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NEPHOIUYECKUME PEMEHUA MOJE/JU TAPEJA - POCCIEPA
C.JI. Tynebaes, M.X. Xappacos .

Ha ocHOBe aCIMITOTEYECKHEX MeTONOB boromoGoBa [l NITHAMHAYECKOH MOReIH
Tapena - Poccrmepa mokasana BO3MOXKHOCTE aBTOKONMeOaTeNbHEIX peXHMOB H
CYIMeCTBOBAHHE MOCIENOBaTeNLHOCTH ORdypKagmll yABoewmms nepmofia. KadvecTBemabie
Pe3yILTATE! NOATBE PKIAIOTCS YHCIeHHEIMI CCIENOBAHIMI.

B coBpeMeHHOI TEOPHH JUHAMIMECKHX CHCTEM OOILIION HHTEPEC MPEHCTABIACT
HCCNENOBAHAHE MEXAaHM3MOB H IyTell DAa3sBHUTHS aBTOCTOXACTHYECKUX IIPOIECCOB B
HCIHHEHHBIX CHCTEMAX PazauyHON TNPHPOMNBI, JOIYCKAOIMHX MATEMATHYECKYIO
(hOpMATH3AIIIO ¢ MOMOIILIO, HAIPHMED, cHCTeM MddepenuiansHeIX ypapsenuii [1-4].

Uccnenopanns KOHKPETHLIX JHHAMHYCCKHX CHCTeM IIOKa3amy, IT0 HanOosiee
pacnopoOCTpPaHEeHHEN!  NyTh Hepexofja K XaO0THYECKOMY  PEXHMY  CBA3aH  C
HOCAEAOBATENLHOCTLIO  Ondyprammt yupoenns  mepuoma [1, 2]. B arom cayuae
CYINECTBYET BasKHAS 3aKCHOMEPHOCTh B PACIPEJCICHHNH OIpYPKAUHOHHBIX TapaMeTPOB
CHCTEMBbI, YCTAHOBJIEHHAS [PH HCCIEIOBAHIIT HEKOTOPEIX OHOMEPHLIX OTOOpasKEHIT [5].

3aMeTuM, UTO BO3MOXHOCTL IOSBICHHII peUICHH C YABOCHHLIM NEPHUONOM B
HETHHEHHBIX cucTeMax paccMmarphsanacek enie H.H.BoromoGoBLIM B éro KmacCHIeCKHX
paGoTax MO0 ACHMITOTHYECKHM METONAM B HemHefiHofl MeXaHpke [6]. DTH MeToppl
OCHOBAHBI HA TPHHITHIC YCpPeFHEHHS U BechbMa 3(h(eKTHBHBEI HPH HCCAEHOBAHHH
[TOBE/ICHHS HEeJIMHESHHBIX CHCTEM.

3mecs, HCHONL3ysl ocHopomoiyaraiomue upmedn H.H. Boromwo6oa, Mpr  cTaBuM
Oenpi0  MOKA3aTh BO3MOXKHOCTL — OFHOYACTOTHOTO KONEOATEILHOrO peXuMa u
MOCTIeOBATENLHOCTL OudypKanmii yIBOCH!S epHofa B HeNMUHeHHOH Mofenn "apena -
Poccnepa [7]. JamHas MOpENs NPEIONKECHA B XHUMHYECKON KHHETHMKE W JOMYCKAEeT
ABRTOCTOXACTHUECKOE IOBEICHNE. ’

PaccMoTpuM aBTOHOMHYIO IHHAMHYECKYIO CHCTEMY, ONUCLIBAEMYIO CHETYIOITUMI
muddepeHInATbHBIME YPaBHEHISMIL

X1=X1- AXp- X1X3,
Xp=bx1- Xp+XX3 ' (1)
Xy=X124%2- X4/ (Xa+C),
e u=(a.b,c) - copoxymaocTs napametpos cuctemsl (a>0, b>0, ¢>0).
Tlokaxem, uto B cucreMe (1) BO3MOXHBI aBTOKOJIEOATENBHBIC PCXKHMEL,

CYIIECTBYET IOCIEAOBATENbHOCT:, Ou(ypKanpii  yABOSHHS NEPHOfA M HPENEeNLHOe
MHOXECTBO B IIPOCTPAHCTBE NaPAMETPOB.



3ameTuM, 9T0 cucrema (1) IMeeT eMHCTBEHHOE HETPHBHANLHOE CTAlHOHAPHOE
penseHne

xo={a[1- (ab)2}/[(a+b)(1- (ab)\2+c)[112, xoo={b[1- (ab)2)/[(a+b)(1- (ab)2+c)] 112,

@)
)(30:1 - (ab)l/l’

0obnacThb CYIIECTBOBAHUSA KOTOPOTO 2aJACTCA YCIORIEEM

(C4cyb<a<1/b.

Matpuna nuHeapH308aHHCH CHCTERLI B 66 XAPAKTEPUCTUYSCKHA MHOTOYIEH HMEIOT
COOTBETCTBCHHO BH[ ’ : .

1-x -a %10
A=ib . X30-1 Y20 (3)
2x19 2%y - cl{xsptc)?

D (7\.,“):}\«3‘*‘&17\,2'1'(127\.4' O3,

e  oy=c/[1- (ab)24c]2,  op=2(a- b)[1- (ab)12}/[(a+b)(1- (ab)2+c)],
as=4(ab)12[1- (ab)¥2)/[1- (ab)2+c].

s Toro, uro6bt pemenue (2) ObUIO YCTONYHBEIM, HEOOXOJMMO U JOCTATOYHO
BLITIONHEHHE cIeNyIomux yenosuit Payca - I'ypsuua:

01>0, 0,>0, A=0,0,- 032>0.

B cuny onpepmenenus iiapaMerpoB cucTeMsi (1) gOCTaTOMHO NPOAHANH3UPOBATh JIIIib
nocneguee u3 Hux. Tem caMbiM onpepenseTcs oONacTh CYyIIeCTBOBAHUS U YCTOIIHBOCTH
CTAIMOHAPHOTO PEIIEHUs..

O06o03uauuM KOPHH XapakTEPHUCTHUECKOr'0 VPAaBHEHHS uepe3 A, rme k=1,23,.m
paccMoTpuM Ciydai .

A=A <0, M=As*=v+i@. ()

3mech v U O BEIIECTRBEHHBIE, a 3BE3OUKA 3[eCh U jamee 0003HAUAET KOMILIEKCHOE
compsxeme. B kadecTBe COOCTBEHHBIX BEKTOPOB MaTpuunl (3) BeIOEpeM BEKTOp-

cronden
- Xyl A+ 2(ab)1/2]\
Uk= xZo[xk- 2(ab)1/2]
M2

®)

n ompegenum Takoll Gasuc V) (k=1,2,3) npocrparcrea gyansmoro x U® , uro s
cucTeMel BekTOpoB UK n V) umeer MecTo ycrosue

(UM, V)=5,,,
e CKaJISIpHOe IIpOI/IBBe}IeHI/Ie OIIPERCHICHO TAKUM O6p2130MZ
(U,V) =2ZU,V,.

Torpa HafigeMm
VO =W-1{UEV0], (6)

[7le B BEKTODHOM mpom3senenyd j,k,/ =1,2,3 oupepmeneHsl B UUKIHYECKOM TOPSKE.
3necs .

W= -W*= 8ab[1-~ (ab)2}{(A;- v)2+ar}io/[(a+b)(1- (ab)2+c)).



PaccmoTpiM remeps penrennst cuctemel (1) B6msn ocoGoit Touxn (2). TTomoxum
X=XgFU, I MPECTABHM MaJILIT UNCH U, B BUJE PAfR

3
u=2 £, (1) U.
=1

Torja nocie CTaHJAPTHBEIX npeoOpasosanuii ypasHeHm (1), yuIuTbIBas OHpefienicHue
marprnsl  (3), BexrTopoB (6) W omycKas TPOMO3KHE BBIKNAJKY, IONYWIM M
HEeH3BECTHLIX BemranH &, (k=1,2,3) ypaBHeHHS

EL0) = MEp+ DiOER + byRER + byRER + b1yWE & + b3®RE &3 + bpaME L+ (WE T +
+ 0WE +CaMEP + C19pWEES2 + 133WEER2 + (233 WEES? + €112(0E12E; + C113WE2E; +

+ C23WE2E5 + €123WE; &85, (7

I7i BBCJCHLI CICOYIOIIHE 0603HATEHIA:

3
b[(x):z (V(S),ajk) UJ(J)UL(J), b,m(f)::z (V(S),a_’k)(U)(l) Uk(’“) + UJ(”‘)UA(I)),

k=1 Jk=1

3
CI(J):Z (V(S),ajk) Uj(l) Uk(l) U,,,(I);

Jkm
C10=5 (VO,a,)(UOUU + UDULU@ + UDUMOULW);
Jkl '
C133(5):Z(V(5),ajk)((]j(l)Uk(a)Ul(S) + Uj(3)UA(1)U/(3) + UI(3)UA(3)U[(1)>,
Ak :

0oy @=E (VO,0,)(UQUUM + UDULU + ULUGU);
R al

C12@=Z(VE,a,)(UMLULUG + UMOUDUMD + UDULHUM);
ikl :
6223(3):Z(V(‘Y) ,aﬂ:)(UJ(z)UL@)U,(f’) + UJ(Z) Uk(3)Ul(2) + UJ(B)UL(Z) U,(Z))’

Tk . '

Clzé(s)zz (V(J),ajk)(U}(l)UL(2)U[(3) + UJ(I)UAB)U[(Z) + UJ(Z)UA(I)U;@) + Uj(z)UI»G)UI(l) +

Bkt

+ UBU LU UBULUW);

ag=col(aye, A aan)s  Aw=col(aiu, My, A3ju),
ay, :(1/2)82Fi(xo,p)/a,¥j3xk N (1/3‘ )83F,»(X0,u)/a,\’ja,\’kax,.

3pecs F; - upasble 4acTh ypapseHuit (1).

Ipuuumas Bo BHuManue suipaxemus (5) u (6), pus xosdduuumenTor (8)
ypasuenwuit (7) B ciydae (4) MOXHO YCTAHOBHTL CHEIYIOIINE COOTHOMIEHHSA CUMMETPHH

(8)

b(D=b(1)*

by, 3=b,(0*
b33(0=bpy(1)*
C123=C1p5(1)%
crizM=cqoM*
€223 (3)20233(2) *

by@=b,)*
by @=byI*
b23(3)=b23(2)*

C123(3):C123(2) *

Co33)=C3@*
C122C)=C 1332

byD=hy (1

. b13(1):b12(1)*

C33t=C1ppM*

' CpasD=epsW
C1 12(3)26'113(2)*

b1)=b,(D)*

by3(1=bp,

byaM=byzM)* ©)
C133t3=C1p@*

C1133=C1 (D%
C1230)=Ca15()=C3p1 ().



Otcroa ciefyet, ITo TpeThe ypaBHeHie B (7) SBISETCS KOMITEKCHO-CONPSIKEHHLIM

BTOPOMY, TO €CTh &3=E*.

PacemorpuM nogpotuo Gudypranuio CTATHOHAPHOTO perueHus. VI3BecTHO, YTo
rpaHma OoO0NacTH YCTOHYMBOCTH CTAIIOHAPHOIO COCTOSIHUSL —OHPEJENseTcss M3
VpaBHEHHS

D(ion)=0. (10)

Ypaprenne (10) 03BOJNSET ONPENENUTh BENMTIHHEL @ H A; B TOUKE Outhyprammu u faet
(1)2:(Xg>0, 7\,1: '(X1<O. _

Ananorsuso [8] MOXKHO YyCTaHOBITH, UTO B I3y4aeMOM CHCTEME, IIPH MEPEXOe
uepe3 TPAHHIy YCTONMHBOCTH penieHns (2) HOpoHCXOAUT OH(ypKamus pOXKISHHS
npejensHOro mnkna. Hatfiem perrenns cucreMst (7), KOTOpPyro ¢ yuetoM (9) 3ammmmenm

TaKIM 00Pa30M:

EL()=ME) + biWE2 + byDE2 + by(D*Eg2 + biy(DE &y + bys(W*E 1 Ex* + bysDIE,I2 +
+ o MER + aWER + 3*Ep*3 + 019181652 + €120 M*E1E5*2 + C3MEHIE2 +

+ 11228y + €112(N*E1285* + CopaD*EHE| + €103, €512,

(11)
& (1)=Mbr + D@&2 + by@ER + by DEy*2+ b1DE &y + b1 DEE* + bpy@IE2 +
+ C1@E 3+ D83 + (38, 3 + €15 MEE2 + €133 Ep*? + €33 *IEI2 +
+0119E1 255 + €113E 28y + €2035E + €123DEIE, 2.
Teneps monaracM, UTo A, IIMEET MOTOKUTEILHYIO PEAILHYIO T1aCTh
=h + i, NS0, X<0.
TIpefcTapuB KOMIWIEKCHBIC KO3(D(IIIEHTL 3TUX YPABHEHI B BIJIE
b=l b lexp(iB9), cfo=1 ¢flexp(ivl),
b=l byl lexp{iR ), o=l cyolexp (i),
b =1 Dy Nexp(iBu) , ci)=1 Ciflexp(ivul) »
pemenne cucremot (11) Gymem uckats B hopme
E(r) = riiep(inlr)), j=123. (12)

TTocne mpoOCTLIX HPeOSPA30BAHIMIT HAXORIM

ri=Ar+ b Olr2cos(@+ BiD) + 1hyWir2[cos(2¢;- 01+ BaD) + cos(2es+ @r+BrW) ]+
+ 1b1,Dlro{cos(@+B121) + cos(@a+B12MW) [+ 1b2301r52c08(BosM- @) + le;Mlr3cos(2¢; +
+1,W)+lcyWIr3[cos(3e, - @+ M) + cos(3p, + @+ M)] + leiyWirr2[cos(20,+
+ Y1220) + €08(20; + Y1220)] + legoWiry2rp[cos(@r + @p + 11220) + cos(s- -
- Yi2dM)]HleasDlrg3[cos(@a- P1+7¥2030)+c08(91 + Qo+ Yaos)] +le123Mrra2c08 7150,

0,=lb;WIrsin(; + By @) + 1b,MWI(12/r))[sin(20,- @y + B,(M)-sin(2q, + @1+ B,M)] +
+1by3 N2/ r)sin( B3 W- @) + ler®Dlr2sin(2e; + viD) + le;WI(r3/r1) [SIN(305- @r + D) -
- Sin(3@y + @+ V)] + leagsMI(r3ry)[sin(Qs- Prvas®) - sin(@a+@i+120: D) ]+
+He11MIr [ SIn(Q+@ Y1220 +8IN(P1~ Q2= Yi2aM)]+ el 2siny;s M.



3amMeTHM, YTO TOJyYeHHLIE ypABHEHHs JIONMycKaloT pemernme ¢;=0 1,
CIIEIOBATEIHHO, MOXHO BEIOpaTh ¢;=0. Torpa, mMest BBuuy (9), momyaum

1:1:A11'1+b1(1)r12+2lbz(l)11'22003(2q>2+[32(1))+2lblz(l)lrlrzcos((p2+[312(1))+lb2é(1)[r22+
+ M3+ 2e,Mlry3cos(39,+70) + 2le1,Olrr2c0s(29, + 1MW) + (13a)
+ 211150lr2r,c08(9y + Y1220)) + 2lc003MDIry3c08(@y + ¥223M) + €195 r2,
¢1=0.
J7st HaXOXK IeHust TPHOMIKEHHBIX pemenmii cucteMet (11) yepeannM 3Tu ypaBHERHUs 1o
yray ¢, B unrepsane (0,2rx). Tomyanm

F1= M7+ biOr2 4+ 2by5(0r2 +0,0r3 + €1950r1752,
1= M+ 01 2T HCIT Crastn T, (136)

¢;=0.
AHAJOrnyHbIe BRIKNAMKH s BTOpOro ypasuenus u3 (11) marot

7'2:7\,2/'2’+Ib12(2)11'11'20051312(2)+lc223(2)|1'23cos7223(2)+l C112r2r,co8v1153),

TP2:CD+’1712(2”7'1Sinﬁm(?‘)’Ll C203N1,2C08 Y503 D+ C115 (D 2810y, 12,

Tlomydennrie ypaBHEHMs JIOMYCKAIOT CTamuoHapHoe peunenme 71,70, 1520. Ilpn aTom
IS IEPEHOPMHUPOBAHHON JaCTOTHI IMEEM

P=0 + A0=Q, §,=Qf + 8, B,=const,
A®:]b12(2)}7'1sm5223(2) + lC223(2)|7'22COS'Y223(2)+IC112(2)]7‘125in7112(2).

OxOoHYATEIFHO HCKOMOE PellieHne 3anucsBaeTes B hopme
Uo(t)=X10+ 110 W+ rpo{uy@expli(Qr+6,) [ +k.c.}. (14)

HauHOe peleHHe ONMCBHIBAET ABTOKONEOATENBHBIN pexuM ¢ mepuogoMm 17=2r/Q.
Ilokaxxem HMXKE, 4YTO B pAaccMaTpHBAEeMOH CHCTEME BO3MOXHBI IEPHOIHUECKHE
Konebanna ¢ yABOeHHEIM nepuonioM 7,=277. BBOJs omeparop yCpemHeHHs M0 BPEMEHH
My '

n

T "

My, f(x.1) = ET— { ]I‘(x,t)d'c =<f(x,1)>,

U mpoussefid Bapuaumo ypasHenus (1) BOmm3nm nepuommueckoro pentemus (14):
u(f)=u(¢)+X, HanmIIeM TOYHOE ypaBHEHHE [T MANILIX KonmeOanmil (x~e~, e~>0, e~<<1)

X(D)=<Ay(1)>1x+g(x) +e7(A()-<AL(1)>1)x, (15)
1xs(r)  -a - x10(1)
rie. A(H)= || b x30(1)-1 Xoo(7) ,

200(t)  2e0(7) -l (x30(r)+€)?
g = Co1(-xy3, X525, 12 + X2 - X/ (w3+C)).

Marpuma <Ai(f)>; mOMyYCHa NyTeM YCPENHEHAS IEMENTOR MATPHIBI Al(t). Hapsny ¢
yparuerueM (15), paccMorpum cucteMy

X() = <Ay()>1x + g(x). (16)



JdormycTiM, 4TO B COOTBETCTBYROUIEH MHHEHHOH CHCTEME BO3MOXKCH OBHOYACTOTHBIT
KoneGaTeNLHBIT PEXIM ¢ 9acTOTOl @~/2. st 3T0re HEOOXOMHMC BRIIONHEHHE YCIOBHS

DOV, u™) =A™ + oA~ + oA + 0~ 3=0,

rjie MEPEHOPMHPOBAHHBIC 3HAYCHHS  KO3(MHIMEHTOB o j =1,2,3 omnpenensrorcs
COOTHOTICHIIAMI

oy=c/(<xag(t)>1+ ¢)2, Op=<3g(N)>12+ ab + 1 + 2<x1(1)>12- 2 <nop(1)>12,
(X3:2(a+b)<.\'10(1)>1<\'20(1)>1‘2(<.\‘3(](’)>1"1) + (<X10(f)>12+ <\‘20(l)>12) +

+ [ab- (1 <1} Pl (<0, + €. a7

TIpiyen: coOOCTBEHHEIE 3HAYSHIT MATPHITEI <A; (1)>1 JOMKHLI 3/1aBATHCS BLIPAsK CHISIMH

A= -07,<0, A s=tio/2=%i(0,) . (18)

Torpga BMeCTO BenIHiH, ONPEIesIcHALIX IIPII PACCMOTPEHIIH O (DypKanu CTaOHAPHOI
TOUKNI, HYKHO B3AThH IX MEpeHopMupoBaHHble 3naveHus cormacuo (17), (18).
Crepoparennpto, apu A=A+ (/2 (A~'>0) pemenne crcremsr (16), ecmi He
TIHTEPECOBATLCS MEPEXOHBIMI PEIICHHAMI, NPECTABIIETCS IBYXNApPaMCTPIUECKIM
CEeMElCTBOM PerIeHI

U= F oo™ XY + g1t~ DFexp (-1y), (19)

e 2y =Q~f +0~, 8~=const, Q~=0~+2An".

IMonoxnm jamee Q~=Q 11 GyeM HHTEPECOBATHCSA penleHneM cucreMnr (15).
ByjleM CHIiTaTL BEIITUHHEL I'™9 11 6~ B (19) (yHKImsMI BpEeMEHH it BOCIOIL3YEMCS Jins
X CTaHapPTHBIMII PA3IOXCHHSIMI IO CTENCHAM Maloro napaMerpa. Torga, ccii
OTPANINITEC  PAMKAMH  TEOPHH IIEPBOr0  OPIOMIDKEHHA, YKA3aHHBIE BCHIITUHHEI
SRASIOTCS MOCTOSHHBIMIL JIeficTBITeNnnHo, B 9TOM cnyuae npasas uacrs (15) wme
COREPIKUT OCHOBHON MAPMOHIKI 1O vy . VTax, B nepBon NpHOMDKEHHH, B KadcooTBe
ICKOMOT'O PeLTeHIIT MOYKHO B3aTh BhIpaxentie (19). OOpaTiM BHUMAHIC Ha CIE/yIOWHIT
(paxT: mockopkKy B ciny (13) Bemmimmbl Xz H <{7)> COBHAgaroT ¢ TOHMHOCTLIO
HOPSAJKA €2 . TO  HOBLII mpecnvibill unxn meproma 27 HaXCMITCH Hi MGIOM
D3CCTOSHNN 0T ¢Taporo. Takin o0pa3os, B pacCMiIDIBASMOM CIVHGT
Srdypramist yIROoCHIT nepnoia. Haxouenme nnogoGrsIX PeIIeHnil, Soo e
OJTHOTACTOTHBIM KONMEOATCNLILIM rORHIALS POMBL € HICPTIC
n=1.2.3,..., MOXeT OBITb NOCICOBATCILTTO TPONOIKaiG. Mowne Taisie rokasaTs,
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Puc. 1. Budypramin yopoerns nepwopa: o - a=0.1, h =0.048, c=1.0; 6 - a=0.1, $=0.051. ¢=1.0
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CYIWIECTBYET  OPEACHLHOE  MHOKECTRO
OubypKaAIVOHHLIX 3HAYCHAMN IAPAMETPOB.
Takum 00pasoM, MONyYeHHBIC Pe3yiLTATEI
YKa3pIBalOT HA  BO3MOXHOCTL  ABTO-
CTOXACTUYECKHX pemennit Mopesm (1).

Hamu Obuti mpOBefieHbI YHCIEHHBIC
uccaepopanns momermu (1) ¢ wmenmonn3o-
BaHHeM METOfoB OorTo0paxenns Ilyamkape
H CIEKTPANBHOTO aHANM3A (JMCKPETHOS
npeo0pa3oBanue (D%pbe). B ocuoBy umc-
JICHHOT'O aHann3a ObLT MONOXKEH auro-
purM Pynre - Kyrter - @ennbepra 4(5)
nopsigka. B pesynnTare GbLTM HORTBEPIK-
[€HDI BLIBOMbI KAMECTBEHHOTO XapaKTepa, a
HMEHHO!

Xy

1.0

0.0

-1.0 0.0

Xy

Prc. 2. Crpammeii aTTpakTop MOpei Tapena -

Poccnepa: a=0.1, 5=0.0523, ¢=1.0
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Puc. 3. ocnenosarensrocTs GHAYPKAI] YABOSIILT HEPHOAA: IOABICINIE B CIEKTPe KPATHRIX

rapmommk; a=0.1, c=1.0

YCTONIHBOCTH CTAUHOHAPHOTO PElIeHNs
(2) B UpoCTPAHCTBE HapPaMETPOB CHC-
TEMbI;, OOHAPYXKEHO HECKONBbKO HPEEIh-
HLIX LUKJOB, HANPHMEp, NPH 3HAYEHMIX
ynpasmsponux napamerpos a=0.2, b=0.05,
c=1.0 1wm a=5.0, b=1.15, c=1.0;

2) ofHapyxeHo sipreHne Oudryp-

Kaudl yABOCHIS TepHOfa MpefelbHOoro
nHKina; daxT G ypKAIHI JOTOTHHTENLHEO
(ukcupyercs INOABIEHHEM B  CHIEKTPe

TapMOHHUKH C qacTOTOI, BABOS MEHBIICH

ocuosHoii (puc. 1);
3) B cicreMe (1) BO3MOXKEH aBTO-

CTOXACTHIECKHIT PEXKIIM; NONyUCH
IMHAMHYECKHI  XaoCc NpH  3HAUCHHAX
YIPABISIONIHX IapaMeTpPOB a=0.1,
b=0.0523, c=1.0 (puc. 2). Ilepexop X HeMmy,
KaK # T[PE[IONaranoch, COBEPHIACTCS
yepe3 NOCHENOBATEILHOCTL OudypXaimit
yisoenns nepuopa (puc. 3). Kpome Toro,
npm  mepexofge  mapamerpa b B

IoF n
1 .
0.02 3
0.00“:“'::";&““""’;““"—‘_““"",,: """""
-0.027
~0.04 I rrrrrrrr e T T T
0048 0049 0050 0051 0052 b

0.047

Prc. 4. 3aBHCEMOCTL MakCHMaibHOTO NOKA3aTeJLd
Tismymopa ot napametpa b: a=0.1, ¢=1.0



3AKPHTIIECKYIO OONACTh MAKCHMANLHBIH JUITYHOBCKHII IIOKA3aTENh CTAHOBHTCH
Gonbine wyns (puc. 4), 9TO SABASETCA JONOJHITESLHBIM APTYMEHTOM B IONL3Y
CYI{ECTBOBAHHS Xa0C:iL.

B 3akmOueHHe aBTOPBI BEIPAXAOT OnarofapHocTs B.B.AnekceeBy 3a OKa3aHHYIO
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PERIOBIC SOLUTIONS OF GUREL - ROSSLER MODEL
S.D. Tulebaev, M.Xh. Kharrassov

On the basis of the Bogoljubov’s asymptotic methods the existence of self-
oscillating modes and a sequence of the period doubling bifurcation in dynamical Gurel -
Rossler model are demonstrated. Qualitative results are confirmed by numerical cal-
culations.
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Kachenpel TeopeTHIeckoll drmamka. C mosGpa 1991 roja mo Hacrosinee Bpems -
JOKTOpaHT (H3ndeckoro gakymsrera MI'Y.




