)7
vit—yl gt vyt — 2v‘*‘+vn‘j|l L2V V), )

2 h® h®

j+l j m ~ .
—b%—zbkv;k =TI-f), n=12.,N-1, (4.4)

k=1
(W viwl ) B
2 h h 2a T 2
bh \v)" +v/ h o > . .

+(p4—%)%—%;bv“ fi—-f), i=0L....]J, -1,
Vi=¢ —-¢,n=012,.N, (4.5)

B cuny ycnoBuii Teopemsl, MpaBble YacTU Pa3HOCTHBIX ypaBHEHUH (4.2),
(4.4), u HavanbHbIX ycnoBuil (4.3) u (4.5) yIOBIETBOPSIIOT YCIOBUSIM
fl4f120,f —f'20,n=01..,N, j=01,...j, - .@ +¢, 20,3 —¢p >0, n=012,.,N
[loatTomy B cuiy TeopeMbl 2 HMMEIOT MecTa HEpaBeHCTBA u)>0 H
vi>0,n=01,..,N, j=0,L..,j, WA ¥ +y) >0 u y' -y) >0, n=01..,N, j=0Ll,..,]j,
n=0,1.,N, j=01..,j,.

no

OTKyZAa CJIEAYCT CIIpaBCAJIMBOCTbL HEPABCHCTB

Teopema noka3ana.

5. CxogumocTthb
ITycTs u(x,.t;)- 3Ha4enne To4HOro pemenus 3anauu (1.1), (2.7), (1.3)

B y3Ie (x,,t) CeTKU @, , y) - pemieHue pazHocTHou 3aaaqu (3.1)-(3.2). Beegem

nd-j
BCIIOMOTATEIIbHYIO () YHKITHIO
z0 =y, —u(x,t,), n=0,L.,N, j=0,.., j,. (5.1)

OHpeI[CJ'II/IB N3 3TOI'O paBCHCTBA yr{ U MOACTaBUB IIOJYYCHHOC BbIpa-

xeHue B (3.1)-(3.2), oTHOCUTENBHO (I)yHI(L[I/II/I z) monyuum pasHOCTHYIO 33124y

j+l_ j+l j_ j ]+I j+l j
E(Zl hzo Lz ZOJ ph 2" -z} [pbh_l_lez +7)
T

2 h 2a’ 2a’ 2
2" +2z)
+p,t—N _—(h2 +7°
2
-z} ar(zr -2+ =220 +2), 2"+ 7]
R, + —-b —
T 2 h? h? 2
—¥bz =+ ), n=12,.,N-1, (5.2)
k=1
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AR S R h z* 2" 47
B N- p_z +p3.
2 h h 2a T 2
pbh \z)" + 2z} ph R
o - e T PR Sy g = (e, =00,
(p S et =t e =0
z2)=0,n=012,.,N, (5.3)

rue
wl<Lin=0L..N, j=012,..j,—1,
ecau pemenue ypaBHenus (1.1) umeer B obmactn D={0<x<1,0<t<T} orpa-

HUYEHHBIE YACTHBIE TPOU3BOJIHBIC 110 NMEPEMEHHON X 10 YETBEPTOrO, IO Iie-
pemeHHOU t 10 TpeThero mopsaka u ypaBHeHue (1.1) BbIonHsAeTCS U HA Tpa-
HAnax x=0 1 x=| oOmactu D.

ITycTp

71 = L& +72)@2l=x,).n=01...,N, j=0.1,.... j, (5.4)
rae & >0 - mocrosiHHOe. O4YeBUIHO, Y4TO (DYHKIHS Tnj €CTh I0JIOXKUTEIbHAs

(pYHKI_[I/ISI. I[JISI 3TOH (I)YHKI_[I/II/I MOCJIC DJICMCHTAPHBIX Hp606pa3OBaHI/II>'I nMEEM
5 j+l 5 j+ 5] 5] T j+l 5] 5 j+ T
B le B ZoJ + Z1J B ZoJ _ ph2 ZoJ B ZoJ + pb? +p | Zoj + ZoJ +
2 h h 2a T 2a 2

Yz} =-L&h +7° p-21(p, + p,) -

2 2a’ i
phl m ) 1
———|b+3Xb h* + ecnn &2>—;
a 2]) L+ 7). eomn &>
7" -7) a (7)) 221”+z”lJrinj_l—zinj+?nj+1 _bin"*‘+7n"_
T 2 h? h’ 2

—3bZr =-L&(h + 7))@l —xn)(b+ibk )z LE(h +72)-1-e2
= k=1
>L(h’+7°), eciu b+3h, <-£<0 U 52%;
k=1 £

p(zM -zl 7)-7), ph Z)" -7 Zm+7) pbh
— + +—— +p,- +Hp-— |
2a T 2 2a

3b,Z} = L& +fz)-((p4+2p1)l p—p—hl(mzb ))

> L& +77)-((p, +2p)l - p) 2 L(h* +7°),

eciu

1

(p,+2p)-p>0u &>2————; (5.5)
(p4 +2p3)| - P
Wtak, npy BBIITOJIHEHUH YCIIOBUI
b+ibk <-£<0,(p,+2p)I-p>0,
k=1

L1 1 (5.6)

§=max — ey |,

p le (p4 +2p3)| -p
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IS CETOUHOM QYHKLMU Z,) MMeeM:

B(Zm ;z)jﬂ . Zj ;Z}j ]_Zp_hz z]jﬂ _Z)i +( pbh ip, ) Tni+1;_TOi .
a T

V'+7Z)  pha, o,
+ p2%+ e ébkzoj S—L(h2 +72),
IZ/njH — 2,nj _a_z ,zdnjjl — ZIanH + ’z/nj:;l + ’z‘njfl — ZTnj + zlnjﬂ _ b ’anﬂ + Tnj _
T 2 h? h? 2
-3bZ 2L +7?), n=12..N-1, (5.7)
k=1
p(z-m Z-m ), phatoz o 7 eE) (0 pbh)
2 h h 27 1 : 2 Yo2a’
ZM+7) pho, o : .
%— o 2bz) > L(h+7°), j=01,....j, 1,
7° = L& +72)@2l-x,), n=0,12,...N . (5.8)

CpaBuuBas 3amaudy (5.2)-(5.3) c¢ 3amaueit (5.7)-(5.8), B cuiry TeopeMsl
CPaBHCHHS NMEEM:

|Z;| < z]j, n= 0,1,..., N . J = 0,1527-"’ jo s

HIJIN

Y, —u(x,.t)| L&D +2°) 21, n=0L..,N, j=0.L....],. (5.9)

Urak, umMeeT mecTo ciiemyronias
Teopema 4. Ilycts pemenue ypaBHeHus (1.1) umeer B oOmactu
D={0<x<l,0<t<T} orpaHWYCHHbBIC YACTHBIC MPOU3BOIHBIC MO MEPEMEHHOI

X 110 4YeTBEPTOro, IO MEePEMEHHOM t 70 TpeThero nopsaka u ypaBuenue (1.1)

BBINOJHAETCA U Ha rpanunax X =0 u X =| o6nactu D. Ecnu BhINONHSAIOTCS
ycnoBust (4.1) u (5.6), To pemenue pazHocTHou 3anaqn (3.1)-(3.2) cxoqutes K
pemenuto 3amauu (1.1), (2.7), (1.3). I[Ipu aToM umeet mecto oreHka (5.9).
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PARABOLIK TiP YUKLONMIS XOTTi DIFERENSIAL TONLiK UCUN
INTEQRAL SORTLIi BiR MOSOLONIN ODODi HOLLI HAQQINDA

Z.F.XANKIiSiYEV
XULASO

Moqaloado parabolik tip yiiklonmis xatti diferensial tonlik {igiin inteqral sortli bir mo-
soloyo baxilir. Inteqral sortlor qeyri-lokal serhoad sertloriylo avez olunduqdan sonra, qurulmus
yeni masalonin halline sonlu farglor lisulu totbiq edilir. Sonlu forglor iisulunun totbigi ne-
ticosindo, mosaloni ikinci tortib doqiqliklo approksimasiya edon forq mosolosi qurulur. Forq
mosoalasinin hall alqoritmi verilir, miioyyon sortlor daxilindo forq moesalasinin hallinin ilkin
masalonin hallina yigi1lmasi isbat olunur vo y1gilma stireti toyin edilir.

Acar sozlor: yiiklonmis diferensial tonlik, sonlu farglor {iisulu, maksimum prinsipi,
hallin y1g1lmasi.

A NUMERICAL METHOD FOR SOLUTION A PROBLEM
FOR THE PARABOLIC TYPE LINEAR LOADED DIFFERENTIAL
EQUATION WITH INTEGRAL CONDITIONS

Z.F. KHANKISHIYEV

SUMMARY

One problem for the parabolic type linear loaded differential equation with integral
conditions is considered in present paper. First, the integral conditions are replaced by nonlocal
boundary conditions, then the finite difference method is applied to the solution of the new
obtained problem with nonlocal boundary conditions. A difference problem, that approximates
this problem with the second order of accuracy is constructed, a method for solution the differ-
ence problem is given, under certain conditions, convergence is proved and the rate of conver-
gence is determined.

Keywords: loaded differential equations, finite difference method, maximum princi-
ple, convergence.
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CIIEKTPAJIbHBINA AHAJIA3 OJJHOMEPHOI'O OITEPATOPA
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Ha eceii ocu paccmampusaemcs oonomepnoe ypasuenue [llpedunzepa, komopoe na no-
JIOJACUMENbHOU NOTYOCU npedcmasisiem coool eapmonudeckuti ocyuiiamop. Hccaedosanvi
CREeKmp U Pe30Ib8eHMA COOMBEMCMEYIoule20 onepamopa. Jlano onucanue 3mozo onepamopa.

KaroueBble cjoBa: rapMOHHYECKHI ocuMILIATOp, ypaBHenue lllpenauHrepa, crektp,
pe3osbBeHTa, QyHkuus Bebepa.

1. Beenenue
OpHolt U3 coJepkaTeNbHbIX 3aJa4, pelieHHon [ eiizenoeprom B paMkax
MaTpu4HOi MexaHuku u LllpenuHrepoM — Ha A3bIKE BOJIHOBOW MEXaHUKH, ObI-
J1a 337a49a 0 KBAHTOBOM ocnuiurATope. K pemennto 3Tor 3a1a4u CBOJUTCS OIU-
CaHMe KoNeOaTeIbHBIX ABHKSHH aTOMOB B MOJICKY/Iax i Kpuctammax (cm. [1]).

Cucreme OCHMIUIATOPOB 3KBHBAJIEHTHO U ««IIPOKBAHTOBAHHOE)» 3JIEKTpOMar-
HUTHOE TI0JIE.
Paccmorpum onHOMepHOe ypaBHeHue LI
—y +0(x)x’y = Ay, —eo < X< oo, A€ C, (1.1)
rae O(x) - bynxuus Xepucaiiza, T.e.

o(x) = {l,x >0,

0,x<0.

3aMeTuM, 4TO NIpPHU IMOJIOKUTEIbHBIX 3HAueHUAX X ypaBHeHue (1.1)
NPEJCTaBISET COOOW TapMOHMUYECKUH OCUMIUIATOpP. B KBaHTOBON MexaHuke
TaKO€ YpaBHEHHE BO3HMKACT MPU HU3YYEHHM YaCTHUIbI, IBIXKYLIEHCS B MOy
napaboIMyecKol NOTEHIUATbHOM AMe.

HuddepenunansHoe ypaBHenue (1.1) BMecTe ¢ rpaHHMYHBIM YCIOBHEM
OMPEIeNIsICT B MPOCTPAHCTBE L, (— oo, +00) CAMOCOIMpPSIKEHHBIN oreparop L, xo-
TOPBI MOKHO TOJYYUTh 3aMbIKAHUEM CHUMMETPUYHOIO OIlepaTropa, ompene-
asiemoro ypaBHeHueM (1.1) Ha ABaXkaAbl HENPEPHIBHO AU(depeHMpyeMbIX (u-
HUTHBIX (yHKUUsAX. B ngaHHON paboTe McciaenoBaHbl CHEKTP U pe30JIbBEHTa
oneparopa L. Jlano onucanue obnactu onpeneneHus oneparopa L.
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OTMeTI/IM, YTO Ppa3JIUMYHBIC CICKTPAJIBHBIC 3aJadud [JId apMOHHUYCCKOI'0 OC-
ouiaTopa, T.C. AJid YpaBHCHUA (11), B PA3JIMYHBIX KOHTCKCTAaX H3Yy4aJlaChb

MHOTMMHM aBTOpaMH (CM. [2]— [7] u Oubnuorpaduio B HUX).

2. HUccnenoBanue cieKTpa M pe30JibBEHTHI
Hanee Mbl OyzneM HMETh J€JI0 CO CHEUUANbHBIMU (YHKIUSMHU-pEIIe-
HUSIMH YpaBHEHHUS
-y + Xy =y, —o0 < X < +oo,
XO0poI1110 U3BECTHO (CM., HAIIpUMeEp, [8] ), 4TO 3TO ypaBHEHHE UMEET Mapy JUHEHHO
HE3aBHCHMBIX PEIICHHU DH( 2x) uD, (— \/Ex), rae D, (x) - ¢bynkous Bebepa.
B B

[Mpu 3TOM petienust y(x,A)= DH( 2x) YJOBJICTBOPSICT HAYQJIbHBIM YCIIOBHSAM
5

()\/_D“() 2+ =

A+3

:Sin(/1—41)n2 s F(/1+3)

Jr 4
rae I() - Tamma ynkius Ditnepa. Kpome toro, [6], [8] JUI KaXka0ro X (yHK-
i y(x,4), y'(x,A) ABIAIOTCS HENBIMHA (QYHKIMAMHA U 00JIaJal0T paBHOMEPHO
IpH BCeX A, B3ATBIX M3 KaXI0M OrpaHUYEHHON 00JIACTH, aCHMIITOTHKAMHU

w(x, A :(\/Ex)?e_%z (1+0(x?)) X = 4o, (2.1)
w'(x,A)= —T(\/_x)ﬂe 2 1+0(x?)), X = oo, (2.2)
w(-x1)= V2r (\/_x)M B T(14+0(x2)) X = oo, (2.3)

()
<w<—x,z>>=%r[{_ J(f ) e (406N xotm.  (24)
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O6o3HaunM 4epe3 G KOMIUIEKCHYIO A - IUIOCKOCTh C Pa3pe3oM IO MOo-
JIOKHUTENBHON moiyocH. B miockoctn G paccMoTpuM (QyHKIUIO +/ A , BHIOH-

past peryJIsipHYIO BETBb pajauKaiia Takyto, 9to Y A+i0 >0 mpu A >0.
Jlemma 2.1. J{ns kascooeo komniekcno2o 3uauenus A ypaswenue (2.1)
umeem pewenus W, (X, 1), npedcmasumvie 6 ude

Dﬂ(ﬁ),xzo,
2

PG LXCENLACIES @3)

v ()= 1{ (2.6)

JokazarenbctBo. OueBuaHO, 4To npu X =0 pemienuem ypaBHenus (1.1) sB-
nsercst pyHkuust D, (\/Ex) C npyroit ctopoHsl, mpu X < 0 Kaxaoe perieHne
B

ypaBHeHus (1.1) MOXeT ObITh PE/ICTABICHO B BUJIE
C eiﬁx +C e—iﬁx
1 2 °
Ecau mbl ckilenM MoydeHHbIE PeMIeHHs B TOUKe X = 0 , TO IOJIy4UM CIIEIYIO-
LIy CUCTEMY YPAaBHEHHI OTHOCUTENBHO BeJIMUuH C,C,
C +C,=D,,(0)

iVAC, —iyAC, = Z\EDQ (0).

Pemras sty cucremy ypaBHEHUM, HAXOIUM, YTO

C, =%{D€I(O)— i\/%ogzl (o)}
C, :%|:D12](0)+ i\/%D'M(O)}

Tem cambim nonmydaem Gopmyiny(2.5). @opmyna (2.6) BEIBOAUTCS aHAIOTHYHO.
Jlemma nokazaHa.

[Iycte U u V- aBa perenust ypaBuenust (1.1). X BpOHCKHAHOM Ha3bI-
Baetcs BenmmuuHa W{u,v}=uv'—u'v. Belauciaum BpoHCKHAH pelieHui w (x,A) u

w.(x,4). Tak KaK BpOHCKHAH IBYX pemieHuil ypasHenus (1.1) He 3aBUCUT OT X,
TO B cuiy opmyi (2.5), (2.6) umeem
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Wiy (x, )y, (x, )=y (0, (0,4) -y (0,4)y. (0,4) =
=+2D/,(0)+iV/2D,, (0). 2.7

Tlomoxum

o(2) =20, (0)+ W7D, ,(0). 2.8)

UsBectHO, uto Hymu (yHkmmii D, (0)u D/, (0) cocpenoToYeHBl B TOYKAX

2 :
4an+1,n=0,,. U 4n+3,n=0,,..coorBeTcTBeHHO. OTCIoma u u3 (2.7) ciuenyer,
uT0 GYHKIUS (1) HE UMEET HyJIe BO BCCH KOMILIEKCHOM IIIOCKOCTH.
[Tycth Tenepb Ag [0,4+e0). 3y4nm pe3obBeHTy oneparopa L .

Teopema. IIpu A¢ [0,+e0) unmezpanvuwiii onepamop R, 3adasaemvlii 6 npoc-
mpancmee L, (= co,400) popmynoi

(R, f)x)= [R(x,t,A)f (t)dt (2.9)
20e

1 (v, (x A (x,A)t<x,
R(X’“):M{w(x,zmt,z),» " (2-10)

JokasarenbctBo. Ilycte D(L)- oGmacTh ompenmenenust omeparopa Lu | -emu-
HUYHBIA OMepaTop, ACHCTBYIOIIMNA B MPOCTPAHCTBE L,(—oo+00). PaccmoTpum
ypaBHenue Ly — Ay = f(x), rme ye D(L), f(x)e L,(—oo,+e0). Cormacuo (2.7) u Kiac-

cuyeckoil Teopeme 00 0011eM By perieHus AudGepeHManbHOro ypaBHeH!s,
y(x)= oy (x, )+ By_(x,4)+

v () y () (L) 1ty ()T ()T e
rae o, f - MOCTOSHHEBIE.
- i
Ilycts Tenepb Ag [04) n A=|Afe”,0<p<27z. Otciona umeem +/4 = Mez u
r=ImyA>0. Torma u3 popmyn (2.2), (2.3) cnenyer, 4to y (x,A)e L, (—=,0),
w,(x,A)e L,(=,0). Huke Oymer goKa3aHo, 4To
v A)fur (A0t () () it L (oo,
V4uThIBast TOra COOTHOMIEHHE Y(X)€ L, (~ oo, +00), TIONYyIHM o =0. AHAJIOTHYHO
YCTAHABIUBACTCSI, YTO = 0. [[09TOMYy HMEET MECTO PABEHCTBO

y(x)= @' (W (6 A) Jy (L A)f ()t +

o (A (X,/l)f w. (LA (t)dt =y, (x)+ v, (x).
N3 popmyn (2.1), (2.3), (2.5), (2.6) Haiigem, 4TO
ly, (x) < Cj| f(t)e " dt = Cj| f(t+x)edt.