W3zp.ny30B «ITH», 1.3, Ne 1, 1995 YIOK 621.372.853

NPOXOXIEHUE CHOXHBIX CHI'HAJIOB YEPE3 HEIMWHENHYIO
JMHUIO IIEPEJAYU HA MATHHTOCTATUYECKWX BOJIHAX

I.B. Conoaeil, FO.I1. Hlapaesckiiii

IIpoaramu3npoBadt! 0COGEHHOCTH ITIPOXOKACHIDT CIOXKAGIX CHTHANOB, BKITIOYAST
OIyMOBLIE, Uepe3 MCANIEHRYIO IO Nepefiaull, Darpy:XeHHylo Ha (peppITOBYIO IUICHKY, B
KOTOpOIl BO30YKIAeTCS MATHITOCTATITYE CKAsT BOJTHA F MCB). Arami3s ociloBaH Ba MOJIEJI, B
KOTOpOIl JOIMI Iepefiayll NpelCTaBisIeTes] Kak OTPe30K JUIMHHON I ¢ HeJTHe HHbIM
pacnpefieleHRIM CONPOTIBIIeRTIEM, 00yCnoBIeHIEIM Bo30yxaeniem MCB npn pasmiansix
YPOBHSIX BXOAHOTrO cirfama. CuUTHAN Ta BXOj¢ JIIHIOI PacCMaTpIBacTCS B BIE CYMMBI
MOILOXPOMAaTHYECKOr0 I IIyMOBOTO CHTHANOR. IToKA3aHO, ITO NpU NpeBhINeln BeITImHb]
BXOJIHOFO  MOIOXPOMAaTHUECKOr0 CHIHAana Haj  «[IOPOTOBLIM»  IOJABJIENEe  IOyMa
YMEHLITACTCA M BO3MOXKHO CyXKeHIe CIEeKTpa [0 CPaBHGHHIO co ciydaeM  Ges
MOHOXPOMATIYECKOro ClirHaa.

Baepenne

B03MOXKHOCTL IICUONB30BAHNS YCTPOHCTB Ha  MATHHTOCTATHYECKIX BOJIHAX
(MCB) pnsa ananoroBoii oopadorkn CBY crrranos [1,2] nenaer akTyansHLIM BOTIPOC
HCCHCAOBAHHS IPOXOXKJCHUS Yepe3 HIX CHOXHBIX CHTPHANIOB, BRJIIOYAsl UIYMOBLIC.
Hurepecroil 0cOOeHHOCTLIO, CBA3AHHON ¢ MPOXOXKJICHIIEM CHTHANOB PA3JIHYHOI0 YPOBHS
MOTITHOCTH, OOJafiaeT JIMHHS IIePeflavi, HArPYXKCHHAs Ha (DEPPHTOBYIO IUICHKY, B
KOTOPOIT BO30CYKAACTCH IMOBEPXHOCTHASE MATHHTOCTATHUeCKas Bonua [2-5]. Jlunus
nepegavn NpPEeACTaBIsIeT H3 ceGsl MIKPOIONIOCKOBYIO JIIHHIO, HApayIeNbHO KOTOPOIl
NPHIOXEHO TOCTOSHHOe MarHuTHoe 1one Hg BXOL u  BeIXOJ  yCTpOMCTBA
HEIOCPENICTBEHHO CBA3aHEI ¢ MHKpononockoli (prc.1, a). CHrHamb! ¢ MaXbIM YPOBHEM
MOIIHOCTH (HIDKE OMPEMENICHHOrO «IOPOrOBOrO» 3HAYCHHA ), NPOXOAs IO TaKoil
CTPYKTYpE, OYIyT OCHaONaThes CUNbHEES, UeM CHIHATDLI, YPOBEHL MOIIMHOCTH KOTOPDLIX
JIEKNT BLOIIC «IOpora». 1103TOMy YCTpPOWCTBA, BLIIONHEHHBIE HA OCHOBE NOTOCHOM
JIMHIH [EPEfavul, TONYIHIN B JIHTCPATYPEe HA3BAHHAE «YCHIUTENL OTHOUIEHHA CHIHAN/
mwym>» [3,4] mii «imymonogasnTens» [2,5,6).

B cBa3nM ¢ 9THM CYIISCTBEHHBI HHTEPEC TNPEACTABISIOT HCCIETOBAHI,
CBA3AHHLIE C MPOXOXKJICHHEM MOHOXPOMATIYECKIIX I INYMOBEIX CHTHANOB PA3NTHIHOTO
YPOBHS MOIIHOCTH Yepe3 yKa3aHHyI0 HemuHeliHyo muamio nepefaqumn #a MCB. Opmako,
3TN BOUPOCHI K HACTOAIIEMY BPEMCHII TMPAKTHUCCKH HE II3ydueHLl KI3BecTHO mmib
HEOONBIIOE MNCIAO SKCHEPHMEHTANLHBIX pador [3,5,7-9], B KOTOPBIX, B OCHOBHOM,
IPHBEICHD! Pe3YALTATEI MO IICCTEOBAHMIO BIHSHIL CHrHaja CONLINOfA MOITHOCTI Ha
HOBeJe e cIaforo CUrHaia mpH BO30yKaeHHH n0BepXHOCTHLIX MCB B 3aBHCHMOCTH OT
PACCTPOIKH IO YACTOTE MEX/Y CHIHAIAMH.
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Puc. 1. ¢ * wuemmeliHas JOMHA Oepefadl Ha
MarHHTOCTaTHIeCKNX BOMHAX: [ - MIKpONOJoc-
KOBas JIIHMS, 2 - heppOToBast IJICHKa, | - IHHA

Bonbmyro TpygHOCTHE OPENCTaBIsIeT
TEOPETUYECCKUI aHamu3 «IIyMO-
NOJABHTENA», TaK KaK HEIHHEMHOCTh
00yCIOBIIEHA TAPAMETPHIECKIIMHE HMPOLIEC-
CaMH, IPOHUCXONAIIHMH B (DeppHTOBOIT
mwrenke [2]. TIpn weGompmmx  ypoBmAX
momuocts BY  curgan B JImHHM
BO30YXKJaeT MarHHTOCTATHYECKYIO BOJHY,
4TO MPUBONHT K 3HAUMTEILHOMY OClIabne-
HIFO 9NEKTPOMATHHTHOII MOIIHOCTH Ha
BpIxofe nuamH. C pOCTOM CHUTHama IIpH
MOCTIDKEHHH ~ «IIOPOFOBOTO»  3HAYECHHS
BXOJHOI ~ MOIIHOCTH  Ha  YacTOTax,
COOTBETCTBYIONIX YCIOBHAM HapameTpi-
YecKkOro [e3omaHca, ammnnryga MCB
HACBLUNAGTCA 3a CUET NAapaMeTPHIECKOTO
BO30YXKJICHIIS CIIHHOBLIX BOJIH 1 GOJLIIast
YACTL  SNCKTPOMArHHTHOI ~ MOIIHOCTH
TIPOXOMUT Ha BLIXOJ NHHUM - OcnadieHne
yMensimaeTcs.  [lo  cymecTtBy, mnepsas

NONLITKA pacueTa HENMHHEHHOH JuHaMu-
JecKOH ' XapakTePHCTHKH TaKOH INHMHUH C
YUETOM TOMONHUTENBLHLIX HOTEPk,
BO3HHKAOMHUX B (EeppHTOBOH IUIEHKE IOpH BO30y:XKmewuu noBepxuoctHoii MCB,
npemupunsta B [2,10]. AmanmormuHnmi mOEXON IS pacdeTa  XapaKTEPHCTHKH
«IITyMOTIONIABHTEIS» HCMONb30Bancs B [11]. Onmako npuMenenne 3Toi MOJENH faske st
aHaI3a OJHOUYACTOTHLIX HENHHEHHBIX PEXKIMOB YCTPOHCTBA TpeOyeT IPOMO3IIKHX
YHCIEHHBIX PACYETOB.

B Hacrosweln paGoTe HAa OCHOBE HPOCTON HENHHENHOH MONENH HPOBOTUTCI
AHAJIH3 NPOXOXKFCHUS ITYMOBLIX CUTHAIOB PA3THYHOIO YPOBHS MOIITHOCTH U€pe3 THHHIO
nepemaun Ha MCB 1 paccMOTpeHO BIHSHHE MOHOXPOMATITMECKOTO CHrHANA GONBIION
AMIUIHTYABLl HA IIOBENEHME IIYMOBOTO CHrHana. McemombayeMass HenmumHelHass MOJENb
Gpuia anpobupoBasa B [12] mpu paccCMOTPEHIN NPOXOKJEHIS JBYX CHIHAIOB C
PA3IITIHBIMA YPOBHAMH MOIITHOCTH.

oy, Wo- mEpoHE) MOKPONONIOCKT, § - 3KBHBA-
JIeHTHAS CXeMa

Hennueitnas Moens Junuy nepeaydn ¢ peppuToBoii
njaenkon npu po3cyxacenun MCB

MuxkpormnonockoBas auHNA, HarpyxeHHas (eppuroBoll IeHkoli (cM. puc. 1, a),
OPENCTABNACTCA KaK JJIIHHAS JIHHHSA C DACHPENENICHHBIMII IapaMeTpaMH, IOTEPH B
KOTOpOI 00ycnoBneHs! Bo30yxaeHeM MCB |2}, OxpusanenTnas cxeMa Takof JTUHHAH
npusesieHa Ha pic.l, 6. VI3smMeHeHne akTHBHOH MOIHOCTH P(X) B JIMHHM BIOJIL UTHHLL
ONHCLIBACTCA YPABHCHHCM

dPldy = - (RIReZ)P(x) , 1)

rge R -IOTOHHOE CONMPOTHBNEHHE: Z, - KOMIUIEKCHOC BOJHOBOE CONPOTHBIEHHUE
mrEpi. BBemgeM 3HaueHHE NOpPOroBOIl MOIHOCTH Props COOTBETCTBYIOIEE YPOBHIO
BXOAHOH MOINWOCTH B JIHHHH, ITPDH KOTOPOM HauMHaeTcs HackmueHiie MCB 3a cuer
NapaMeTPHYECKHX mpoueccoB B IumeHke*. Ilpm BxogHoi momocTn P, < Piop M B
npenebpekeHnn COOCTBEHHBIMIT NOTEPSIMII MUKPONOJIOCKH 3HaveHIe R COBIAJIAET CO
3HAUeHHEM R;, PABHLIM CONPOTHBICHHIO I3nyuenus MCB na emmuny mmuEsl [2,13].

*  Mexammas maceumenist MCB 33 cueT TapaMeTPEYIECKOTo BO3GYAIEHIST KOPOTKOBOJHOBEIX
CHHHOBBIX BOJIT B (hepPIFTOBOIT IiIeTKe MoApo6io omican B [2].
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Upegmonoxum, 910 0pu Py 2 P, T0 €CTh TPH HACIUCHNE MCR. WRMCHCHUC

MOUOIHOCTH B JIMHHUHA MOXXHO OIIHCAThH YpaBHEHHEM
dP/dx = -(R/ReZy)Py, = const. (2)

B aToM ciyuae, KaxK MOKa3bIBAIOT SKCIEPHMEHTANBHEIC HCCHeoBanus [2, 6], moTepH B
JIMHHHE 3aBHCAT OT MOINHOCTH CHTHANA N MOXHO CUHTATL TOTOHHOE COINPOTHBIICHHE
THMHIH HeJMHelHLIM. Bripaxenne mns nmero B cootserctun ¢ (1) m (2) MOXHO
3amucath B Bupe [12]

R__R Pnop_R Inop2 3
P IR (3)

rae | 1| - avnamryna Toxa B auHmn, Iy, - 3HAYECHHE aMIUTHTYHBI, COOTBETCTBYIOLICE

IIOPOTrOBOH MOIMHOCTH P, = ([1o,2 ReZy)/2. B aTOM cllydae HeIHHEHHbIE yPABHEHNS UL
9KBUBAJICHTHOH CXEMbI JINHIH 3Ty TCS TAKIIM 00Pa3oM:

v _ Y “R(INI

ox ot ’ @)
ol oU

ox T Ta

rae L, C - nOroHHbIe MHAYKTHBHOCTL U €MKOCTh, R=R; upn | I | < I, ampu | | > I,
R ompepensiercs BbIpakenneM (3). B pesynbraTe YHCIEHHOrO pEINEHAS CHCTEMLI
ypaBuennit (4) ¢ yiaerom (3) ans rapmormueckoro curnana I = I(x) exp(jor) nonydaem,
uro (pasza Toka mpu | Il > I, muUHEAHO 3aBHCHT OT JUTMHBLI JHHAH H NPaKTHYECKH HE

34BUCHT OT aMIINTHTy[OLlI CHIHAIA. HOQTOMy, cHIiTas, 4TO 1A rapMOHHYIECKOTO CHTHANa
TOK B JIHHHH H3MECHACTCA II0 3aKORY ’

I =IT1expj{wt- Bx),

rge ® - 9acTOTa CHTHANa, [ - ¢ha3oBas MOCTOSHHAS, HE 3aBHCSINAN OT TOKa, U3 (4)
MIOJTY M HENMHEeHHOE ypaBHEHNE It AMIUTHTYRbLI TOKA B BHJIE

di

rie B2 =[@CL + oC(w2L2 + R2)12)/2. Pemtenue ypasuenns (5) ¢ yserom (3) nmpuBopuT K
CIIEYIONUM COOTHOIIEHUSIM JI7isi AMIUTHTY/BI TOKA B JIHHIL

npu IO<IHOP
1l =1, exp(- ®¢x), Ist MOOBIX X; (6a)
upu Iy I,
| T1=(Ig2 - 2@ Lo2x)12, puax <x°, x° = (Io2- Liop?)/ (2®0 Tnop?); (66)
11 =1,,exp( -8 (x-x7)), mILX>X", (68)

agecs Iy=(2P,, /Re Zo)12, #=R;/(2ReZ,)- mapaMeTp noTeph B IMHHHE. B cOOTHOMIERIIIX
(6) xapakrepucTiky MCB onpegensroTcs BeMIMHHON R;, 2 HENMHCHHBIH MEXaHH3M
gacenuenns MCB B IeHKe - 3HaYeHneM P
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G 1B

Ha prc. 2 mpieeess! pacCuHTAHHBIE
COOTBETCTBII

B ¢ (6) sasucmmMocTH
-30.0 xoadumuenta ocnabnenusa o nuHng G =
=10lg(P/P,,) OT  ypoBHA  BXOJHOI
~20.0 MOIHOCTH  (Py/Pyop) A1 PASIIYHBIX
JgaveHH UINHLl  aupnd /. Bemmrmumma
100 COTIPOTYIBNEHN  H3nyueHms R, A

— 1

1

9.0

by o . .
0 P, /P

BRIX

0.0 - '
3.0 6.0 12
Pirc. 2. Teoperiueckne (—) 11 3KCIe pIMEITANb-
tiple {.) 3aBHCIIMOCTH KOapIIeHTa Iepefadi OT
BC/TITUHITRT BXOIIHOI‘JI MOIIHOCTIL IIPH  3HAYSHTSIX

noeepxHocTEOH MCB paccuuThiBamack mo
cooTHOmEHHAM pabothl  [2], a Py,
OIIPENENANOCch H3 9KCIepnMenTa. Ha stom
K€ DHCYHKE IOKAa3aHLl 3KCIEPHMEH-
TanbHBIC 3HaUeHHs Ko3(hhunnenTa ocnas-
Jenuss B ol W3 cpaBmenns
i

IKCIIEPHMEHTANILHBIX TEOPETHYECKIIX
3aBHCHMOCTEN CIEAYET, UTO INPEYIOKEHHOE
OINICAHNC  HENIHeHHON  XapakTepHCTHKI
JIHUH TEPeadil HA MArHHTOCTATHYECKHX
BomHax B Buge (6) jmaer  xopormee
COOTBETCTBIIE C IKCIIEPIMEHTOM, OCOOCHHO ¢Cilll YPOBEHL BXOIHOTO CHTHANA HE CHILHO
LPEBLINAET IIOPOTOBYIO BEJHTHHY.

napameTpos Pre, = 7.10 -2 MBT; f = 2.9 ITn;,
drMy= 1750 Tc; W=50 s 11 pmmie mmmmg /

pasnoli: 1 - 48 a2 - 32 v 3 - 18 s Tosupiaa
TTCTIRIT - 10 MEM

TeoperityecKkan MOJETB NIPCOOPA3OBAINIA IIYMOBOLO CrHANA

PaccMOTPHM CHTHAN Ha BXOJE NCCIEMyeMOIl JIHHIN NMepeJatl KaK COBOKYIHOCTE
METEPMITHIPOBARAOI0 (PerymsapHbIi curHan /o(7)) 1 ciydaisoro (IrymMoBOff CHIHAI
L,(1) apoueccos, T0 ecthb I(1) = Iy(r) + 1,{r). [Ipemmonoxim, IT0 paccMaTpiBaeMbIi
CAYYANHBIT NpOUEcC CTANHOHAPHLIT 1I  3PrOJIMecKHll, MCHOBEHHLIE —3HAYCHIIA
KoJMeOannl MOMWIHEHLI HOPMAILHOMY 3akony pacnpefencHms. Torja JaByMepHas
hyHKIIS pacpefieeHTis JTst BXOJHOTO TPOTecca B HATIEM ciaydae OyjieT nMeTs Bri [14]

_ (‘(n.\'l_ I(ll>2— ZR(_jnxl_ [OI><[nx2_ 1()3>+([Dx2" [02)2

1
“yl’(luxle]uxﬁ'r'ft) = XD[ 20_02 (l -RZ)UZ

c
' Inod(1-Ra)

1. (D

e L=l (). L=l (1+1), In=I0). Ip=I{i+1), a R=R(1) 1 oy - xosd@iuuenT
KOPPEISIIIII 11 JICIIEPCH s CTANOHAPHOL YaCcTI CNYYaiiHOIO MPOoLecca, COOTBETCTRBEHHO.

IIpemonoxim,  UTO  aHANI3HPYCMYIO JHHHIO C  IOTEPSIMII MOXHO —pacc-
MATPHBATL KAK YETBLIPCXMOMIOCHITK, COCTOMMINT 113 IBYX 3JICMEHTOR, OjIHH 113 KOTOPLIY
npejcrapisgeT n3 cedd MUHEliHYIo JUHIIO Nepeavl, a Ha JAPYrOM  MPOTICXOJHT
Oe3MHEPUIIORHOE HelHEAHoe npeodpa3oBanile ciurHaima. Taxkoll MOgxXoJ, B 4acTHOCTIH,
IINPOKO MCHONL3OBANCA NPI AHANIBE NPOXOMIGHHT MHOIGYACTOTHBIX W ITYMOBLIX
CHTHANOB wvepe3 pacnpefenenunie CBY  yemmirenn  (om..mampumep, [15,16]). B
PACCMATPUBAEMOM CNyYae HEMIHEHHAS XapakTeplcTHka Oe3nIHEPIIIOHHOTO 3MeMEHTA
OMICLIBACTCs COOTHOMICHIEM (6).

Hamee Oymem  cumrarh, UTO LIYMOBOII CHTHAJN HA  BXOJC JIOCTATOUHO
Y3KONOJIOCHBIH. Y 3KOMOIOCHOCTD curgana OyfeT ONpefelsITLCS  HE  TOIBKO
MEJUICHHOCTDBIO II3MCHCHIIS ero ornbaromniedi 1 hasnl, HO I HE3ABHCHMOCTLIO OT 94CTOTLI
HETIMHEHLIX  XapaKTepPICTIK JHMHII TIepefadil BO BCefl pPacCMATPHBACMON IIOJOCE
JACTOT.

Ilycrs WemiHelHas XapaxTepHCTHKA JHHHI Iepefaui ONHCLIBACTCS (PYHKI eif
I={(I;,); B 3TOM cly'uae KOPPEnsmionHas QyHKIUIs Ha BLIXOC CHCTeMBI ¢ yaeTom (7)
3aTMNIIETCH CNEAYIOMIIM 00Pa3OM:

([1— U,1>2~ ZR([I- (X])([Q- CLQ_) + (]7__"‘ UQ)Z

B(t,1)= LR

T IR expl-

(1R | dhd, (8)

e [y 5 = Lo o/ 0y, 04 2 =l 2/0g.
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Tnst BEIMHCIEHHS HATErPaios B (8) BBeJieM OHOMEPHLIE (DYHKIIHH PacpefeNeHns THIA

) (I - O‘l,Z)Z]
2

W11,2

exp|

I HCIONL3YEM HX B KAYeCTBE BECOBLIX IIPH PA3NOXKEHMM JBYMEDHON (QyHKIHH
pACTIpEeieneHns B Psiy o monusoMam SpmuTa [14]

O

1

W2(Ib 127 I T) = M)llwll2 i ' }In(]l_ al)Hn(IZ' a’l)’ ' (9)
n=0 1T1.

riae H, - nonmaoMbl OpMuTa. Begs 0603HaUcHIC

Cop SV (11 2)H (I - 0y o) w1l2dI 5,

seIpakenne (8) ¢ yueroM (9) MOXKHO IPEACTABUTE B BHAE

B(TJ) = f Cul C)12 _—’_ . (10)

n=0 n!
Yepemunm yukimo koppensauun (10) no BPEMEHH

T2 "

- R
B* (x) =Lim 1/T %?(r, Ndt=% C, ——, (11)

oo n=0 n!

T2

f Clll CnZ dt.
T

rae C,*(1) :Tlim
Sea

JI71s BEIMUCTEHHS CHEKTPA HOPMATILHOTO CIYIAfiHOro Nponecca Ha BLIXOJE HeMuHelHoi
CHCTEMBI HCIONEL3yeM BhIpaxkenue [14]

N(o) = 4]:B*(r)cos(on) dt. (12)

PaccmoTpuM  cnmywail, Korma Ha BXome JieficTByeT LIYMOBOH  CHTHAT,
SHEPreTHUECKHHA CHEKTP KOTOPOTO COCPENOTOYEH B JIOCTATOYHO Y3KOH Imomoce )

BOJM3H YACTOTHI My (Q<<Wy) ¥ CHMMETPHYEH OTHOCHTENLHO (g KaXk/yo Peain3amnuio

TAKOTO CIIy4afiHOTO IpoIecca MOXKHO IPEACTABHThL Kak [APMOHMYECKHIl CHTHAT C
MEJTEHHO H3MEHAIONMIMMHCS CITyJalHBIMI 3HAYCHISIMI aMIuTHTyp! £,0(7) 1 dazer O(7)

L.(1)=I.0(r)cos(wqt + O(1)).
[t Takoro nryMa BXOJHYIO (DyHKIIMIO KOPPEISIMHA MOXKHO PEACTAaBUTE B BupE [17]
R(t) = Ro(t)cos(wgt), (13)

rme Ry(t) - oruGaromast koppensauuoHHON (yekumu. Ecnu 3agas sHepreTHICCKHI
ciiekTp No(®) BXOEHOTO CiydaiiHOro mpouecca, TO €ro gucIepcHs og2 H Ry(t)
ONPEMENSIOTCS COOTHOIIEHHIMH [17]

cp2=2 f Ny(o)dw, (14a)
Ry(7) - [ Ny(y- @)cos(ar) do. . (146)

15



TIpoaHANH3NPyEM CHAtANA CUTYalIO, KOTJA PEryJspHLIL CHIHAN Ha BXOTE

HeNMHEIHON CHCTEeMBI OTCYTCTBYET, TO ecub 0y,=0. B arom cmywae m3 (10) pmua

KOPPeNAHONHOll (yHKumi ¢ yueToM (13) rmonyqaeM BLIpAKEHIE

o Ryt
B(x) =k C,,2—0—(-) COS"wyT , _ (15)
. n=0 n!
roe | 1.2
C,=—— ;) HL,) ex dl,.. 16
(Wom o) H(le) exp(—) (16)

[epapnt wen psga (15) cOOTBETCTBYeT NOCTOSHHON cocTapnsromieli (ANCKpPETHAS
YACTh CIIEKTPA), & CYMMA OCTANBHBIX WICHOB - HENPEePLIBHOI 4YaCTH SHEPTETIIECKOr0
crekTpa Ha BhIxome. 3amenss B (15) creneHn KOCHHYCOB CYMMOI KOCHHYCOB KPATHBIX
YT, MOKHO Ty TS CETYoUIee COOTHONIEHIE jyIst KoppenanuonHoit (yskuuu [14]

B(1) =Bo(t) + 2By 1(v)cos[(2r-1)at] + ZBy,(t)cos(2rogr), (17)
r=1 r=1
rae
w C ”2R {1 - o 2 R2n-1(1 o C ”2R 2/1(1)
Bq(7) g Gl Rrle) By, (1) =X S e T .
=0 11! 22 n=r (1= )Y (n+r-1)1221 we=r (1= 1) (nr)122n -1

B coorsercrri ¢ (12) 1w (17) neppas HenpepbIBHAs KOMIOHEHTA CIIEKTPA BLIXOHOTO
CUrHaia BONIAN YaCTOTLI ) OYACT HMETH BHJY

N(o) = 4OfBl(t)cosoaOtcosa)rdt, . (18)

b C2n~ 2 R 2n-1 ‘[‘
B(x) =% 12 Ry 1(7)
n=1 22-2(n-1)1 n!

Ons soramcnenns xos(puuuentos C, cornacwo (16) ncnone3yercs wuenmnefHas
nepexopas xapakreprucTika B sijie (6). Yncnennuie ogenxn marerpana (16) ¢ yuerom
(6) mMOKA3LIBAIOT, UTO B paMKax ICHOAb3YEMONl MONENI MOXHO OrpaHIYHTLCS
3HAUCHHEM  BEPXHEro INpejielia  HA  YPOBHE  NECATH  TOPOTOBBIX  3HAMEHMIT
currana. Hucnennsie 3uaveHinst KO3(DQUUICHTOR IMEIOT NPHMEPHO OfHH I TOT Ke
MOPSIIOK, m03TOMy Paft (19) senderca GoicTpo yOLIBAIOUIM, IPHYEN YiKe TPETHH uleH
paga Oonee, yeM Ha HOPAAOK, MeHpue BTOporo. ITostomy B (19) ¢ mocrarousdoin
CTCNEHBLI0 TOUYHOCTH MOYKHO OTPaHUYATELCS ABYMS WICHAMH PAJia, TO €CTh

(19)

1
Bl(T) = CIERQ('C) + § C32R03(T) R (20)

Ilpnn paccmorpemm  o0miero ciyyass, KOIJa Ha BXOJAE CHCTEMLI NPHCYTCTBYET
PETYNAPHBIL CUTHAT 1T UIYM, HCOOXOMIMO onpepensats Koadduuucnint C,; u C,, u fng
BLIYIICTICHNS KOppenauuonnoil dyuxuug B e (11) ncmonnsosats yepemmenne 1o

NEPHONY PETYJISPHOrO CHrHAaja.
Pesyasrarst pacuera

Ilpoananu3mpyeM ciyuaii, KOrfa H4a BXOJC HEJUHEIHOH THHIN nepegayn
UPHCYTCTBYET TONLKO TYMOBOM CHTHAM, CIEKTP KOTOPOIO HMEST BHI

No(@) =Noexp[-y2(w- @p)?], (21)

16

v



rme Ny - 3HaueHHe CHeKTPAILHON COCTAB-
TSIOIIEH TWIOTHOCTH MOIIHOCTH IIyMa TIpH
W=Wp; ¥ - KOI(DPUIHEHT, OmpPejIeNArOmImi
IWHpHAYy  cuekTpa. Hucnepeua  (cpemuss
IIyMOBad MOUIHOCTh) M ormubaronias
KOPPENATUOHHON (DYHKUMH BEIYHCISIOTCS
1o chopmynam (14a) u (146). '

Ha puc. 3 noxazawa nasucumocTs
MUCHCPCHH BBLIXOJHOIO CHIBana 62%/cy2 OT

3HAYCHUS [UCIEPCHY BXOTHOTO CHUrHana -

Op2. Ha TOM Xe DICYHKE [Jid CpaBHCHHA
npusefen Koshdumuent nepegaun K2=
=II12/[,2, pacCUMTaHHBII 1O COOTHOIIE-
Ham(6), or BemmumHbI /)2 id perynap-
HOrO curHana. M3 cpaBHeHHs KpHBLIX
BH/THO, YTO HENMMHEHHOCTH IS MIYMOBOTO

CUTHANA  HACTYNAET TIPM  MEHBIINX
SHAYCHHUAX HHTErPANLHON BXOJIHOM
MOIIHOCTH, TaK KaK [UIf IIYMOBOIO

CHTHANA J{AXe MPU HEOONBINUX 3HAYCHUSIX
BXOJHOII MOMHOCTH (Cy2) MIHOBEHHBIE
BHAYCHISL AMIUIUTYABI MOTYT HAOCTHTAThH
3HAYCHHI BBIIE «TIOPOTOBOTOY.

‘Ha pnc. 4 nmpusepens! orubGaroniue
CHEKTPOB  BXOHOTO ®  BBIXOJTHOTO
HIYMOBBIX CHTHAJOB HJS ABYX DPa3IHMUHBIX
3padennii 6p2. Kpusele 3 u 3" Ha pnc. 4
COOTBETCTBYIOT Ciy4aio, Korga orudaro-
e BBIXOAHBIX CHEKTPOB NPHBEJEHBI K
MAKCHMAJIbHOMY 3HAYEHHIO CHEKTPanbHOM
WIOTHOCTH  IyMa Ha  Bhixoge. M3
Pe3yIALTATOR pacuera BHHO,YTO C POCTOM
BXOTHON IIyMOBOIT MOIIHOCTH (C POCTOM
0¢?) NOJANICHHE LIyMa yMeHbIIaeTcs (CM.
kpuBbie 2 u 2'), H TAKKE YMEHLILNAETCSH
pacumperne crekrpa (cp. kpuseie 1,3 ¢ I, 3).

[Ipoamamm3MpoBay TAKXKE CHyvail,
KOIJ[a HAa BXOJ JIMHHH IEPEeatii NOJaeTcs
JUYMOBOIi CHUIHAN M MOHOXPOMATHIECKHI
cirman J, Ha wacrore @, Ha pmc. 5

TIOKA3aHb! orndaronme CIEKTPOB BXOTHOTO

W BLIXOMHOrO INYMOBBIX CHCHAJNOB B
npucyrcTsun cursana I Kpusas 3 ma
pHMC. 5 COOTBETCTByeT CJy4Yalo, KOI/ia
MAKCHMAJILHLIE 3HAYEHHS CIEKTPAnbHOM
IUIOTHOCTH MOIHOCTH COBMEIIEHLI IS
BXOXHOTO U  BLIXOJHOrO  LIYMOBBIX
cHrHayoB. VI3  pe3ympTaTOB  pacueTa
creyer, to npu Io<l,, (xpusast 2) uMeer
MECTO 3HAYMTENBLHOE TOJABICHHC LIYMO-
poro curgana (G =-15 pb npH O=Wy),
coorpercTBytomee (PaxTUIECKH HOfaBe-
o cnrmana b omHeimom pexmme (G =

IyMa 3HAYATEILHO YMEHBIAETCH (G

I O<Inop

- 8.68%, =-17 nB), HO B TO Xe BpeMA NPOUCXOJUT
crekTpa mgrmosoro curmana (op. xpussie 1 u 3). Ipu Ip>1,, (xpuBas 4) HOfAaBNEHNE
=-7.22 gb npu w=0y

W TPAKTHIECKH OTCYTCTBYeT YUIMPCHHE CHEKTpa -

0.0

1 L] 1
60 9.0 120051
Pac. 3. 3Baemcamocts NHCIEPCHE  BEIXONHOTO
cnrHama 6%/6p2 (1) or BemmmEm Gp? 1 Koadhdu-
mHenTa Tepexad K2 (2) jmt perynspEoro ciriraa
OT BeJITTHAR! BXOFHOTO ToKa Ig? (Ip2=2 5¢2)

3.0

N/N,
0.8 |-
0.6 -
04 |-

02+

Z

0.0 O SR
~4.0-3.0-2.0-1.0 00 1.0 2.0 3.0 w/wg

Prc. 4. OrﬁGamm;ﬁe crektpos Bxagmoro (I m 1) o
peixopmoro cirranos (2,2,3,.3") mpu  wegl=1.998;
0g=2TTm: 123 - 642=1.88;1'2',3" - 532=0.5

N /N,
0.8

0.6 |
04 3

02 <5 1

0.0 = '
30 20 -1.0 00 10

2.0 o/wg

Puc. 5. OruGaompe COEKTpOB Bxopaoro (1) m
seixopmoro  (2,3,4) cHTHAnmoB TpH ®ol=1.988;

(DQ=2 ITo: 2,3 - [Ollnop = 05, (50221; 4- IO/Inop =
=1.5; 60220.5

3HAYUTEILHOS pE\CIHI/IpCHHG

) TO CPaBHEHMIO CO CIyacM
npuBefieHHas Orubarouan

crexTpa BLIXOJTHOTO ITyMOBOT'O CHI'HAJIA COBIARAeT ¢ KPHBOHU 1.
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3axkmiouenne

IIpoBepeHHbIT TEOPETHUECKMIT AHANHM3 C WCNONB30BAHHEM TIPOCTON MOMEIH
BLIABILT DS BAKHLIX OCOOEHHOCTENl MPOXOXKICHHS IIYMOBOI'O CHIHAJA YEpe3 JIMHHUIO
nepegaunl ¢ HENHHEHLIM  CONPOTHBIEHNEM, BeJINYHHA KOTOPOro  06paTHO
NPOMIOPIIIOHANLHA KBAPATy AMINIHTY/BI TOKa. IlepexopHas XapakTepHCTHKA TaKOi
JUIHHI JOCTATOYHO XOPOIIO ONHCLIBAET HENUHEHHYIO aMIDINTYFHYIO XapakTEPHCTHKY
YCTPOHCTBA HA MArHHTOCTATITICCKHUX BONHAX THIA «IIYMOINONABHTENb». Pe3yibTaThl
AHANH3A HAXONATCA B- XOPOIIEM KayeCTBEHHOM COOTBETCTBHH C H3BECTHLIMHA
3KCTIEPHMEHTANBHLIMI  Pe3ylbTaTaMil padoT [3,5], B KOTOPBIX OTMEYacTCs BO3-
MOYKHOCTL CY3KCHISA CIIEKTPA [IIYMOBOIO CHTHATIA B HENMHEITHOM PEKUME,

Kpome TOro, momydeHHbIe pPe3ynLTATRI HOCAT OOIIMH XapakTep, Tak Kak
OTpaXKatoT OCOOEHHOCTI INPOXOXKAEHHS NIYMOBLIX CHTHANOB UEPE3 HeNHHeHHbIe
ycTpoiicTBa, oOmnafarolle aHANOrHYHOH HemmHeliHofl JIHHAMHMECKO XapakTepHc-
THKOH. B YacTHOCTIH, HexOTOphie H3 ocobemmocteil (crmaboe NHCKasKEHNE IIyMOBOrO
CHEKTPa H HACBLNIICHHE JHHAMIYMECKON XapaKTePHCTHKY NPH MAILIX YPOBHSAX UTyMOBOH
MOIIHOCTH) OBLIMH OTMEUCHLI pAaHee  IPH AHANM3C YPOXOXK[ICHHS IIyMOBOTO CHIHANA
yepe3 JyJyeBofl YCHNHTENbL MarHeTpowmoro toma ([17], xoaddiuent ycientis
KOTOPOTO B ONPEeNcHHOM IHHTEPBANE BXO/MBIX MOITHOCTEH B HENHHEIHOM DEXHME
BBLIIIE, YeM B IHHEHHOM.
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{COMPLEX SIGNAL PASSING THROUGH THE NONLINEAR
" TRANSMISSION LINE ON MAGNETOSTATIC WAVES

D. Solovey, U. Sharaevsky

This article is about peculiarity of the complex signal passing (including noise sig-
nal) through the nonlinear transmission line on magnetostatic waves (MSW). The analy-
sis is based on the method where our device is a part of transmission line with nonlinear
distributive resistance. The excitement of MSW depending on different level of input sig-
nal is a cause of this nonlinear resistance. The entrance signal is considered as a sum of
monochromatic and noise signals. It is shown the suppression of noise is reducing and the
spectrum is narrowing on comparison with a case without monochromatic signal when
the entrance monochromatic signal exceeds the «threshold» level.

Conoseit Anumpuit Baadumuposus - pogmnes 8 1970 r. Okomramn B 1992 1.
(pmamaeckit thakymsTer CapuaToBcKoro rocyEmeepcmreTa. Jo 1995 roga paGoran
HEGKeHepOM Kaeppil oOmeit ¢usmkn CI'Y, B HacTOsIIec BpeMs - MIIAJILLIT
mayyHpii  coTpypmuk HIMM®. OGnacte HayuUBIX IHTEPecOB - (H3HKA
MATHHTOCTATHICCKIX BOJH B TOHKIX (DepPHTOBBIX INeHKAX. FIMeeT psjl BaydHBIX

paloT 1o 2TOH TeMATHKE.

Hlapaescrudit Kpuii Hasaceuy - pomwicst B 1942 r. Oxomumm (1965)
cprsmaeckit GaxymsTeT CapaTOBCKOrO IOCYIMIBEPCHTETA, 3AIMHTHVI THCCOPTAUHIC
HA CONCKAHHE YIEeHoH CTeTeH KamyaTa (hH3HKO-MATeMaTINeCKEX Hayk (1972).
C 1967 . paGoracT B CapaTOBCKOM TrocymmBepcuTeTe (acmHpanT, cTaprmmi
NayJIHeIi COTPYNHHAK, 3aB. maGoparopieil, B HacTosIIEe BpeMS - JIOICHT Karhenpel
ofmell hmspkn). 3aHIMANCS HayIHBIMI HCCISAOBAHHSMI B OGIACTH BaKyyMHOMH
' anexrpomkn CBY, B uocnefnee Bpemsi Kpyr HayIHBIX HHTEPECOB - ¢H3NKa I

M. TCXHFKA MATHATOCTATIYECKHX BOJH B TORKHX (hepPHTOBLIX ILIEHKAX. ABTOp Goiee
100 maywmsIx paGoT, B TOM QHCIE psyia y4eGHbIX ocobiml, I coapTop MomOrpaci
«DeRTpoHAKa JaMn ¢ oGpaTHofl Bommofi» H «MarmmyocTaTEIecKue BOJHEI B

| 9)IeKTPOHAKE CBEPXBLICOKHX YACTOT.
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TPONKA KEPPOBCKHX CPEJ B KOJIBIIEBOM UHTEP®EPOMETPE:
PONL HEMAEHTUYHOCTH

AH. Apunos, P.P. Myoapucos, b.H. Ilotiznep

PaccmoTpenta yIpomieHmas MOJRTL JIHHAMITKI ITeTmReHHol hasoBoll MonymsmHn B
KOJIBDEBOM IMHTEP(he pOMETpe, CcOofepaKarieM TpL HeyiHefnele cpefipl, IO B KOTOPBIX
B3aTMOCBsI3aInLl. [IpeAnioiKena KOMTIeCTBeHHAs Mepa HemjienTIaHOCTH OV HadalnbHLIX
ckopocTeil IIpomeccoB B IOACHCTeMax. MoieMipoBaHNe IIOKasano, YTO, BO-HEpBEIX,
CTPOEHIIe aTTPaKTopa B (ha30BOM MPOCTPAICTBE MAOIOKOMIIOHEHTHON CHCTEME] 3aBHECHT OT
BCMHTINGI OV, 1 BO3MOXKHBl CeéMb BapHalTOB 3BOIONIM CHCTeMBI, BRIIOTATOMINX
HeNePHOAMTIECcKIIe, eploffiecKiie, CTaoHapibie NPONECccLl, BO-BTOPLIX, /LT 3HAYeHMIl
OV nopsyixka 10-3 (1 mesee) JUIITeMLHOCTb NEPEXOJHOTO TPOLECCA €O CTAIHONAPHBIM
chazoBbinr HaGeroM B Havaie IBOSIOIMIT MHOTOKOMIIOHEUTHON CHCTeMBI g 3aBHCHT OT
semrnmni OV no sakony: 1, = -AlnOV- B, npideM MimMamLuoro sifavenss OV (BwioTs 1o
3HaueHHil TOpsKa 10-123 He YCTamOBJICHO, B-TPeTbIX, HENEPHOAHYCCKUIE IPOINECCEI
3arpIKCITPOBAIIE! B OTPAIITICHITOM HNTepsase suavenmit OV €]0.1[.

1. Cpejurr 00LeKTOB, NOMICKAUIUX JCCIEHOBAHNIO METOAMH  HEeMHHETHON
TITHAMITKI, BLIJIETSIEOTC ST OTHOCITENLHOT MAJIOI3YUEHHOCTLIO AKTHBHBIE
MHOTOKOMIIOHCHTHBIC —cHCTeMbl. O mpefcTaBisioT coOoif  HECKONMLKO  TPO-
CTPAHCTBEHHO DPA3CTCHHBIX NOACHCTEM, CRA3AHHBIX B eHHOE menoe. B mpocTeineM
cnydae, KOTOPLIM 31ech YAOOHO OrpaHHYNTLCA, BHI HENUHEHHOCTeH MOJCHCTEM
ORHHAKOB, @ HX TAPAMETPbl MOI'YT pa3fiitarhes. Torja MpaBOMEpHBI BOIPOCLIT KAk
RINSICT HEHJICHTHYHOCTL MAPAMETPOB MOACICTEM Ha XapakTep AHHAMHAKI MPOIECCOB B
MHOTOKOMITIOHEHTHOM cncreme? C NOMOIIBIO KAKHX XapAKTePHCTHK IesiecO00pasHo
ONHCLIBATL 3TO BiHgHHE? KaxkuM 2HAYCHHSM KOMIYECTBEHHON XapakTePHCTHKIL
HENIEHTHYHOCTH COOTBETCTBYET TOT INU HHOII THII IMHAMHKH ITPOIECCOB B CHCTEME ?

B monckax OTBeTOB Ha OSTH BONPOCHI aBTOPLI OOPAaTHANCH K MpOCTEfiIen
MHOFOKOMIIOHEHTHOl ~ CHCTeMe,  YbHM  TPOTOTHIIOM  SBISETCS  KOJLUEBOI
HHTEP(PEPOMETD €  KEPPOBCKOI  HENMHHEHHOCTLIO, T  KOTOPOM  OCYINECTBIISIOTCH
MEJIKOMACINTAOHLIE (10 CPABHEHIIO C IAMETPOM JIa3ePHOTO INyUKa) I KPYIHO-
macrabuple npeobpasosanna ceeTobIx nonef [1,2]. Sxcnepumento C. A. AXMaHOBA,
M. A. Boporuona H Jip., a TaK:Ke KOMIBIOTEPHOE MOJIEIHPOBAHHE, BLITOTHEHHOE HAMIT
[3], cBUmETENBCTBYIOT: B MONEPEUHOM CCUEHMH MTyYKa Ha BBLIXOJC H3 uHTepdepomeTpa
pacupepgenenne pasoporo wabera U, NpONOPUHOHANLHOIO HHTEHCHBHOCTH CBETA,
NPEACTABISIET COOOH 3BOIOUHMOHUPYIONIE ONTHYECKHE CTPYKTYPLl. ABTOPLI PaGOTLI
[1] paccmorpenn uemouky u3 N HEnHHEHHDLIX HHTEPEPOMETPOB H COCTABIIH €€
MATEMATIUCCK YEO MOAEND

U, 11 + Uy =d; 8, U, + K[ 1+ ycos(U, + fi, )] + F, (U)). (1)
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B 00630pe [2] M. A. BOpOHIOBA NPHBEJIEHB] PE3YIALTATEI SKCTIEPHMEHTANLHOTO
H3YYCHUA aKTHBHON IBYXKOMIIOHEHTHON CHCTEMLY JImg enytrag. n KOTOPONT morsrrrries «
II T, CYHIECTBEHHO pa3MUYHLI, HO B 3aJady aBTopa HE BXOUIO CIEHHaNbHOES
HCCNENOBANIE POJTY HEHTEHTHIHOCTH.

2. B pamnofi paGoTe pacCMATPHBAETCS ONTIYECKAS CXeMa C NAPATUICHLHLIM
PACTIONOXKEHHEM HENHHEMHBIX CPeff, KaK 3TO IIOKA3aHO Ha pHC. 1, B MPOTHBOIOMOX-
HOCTH Cy4alo IIOCTIEJOBATENLHOIO PACMIONOXKEHNS, HCCIEOBAHHOTO B padore [1, puc.
6.6]. Onrmieckue nons E,, E,, E5 B HUX B3auMOeiCTBYIOT Garofaps 9acTHIHOM 1/
MONHOH Iepejavde H3MyYeHHS H3 OfHON IOACHCTEMbLI B IPYIVIO C MOMOINLIO BOCHLMH
3epkan M (cM. puc.1, KOpOTKHE TONCTLIE THHUH). Pajut IPOCTOTEI H yMEHBILIEHHS 1HCIIa
BAPLHPYEeMBIX MAPAMETPOR BRIOpAaH ciyvall OPeHeOPEe:KHMO Maloro MeJIKoMacuITal-
HOTO B3aUMOJIEHICTBHS ONTHYECKHX IIONEN B HEAMHEHHOI cpefie, Korma Koaq DmienTn
mapdysm d; = 0. IIpu clenaHHbIX NPENIONOXKEHISIX . MOAENH TPEXKOMIOHEHTHOI
CHCTEMbI MOKHO NIPHATL BHJT

dU; ldt = K; [ 1+ y; cos(U; + f o) ]/ - Ui, (2)

e j = 1,23, i = 2,3,1. Cornacro [1], 7; - BpeMs penakCaiii HEIHHEHHON 9YacTH
nokasarens npenomnennd; U; - ¢a30oBeli HaOCT BOMHLI B j-T HENMHHEIHOH cpepe;
n; =ng; + n\E)12; K; =nyl, kLi(1-R;) - mapaMeTp HeNHHEHHOCTIL; k - BONHOBOE YIICIO,
L; - pnuHA cpeppl; [y - HHTEHCHBHOCThL H3ITY'YCHHS Ha BXOJE B j-I0 CPemy; R; - xoah-
(puupenT OTpaXkeHHs 3epKan nHTepdepoMeTpa IS HIMYUEeHIS B j-M KaHaue; y; -
KOHTPAaCTHOCTh, 33BHCAINAA OT NOTEPh H3NYUCHHA B KOHTYpe OOpaTHO CBSA3U I B j- i
cpene; fo =kLjng; - mocrosmHRNI da3soseni HaOer. ITockomsky B ycTpoiicTpe
HICTIONL3YETC KEPPOBCKAs CPEfIa, it KOTOPOii 1, > 0, mapamerp K 11 (hasowui nader U,

HOJOXUTENBHBI.

Cnenyst cxeme [4] smeMeHTapHOrO aHami3a CBOMCTB JIIHAMITIECKON CHCTEMDI
IPHMEHNTEILHO K YCTPONCTBY, 1306PaXKeHHOMY Ha PIIC. 1, MOXKHO C/IeNATDL CIEAyOIHe
3aMeYaHIst. : '

Bo-nepBLix, TUHAMHYECKAS CHCTEMA, OIUICHIBACMAs YPABHEHHSIMH (2), SBISIETCS
[CCUIIATHBHOM, H JIsl Hee H3MeHeHie 00heMa B (pa30BOM IPOCTPAHCTBE NPOUCKOJIT O
3aKOHy

\.’:Q\’, rge QZZ aUJ/an = - Z 'Cj‘l (3)
i J
L] R
Bx. , - B "y 7 - \ BoIx.
- | i | -
Ey | - \
7 - ' ] N
A A A : Y Y
M .

A
/
N

Puc. 1 OnrEteckasl cXeMa C TMApA/ENBIEIM DPacloNOXenneM HemMHEHHBIX cpep: £y, E; E3 -
®
OITHYECKHe oI M - 3epKana
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Bo-BTOpPLIX, XOTS ONTIKO-(I3NTEecKNe CXeMbl yeTpolicTs B [1, prc. 6.6] u Ha
pic. 1 OTMIYAIOTCA B KOHCTPYKTIBHOM OTHONIEHI, BIY| 06omx ypaphermit (1) m (2)
JHBAPHAHTEH OTHOCHTENLHO 3AMEHBI HTHICKCOR

U-U —-U,, g =312, (4)

€CJII BRINIOITHACTCA YCIIOBIIEC

=1 K=K, v,=% fo,=/o (5)

B-rperbux, GMarofaps BLINCYKABAHHOMY CBONICTBY IHBAPHAHTHOCTI yPaBHEHII
(2) OTHOCHTENBLHO 3aMEHBI HIIEKCOB (4) B cxeme, NpuBEeHHOn Ha prc. 1, BOIMOXKHO
peann30oBaTh TaKOe PACMONOXKEHIEe 3epKai, JUIT KOTOPOrO HAIpaBpieHme o6xoma
TIOJICICTEM B UHTEP(EPOMETPE NPOTHBONOIOKHO PACCMOTPEHHOMY.

3. BO3MOXHEI Pa3iiHbIe BAPHAHTLI KOMHTIECTBEHHLIX XaPaKTePICTHK, KOTOPLIE
OPHCOHLI IS ONICAHIIS BNIIAHUA CTCHCHI OTNIHYIS IAapaMeTpPoB HOACHCTEM M
HauanbHBIX YCNOBHIT Uy HAa XapakTep AHHAMIKI npoueccon. ITo-pnmmmomy, Hanbomnee

NPOCTO YUECTDh YKA3AHHBIC BENIMIIHL] B COBOKYITHOCTH, BOCIIONL30BABIIHCEH CTAPTOBBLIMII
CKOPOCTAMII Tponeccon B noacncreMe V; =dUj/dil, .o, paBHBIMH 3HAYEHHSIM TPABBIX
uacreff ypasuemiff (2) npn r=0. HeommrakoBocTh CTapTOBBLIX CKOpOCTell V; MOXHO
OTIICLIBATE, IICTONL3YS COOTHONICHHUA MEXMmy HuMi. Ilpocrefimeil xommiecTBEHHOIT
XAPAKTEPHCTHKOI CTEMEeHI HEMIEHTITYHOCTH MOXKET CITY KT BeurdiHa OV=N- (V/V, +
AV + VilVy) 1o @V=1/{(N+1)-(V, IV, + V,/Vy + V4/V})}, e N - 9ncino mojicincTem.
B srom cayuae OV MOXET NPHHHMATL KAk TOJOXKITENLHLIE, Tak M OTPHIATENLHBIC

3HATCHIA. MOXKHO HPeIOKITE [HYIO PA3HOBHHOCTH 3TOMH xwpauepncrmm B KOTOPOI
(bUCypHPYIOT TOALKO MOJTYIN OTHOMIEHNMI V; /V; .

Eme oguiiM BapHAHTOM XapakTePHCTHKH Pa3iidis CTAPTOBLIX cxopocteil V;
MOMKET CHYXKIITL HOPMIIPOBaHHAS Mepa IIX HEHACHTH'MHOCTH, KOTOpOIl 1 Oyjrem
onepupopars B ransHeiineM. [Ing N = 3 ona nMmeeT BHJ
[V 1-1Vah)2 + (Vo] -1V51)2+ (V5] - 1V l)2]ir

Wil + Vol + V3]

oV = (6)
OWEBNAHO, YTO B CAyyae IJICHTIYHOCTI HAPAMETPOB mojicncteM (5) T HAYATLHLIX
yenosit (Uy = Uy), cormacno (6), semirmma OV = 0. Crporoe pasencTso OV uymo
IMEET MECTO JHINL B 9TOM ciyvac. HaoGopoT, mpH HEHIEHTIMHLIX NapaMeTpax
MONICHCTEM JIKE TP MOAGOPE  COOTBCTCTBYIONIMX HAYANLHLIX YCIOBHI  JOCTIML
crpororo pasenctBa (OV=0) ne ypaercs. [Ipiima, Ha Haut BT, COCTONT B TOM, 9TO
9Ta 3a7aUa CBOFUTCS K HAXOXKICHINO TAKIX 3HAUCHINT HavanbHBIX ycrmosmi Uy, s
KOTOPBIX BEMIMIHLI V;, BXOJSIIIIIC BO B3AIMOCBA3AHHLIE TPAHCIEHICHTHLIE YPABHEHIIS

‘/j :Kj [1+ '}{/ COS(U(),' +/Oj)]/Tj - UC'j /Tj.

CTPOro, a He NpHOMDKEHNO, PABHEL MEXTy c0o00il, obecne nnas, cornacHo (6), crporoe
pasencTso Hymo OV. OpHaxo, PEMEHNC YKA3aHHBIX TDPAHCIEHICHTHLIX YpaBHEHHT
MOJYIAeTCS C HEYCTPAHIMOIT IOTPEelIHOCTLIO, ompefensomeli omirime OV or Hyss.
3aMeTHM, TTO 3ECh 3ajiaBaeMble napamerpnl K, v, fo
NIOJIOKNTENBHbL] B CIUTY 11X (DH3HTECKOr0 CMLICIA.