(2.11)
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B cuity mociieiHero HepaBeHCTBa MOy IUM
4 2
. (xf < cz[ﬂf(u x)|e2e2dtJ <C J[f (4 xferct ferdt =, f[f 0+ ) evct,
H3 KOTOPOro CJIeayeT, 4TO

v, (x)" <c, ﬂf(t +x) e"dt<C, ﬂf(t +x) dt =
L - (2.12)
=C, [|f(u) du— 0, x — —o,

ih/l (x) dx < Clze"(ﬂ ft+x)’ dx):
=C, ieﬂ(ﬂ f(u) du }jt <C, ie"ﬁ] f(u) du yt = (2.13)

=cf[ Jesdt=c. "

OuenuM ciaraemoe y,(x) mpu x — +eo. IlycTh g =Red. Torma u3 cooTHoIIIE-

Huit (2.1), (2.3), (2.5), (2.6) cnenyeT, 4TO MPH JOCTATOYHO OOJBIIUX 3HAUCHU-
SIX X BBITIOJHSIOTCS OLIEHKH

w,(x.2)< Cx7e? ,

+1

_kl X
v (x,2)<Cx *e?.
Jlerko BHETh, YTO IPU JOCTATOYHO OOJBIIMX 3HAYEHUAX X >N (QYHKIUSA

u-1 - x? sl X

X2e? y6BIBaeT a (byHKuH;I X 2 e ? Bospacraer. [lepenumiem y,(x) B BHIE
/1)[% x )y (.A)7 ()dt+y/+(x,i)jt//_(t,/1)f(t)dtj|. (2.14)

OLIGBI/I,I[HO, qToO HpI/I JA0CTAaTOYHO 6OJ'IBH_II/IX 3HAUYCHUIX X 6yz[eT BBITTOJIHATBHCS
HEPaBEHCTBO

PR

‘w-l(z)%(x,z)hf,(t,z)f(t)dt <cx7e||. (2.15)

C npyroit cTOpoHBI, ecti x > N +1, TO OyieM HMEeTh
\w* (A e ) (. 2) (| < o0 (2. (. 2) v (L A)1 (o] +

a)’l(/l)ya(x,/i)jl//,(t,/%)f() <C, X7e szjlt ﬂ;ex |f (t)dt+

_u+l X2

+CxTer jt Ter |ft)|dt<cX“Te%(jt i dt)||f||+
N

+ C]x%e%( [tet dit )E( ﬂ f(t) ot )E <

1K e (x1y 1 al X gl Xy 2 \>
<CxTe (k15 T (k- N+IR|f]+Cx e 7x zez(ﬂf(t] dt) <
x-1

1

1

f||+C,x"(j‘|f (t)rdt)?

1
<Cx ™
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Taxum oOpa3oM, cripaBeIMBa OLIEHKA

1
<Cx e

13,(x)} = ‘w (ﬂ)va(x,ﬂ)i p (L A)f ()t -+
s (2.16)
+ Clx‘( ﬂ f(t) dt Jz
OTCIOI[a, B YaCTHOCTH, CJICAYCT, YTO
Im&fax<c,f. (2.17)

Kpome Toro, B cuiy (2.16), momydaem, 9to Xy, (x) = 0mpu x — +oo . [lomb3ysich
toraa (2.14)-(2.16) nonyuum

xy, (X) = 0,% — +oo.. (2.18)
Hanee, u3 (2.16) Haiizem, 4yTo

1
X \2
f||+Cl( j|f(t)|2dt) :
x=1
I[TepBoe ciraraeMoe, BXOJISIIEE B IPABYIO 9acTh IOCIIEHET0 HEPABEHCTBA, OUe-
BHUJIHO, TPHHAIIEKUT IPOCTPaHCTBY L, (N +1,+00). Bosiee Toro, umeem

T ax[refae="T1s (tlz(;f:ldx }n w8 (t)r(jidx}jt <
<"fr (t]z(j:dx)dt LT (t)r(j:dx }n i (t)r(jidx )dt <c,

CrietoBaTebHO, BEPHO COOTHOMIECHUE Xy, (X)e L,(N +1,+e). B cumy (2.14)-(2.16)

7, (x] < C e

fz

THM 3Ke CBOHCTBOM oGnanaer u dpyukius Y, (X):
xy, (x)e L,(N +1,4c0).

Jlanee, 04eBHUAHO, 4TO (GyHKIUS y,(X) YIOBICTBOPSET OLCHKE Nﬂyl(x)\deSMHsz.

[Tostomy u3 (2.13)-(2.15), (2.17) cnemyeT, 4TO UMEET MECTO OIIEHKA

Iy, ()| < C| £ (x).- (2.19)
[Tomo6GHBIM K€ 00pa30M yCTaHaBIMBAETCH, YTO PYHKIUA y,(x) Takxke o0Oana-
€T aHAJIOTUYHBIMU CBOMCTBAMH:

Iy, N <C f N5 v, (%)= 0,x > =eo, Xy, (X) = 0,x = +eo, xy,(x)€ L, (0,4e0).
Hcmnonb3yst Teneps (2.11) Haxomum, 4to npu A ¢ [0,+<>o) mo60e pereHue
ypaBHEHUS Ly— Ay = f(X) yZIOBIETBOPSIET COOTHOIIEHHSIM

Iy < K| f(x)], (2.20)
y(x) = 0,x = =0, xy(x) = 0,x = +oo, xy(x)e L,(0,4+00). (2.21)
Ouenka (2.20) nokassiBaer, uTo o0parHbiii onepatop (L-Al)' orpanu-

yeH. CnenoBaTenbHO, popMyibl (2.9), (2.10) onpenensitoT pe30abBEHTY orepa-
Topa L.
Teopema oka3aHa.
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U3 popmyn (2.9), (2.10) cneayer, 4to npu Ae [0,+0) 0OpaTHBIA Onepa-
top (L-Al)' cymiecTByer, HO He ONpEIeJeH HE Ha BCEM MPOCTPAHCTBE
L, (— oo,400). CIle1OBaTENIBLHO, MHOKECTBO [0,400) TIPMHAJIEKUT CIIEKTPY OIEpa-
topa L. Kpome TOro, BBUIY HOTOKHTENLHOCTH moTeHIMana &(X)X® auckper-

HBINM criekTp oneparopa L orcyrcrByer. UTak, cnpaBeminBa ciaeayromas Teo-
pema.

Teopema 2.2. Onepamopa L umeem nenpepulénulii cnekmp, 3anoaHsI0-
WLl NOOAHCUMENBHYIO NOTYOCH  [0,400).

B 3akiroueHre 0TMETUM, YTO OLICHKH, MOJTYYEHHBIE TI0 X0y JOKa3aTelb-
CTBa TeopeMbl 2.1, MO3BOJIAIOT ONUCaTh 00J1aCTh ONpeeneHus onepatopa L .
Teopema 2.3. [lycmob Ag [0,+e) -ghurcuposannoe uucno. Obracme onpe-

oenenust D(L )onepamopa L coBmaiaeT ¢ MHOKECTBOM (DYHKIIHIA BUIa
-0 (v (xA)fy (L) ety () Ty (L)
rae GyHKIHS f( ) mpoberaeT Bce MPOCTPAHCTBO L, (—oo,00). Jliist H000# PyHK-
uu y(x)e D(L) BEpHBI COOTHOIICHHS
y(x) = 0,y’(x) = 0,x = —eo, xy(x) = 0,y"(X) = 0,x = +oo, (2.22)
xy(x)e L, (0,40), y'(x)e L, (= o0,4e0). (2.23)
JlokazarenbctBo. B cuiy Teopemsr 2.1, eciut ye D(L) u Ly -y = f(x)e L, (~oo,4e0),

TO cnpaBeiuBo mpenctasienue (2.11). Haoboport, u3 npeacrasinenus (2.11)
BBITEKAET, YTO (pyHKuHﬂ y(x) aGcomoTHO HempepbIBHA HA BCEH OCH U

/1)|:y/+x/1 fw (LA)f ()dt+z//f(x,/1)+fy/+(t,/1)f(t)dt], (2.24)

oTkyaa cieayer, uro Gynkuus Yy'(X) aGCOMOTHO HempepblBHA HA BCEH OCH.
Hudbdepennmpys emie pas, moaydaem
y'(x)= 0" (Aly_ (x AW (. 2) =y (x, A (x )] (x) +

v (2 p200) 1A O+ (x2) . 2) e -

— 1)+ 0 (Ao(x) ,1[% () fyr @A) O+ (6, 2) o (L 2)1 (t)dt] _

+[o00x — aly(x)
T.e. y(x)eW}[-a,a] mpu moGom koHeuHoM a>0wm Ly-—Ay = f(x)e L,(~oo,00).
CoorHommenus u3 (2.22), (2.23), kacaromuecst K GyHKIUH y(x), TOKa3aHbI BbI-

b

re. COOTHOIIEHH S, Kacarompecs K QYHKIUU y(x), MOIYy4aroTCs Tak e, TOJb-
KO BMecTO paBeHcTBa (2.11) ucmonb3yeM (2.24) U yduThIBaeM, 4TO OLEHKH
NPOU3BOIHBIX ¥ (x,A) U ' (X,1) TIPU X — +co OTIIMYAOTCS OT OLIEHOK CaMHX

GyHKIMI MHOXUTENEM X .
Teopema oka3aHa.
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ARTAN POTENSIALLI SREDINGER OPERATORUNUN
SPEKTRAL ANALIiZi

D.H.ORUCOV
XULASO
Biitliin oxda bir6l¢iilii Sredinger tonliyino baxilmisdir, hansi ki, miisbat yarimoxda har-
monik osilyatra ¢evrilir. Uygun operatorun spektri vo rezolventi todqiq edilmisdir.Bu operato-

run toyin oblastinin tosviri verilmisdir.

Acar sozlor: Harmonik osilyator, Sredinger operatoru, spektr, rezolvent, Veber funk-
siyasl.

SPECTRAL ANALYSIS OF A ONE-DIMENSIONAL SHRODINGER OPERATOR
WITH A GROWING POTENTIAL

D.H.ORUCOV
SUMMARY
The one-dimensional Schrodinger equation on the whole axis is considered which on
the positive semiaxis is a harmonic oscillator. The spectrum and the resolvent of the operator

are investigated. A description of this operator is given.

Keywords: Harmonic oscillator, Schrodinger equation, spectrum, resolvent, Weber
function.
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B pabome uccnedyemcs navanvho - kpaesas 3a0a4a ¢ HeAUHEUHbIMU OUCCUNATNUGHBIMU
CPAHUMHBIMU YCAOBUSAMU OISl CUCEM OOHOMEPHLIX NOAYIUHEUHbIX GOJIHOBLIX YPASHEHUU U C
HENUHEUHbIM UCTOYHUKOM, UMEIOWUM NEPEMEHHYIO DKCNOHeHm)y pocma. [lokasana meopema o
Cyuecmeo8anuul U eOUHCMEEHHOCMU JIOKAIbHbIX PEUeHUll U meopema 0 pa3pyuenuu ciaovlx
peulenutl 3a KOHEUHOe GPEMSL.

KiroueBble c1oBa: crcTeMa BOJIHOBBIX ypaBHeHHﬁ, AUCCUIIATUBHOC I'PaHUYHOC YCJIO-
BUC, pa3zpylLICHUC pemeHnﬁ, HCpeMCHHHﬁ I10Ka3aTeiib

PaCCManI/IBaeTCH Ha4aJIbHO - KpacBas 3aa4a:

U —u = f(xu,u,), 0<x<l, t>0, (1)
u(0,t)=0, t>0, (2)

u, (LD +u, (.0 Ty, D=0, >0, (3)

U, (0,x)=u,(x), u, (0,x)=u,(x), 0<x<I, t>0, (4)

rae i =1,2,

Py (X)+p, (X) P, (x)+
h ( u

19

f](x’un z):a1|u1 +U,

u,+u,)+b o™,

P (X)+p, (X) P (X)+ P, (x)-1

2 29

f,(x,u,,u,) = a,Ju, +u,

r>1, a+<0, b<0, i=12,

(ul +U2)+b2|U]

p,(x), i =1,2 HeNpepbIBHbIE BELIECTBEHHO3HAYHBIE (DYHKIIUU, TAKHE YTO
I<minp,(X)=p,, maxp,(x)=p, (%)

0<x<l

¥ TIpH J00BIX X, Y€ [0,1], [x—Y| < § BBIMOIHSETCS HEPABEHCTBO
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_ A
|pi(x) p.()/)|S 10g|X— y|a A1 >0. (6)

[Ipeanonoxum, 4To

pz(x)+l :al_bz (7)
p,(X)+1 ab,
Benem crienyromiye 0603HaueHUS:
A(X) = aPE+D _ az(Pz(X)+1)’
b, b
H' ={v:vveL@©D} H ={: veH' v0)=0}
EyI[CM npeanojaraTrb, 4To

2

uio(')eo H l’ uil(')e Lz(OaI)a i= 1,2

- ®)
Onpenenum 3HEPreTUYecKyro (QyHKIHIO
e =3 H%‘/ P01, ()] +=P 001U, )] |- B,
| o 2 )

rae G(u,,u,) = Ij AX) Ju, () +u, (%)] POOTRCO2 gy 4 Ij|ul(x)|p‘
o P, (X)+ p,(xX)+2 0

B nocneanee Bpemst 0oJbIioe BHUMAHUE YIENSAETCS UCCIEI0OBAaHUIO HE-
JIMHEWHBIX MOJEJIEH YPaBHEHMH C MEPEMEHHBIMH IOKA3aTeNIIMM POCTA HEJIH-
HeitHocTH [5-15]. Maremartuueckue mMozenu (U3MYECKHX IMPOLECCOB, TAKUX
KaK MOTOK 3JIEKTPOPEOJIOTUYECKUX KUJIKOCTEH WM JKUJKOCTEH ¢ TemmepaTyp-
HO - 3aBUCHUMOH BSA3KOCTBIO, (DMIIBTpALUsl B MOPUCTBIX Cpelax, HelMHeHHas
BS3KOYIPYroCTh U MHOTHE APYTUe€ CBOASTCS K TUNEepOOIMYECKUM YPaBHEHUSAM
C MEepPEeMEHHBIMU TOKa3aTesIMU POCTa HelMuHeHHocTH. bonee moapoOHyro MH-
dhopmaruio 06 3TUX IpodIeMax MOXKHO HalTH B padoTax [5,6,12-15].

OpHako ciefyer OTMETUTh, YTO JIO CUX IOp UMeeTcsl Maslo paboT, B KO-
TOPBIX HCCIIEJIOBAHBI TUNEPOOINYECKUE 33/1a4l C HEJIMHEHHOCTAMU THIMA Ie-
PEMEHHOI SKCIIOHEHTHI (cM., Hanpumep [ 1,3,4,14,15]).

OcHoBHasl 11es1b 1TaHHOM paboThI JOKa3aTh TEOPEMY CYLIECTBOBAHUS U
€IMHCTBEHHOCTH pewieHuit 3amauu (1) - (4), a Takxke Hccae10BaTh BOZHUKHO-
BEHUE B3pbIBa 32 KOHEUHOE BPEMSI.

3amauy (1) - (4) Oynem uccneaoBaTh NP BBIMOIHEHUU CIIEAYIOIIETO
yCIIOBUS

(x)+1

u, ()" dx.

+
r,<r <—pl P +1.
2 (10)
B cayudae, xorma HayanbHas DSHEPrUs OTpPULATENbHA, T.€. KOrJa
E(0) <0, MOJTY4YEH Pe3yJbTaT 00 OTCYTCTBUU TJIOOAIBHBIX PEIICHUN.

3ameTuM, 4To B cllydae P.() = P.(X) 3anayva (1) — (4) uccnenoBana B pa-

p,(X)=p,(x)=p, p

6ore [1], a B ciryyae, korga rjae " HEKOTOpas KOHCTAHTa, 3a-
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Jlaya 0 BO3HUKHOBEHUU B3pbIBa pELICHU MocTaBieHHOM 3anaun (1) - (4) uc-
cienoBaHa B pabotax [3.,4].
Teopema 1. Ilycts BemonHens! ycnoBus (5) - (7), (10) u E0)<0. To-

raa cymectByer Takoe T € (0,T], uro 3anaua (1) - (4) uMeeT eIMHCTBEHHOE pe-
wenne  (U,()U,()), Takoe, wro  u,()e 0.7, H') ul()e CLO.TLLO.),

u, (ILye L"(0,T"), i =1,2 ¥ CIPaBEAIMBO TOKIECTBO
E)+3[lu, 0.0 " dr=E(O). (11)

Jloka3aTenbcTBO. Bocnonp3yemcs cTaHAapTHBIM METOJOM CBEIEHUS K
3anaue Komm mia auddepeHumanbHbIX ypaBHEHUM B TMIBOEPTOBOM IIpO-

— 1 1
crpancre 7 =H XL O.DHXLOD. 1155 51010 B npocrpancrse 5D on

penenum JIMHEUHBIN OIIepaTop oA

D(,A) ={z:2e H*(0,1), 2(0)=0,2’(1) =0},  ,Az(x)=2"(x), xe (0,]),
U orepaTop N:

a—>h=Na:(—c,40) > H* =W(0,]),

rae h’(x)=0, 0<x<lI, h0)=0, "h=a (Na=ax).