C Uenbo BRIICHHTL BIIAHHUE HEMISHTIMHOCTI CTAPTOBLIX CKOPOCTEN TIPOIIECC OB
Vj Ha JUINAMIIKY MHOTOKOMIIOHEHTHOIl CHcTeMbl ypapHeHHA (2) PeUIaIch UICHEHHDIM
MeTofonM Pyure - Kyrror - Mepeosa [5], 11 erponicen npoexmnt (pasoBbix TIOPTPETOB
na mnockocrin Ul, U2 w U3, U2. OrHOocuTenLbHAsS TONPCHIHOCTL BBLIMICICHIN He
npespmitana  10-12. Tlpnm nererpupopannn (2) HavTanLHLIMI YCTOBHAMII  CITYSKIIL
3agasacnmbie pemruiael Uy - Ecin Uy 3a1aun 1t Bee mapaMeTps! B (2) 13BECTHLI, TO TEM
CAMBIM 3aJ[aHBI 1T CTAPTOBLIC CKOPOCTH Vj, BEI'IICIISIEMBIC KaK NIPABBIC TACTH YPABHCHIIT

T, 1 HemspecTHble Uy,



(2) npu 1=0. B cBo0 0Yepeh 3HAHHE BEIHYHHBI V; MO3BOISIET PACCYHTATE IO (hOpMyIIe
(6) 3maueHIe MEPE! HEMIEHTHYHOCTH OV.

1 mun Ounamurxu. MojenHpOBAHNE I0KA3Q70, YTO TPH BLITOTHEHHIE
cootHomrermit (5) 1 HavamnubIx ycnoBmax Uy =U, (TO ecTh mpH IJIeHTHIHOCTII
CTapPTOBBLIX CKOPOCTEl IPOIIECCOB B TOACHCTeMaX, Korna OV=0) B TpeXKOMIOHEHTHOI
clCTEME BO3HIIKACT TONBKO CTAIMOHAPHOE JBIDKENME. B 3TOM TECTOBOM CIIydae
3HAYCHHS (Pa30BLIX HAGEroOB U}, eCTECTBEHHO, OfHHAKOBDI.

Ecnu e mapamMeTpnl MOACHCTEM WICHTHYHBI (TO ecTh coorHomenns (5)
BBIOJHSIOTCA), 4 HAualbHBle ycloBHS Uy pasiimdubl, JuG0 HA0GOpOT, MapaMeTpsl
TOICHICTEM HEHJCHTHTHBI (TO eCTh XOTA Obl OfgHO u3 coorHomenmit (5) He
" BLIMONHSAETCS ), & HAYaNbHbIe yenoBHs Uy OMHAKORLI, TO B 3ABHCHMOCTH OT BEJIHHHLI

OV BO3MOXHBI €I IIECTH THIOB 3BOJIONIHM MHOTOKOMIOHCHTHON CHCTEMEL.

2-4 munot ounamuru. Tlpn 0<©V<0.001 cmeppa peammn3yercs HavanbHBII
nponece ycTaHopneHus U;, 3aTeM - IEPeXOiHbIl TpPOLECcC CO  CTANHOHAPHLIM
(mOCTOSHHBIM 1 OJHAKOBLIM) 3HAaveHneM (pa3opnix Haberos U; = U, (TITIC®). B
KadecTne Kkpnrepus ngertuduxanm ITITCP nenons30Banocs Clefyromnmee yeaonle:

\dU /1)U, <0.01. (7)

Kax noxazano mopennposanue, gnnreassocts f; IHIINCP no xpurepuio (7) 3asucut or
CTEHEHH HeMEHTHIHOCTH OV CTapTOBBIX CKOPOCTER TO 3AKOHY

1, =-Aln@V- B, (8)

KOTOPRIL NONYISH aANNpPOKCHMAu@ell 3aBHCHMOCTT, IIOKa3aHHON HA pHC. 2 KpHBOH 3.
3nech BenuYHHA f; HOPMUPOBAHA HAa €MHHHIYY BPEMEHH; [T yroOCTBA MOCTPOCHHS Ha
oci alcIpicC TPUBENEHLI 3HAYCHHA BeIHYHHLI OVUS; Bemmtmua OV u3MeHanach
3amaHieM 3uaveHus Uy, .

HeoGxommmo momuepkuyTtsh, uro IIIICD Bo3MOXEH B  KOILLUEBOM  HH-
TepdiepoOMeTpPe He TOMBKO C TPEMsT KEPPOBCKIMH CPEJAMH, HO TaKXKe H C JIPYTHM X
wicnom.  Coorromenue (8) B Takux
CHyYasx COXpaHseT CHIY, H3MEHSIOTCS
ML BXOJSAIIHG B HETO KOHCTaHTHL s
cpapHeHuns Ha PHC. 2 IPHBEJeHbI KpuBas [
(chywali JIBYX H 4CTHIPEX CPEf) 1 Kpupas 2
(cryuait mATH CPER). 40.00

B cmygae Tpex KEeppOBCKHX Cpef
nocne 3apepiiennd ITTIC® Bo3MoxHLI TPH
anLTEPHATHBHBIX ~ BAPHAHTA  JUHAMHKH
(pazosoro  HaOera:  HENEPHOTUIECKHIT,
NEePUONMYCCKUl, CTAIMOHAPHLIT «Pa3HO- z0.00

30.00

ypOBHEBLI»  mponeccel.  Ilpu  sTOM ~

3Hauennss U; PasmmdHEl, 9TO OTHMYAET | R, 2 \

«Pa3HOYPOBHEBLI» CTANMOHADHLIA mpO- ;:\ \\\\

mecc ot ITIC®. _ \\%Wﬁﬁ
TTopora HEMJIEHTHYHOCTH, TO €CTh 0.00 Jorrrrrrr s oo

Qs
MHHAMAILHOTO 3HauveHns OV, maupHag C av
KOTOPOr0  CTAIMOHAPHOCTL — MPOLECCA  Puc. 2. 3apmcaMocTs AmATETbHOCTH 7 IITICH ot
COXpaHsAeTCA KaK yrojHoO Joiaro, He BLIAB- Mepol HemenTIaHoCcTH GV cTapTOBBIX CKOpOCTell:

JIEHO BIUIOTH 7O 3HaveHms ©V~10-12. Dror TPH smavemmsx mapamerpos T=lc, y=08, K;=5,
. fomUnp=Ug3=0 s cmywaes: "I- myx (A=0.50,
(baxr cormacyercs ¢ yeranopnenol 3au- P ARTI L0 8 06y BLA1T) epeys 2 -

cimocTBIO (8) (oM. KpuByro 3 Ha puc. 2). wta cpey, A=0.72, B=5.63; 3 - Tpex cpen, A=2.09,
B=14.77
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Pruc. 3. TMpoexigui pa3oBLIX NOPTPETOR A el plioguIeckoro npouecca npir @V = 0.1515 1 suage-
nsx mapameTpos T; =1e, ¥y =1, Ug; =fy; =0, K(=9. K2=10, K3=9

5-7 munot Ounamuxu, Onsa suavenmi ©Ve[0.001, 1[ mocme navampHOrO
mpouecca yCTawoBnerns U, Hepexofblil Ipolece co CTAIHOHAPHLIM (I OITHAKOBLIM)
swavenneM U; =Uy (C OrpamiMCHHONl JUMITENLHOCTBIO f) He 3apukcnposad. B
3ABICHMOCTII OT CTCMNCHH HEHJCHTIMHOCTH CTapTOBLIX CKOPOCTEN IPOLECCOB B
HOJICIICTEMAY  peainayercs aubo Hemepuomiteckii npouecc (mpiMeps! NMPOEKI
(pA30BLIX OPTPETOB NMPIBENIEHLI Ha Pric. 3, 4), nuGo nepuoIIecKil (IpUMep NPOeKIMT
(ha30BLIX TOPTPETOB NpIHBEeH Ha pic. 5), mb0 «pa3sHOyPOBHEBLII» CTAMOBAPHEIIL, TO
eCT C PasHbIMIL 3HaUCHISIMI U,

Buavenne OV=1 cay:xiT cBoero pojia rpaHnueii, DockoxepKy npin ©V>1 Bo Beex
UPOREICHHLIX  BLIYHCAMTENLHLIX  OKCIEPIMEHTAX HENEPIIOANTIeCKNEe ITPOLECChl  He
3apukcnposanbl. Hpmviep npoekmil ha3oBLIX TOPTPETOR NEPHOMIYECKOTO NMpoIecca
npupegen Ha puc. 6. O NEPHOTUMHOCTI [POLECCOB HPHXOMUIOCH CYAMTL MO BITY
npoekuil (pa30BLIX NOPTPETOB, H300PLKEHHBIX Ha PIC. 5, 6 1 MIeHTHHHLUIIPOBAHHEIX
KAK TIPEJCTbHLIE IIHKILL

ECTCCTBGHHO OLI10  Obl TOXKHIATL,  YUTO apu «CHALHOI» HEIJICHTHYHOCTI
CTE{[)TOBI)IX CKOPOCTEIUI JHAaMIKA MHEOTOKOMITOHEHTHOIT CHCTCMDLI Hajiexa oT
neprnomigHocTii 1 HaoOopor. Ho npepcrapmgercs NPOAYKTHBHLIM HCIIONIL3OBAHIE
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Prc. 4. ITpoexinmr hasoBBIX HOPTPETOB AU IleHePLONIITECKOTO gpouecca mpr OV = 0.1938 n
sHave Iy napaneTpos 1; =lc. vy =1, fo; =0, K;=5, Uy =Upp=0, Uy3=0.785 pan
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Puc. 5. ITpoexmmimt ¢ha20BLIX MOPTPETOR NS TEPHOMIIECKOTO upbuecca opr OV = 0.606 u 3pavenmsx
napametpos T; =le, ¥ =1, Ug;=fy; =0, K1=8, K,=5, K3=8

HEKOTOPOM aHANOTUH MEXJAY MHOTOKOMIIOHEHTHON cycreMoli (2) U OGHONOrHYecKuMH
o6 BexTaMIr*, st KOTOPBIX etie B 1966 r. 6bIn chopMyIHpOBAH «IPHHIHIT HAMMEHbILEro
neficTsys»>. COTNAcHo NMPHHEIAINY, KaXgas MOACHCTEMA B OPraHM3Me pearupyeT Tak,
9T00LI B3AaHMOJEHCTBHE C JPYTHMH MOACHCTEMAMM, OTIHUIHBIMM OT Hee, ObIIO
MUHIMaNbHEIM. Ha ocHOBe 9TOro mpuuummna o0bACHAeTcs TOT (akKT, Iro JMHAMHKA
B3aUMOCBA3H MEXY OTINHMYAIOIIUMHICS IOJCUCTEMAMI NPUOOPETAET MOBTOPSIONIMIC,
IUKITHIECKUA XapaKkTep, TO eCTh HACTYNAeT CHHXPOHH3AUUS KONeGaTeNbHEIX IPOLECCOB
BO B3AHMOCBS3aHHLIX HopcrcTeMax [6]. TIpH «CunbHOM» HEMEHTHTHOCTIH, Korjia OV>1,
THIHYALIMEA  JIIHAMHUCCKAME  COCTOSHMSMI — CHCTEMLI, COIJIACHO pe3yibhTaTam
MOJIENMPOBAHN, OKA3LIBAIOTCS NEPUOTHYECKHE H CTAlIOHAPHLIE MPOIECCHI, UTO MOXKHO
HHTEPUPETHPOBATL KAK CHHXPOHHOE B3AMMOAEHCTBHE HOJICHCTEM.

Opuako, ecn Ha OHOCHCTEMY BO3JEHCTBYIOT —«Ciab0»  OTIMYAIOUIMECS
«CHTHATBI», TO wHanbGonmee BepOSTEH ciydalf HAECHHXPOHR3AINH JHHAMITYECKOro
COCTOAHHS GHOCHCTEMBLI, HAPYIICHHs B3auMoOpeficTeus ee wacreir [6]. OmpepeneHHyio
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Puc. 6. TTpoexups (pa3oBhIX IOPTPETOB AT HEPHORHTECKOrO Ipoliecca Mpi AV = 1.4696 b smajvennsax

napameTpos T;=1c, v; =1, Ugj =fo; =0, K1=2, Ky=5, K3=8

* Ha o7y anaorizo BIManke apTopos o6paTHN M. B. Muraixws.
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AHAJIOLTIO TAKOI CHTYAIIT MOAKHO YCMOTDCTh B TOM, 4TO 1P ©Y <) HCTICPHOIMIECKNE
NPONECCHI MOTYT SBITHCS (PHHATIOM 3BOTIOUHI TPEXKOMIOHEHTHOLT CHCTEMDI.

OTMCTIIM, UTO. COPMACHO PE3yNLTATAM MOJCTHPOBaHIS, HHTepsan |0,1[ 3uayenn
OV, B KOTOPOM JIHAMIKA4 MHOFOKOMIOHEHTHOI CHCTEMBbI CITOKHA, OTHOCHTENLHO Y30K.

4, Taxnm oOpasos, B pabore CAenaHa MONBITKA IOCPEJICTBOM KOMIBLIOTEPHOTO
MOJICTIIPOBAHNIA  BLUICHIITL  BIIISHIC CTeMeHn HemeHTiyHocT OV HavannHBIX
CKOPOCTCH IPOLECCOB B TPEX B3AHIMOCBI3AHHLIX HENITHETHLIX TIOJICIICTEMAX KONBIEBOr0
HHTEpgepOMeTpa Ha TIHAMIKY HeMNHeHbIX (pa3onbix HaGeros U IIpuMeRHTENLHO K
DACCMOTDEHHOMY  BAaPHAHTY  ONTHKO-(PU3INEcKOl  cXCMBl, B NPHOMIDKESHHI
NPEHEOPEIKIMO MAZOr0 MCJIKOMACINTaOHOTO B3aNMOJCIHCTBIIA ONTIYECKIX MOJCl B
KAsK 01T 113 TOJICHCTCN, JUTst ITHAMITUECKOIT CHCTEMDBI, OMICHIBAeMOll (2), BEIUICICHA ee
museprenmist  (3). TIPCAnOKCHO HCCKOMLKO  MFICHCHHBLIX  XapaKTCPHCTHK — OTITHYII
MAPAMCTPOB TTOACTICTCA 11 HaTANLHLIX yerosnii. Ha ocnoBe ofHoT 13 Hirx (6) nmposejieHa
KnaccnuUKALIg THIOB MIHANIIKIT HeMHHENHLIX (pazopnix vaGerow U TloxazaHo, uTO
pemnFa U; BANSCT HA CTPOCHHC ATTPAKTOPA. IPINICM BO3MOXKHLI CEMb BAPHAHTOR
IBOJMOUII  TPCXKOMIOHCHTHONI  CHCTCMBI,  BKJIIOMAONUIC  HCIIEPHOJHIYECKITE,
TICPHOJIUCCKIS 1T CTAlHONApHLIC (ABYX TinOR) nporecchl ITIpn @V < 10-3 peannsyercs
nepexouplii mponece - no kpurepmo (7) - €O CTAIMOHAPHBIM (11 OfITHAKOBLIM)
sHaenten (Ha3oBeIX HAGETOB, JUIIITCALHOCTL KOTOPOTO 3ancit o1 OV 1o 3akony (8).
Taxoift npotiecc IMeeT MCCTO TAKKE B JIBYX-, UETLIPEX- I MATHKOMIIOHEHTOI CHCTEMAX
npi 0<@V<1i(-2 (em. pric. 2), wro nozpossier cynTath THICD npn3nakom «cnaGoil»
HEIPIEHTIHUHOCTII CTAPTORLIX CKOPOCTCHl IpoueccoB B nojcHcTeMax. OTCyTCTBIE NIPI
OV>1 HemepHoMIrIecKx TMPOIEcCOB  MOXKHO  OOLACHHTL, HCXOMA 113 «IPIHIHIIA
HATIMCHBILICTO JICHCTRIST», COPABCIIIBOTO AT MHOTCOKOMIOHCHTHLIX ONOMOITTIECKIX
crcren [6]. 3apeprieHiic IBONIOUINIT TPEXKOMIOHEHTHOI CICTEMBI HCTICPHOMIMCCKIIM
MPONECCOM BOZMOKHOC TIpI OV < | mpeamaracTes THTEPIPeTHPOBAT. TAKKe NCXOJIT 113
auanori ¢ 6nocncremolt [6]. :

TToayyeHnusIe Pe3ynnLTaThl JJAIOT aPryMCHTBl B MTONL3Y MOCTAHOBKI 3ajadn o
CIATE3C MHOTOKOMIIOHCHTHOT! CHCTCMBI © 3QJULHHBLIM TIIIOM JIHHAMIKIL ITyTeM BLIOODA
CTEMEHIT HCTHICHTIMHOCTI TTAPAMETPOB TIPOCTPAHCTBEHHO PA3AEIICHHLIX TTOICHCTEM I 11X
HAUATLHLIX COCTOARIN. CReyeT OTMETHTE, TITO CBSI3L MEXKITY HEIICHTIMHOCTLIO HacTell
I XAPAKTEPOM IOBCJICHHS {CHAOTO COCTABMTCT OfHO N3 HANPABIACHHUIT HCCNEOBAHIIT
SBONMIONNOHHOI IIATPOMHKII - yUeHHT 0 paznooGpasil. Cornacro 10.B. Yafikxopckony,
JUTS CAMOODPTAHH3AUMIT CHCTCMBI, (popMUpPYROIIEil cOOCTBCHHYIO Cpejfly, HCOOXOJIMO
BLICOKOE Pa3HooO0pasie 2JCMCHTOB I nx  cpgicit. Ho Beakoe pasHooOpasne He
(POpPMALHO, TO CCTh HE MOXKET OLIThH MOTHOCTLIO YIOPSJIOUCHO ANTCOPIITMOM, d, 3HAMIIT,
OHO CIyUalfHO ¢ aNrOPHTMIMNECKON TOUKI 3peni 7). :

AKTYANLHON  TIPCICTARIACTCA NPOBEPKA  MONYUCHHBIX  3aKOHOMCPHOCTEN  Ha
SKCIEPHMEHTANLHOI OCHOBE, COMAHNOM aBTopasil pasoTst [1]. Teat camuin yranocs Out
HCKITIOMITh €CTCCTBEHHBIC MOJO3PCHIL OTHOCHTENBHO TOFO, TO OMICAHHLIE SBACHH
MOTYT  CYMIECTBOBATL - IO TOYHOMY BpIpakeHHo JI. O. Yya - « mHmn B
MATEMATHIECKIIX abCTPAKINIAX 1 B KOMIILIOTEPHDLIX KCHCPIUMCHTAX C MPIJIYMAHHBIMIL
ypaBHeHTIIMID [§].

ApTOpel  Omarofapunt M. B, MuranxkiHy 3a  0OCYXjeHHE — Pe3yabTaTon
MojienpoBanis 11 A JI. MarasusHiuKoBY - 3a NMOMOINL B HCCHCMOBAHIIL JIBYX- 1
YCTLIPEXKOMITOHEHTHLIX CHCTCM.
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THREE KERR NONLINEAR MEDIUMS IN THE RING INTERFEROMETER:
THE IMPORTANCE OF NONIDENTITY

A.L Arshinov, R.R. Mudarisov, B.N. Poizner

The simplified dynamics model of the nonlinear phase modulation in the ring in-
terferometer, containing three nonlinear mediums, whose light fields are interdependent
is considered. The quantitative measure of nonidentity of start velocities @V of the pro-
cesses in the subsystems is proposed. The computer imitation has shown: 1 - attractor
structure in phase space of multicomponent system depends on value of ©V, and seven
alternatives of system dynamics including nonperiodic, periodic, stationary processes are
possible; 2 - when value of OV is order 10-3 or less then duration f, of transitive sta-
tionary process in early evolution of multicomponent system depends on the value of OV
as t, =-Aln ©V - B, in so doing the minimal value of ©V (up to and including 10-12) was
not found; 3 - nonperiodic processes were disclosed only in the limited interval ]0,1[of
values OV.

Apunos Anexceii Heanoauy - pomuncs 3 1967 rofry B ToMcke. AcCIipanT
pafnocusmaeckoro  axymbreTa Tomckoro ymmsepcuTera. OGHacTil HayIHBIX
HUTEPeCcOB: HenmHeliHas [UHAMIKA NPOCTPANCTBEHHO PA3fIefICHHbIX —CHCTEM,
MOJIETHPOBAHIIC BPOIECCOB ONTHYCCKOH MOP(OT eHETHKH.
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HATYPHASL MMHTAIINA HMIIYJILCHOM PAZUPOBAHHON
AHTEHHONI PEWETKH HA OCHOBE BUPKATOPOB

B.B. Anexun, AL Oybunces, B.JA. Ceaenup, H.B. Cinenarnos,
O.A. Hlampo, K.B. Iudaarxo

HPH TOMOTIT BOMTOBOJIHOTO NMITTATOPA OCYIIECTBIACHO MOSTIPOBAMIIC H3/TY e HIST
HMH}'.‘TI)CHO—HCPI[OI],H‘ICCKOﬁ beBIIPOBaTHIOIUI ANTE HHOT PELICTKII © BIIPKATOP4MII B Ka9eCTBC
JNeMENTOB  PCLUCTKIL I/ICC."]C,TLOB&HO UCKAXKCHIe  CYMMAplIOTO  HMITYILCA  BCJISACTBIIC
HEOJHOBPE MEHIIOCTIF TPIXOJa TapLliaIbHbIX CHTIHIRIOB.

Ipn pazpaborke GasnpoBaHHLIX aHTeHHLIX pemeTok (PAP) BakHO 3apaHee
3HATL XAPAKTEPHCTHKH €€ TTyUeHIs: KO3 DIINCHT YCHICHHS, KAUeCTBO CIOXKECHHS
HapUHaJBHLEIX BOMM QT OTJIRMIBHBIX H3Nyuarenefl u T.J., OFHAKO TEOPETHUYECKH
paccunTaTh STH XapaKTepHCTHKI uame Bcero He ypaercs. ITostomy mpmnberaror K
AKCIEPUMEHTANLHLIM METOIAM, KOITA 10Me 13myucHist AP MomennpyeTcst ¢ OMOIILIO
opuoro nsnydarens (CBY reneparopa), MOMCUIEHHOrO B TAK HA3LIBACMLIA HMITATOD
©AP [1.2).

B nocnegree spemd nomywn paspurie Mouusie ®AP ¢ pensrisierekamu CBY
reHepaTopamMIl B KauectBe cponx anementon [3]. OOLIMHO Takme reHepaToOpbI
OPEACTABIAT COO0H  JOPOTOCTOANTHEe yCTPONCTBA, DLUIOMHEHHLIE HA  OCHOBE
CHNLHOTOUHBIX YCKOPHTENEH 3MeKTPOHOB. 1103TOMY NIpefBapHTENbHOES HCCICNOBAHHE
omuoynoro CBY rexeparopa B nmuratope @ AP ocoberno akTyannHo.

Wwinrratop € AP oOprino npepcraBnser coboif cBepXpasMEepHLIT BOJTHOBOJ C
3EPKANLHLIMII  CTEHKAMI 1 I3nydaresneM Ha oci. DopMa MOmepedHoro CeueHIs
BONHOBOMA ONpPENENAET SMEMEHTAPHYIO gueliky Mopenapyemoii ®AP. TIpumuunn
JEeACTBHA HMHTATODA CXOJEH C IPHHIUIOM JICHCTBHS KANEHTOCKON2 1 OCHOBAH HAa
MHOTOKPATHBIX OTPAXKCHISX SNECKTPOMATHHTHOI BOJHBI OT CTEHOK BOJNHOBOJA, IPH
KOTOPBIX qjopanvn Tca GeckoHeyHoe mone m3obpaxkenii (prc. 1). TTostoMy cnrmarn,
PErHCTPHPYEMBIT MDHEMHIKOM, OyIeT HICHTITUEH CHIHANY OT OECKOHEUHOH HeanbHO
cinchasnoii GAP. )

B peanbHOM CIIydae MBI IMEEM IETI0 C II3IyJaTeseM, THACPAMMA HATIPABICHHOCTII
KOTOPOT0 MPAKTHYCCKI COCPCAOTOTEHA B HEKOTOPOM KOHYCE, OCh KOTOPOTO COBNATAET
¢ ocpro m3myuarens. B oToMm ciydae mogennpyercs PAP ¢ KOHEUHBIM KONMHIECTBOM
smeMeHTOBR  pemevku.  COCOGCHHOCTBLIO —WMHTAIN  mMIyILCHON ®AP, xorma
JVIHTCIEHOCTL MMITYIBbCA H3TYyUaTENs CPaBHUMa C BPEMEHEeM PACIpOCTPAHEHHs CUTHANA
A0 TPHEMHHKA, SBAAETCA HEH30XPOHHOCTL NPHXOAA HAPUHANLHLIX CHTHANOB. DTO

UPHBOJUT K JFHHAMITICCKON HepecTpOiKC CyMMAPHOIO CUTHAand, NPOSBJISIOIIEHCS,
HaIlpAMEP, B 3aTATHBAHNI €T0 3aJHEr0 (hpoHTa.
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Ohdextsl  MEAMHUECRON mepe-  — — — — — — . _
CTPOHKH JIETKO YYECTh B NPUOMIKEHMH ' ™

reOMeTpHIecKOl  onmTukd. [Ipm  aToMm o . :
HeM3OXPOHHOCTL NPHXOJA NAPUMANLHBIX 0 2
CHTHANIOB  COOTBETCTBYeT  Kaxyuieica F 7 R
BOJHE BO30yxXjeHHs 9nemeHToB OAP,
JBIKYIENCS €O CKOPOCTHIO IS et
ETor 2
v=cy(L2+y2)-1/2, €y — —I—/—/ ———————

rie L - paccTOSHHE MEX/y TeHePaTOpoOM H B
TIPUEMHHKOM, C - CKOPOCTBL CBE€Ta, Yy - - T T 0T -0~
norepevynas kxoopmuHata (y=nD, D -
TEPHOJ[ PEUIeTKH, 71 ~ HOMEP u300pase- Pac. 1. Cxeva marratopa ®AP
His). ‘Torma CyMMapusii CHTHAT MOXKHO
3AMICATL B BHJIE

o (

])(7‘):2 ])O{[-(1/0)[(L2+]12D2)1/2 - L]}M Ru((p”)’ (2)
n=0 1+(/1D/L)2 °

rjie poff)- CHIHAT C OJJHOTO TEHEPATOpa B CBOGOFHOM NPOCTPAHCTBE, f7((,) 1 fz(0,)
JUATPAMMBLI  HAYNIPABJICHHOCTY AHTEHH TeHepaTopa H HPHEMHHKA COOTBETCTBEHHO,
HOpMHUPOBaHHLIE Tak, 4T00BI [fr(0)=/x(0)=1, R(9,)-xoaddumuenr orpaxenus
3MEKTPOMATHUTHON BONHLI CTEHKOH HMUTAaTOpa, ¢,=arctg(nD/L), g,=1 npu n=0u g,=2 B
OCTaNbLHLIX chy4asx. CornacHo (2), BO3MOXHA HMUTALNS I KOHEYHOH D AP, pasMep
KOTODOH ONpefielIIeTCs YINOBLIME XapAKTepUCTHK aMK aHTeRH [( ¢, ) ¥ fx(®,)-

B oexcmeprmenrax no HarypHOil mmurammu  DPAP  oleMEHTOM  PEIIETKI
(m3nyuaTenem) seasncs ummynscHelii CBY remepatop Tuma BHpkarop [4], sB-
JSIOIIHHCSA, [0  CYTH, ETHHCTBEHHLIM TEHEPATOPOM, Cmoco0HEIM paGorath  Ge3
MATHHTHOTO CONPOBOXKMIEHHA NYUKA, 4TO YHPOUIACT CO3NAHNE MMIYJILCHO-TIE-
prommaeckoii ®AP wa ero ocrope. XapakTEPHCTHKH W3NMydYEHHS BHPKATOpa Clie-
JyIOITHe: BLIXONHAS MOIHOCTL - Gonee 100 MBT, minna BOMHLI H3My4YeHHT - 3 CM,
BANTENLHOCTE HMIOyAbca - 20 HC, 9acTOTa MOBTOPEHHS HMOyIbcoB - mo 10 I,
HOAPHM3alua KPYroBas, farpaMmMa HallpaBIeHHOCTH, IPEICTABICHHAS Ha PIC. 2, IMeer
BYXIENECTKOBLI npodmwib ¢ 9hHekTHBHLIM yritom nonypactsopa 18°.