Hanee, B npoctpanctse H onpeaenum onepatop A(-):

D(A)={(u,,V,,u,,v,)€ H,u, + N(g,(7v,) € D(,A), U, +N(g,(%,V,)) € D(,A)},
AW) = (=V,,=, AU, + Ng, (7V,)), =V, =, AU, + NG, (%,V,)),

rae g,(s)=|s s+bs,i=12.
Onpenenum Takxe HeJIMHENHHBIN onepaTtop w— F (w)=(0,- f, (x,u,,u,),0,-f,, (XU ,u,)),
rae w=(u,v,,u,v,)eH,

(e ||ul||‘,w <. o, <
K] le> Ko [l <K
f =
) fi“’”l’K—nu .l <k el
20|y
(K ol > K. ] > K
M

Torpa 3anauy (1) - (4) MOXHO 3amucaTh B BUJIE
’ — O
{W +A (W) ’ (12)
w(0) =w,
rae A (w) = A(W)+ F (W), W, = (U,,(X),u,, (X),U, (X),u,, (X)), 0 < x < .
CHavana 10Kaxem, 4To A(~) aKerTI/IBHBII/I oneparop. eicTBUTENBHO,

JUIS BCeX W' =(u,v,,u3,v,), W’ =(u/’,v 2, w',w’e D(A) umeem

l’l’ 2’2
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(AW = AW, W —W') =S ] ), (uF ), dx -
i i=1 0

= Lo AT + Ng, (721, Alu; + Ng, (v v: ek

= JLLALUZ + Ng, (7)1 = AU + Ng, (v TIV: V2T =

=[9,(v; (1) =g, (vy NIV, () = v (D] +
+[9,(v2(0)) = g, (v, (0))][v; (0) - v (0)] 2 0.
[TosTomy, B 00oux ciaydassx A(-) - sIBISETCS aKKPETUBHBIM oriepaTopoM B H.
Bo-BTOpPBIX, MBI IOKaXKEM, YTO A()+4 CIOPBEKTUBHO IIPU HEKOTOPOM />0
TUTSL TFOOOTO E = (7),,7,,,77,,,11,,) € HH , T.€. CYIIECTBYET TaKOH W= (U,,V,,U,,V,)€ D(A), 9TO
A(W)+Aw=E (13)

SKBUBAJICHTHO CJIEAYIOLIUM YPaBHCHUAM

-V, +Au, =7, u(0)=v,(0)=0

=AU, + Ng, (pv)) + Ay, =77, Jui(+9,(v,(1)=0

-V, +Au, =17, " |u,(0)=v,(00=0

=AU, + NG, (7 v,) + Ay, =1, (D) -9, (v,(1) =0

1 1
ScHo, uto u, =Vt T Benem o0o3HaueHue

A
Z; :ui+Ngi(Vi(|))) (14)
IZI€ Z; SBJISICTCS PELICHUEM KPAaeBOU 3a1a4u
Zi”_ﬁ’zzi =773i(x) (15)
2,(0)=0, z/(H=0

rac n,(x)=-n, - /177“ A Ng, (v, (U)2
Pemras 3anauy (15), nonyyaem

shAx ! 1x
z,(x)=- ol ———[chA(l - 7)m,(r)d7 + Eishl(x -7, (r)dz.

OT1crona uMeeM
zi(l)=ai{l hj'} FB.(LD, (16)
rie B (A1) = ;ch’b‘ Jcha(l T)nm(r)dr+%}sh/1(x—T)nm(r)dz',

Ma® =~y @ =g, =120 u()+1g,m )= gi<vi<l)){l ”‘j'} +B,(A))
U3 (14) u (16) mony4um, 41O
g,(v,(N) +cthAl -v, (1) = cthAl - {AB, (A,1) = 17, () }.
B cuiy MOHOTOHHOCTH M HETIPEPBIBHOCTHU g, () +cthAl ypaBHEHHE
g,(&) +cthal - & =cthal - {AB,(4,1) -, ()}
uMmeeT pemieHue. Takum oOpazoM, R(A()+Al)=H u modtomy A()+a - Mak-
CUMAaJIbHO aKTUBHBIN onepaTop [16,17].
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Henunelinbiii oneparop F, () YAOBJIETBOpAET ycioBuio Jlummwuna, T.e.
It moooro w,,w, € H cripaBeiTMBO ClieAyroIIee HepaBeHCTBO

[Fewe) - Feaw], <C (k) —w]_,

rae C,.(K)>0 (cMm. [2]).

[TpuMeHsIsl TeOpEeMBI O Pa3pPEeIIMMOCTH ONIEPATOPHO - MU HEPCHIHAIb-
HBIX YpaBHEHHMH MOJy4uM, 4TO mpu Jo0eix W, € H 3agaua (12) umeer pemre-
nue w()e C(0,T} #) [16,17].

Tak Kak A, ()+ ol SBISETCS MaKCHUMAIIBHO aKKPETHBHBIM OIEPaTOpPOM,
u3 (11) cnenyer
2
| <lo+Ce (] |wt.)
H

w(0, X) =W, (X).

2
)
H

d
=it
< o

Orcroza mosyvyaem, 4to €ciu ||w0(-)||j{ < K, Torga
o] < o] oot <K, o<tst,
H H
b1 I-n-K
®+C, |.n- ”WO(.)”H

Jut, <K = F(w) = (0,—f (x,u,u,),0,—f,(x.u,u,)). Takum oOpazoM, (GyHKIHs

rac CJ'IeI[OBaTeJ'IBHO, CIIpaBCJIMBO HCPABCHCTBO

(U, (t,x),u,(t,x)) ecThb pemieHue 3aaayu (1) - (4).

Teopema 2. [Tycts BoimonHeHs! ycnosus (5) - (7), (10) u

E(0) <O0. (17)

Torna pemenue 3amauu (1) — (4) pa3pymaercst 38 KOHEUHOE BpEMSI.

Jloka3aTeabcTBO. UTOOBI JI0Ka3aTh TEOPEMY 2 MPHUBEAEM HEKOTOPHIC
BCIIOMOTATE/IbHBIE JIEMMBI, KOTOPBIC JOKa3bIBAIOTCS AHAIOTHYHBIM 00pa3oM
Kak B [1].

Jlns Havana 3amajiuM ompezesieHue npocTpancTBa Jlebera ¢ mepemeH-
HBIM TIOKa3aTejeM U HEKOTOpbIe HEOOXOAUMBbIC B padOTE CBOMCTBA ATHX IPO-
CTPaHCTB.

[ycte 150, p,():[0,1] = [l+e), i=12 wu3mepumble (ynxumu. Yepes
L,.,(0,]) o6o3HaunM crenyromee npoctpancTo L, (0,)={| v:[0,]] 5 R n3me-

puMa u Ij|v(x) P

dx < 4o}, p(X)=p,(X)+ p,(x)+2. B L (0,]) HOpMa onpenensercs

p()

p(x)
dx < 1}

! X
Beeznem Taroke 0603HaueHue: p(v) = Jjv(x)"" dx.
0

CIIEIYIOLIMM 00pa3oM: ||v||p() = inf{ﬂ > O;II
0

Vo)
P
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Ecnu p,(x),i=1,2 yaoBIeTBOPSIOT yclnoBuio (7) u morapugmMuueckomy
ycnosuio Jlunmmuna, To L (0,1)~ banaxoso mpoctpancrso [11, 12].
[TpoctpanctBo CoboneBa ¢ MmepeMEHHBIM MOKA3aTeleM OMpeaesieTCs

CJIEIYIOIIUM 00pa3oM:
WPI(->(0’I) = {V: V,VVG LP(-)(O’I)}’ "V"w‘ L(0.0) = ||v||Lm L(0.1) + ||VV||LN NOON

o

W3BecTHO, 4TO ecnau i p(x) BbImodHeHbI ycinoBus (6) u (7), To
W, (0,1 = Clo,1] [11,12].
Mesxny nopmoit B L, (0,I) u p(v) cnpasemnuBo ciemyromee coort-

HOIICHUC

Putpy+2 Pt Put2 Pt Put2

Ly (0.1) 4 Ly, (0.) }S p(v) S max{|v Ly (01) } (CM.[I 1, 12]). (1 8)
Jlemma 1 (em.[1]). [TycTs BeimonHens! yenosus (5) - (7), Toraa
M < pe+1 % fpwke, (19)

r'[le ql = pll + pZI +2’ q2 = plZ + p22 +2'
Jlemma 2 (cm.[1]). ITycTts BbImonHeHsl ycnous (5) - (7), Toraa npu JiroOom
ve , H'N L, 0.

. P+ Py +2
m1n{|v '

M

M

b
Loy (0

CIIpaBCJIMBO HEPABCHCTBO!

q a,
p<t-masfl B 20
B cuny Teopem Binoxenus u3 (20) noayuum
p) < V-maxfwV[°, 17, } 1)
Jlemma 3 (cm.[1]). [lycTs BeimonHens! ycnosus (5) - (7), Toraa cymecTByOT
takue yucia C >0,C, >0, yro mpu mr0OBIX V,(-),V,()eL [0,1] CHpaBeJIUBbI

p()
CJICAYIOIINC HCPABCHCTBA

2 2
C,;p(vi) <G(v,v,) < ngp(vi).
1= i=
OTMeTI/IM, qTO B HpOI_IeCCC JA0Ka3aTCJIbCTBA TeopeMBI 2 BCIIMYHMHBI Ci n
ij IS pa3HbIX HNHICKCOB I n j,k SABJIAKOTCA KOHCTaHTaMM, HE 3aBUCAILIMMUA

ot pemenus 3agaun (1) — (4). A Takke Bce onepaiyy MpoBOATCS A TTIAAKUX
HAYaJIbHBIX JAHHBIX. AHAJIOTUYHBIC YTBEPXKICHUS JUIS CIAOBIX PEIICHUH IT0-
JTy4aroTCs MyTeM MpeIeIbHOrOo Mepexoa.

U3 (11) cnenyer, uto

E(t)<E(0), t>0. (22)
Orcrona, o6o3nauas H(t) =-E(t) u u3 (17) nomyuum
H(t)>—E(0)>0, te0,00). (23)
B cuny nemmbr 3
cép(ui)sG(u],uz)Sngp(ui), (24)

rae p(u) = p,, (). Orcrona yunteisas (23) umeem
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H(D <G u,) <. 3 pu). 25)
Takum oOpazom
gp(ui) > ¢, H(t) > —¢,E(0) > 0, 26)

JlemMma 4 (cm. [1]). ITycTts Bemonnens! ycnosus (5) - (7), (9) n (u,,u,)

pemtenue 3agauu (1) - (4), Toraa cymecTByeT noctosiHuas C, >0 Takas, 4To

2 a < 2
2[ul, se.zpw) 27
B T |
[Ipumensis HepaBeHCTBO ['enbiepa ¢ mokasarensamu i = Al = q-1-r’
HMEEM
T+l m q, r‘TTl
Ij|uj| I [Ij|uj| de . (28)
N3 (27) u (28) cnenyer, uTo
2 r+l 2 ”T‘H ) o
%(j]|u]| dx<c, (%p(uj)) +(%p(uj)) . (29)
Janee ucnonb3ys GopMyiry HHTETPUPOBAHUS 110 YACTSIM TOTYUHM:
2 r+l 121 h+ 2 | T
E‘uj(l,l)‘ sl—éﬂuj(x,t) dx+%(rj +l)£uj(x,t)‘ -ujx(x,t)‘dx. (30)
a+1

Ecnu npumenuts HepaBeHCTBO ['enbaepa u FOHra ¢ mokasarensiMu

a+1 I,

n=-—, tme ——<a<l],
o q-r,-1 TO BEPHO HEPABEHCTBO
! { a+l! o | o
j|uj(x,t)| : ujx(x,t)|dx S—j|uj(x,t) dx+(ax +1)] ujx(x,t)| dx, j=12. (31)
0 o o 0
N = .o 7 = q,«
Janee, BeiOupas mokazatenu ['empaepa r(a+1)’ " ga- r(a+1)

[oJIyuyum, 4To

1
o+l qa-r, (a+l) M

Ij|uj(x,'[)|r'7dxsl aa -[If|uj(x,t)|qu) =12 (32)

)
A eciu B KauecTBe nmokaszarenei I'enbaepa B3ate uncna -, 10 172,

nMEEM

o+l

0, ()| dx)z Cj=12.

!

YuureiBas (24), oTcro1a Moixy4uMm

a+l l-a |
u, (0] dx<1? [j
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a+l o+l

Sl 00] dxsc L) < (zp(u ))2 . (33)
B cuiy (30) - (33) u3 (29) cieayer HEpaBEHCTBO

2 r+l
gl\uj(l,t)l

scx{(ﬁp(uj)] +(§p(uj)) "

+(§p<uj)) +(§p(uj>) +(jip(u,->) }

Otcrona, ¢ yuetoM (25), BEITEKAET ClIeAyIoIIee HepaBEHCTBO

Cgé(gp(uj)) (ép(ui)) +(Jﬁ‘{p(uj)) +

o+l

zH () u, (1LY

2 % 2 % 2 o 2 2 2 i
(o) +(gew) +{gew) ] c$3[Lo0)] +
2 u 2 &
+(§p<u,)) +(§p<u,)) : (34)
rue 5ik=o‘r+rk+l’ nikzori+%: §i= +05_+1’ k=12
q g 2
Eciu <o <o, _mm{ql -1 ge-nle+h 1- "‘}Toflkd . <l ¢ <l ik=12.
r,q, oq, 2r.

UtoOs! o11eHUTH MpaByto 4acTh (34) OyaeM HCIOIB30BaTh CICAYIONIYIO
IeMMy.
2<s<
5<G TO-

JlemMma 5 (cm.[1]). [TycTs BemmonHens! ycnosus (5) - (8) u
u,u,e, H' .
r/1a IPH THOOBIX CIpaBeJINBO HEPABEHCTBO:
ok < cm(gllukx [+ gpwk)) (35)
B wacTHOCTH BEpHO TakKe HEPaBEHCTBO:

o <o (3

B cuny (34) u (35) umeet MecTo cliieyroiiee HepaBeHCTBO
z Ho (1) Ju (Lt < cugp(uj),

BBenem o0o3HaueHue

k

1t (36)

L) =H"" @)+ eiljui(x,t)ui‘ (x,t)dx, (37)
rae (u,(xt),u,(x,t)) - pemenue 3anauu (1) - (4). U3 (37) nomydum, 4to
L'(t) = (1-0)H " (OH'® + X [|u, (x.] dx _5§j|ui, (b dx -
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U, (1,HU, (L) + 6, (u,,u,), (38)

P (X)+p, (X)+2 P (X)+l P (X)+1 dx

dx + 2j|u

|
rae Gl(ul’uz) = .[|u1 +Uu,
0

VYuureiBas (25) B (38), mosnydum paBeHCTBO
L'ty =1-o)H  O)H'(t)+2e(1-n)(p, + DH(t) +
+e(l+1-n)(p, + 1));:'{‘““ rdx +2e((1-nm)(p, +1) - 1)5”% ‘de -
=2e(1-n)(p, +DG(u,,u,) + €G, (u,,u,) - &, (39)
Tae o<z <1,
J= z|u (1.0 u, (b, b, (40)
Ucnonw3ys nemmy 2, s

G,(u,,u,) =G,(u,,u,) = 2(1=m)(p, + DG(u,,u,)
MOJTYYUM OIICHKY

G,(U,,u,)> cw[lﬂu1 +u, [P A 2j|u POy [ dx] >
ilj u, (x,t) PR gy = clsip(uj ). (41)
=lo j=1
VYuureiBas (41) B (39) umeem
L'(t)>(1-o)H 2 (OH () +2e(1-n)(p, + DH(t) +
+ e[lﬂut :| + cmgip(uj) —&l. (42)
Bri6upas g =K ™H™(W), rne K >0 u npumenss nepaBencto Ienbaepa u

, e+l
n=r+l, niz'T, 1=12, momyyum

IOnra ¢ nokazarensamu

_nAl

2 n+l
| < ; u, (o] <

+ i 1 5|j+l
=1+

- A £ e 2o, (43)

B cuny (42) u (43) umeem
L't=2(1-o- :T:l KYH 7 ()H'(t)+2e(1-n)(p, + DH (1) +

+ cm[il | dx} + g[cw rK—:lc21 )jzzlp(uj ). (44)

e>0
IOCTATOYHO OOJBIINUM U JOCTaTOYHO MaJIbIM IIOJIYyYUM

|dx+21j

BriOupas K>0

HEepaBEeHCTBO

L'(t) > C20|:H t+ gﬂu, |2dx + gnu, |2dx + gp(uj )}
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N3 (17), (22), (24) u nemMmsl 4 crieqyer, u4To

() CZI[H O+3fu ]+ ép(uj )] > czz[H O+ 2o+ Zful; ] >0. (45)
C o >0
JPYroi CTOPOHBI AJIsl IOCTATOUYHO MaJIbIX
L(0)>0. (46)
B cuny (45) u (46) nmMeeM HEpPaBEHCTBO
L(t) 2 L(0)>0. (47)
Hcnonw3ys HepaBeHcTBO [enbaepa, noaydnm
2 | 2 42,
E{ui -u,dx| < 21||u,||2 : |ui‘ <1 21||u,||q -||uil -
[Hanee, npumensisi HepaBeHcTBO Komm u IOHra c mnokasarensimu
M, =M, M, =2(1-0) >11uMeeM
1-20
(ju-u.00) " se[ghlr o Sl 7] (48)

B cuity onpenenenus pynximonana L(t) u (48) nomyuum, uro
() < %[Hm{jui -uildx)""] < C25|:H O+ o[+ 3 u ] (49)
i=l i=l

Cpasnus (45) u (49) umeem HepaseHncTBo L'(t) > c%[L(t)]ﬁ, t>0. Otcroza cie-

-0
o, [LO))

AyeT L(t)> [[L(o)]fo —Czﬁtli:la- O4eBHIHO, YTO }LITH L(t) =+, rpe 7' =
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DOYIiSON DBRBCBVLi ARTIM TB"R’lj_iBiNB MALIK FOKUSLANMIS
QEYRI-XOTTi DALGA TayLiYi UCUN SORHODDO DiSSiPASIiYALI
BASLANGIC SORHOD MOSOLOSI

G.X.SOFIiYEVA
XULASO
Mogqaloads, doyison doroacoli artim tortibino malik bir6l¢iilii yarim xotti dalga tonlik-
lorindan ibarat sistem li¢lin qeyri-xatti dissipativ sarhad sortli baslangic - sorhad masalasi
aragdirilir. Lokal hallin varlig1 vo yeganoliyi haqda teorem isbat edilmis va zaif hallorin

sonlu zaman arzinds dagilmasi isbat edilmisdir.

Acar sozlor: dalga tonliklorindon ibarst sistem, dissipativ sorhod sorti, hollorin
dagilmasi, doyison doraco.

INITIAL BOUNDARY VALUE PROBLEM FOR SYSTEMS OF WAVE
EQUATIONS WITH BOUNDARY DISSIPATION AND WITH AN INTERIOR
NONLINEAR FOCUSING SOURCE OF VARIABLE GROWTH ORDER
G.Kh.SHAFIEVA
SUMMARY

In this paper, we study an initial boundary value problem with nonlinear dissipative
boundary conditions for systems of one-dimensional semilinear wave equations with a fo-
cusing nonlinear source that has a variable growth exponent. Theorems on the existence
and uniqueness of local solutions and on the blow-up of solutions in finite time are proved

Keywords: system of wave equations, dissipative boundary condition, blow — up of

solutions, variable order
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OKSID NANOHISSOCIKLORI ILO MODIFIKASIYA OLUNMUS
KARBON NANOBORU 9SASLI ELEKTROKIMYOVi
BiOSENSORLAR
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Nanomateriallarin iistiin xassalorindan istifads etmaklo yeni elektrokimyavi sensorlarin
hazirlanmasi tadgiqat sahalorinds miihiim digqat calb edir. Kicikélcii, silindrik forma, sath-
hacm nisbati, yiiksak keciricilik vo yaxsi bio-uygunluq sababindan karbon nanoborular (KNB)
elektrokimyavi biosensorlarin hazirlanmast iigiin genis sakildo &yranilmis va istifado edil-
misdir. Tagdim olunan qisa icmal maqalo oksid nanohissaciklori ilo modifikasiya olunmus kar-
bon nanoboru asasl elektrokimyavi biosensorlarin hazirlanmasi va xassalori haqqindadir.