BupkaTop momeuiancs B CepeguHy IIOCKOTO BONHOBONA C METAIIMYECKHMH
crenkamvu uimroli 3000 MM, pACCTOSHME MEXKIy KOTOPhIMH cocTtasmsio 720 mm. B
KAuecTBe NPUEMHMKA HCIOJNL30BANCS DACIONOXKEHHBII B OTpe3ke BONHOBOAA
pasMepamu 23x10 MM TONYIPOBOIHUKOBLIT HETEKTOP, AHATOTHYHEI OMICaHHOMY B [5].
OTpe30K BONHOBOJA INpPHEMHMKAa BO3OYXJANCA € NOMOLILIO NPHEMHOI AHTEHHLI C
JUIATPAMMOIT HAIPABIEHHOCTH, Jexauieil B 22°-0M yrie moaypacTBopa nmo ypossio 0.5.
Cam npHeMHHK pacronaraics Ha paccrosuuau L=3000 MM OoT n3nyuaTend.

B Takofi Kordurypamin ocymecTBIseTcss IMITAIMS KOHEeYHOH mureimol ®AP ¢
nepiogoM D = 720 MM, IiHHA KOTOPOH 1
KOJHYECTBO 3JIEMEHTOB B HEll ompemens- f
IOTCS B OCHOBHOM JUarpaMMoif Hampap- — KBr/es’
JCHHOCTH BUPKATOpA. 30 §_l

PesyabTaTsl HMATALHK JIpEfCcTaBie-
HLI HA puc. 3, TOe DPUBEOEHL] OCUMI-

norpammel oradaromux CBY curHanos: a 2.0 ; %‘% T
- I7Ig OJHOrQ TeHepaTopa B CBOOOAHOM ; ? % ;
IPOCTPAHCTBE; 6 - IS TEHEPATOPA,PACTIO- 1.0 F—5% s

NOXKEHHOI0 BREOML OFHOW OTpaXKaromen

TIOBEPXHOCTH (remepaTtop + OJTHO |
. i 0.0 ,

n300paxkenue); 6 - JuIS TEHeTaTopa B 10.0 20.0 @, rpax

HMHUTATOPE.

Prc. 2. JJmarpasma HanpaBAGHEOCTA BADKATOPa
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Pacierst no hopmyne (2) 1 ananms

Neriar 100 Mr OCHIIIOTPIMM PIC. 3 MOKA3LIBAIOT, 4TO

By OCHOBHOIT FKNaJ B H3My9eHNe OKA3LIBAOT

" mmub  N=2n+1=7 reHepatopoB  Mo-

fenupyemoit bAP, a VIIpenIe
CIITHANIA HE OPEeBROUACT

Ar=(1/c)((La+n2D2)i2 - L)=3 5.

OT11 PEIYILTATEI CBHAETEILCTBYIOT O
BO3MOXKHOCTH HATYPHOTO MOJCTIIPDOBAHIIL
DOAP ¢ IOMOWILIO  JIHIUL  OJHOrO
CCHEPATOP:. Pﬂf}yl\'IeeTCﬂ, TaxKasgs HMMHTANIg
Pic. 3. Ocupnsorpavsp! orndaongry CBU  SOSMOMHA 11 JULT M3TYHATENET UK u
iAo ONTITIECKONO IAA30HOB.
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A FULL-SCALE SIMULATION
OF A PULSED VIRCATOR-BASED PHASED ARRAY

B.V.Alekhin, A.E.Dubinov, V.D.Selemir, N.V.Stepanov,
O.A.Shamro, K.V.Shibalko

With the help of a waveguide simulator there was carried out the modeling of a
phased array with vircators in the capacity of the airay elements. The distribution.of a
total pulse because of non-simu’ aneity of partial signals arrival was investigated.
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ANALYSING AND CONTROLLING CHAOS
IN SPIN-WAVE INSTABILITIES

H. Benner, R. Henn, F. Rodelsperger, G. Wiese

Ferromagnetic samples excited by strong microwave fields show a variety of non-
lincar phenomena. We report on magnetic resonance experiments in ylirium iron garnet
(YIG) probing spin-wave instabilities above the first-order Subl threshold. A variety of dif-
ferent scenarjos, e.g. period doubling routes, quasiperiodicity. different types of intermitiency
together with a very complex muliistability have been found and analysed. In the case of
nonresonant e¢xcitation of the uniform mode the observed chaotic autooscillations correspond
to a low-dimensional attractor (D; = 2.1) with a characteristic time scale of ps, whereas for
resonant excitation very high-dimensional atiractors (Dy=7... >15) are obtained. In order to
stabilise unstable periodic orbits in such a fast system we developed an analog feedback de-
vice, which is related to the controlling scheme of Ott, Grebogi and Yorke. We succeeded in
suppressing the low-dimensional chaos by applying a very small time-dependent feedback
signal of about 10- 3 the amplitude of the input microwave field.

1. Introduction

Magnetic insulators are very interesting objects for studying nonlinear dynamics,
since even their simplest equation of motion

M(r,r) = - yM(r 1) x Hey (ry) + dissipation : (1a)

contains intrinsically nonlinear terms. Considering non-fluctuating terms only and ne-

glecting dissipation for a moment, the time evolution of magnetization is described by the
torque of an effective field

Hey (r.1) = H + heosor + AM(r.) + DVZM(r 1) + V{Vfdi*r’ M)/l - '}, (1b)
where A - matrix.

For the systems of interest H,y; is composed of the external dc and ac magnetic fields, of
demagnetizing and single-site anisotropy fields, of an exchange field, and of a dipolar
field, depending themselves on the magnetization and giving rise to nonlinearities. Usu-
ally, this equation is discussed only for weak excitation (h<<H.AM gtc.) by linearizir. g its
rh. side with respect to deviations of M(r.f) from thermal equilibrium M,. However,
even if confining ourselves to uniform magnetization, the exact solution of (1) shows a
bistability («foldover effecr») at moderate excitation amplitudes [1]. Moreover, the addi-
tional effect of the non-focal exchange and dipolar fields may result in more complicated
threshold phenomena indicating self-induced formation of spatio-temporal structures.

[95]
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Part of these phenomena are well known for several decades from high-power fer-
romagetic resonance (FMR) experiments [2-5], and have theoretically been explained by
Suhl [6] to result from the parametric excitation of spin waves through transverse pump-
ing of the uniform mode. Suhl considered two cases, where the excitation of spin waves
should be most efficient: The first-order Suhl instability results from the excitation of
spin waves at half the pumping frequency, , =w/2, the second-order instability from
spin waves at w, =o. The specific properties of these instabilities have extensively been
studied since a long time and have been reviewed in several articles [1,7-9].

During the last decade the progress of nonlinear dynamics has stimulated the re-
examination of high-power FMR experiments under the more general aspect of de-
terministic chaos. Experiments, mostly performed on the low-dissipative prototype of a
ferromagnet, yttrium iron gainet (YIG), have exhibited a variety of nonlinear phenomena,
e.g. low-frequency auto-oscillations, period doublings, quasiperiodicity, mode-locking,
intermittency, and chaos [9-18]. The experiments were mainly discussed in terms of:
models considering only a minimum number (2 or 3) of coupled spin-wave modes [17-
21]. More realistic descriptions have taken into account the full degenerate spin-wave
manifold [22-24] or are based on the direct integration of the equation of motion for
M(r,r) [25].

Here, in an exemplary way, we focus on recent experimental results obtained on
YIG spheres at the first-order Suhl instability (Sect.2). Since the complexity of this sys-
tem can be varied within a wide range by the proper choice of external parameters (e.g.
pumping frequency and input power, magnetic field, orientation, and temperature), it
could be used as a (nearly) ideal model system for probing general concepts of nonlinear
dynamics which generally work quite well in computer systems or in tailored mechanical
or electrical devices, but often fail in real systems, especially in solid state physics. Sev-
eral new and interesting phenomena have been observed: the occurrence of auto-
oscillations starting directly at the Suhl threshold, a very complex multistability ac-
companied by sequences of bifurcations, different types of intermittency, including a new
type of chaos-chaos intermittency and crises. We try to classify the observed pre-chaotic
behaviour, report on techniques how to characterize the chaotic state, and present anal-
yses of our data (Sect.3). A theoretical interpretation of these phenomena, taking into ac-
count the specific properties of long-wave modes, has been developed by us in a series of
papers [26-29], but is beyond the scope of this article.

Finally, we consider the topical problem concerning the possibility of chaos sup-
pression by stabilizing inherent unstable periodic orbits with the help of very weak ex-
ternal perturbations. By means of an analogy feedback device related to the controlling
scheme of Ott, Grebogi, and Yorke (OGY)[30] we succeeded in suppressing the observed
chaotic signal by a small time-dependent perturbation of the applied microwave power
(Sect.4). To our knowlege, this experiment represents the fastest system controlled so far
by a feedback system which stabilizes the inherent periodic dynamics of a strange at-
tractor.

2. Experiments in YIG Spheres

2.1. Subsidiary absorption and coincidence regime. The first-order Subl in-
stability is characterized by the decay of the externally driven uniform mode info two spin
waves of half the pumping frequency @ =@,/2 and opposite wave vectors (k, —.k) ac-
cording to the conservation of energy and quasi-momentum. This instability can either be
observed off resonance (i.e. with the pumping frequency @, far away from the usual fer-
romagnetic resonance o) as a subsidiary absorption, or directl}{ on resonance (mf,zcoo)
within the coincidence regime. Profiting from the 1‘esonance.amphf1catmn of the uniform
mode, experiments in the coincidence require much less microwave power to reach the

threshold (for pure YIG three orders of magnitude less). N . ‘
For spherical samples the eigenfrequency of the uniform mode m,, which describes

the uniform precession of the spins around the external magnetic field Hllz", is given by



0= Y(H +H,). (1)

H, describes the influence of weak cubic crystal field (cf. Tablel) which depends on
sample orientation and can generally be neglected. The uniform mode is driven by a
transverse homogeneous microwave field /icos(w, )x" at a pumping frequency w,. The

dispersion relation w; of plane spin waves with a wave vector k and a propagation angle
6, =« (k , H) reads [1]

ol =v2(H; + DK2)(H; + D2 + 47tM; sin?9,), (2)

where y=gli/f1 denotes the gyromagnetic ratio, D the stiffness constant and My the sat-
uration magnetization. The internal magnetic field //;, = H + H, - 4nMs/3 includes the de-
magnetizing field of the sphere. The dependence on 8, reflects the anisotropy of the di-
polar interaction and gives rise to a band of spin waves, the lower edge corresponding to
spin waves which propagate parallel to H and the upper edge to those which propagate in
perpendicular direction.
The first-order instability only occurs if w,/2 exceeds the bottom of the spin-wave
band, which is the case for
o, = 2yH,. (3)

Normally this condition can only be fulfilled for off-resonance excitation of the uniform
mode. In this case subsidiary absorption shows up in a field scan as a broad structure be-
low the main FMR line, which was the standard situation in previous experiments. Only
in low fields it is possible to observe the instability on resonance (©, =2w=w,). The cor-
responding field range of this so-called coincidence regine is limited by [6]

4snyM ¢ < W, < 8/3mMs. @)

The upper limit follows from (1) and (3), the lower limit from the vanishing of the FMR
signal due to the formation of magnetic domains for H;<0. For pure YIG samples at room
temperature this regime occurs for pumping frequencies w,/2r between 1.7 and 3.3 GHz,
corresponding to external magnetic fields between about 700 and 1300 Oe for Hil (100).

In order to determine the critical modes which are the first to become unstable at
the threshold one has to minimize the critical amplitude 5 of the uniform mode for ex-
citing a pair of eigenmodes at @, = @,/2. In the case of plane spin waves (k, -k) this
critiical amplitude is given by [1]

| bO,cri[_l = T]/\/l pkk’|7 | pkk" = 47tyMSsin6k COS@k ((Dk + ’Y[’[, + 'YD/CZ) 6k,-k/0~)k R (5)

where n, denotes the spin-wave damping and py- the dipolar coupling coefficient. As-
suming the spin-wave damping 1, to be constant, the minimum threshold is obtained for
6, =45° as long as ®,/2 meets the 45°-branch of the spin-wave band. Then we have
k>>d-1 (inverse sample diameter), and the plane-wave approximation can be applied. If
®,/2 is below the 45°-branch, one expects the excitation of longwave modes with £—0
(Fig.1), which are not adequately described by the plane-wave approximation. Hence,
the analysis of our data has to be based on a generalized type of eigenmodes including the
boundary conditions of the sample as proposed by Wiese [28]. In practice, this means that
(5) has to be adapted to this more appropriate type of eigenmodes. A detailed analysis of
the critical modes, which is based on the experimental observation of a distinct fine
structure occurring at the threshold, has been presented recently [28,29].
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Fig. 1. Parametric excitation of non-uniform modes at the first-order Suhl instability ( @, = cop/Z).
a) Excitation of spin waves (k, = 104 - 105 cm-1 and 6;~ 45°) in low magnetic field. b) Excitation of
long-wavelength modes (k,— 0 and 8; <45°) in higher magnetic field

- Table. Properties of spherical YIG samples

T=300K T=42K
saluration magnetization 4nMg 1780 Oe 2440 Oe
gyromagnetic ratio Y/27 2.798 MHzOe"1 2.798 MHzOe" 1
stiffness constant D 4.48x10-9 Oe cm?2 424510~ 9 Oe cm?2
anisotropy field H,, Hll<100> +90 Oe + 260 Oe

Hil<111> - 50 Oe -140 Oe
coincidence regime ©p/21 1.66 - 3.32 GHz 2.28 - 4.56 GHz

2.2. Experimental Set-up. A prototype ferromagnet used most often for the in-
vestigation of nonlinear spin dynamics is yttrium iron garnet Y;FesOy, [31]. Its important
advantages are a rather strong magnetization even at room temperature and extremely
narrow resonance lines of both the uniform mode (AH,= 2 ny/y <1 Oe) and of the spin
waves (AH, = 2n,/y= 0.3 Oe) resulting it a very low threshold for spin-wave instabilities.
Note that the threshold amplitude in the coincidence regime only amounts to /i =
AHAH/87nM < 1mOe, corresponding to an irradiated power of some 50 pW.

In view of such small thresholds, «high power» FMR experiments, in principle, can
be performed with a conventional ESR spectrometer. We studied the subsidiary absorp-
tion, for example, at 9.3 GHz by means of a bimodal transmission type cavity of quality
factor 3000. For our experiments in the coincidence regime we preferred a broad-band
(1 - 4 GHz) transmission-type set-up (Fig.2). For the transverse excitation and de-
tection of the uniform mode, instead of a microwave cavity, we used two microcoils with
perpendicular orientation in order to minimize mutual disturbations by crosstalk. The
squared amplitude of the driving field / at sample position was proportional to the input
power P;, supplied by the microwave source. The signal transmitted to the pick-up coil
was amplified and detected by a diode. Within the quadratic regime of the diode, the
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Fig. 2. Experimental set-up. The driving coil (1 -
4 GHz) is directly fed by a very stable microwave
generator. The signal transmitted to the pick-up coil
is amplified, rectificd, and recorded by a digital os-
cilloscope
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Fig. 3. Shape of the FMR line below and above the
Suh! threshold (denoted by «0 dB»). Frequency

scale: £ 10 MHz-2w. The asymmetric breaks show
hysteresis effects and time-dependent oscillations

rectified signal was proportional to the
squared amplitude lbyl2 of the uniform
mode, i.e. to the transmitted power P,. By
means of a digital oscilloscope and an in-
tegrating voltmeter we recorded both the
time dependence of P,(f) and its average
value P, - with respect to the input power P;,.

The presented data were obtained at
room temperature on a highly polished
sphere of pure YIG with 0.71 mm diameter.
We generally used the orientations
HII(100),HII(111), or the «30° orientation»,
where the crystal s rotated by 31.7° from
the (100) to the (111) direction. For the
latter orientation /, is exactly zero.

2.3. Observed Phenomena. While in
conventional off-resonance FMR experi-
ments (w,=2w#w;) the first-order Suhl
threshold occurs as a broad «subsidiary»
absorption structure in lower field [2], the
threshold within the coincidence regime
(0,=2w=w,) shows up even more pro-
nounced as a sharp and asymmeitric break at
the top of the line. This break becomes
broader with increasing input power and
shows «noisy» oscillations (Fig.3). The co-
incidence condition means that @, and H
are locked 1o resonance and only varied si-
multaneously.

The coincidence regime of the in-
vestigated YIG sphere was found to range
from 1.8 to 3.4 GHz (680 - 1280 Oe for
HIl (100)). Below 680 Oe the FMR signal
vanishes due to the occurrence of magnetic

domains. Above 1280 Oe a drastic increase .

of the threshold takes place, indicating the
changeover from the first- to the second-
order Suhl instability. The intermediate
field range may be divided into three re-
gimes (Fig.4) differing by their characteis-
tic behaviours:

(1) Regime A (680-760 Oe): Up to
the Suhl threshold P,- increases linearly
with P;,, indicating that only the uniform
mode is excited. Above the threshold P,-
remains constant for a range of nearly
10 dB. No oscillations are observed, until
finally a sudden jump of P,- occurs, ac-
companied by a transition from constant to
chaotic time dependence of P,(7) and by a
weak hysteresis.

(ii) Regime B (760-1030 Oe) is

characterized by a variety of sudden jumps of P,- starting directly above threshold, ac-
companied by the occurrence of a complicated multistability. If P,, is again decreased af-
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Fig. 4. Average transmitted FMR signal P~ vs. input power P;, on variation of the magnetic field. Re-

gime B is characterized by a variety of jumps and multistable behaviour which is connected with rather
complex time dependences. A and C differ from B by their constant and time independent behaviour

above threshold

ter a jump, the system remains on the new level. Variation of P;, yields a number of new
levels, i.e. for the same input power there exist several stable states, sometimes up to ten.
Simultaneously, the system shows very complex types of time dependence. We observed
constant behaviour, periodic and quasiperiodic oscillations, intermittency and chaos.
Generally, the oscillation amplitudes are less than 10% of P,-, and frequencies occur be-
tween 10 and 600 kHz, most often between 30 and 200 kHz, apart from higher harmon-
ics. The sudden jumps of P,- are always accompanied by an abrupt change of the ob-
served time dependénce. As long as P,- remains on the same level, P, () shows only
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continuous variations of the oscillations or bifurcations without any hysteresis (e.g. tran-
sitions from constant to periodic, from periodic to quasiperiodic, locking phenomena, pe-
riod doublings). About 5 - 10 dB above threshold the system becomes chaotic, showing
various kinds of irregularity at higher input power, e.g. multiple chaotic attractors, high-
dimensional intermittency and crises. Moreover, the corresponding chaotic levels some-
times appear already at lower power within the regime of regular behaviour. The experi-
ment turns out to be very sensitive to the control parameters o and H; a detuning of H by
only 0.2 Oe was already sufficient to change the level structure. Nevertheless, the levels
could be reproduced even after several weeks.

(ii1) Regime C (1030-1280 Oe): Qualitatively, the behaviour resembles very much
that of regime A. P, remains constant above the threshold, and oscillations occur only at
higher excitation. The transition to chaos also occurs at higher input power (20 - 30 dB
above the Suhl threshold).

For other sample orientations (H parallel to the (110) or (111) directions) we
found very similar behaviour, but the three regimes were shifted in field (by - 100 Oe
and - 140 Oe, respectively).

We interpret these different regimes to be related to the different types of par-
ametrically excited modes. It 1s obvious to identify A with the regime of spin waves with
k=104-105cm-1 and 6,= 45°, whereas in B and C Suhl’s theory predicts the excitation
of long-wavelenght modes (k—0). Apparently, the observed discontinuities in B are re-
lated to the discreteness of these modes. The different behaviour of C, however, cannot
1[96 understood in terms of the conventional theory, but requires a more detailed discussion

26,29].

]2.4. Scenarios. Experimentally, one cannot exclude a very fine-graduated locking
to rational frequency ratios similar to a devil’s staircase, but this would be rather unlikely.

Under the aspect of nonlinear dynamics the most interesting phenomena were ob-
served at coincidence in reginme B. To get a more systematic impression of the observed
oscillations, a large number of time series of P,(7) - up to 16000 data points each - was
recorded on variation of P;, or some other control parameter. The corresponding power
spectra were obtained by Fourier transformation, and their strongest spectral components
were plotted versus the parameter under variation. This way, one obtains a number of
«maps» visualizing the dependence of the oscillation frequencies on varijous control pa-
rameters. Such maps are useful for classifying the observed routes to chaos.

As a general result, we found that a global correspondence to one of the well-
known scenarios of Feigenbaum, Ruelle-Takens-Newhouse or Pomeau-Manneville [32]
does not oceur, but a varicty of parts from all of them. This obviously corresponds to the
fact that the nonlinearities of our real system are more complicated and based on a larger
number of internal degrees of {reedom than represented by the simple maps where these
standard routes have been derived from. The physical meaning of these degrees of free-
dom is probably that of specific eigenmodes or a collective motion of several of them.
Thus, a jump from one level to the other might correspond to a sudden change of the
number of degrees of [reedom induced by the coupling or decoupling of certain modes.

Often quasiperiodicity was observed with up to three fundamental frequencies. A
typical example, suggesting an interpretation in terms of the Ruelle-Takens Scenario, is
shown in Fig.5. Very close above threshold (denoted by «0 dB») the system starts os-
cillating at about 130 kHz, that means, a first Hopf bifurcation changes the fixed point
mnto a fimif cycle. At 2.5 dB a second fundamental frequency of 40 kHz occurs - cor-
responding to a second Hopf bifurcation - together with several sum and difference fre-
quencies of harmonics. Note that no jump is observed in P,-. With increasing microwave
power both oscillation frequencies seem to vary independently!, indicating that the at-
tractor is a 2-rorus. This quasiperiodic oscillation remains stable for about 1dB. Tlen,
according to Ruelle and Takens, one would expect a third Hopf bifurcation and the im-
mediate break of the arising unstable 3-70rus to chaos. The different behaviour observed

I Experimentally, one cannot exclude a very fine-graduated locking to rational frequency ratios sim-
ilar to a devil's staircase. bul this would be rather unlikely.
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Fig. 5. Power spectra of auto-oscillations in Regime B with respect to P;, (input power is scaled to the
Suhl threshold). a) Three-dimensional «landscape» of spectral components. b) «Map» of oscillation fre-
quencies; the corresponding level of P-,,. is presented in the r.h.s. diagram. The system shows quas-
iperiodic behaviour and mode-locking

in our experiment can be interpreted by the spin system switching over to a coexisting
stable attractor. Nevertheless, we also found experimental examples where a third funda-
mental frequency occurred for an extended parameter range. There are other levels where
the different frequencies tend to lock. At 5 dB, for instance, instead of quasiperiodicity a
period-5 (P5) oscillation takes place. Low-period oscillations, such as P2, P3, P4 or P6
were observed rather often, but sometimes also higher periods of 11 or even 25. The
changeover to chaos is generally accompanied by a jump of P,-. Since in most cases this
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changeover does not start from a 2-torus, it cannot be related to the third bifurcation of a
Ruelle-Takens scenario. We rather suppose thdt the chaotic behaviour results from a
sudden increase of the number of coupled modes, which is related to some global sym-
metry-breaking bifurcation [33], and does not follow one of the standard routes.

A period-doubling route, as reported previously from both transverse and parallel
pumping experiments [10,12], was observed up to period 8 but occurred rather seldom.
More often, only a single period doubling occurred, remaining stable for an extended
range of P;, and then changing directly over to chaos. Though the Feigenbaum route is
known to be very sensitive to noise which might suppress the subsequent period dou-
blings, we rather interpret the observed behaviour to present an independent route. We
also observed a sequence of period triplings (not to confuse with a period-3 window!) up
to period 9.

By intermittency we mean the occurrence of a signal which randomly alternates
between two (or more) different types of time behaviour, e.g. laminar phases and ir-
regular bursts (Fig.6). Three universal types of intermittency (I - IIT) have been derived
by Pomeau and Manneville [34] corresponding to the basically different ways how a
fixed point of a 1D map can lose its stability. Often these types can already be dis-
tinguished from their characteristic time behaviour, but also {rom a reconstruction of the
generating map and {rom the distribution and scaling behaviour of the laminar lengths
[32]. Intermittency, so far, has been found rather seldom in magnetic systems, and only
the ‘observation of the Pomeau - Manneville type III has been reported in literature [35].
Both in the coincidence regime and for subsidiary absorption we observed various kinds
of intermittency starting from a fixed point, a limit cycle, a 2-torus, or even alternating
between different chaotic states (Fig.6e,f). From analyzing the distribution and scaling
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Fig. 6. Diflerent types of imermiuc_‘ncy. observed in the coincidence regime (a-c. e, f) and in subsidiary
absorption(d). a) Pomeau-Manneville type I, b) type IT1 . ¢) extended time scale of b). d) Homoclinic

crislis. ;:) )Chaos-chaos intermitiency duc to a glabal symmetry-braking bifurcation, ) extended time
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behaviour of the ‘laminar’ lengths, the observed signals could clearly be attributed to
cach of the universal types I, Il or III or to crises [33,36]. It is interesting to note that the
Pomeau - Manneville types are generally observed in parameter regimes where the Sys-
tem remains low-dimensional (see next section), whereas chaos-chaos intermittency oc-
curs at higher dimension, especially in the coincidence regime. We found that in miost
cases chaos-chaos intermittency scaled like the Pomeau - Manneville type III [36] which
is not consistent with the common interpretation of arising from a crisis [37]. Very re-
cently this specific behaviour was inferpreted in terms of a global symmetry-breaking bi-
furcation which seems to be related to the excitation of an additional spin-wave mode [33].
For the coincidence regime it is impossible, because of the very complex muli-
1stability, to present a global diagram showing the dependence of these various scenarios
on e.g. magnetic field and microwave input power. For subsidiary absorption, we have
systematically analysed the dynamic behaviour of the parametric excitation signal ob-
served at room temperature at a fixed pumping frequency of 9.26 GHz. Typical scenarios
and the respective bifurcation lines in a two dimensional control parameter space,
spanned by the magnetic field // and the applied microwave power P, are represented in
Fig.7. The lower line shows the dependence of the Suhl threshold (the so-called butterfly
curve) on H. The broad bumps at 1.6 and 1.9 kOe have been attributed to the excitation of
discrete magnetostatic modes [38]. The steep increase of the threshold at 2.2 kQe cor-
responds to the fact that w,/2 falls below the spin-wave band. The bifurcation line above
indicates the onset of autooscillations. The local scenarios occuring at higher P;, show
similarities with the behaviour observed at the coincidence regime: again we have three
regimes with essentially different behaviours. Especially in B we have areas of period
doublings, quasiperiodicity, intemmittency, and chaos in very close vicinity, and the ob-
served behaviour depends very much on the chosen variation of parameters. We observed
several codimension-2 bifurcations, e.g. at 1650 Oe/11dB where a supercritical Hopf bi-
furcation meets a subcritical one, giving rise to intermittency of Pomeau - Manneville
type 11. Intermittency of type III was observed at 1990 Oe/10 dB characterizing the tran-
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Fig.7. Codimension-2 scenario in subsidiary absorption. Tt
next upper line the onset of autooscillations. M: multistabi i
crises, 1: intermittency of Pomeau - Manneville type 1, B:
doubling bifurcations, QP: quasiperiodic behaviour, C: mar
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A Ceoen & paviad 2 accillation inta chaos. At higher power we also observed both ho-
moclinic crises and nu ltistability, which in subsidiary absorption plays only a minor role.

3. Characterization of chaos from experimental data

The chaotic behaviour of a dissipative system can be attributed to the existence of a
strange atiractor describing its asymiptotic long-time behaviour (without transients) in
phase space. The property which makes the attractor strange is its sensitive dependence
on the initial conditions: despite the contraction in phase space volume, lengths need not
simultaneously shrink in @/l directions, and points, which are infinitesimally close at the
beginning, become exponentially separated for sufficiently long times. Specific tech-
niques have been developed to determine the characieristic properties of a strange at-
tractor, e.g. its topological structure or the time scales of exponential separation. For de-
tails see e.g. the textbooks by Schuster [32] or Bergé et al. [39].

3.1. Lyapunov exponents, entropies, dimensions. In order to quantify specific
properties of strange attractors - e.g. its topological structure or the strength of chaos - a
special notation has been developed and appropriate methods to probe them.

The distortion of a d-dimensional volume element in phasc space is characterized
by a set of Lyapunov exponenis %; , i=1, . . ,d, describing the evolution of distances 8v;
along the local eigendirections of distortion at a given point x(7n):

8 (1) = eM (- 103x;,(1g). )

Necessary and sufficient for the occurrence of chaos is the condition that at least one of
these exponents has to be positive, giving rise to the exponential divergence of neigh-
bouring trajectories.

The Kolnogorov entropy K is the sum of all positive Lyapunov exponents aver-
aged over the whole attractor [40] and, thus, a measure how fast information on the
present state of motion gets lost. Its reciprocal value gives the time scale where the be-
haviour of a chaotic system is still predictable. For example, a regular system (no positive
Lyapunov exponent!), which can be predicted for infinite times, has the entropy K=0.
Noise, as a purely stochastic and unpredictable process, is characterized by K—ee. Chaot-
ic behaviour is somewhere in between, and, again, >0 is a necessary and sufficient cri-
terion for the occurrence of deterministic chaos.

Another interesting quantitative characterization of chaotic behaviour is given by a
set of generalized fracial dimensions D, characterizing the topological structure of the
attractor:

M(e)

1
0 log (2 pa) / loge (7)
i=0

D_=lim
£—0

q

¢ is an integer classification index, M(e) is the number of phase space cells of size e vi-

sited by the attractor and p; is (he probability (o visit the /-th cell. The D, are gener-

alizations of the usual Euclidean dimensions allowing the characterization of self-similar

geometrical objects. The D, differ by the weight of the local probabilities which is inter-

esting for inhomogeneous attractors. Dy is the well-known Hausdorff - Besicovich di-
mension, Dy is called the information dimension and D, the correlation dimension.

All strange attractors investigated so far show {racial, i.c. noninteger, dimensions,

so the fractal property is censidered as an additional signature of chaos. The physical im-

portance of analyzing the dimension is to get some idea of the minimum number of de-
grees of freedom necessary for modelling the system.

3.2. Reconstruction of the phase space. One of the basic problems when an-
alyzing experimental data concerns the reconstruction of rhe underlying chaotic atiractor
from a time series of experimental data representing only a single component U(t). Every
reconstruction of phase space is based on the implicit assumption that each observable
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J‘eﬂects sufﬁc:‘cnﬂy well the overall behaviour of the sysiem 1o permit a8 complote anals—
sis. Different methods can be used to define the vectors of the reconstructed space:

(i) The components of a d-dimensional vector x(f) of the new phase space are
built up by the signal U(r) successively shifted in time by a certain delay 1

x(1) = {U(1), U(t+1), . . ., U(t+(d-1)7)}. (8)

Because of its simplicity this method of time delay coordinates [41] is widely used for the
analysis of both experimental data and numerical simulations.

(ii) Instead of using delayed coordinates we can also treat U(¢) and its time de-
rivatives as independent components of a substitute vector

(1) = {U(), U@, (), . .. UD(r)). (9)

For data acquisition, generally the second method is more laborious to apply, but it can be
of advantage, when the derivative signals are obtained by an analog technique.

The reconstruction does not yield an attractor identical with that in the original
phase space, but merely retains general topological properties, which may be sufficient
for studying its essentials, such as dimensions, exponents or entropies.

3.3, Analysis of time series data. Following the work of Grassberger and Pro-
caccia [42] we confine ourselves to estimates of D, and K ,.

As an example, we present the analysis of correlation dimension and entropy by means of
the well-known method of Grassberger and Procaccia [42], applied to the chaotic signals
of our experiment.

In a first step, we reconstruct the new phase space vectors x=x(z;) of the attractor
by means of the time delay method, as described in the preceding section.

In a second step, from N of such vectors x; the correlation integral?

cny=tim— % 1 Yoy - x] (10)
() = 11y — _— [ - Xi - X
¢ N—oo M i=1 Nj=1 ’

s calculated, where N denotes the total number of data points, M the number of reference
points, ©(x) the Heaviside function, / a distance parameter and lIxll some arbitrary norm,
e.g. Buclidian norm. The correlation integral C (/) counts the number of pairs of d-
dimensional vectors with a distance Il X; - x;/| smaller than a given value /. Grassberger
and Procaccia [36] have shown that for sufficiently large embedding dimensions the cor-
relation integral scales like /D, and, therefore, can be used to estimate the correlation di-

mension:
log C/(I
D, = lim lim -i .
[-0d—e logl

(11)

To this end, logC,(!) is plotted vs. log/ (Fig.8). In practice, since the limit /—0 cannot be
reached, the slope of the curve is taken instead. The limit d—ee is not essential and is tak-
en only to guarantee a proper embedding. In addition, the correlation entropy K, can be
obtained from the vertical distance of two neighbouring curves logC,(1) and logC 4,.(/) at
fixed 7 [42]: ‘

K, = - lim lim lim 1/t(log C,.12 (1) - 1ogCA(])). (12)

750 1—=0 d—ee

Here, the limit d—soo results from the original definition of K, [32] and is necessary to ob-
tain the correct asymptotic behaviour.

In order to get some idea of the minimum number of relevant degrees of freedom
involved in the evolution, we have systematically analysed the correlation dimension of
our data. To this end we have évaluated a large number of time series of P,(f), up to

2 Following the work of Grassberger and Procaccia [42] we confine ourselves to estimates of D,
and K7,
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Fig. 8. Grassberger - Procaccia analysis of a chaotic signal. a) Log-log plot of the correlation function
vs. distance parameter /. b) Attractor Jdimension D5 as a function of the embedding dimension. The
chaotic signal investigated was observed in subsidiary absorption at @/21=9.26 GHz, H=1.83 kOc and
P;, =7.5 dB (see Fiz.7)
16000 points each. taken from the whole investigated parameter range. For regular sig-
nals we found values of D, close to 1 or 2, in some cases even close to 3, as expected
from the power spectra. A typical signal observed at subsidiary absorption is presented in
Fig.8. Our analysis yields a correlation dimension of 2.120.1, indicating very weak
(«margingl») chaos, and a correlation entropy of about 0.04(us)- 1.

In the coincidence regime chaotic signals, in general, showed higher dimensions
ranging from 5 to larger than 15. We already mentioned that multistability also occurs in
the chaotic regime, indicating the coexistence of several strange attractors (Fig.9). At
10 dB e.g. there occur two separate levels of chaotic oscillations differing markedly in
amplitude, but also in fractal dimension. We even observed a different tendency of vari-
ation with respect. to the control parameter; while on the lower level D, was found to in-
crease with Py, it was decreasing on the upper one.

In total, this analysis supports our earlier impression that jumps of P, are related
to discontinuous changes of relevant degrees of freedom. As long as the system remains
on the same level, only slight and continuous changes of D, occur on variation of P, ,
whereas D, changes drastically at every jump. It is obvious to ascribe such behaviour to
some nonlinear mechanism «switching certain modes on or off» with respect to the con-
trol parameters and to the previous state of the system. This idea is supported by the
model developed by Wiese [26-28], which is based on a novel indirect coupling via de-
generate magnetostatic modes.

4. Controlling chaos

This choice of coordinates, in addition, avoids a possible instability of the con-
trolling algorithm which may occur in the case of time-delay coordinates [47). A general
problem of current interest concerns the possibility of conrrolling the chaotic behaviour
of nonlinear systems, which means to change the irregular into a regular behaviour, with-
out drastically affecting the system parameters. The practical use of such a control would
be to suppress undesired irregularity and to select among a large number of possible reg-
ular oscillations by just applying rather small controlling power.

Different strategies have been proposed how to achicve such a control:

(i) Modulation methods are either based on the synchronization to an external pe-
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Fig. 9. Correlation dimensions estimated by the method of Grassberger and Procaccia (coincidence re-
gime B, H=839 Oe). Two chaotic levels occur above 7 dB, differing in amplitude and dimension

riodic force with a frequency close to an intrinsic system {requency [43] or on the change
of stability induced by a fast modulation of some system parameter 944]. A prominent
example of the latter method is represented by the well-known Kapitza pendulum [45].
These simple non-feedback methods generally require rather large control power.

(ii) More sophisticated feedback control methods aim at the stabilization of ex-
isting, system inherent unstable periodic orbits. This can be achieved by a simple time-
delayed feedback [46] or by calculated time-dependent corrections on one of the system
parameters as proposed by OGY [30]. Since these techniques are making use of the in-
trinsic properties of the undeilying chaotic attractor they can, in principle, be run with
very small controlling power.

4.1. Method of OGY. The algorithm of OGY is based on the idea that chaotic at-
tractors are generally embedded in an infinite number of unstable periodic orbits. If the
trajectory comes into the vicinity of such a hyperbolic orbit, it approaches the orbit as
long as the distance vector is located close to the stable manifold, and leaves it again in
the direction of the unstable manifold (Fig.10). Since these processes evolve ex-
ponentially in time, they are rather slow in the vicinity of the orbit and can be affected by
weak external perturbations. Unstable periodic orbits can be detected by means of the re-
currence time method. In order to stabilise one of these orbits, one first has to calculate
the evolution of a trajectory in its neighbourhood. Technically, this is achieved by re-
constructing the trajectory (of e.g. a 3D flow) from a time scries by means of time-
delayed coordinates [41]. The problem is simplified by applying a Poincaré section per-
pendicular to the unstable periodic orbit, thus converting the 3D flow to a 2D discrete
map (Fig.10). This way, the unstable periodic orbit is mapped to a hyperbolic fixed point
Er(o) the stability of which has to be analysed. From the evolution of previous inter-
section points the stable and unstable eigenvalues A, and A, and the respective ei-
gendirections e, and e, are determined. Such analysis yields a lincarized prediction of the -
system dynamics in the neighbourhood of €x(11,) where the evolution matrix can be ex-
pressed in terms of the stable and unstable ejgenvalues (e¢,, and e, ,* denote the covariant
and contravariant eigenvectors, respectively):

§,z+1(¥10) B &F(p—O) = (057\.:@:* + eu)\'uen* [&11(“0) - &F(uﬂ)] (13)

Next, one considers a small change of the control parameter p and calculates the cor-
responding shift g of this fixed point:

g = 9Er(1)/Iply, = [Er(1) - Er(1o) /(- 1to). (14)
The basic idca of OGY is to shift the fixed point and the corresponding cvolution for a
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attractor

N> Poincaré section

Fig. 10. Controlling scheme of OGY. a) Poincaré section and unstable periodic orbit. b) Neighbourhood
of the fixed point £ with stable and unstable manifolds W- and W+; dashed lines indicate shift of inter-
section points after one cycle. ¢) Effect of a small change of the control parameter P (see text)

short time in such a way that after one cycle the system - described by &,.:(u#1,) - ends
up on the stable manifold of the original fixed point &x(L), and then to switch the per-
turbation off again. This way the following intersection points &,.2(1o), &..a(1o),... exact-
ly approach the fixed point without being repelled, i.e. after a well-targetted perturbation
the intrinsic dynamics of the system is used for stabilizing the trajectory at the unstable
periodic orbit. The value of this perturbation is obtained by combining egs. (13), (14),
and the condition that &,,,(it) be orthogonal to the unstable manifold:

7"u (E.’F(HO) - &F(“())) CN*

ApL = . 15
: 7\‘11_1 gcu* ( )

Once the system has approached the orbit, the still necessary corrections (due to linear-
ization error and noise) can be maintained by very small perturbations. Though originally
developed for discrete maps, this concept can also be applied in low-dimensional con-
tinuous flows, but in practice is limited to only one unstable direction.

In contrast to our device Hunt is using a stroboscopic mapping for the Poincaré
section and only one window, so his device is limited to non-autonomic, periodically
driven systems.

4.2, Control by analog feedback device, Although the OGY method should apply
to real experimental systems as well, in practice its application is restricted for the fol-
lowing reasons:

(i) Experimental systems often show high-dimensional chaos (iyperchaos), i.e.
there is more than one unstable direction.

(ii) The measured signal is disturbed by noise; this may either prevent the control
to work at all, if in the casc of strong noise the system is pushed away from the neigh-
bourhood of the fixed point, or at least reduces the sensitivity of the feedback in the case
of weak noise.

(iii) The characteristic time scale of real systems can be too fast. For the magnetic
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system investigated typical cycle times are in the order of ps (!), whereas the numerical
calculation of the feedback signal requires at least some ms.

_ The first problem might be overcome by selecting only chaotic signals of cuf
ficiently low dimensionality. Our Grassberger - Procaccia analyses showed that this is
nearly impossible for the coincidence regime but rather easy to obtain in the case of non-
resonant subsidiary absorption. Letter «C» in Fig.7 marks the corresponding range of
control parameters where weak (marginal) chaos was observed. The chaotic signal to be
controlled (Fig.12) was of the same type 2s analysed in Fig.8, which means characterized
by D, =2.1£0.1, only one positive Lyapunov exponent A,=0.04(ps)-1, and a mean cycle
time of about 2 ps.

Since it was impossible to make numerical real-time predictions for a time scale of
is we had to modify the OGY algorithm in a way to be processed by an intelligent analog
fecdback device: For reconstructing the attractor we used analog time derivatives instead
of time delay coordinates3. The Poincaré plane and the location of intersection points
were determined by analog window discriminators for the signal and its first and second
time derivatives triggering a track-and-hold amplifier (Fig.11a). The amplitude of the
control signal was not determined from a preceding stability analysis of the periodic orbit.
Instead, we used a feedback signal which is proportional to the deviation of the mo-
mentary signal U(z,) from the set-point (the «U-coordinate» of the phase space window
to be adjusted to the position of the unstable orbit)

Umntr (f,,) = A[U(I,,) - Uref] (16}

microwsre
generator

Uref v s (ln)
(Urer~U(t, )1

ut,)

resonstar

static
wguetic
fiald H

dateatar

track & hold
amplifier

L

com—~ - u(t)

b]
window = I lull d/dt ﬂ

) generator Lor u 4/t ADB44AN
a

b)

Fig. 11. Analog feedback device for controlling the chaotic FMR signal. a) Experimental set-up. b) Re-
construction of the phase space by means of analog derivatives. The small probe volume can be moved
around by variating the settings of the window generator

3 This choice of coordinates, in addition, avoids a possible instability of the controlling algorithm
which may occur in the case of time-delay coordinates [47].
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and variate the phase space coordinates in order to meet the neighbourhood of some un-
stable periodic orhit where the given feedback results in a proper control. A similar tech-
niquet was applied by Hunt [48] for controlling a diode-capacity resonator who called it
occasional proportional feedback. There is complete correspondence of Eq.(16) to the orig-
inal result of OGY, Eq.(15), identifying the amplification factor A with 1, (%, - 1)-1(ge,)-!
and the deviation U(1,) - U,., with (§,()) - &(p))e,.

In our experiment the position of the unstable periodic orbit was selected by setting
windows for the observed signal U(7) and its {irst and second time derivative by means of
analogy window comparators. The corresponding signal was held by an ultrafast track-
and-hold amplifier. The deviation of this value from a given set-point is fed back to
change the microwave pumping power. By careful adjustment of the windows and vari-
ation of the set-point we succeeded in suppressing the chaotic oscillations and stabilizing
- periodic urbits by means of a perturbation which is less than 10 -2 of the actual pumping

power P;,. The effect of control is illustrated by Fig. 12, where we have compared the
chaotic signal before and after switching on the feedback. The controlled signal shows a
very regular oscillation, and the corresponding phase space trajectory, in fact, consists of
a single orbit slightly smeared out by noise. To our knowledge this is the first and fastest

s '\5 W ‘ WW

0 100

Fig. 12. Result of the feedback control. a
w:;hmn control. b) Control si
switched on the control

) Chaotic time signal, spectrum and reconsiructed altractor
gnal, regular oscillations, spectrum and stabilized orbit after having

. 41In contrast to our device Hurnt is using a stroboscapic mapping for the Poincaré section and only one
window, so his device is imited ta non-autonom, periodically driven systems.
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experimental control of chaos in spin-wave turbulence using a feedback system which
stabilizes the inherent periodic dynamics of a strange attractor.

5. Conclusions

The experimental results presented in this article indicate that transverse-pumped
YIG spheres at the first-order Suhl instability are of particular interest for studying con-
cepts of nonlinear dynamics in real solids. The experimental conditions differ from the
more often investigated second-order Suhl instability or from paraliel pumping by the
variety and complexity of the observed phenomena, and also by more complicated non-
lmear_mechamsr_ns. Mo_st_of the effects reported in previous investigations, such as period
doublings, quasiperiodicity, or mode-locking, have been observed in this system, but
also new phenomena were found: sudden jumps in the transmitted FMR signal and a well
reproducible multistability. We have tried to classify the observed bifurcation scenarios,
to characterize the chaotic state, and to draw physical conclusions from this information.
For a quantitative theoretical interpretation of these phenomena based on three-magnon
processes and a novel indirect coupling mechanism via degenerate modes, which was
found to be much stronger in the coincidence regime than conventional four-magnon
processes, we refer to the literature [26-29]. Finally, as a first possible application of
nonlinear dynamics, we have considered the problem of chaos suppression effected by
very weak external forces. By means of an analog feedback device related to the con-
trolling scheme of Ott, Grebogi, and Yorke we succeeded in stabilizing inherent unstable
periodic orbits with the help of very weak external time-dependent perturbations.

Altogether, we have seen that the investigation of spin systems represents a very
interesting topic both from the viewpoint of solid-state physics and of nonlinear
dynamics. The reasons are manifold:

(i) They represent intrinsically nonlinear systems with nonlinearities originating
from well-known interactions.

(ii) Their nonlinearities can partly be controlled by external fields - as in the
present example.

(ii1) Their nonlocal couplings allow the formation of spatio-temporal patterns.
Nevertheless, in experiment one meets the problem that most of the interesting phe-
nomena in spin Systems occur on rather inconvenient time and length scales. While the
time scale of auto-oscillations - typically one microsecond - remains accessible by
modem electronics, it has been impossible so far to resolve dynamic magnetic patterns of
micrometer size. Conventional magnetic resonance only probes the uniform mode, op-
tical scattering experiments, in general, suffer from too low resolution. Very recently,
new techniques for recording the local magnetization have been developed [49,50]. If
they could be improved to probe standing spin waves, then again the coincidence regime
would offer favourite conditions, because of the long-wavelength modes involved. Such
investigations could be of crucial importance for confuming or modifying our present
understanding of the underlying nonlinear mechanisms.
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AHAIIN3 Y HABIOAEHUE XAOCA

IOPHI CIIYTH-B OJIHOBOM JIECTAGHILIIOCTI

]
I'. Bennep, P. Xenn, @. Péoeaviunepeep, I'. B'uge':

v
deppomMariTHBEIE  00pa3npl, BO3OYKIACMBIC! CHIGHBIM —BLICOKOUACTOTHLIM  TIOJEM,
JIEMOHCTPUPYIOT Pa3HOOOpa3Hble HeNMHElHble snieHsl ONUCHIBAIOTCS SKCIEPUMEHTHI TI0
(peppoMarmiIHOMy — pe3oHancy B 00pasuax  kémeso-mripmesoro  rpamata  (OKUID)
OOHAPYKURAIONTHE  CIMH-BOTTHORYE) HECTAGILHOCT TIPH CHTHANAX BBIIE IOPOTOBOTO VPOBHS
nepeoro nopsyika no Cyity. BeIsieHo H MPOAHATI3APOBAHO MHOKECTBO PAYTHYHLIX CIIEHAPHEB, &
HMCHHO: YIIBOCHHE NEPHOMIA, KBAZHIIE PUOJHYIHOCTE, PARNMITIHEIC THITHLI IEPEMEKAEMOCTH COBMECTHO
C OYEHb CNIOKHBIMH  SIBJIEHMAMI MyIILTHCTAOWILHOCTHL. B citytiae Hepe3oHaHcHOro Bo3OyRueHns
OJHOPOPHOH MOJLI HCCHEAyeMble XaOTHUECKHE KONMEOAHHS OTHOCSICH K HM3KO-DA3MEPHOMY
arTpakTopy (D;~2.1) ¢ XapaKTepHLIM BPEMEHHLIM MaclrTaGoM TOPSIKA LIS, B TO BPeMs KAK [y
30HAHCHOTO BO30YKICHHS IONyIAt0TCs O4CHDb BLICOKOPA3MEpHBIE aTTpakTopsl (D=7 ... >15).
ELCTIH CTaOMTH3ANMI HEYCTOMYMBLIX IMKIIOB B TAKOH OLICTPOI CHCTEMBI pa3pa0oTaH0 YCTPOFICTBO C
oOpaTHOI CBA3bIO, OTHOCSAIIEecs K ympammsmomeli cxeme Ott, Grebogi 11 Yorke. Tlogasnerme
HII3KO-Pa3MEPHOTO Xa0Ca OCYIMIECTRIIINOCE BBEACHHEM MATIOTO (3aBHCHMOIO OT BPEMEHIT) CHTHATIA
oOpatHOit cBs3u nopsaaka 10-2 aMromrTy/ie! BXOTHOTO BEICOKOYACTOTHOO MO
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HEJUHENHLIE BOIHbI AEQOPMAIIN B
HUIRHIPHYECKIIX OLONOYKAX

A M. Semaanyxun, JLH. Mozsesim

TlpoananmsnpoBana 9BOJIOMILI HC/MHEHHBIX TPONOALHLIX BOMH B YOPYTHX I
menmeiHo-yOpPyrix IIUTOPRYecknx oGomoukax. B ympyrux oGojiodkax BISIBASHLI
ONHOMEpHBIe 11 ByMepmnic comrons! yparmemnl KpB n Kamommena - TleTBHAmIBILI.
Tlokasano, UTO B HEMMEHNO-YOPYrIX 06OMOUKAX CYMIECTBYIOT OFHOMEpHLIC COJHTOMLI
ypapnermss MKaB. Yver grccimaTimeIX athheKTOB MO3BOMIUT MOTYYNTE JUIST KOMITOHEHTL

nponom,uoﬁ IIC(I)O]’)M(HII]H IBOJITOITIIOHIILIE YD ABHE HIL, GMI3KTe K ITHTETPHPYE MBIM.

Idpa TOCHEAHNX JCCATHNETHS OTMEUCHBI 3HAUHTCALHLIMH  yCIIEXaMll B
HCCTIEeIOBAHMH HEJHHEHHLIX BOIHOBLIX IIPONECCOB B AKYCTHUECKHX BOJHOBOJAX. DTH
YCIEXH CBS3AHLI, TIABHBIM OOPA30M, ¢ PA3BUTIIEM OBICTPO NIPOTpeccHpYIoMe TeopnH
COMUTOHOB. TeOpeTHiIecKoe OOOCHOBAHUE CYINCCTBOBaHHA COMUTOHOB jedopmanuil B
CTEPKHAX II NNACTHHAX I TOJOXHTENBHLIC Pe3ynbTaThl HX SKCHCPHUMEHTANBLHOTO
mabrogenist [1,2] mO3BOMIN CYIIECTBEHHO PACHIHPHTE HMEIONUTHECS MPENCTABIEHHS O
HeTHHEHHON MiHaMike JAchopMHDYeMBIX TBEPALIX Ten. MEXNy 'teM, HEeNUHCIHBIN
BOJHOBON TIPOUECC B IFUIHHAPHYESCKHX O0ONOUKAX, BOJHOBOJHBIE CBONICTBA KOTOPLIX
HAXOAIT IIHPOKCE MPAKTHUECKOE IPIMEHEHIE, H3Y'IeH HefocTaTouHo. [losTomy nennio
HACTOSIIIETO TICCNENOBAHNA SBIAETCS AHANH3 PAcIpOCTPAHCHHUS HENHHEHHBLIX BOJH
fepOPMAIIH B YHPYIHX I HENUHENHO-YOPYIIX UILTIHIPITECKIX 000I0UKAX C TIO3HII
TEOPHI COMHTOHOB.