Acar sozlar: karbon nanoborulari, biosensor, metal oksid nanohissaciklori

1.Giris

Qliikoza biosensorlar1 (GBFC), qliikoza manbalorinin (masalon, nisasta,
selliiloza [1]) coxlugu vo glitkkozanin tam oksidlosmasindon sonra omalo golon
cox vyiiksok enerji (—2.87x10° kJ mol™") sobabinden perspektivli yeni nasil
enerji saxlama sistemlori [2-6] kimi ¢ox diqqgat calb etmisdir. Bununla yanast,
GBFC-lorin aktivliyi glilkoza oksidlogsma reaksiyasi (QOR) {i¢iin miihiim hesab
olunan katalizatorlardan ¢ox asilidir [2]. Umumiyyatlo, GBFC-lards iki ndv ka-
talizator istifado olunur: bioloji vo geyri-bioloji [7]. Bioloji katalizatorlar qlii-
koza molekullarmin anod oksidlosmasi tigiin xiisusi fermentlordir. Lakin zaif
stabillik [8], zoif immobilizasiya tisullar1 [7], i1s mihitino hassasliq vo uzun-
miiddatli isloma hassasligi sababindon fermentlorin GBFC-lara totbiqi mohdud-
lagdirilir [9]. Bu problemlor fermentativ GBFC-larin inkisafi iigiin aradan gal-
dirtlmalidir [1]. Qeyri-bioloji katalizatorlara misal olaraq qliikozanin oksidlog-
moasi liglin miistosna katalitik xiisusiyyatlora malik qiymatli metallar1 (Pd [10]
va Au [8,11,12]) vo metal oksidlarini (Co3O4 [13] vo CuO [14]) gdstormok olar
[15]. Son zamanlar kobalt oksid (Co3O4) ucuz, yaxsi elektrokimyovi vo ka-
talitik xiisusiyyatlorine gora geyri-bioloji katalizator kimi diqqget ¢okir [16-19].
Verilmis bir isdo, GBFC-lords gliikoza oksidlogmasi tiglin miikommal katalitik
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xuisusiyyatlora malik olan Co3O;4 i¢i bos nanodekahedralari tosvir edilmis [13],
qlikkoza fermentlori li¢iin uygun bir alternativ olaraq Co3Q; istifads edilmasinin
miimkiinliiyti gostorilmisdir. Lakin Co30s4-lin elektrik keciriciliyi zoifdir vo
imumiyyatlo, Co3O4-un katalitik aktivliyini arasdirarkon kegirici karbon asash
maddolor istifado olunur. Katalitik aktivliyi artirmaq tiglin metal/metal oksid vo
karbon kompozitlorinin sintezi todqiqat¢ilarin genis maragina sobab olmusdur.
Karbon asasli nanomateriallar arasinda yiiksok elektrik keciriciliyi, genis soth
sahosi, yiiksok mexaniki dayaniqliliq vo struktur elastikliyine malik olan kar-
bon nanoborulart (KNB) kompozit katalizatorlar li¢iin perspektivli altliglardir
[20-22]. Har bir komponentin inkisaf etmis xiisusiyyatlorini 6ziinds birlogdiron
metal oksid/KNB nanokompozitlori kataliz, sensor vo enerji yigimi kimi
saholordo genis totbiq tapmisdir. Cox divarli KNB-larda bas veran reaksiyalar
onlarin daxili grafit divarlarint mohv eds bilmir vo belslikls, yaxs1 keciriciliya
malik olmasini tomin edir [23].

2.C0304/KNB asash biosensorlar. K. Jiao vo omokdaslar1 tok morhalali
hidrotermiki metodla Co3O4/ ¢oxlayli karbon nanoborular (Co3;04/CKNB) asa-
sinda ti¢Olctlilii nanoquruluslar sintez etmislor vo bu nanokompozit golovi mii-
hitdo qliikozanin oksidlogsmosi ii¢lin yiiksok elektrokatalitik aktivlik niimayis
etdirmisdir. Bu nanokompozitin elektrokatalitik mexanizmi rentgen fotoelek-
tron spektroskopiya va tsiklik voltammetriya ilo todqiq edilmisdir. Tsiklik volt-
ammetriya 6lgmolori 0.1 M KOH elektrolitindo 0—0.7 V intervalinda hoyata ke-
cirilmisdir vo is¢i elektrod kimi modifikasiya olunmus siiso karbon elektrod
istifado olunmusdur. Rentgen difraksiya vo Skanedici elektron mikroskopiya
naticaloring osason nanokompozitds Co3;O4 hissociklorinin dlgiilori (3—6 nm)
tomiz Co30;4 hissaciklorine (8.5-10 nm) nozoran kigikdir vo bu, nanoboru isti-
rakinda Co304-lin nukleasiya slirotinin yiiksok olmasi1 ilo olaqodardir.
Co304/CKNB kompozitinin coroyan sixligi tomiz Co304-0 nozoron yiiksokdir
va bu 2 sobablo izah olunmusdur: 1) Co;04/CKNB kompoziti tomiz Co304-9
nazoran daha yaxsi kegiriciliya malikdir; 2) Nanokompozitdo Co3O4 hissacik-
lorinin ki¢ikolgiilii olmasi elektrolitlo daha yiliksok kontakt sahoyo sabab olur.
Nanokompozitlo modifikasiya olunmus elektrod 5.8 mM-dok gliikkozaya cavab
verir vo bu, qan nlimunslorindo (3-8 mM) gliikozanin toyini tigiin istifado
oluna bilor. Qeydetmo limiti 2 pM-dir [24]. I. Liagat vo omokdaslar1 torofindon
Co0304 nanokublar hidrotermiki tisulla tok layli karbon nanoborularin (TKNB)
sp® qofas karbonlara daxil edilmis ve damecr @isulu ils siiso karbon elektrodun
sothing olavo olunmusdur. Bu nanokompozit osasinda hazirlanmis biosensor 1-
don 5 mM-dok 96.92 pnA mM ' sm™' hossasliq niimayis etdirorok yiiksok
elektrokatalitik aktivliyo malik olmusdur vo geydetmo limiti 0.25 pM-dir.
Bundan slave bu biosensor dopamin, askorbin tursusu, NaCl, sidik covhori vo
sidik tursusu ilo miiqayisodo qliikkoza iiclin daha yiiksok secicilik (7-14 dofo)
gostormisdir [25]. X. Lin vo omokdaslar1 solvotermiki metodla Co3;04-CKNB
nanokompozitini sintez etmislor vo is¢i elektrod kimi bu nanokompozitlo mo-
difikasiya olunmus siiso karbon elektroddan (SKE) istifade etmakls glitkozanin
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elektrokatalitik aktivliyini todqiq etmislor. Isigburaxan elektron mikroskopiya
naticalorino osason orta diametri toqribon 15 nm olan kubabonzar Co3;04 nano-
hissaciklori CKNB otrafinda borabor paylanmisdir. Sensor gliikkozanin geyd
edilmosi tgiin yiliksok hossasliga malik olmusdur. Bunun sabobi Co304-
CKNB/SKE-un genis soth sahasino malik olmasi, ¢ox sayda elektroaktiv mad-
doni effektiv sokildo dostoklomasi vo bununla da proton vo elektron Otiiriil-
moasini ohomiyyatli doracads artirmasidir. Bundan slave bu natico Co304 vo
CKNB-nin sinergetik katalitik tosirlori ilo olagoli ola bilor [26]. S. Wang vo
omakdaslar1 torafindon karbon nanoborulari {izerinds in situ dekorasiya olun-
mus 3D ierarxik i¢ibos, mosamali Co3;04 nanododekahedralar asasli geyri-fer-
mentativ katalizator karbon nanoborular iizorinds in situ yetisdirilmis metal-
lizvi ¢ar¢ivo 67-nin suzuzlasdirilmasi ilo miivoffoqiyystlo sintez olunmusdur.
Bu nanokompozit glitkozanin sensoru kimi yiiksok hossasliq (22.21 mA mM '
sm ?), asagl geydetmo limiti (0.35 puM) va yiiksok davamliliq niimayis etdir-
misdir [27].

3.Fe;04/KNB asash biosensorlar. M.Kundu vo homkarlar1 qidada tez-
tez rast golinon formadehidi toyin etmok {iciin Fe;O4/KNB osasli elektro-
kimyovi biosensor hazirlamiglar. Yaxsi disperslosmis Fe;O4 nanohissaciklori
kimyoavi ¢okdiirmo metodu ilo sintez olunmus vo kristallik 6l¢ii 14 nm-o bo-
rabor olmugdur. Bu nanokompozit asasinda hazirlanmis biosensor formaldehid
dehidrogenaza fermentindan istifads edilorak 0.05-0.5 mg/L xatti geydetms in-
tervalinda formaldehidin qeyd edilmosi {igiin yiiksok hossasliq (527 pA mg/L™
sm™), asag1 qeydetmo limiti (0.05 mg/L) niimayis etdirmisdir [28]. W. Zhang
Fe;04/KNB nanokompozitini DNA hibridlogmosi {i¢iin elektrokimyavi bio-
sensor kimi totbiq etmisdir. Biosensorun stabilliyini todqiq etmok tigiin bu na-
nokompozitlo modifikasiya olunmus karbon pasta elektrod fosfat bufer moh-
lulunda (pH=7.0) 25°C temperaturda 24 saat miiddstindo saxlanilmigdir. Sonra
bu elektrod 1.0 mmol L' [Fe(CN)e]*"*-do test edilmis vo alinmus elektrokim-
yovi impedans spektroskopik (EIS) signal digor elektrodla miigayisoda, demok
olar ki, doyismoz qalmisdir. Bu elektrod 4°C-ds 7 giin saxlandiqdan sonra im-
pedans signalda 4.63% azalma miisahido edilmasi onun yaxsi stabilliyo malik
oldugunu gostorir [29]. S.Masoomi-Godarzi vo amokdaglar1 Fe;O4 nanohis-
saciklori ilo dekorasiya olunmus CKNB ilo modifikasiya olunmus siiso karbon
elektroddan istifado edorok geyri-fermentativ elektrokimyovi gliikkoza biosen-
soru hazirlamiglar. Modifikasiya olunmus elektrodun qliikkozanin oksidlogmasi
liciin elektrokatalitik aktivliyi pH=7.0-da 0.05M fosfat bufer mohlulunda tsiklik
voltammetriya vo amperometriya ilo qiymetlondirilmisdir. Elektrod sothi ilo
qlilkoza arasindaki birbasa elektron 6tiirmo omsali 0,35-dir. Hazirlanmis elek-
trod 0.5-7.0 mM intervalda yiiksok hossasliq (238.7 pA mM ' sm %) vo asag1
geydetmo limiti (15.0 pM) niimayis etdirmisdir [30]. S. Ramaprabhu vo omok-
daslar1 maqgnetik niivo-ortiik quruluslu Fe;O4-Si0O, nanohissaciklori ilo dekora-
siya olunmus CKNB nanokompozitindon istifado edorok amperometrik qlii-
koza biosensoru hazirlamiglar. Fe;O4 nanohissociklori biouygun SiO; ilo sads

60



kimyovi reduksiya metodundan istifads edilorok bircins Ortiilmiisdiir. Ampe-
rometrik biosensor nafionda hall olunmus Fe;O04@SiO,/CKNB ilo modifika-
siya olunmus siiso karbon elektrodun sathina qliikkoza oksidazanin (QOD) ¢6k-
diirtilmasi ilo hazirlanmisdir. Nafionda hall olunmus CKNB-don formalasan to-
bogalor daha bircins vo stabildir. Sokil 1 elektrodun hazirlanmasinin sxematik
tosvirini gdstorir. Biosensorun yiiksok hossasliq (58.9 pA/mM sm®) vo ola
geydetms limitine (800nM) malik olmasi qida sonayesinds potensial tatbigini
miimkiin edir [31].

| GODITe,0,@8i0,/MWNTS/GCE

[ ace ]

Sak. 1. QOD/Fe;0,@Si0,/CKNB/SK elektrodun hazirlanmasinin sxematik tosviri [31].

4.ZnO/KNB asash biosensorlar. M.Tak vo omokdaslar1 ZnO vo CKNB-
don ibarat hibrid nanokompoziti indium qalay oksidlo (IQO) ortiilmiis siiso
iizorindo kimyovi tisulla ¢okdiirmoklo karbamid biosensoru kimi totbiq et-
mislor. Ureaza karbamidin qeyd edilmaesi ii¢lin xiisusi bir ferment olaraq isti-
fada edilmis vo hibrid nanokompozit matris osasli (ZnO-CKNB/IQO) elektro-
dun sathi tizerine fiziki olaraq immobilizasiya edilmigdir. Nanokompozit asasl
bioelektrod tokco ZnO-dan ibarot bioelektrodla miiqayisade daha yaxsi sen-
sorluq xiisusiyyotlora malik olmusdur. Bu bioelektrod ¢ox yiiksok hassasliq
(43.02 pA mM™ sm™) niimayis etdirorok 4 aydan sonra aktivliyinin 92%-ni
saxlamisdir [32]. Digor bir todqiqat isinds 1so [33] onlar homin nanokompozit
osaslt elektrokimyovi DNA biosensoru meningit xostoliyinin askarlanmasi
ticlin istifado etmislor. P.N.Manikandan vo omokdaslari torafindon ZnO, CKNB
(funksionallagsmis: f CKNB vo tomizlonmis: t CKNB) vo polivinilxloriddon
(PVX) ibarat {iglii kompozitlo modifikasiya olunmus siiso karbon elektrod
qlilkkoza sensoru kimi istifado olunmusdur. Bu iki kompozit i¢orisindo PVX-
ZnO-t CKNB pH=7.4 qiymatindo qliikoza iigiin yiiksok aktivlik gostormisdir
[34]. P.Supraja va kolleqalart ZnO nanoliflor daxil edilmis CKNB asasli bio-
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sensoru atrazinin elektrokimyoavi qeyd edilmosi ti¢lin istifads etmislor. Atrazin
(1-xlor-3-etilamin-5-izopropilamin-s-triazin, ATZ) mohsullarda yiiksok somo-
roliliyina gors triazin ailasinin on ¢ox istifade olunan pestisididir. CKNB-ZnO
nanoliflorinin yiiksok kegiricilik vo soth sahasing, qadagan olunmus zonanin
asag1 qiymoto malik olmasi sobobindon 10 zZM ' uM genis qeydetmo intervalin-
da sensor 21.61 (KQug ' mL™") sm™* hossasliga vo 5.368 zM qeydetmo limitino
malik olmusdur [35]. V.Vinoth vo is¢i qrupu kimyoavi ¢okdiirms iisulu ilo sin-
tez olunmus ZnO kvant noqtolor ilo CKNB-nin kompozitini geyri-fermentativ
gliikoza sensoru kimi istifado etmislor. Isigburaxan elektron mikroskop nati-
coloring asason sferiko-bonzor ZnO kvant ndqtalorin diametri toqribon 3-8 nm
intervalindadir (sokil 2). CKNB/ZnO nanokompozitinin elektrokimyovi xasso-
lori tomiz ZnO vo CKNB ilo miigayisodo ohomiyystli dorocods artmisdir.
Noticalor gostormisdir ki, bu nanokompozit osasinda hazirlanmis biosensor
9.36 uA uM™ hossashga malikdir. Qeydetmo limiti 0.208 pM miioyyon edilmis
vo cavab miiddati 3 san-don az olmusdur [36].

: -"1-"1-::“- . ‘@ Al 1’;.“."

Saok. 2. (A & B) CKNB/nO naokompzitinin TEM tssirle;ri [36].

5.Natica. Togdim olunan qisa icmal moqalo oksid nanohissaciklori ilo
modifikasiya olunmus karbon nanoboru asaslt elektrokimyovi biosensorlarin
hazirlanmas1 vo xassalori haqqindadir. Elektrokimyavi biosensorlarda KNB-lor
iki mogsadls istifads oluna bilor: biomolekullar iiglin immobilizasiya dastoyi
rolunu oynayir vo elektrokimyavi transduksiya ligiin lazimi elektrik kecirici-
liyini tomin edir. Hodof molekulun tipindon asili olaraq sensor cihazin dizayni
ticiin forqli strategiyalar totbiq oluna bilor. Miixtalif forma vo quruluslu kecid
metal oksid nanohissaciklori miixtalif tisullardan istifade edilorak sintez edil-
migdir. Bu metal oksid nanohissociklori 6l¢ii, forma, stabillik vo daha bdyiik
soth sahosino gore yaxsi elektrik vo fotokatalitik xiisusiyyotlors malikdir. Mo-
qalads, homginin sensorlarin dayaniqliligi, hossasligi, geydetmo limiti vo se-
ciciliyl miizakirs olunmusdur.
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SJEKTPOXUMHNYECKHUE BUOCEHCOPBI HA OCHOBE YIVIEPOAHBIX
HAHOTPYBOK, MOJU®UILIUPOBAHHBIX OKCUJIHBIMHU HAHOYACTUIIAMUA

CAx.MAMEJIABAPOBA, C.I'HYPUEBA, AM.PAXUMJIN
PE3IOME

Pa3paboTka HOBBIX JJIEKTPOXUMUYECKHX CEHCOPOB, HCTIOIB3YIOMIMX MPEBOCXOIHBIE
CBOWCTBA HAHOMATEPHAJIOB, MIPHUBICKACT 3HAUYNTEIFHOE BHUMAHHE B MCCIIETOBATEIBCKUX 00-
nmacTsax. M3-3a cBoero HeOONBIIOrO pa3Mmepa, IITHHIPHIECKONH (HOPMBI, OTHOIIEHHUS HMOBEPX-
HOCTH K 00BEMY, BBICOKOW MPOBOJMMOCTH M XOpOIIeH OHOCOBMECTHMOCTH, YTJICpOIHBIC Ha-
HOTpYOKH (YHT) mmpoko M3ydaluch M HCIOIB30BAIUCH IUTS MMPOU3BOJCTBA JICKTPOXUMHU-
YeCKHX OMOCEHCOPOB. DTa HEOOIBINAs CTAThs TOCBSAIICHA pa3pabOTKe U CBOHCTBAM DIICKTPO-
XUMHYECKHX OMOCCHCOPOB HA OCHOBE YTJIICPOIHBIX HAHOTPYOOK, MOTU(PHUIIUMPOBAHHBIX OKCHJI-
HBIMU HAHOYACTHIIAMH.

KuroueBble cjioBa: yriaepogHas HAHOTPYOKa, OMOCEHCOp, OKCHIHAS HaHOYACTHIIA

ELECTROCHEMICAL BIOSENSORS BASED ON CARBON NANOTUBES
MODIFIED WITH OXIDE NANOPARTICLES

S.JJMAMMADYAROVA, S.G.NURIYEVA, AM.RAHIMLI
SUMMARY
The development of new electrochemical sensors using the superior properties of
nanomaterials is attracting significant attention in research areas. Due to their small size,
cylindrical shape, surface-to-volume ratio, high conductivity, and good biocompatibility,
carbon nanotubes (CNT) have been widely studied and used in order to make electrochemical
biosensors. The presented brief review article is about the development and properties of

electrochemical biosensors based on carbon nanotubes modified with oxide nanoparticles.