IIpu pewreni IHAMHYECKHX 3aJ1aY TEOPHH TOHKHX 0OCOJOYEK OOBLIMHO
IICNIOJIBL3YIOTCS IBA OCHOBHLIX Hofxoya. Ilepsrlil momxox (Knacciueckmit) 6a3upyeTcs Ha
runore3ax Kupxrodga - JIsBa, a CcOOTBETCTBYIOIMME MOJCIH OOGNOUEK HA3LIBAIOT
MOJENSMII  NEepsoro npHOMIDKEHHS. BTOpPOfl MOAXOM, CBA3LIBAEMBLIH € HMEHEM
C.ILTHMOWEHKO, B JONONHEHHE K «KJIACCIUCCKIM» Ae(hOPMAIIIAM, VUHTLIBAET
nedopMalui, ChA3aHHLIE C NOMEPEUHLIMI CHIAMH H HHEpUMEl BpameHus. Mopgen,
OCHOBaHHBIC Ha TAKOM IIOJXOfIC, HA3LIBAIOT MOJENAMH BTOPOro mpuobmmkenns [3].
YDapHEeHNS ABIAKECHIA I MOAETI HEPBOro MPHOMIDKCHHS IMEIOT MapaboNmyecK Ml THIT,
TOTIA KAk BO BTOPOM CHYTIae NONYYAIOTCS YPaBHEHHS THIEPOOMHUECKOr0 TIMA,
HanOomee 4YacTC ICHONL3YEMEBIE TPH ONHCAHIN BOJNHCBBIX sBleHmil. Mexmy TeM, B
crarbe [4] GpImo MOKA3aHO, WO TPI HCCHAEAOBAHNI SBOMOUIH HETHHEHHBIX IPOJOMbHBIX
BONH B 06omotuKax 00a MOFXOJa NMPHBOAT K ONIMHAKOBLIM PE3yabTATAM, TO ECThH B
JTAHHOM crniyvae mapaComiHoCTL ypaBHeHH Monemi Kupxroga - Jigpa He spasierTcs
HEOCTATKOM, KAK I THHEPOONMUYHOCTL YpPaBHEHHI MOJenn THMONICHKO He SBISETCS
NPEHMYHICCTBOM. ITO CBS3aHO C TEM, YTO DACCMAT[HBAEMBLIC BOJHBI e(OpMAIii
ABIISFOTCA AHCHECPCHOHHBIME [S]. IHCNEPCIIOHHOCTL BOTH B OGONOYKAX SBISETCS
OPSMBIM CIEACTEHEM IX TOHKOCTEHHOCTI (TO K& OTHOCHTCSH K CTEPXKHSAM H IACTHHAM).
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YPpaBHEHUS] TBIKCHIS 3JIEMEHTa mmHHng/ItIGCKOﬁ 000MmOYKIL B n@p@mqmqﬂnm
st mojrean Kupxroda - Jsapa umeror puy [3]

QU T SV L W W19 U v
- " +_
oz 2 oy 2 dxdy Mooy T2 Tox \ ox S+ ox Jet
ow 1+n oW 02w 1-u oW 92w 12 U
+(]+ 4 L E (1)
ox 2 9y dxdy 2 ox oy g E or
PV BV len U W 1 9 U v oW

dy? T2 T2 dx dy “h dy +2_87[(E)y )2+(ay )2+(E)y 2+

1+p W W 1-u oW oW vy 1-p2 BZV_O

2 o oy 2 9y ow g E o @)
1/;2 VW - ik, %I\J—— /cy—aa%ﬂgvzw_ L;ky I gf] )+ ( ;)1/ Y4 ( a;: ¥ -
i ’;y [(3;; o g}" )2+(2E))37)2]_ ; [?f (gif +uaa‘) W)+ ]+
L ) 3)

B ypasmenusax (1)-(3) U, V, W - mepemernenis TO4YEK CPEUHHON MOBEPXHOCTH
O00ONOYKN B HANPABICHHAX X, y H Z COOTBETCTBeHHO, E - mopyns IOura, p -
koapduunent Ilyaccona, k, = 1/R - mapaMeTp KPHBH3HEL, ¥ - YACABHLI BeC MaTepHana
00ONOYKH, g - YCKOPeHHe CBOOOTHOTO NAeHHs, { - BPeMs, /1 - TOMuHa 000I0YKH,
o4 J4 04

+2 + .
ox4 Jd\2 o );2 ay4

Ilnst mccnepopanust ypasuenuit psickeHnst (1)-(3) mmepem B paccMoTpeHie
fe3pa3MepHble He3aBHCHMBIE U 3aBHCHMELIC IIEDEMEHHLIE

V4 =V2y2 =

U \%4 w X
U*:-—’ ‘/"‘:_’ W*:—, X*:—,
A A h l
“)
Y = _y_, 1= (L)IQ L ,
R W(1-w) ° 1

e A - aMInuTymHLIH TapaMeTp BO3MYIIeHHS, / - XapakTepHas JiuHa BOJHLL B
nanpHEHIIeM 3Be3I0UKH Hajl 6e3pa3MePHLIMH IIEPEMEHHLIMH OITyCKAEM.

Tlopcranoska nepemennnix (4) B ypasuerus (1) - (3) mo3BonseT BLIABUTEL B HIX
YeTLIPE MAJBIX MapaMeTpa '

(hR)12 h A
= . 6'7 -, 6 -, 5
, 0 ; 2= BT (%)

A
{
XapakTepu3yromux COOTBCTCTBEHHO HENHHEIHOCTL  BOJIHOBOTO npouecca, €ro
JHCIICPCHIO, TOHKOCTEHHOCTDL O0OJIOUKH, a TaKXKe IH'ICbpaKHHOHHYIO PaCXOIHMOCTDL

KBa3HTINIOCKOH BOJHLL
3aMeTHM, YTO B ORMme OT IUTACTHHOK, XapaKTepH3yeMbIX NapaMeTpoM
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micnepctt & = 4/, 000MOYEUHBIIT JRICTIEPCIIOHHLIT NapaMeTp §;  3aBHCHT H OT Pajiyca
kpuBn3unI R. IIpn atom §; =(1-p2)-1/4Z-1/2, rjie Z - MIIPOKO ICHONBL3YEMBIH B MIHAMUIKE
oGonouex mapamerp Barropda [6].

BynmeMm cunTaTh, UTO BO3MYILIEHIIE PACHPOCTPAHACTCA € IIOCTOSHHOI CKOPOCTLIO

BonL, o0pasyiouieii 000N0UKIl, MEICHHO 3BONIOMHOHIPYET B OKPYKHOM HATIPARISHIII
I MeMJIEHHO MEHsieT CBOHN mapaMeTpnl Bo Bpemenn. COrjacHO MeTOJy MHOTIX
macinTabon [7], BBENEM B DACCMOTPEHNE HOBLIE HE3ABICHMEBIE MEPEMEHHBIE I

pas3noXxennd  3aBHCHMBIX  HIIEPEMEHHLIX 110 CTENEHAM  MaIoro ImapamMeTpa &,
COOTBETCTBYIOIIIIC NMPEIITOJOXKECHIIIO O XapAKTEPE BOIMYIICHIA

i:x—CIs(]:UO-FEUla .
n=¢ey, V=e2(Vy+eV)), (6)
t=¢f, W=W,+eW,

Paccmorpnm  cnmyuali, XOTHa mapaMeTpLl  HENNHENHOCTH, [HICHEPCHI 1
TOHKOCTEHHOCTII IMEIOT OJIIHAKOBLIT nopsmok Mamocti (e ~ §,~ &,). Kpome Toro,
OPEONOXHIM, YTO napameTpbl M)pakIFIOHHON PACXONIMOCTH 1T HENHHEHHOCTH
CBsI3aHbBI CNEJTYFOLIIM 00pa3oM (33~ €1/2).

IToprcrapisist mepemennpie (6) B ypaBHEHIS IBIDKCHILS, TOJY'HIM B HYJIEBOM (110 €)
npHOIDKEHIT CIETYIONYI0 CICTEMY ypasHemmt (371ech 11 lajee Mo TEKCTy HIDKHIN
OVKBEHHLIH  IHjiekc  0003HavYaeT juidepeHmIposamie 0o COOTBETCTBYIOUIEN
HEe34BHCIMOIT e PEMEHHOIT): :

(1-C)Upes - uWee =0, (7)

1- T+
(—2~ - C)Voge + —— Yom - Won =0, (8)
WO - H.Uog = O . » (9)

M3 ypapHeHns (9) HAXOMIM CBA3L MEX]Ty 6e3pa3MePHBIMI HOPMATLHBIM HEPEMELIEHIIeM
11 ocenoif fechopmarnreit

‘/VO = HUOE (10)

Tlopcrapnas (10) B (7), onpefenseM Ge3pa3MEpPHYIO CKOPOCTE  PACHPOCTPAHEHIIS
po3myitenna C? = 1-u2. Mcnonnsys (10), n3 ypasuenis (8) mocne mHTErpupoBaHist mo &
MONYUIIM CBA3L MEXKJTY CABHTOBBIMH JTe(DOPMAIHSMII B BOJHOBOM MYUKE

Uoy = (14200) Ve, (11)

B cnepyromem NpHONIDKSHIIL IIMEEM CHCTEMY YPABHE HITI

, 1-p T+p
23 Ul&_}’; - HWU’; + — UOrm + T VOE_T] + UO@UDE“E; + ZCUOgT = O, (12)
T+ 1-p
“-UL";T] - ‘/Vh] + me + U0§U0§r1 + T UOr]UOEr] +
l-u 1-p
s Uy + [ ClVigg + 20V =0, (13)
WUse - Wy + Vg + % Upe? + CWoe = 0. (14)

3aMEeTHM, UTO IePBLIe ia CTaraeMblx YpaHeHIs (12) paBsbI JBYM TEPBLIM CIATASMBIM
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ypasrerns (14), ymuoxensoro Ha p u npomihdepeHupOBAHHOrO 110 E) TQFW;

IICHOHI)3Y51 (11), HOW‘IHM, IIDHDE[BHIIB&H COOTRETCTRVIOIIIIL oITnracarnzs o {12) £ (14(),
ypasrcHne Kanomiena - T1eTBHAINBHIIN 71 KOMIIOHEHTLI TPOOILHON fedhopmanmt Uy

Uoge + allog Uoge - PUoegeg = - YWonn (15)

rre o= (1-p2)12/2, B =p2(1-p2)12/2, y= (1-p2)12(1+2u)-1/2 .
B HIPOCTPAHCTBEHHO-OMHOMEPHOM citydae (cmyuait IUAMHAPDHYECKON CHMMETPHIL,

ITHOPUPYIOWHHA 3aBHCHMOCTL OT OKPYXHOI KOODJMHATBI) nMmeeM BMecto (15)
ypasrerye Kopresera - ze Bpisa (KiB) :

Uzt 0UgeUsgs - BUogege = 0. (16)
Hssecrro [1], uro ypasmemme (15) pjonmycKaeT wacTHBIE pENIEHNS B BHJIE
JOKAJNHN30BAHHLIX  JBYMEPHBIX  OOpAa30BaHHA -  ajnreOpamdecKHX  COJHTOHOB.

Connrronnble pemenns ypasHeHns KnB raxke xopomo ussectant [5]. Takim o6paszom,
B YOPYTHX IIUIHHAPHYCCKHX OCOJOUKAX CyIIECTBYIOT OJHOMEDHLIE H JIByMEPHLIE
comtoHsl fedropManmii ypasrenuit (15) 1 (16).

s HCClefoBaHHs SBONIONMI HENHHEHHLIX NPOAONLHLIX BOJH B OOONOYKE
npoanamn3upyem crcteMy ypasuemmit (12) - (14). BeegeM B paccMOTpEHHE HOBYIO
NPOCTPAHCTBEHHYIO «IIPOOILHO-CABHIOBYIO» KoopmuHary ¥ = & + m. Torma mocne
momuoxenus #a p ypasrenuit (13) u (14) u mnddepenuuposanns (14) mo y MoxuHO
3aMEeTHTh, UTO NEPBLIE ABA CIHAraeMbIX BCEX TPEX YPABHEHMI CICTEME] PABHLL.
IpupasuuBasg cooTBeTcTByiouge ciaraempie ypaswenmii (12) u (13), nomywmm s
NPOJIONLHO-CABUrOBOT ffepopmanun Uy, HENUHEHHOE BONHOBOE yPABHEHHE

UOxt"’ alUOxUOxx + ﬁlU()x =0, (17)

mie oy = (1-p2)12(1+2p)(2+3p)-1, By =1/(4+6p)-1.
3aMeHa mepeMeHHnIx t = t*, x = x* - By7 mepesomur (17) B ypasHeHIe
ONPOKILIBAIOIICHCS BONHEI PHMaHa (3BE3/[0UKII OMYCKAEM)

UOXT+ alUOonxx = O . (18)

C mpyroif CTOPOHBI, MPHPABHHBAA COOTBETCTBYIomue craraemele (13) u (14),
nomyaim s Uy, ypasrenne KnB

UOX‘E + azUOonxx + BZUOXXXX = O, (19)

rie o = (14012 (L4p)-12(1+2p), B2 = p(1-p2)(1+2p) .

VITak, KOMIIOHEHTA TPOOILHO-CIBUIOBOII le)OpPMALHII SBOIOIHOHAPYET MO0
COTNACHO YpaBHEHHIO BONHLI Pumama (18), nubo kak comuron ypasmenma KnB (19).
(O6e 2TH BO3MOXKHOCTH PAaBHOBEPOSTHLL.

TakuM 06pa3oM, NPOBEACHHBIT C MOMOIBLI0 METONA MHOTHX MAaciiTaboB
acumnToTHYecKit aManu3 ypasuenmi (1)-(3), mo3somseT cnepyomum  0GpazoM
OMICATL SBOMIONHIO CIAGOMBYMEPHOrO IyUKA HEMHHENHHBIX UPOJAONLHBIX BOJH B
IRUTHHPHYECK Ol 000IOIKE.

Cymiectyer ObICTpBIT (JIMHElHBI) MAcIUTAG BPEMEHH, B TEUECHHE KOTOPOToO
IMeeTcsl BOJIHA, Oeryrmnas 6e3 H3MEeHEHIUst PO ¢ OCTOSHHOR CKOPOCTLIO.

Hanee, cymecTByeT 0oliee MEIEHHLIT MaciTab BpeMEHH, B TEYECHHE KOTOPOro

[3MEHEHHE TTAPAMETPOB BOMHEI 3a CUET HENIHCHHOCTH, JHCMEPCHI H TudPaKIHOHHOI
PACXONAMOCTH MPHBOJUT K Pa30HEHMIO HCXONHOIO MMIYJIhCa HA OJHOMEPHLIC H
cnaOCoABYMEPHBIE COIMTOMBI.
: Ha stoM Xe 2Tane HPOHCXOJHT O0pa3oBaHie «IPOJONABHO-COBUTOBLIX» BOIH,
PAaCIPOCTPAHSIIOIINXCS TGO B BUJE CONHUTOHOB, u00 B Buje BOnH Pumama. MoxHo
CKazaTh, YTO BONHOBOM MpONECC NEPecTaeT OLITh OJHO3HAYHO ONPEAEICHHLIM I
NIOSIBISIFOTCS 3JIEMEHTE] XA0THIHOCTH.

55



B moBoM caydac B3aHMOEICTBIE HEYCTOMNBLIX K TIONEPEUHBIM BO3MYIICHIAM
comuronor ypapHenna (16) ¢ ponmamit ypasmenmi (18) mmr (19) npusogut x ux
ONPOKHABIBAHHIO [8] I, BO3MOXKHO, PA3PYIIEHHTO. D710 OTIIHYALST 9BOJIIONNIO CONIITOHOBR
B pepOPMHDYEMBIX  TBEPHLIX — TemaXx — OT  TIFIPOIHAMIMMECKIX  CONHTOHOB,
PA3PYIIAIONIXCH TOCTENEHHO, BCIEACTBHE €CTECTBEHION JUCCHTATINTL

TIpn pemeHmi MHOTHX J{HHAMIMCCKHX 3afjay MEXaWHKil CONOMHOM  cpejpl
nosipasgeTcs  HEoOXOMIMOCTh  YYeTa JICCHNAUItT  SHeprmy. B Teopmn  000I0UEK
SHEPreTHYECKHE MOTEPH OOLIMHO YUNTBIBAIOTCA IyTCM BREJCHIS B YpPaBHEHHE 3)
IOTONHATENLHOrO cnaraemoro  epyW/g (e - xoaddumienT jpemMudupoBanisl, Tak
HA3LIBAGMOEC KOHCTPYKTHBHOE feMrrponanie). Torga MeTog MHOTIX MAcITaboB Hpil
BLITONHEHIE YCHOBIA en~e!?  mo3pouser nomyunTs syecto (15) 1 (16) Omuskue x
pmrerpipyeMuin ypasrenns Kagomuena - Hersnamsiumn - Broprepea (KIIB)
Koprenera - e Bpu3sa - Bioprepea (KnBB)

Upee + 0UoeUgee + xUozze - BUozzze = = YWaqns (20)
Uper + 0UoeUnzz + xUpsee - BUnezze = 0, (21)

e y = - u¥2.

Tenepn PaccMoTPHM HENHHEHHBIC MPOJIONLHLIE BOJHLI B HEMHHEHHO-yIPYroi
INUITHIPIYECKOlT 000M04Ke. 3aBUCHMOCTL MEKY HHTEHCHBHOCTLIO HANPSKCHINT O; 1T
HHTEHCHBHOCTLIO jlechopmaril ¢; mpuMeM B caefyronieii (hopMe

o; = Fe; - med, - (22)

rie E 1 m - KOHCTAHTLI maTepriana o0OAOYKI, ONPCACHIeMBIE SKCICPIMEHTATLHO.
YpaBHeHIS JIBICKCHIT 9MEMeHTd 000MOUKIL B JTAHHOM CHYYae JIMEIOT HUPe3BLIYAiiHO
rpoMo3aknil iyl VX peykuns. mpoBOiMas ONICAHHLIM BLIIIE METOZOM MHOLIX
MACHITAOO0E, IPIBOJIIT B HYACBOM NPHONIDKCHIIL K CICTEMC YPABHEHHI, COBIaarouieil ¢
crcremMofi (7) - (9). DT0 3aKOHOMEPHO, TAK KAK 34BHCHMOCTL O;(¢;), NpiHATas B (hopme
(22), pasmensacT NpoNUece Ha yOPYIyro I HEAHETHO-YIPYTYI COCTABISIONIIC.

Crcrema  ypaBHEHIT. BO3HUKAIOUIAA B IEPBOM  HEMUHEAHOM NPHOMIIKECHMI,
npusojuT K MojmiduiiposaHuony  ypasierimio  Kagomuena - IHerenampnnn mia
KOMITIOHEHTLI TPOAOALHOI gedphopmaur Uge

Uper~ 03UpetUgez - BUgezze = - YUgnn - (23)

e o = 2m(1-p-p? -p3)(1-pu2)-V2/F, a xoahduneHTtst B i y Te e, UTO I B CaIytac
yrpyrofi oBonmouKn. DBOMIOIIIONHOE ypasHenue (23) ne obnamaer OECKOHEUHBIM
HaOOpOM 3aKOHOB COXDAHEHHS 11 HC HHTCrPHpYeTcs MetogoM oOpaTHOIl 3apatii
paccesuits [9], TO ecTh caaboByMEPHBIC HENIHCHHO-yIPYrie BONHLI Ae(opmMani
CONTITOHAMIT HC SIBILTIOTCS.

B cayvac He3aBHCHMOCTH BOJTHOBOI'O IIPONECCA OT OKPYRKHOM KOOPIHHATLI
Bmecto (23) mnveenm mogndimponannoc ypasrerne Kopresera - e Bpuza (MKgB) juist
Use

U();:t‘ CX}UDE-QUDF:& - BUU =0. (24)

2534

Comnronpele 1 Opu3epHLIe peuienns ypasuenmst MKaB xopouro m3eectrnl. Takum
obpa3oM, B  HEIHHEHHOYnpyrux  OGONOUKAX — CYIIECTBYIOT — IPOCTPAHCTBEHHO-
OfIHOMEPHDBIE CONUTOHE! ypasHeHis MKaB (24).

Ypasuennst KaB 1 MKnB cpssannt mesxpy coGoif npeoGpasoBanuenM MIypel, To
€CThL CYWIECTBYCT 3aMCHA NEPEMEHHDIK, MEPEBOMALIAs PELICHNs OffHOrO YPaBHEHHS B
PEWEHI IPYroro. 3T0 FOBOPHT O BHYTPEHHE!T BIANMOCBS3N AHHAMIFIECKIX IPONECCOB,
NPOTEKAIOINX B YUPYIHX H HETIHEHHO-YIPYIIX IIUTHHIPHYECKIX 000N0UKAX. '

DBOTIOUNS HEJTHHEHO-YIPYTHX CONITOHOB AHAMOTTIHA OMHCAHHON IS YIPYroro
ciyuas. OTAHUIE 3aKTFOUACTCS B TOM, ITO BPEMEHHON MACIITA0, COOTBETCTBY O
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YCTOMMHBOMY — HOBEAEHMIO  CONNTOHOB  ypapHemnms MKnB, xapakrepmayercs
00pa30BaHneM IPOROMBLHO-CIBUIOBLIX (€ HPOCTPAHCTBEHHOH KoopmmHaTolf y = &+n)
NPOCTLIX BOMH HIIH CONUTOHOB yPaBHEHITT :

> 0y Ugye - Bzonzonx + Yzonx =0, (25)
e 0y = 2(1~p)re(l+pn)/(142p), v, = (1-p2)/(1+2p),
- Be=dm(L-p- 2 p)/E - 2p(1-)mf(2+2)/(142u) - p]/3E,
Uoe- asUs2Uuy, - BsUopr =0, ' (26)

e o =m(1-p) (1+2p) (1-p2)-12{(242u)/(1420) - p)/E, By = p(1+2u) (1-p2)re/2.

B3anMOpeficTBHE C STHMH NPOJONLHO-CBUTOBLIMH BOJHAMH SBISETCS NPUYHHOTM
paspymienns conuToROB ypassenns MKnB (24).

YHET SHEPreTHICCKUX NOTePh B HENNHEHHO-YOPYTofi OGOIOYKE NPHBOMHT K
TOMY, 10 ypasHeHHA (23) u (24) MONONHAIOTCS THCCHOATHBHLIMI WICRAMH. TakiM
E)%))MOM, MOy IAI0TCA MOFUHUMPOBARHLIe BapuarTh! ypapHernit KITB (20) n KpBB

Uger - 03U0?Upee + AUtz - BUozezz = - YUomy » (27)
UO&!" (X3Uo§2U0r;§ + XUoggg - BU0§§§§ =0, (28)

AHANMTIYECKOE W UHCIEHHOE HcclefioBamme ypasHeHmit (27) u  (28)
IPEACTABIAET CAMOCTOSTENLHLI HHTEpEC.

BriBoge1 06 9BONIONUN YIPYTHX W HENMMHEHHO-YOPYTUX COMUTOHOB B 000I0UKAX
CIPABEIIMBL] U (I TOBKHUX MTACTHH U CTEPKHEH. .
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NONLINEAR DEFORMATION WAVES IN CYLINDRICAL SHELLS
AL Zemlyanukhin, LI Mogilevich

The evolution of nonlinear longitudinal waves in elastic and nonlinear-efastic cy-
lindrical shells has been analysed. In elastic shells one-dimensional and two-
dimensional solitons of the equations KdV and Kadomtsev - Petviashvili have been re-
vealed. It was demonstrated that there exist one-dimensional solitons of the equation
mKdV in nonlinear-elastic shells. Calculation of dissipation effects allowed to get in-
tegrable evolution equations for the longitudinal deformation component.

Seaasnnyxuie  Anekcandp  Heaesuw pomunca 3 1967 rony. Oxorrmin
MexannKo-MaTematimecknil  akynsTer  CLY  (1989) mo  comemmamsHOCTH
«Mexaimmka». 3auiTHn ICCEpPTAIINO Ha CoOICKAaIlle yueHoil CTeleHT KampujaTta
(PH3IKO-MATEMATIUECKIX  IfayK (1995). OGnacr, HayYHBIX IHTCPECOB:
HeUHellHble  IOITerplipyeMble  YpaBHeIlsl B JIIHAMATCCKIIX 3ajauyax  MeXamHKII
TBEPILIX flehopMIpYeMbIX Tel, PPYIHOBOLT anami3 AihdrepeHanbHLIX ypapIe il

Moziaesir JIea Haview pomies 3 1946 ropy. Ipodeccop, 3as. kacpenpor
«MareMaTHKa, MATEMATHYCCKOC MOJ@IIpoBaime 1 nudropmarika» CapaToBCKOro
TOCYJapCTBEHIIOTO  arpolNiKeHcpHoro  ymimepcnrera. OKOHMIT — MEXAHHKO-
MaTeMaTiigecKmml chakyasTer CapaToBCKOro TOCYIApCTBEHHOrO YIDIBepCHTeTa IO
cremmanbiocTH  «Mexammka»(1969). 3akomwnn acmipautypy CI'Y (1972) no
kathempe  «TeopeTmdaeckas Mexammka 11 aspOrTPONIHAMIK@».  SarliITivt
JICCEPTANIIIO Ha COHCKamie yueHOIl CTenmenn KauanaaTa (hi3iKo-MaTeMaTHICKIX
Hayk (1972) mo cremuansioctn «MeXaHmKa KOAKOCTH, Ta3a I IIA3MBI» I JIOKTOpa
Texmirreckaix mayk  (1990) mo cmenuansuoctn «TMpOCKONL], HABNTANHORHLIE
npuGopsl 1T KOMIUTIEKCEl». OGIacTh HayuHLIX NTEPecoB: HelmiHefimble BOMILI B
CIUTOILIIBIX CPEaX, MeXammKa CJAOKHBIX CICTeM ¢ PACIPefie/IeHEBIMI TapaMETPaMII.
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HOPMAJIbHBIE U KBABUHOPMAJIBHBIE ®OPMEI _
IS ITOJTYKNACCUYECKMX JTABEPHLIX YPABHEHUIA
C TUOPAKITUEN :

E.B. I'pueopwesa, C.A. Kaiujenro

Ha ocmose meToia HOPMATLELIX pOPM PAaCCMOTPEHO (POPMHpOBAITIE HONEPETHBIX
OPOCTPAHCTBEHABIX CTPYKTYP B JIA3€pHOM H3MYYeHHH: BpaIlaloOliuXcsl 1I CTOSIHX BOJH,
PEXKHUMOB MOJOBLIX OHemmil. Ilokazama BO3MOXHOCTL CIOXHOH JHHaMIKH IpH GONLOIAX
pasMepax CHCTEMLI BCIEACTBIe HelTpanbHOH YCTONYHBOCTH peEHIEHHI YKOPOUCHHBIX
ypaBHenmil. .