Keywords: carbon nanotube, biosensor, oxide nanoparticle

65



BAKI UNIVERSITETININ XOBORLORI
Ned Fizika-riyaziyyat elmlori seriyast 2021

PACS 71.38.-k
UOT 538.9

MOJIIPOH B KBAHTOBOM IMPOBOJIOKE C ACUMMETPUYHBIM
INOTEHIHHUAJIOM HNEHUIA-TEJVIEPA

N.P.TAIUPOBA
bakunckuii I'ocyoapcmeennulit Ynugepcumem

irada.gadirova@mail.ru

Paccmompen snepeemuyeckuii cnekmp ciabdocesA3aHH020 NOIAPOHA 8 K8AHMOBOU Npo-
gonoke ¢ MoOupuyuposannvim nomenyuaiom Ilewna-Tenaepa, codepicauyum OONOIHU-
menpHoe acumMmempuiHoe ciazaemoe. Yumeno 63aumooeticmaue 91eKmpoHo8 moabko ¢ 00b-
EmHbIMU (poHOHAMU. Memodom meopuu 603MYUleHULl 8bIYUCTICHbL NOJAPOHHBIN CO8US IHEPSUU
OCHOBHO2O U NEPBO2O 8030VHCOEHHO2O COCMOAHULL, A MAKICE IHEP2USL MENCNOOZOHHO20 Nepe-
xo00a. Paccmompena 3asucumocms smux eeiuuun om napamempa acUMMempuu OSpaHuyu-
sarouwjeco nomenyuana. Juciennvle pe3yibmamsl nPeOCmagienbl 015 KGAHMOBOU NPOGOIOKU

GaAs/Aly 35Gag gsAs.

KiaroueBble ciioBa: MOJIAPOH, KBAHTOBAas IPOBOJIOKA, IOTCHIIUAJT Hemnﬂ-Tennepa.

N3ydyeHne ¢Gu3HUECKUX CBOHCTB HHU3KOPAa3MEPHBIX CHCTEM, TAKMX Kak
KBaHTOBBIE SIMbl, KBAHTOBBIC MPOBOJIOKH, KBAHTOBBIE TOYKU, CTUMYIHPYETCS
WX TPUMECHCHHWEM B W3TOTOBJICHHH 3JICKTPOHHBIX M OITO3JIEKTPOHHBIX IPH-
6opoB. Kak u3BectHO, Ha (pu3MUecKHe CBOICTBA MOIYIMPOBOJHUKOBBIX KPHC-
TaJUIOB C HOHHOM CBSI3bI0, KOTOPBIC HAXOAT MIMPOKOE TIPUMEHEHHUE B KAUeCTBE
MaTEepUaIOB INEKTPOHHOU TEXHHUKH, CYIIECTBEHHOE BIHMSIHUE OKa3bIBAaeT B3au-
MOJICCTBHE HOCUTENICH 3apsia ¢ MOJISPHBIMU ONTHYCCKUMH (DOHOHAMH, B Ya-
CTHOCTH, MOJISIPOHHBIE (PPEKThI. DACKTPOH MOJIPU3YET OKPYKAIOLIYIO CPEIY
Y TIPY JIBIDKCHUH YBJIEKAET 3a cO00 mosisipu3animonHoe oonako. [lonspuzarus
OKpY)KaroIlel cpenbl O3HayaeT BO30YXKIEHHWE ONTHUYECKUX (OHOHOB. DIEK-
TPOH, OKPY)KEHHBIA 00JIAKOM ONTHYCCKUX (POHOHOB IPEeBpaIiacTcs B KBa3Hya-
ctuiy — noJsipoH. [Ipu 3Tom u3mensiercs ero sHeprusi u d3QpdeKTuBHAs Macca.
B mocnemnue roapl MccienoBaHUIO MOJSIPOHHBIX d(PQPEKTOB B HU3KOpa3MeEp-
HBIX CHUCTEMaxX C Pa3NUYHBIM IpO(GUIEM OrpaHUYHBAIOIIETO MOTEHINANA y/e-
nseTcs 3HauMTelbHOe BHHMMaHue[l-3]. B Hacrosmieit pabore paccMOTpeHO
BIIUSTHUE B3aUMOJCHUCTBUS AJICKTPOHA C MOJISPHBIMU ONTUYECKUMH (POHOHAMH
Ha 3JICKTPOHHBIN CIIEKTP B KBAHTOBOMW MPOBOJIOHE ¢ MOJIU(DHUIIMPOBAHHBIM I10-
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teHuuanoM Ilenura-Temnepa, coaepkamymM JTONOJHUTEIBHOE ACUMMETPUYHOE
craraeMoe. YureHbl 00bEMHBIE (DOHOHBI B KOHTHUHYAJIBHOM MPHOIMKECHHH.
MeroaoMm Teopry BO3MYILEHHI BBIYHMCIEHBI MTOJSIPOHHBINA CABUT SHEPTHH OC-
HOBHOT'O M IEPBOro BO30YKAEHHOTO COCTOSIHMM, a TaKXKe SHEPrHsi MEXKIIOA-
30HHOTO Mepexo/a Kak (PyHKUIHU MmapaMeTpa aCUMMETPUHU OrpPaHUYHMBAIOIIETO
[IOTEHIMaa.

PaccmoTpuM KBaHTOBYIO IIPOBOJIOKY B KOTOPOM OJHOMEPHBIN 3JIEKTPOH-
HBIM Ia3 OrPaHUYEH AHU30TPONHBIM ITOTEHLHMAIOM, ONKCHIBAIOIIMMCS IBYMS
Pa3IMYHBIMU  ACHMMETPUYHBIMM  MOAM(PUIMPOBAHHBIMUA OTEHUUAIbHBIMU

smamu [lenuia-Tennepa [4]:

U B’
V(z)=Btanhoz ————24—+U, +—— 1
@ cosh’oz ' 4U, (0
2 2
U, =% 24+1), 150
2m

c mapametrpamMu A, U A, «, (a,#a,) IO X W Z HampaBICHUN COOTBETCT-
BCHHO, W JJICKTpOHAMU IMPOBOAWMOCTH, CBO6OI[H0 ABVOKYIIUMUCS BAOJIbL OCH
KBAaHTOBOM MPOBOJIOKH (OCh Y ).

[Torennuan (3) sBisieTcss aCUMMETPUYHBIM IIpU B#0, a Ipu B=0 mepe-
XOJUT B CUMMETPUYHBIA MoaudunurpoBanHbiii norenuuan [lenuis-Temnepa [5]

(puc.1)
V4| v

30 0 _e=m====—-

\ r
¥ iy

1
] — Bmv
- B35mev
= = B30nmev
020 0o 0 2 Al
Puc.1. [ToTeHmanpHble SMBI B cilydae MoauduipoBaHHoro norenmuaia [lenws-Temnepa ¢
ACUMMETPHYHBIM CTaraeMeiM, pu A =2, o =0.27 um™' ¥ 3HAYEHUAX IApAMETPa aCUMMETPUH

B =0, 35m06, 5S0m26 .

v
\100F
A3 ly
i

r 4

i

CoOcTBeHHbIE 3HAYEHUS] HPHEPrUM M COOCTBEHHblE (YHKIUU ypaBHEHUS
HIpenunrepa ¢ noteHuuansHoi sueprueii (1) umeror Bug [6,7]:

2 2 2 2
En:—ha D - %sz2++UU+B—, (2)
8m n’a’D; AU,
1/2 1/2
D, =-( +2n)+[1+ ShTOL;Z" J =2(A-n), 01.2,..=n< ﬂ—(hr?—sz) ,
®,(2)=N(n)e* (cosh ™" az) F(-n,2A-n+1,A-n+a+1,u), 3)
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N(n)=

a'’? [(/l—n+a)(/1—n—a):|z rei-n+hr(d+a+n]"
F'(A-n+a+1)2*" A-n Irin+HI'(A-a+1)
mB
a=—
n*a’(A-n)

1/2
u=((+tanhez)/2, ﬂzl —1+(1+—°J R
2 o

BOJ'IHOByIO (bYHKHHIO n 3HCpFCTPI‘-ICCKPII>i CIICKTDP D3JICKTPOHA B KBaHTOBOM
IIPOBOJIOKE MOKHO IIPEACTAaBUTL B BUJIC:

Vi, (£) = fuc(l‘)%,n(% X9, (@,,2)e"" (4)
_ v
E, (k)= B (@)+ E (@) + = - )

3nech ¢,(x), E, 4 ¢(z), E - orubaromue GyHKIUU U COOCTBEHHbIEC 3HA-
YEeHUS DHEPTUU JUIS JBMKEHUS SJICKTPOHA COOTBETCTBEHHO B HAIIPABICHHUAX X
U Z, KOTopble BbIpaxkaroTcs Gopmyinamu (2) u (3), u (r) - nepuoauyuecKas
yacTh GyHKuuyu bioxa B 30He NPOBOAUMOCTH 1IpH k=0, L, - 1iuHa nposoo-

K1, M -3¢ deKTUBHas Maacca 3JIEKTPOHA.

[ToTennnan B3aUMOJEUCTBUSL DJIEKTPOHOB C OOBEMHBIMH MOJISPHBIMH
ONTUYECKUMHU (DOHOHAMU B TPHUOIMKEHUU HETNIPEpPhIBHOW cpeabl 0e3 yudéra
JqUcriepcuu umeet Bua [8]:

. 47282602 l 1 1 iqr * -igr
o e ) ©

oo 0
IZle () - 4acToTa ONTUYECKOro ()OHOHA NpU q=0, ¢ - BOJIHOBOH BEKTOp (o-
HOHA, a,- KOMIUIEKCHBIC HOPMAJIbHLIE KOOpAUHATHI, V =L L L, - 00BEM KBaH-

TOBOU OPOBOJIOKH, £, U &£,- BBICOKOYACTOTHAA U CTATUYCCKasA MUIJICKTpUYC-

CKasl MPOHUIIAEMOCTH.
CoOGcTBennbpie GyHKIMM (POHOHHON CHCTEMBI MOKHO 0003HAYHTh Kak

| N>. B cnydae cnaboii 351eKTpOH-(OHOHHON CBSI3U 3HEPTHIO B3aUMOICHCTBUS
H_pn MOXHO CYMTaTh MaibIM BO3MYLICHHEM M PACCYUTAaTh HEPIHIO SJICK-

TpOHA METOAOM TCOpUHN BO3My1_I_[eHI/II\/’I. Torna COOCTBEHHBIC (pyHKI_II/II/I U coOCT-
BCHHBIC 3HAUYCHU S HCBOBMYHIéHHOﬁ CHCTEMBI MOXXHO HanucaTb B BUJC:

|lPi0> = Vo, (1) IN), E'=E,(k) +§ N (7)
Bo BTOPOM ITOPAAKE TEOPUHU BOBMYH_[CHI/Iﬁ JJI OHEPIrUr UMEEM:
2
W Ha )
_ 0 K j el-ph i
R 3 (8)

HpI/I HU3KHUX TCMIICPATYpaX, KOrla YUCJIO ONTUYICCKUX (I)OHOHOB npeH66-
PEXKUMO MAJIO, MOKHO paCcCMaTpuBaThb TOJIBKO HMCITYCKAHUC 3JICKTPOHAMU (1)0-
HOHOB M HAIIUCaTb ManI/I"IHI:Jﬁ QJICMCHT, BXOJAIIUN B (8) B BUJC:
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2mthe (1 1 Y1,
(k= a0 H 0Lk, 0) = —i e a| @) @), ., 9

rue
1@, = [9,09e ", (0

DHEpru0 MEedKIMOJ30HHOTO MEepexoja C Y4eTOM JIIEKTPOH-(DOHOHHOTO

B3aUMOJICHCTBUS MOYKHO HaIMCaTh B BUJIE
AE.=E, —-E} (10)

Ha puc.2-4 npencraBieHbl pe3ynbTaThl BbIYUCIEHUN AJ11 KBAHTOBOM Mpo-
Botoku GaAs/Aly35GagesAs, TpOBEIEHHBIC MPU CIEAYIOMUX 3HAYCHHSIX Ta-
pametpoB [9]: m=0.067m, m, - mMacca CBOOOAHOTO 3JIEKTPOHA, hw, =36.23m6,

)

€,=13.18, ¢ =10.82. Jl;ig cpaBHEHUsI HA pUC 5-6 MPEICTABICHBI TAK)KE aHAJIOTHY-
HBIE 3aBUCUMOCTH JIJIs1 KBAHTOBBIX SIM, COCTABJISIONINX KBAHTOBYIO IPOBOJIOKY.

350[ — &

300+

250+ e

200+

Bjnv|

10 20 30 40
Puc.2. DHepreTHUECKUE YPOBHHU DIIEKTPOHA B KBAHTOBOM MPOBOJIOKE KaKk GyHkiumu B . mpu
A=2,0,=027um" u o, =0.25um""

mev

22F
— Moo

-

= -~
‘ ‘ ‘ ‘ Blufy|

Puc.3. IlonsaponHslit caBUT 9HEPTUH OCHOBHOTO (—AE, ) 1 HepBoro Bo30yxxaeHHoro (—AE,, )

COCTOSIHHI JIEKTPOHA B KBAHTOBOM MPOBOJIOKe Kak GyHkuust B . mpud=2, @, =0.27um™" u

1

o, =025um"
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L L L L B
- |

10 20 30

Puc.4. DHeprust MEXIOA30HHOIO MEpeXoia B KBAHTOBOW MPOBOJIOKe ¢ yueToM ( AE, ) u 6e3

yuera ( AE ) 51eKTpOH-()OHOHHOTO B3aumoieiicTeus kak Gpynkuns B .npu 1=2,

o, =027um™ u o, =0.25um™

2.5- — B
— [
-~ B,
... OB,

2.0+

Puc.S. ITonsapoHHblii cABUT 2HEPTUM OCHOBHOTO ( —AE (¢¥) ) ¥ IepBOro BO30yXKIEHHOIO (

—AE (¢r) ) cocTosHH 3JIeKTpoHa Kak QyHKIUA B . mpu A =2 B KBaHTOBBIX sIMax, ¢

o, =027um™ u o, =0.25um™"

L . . . L Bjnkv|

Puc.6. DHeprus MeXNoA30HHOTO Iepexoaa ¢ yuetoM ( AE, (&) ) u 6e3 yuera (AE())

3NEKTPOH-POHOHHOTO B3anMoeiicTBis Kak GyHkims B .mpu A =2 B kBaHTOBBIX AMax ¢
a, =027um™ u o, =0.25um”"

DHeprusi CBsI3U MOJISIPOHA ISl OCHOBHOI'O COCTOSIHUSI B KBAHTOBOW IPO-
BOJIOKE COCTaBJIACT AE (B=0)=-2.27m36 U AE (B =48m26) =-2.25m36, YTO MCHBIIIC
COOTBETCTBYIOLIMX 3HAYEHUM ISl KABAHTOBBIX SIM, COCTABJISIOIIMX KBAHTOBYIO
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MIPOBOJOKY: AE (¢,,B=0)=-2.86m6, AE (c,,B=48m26)=-2.80m¢ U AE (c,,B=0)=-2.80m38,
AE (a,,B =48ma28) = =2.72m96 .

DHeprusi MeXIOI30HHOTO0 ONTHYECKOTO MEePEexX0/1a MEXAY MOJISPOHHBIMHU
COCTOSIHUSIMU OoOJIbIle, 4eM 0e3 yueTa 3JIeKTPOH-(POHOHHOTO B3aMMOJICHCTBHS,
MPU 3TOM M3MEHEHHUE YHEPTUM MEPEX0/Ia JJIsi KBAHTOBOM MPOBOJIOKH MEHBIIIE,
4YeM ]ISl KBAHTOBBIX M (puc.4,6).

Pe3ynbTaThl BBIUMCIEHUN MOKA3bIBAKOT, YTO C YBEJIWYEHUEM ACHMMET-
PHUM OTPAHMYMBAIOIIETO MOTEHUMAA MOJSPOHHBIA CABUT SHEPTUU OCHOBHOI'O
Y TIEPBOTO BO30YKJIEHHOTO COCTOSHHM, a TAK)KE YHEPTUs MEXKIOJA30HHOTO TIe-
pexoaa yMEHBIIAIOTCS.
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ASIMMETRIK PESL-TELLER POTENSIALLI KVANT MOFTILiNDO
POLYARONUN ENERJi SPEKTRI

i.R.QODIROVA
XULASO
Olavo asimmetrik hoddo malik modifikasiya olunmus Pesl-Teller potensialli kvant mof-
tilindo zoif rabitali polyaronun enerji spektrino baxilmisdir. Elektronlarin yalniz hacmi fonon-
larla qarsiliqlt tosiri nozers almmisdir. Hoyacanlanma nozoriyyesi iisulu ilo osas vo birinci
hayacanlanmis hallarin enerjilorinin polyaron siiriismasi vo altzonalararasi kecid enerjisi hesab-
lanmigdir. Bu kemiyyatlorin mshdudlasdirict potensialin asimmetriyasindan asililigina ba-

x1lmigdir. ©dadi hesablamalarin naticalori GaAs/Alj35Gag ¢sAs kvant moftili {igiin verilmisdir.

Acar sozlar: polyaron, kvant moftili, Pesl-Teller potensiali.
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POLARON IN AN ASYMMETRICAL POSCHL-TELLER QUANTUM WIRE
L.R.GADIROVA
SUMMARY

Energy spectrum of the week coupling polaron is considered in the quantum wire de-
scribed by the modified Poschl-Teller potential with an additional asymmetry term. Only elec-
tron — bulk phonon interaction is taken into account. The polaron energy shift of the ground
state and the first excited state, as well as the intersubband transition energy are calculated
using a perturbation theory. The dependence of these physical quantities on the confinement
potential asymmetry is considered. Numerical results are given for the GaAs/Aly;5GaggsAs
quantum wire.

Keywords: polaron, quantum wire, Poschl-Teller potential.
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OF THE NONAPEPTIDES MOLECULE
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The spatial possibility of the H-Tyr-Ala-Gly-Ala-Val-Val-Asn-Asp-Leu-OH molecule
corresponding to the sequence 329-337 of the C-terminal region of the ribonucleotidere-
ductase subunit 2 of the herpes virus was studied by the method of theoretical conformational
analysis. Based on the calculation of the value of the intramolecular conformational energy, a
quantitative assessment of the stability of possible conformational states of the molecule under
the conditions of a polar medium has been carried out.

Keywords: conformational analysis, spatial structure, stable conformation, confor-
mational energy

Introduction

The method of theoretical conformational analysis usually used in studies
of the spatial structure of small organic molecules. We used this method in the
study of the capabilities of the synthesized peptide; therefore, the present work
is a continuation of our studies of the structural-functional organization of pep-
tide molecules. [2-7].

By using the solid phase approach, was synthesized peptide mole-
cules H-Tyr-Ala-Gly-Ala-al-Val-Asn-Asp-Leu-OH (I), which corresponds to
the sequence 329-337 of the C-terminal portion of the subunit 2 of the herpes
simplex ribonucleotidereductase (HSVR?2) and its analogues, with a mono sub-
stitution at position 329, as well as modifications at the N- or C-terminus. Test-
ing of obtained synthesized compounds was performed by inhibiting the activi-
ty of a fragment of the virus upon interaction with substance 1.The aim of the
work is to study the structural and functional organization of H-Tyr-Ala-Gly-
Ala-Val-Val-Asn-Asp-Leu-OH (I). For molecule (I), the solution of the direct
and inverse problems was required [1].When describing the results of calculat-
ing the structure of the peptide (1), the classification of peptide structures by the
main chain forms and peptide skeleton shapes was used [2, 9-11].

Calculation method
The spatial structure of peptide (I) was studied by multiple fragments. The
conformational analysis of fragment Tyr’>’-Ala-Gly-Ala-Val’*® was performed
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regarding low-energy conformations of tyrosine [12], alanine, glycine, and
valine [13]. For the N-terminal Tyr, two forms of the backbone, B and R, were
chosen since forms B and L are indistinguishable. The side chain of tyrosine is
taken at angles x1 60° and 80°. Alanine is considered in three (R,B,L) forms,
valine was considered in two possible orientations of the side chain (R,B,L),
and glycine in the four (R,B,L,P).

The original set of structural forms of the pentapeptide fragment Tyr’>-
Ala—Gly-Ala—Val333 includes 160 conformations of the main pentapeptide
backbone. The computation revealed a sharp energy differentiation among the
backbone conformations.

In a wide energy range of, the 32 conformations of the main chain and
13 shapes of the peptide skeleton. The amino acid sequence of the Tyr329-Ala-
Gly-Ala-Val** ribonucleotidereductase of the herpes virus consists of glycine,
which has no side chain, from alanine, in which it is insignificant, and also
from valine, which has a bulky and inflexible side chain. It was determined that
the direct contribution of these residues to stabilization is small.The spatial
structure of the fragment Val’>*-Val-Asn-Asp-Leu®’ was studied based onthe
low-energy conformations of valine [13], asparagine and aspartic acid and
leucine [13,14]. For valines, three possible forms of the main chain - R, B, L -
were chosen. The Asn residue was consideredat three possible forms of the
main chain at three possible values of the angle x1 (60 °, 180 ° and -60 °). For
the Leu residue, three possible forms of the main chain R, B, L were selected
for nine values of the side chain y;y, angles. The computation of the pen-
tapeptide fragment was carried out on the basis shape. For all 16 different
shapes, we computed all the possible backbone conformation. For the sequence
Val’*-Val-Asn-Asp-Leu®’ in the energy range of 0-5.0kcal/mol, 34 forms of
the main chain were possible.The spatial structure of the H-Tyr’>’-Ala-Gly-
Ala-Val-Val-Asn-Asp-Leu™’-OH (I) was investigated based on the stable con-
formations of the pentapeptide fragments Tyr'>-Val™” and Val’**-Leu’”.
These pentapeptide fragments have a common amino acid residue Val*>.
Therefore, upon zero approximating nonapeptide molecules (I), we composed
combinations of fragments Tyr’>-Val**® and Val’**-Leu™’ with Val’* in the
same backbone conformation.
Results and discussion

The computations revealed considerable energy differentiation of dif-
ferent shapes and forms the nonapeptide backbone. The spatial structure of (I)
can be presented by conformation of 17 forms of 14 backbone shapes, whose
relative energy varies within a range of 0-6 kcal/mol. The backbone shapes and
forms, the contribution of non-valent, electrostatic, torsion interactions, and the
relative energies of these conformations are presented in Table 1.

The computations of the two pentapeptides demonstrated that the N-
terminal fragment is more rigid than the C-fragment. The N-terminal Tyr’>’-Val**®
is presented by six shapes of the peptide backbone (eeff, ffff, effe, eefe, fffe, eeff).
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Tablel. Relative energy and energy contribution of non-valent, electrostatic,
and torsion interaction (kcal/mol) of optimal conformation of Tyr’*’-Ala-Gly-
Ala-Val-Val-Asn-Asp-Leu™’ for a fragment C-terminal region of the subunit 2
ribonucleotide reductase of the herpes virus.

Shape Backbone form Epwyp E.; Eior Erar
eeffeeff B,R,PRoR,sLR,1RoR S, -33.7 9.6 3.6 0
eefffeff B,R,PR,R,,B2,R1RoR 3, -33.7 10.6 2.7 0.3
eefffeee B,R,PR,R,,B2,B11R3L 3, -32.9 11.6 3.2 2.4
eefffeee B,R,PR,R,,B,,B11B3B3, -33.0 12.9 4.2 4.5
eeffffff B,R,PR,R,R2,R1RoR 3, -38.7 16.0 5.0 2.9
eefffffe B,R,PR,R,R2,R»1B,B3; -36.1 15.7 4.9 5.1
eeffeeef B,R,PR,R,,L,B11RoR,, -30.8 12.2 3.5 5.4
ffffeeff R,B,PRoR,,L2oB,1RoR3, -36.3 11.5 4.4 0.2
effeeffe B;R,BL,B»;R»R,1BoB3; -32.2 7.7 6.1 2.1
eefeeffe B,B,RB,B,,R,,R»1B1B3; -30.8 8.3 53 34
eefeefef B,B,BL,B,,R2B,1R3R3, -29.1 10.0 4.3 5.8
fffeefef R,R,RB,B,,R»,B>1R3R3, -30.2 9.5 4.6 4.6
fffeeeef R3B,PB,B,,Ry,L,1R3R3, -29.6 9.6 4.6 53
fffeefef R;B,PB,B,,R,,B»1R3R3, -28.9 10.2 3.3 53
fffeefef R,R,RB,B,,R2,Bo1Bsl sy -31.2 12.5 3.8 5.8
fffeefff R,R,RB,B,R»R,1RoR 30 -29.5 104 4.4 59
eeffefef B,B,RR,B,,R»,B»1R3R3, -31.9 11.1 4.9 4.7

According to the calculation results, of the two pentapeptide fragments
of the N-terminal, more rigid than the C-terminal. The N-terminal fragment of
Tyr’*-Val** is represented by six shapes (eeff, ffff, effe, eefe, fffe, eeff) of the
peptide backbone. For the same six shapes of energy, the intra-and inter-
interaction interactions are shown in Table 2.

Table2.The energy of intra- and inter-residual interactions (kcal/mol) in the op-
timal conformations of the peptide (I) -fragment 329-337 of the C-terminal
portion of the subunit 2 of ribonucleotidereductase of the herpes virus (top to
bottom):eeffeeff (Okkal / mol), ffffeeff (0.2kcal/mol), effeeffe (2.1kcal/mol),
eefeeffe (3.4kcal/mol).

Tyr329 A1a330 G1y331 Ala332 Val333 ValS34 Asn335 Asp336 Leu337
Tyr? | 2.0 2.4 2.7 -0.1 0.1 -0.1 0.2 32 -6.1
3.3 -1.2 0.3 0.1 -1.6 -1.3 0.3 4.8 4.1
2.5 -1.7 -1.9 -1.0 -1.2 -1.8 0.7 6.6 8.2
1.9 3.3 2.1 -1.2 0 0 0.2 3.3 5.3
Ala® 1.1 0.2 0.9 -1.3 0.4 0.2 0.1 -1.0
12 0.1 -1.1 -0.9 -1.3 -0.3 0.2 2.0
1.1 0.1 0.6 -0.3 0 0 0.1 0.2
1.0 -0.1 -1.1 -0.6 0 0 0.7 -1.9
Gly™! 1.2 0.8 0.8 2.1 0 0 0.2
1.2 -0.9 -0.9 1.8 0 0 0.2
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1.4 1.0 0.8 0.1 0 0.2 0.2
Ala*? 1.3 -0.4 0.5 0 0 0 0
1.3 -1.3 1.1 0 0 0

1.2 0.8 -1.2 0 0 0

1.5 -1.6 1.7 0.1 0.1 0.1

1.1 -1.2 1.1 0.1 0.1 0.1

Val**? 0.5 -1.2 -1.8 -0.1 0.2
0.5 -1.0 -1.7 0.1 0.2

1.9 -14 0.5 -1.2 3.0

0.5 -1.5 0.5 -1.2 3.2

Val*** 14 -1.1 -0.6 22
1.4 -1.1 0.6 2.1

0.4 -1.6 0.8 0.1

Asn®* 0.4 -1.6 -0.8 -1.1
0.1 -1.7 -1.0

Asp™*® 0.1 -1.7 -1.0
0 4.8 0.6

0 4.8 0.6

22 0.5

Leu*”’ 22 1.3
2.8 2.5

2.8 2.8

0

0.1

1.3

1.2

The global conformation of the molecule (I) under consideration is
B,R,PR,R2,L20R21RoR3, of the eeffeeff shape.

In this conformation, the contribution of non-valent interactions is
33.7kcal/mol, electrostatic and torsion-9.6 and 3.6 kcal /mol, respectively. This
structure is optimal in terms of the amount of non-valent and electrostatic interac-
tions. In this conformation, the N-and C-ends of the molecule (I) in space are quite
close together, as evidenced by the inter residual interactions in Table2.

The ByR;PR2R22B22R21R2R3; conformation has a relative energy of
0.3kcal/mol, it differs from the global one only in the shape of the main chain
of the Val*** residue. This conformation is most beneficial for non-valence in-
teractions. Dispersion attraction and electrostatic repulsion in this case is max-
imum.The R;B,P2R2R,L,R21R2R32 conformation of the molecule (I) has a rela-
tive energy of 0.2kcal/mol and in it the tripeptide fragment has a folded struc-
ture. The most advantageous for electrostatic interactions is the conformation
BiR2BL2B2R2R21B2B3; of the effeeffe shape with a relative energy of
2.1kcal/mol. Thus, on the basis of the theoretical conformational analysis of
the molecule (I), a conclusion was obtained about the structural organization of
the protein fragment, which does not exclude the realization by the molecule of
a number of different functions that require specific interactions with other pro-
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teins. At these stages of the calculation, it was revealed that the side chains of
tyrosine, asparagine, and aspartic acid are oriented into the medium in the low-
est-energy spatial structures of the molecule.
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NONAPEPTID MOLEKULUN STABIL KONFORMASIYALARININ TODQIiQi
L.S.HACIYEVA, G.C.ABBASOVA, G.R.SOFORLI
XULASO

Nozori konformasiya analizi tisulu ilo herpes virusu ribonukleotidreduktazasimn 329-337
ardicilliginin C-sonlu H-Tyr-Ala-Gly-Ala-Val-Val-Asn-Asp-Leu-OH molekulunun faza qurulusu
todqiq edilmisdir. Polyar miihitdo molekulun kifayst godor konformasiyalarinin dayaniqlh
vaziyyatlori molekuldaxili konformasiya enerjilorinin hesablanmasi asasinda toyin edilmisdir.

Acar sozlar: konformasiya analizi, foza qurulusu, konformasiya enerjisi, stabil kon-
formasiya.

NCCIEAOBAHUE CTABWIbHBIX KOH®OPMAILIAIA
HOHAIIENTUAHOU MOJIEKYJIbI

J.CTAIKUEBA, I 1:k. ABBACOBA, I'.P.CADAPJIN
PE3IOME

MeTogoM TEOPETHYECKOTO KOH(MDOPMAIMOHHOIO aHaju3a MCCIeNoBaHa IIPOCTpaH-
CTBEHHAs BO3MOXKHOCTh Mouyiekyasl H-Tyr-Ala-Gly-Ala-Val-Val-Asn-Asp-Leu-OH, cootser-
CTBYIOIICH mocienoBarenbHOCTH 329-337 C-KOHIEBOTO y4acTKa CYOBEOMHHUIBI 2 pUOOHYK-
JIEOTUIPEIYKTa3bl BHUpyca Tepreca. Ha OCHOBe pacyeTa BETHYMHBI BHYTPUMOJIEKYISIPHOM
KOH(OPMAIMOHHOW YHEPTHU MPOBEIeHAa KOJIMYSCTBEHHAS OICHKA YCTOHYMBOCTH BO3MOYKHBIX
KOH(OPMAIMOHHBIX COCTOSHHI MOJICKYJIbI B YCIIOBHSIX TOJIIPHOM CPEJIbI.

KaioueBbie cjoBa: KOHPOPMANMOHHBIA aHAIM3, MPOCTPAHCTBEHHAs CTPYKTypa, CTa-
OnbHast KoHMopMaLusl, KOH(OPMAILIOHHAS YHEPTUsI
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THE PROPERTIES OF NICKEL OXIDE
NANOSTRUCTURES-A BRIEF REVIEW

S.J.MAMMADYAROVA
Baku State University
Sevinc.memmedyarova@inbox.ru

Recent progress has demonstrated that among transition metal oxides nickel oxide na-
noparticles have gathered extensive attention due to their uncommon properties and promising
applications in many fields. In this brief review, we can get information about the properties of
nickel oxide nanostructures synthesized by different methods in recent years.

Keywords: nickel oxide, nanostructure, crystallite size

1. Introduction

In recent years, among transition metal oxides nickel oxide (NiO) nano-
structures have attracted growing attention due to the uncommon physical and
chemical properties. It has been known that NiO nanoparticles have different
optical, electrical, magnetic and catalytic properties in comparison with bulk

NiO. The wide application areas of NiO nanostructures are known such as like

gas sensors, supercapacitor, anode material for Li-ion batteries, catalyst, dye-

sensitized photocathodes, optoelectronic devices [1-6] etc. The size, shape and
morphology affect the properties of nanoparticles. A reduction in particle size
to nanometer-scale leads to changes in properties, therefore maximizing the
specific surface area has always been the focus of the researchers. Up to date,
many efforts have been made to synthesis NiO nanostructures with different
size and morphology. The main general synthesis methods include sol-gel, hy-
drothermal, solvothermal, chemical precipitation, sonochemical and successive

ionic layer adsorption and reaction (SILAR) method [7-12].

From this brief review, we can get information about the properties of
nickel oxide nanostructures synthesized by different methods in recent years.

2. Properties of nickel oxide nanostructures. Nickel oxide nanoparticles ha-
ve tunable physical and chemical properties with enhanced performance
over their bulk counterparts. In this section, we will selectively summarize
the main and general properties of nickel oxide nanostructures synthesized
by different methods.
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2.1 Optical and electrical properties. NiO is a p-type semiconductor with
a wide band gap in the range of 3.6 eV-4.0 eV [13-15]. The optical band
gap depends strongly on the crystallite size. H. A. Ariyanta and co-workers
fabricated NiO nanoparticles by phytosynthesis method and measured band
gaps were 3.77; 3.53 and 3.32 eV for flakes-shaped (20.47 nm), a porous
foam-like (23.09 nm) and spherical nanoparticles (23.43 nm), respectively
[13]. K. Anandan and V.Rajendran synthesized NiO nanoparticles having
different size and morphology by a solvothermal method in the presence of
various solvents. The optical band gap decreases with increasing nanoparti-
cle size due to the quantum size confinement [14]. However, this regularity
has been violated in some research works. G. Theophil Anand and co-
workers carried out the green synthesis of nickel oxide nanoparticles for
antimicrobial applications and investigated the influence of annealing tem-
perature on the size and band gap. It was observed that the nanoparticle size
increased from 20 nm to 30 nm with increasing of annealing temperature
from 200°C to 700°C. Band gap of nanoparticles also increased from 3.82
eV to 4.43 eV with increasing temperature (Fig. 1) [15]. Similar behavior
was observed in several other studies. In the research work M.Carbone and
colleagues, NiO nanoparticles were synthesized by hydrothermal method in
the presence of different alkaline medium (NH3; and NaOH) and the optical
band gap increased with increasing calcination temperature from 400°C to
600°C [9]. Abubakar et al. reported the synthesis of NiO nanostructures by
thermal oxidation of Ni thin films deposited on ITO/glass substrate at dif-
ferent high temperatures. It was observed that the crystallite size increases
and conductivity decreases with oxidation temperature [16]. S. Yousaf et
al. have synthesized NiO nanoparticles by co-precipitation method and
doped with different transition metals such as Cu and Zn to tune the optical
and electrical properties. The particle size decreased and shifting of absorp-
tion bands towards higher wavelength was observed for substituted nano-
particles. The enhance in electrical conductivity was observed for Cu-
doped NiO nanoparticles due to the inherent conductive nature of copper
(4.50294x10™® Scm™), which this value is about 4 times higher than the
electrical conductivity of pure NiO nanoparticles (1.46377x10™'° Scm™)
calculated by -V measurement [17]. P. Tripathi et al. compared optical
properties of pure and Sr-doped NiO nanoparticles synthesized by sol-gel
method and found that the reflectance /transmittance in UV—vis region and
band gap energy decrease with an increase in Sr concentrations [18].
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Fig. 1. UV-visible absorption pattern of NiO nanoparticles
annealed (a) at 200 °C and (b) 700 °C [15].

2.2.Magnetic properties. Size, crystal structure and morphology affect the
magnetic properties of nanoparticles. NiO in bulk form shows antiferro-
magnetic behavior below the Neel temperature of Ty=523 K. M.Tadic and
co-workers synthesized NiO nanoparticles with an average size of 5 nm in
silica matrix by sol-gel combustion method. They observed that synthe-
sized nanoparticles show antiferromagnetic behavior with low blocking
T=5 K and low Neel temperature Ty=56 K due to the small size and crys-
tal lattice defects [19]. In another research work, they investigated the ef-
fect of annealing temperature on the magnetic properties of NiO nanoparti-
cles. They conclude that superparamagnetic-like properties were observed
for samples annealed at 500°C and 800°C, while the combination of ferro-
magnetic and antiferromagnetic-like properties was observed for samples
annealed at 950°C and 1100°C [20]. K. Nadeem et al. implemented com-
parative magnetic measurements of NiO nanoparticles synthesized by sol-
gel (SG) and composite hydroxide mediated method (CHM). They reported
that NiO nanoparticles with the average crystallite size of 68 nm synthe-
sized by SG method exhibit antiferromagnetic nature and lower magnetiza-
tion (0.5 emu/g), while NiO nanoparticles with the average crystallite size
of 34 nm synthesized by CHM method exhibit superparamagnetic nature
and higher value of magnetization (2.08 emu/g). This results in smaller
crystallites attributed to the presence of surface defects such as oxygen va-
cancies and the increasing of uncompensated spins at the surface [21].
M.Arif and co-workers investigated the influence of interparticle interac-
tion on magnetic properties of NiO nanoparticles synthesized using a wet
chemical method. Different sized nanoparticles were obtained at 573K,
773K and 973K annealing temperatures. NiO nanoparticles with the aver-
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age crystallite size of 12nm, 14nm, and 17 nm showed antiferromagnetic
behavior with magnetic moment values of 3.08, 3.89, and 5.72uB, respec-
tively [22]. For NiO nanoparticles with the average size of 16 nm synthe-
sized using a precipitation method by K. Karthik et al. were observed fer-
romagnetic behavior, an increase in coercivity H, and the remanence M; at
8K [23]. A. Manikandan et al. obtained NiO nanoflakes with the average
crystallite size of 20-25 nm by the microwave combustion method. They
reported that synthesized nanoflakes show ferromagnetic behavior with
high saturation magnetization (21.22 emu/g) and coercivity values (15.81
Oe) [24]. The magnetic properties can be tuned by the doping of oxide with
different metals. The increased ferromagnetic behavior was observed for
Fe-doped NiO nanoparticles synthesized by the wet chemical method [25].
J. Al Boukhari et al. fabricated pure and 2% Mn, Fe and Zn doped NiO na-
noparticles by co-precipitation method at 550°C calcination temperature.
They demonstrated that all samples show ferromagnetic behavior, dopant
elements do not affect the magnetic nature of NiO nanoparticles. However,
Fe has inherent magnetic nature, lower saturation magnetization was ob-
served for Fe-doped NiO nanoparticles. This result was explained with ex-
change anisotropy between regions rich in Fe and regions poor in Fe coex-
isting in the sample [26]. K. N. Patel et al. produced Mn-doped NiO nano-
particles through chemical precipitation method followed by calcination at
500°C for 4 h. The samples were prepared with the Ni;.xMn,O formula in
which x=0.00, 0.02, 0.04 and 0.06. For 2% Mn-doped NiO nanoparticles
weaker room temperature ferromagnetic behavior, while for 4% and 6%
Mn-doped NiO nanoparticles higher ferromagnetic behavior was observed
compared to pure NiO nanoparticles. They reported that magnetization en-
hanced from 249.9 x 10" emu/g to 471.2 x 10™* emu/g with increasing the
Mn-concentration [27]. M. Abdur Rahman et al. prepared pure and various
concentrations of Nd** ions doped (0.01M, 0.02M and 0.03M) NiO nano-
particles using co-precipitation route. They found that crystallite size de-
creases from 43 nm to 28 nm and saturation magnetization increases from
0.0041 to 0.030 emu/g with increasing dopant ion concentration [28].
2.3.Catalytic properties. X. Wan and co-workers synthesized NiO nanoparti-
cles with different size, crystal structure and morphology by a hydrother-
mal method subsequent calcination at different high temperatures. The syn-
thesis process was carried out in the presence of four alkali reagents such as
sodium hydroxide (NaOH), ammonia solution (NH;-H,O), urea
(CO(NH3),), and triethanolamine (N(CH,CH,OH)3) and synthesized nano-
particles were used as a photocatalyst in the degradation of methylene blue.
The photocatalytic degradation of methylene blue was monitored under
UV-light irradiation and measurement was carried out using a UV-Vis
spectrophotometer. The highest degradation rate (47.8%) was observed for
NiO catalyst with the crystallite size of 26.7 nm synthesized using NaOH
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and calcined at 600°C temperature. However, the smallest crystallite size
(10 nm) and largest BET surface area (125 rnzg'l) were obtained for sam-
ples calcined at 400°C temperature, the degradation rate for this sample was
lower (37.2%). This was explained with imperfect crystal structure and
poor crystallinity of smaller nanoparticles [29]. Porous NiO nanoplatelet-
like mosaics were proved an efficient catalyst for the chemical transfor-
mation of organic pollutants by S.A. El-Safty et al. [30]. The degradation
rate of the methylene blue dye (MB) after 6h was 77.6 % for NiO
mesoporous nanostructure synthesized using a sol-gel technique by R.Vyas
et al. [31]. M. Ramesh and co-workers investigated the influence of anneal-
ing temperature on photocatalytic activity of NiO nanoparticles prepared by
thermal decomposition method. They demonstrated that degradation of MB
under visible light in 5h increased from 50.8% to 70.2% with increasing
temperature [32]. A. J.Haider and colleagues studied the effect of annealing
temperature, nanopowder weight and size on photocatalytic activity of NiO
prepared by sol-gel method towards potassium permanganate (KMnOy)
dye. The results indicated that photocatalytic activity increases with de-
creasing of size and increasing of nanopowder weight. The highest degra-
dation rate (100%) was observed for 20 nm-sized nanoparticles after 30
min of UV-Lamp exposure with the weight of 0.08gm (Fig. 2) [33]. S. R.
Hosseini et al. produced nickel oxide nanofibers are produced by
electrospinning method and subsequent calcination at 600°C in air for 5 h.
They applied it as a catalyst for electro-catalytic oxidation of ethylene gly-
col (EG) in 0.2 M NaOH solution. The electrocatalytic activity and stability
of the electrode were measured using cyclic voltammetry (CV) and
chronoamperometry method, respectively. The results revealed that the
modified electrode response retains 97% and 95% of its initial response af-
ter 100 CVs in the presence of 0.03 M EG+0.2 M NaOH and 3 weeks of
storage in laboratory atmosphere condition, respectively, demonstrating
long-term stability [34].
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Fig. 2. The photocatalytic activity of nickel oxide (NiO) annealed at (a) 450°C, (b) 550°C [33].
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3. Summary and perspective

There are several approaches for the synthesis of nickel oxide nano-
structures. The optical, electrical, magnetic and catalytic properties are summa-
rized in this brief review. The physical and chemical properties depend strong-
ly on the size, shape and morphology of nanoparticles. It is possible to control
these parameters by altering the technological conditions. A reduction in parti-
cle size to nanometer scale can cause new properties. Therefore, controlling
nickel oxide nanostructures with an appropriate crystal size is important. Re-
cent advances have proved that nickel oxide nanostructures are great potential
materials for energy conversion and storage utilization because of their unusual
physical and chemical properties. We should pay special attention to the specif-
ic surface area, size, and phase purity of the nickel oxide nanostructures. As the
size decreases, the specific surface area of the particles increases and it causes
more surface reactive sites, which is the main requirement for applications as
supercapacitor, gas sensor and catalyst.
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NIiKEL OKSiD NANOQURULUSLARIN XASSOLORI — QISA iCMAL
S.C.MOMMODYAROVA
XULASO

Son toroqqi kegid metal oksidlori arasinda nikel oksid nanohissociklorinin nadir

xiisusiyyatlori vo bir ¢ox saholordo perspektivli totbiq saholori sobobindon bdyiik digqet colb
etdiyini gostormisdir. Bu qisa icmalda son illordo forqli metodlarla sintez olunan nikel oksid
nanoquruluslarinin xassoalori hagqinda molumat olds edo bilorik.

Acar sozlar: nikel oksid, nanoqurulus, kristallik 6l¢ii
CBOMCTBA HAHOCTPYKTYP OKCHUJIA HUKEJISI - KPATKHUI OB30P
C.Ax.MAMEIBSAPOBA
PE3IOME

Henasumii IPOoTrpeCceC 1mokKasajl, 4YTO HAHOYACTUIIBI OKCHJIa HUKEIA CPEAN OKCHUIOB IIEPE-

XOOHBIX METAJIJIOB MTPUBJICKAIOT 00JIbIIIOE BHUMAHUE 6.]'[31“0}13})5[ CBOMM YHHUKaJIbHBIM CBOMCT-
BaM M MCPCHOCKTHUBHBIM IMPUMEHCHUSAM BO MHOT'UX obmactax. B atom KpaTKOM 0630pe MbI MO-
JKEM Y3HATh O CBOIiCTBaxX HAaHOCTPYKTYP OKCHJAA HUKEJISA, CHHTC3UPOBAHHLIX PA3JIMYHBIMU MEC-
TOJaMH B ITIOCJICAHUC I'OAbI.

KiaroueBble ci1oBa: OKCHJ HUKCJIA, HAHOCTPYKTYpa, KpHCTaJ’[J’IH‘IeCKOﬁ pasMep
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TiO, NANOHISSOCIKLORININ PVX/ TiO, POLIMER
NANOKOMPOZITLORIN OPTiK XASSOLORINO TOSIiRI

A.M.ROHIMLI, HM.MOMMODOV
Baki Doviat Universiteti
rahimli.almara@gmail.com

TiO, nanohissaciklorinin PVX polimerinin optik xassalorina tasirinin arasdiriimasi
magsadila tamiz PVX polimerin vo PVX/TiO, asasli nanokompozitlorin udma spektrlori tadgiq
edilmisdir. Polyar termoplastik PVX polimeri va TiO, nanohissaciklari asasinda nanokompo-
zitlar kombinasiyali iisulla (mahluldan tokma va isti presloma) sintez edilmisdir. Miiayyan olun-
mugdur ki, TiO, nanohissaciklorinin polimer matrisdo konsentrasiyasi artdigca PVX/TiO,
nanokompozitinin udma intensivliyi do artir. Udma spektrlorindon tomiz PVX polimerin va
PVXITiO, asasli nanokompozitlarin Ey gadagan olunmus zolaginin eni hesablanmisdir. Miiay-
yon olunmusdur ki, polimer matrisdo nanohissaciklorin konsentrasiyas: artdigca qadagan
olunmus zolagin eni da kigilir.

Acar sozlar: nanokompozit, polivinilxlorid, titan oksid, optik udulma

Polimer osasli geyri-iizvi nanohissaciklordon ibarat nanokompozitlor,
istlin optik xassalori ilo lazimi sabitlik vo asan islonmoni tomin edo bildiklori
iclin boylik totbiq imkanlar1 vad edirlor [1]. Metal nanohissociklori elektro-
magqnit dalgalar1 ilo qarsiligl tosirdo olduqda sarbast elektronlarin qrup rogslori
vo elektromaqnit sahasinin lokal artimi hesabina xarakteristik plazmon rezo-
nans effekt nlimayis edilir. Bu hadiso hissociyin 6l¢iisiindon, formasindan vo
oldugu dielektrik matrisin xassasindon shomiyyatli doeracods asilidir. Zarracik
plazmon rezonanslar1 zolaqlar arasi ke¢idds enerji udulmalart hesabina bas ve-
rir va ya hissaciklor sferik olduqda geyri-polyar hayacanlanma (bir soth plaz-
monu) vo ya qurulusca geyri-sferik hissociklorin ¢oxpolyarli hoyscanlanmasi
ola bilor [2]. Hassan vo basqalart [3] gOstormislor ki, tomiz polivinilxlorid
(PVX) polimerinin dielektrik kegiriciliyi va optik xiisusiyyatlori PVX matrising
CdO nanohissaciklarinin daxil edilmasils artirila bilar.

Isdo TiO, nanohissaciklorinin PVX polimerinin optik xassolorina tosi-
rinin aragdirilmasi magsadile tomiz PVX polimerin vo PVX/Ti0O, asasli nano-
kompozitlorin udma spektrlori todqiq edilmisdir.

Tadqigatin materiali vo metodlar
PVX/TiO; asasli polimer nanokompozitlorin sintezi agagidaki kimi apa-

rilmisdir: PVX tozlar otaq temperaturunda, lizvi halledicisi olan tetrahidrofu-
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randa (THF) hall edilmisdir. Daha sonra polimer mohluluna TiO; nanohissacik-
lori alave edilmis vo maqnit qarigdiricida 1 saat orzinds bircins mohlul alinana
godar intensiv sokildo qarisdirilmisdir. Alinmis polimer vo nanohissocik qarisi-
g1 Petri gabina siiziilmiis vo holledicinin buxarlandirilmasi iiclin 24 saat saxla-
nilaraq nanokompozit kiilgalor oldo edilmisdir. Alinan kiilgalordon PV X-nin
orimo temperaturunda 10 MPa tozyiq altinda isti preslomodon sonra soyuq suda
soyudulmusdur. Alinmis niimunslorin diametri 4 sm olub, qalinligi 100-120
mkm intervalinda doyismisdir.

Alinmis naticalor va onlarin tahlili
TiO, nanohissaciklorinin PVX polimerinin optik xassalorine tesirinin
aragdirilmast moagsadile tomiz PVX polimerin vo PVX/TiO; asasli nanokompo-
zitlorin udma spektrlori UV-Vis Specord 250 cihazinda ¢okilmigdir. Udma
spektrlorindon aydin olur ki, TiO, nanohissociklorinin polimer matrisdo kon-
sentrasiyast artdiqgca PVX/TiO, nanokompozitinin udma intensivliyi do artir.
Tomiz polimerin udma spektri ilo miiqayiseds, PVX/3%TiO, nanokompozit
ticlin 254, 301, 326 vo 457 nm dalga uzunlugunda yeni piklor miisahido olunur.
300 vo 380 nm do miisahido olunan piklor polimer matrisdo TiO,-nin rutil faza-
sinin movcudlugunu tosdigloyir. TiO,-nin konsentrasiyasinin 3 % qiymatino
uygun golon nanokompozitlorin udma spektrindo 300 nm dalga uzunlugunda
misahido edilon dar pik iso nanohissaciklorin polimer matrisdo daha homogen
paylandigini gostorir. Nanohissaciklorin konsentrasiyas: artdiqca onlar birlo-
sarok polimer matrisdo daha boyiik 6l¢iilii aqlomeratlar yaradir ki, bu da nano-
hissociklorin konsentrasiyasinin 5% vo 10% qiymatlorine uygun nanokompo-
zitlorin udma spektrlorindo miisahido edilon pikin genislonmasi vo intensivli-
yinin artmast ilo miisayist olunur. Bundan olave, nanokompozitlorin udma
spektrindo 300 nm-do miisahido olunan pik nanohissaciklorin konsentrasiya-
siin artmast ilo udma spektrinds qirmiz siiriismo miisahids edilir. Qirmiz1 sii-
rismo dedikds udulma zolagimin konarinin algaqtezlikli oblasta dogru siiriis-
mosi basa diisiiliir ki, bu da yarimkegiricilords hissaciklorin dl¢iisiiniin artmasi
va nanohissaciklori ohats edon matrisin dielektrik xassolorinin doyismosi ilo
miisahids olunan prosesdir [4].
Cadvel 1
Tomiz PVX polimerin vo PVX/TiO; asash nanokompozitlarin
qadagan olunmus zolaginin eni (Eg)

Nanokompozit niimunolor Qadagan olunmus zolagmnin eni Eg
PVX 5,6 eV (221 nm)
PVX/3%TiO, 3,9eV (317 nm)
PVX/5%TiO, 3,6 eV (344 nm)
PVX/10%TiO, 3,1 eV (400 nm)

Tomiz polimerin vo nanokompozitlorin udma spektrloring osason nanokom-
pozitlorin qadagan olunmus zolagimin eni (1) diisturuna asason hesablanmigdir.
Udma spektrlori vo onlar osasinda qurulmus udulma omsalinin kvadratinin
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enerjidon asililiq qrafiki ((@kVv)?~hv) (b) sokil 1-do verilmisdir. Udma spektrlo-
ring asasan qurulmus spektrds sokilde gostorildiyi kimi toxunan ¢okib, onu ab-
sis oxunu kosono godor uzadaraq, icazo olunan diiz kegidlor ii¢lin qadagan
olunmus zolagin eni hesablanmigdir [5]:
a =A(h@— Eyr (1)
A-sabit vo Av-iso fotonun enerjisidir. Qadagan olunmus zolaginin eni
(hva)*-nn hv-den asihihigr grafikinden hesablanmisdir. Beloliklo, udma omsali
asagidaki diisturla ifads olunur.

~ 7 .10% _ 1/2
a(hv) = 2 - 10*(hv — Ey)"/ ()
burada hv vs E; elektronvoltla (eV) verilon giymatlarindan istifads olunur.
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Sak. 1. PVX /TiO, nanokompozitlari {i¢iin udma spektrlori (a) PVX; b) PVX/3%TiO,; ¢) PVX
/5%Ti0,; d) PVX /10%Ti0,) vo (ahv)*~hv asihhglar (e, f, g, h)

88



Tomiz PVX polimerin vo PVX/Ti0O, asashi nanokompozitlorin E, qada-
gan olunmus zolaginin eni {iglin tapilmis qiymatlor cadval 1-ds verilmisdir. To-
miz polimer ii¢lin qadagan olunmus zolaginin eni 5.6 eV [6], TiO, nanohisso-
ciklorinin konsentrasiyasinin 3%, 5% vo 10 % qiymatlorino uygun TiO,/PVX
nanokompozitlor igiin iso uygun olaraq 3.9, 3.6 vo 3.1 eV tapilmisdir.

Beloliklo, miioyyon olunmusdur ki, polimer matrisdo nanohissaciklorin
konsentrasiyasi1 artdigca qadagan olunmus zolagin eni do kigilir. Demali, nano-
hissociklorin polimerdo konsentrasiyasi idaro etmoklo, daha kicik qadagan
olunmus zolaq enina malik nanokompozit almaq miimkiindiir.

ODOBIYYAT

1. Ebnalwaled, A.A., & Thabet, A. (2016). Controlling the optical constants of PVC nano-
composite films for optoelectronic applications. Synthetic Metals, 220, 374—
383. doi:10.1016/j.synthmet.2016.07.006

2. Biswas, A.; Aktas, O.C.; Kanzow, J.; Saeed, U.; Strunskus, T.; Zaporojtchenko, V.; Faupel,
F. Polymer-metal optical nanocomposites with tunable particle plasmon resonance prepared
by vapor phase co-deposition. Mater. Lett. 2004, 58, 1530-1534.

3. AM. El Sayed, S. El-Sayed, W.M. Morsi, S. Mahrous, A. Hassen “Synthesis, Charac-
terization, Optical, and Dielectric Properties of Polyvinyl Chloride/Cadmium Oxide
Nanocomposite Films”, J. of Polymer Composites, 35, 9, 1842, 2014.

4. Venkatachalam, S. (2016). Ultraviolet and visible spectroscopy studies of nanofillers and
their polymer nanocomposites. Spectroscopy of Polymer Nanocomposites,130-
157. https://doi.org/10.1016/b978-0-323-40183-8.00006-9

5. Osman, M.A.; Rupp, J.E.P.; Suter, U.W. Effect of non-ionic surfactants on the exfoliation
and properties of polyethylene-layered silicate nanocomposites. Polymer 2005, 46, 8202-
8209.

6. Cho, J.W.; Paul, D.R. Nylon 6 nanocomposites by melt compounding. Polymer 2001, 42,
1083-1094.

BJUSIHUE HAHOYACTHI] TiO, HA ONTUYECKHUE CBOMCTBA
IMOJIMUMEPHBIX HAHOKOMITIO3UTOB IIBX/TIO,

AM.PATUMJIA, T 'M.MAMEJOB
PE3IOME

B nannoit paborte Obutm mccnenoBansl Y @-criekTpbl ynctoro noiumepa [IBX u Ha-
HOKOMMO3uTOB Ha ocHoBe [IBX/TiO, mns w3ydeHus BiaustHMA HaHouyactuiy TiO, Ha om-
Thyeckue cBoiictBa monumepa [IBX. HaHokoMIo3uTbl Ha OCHOBE MOJISIPHOTO TEpPMOILIAC-
tuaHoro nonumepa [IBX u manouactuiy TiO, cHHTE3UpOBaHBI KOMOWHHPOBAHHBIM METOJIOM
(uThe M3 pacTBOpa M ropsyee mpeccoBaHue). M3 crnekTpoB HoriaomeHns o0HapyKeHO, 4TO C
YBEJIMYEHHEM KOHIGHTpauuu HaHoudacTuil TiO, B MOTMMEpHON MaTpHlie yBEIHYUBACTCA
WHTEHCUBHOCTD ToriomieHus: Hanokommosuta [IBX/Ti0,. Paccuntana mupuHa 3amnpemeHHon
3oubl Eg uncroro nmomumepa I1BX n mHanokommnosntoB Ha ocHoe [IBX/TiO, mo crektpam
noryiomeHus. beuto oOHapykeHo, YTO ¢ yBeJIMYEHHEM KOHIEHTpalM{ HAHOYACTHUI[ B IOJIH-
MEpPHOM MaTpulle MHUPHHA 3aIPELICHHON 30HbI YMEHbBIIAETCS.

KamoueBble ciaoBa: HAaHOKOMIIO3UT, IMMOJUBUHWIXJIOPHUA, OKCHUJA THUTaHa, OINTUYCCKOC
TIOTJIOIICHUE
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EFFECT OF TIO, NANOPARTICLES ON THE OPTICAL PROPERTIES
OF PVC/ TiO, POLYMER NANOCOMPOSITES

A.M.RAHIMLI, HM.MAMEDOV
SUMMARY

To study the influence of TiO, nanoparticles on the optical properties of PVC polymer,
the absorption spectra of pure PVC polymer and PVC / TiO,-based nanocomposites were
recorded. Nanocomposites based on polar thermoplastic PVC polymer and TiO, nanoparticles
were synthesized by a combination method (solution casting and hot pressing). It is clear from
the absorption spectra that as the concentration of TiO, nanoparticles in the polymer matrix
increases, the absorption intensity of the PVC / TiO, nanocomposite also increases. The width
of the Eg band gap of pure PVC polymer and PVC/TiO,-based nanocomposites from ab-
sorption spectra was calculated. It was found that as the volume content of nanoparticles in the
polymer matrix increases, the value of band gap decreases.

Keywords: nanocomposite, polyvinylchloride, titanium oxide, optical absorption
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PVDF+FE OSASLI NANOKOMPOZIT SiISTEMLORDO
MAQNIT MUQAVIMOTI EFFEKTI

H.M.MBMMODOV ', C.R.SULTANOVA®
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mhhuseyng@bsu.edu.az , ceyranrehmetova@mail.ru

Isda polipropilen matrisi va damir nanohissaciklori asasinda nanokompozitlorin alin-
mast, qurulusu, magnit xassalori va magnit miiqavimati effekti tadqiq edilmisdir. Nanokom-
pozitlorin qurulus analizi asasinda miiayyon olunmusdur ki, PVDF matrisind> Fe nano-
hissaciklorinin hacmi migdarimin miiayyon qiymoatlora qadar artmasi ilo polimerin kristalliq
daracasi do artir. PVDF+Fe asasli nanokompozitlorin magnit xassalovinin tadqiqi asasinda
maqnit sahasinin intensivliyinin artmasi ilo xtisusi magnitlonmonin artmasi vo onun miiayyan
qiymatinda asililigda doyma, magnit sahasinin azalmast ilo qaliq magnitlonma va histrezis
ilgayi miisahida edilmisdir. PVDF+Fe asasli nanokompozitlorin miigavimatinin magnit saho-
sindon asililigi arasdirilmis va magnitorezistiv effektin bas verma mexanizmi miioyyanlag-
dirilmigdir.

Acar sézlor: nanokompozit, polivinildenfliiorid, demir nanohissaciklori, magnito-
rezistiv effekt.

Otaq temperaturunda stabil vo optimal parametrlors malik nanokompozit
materiallar hal-hazirda spintronika qurgulari, intelektual gabuledicilor, nano-
sensorlar, yaddas elementlori, montiq qurgulari, biomiihondislikds, habels is
prinsipi ayri-ayri elementlori arasinda spin corayaninin yaranmasina asaslanmis
qurgularda baza materiali kimi genis totbiq olunur [1-3, 7, 8]. Digor torofdon,
magqnitlonon materiala yazilan informasiyanin hocminin artirilmasi ti¢tin ytik-
dasiyicilarda informasiya bitlorinin nanometr soviyyasindo olmasi tolobi qo-
yulur. Son illorin tadqiqatlart bu sahado, eloco do aviakosmik texnika, cihaz-
qayirma vo tibbi texnologiyada ferro- vo ferrimaqnit polimer nanokompozit-
lorin perspektivli ola bilocoyini diisiinmoyo osas verir. Oziinomoxsus xassalora
malik bir ne¢o komponentdon ibarat olan polimer asasli maqnit nanokompo-
zitlor torkibing daxil olan lizvi vo geyri-iizvi komponentlarin sinergetik effekti
hesabina unikal xassolor nliimayis etdirir ki, bu xassolori ayrica gotiirilmis tizvi
va ya qeyri-lizvi materialda oldo etmok miimkiin deyildir. Polimer matris nano-
kompozitin tolob olunan sokildo emal olunmasini, elocos do optimal mexaniki,
elektrik, maqnit, optik vo s. kimi xassoalora malik olmasini tomin edir. Polimer

91



matris ilo maqgnit doldurucu arasindaki fazalararasi garsiligli tosir materiala
unikal maqnit xassalor verdiyi kimi, polimer matrisin qurulus formalasdirma
qabiliyyati doldurucu nanohissaciklor arasinda maqnit qarsiliqlt tosirini idars
etmaya imkan verir [4-8]. Belo oldugu halda polimer asasli maqgnit nanokom-
pozitlor idara olunan magqnit xarakteristikali, ¢oxfunksiyali, eloco do unikal
kompleks xassali materiallarin yaradilmasinda perspektivli hesab olunur.

Belo materiallarin hazirlanma texnologiyasinin tokmillogdirilmasi vo on-
larda bas veron fiziki proseslorin nanometr soviyyossinds kompleks sokildo
todqiqins hasr olunan dissertasiya iginin aktualligi siibho dogurmur.

Tadqgiqat isinin magsedi PVDF termoplastik polimeri vo Fe nanohisse-
ciklori asasinda PVDF+Fe maqnit nanokompozitlorinin alinmasi texnologiya-
smnin vo Fe nanohissociyinin alinmis kompozitlorin qurulusunun, homginin
maqnit xassolorinin formalagsmasinda rolunun miioyyon edilmasindon ibaratdir.

Tadqiqatin materiali vo metodlar

Tadqiqat materiali olaraq polyar polimer PVDF va Fe nanohissociklori
osasinda sintez olunmus PVDF+Fe nanokompozitlori sec¢ilmisdir. PVDF+Fe
osasli nanokompozit materialinin alinmasi asagidaki kimi aparilmisdir: polivi-
nildenfliiorid tozlar1 iizvi halledicisi olan dimetilformamidde (DMF) otaq tem-
peraturunda hoall edilmisdir. Daha sonra hall olunmus polimer sistemins hisso-
ciklarinin ol¢iilari 20-100 nm olan 0,1%; 3%; 0,5%; 1%; 3%; 5%; 7% va 10%
Fe hocmi miqdarlarinda nanotozlari slave edilmis vo 30-40° C temperaturda 2
saat orzindo maqnit garisdiricida intensiv sokilds qarisdirilmisdir. Alinmis po-
limer vo nanohissacik mohlulu 1 sutka orzinde holledicini buxarlandiraraq na-
nokompozit kiilgalor aldo edilmisdir. Holledicini polimer matrisin hacmindon
tam ¢i1xartmaq moqsadi ilo nanokompozitlor vakuum sobasinda 1 sutka arzindo
qurudulmusdur. Alinan nanokompozit kiilgalordon PVDF-in orims temperatu-
runda 10 MPa tozyiq altinda miixtolif qalinligli nanokompozit tabagolori alin-
misdir.

PVDF+Fe polimer nanokompozitlorinin torkib vo qurulus analizi Ri-
gaku Mini Flex 600 difraktometri vasitosilo hoyata kecirilmisdir. Yiiksoksiiratli
D/teX detektoru va 600 vt giico malik rentgen slia monbayi hesabina difrakto-
metr yliksak hassasliq va siirats malik olur.

Vibrasiyali maqnitometr vasitosilo alinmis maqgnit materiallarin maqnit
sahasinin intensivliyindon asililiq ayrilari va histrezis ilgayi alinmigdir. Bu qur-
gu vasitasilo toz, plyonka, maye vo hacmli maqgnit materiallar1 todqiq etmok
miimkiindiir. Bu zaman 6l¢malor -196 °C-don 900 °C temperatura qador aparila
bilor.

Magnit miigavimatinin toyini (AR/R) otaq temperaturunda vo stasionar
laboratoriya soraitinde aparilmisdir. Bu zaman niimunalor iynosokilli kontaktl
tutqaclar vasitosilo maqnit sahasino perpendikuyar yerlosdirilmisdir. Miigavi-
mat doyigmolori “YHuBepcanbHblil BoabT™MeTp B7-26” cihazi vasitosilo avvalco
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maqnit sahosi olmadiqda, sonra iso sabit maqnit sahasindo (B=1.3T1) 6l¢iilorak
toyin edilmisdir.

Alinmuis naticalor va onlarin tahlili

PVDF+Fe asasli polimer nanokompozitlorin torkib vo qurulus identifi-
kasiyasi geyd olundugu kimi Rentgen qurulus analizi metodu ilo aparilmisdir.
Bu zaman polivinildenfiiorid vo domir nanohisaciklari asasinda nanokompozit-
lorinin skani 26 bucaginda 20-70° C diapazonunda aparilmisdir. Sokil 1 vo 2-do
tomiz Fe nanohissaciklorinin va eloco do PVDF+Fe nankompozitlorinin XRD
difraktoqram1 gostorilmisdir. Difraktoqramlardan goriindiiyii kimi (sok. 1),
44.72 (110), 65.10 (220), 82.42 (211), 116.43 (310)-ds olan asas piklor domir
nanohissacikloring aiddir vo domir nanohissaciklori kristallik qurulusa malik-
dir.

1w
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Sak. 1. Fe nanohissaciklarinin XRD difraktoqrami

Sokil 2-do PVDF+Fe asaslt polimer nanokompozitlorin XRD difraktog-
ramlar1 gostorilmisdir. Goriindiiyli kimi Fe nanohissociklorine moxsus asas pik-
lor PVDF+Fe nanokompozitlarindo do miisahids olunur vo doldurucunun poli-
merds hacmi miqdart artdiqca nanokompozitlorin kristallagma doracasi artir.
Bu iso onunla izah olunur ki, dispers Fe nanohissaciklori polikristallik qurulusa
malik polipropilenin amorf fazasinda qorarlagsaraq qurulus morkozlosdirici
funksiyasini yerina yetirir vo nanokompozitds amorf fazanin paynin azalma-
sina kristallik fazanin ise artmasina gotirib ¢ixarir.
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Sok. 2. PVDF+Fe asasinda nanok(;mpozitlarin XRD difraktoqrami:
1)PVDF, 2)PVDF+0.1%Fe, 3)PVDF+5%Fe, 4)PVDF+10%Fe
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Tadqiqat isinds PVDF+Fe osasli nanokompozitlorin maqnit xassolori
eksperimental metodla todqiq edilmis vo sokil 3-do PVDF+Fe osasli magnit po-
limer nanokompozitlorin xiisusi maqgnitlonmasinin maqnit sahasinin giymatin-
don asililig: verilmisdir.
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Sok. 3. PVDF+Fe nanokompozitlorinin (T=300 K): a) magnitlonmonin xarici sahonin
intensivliyinden asililigt; b) normallagmis maqnitlonmonin
xarici sahonin intensivliyindon asililig

M(H) oyrilorindon goriindiiyli kimi (sokil 3) maqnit sahasinin intensiv-
liyi artdigca xilisusi maqnitlonma artir vo onun miioyyan qiymotindo doyma bas
verir. Maqnit sahasinin azaldilmasi ilo qaliqg magnitlonma miisahido olunur vo
tsiklin maqnit sahasinin istiqgamatini doyismoklo tokrarlanmasi ilo histrezis il-
goyl miisahide olunur. PVDF+Fe asasli nanokompozitlorin doyma magnitlon-
masi, qaliq maqgnitlonma vo s. xarakteristikalarin tocriibi dyronilmosi zamani
alinmis naticalor iso 1-do verilmisdir.

Cadval 1
PVDF+Fe asash polimer nanokompozitlarinin maqgnit xarakteristikalar:
Niimund My M, Hec (Oe)
emu/g emu/g
PVDF + 0.1% Fe 1.023 0.066 152
PVDF + 5% Fe 24.5 1.55 163
PVDF +10% Fe 96.2 6.17 150

Magnit nanohissaciyin ki¢ik hacmi miqdarinda nanokompozit ¢ox asagi
maqnitlonms ilo xarakterizo olunur (cadval 1). Bels ki, PVDF+0.1% Fe nano-
kompozitinds qaliq magnitlonmonin nanohissaciyin qaliq maqnitlonmasine nis-
bati 1.07% toskil edir vo demak olar ki, 6zilinli diamaqnit kimi aparir. Lakin Fe
nanohissaciklorinin hacmi miqdarinin artmasma uygun olaraq bu nisbat
PVDF+5% Fe tgiin 24.7%, PVDF+10% Fe nanokompoziti iigiin isa 96.9%
toskil edir. PVDF+Fe osasli polimer nanokompozitlorinin doyma maqnitlonme-
si Fe nanohissaciklorinin hocmi migdarinin artmasi ilo geyri-xatti ganunla artir.
Zonnimizca, bu, nanohissaciklorin polimer matrisdo hacmi miqdarinin artmasi
ilo polimer matrisin vasitagiliyi ilo dipol vo digor qarsiligh tosirlor naticosindo
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soth spinlorinin istigamatlonmasi, yaxud da nanohissociklorin polimer matris,
eloca do 6z aralarindaki vo fazalararasi qarsiligli tosirin tobiati ilo olaqodardir.

1 F ] b [ ¥ L] . ]

@ (%)
Sak.4. PVDF+Fe oasasl nanokompozitlorin maqnit miiqavimatinin
doldurucunun hacmi miqdarindan asililigt

PVDF matrisindo Fe nanohissaciyinin hocmi miqdarinin artmasi ilo
maqnit miigavimati artir vo an boyiik qiymatini nanodoldurucunun 1% konsen-
trasiyasinda alir (sokil 4). Fe nanohissaciyinin PVDF matrisine daxil edilmasi
ilo PVDF/nanohissocik fazalarasi sorhoddo maqnitoelektrik olagonin yaranmasi
naticasinda nanokompozit multiferroik xasso kasb edir. Bu zaman polyarlasmis
elektrik sahosi Fe nanohissaciklorinin magnitlonms istigamotini doyisorok fa-
zalararas1 spindon asili kegid ehtimalini artirir. PVDF matrisinde Fe nanohis-
saciyinin hacmi miqdarinin 1%-don yuxari qiymatlorinds magqnitorezistiv ef-
fektdo zoiflomo miisahido olunur ki, bu da geyd olundugu kimi magqnit na-
nohissaciklarin polimer matrisdo hocmi miqdarinin artmasi naticesinda 6l¢ii-
lorinin bdyiimasi ilo alagodardir. PVDF+Fe osasinda nanokompozitlordo mag-
nitorezistiv effektin miisahido olunmasi onlarda bu tip sistemlor tigiin xarak-
terik olan tunnel magnitorezistiv effektin mévcudlugu ilo slagalondirilir. Bu da
belo sistemlorin morfologiyasi vo polimer torofindon yaradilan potensial bar-
yerdan nanohissaciyin elektronlarinin spin tunnel kegidi etmasi ilo izah olunur.
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IDOPEKT MATHUTOCOITPOTUBJIEHU A B TIOJIMMEPHBIX
HAHOKOMITIO3UTHBIX CUCTEMAX HA OCHOBE PVDF+Fe

I M.MAMEJOB, 1:x.P.CYJITAHOBA
PE3IOME

JlaHHast cTaThsl MOCBSILEHA MOJIYYEHUIO U UCCIEI0BAHUIO CTPYKTYpPbl, MAlHUTHBIX U
MarHUTOPE3UCTUBHBIX CBOWCTB HOBBIX MAarHUTHBIX MOJIMMEPHBIX HAHOKOMIIO3UTOB Ha OCHOBE
HAHOYACTHI] KeJie3a B IOJIMMEPHOW MaTpHIle MOJUBHHIIUACHPTOpHIa. Ha ocHOBe CTpyk-
TYpHOTO aHajJH3a HAHOKOMIIO3UTOB YCTaHOBJIEHO, YTO CKOPOCTh KPUCTAJUIM3ALUH IMOJIMMEpa
TaK)Ke BO3PACTaeT C yBEIMIEHUEM 00BEMHOTO coaepkaHus HaHouacTull Fe B marpune [1BJ[D
JI0 OTIpENeNIeHHBIX 3HaueHWH. Ipu mcciienoBaHNM MarHUTHBIX CBOIMCTB HAHOKOMITO3HUTOB Ha
ocHoBe [IBJI®+Fe nabmomanock yBeJMdeHHWE YACIbHOW HAMAarHUUYEHHOCTH C yBEJIMYCHHEM
HATPSHKCHHOCTH MAarHUTHOTO TIOJIST M HACBIIICHWE TPU OIPE/ICIIEHHOM 3HA4YE€HUH, OCTaTOYHAS
HAMarHMYEHHOCTh W TETJIS THCTepe3nca MpH yYMEHBIIEHHH MarHUTHOro mois. MccimemoBana
3aBUCUMOCTB COIPOTUBIICHUS] HAHOKOMIO3UTOB Ha ocHoBe [IB/Id+Fe ot MarHuTHOro moss u
OTIPEJICIICH MEXaHU3M MAarHUTOPE3UCTUBHOTO dPPeKTa.

KiroueBble ¢Jj10Ba: HAHOKOMITO3UT, MOJMBUHWIUACH()TOPHI, HAHOYACTHUIIBI JKeJe3a,
MarHUTOPE3UCTUBHBIN 3P PEKT

MAGNETORESISTANCE EFFECT IN PVDF+Fe BASED
NANOCOMPOSITE SYSTEM

H.M.MAMEDOYV, J.R.SULTANOVA
SUMMARY

The paper is devoted to preparation and study of the structure, magnetic and magne-
toresistive properties of new magnetic polymer nanocomposites based on iron nanoparticles in
a polymer matrix of polyvinylidene fluoride. Based on the structural analysis of nanocompo-
sites, it was found that the rate of polymer crystallization also increases with an increase in the
volume content of Fe nanoparticles in the PVDF matrix to certain values. The increase in the
specific magnetization with an increase in the magnetic field strength and saturation at a certain
value, residual magnetization, and a hysteresis loop with a decrease in the magnetic field were
observed at studying the magnetic properties of nanocomposites based on PVDF + Fe. The
dependence of the resistance of nanocomposites based on PVDF + Fe on the magnetic field has
been studied, and the mechanism of the magnetoresistive effect has been determined.

Keywords: nanocomposite, polyvinyldefluorid, iron nanoparticles, magnetoresis-
tance.
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