Bpegenne

B nocnepmmee ppems Oonplioe BHEMAHHE YHENAETCS MNONEPEUHON AHHAMEKE
ONITIHYECKOrO N3NYIEHHS JIA3¢POB B CBS3H C NEPCIEKTHBAMH HX WCIONL30BAHUSA B HOBLIX
nH(popManHoHHEIX TexHonorsax [1-3]. Tlojpo6HO HCccnegoBana CTPYKTYpa HEBBICOKHX
NPOCTPAHCTBEHHLIX MOJ[ B JIa3epax ¢ IUIHHApPHUIECKoi reomerpuefi [1,2], mokasaxa
BO3MOXHOCTL BLICOKOMOJIOBLIX IIPOCTPAHCTBEHHLIX Omcbyprammit [3], obcyxpmarorcs
CIIOHTAHHOC  HAPYyINCHHE CHMMETPHH I aHAJOTIS  MEXAy ONTHYECKOH H
CHAPOMHHAMIUECKOH TYpOyNenTHOCTAMH [4,5].

HanGonee UHTPHTYIOMIHM OCTACTCS BONPOC O BO3HHUKHOBEHHH KOTEPEHTHOTO,
(yropsAmOUEHHOTO) HOBENCHIA B CHCTEMAX ¢ OECKOHEUHLIM (ACHMIOTOTHYICSCKH GONBIIHM )
YUCIIOM BO3OYKIEHHBIX NPOCTPAHCTBEHHBIX MOJ. Takas cuTyalus MOXKET MMETh MECTO,
B YACTHOCTH, B CHCTeMax C «OONBINMMH» TeOMeTpUYecKuMH pa3mepamu. Ilpu
ICCIENOBAMMY HENHHEHHON [UHAMUKH B CIydYasX, KOrfa KPHTHYECKHC YCIIOBHA
ONHOBPEMEHHO BBLUIONHSIIOTCSA Mt OECKOHEUHOrO UHMCNA MOJ, M3BECTHLIE METOJBI
HHTErPANbHBIX MHOrOOOpasuii H HOPMANbHBIX (DOPM HE NpPHMEHHMBL B HacTosei
pabore s »Toll menmu OyAeT HCmONL30BaH anropuTM [7,8] mOCTpOeHHs CHEHHANbHBIX
SBOJIOIMOMHLIX YPABHEHHIT, KOTOPLIE HIPAIOT PONb YKOPOUSHHLIX HOPMAIBLHLIX (DOPM,
NPUYEM HX HEJOKATbHAS [HHAMIKA OIpPEACNIeT NOBeleHie PeuleHHi HCXOMHON KpaeBoH
3a[[a9H B OKPECTHOCTH COCTOSHHS PABHOBECHS.

dusnyeckmi NPOUECC B OJHOMEPHOM NPHOMIKEHHH M B IPEMIONOXEHUH, ITO
JIMHUS YCHJIEHIIS OfHOPOJHO YUIIpeHa H B HEe NONajaeT OfHA NPOJONALHAS MOoJa
pe3oHaTopa u JOCTATOYHO OONBINOE HCIO IONEPEYHBIX MOJ, ONUCLIBACTCH
TIOJTYKIaCCHIECKIMI JTA3€PHBIMU ypaBHeHsiMH [1,4,5]

OE/d1 = -u(E- P) + iDD?E[9x2,
9P/3t =-(1+ iA)P + NE, 1)
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ANt =y[N- Ny- Vo (E*P + EP*)] + D,02N/Ox2,

rie £ U P - IpONOPUMOHANLHBI KOMIUICKCHBIM aMILIHTYJAM 3MEKTPHYCCKOH Ha-
IPSIKEHHOCTH CBETOBOH BONHBI I IOJNSPH3ALMM AKTHBHON cpeapl, N xapakTepu3yeT
HHBEDCHIO HACENCHHOCTEN aKTHBHOIN Cpefbl, Ny - e¢ HeHACHIIIEHHOE (MAKCHMANILHOR)
3HAYEHIE, ONPEeN2NgeMOe OJHOPONHON MO NIPOCTPaHCTBEHHON IepeMeHHOH HAKAUKOI,
A=(w,- © )y, - €YaCTOTHAsS pACCTPONKA MEX/Iy LEHTPOM JHHHHI YCHIEHHI @, U
Pe30HATOpPA ., CKOPOCTH penakcanii (OTOHOB B PE30HATOPE | H HHBEPCHH
HACEJICHHOCTEll 7 HOPMIIPOBAHBI HA CKOPOCTL PENAKCAUMH Honspusammu v,; D, -

e
k03 drmmenT ardpaku 3MeKTPOMArHITHON BONHEL, [, - Kosddumuent mipdy3un
HOCHTEJIEN HHBEPCHOI HACENICHHOCTH.

JBa THIIa TPaHIYHLIX yCHOBHI OyIyT paccMOTpPEHb], YTOOLI BLIICHUTD HX BIIHAHHE
Ha MHAMHKY IPH «O0NBIIHX» reOMETPHUECKIX pa3Mepax CICTEMBI.
[lepnomiuecKie rpaHHyYHble YCIOBHS:

E,P,Nl_o=E,P,Nl_.
dFE/dx, OP/0x, ON/OX| o= JE/0x, OP/dx, ON/OAl ;. (2)

Han6omnee Onu3kuii dprzuueckmi 00LEKT, COOTBETCTBYIONIMIT TAKHM YCIOBISIM - Y3KO0€
KOJBLUO AKTHBHOM cpegsl - MOXET OBITh [ONy4YeH C IIOMOIIBI0 CHEIHANBLHOI
miacpparMel. IlpocTpancTBeHHas NEPEMEHHAS B 9TOM clydae COOTBETCTBYET YIJIOBOIM
KOOpAHHATE HA KOJbLE, MO3TOMY B JanbHEMIeM Jpis YA0OCTBA NMONEPEYHBIT pPa3Mep
cucTeMbl HOpMIpyeMm K 2m /=2m. OTMETHM, YTO Takas HODMIPOBKA NPHBOJHT K
mMeHeHIo  koapduunenros mgudpakumn 1 auddyzud opH HIMEHEHHH pPa3MEpoB
CHCTEeMB], IOCKONLKY D, ,D ~I-2.

i cucTeM, NMEIONIIX OTpaxarompe OOKOBLIE IpaHi, 0onee MPUTOHLI Ipa-
HIrgHLbIe yenoBus Helvauna (OTCYTCTBHE TOTOKOB Uepes CPaHIILY )

JE[0x, OPIIx, ONIOX|_ = dE/dx, OP/Ix, IN/Ixl 0. (3)

=21 =
T'eomeTpHs TAKOIN 3afaull COOTBETCTBYET Y3KOH MONOCKE aAKTHBHOI CPefbl IHHOH /=27
H MOXKeT OBITL peani30BaHa B NOJIYNPOBONHAKOBLIX Na3ePHBIX YCTPOHCTBAX.

B pasgene 1 paccMOTpeHBI KPHTHYIECKIE CITydal, BO3ZHUKAOMINE B OKPECTHOCTH
NEPBOro nNOpora reHepami -1 [IOKA3AHO CYIICCTBEHHOEC DA3NMHYNC 3afday C KOHECYHLIM U
ManeIM  3HaveHmeM Koa(guunenta mudpakmm. B pasmene 2 mocTpoeHnI
YHUBEPCANLHLIE OOBIKHOBEHHBIE JHM(epeHInanbHbIe yYpaBHEHHS IS I1apaMETPOB
NOPSIAKA - HOpManbHble (QOPMBL, H C HX HOMOINGLIO AHAJIN3HPYIOTCS PEIIEHs HCXOHOI
3a7a4u B CIy4asy, Korga Koa@huuneHT fudpakiii He SIBISIETCS MANBIM TapaMETPOM.
B nocnegyrompux paspgenax npepnosnaraeTcs, uto kosdbdumment mudpakiuun apuseTcs
mManeIM. B pasgene 3 mocTpoeHsl KBa3MHOPMANbHLIC (POPMBI NI yCTAHOBHBIIMXCH
PeXIMOB, (hOPMUPYIOLIHXCS HAa HEBLICOKHX MOJIAX; B pasfernc 4 Bo3GYXKIAEMBIE MOILI
SBISIEOTCSA ACHMITOTITIECKH GOJBIIIMI.

Ha Ga3ze nomyyeHHBIX pPe3ynLTaTOB COPMYMIPOBAN PSR BBIBOJOB, OOBIC-
HAIOIHX IKCHEPHMCHTAILHEBIC TAHHLIC.

1. InHednsni ananns
Xapakrep HOTEpH YCTOMIMBOCTH COCTOsHHS pasHoBecus (E=P=0, N=N,) B
cucteme (1) mma oGOHX THHNOB TIPAHHUHLIX YCHOBHH ONPENENieTCs KODHSIMH Xa-

PAKTEPHCTHUCCKOTO YPABHEHIIS

(VD k22 [A+ (AL +HA+ Dok2) + p(N+1+iA) + i D2(1+ iA)]=O0. 4)

Kprrrmraeckuit cayuall peanusyercs, eCiii IPH HEKOTOPLIX 3HAYCHNIX BOJHOBBIX HHCEI
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ke, § =1.2,... AMEROTCS KODHH A, C HyNEROTE BEMRCTREHHO YACTLY, & 38 OeTanLHLx )c;é)c
KRpﬂKTGpHC’I’H‘ICCKHG iitenril M MMOIOT OTPHUATCIIBHBIC BCHICCTBCHHLIE HACTH.

W3 (4) cnepyer, YT0 KOPEHb ¢ HYIEBOH BELIECTBEHHON TACTLIO Ag=i@y, HMEET
MECTO NPH 3HAYEHHAX MapaMeTpoB A=A~, D.=D~, Ny=Ny~ Takux, 4to [3]
-DSR2 . DSkt Ap
Ny~ =1+ ( 2, = - ————. (5)
+H 1+p
PaccMOTpHM OTAENLHO KPHTHUECKHE CIydal, BO3HHKAIOINHE IIPH KOHEUHOM (He
MaJom) 3HaueHnn qudpakmmm D, 11 ManoM 3Havenm D, — 0.
Ecmi mudpakuis He Mana H 4acTOTHAs PAcCTPOlKa B CHCTEME OTPHIATENbLHAS
(A<0), To Ompypxamist OT yCTONUHBCTO COCTOSIHESI PABHOBECIS K NEPHOIMECKOMY

PElICHHIO TPOHCXOJUT HAa HyfAeBoli npocTpaHcTBeHHOH Mome (ky=0) mpi npespmienint
HAKauKOH oporosoro 3uavents (puc.1, a)

Ny~ =1+ &, (6)

rae o6o3HaueHo &= -A~/(1+1). Uactora apTOKONEGAHHI COOTBETCTBYIOIICH IHHE-
APH30BAHHOI CHCTEMBb! ONMH3KA K My=Wd.
Taxkoe mOBefeHHE - COOTBETCTBYET IIO-
BeCHIIO  TOYeYHOH  cucTembl  (6e3
michpaximm).

Ecmun jmudpakuns HE Mama I
pacctpoiika mnomoxurenmbuas (A>0), TO
NOTePsl  YCTOHYMBOCTH — CTALIOHAPHOTO
pemeHts 00yCnOBIEHA KaK «BPEMCHHOM», '7 '1 5 ’l 7’
TaK 0 «IPOCTPAHCTBEHHOI» fHHAMHKON I  a ™~ 7 -
MOXKET HMeTh MEeCTO Ha J[BYX, TPEX MIII
YeTLIPEeX NPOCTPAHCTBEHHBIX MOJIAX.

Kpurirueckne ycaoBHs A1 IBYX MOJ
C BOJHOBBIMII uHMCIAMH k=+n OCyHIEeCT-
BIJISEOTCS! IIPH 3HAYEHHUSIX IAPaMeTPOB A=A,

D.=D,.~, Ny=N,~ Takix, qaro (puc.1, 6)

=Y

(A~ID )2+ 0 = m, Ny~=1 + 82,

51=(A~- D m2)/(1+ ). (7)

Hapamerp 9 pomonmser (A~/D.~)12 po
nenoro wumcia. MHHMBIE XapakTepHCTH- \
YeCKHE HICHA: Ay, = [0, TAE ©; =-A~+ 8y, |
a OCTalbHLIE A, MMEIT OTPHUATENLHLIE |
|

|

BEIECTBEHHBIC YACTH. |

TpH §pOCTPAHCTBEHHBIE MOJLI C 8 -2 -1 0
ponuopbiMH  umenamu  k=0,21 B0O36yX-
NAXOTCS ONHOBPEMEHHO IIPH 3HAYEHHAX
napameTpos (puc.1, 8)

Ny =1+ 8, D.~=2A". (8)

COOTBETCTBYIOINE XaPaKTePHUCTHIECKHE

|
|

qncna: Ag= i, Ay = i3(p+2). ‘ | ! |
Uerslpe MObl € BONHOBBIMH -2 -1 0 1

=Y

,_,,___
o
Y

[ T S
=Y

wcaamu  k=tm, *(m+l) OmHOBpPEMEHHO _
BO3GYX/IAIOTCSA NpH ycnosuit, uto (puc.1,2) Prc.1
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Ny~=1+&[(2m+1)/M)2, D.~=2A~IM, M=2m2+2n + 1. 9)
TIpi 9T0M XaPAKTEPIHCTIIMECKIE HIICIA BBITHCIISIOTCS CIEAYICIIIN 00Pa3oM:
Ay = 18(U+2012/M ), As ety = 10(ut Z(m+1)2M ).

bonee cnoXEAS CATyailis BO3HHKHET, €CIH 3HaYeHIC KoadduimenTa mugp-
PAKIII SBIARTCA ManbIM. Haupinvep, ¢ yRensueHueM I0NePeUHLIX PA3MEPOR CHCTEMEI
1l B Pe3yNbTATE HOPMHPOBKII, COXpaHsoIell Kpaesple yenosis (2) mwn (3), nonyuaem
D.=e. e — 0. Torga KpPHTHYECKHE YCIOBHS MOTYT ObIThL BBINOJIHEHBI (2CHMITOTHYECKI )
cpa3zy nag OecKOoHeUHO OONBIIOrO UNCia IPOCTPAHCTBEHHBIX MOJT.

TIpn orpuuarensbuoll paccrpoiike (A<0) n manof midpaxuim yeropns mOTEpH
VCTOHUIBOCTH OfMHAKOBBI JUTd BCeX MOJ ¢ HOMepamu k,=kq + m, k=0, m=0, £1,...
(prc.2, a):

Ny =148+ em?/(1+p) 2= Ny~ + O(e). A, =idu+ O(e), e = 0. (10)

01 Tpit momoskurrennnofi  paccTpoiixe
(A>0) 1 Magoil mIhPaKLInl OHOBPEMEHHO
\*‘g /—4-+63+efvo, TePAIOT YCTONINBOCTL MHOXKECTBO MOJ ¢
Lot L womepamu  k, =x[(Ale)iz+ 8] + m,
' m=0,2£142.... («BHyTpeHHUil» napameTp
*_,!_x,v_vu_\i\vu*u#\_kb 0e (-1.0] nomomusier (A/e)12 mo menoro
k g urcna: 0={(A/e)12} - (Ale)iz, (puc.2, 6).

Ny Tist Beex Taxix MO IPH HAKAUKe

No,,” =1+ 0O(¢) (11)

1407
k-/—)}‘}g;f//: L+eNg, XAPAKTEPUCTIIECKIIEC THCTA IIMEIOT
ACHMITOTHYECKH ManyIo JIEHCTBUTENBLHYIO

a

[ R T O ‘IHCTL)\/\.:—I'A-F()(E).
5 e k Hipke mOCTPOUM  PCIICHIIST HEJH-
wefinolt cucremp! (1) B OKPECTHOCTI TOUKI
Prc. 2 GrypKaIyin Kaxoro Tima.

2. Hopmanrusie ¢popMbl B cnydae, Korna xoathguuuent pudgpaknun D,
HC ABNAACTCA MAJbIM

B sToMm paspgene nenosb3yeM TPamiUIOHHBIE METO/IBI TEOPHI HOPMAILHLIX hopM
[6]. Brauame paccMOTpIM caydaii  oTpumarensHoit  paccrpofiki  (A<Q0).  Tlpu
IPEBBLIISHIN HAKAUKON NOPOroBoro 3maueHus (6) Np=Ny~+ &Ny, e<<1, nokanbHasa
mmHamaka kpaepoil 3agaunt (1), (2), (3) ompepensercs ypapHenineM (HOPMAJLHOI
(hopMOIT) HA OFHOMEPHOM KOMILIEKCHOM IEHTPATLHOM MHOTOOGPA3HIL

de/dt =Ny RE- REIER + O(e), (12)
p(1+ idv) 1

meR=—-——-"_—_ v

(1+)(1+822) 1+ T=gf.

Ilo cysxkmm &(t) paBHOMECPHO Ha MIOGOM KCOHEUHOM OTpE3KE H3MEHEHHS
BPEMCHI [ «BOCCTAHABIUBAIOTCS» penieHns xpaesoii 3amadn (1)-(3) ¢ momomsio
thopmyn

E= ez E(t)exp(ing + i) + O(:372),
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P =elagE(vexp(ioe + ip) + O(e32), N=Ny o Dle), ap = 4+ 05 (13)

TIpr No>0 nopmanbras (opma (12) umeeT ceMeficTBO 3aBHCSIUX OT mapaMerpa ¢
YCTOIYUBEIX CTAIMOHADHELIX pement 1§12 = Ny, KOTOPBIM COOTBETCTBYIOT yCTOHUIBLIE
IePHOIIECKIC PEUICHIIs ICXOJHOM CIICTEMBI ¢ 1aCcTOTON reHepannn o, = pud + O(e2).
Takoe mopefeHne ORHHAKOBO Ui KPAEBLIX 3ajad 000Er0 THIA H AHAJIOTIIGHO
TIOBEJCHHIO COCPEOTOYCHHON CIICTEMEI.

B cnyyae monoxnTensHO paccTpoliki (A>0) moTeps yCTORMMBOCTI MOYKET
IPOHCXONUTL HA HEHYJIEBLIX NPOCTPAHCTBEHHBIX MOjAX, I PE3YNLTATHI CYIECTBEHHO
3ABHCAT OT PAHUYHELIX YCHOBHI.

PacemoTpum cradana cricremy (1) ¢ nepnogidecKuMit TPAITHBIME YCTOBIAMI 11
¢ napamerpami (7), TP KOTOPLIX BO3GYKZAIOTCSA JIBE MOJIBI C BOJHOBLIMH UNCTAMII
m=%£[(A~/D.;~ )12 + @]. TloBefcHne pewenni B MOl OKPECTHOCTH TOUKH GudypKarm
Nyg=1+ &Ny, D =D ~+eD;, A=A~+eA, onpepensercs HOPMAILHOIT (POPMOIT Ha BYMEPHOM
MHOT000pazuH :

d&/(]’[ = (NOl_ iAl- iD1n1201*/}_l)R1& - R1§(|§)2 + bl'ﬂl:)) + 0(8),

dnldt = (Ngy- iA- iDii2a )R m - Rm(ni2 + BIER) + O(e), (14)
n(1+i8,v) .
R= , a=1 , b=1+ (1+ 4D mz2/y)-1.
e R, ) (1+5.27) a;=1+i8;, b =1+ (1+ 4D ni?ly)

AMIITHTY/TY TEHEPHPYEMOTO IOt BOCCTaHABIIHBAEM 110 (hopMyTIe
E=e12[E(t)exp(iogt + mx + i9) + n(t)exp(ioy - mx + i¢,)] + O(e32).

Cucrema (14) umeer Tpm crammoHapunix pemenns. Cocrogume  |E2=Inl220,
COOTBETCTBYION[EE T€HEPAIHH IPOTIBOMNOIOXKHO HAMPABJICHHBIX BOJH, BCET]A HEYCTOMH-
qip0. Cocrostritt papHoBecns n=0, &2 = Ny + D §m2/u 1 =0, mP=Ny;+D 6 m2/p
IIMEIOT HYJICBOE I OTPHIATEILHBIC BENECTBEHALIC YIICTA IT, CIENOBATEILHO, IBISIOTCS
ycToiruBLIME. OHII COOTBETCTBYIOT B HCXOAHOI 3ajatie PEXKIIMAM FeHePaHI JIEBO- I
OPABOBPAINAIOMINXCS  BONH (TOH K¢  VCTOHWNBOCTH) C 4ACTOTON —TeHepaumt
0= —A+8- ep(Ay + Dym2/p)(14w)-1(148,212)-1+0(e2). OTMeTiIM, 9ITO OTKIIOHEHIIE
YACTOTHON PACCTPOHKH OT KPHTHYECKOrO 3HAYCHMS NPHUBOMIT TONLKO K N3MEHEHHIO
uacTOTLI redepauii 1 g dysna HocnTelc He OKa3LIBACT BIHSIHHA Ha HaOMIOJAaeMbIe
NPOIECCHI B IEPBOM NPHOIIKCHHH.

I xpaesofi 3ajaum HA OTpe3ke ¢ HempoHmaembiMi Konmamu (1), (3) Hop-
ManbHag )OpMa Ha MEHTPATLHOM MEOTOOOPA3HH 3alHIIETCS CE oM 00Pa3oM:

d&/(h' I(N()l- iA- iDlnﬂal*/p)Rl&— Rl(b+1)é|&|2/4 + 0(8) (15)

«OyHOMepHOCTL» ypasrenns (15), B ormuraue or AByMepHoli crcreMsl (14), cpazana ¢
TeM, UTO B CIOydae Kpaesplx ycioBmii HefiMama HOMEpa MOJ TNPHHNIMAIOT TONIBKO
HeOTpUUATELHEIE 3HAYEHHA. B HCXOFHOH 3ajaue cramoHapremM pexmmanm (15)
COOTBETCTBYIOT pEXIMBLI TEHEpANUd THIA CTOS4Yell BONHBLI € 4YacToToll @~ 1
AMIITHTYOM OIS, 3aBHCSINEl OT BemdnAb! Koaddumenta mddysmt Hocurenei D,

E(1,x) =2[e(Ny+D;8,m2/p)/(1+b)]12cos(mx)exp(ing 1 + i) + O(e).

PaccMOTpHM Temeph CIydali OFHOBPEMEHHON MOTEPH YCTOHYHBOCTH TpeX
NPOCTPAHCTBEHHLIX MOJ B 3ajfiade C NEPHOAUYCCKHMHI TPAHHYHBIMI YCIOBUAMIL
Kpuruaeckue ycnosns ompegensiorcs mo gopmynam (8). OrmermM, 4TO B CHIY
crenu(yKN 323 PE3OHAHCHLIX SBNEHM 31ECh He BO3HHKAET (Peyb HCT O «IIABHBIX»

pesonancax 1:1, 1:2 u 1:3). B okpecTHOCTH TOYKH oudyprami Ny = 1 + 82 + eNyy,
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D.=2A+eD| mmuamiKa T/IaBHLIX TWIGHOB DANOXKEHI ONPEeNIeTcss HOPMaILHOI

thopmoit
v d&/dv =Ny RE- RE[IE2 + bo(InP + Ix12)] + O(e),

dnildr = (Ng- iDyag/)R™ - R(Ini2+ by*IE12 + bilyl2) + O(e), (16)

dyldrt = (Ng- iD agp)R*y - R*x(Ix? + by €Iz + byimi2) + O(g),

rme a, R ompepenemst B (12), (13), be=l+ao(1+D, /)1, by=1+(1+4Dfy)-1.
IMepemennsie &, m, ¥ ABIAIOTCS MEICHHBIMI AMIUIITYAaMH  BO3GYXIEHHBIX
MPOCTPAHCTBEHHBIX MOJ{ ¢ BONHOBLIMI nenamut k=0 1 k=+1, -1 u wacToTamn =34y,
0:;=0({+2), COOTBETCTBEHHO.

CraiOHAPHLIM PEUISHHSM cucTembl ypapHeHnii (16) OygyT COOTBETCTBOBATE
YCTAHOBHBHINECS PEKHMBI PeHEpAlHH HCXOTHOI CHCTEMBI, OITUCBIBAEMON YPaBHEHHAMU

(1) u (2). Crammonapromy pementio [E2 = Ny, n=¢=0 COOTBETCTBYET reHEpPaIs
OHOPOJHOTO O IPOCTPAHCTBY Mot E=(g Ny, )12exp(idur + O(e?)), KOTOPOE YCTOHIHBO,
eCIit '

NOl B >D1C, (17)

rae B=(1-82)(1+ Dy/y)-1, C=28/(u+1).
Pemiennis £=0; m, x # 0 1 &, 1, x # 0, oTBevaomne reHepanui NPOTHBONOIOXKHO
GerymHx BOJNH, BCEra HeyCTONTHBLL
Pemrenng E=y=0, 120 umn &=n=0, x#0, onmceiBaroime reHepanuro Oeryien
BONHBI E=[e(Noi+D,C)|2exp(@,~ittix), @, =8(u+2)-eDi(u+1)1 + O(e?), yeToidmBel,
ecin
Ng B > -DC(1+B). (18)

B ofmactnn mepekpoitis mapamerpoB, ompenensemsix  yenopmsmu  (17), (18),
peamizyercst GHCTAGINLEOCTE PEXKIMOB FEHEPANTIL, A JIPH JONONHHTENLHOM YCIOBHH

O<B<1 (xoropoe s Jna3epos OCLIYHO BLITONHAETCH, TAK Kak p<l) BO3MOXHA

TeHepany  BH3yankHo HaOmogaeMofi Bpailaiomefics HEeONHOPONHON CTPYKTYPLI C
HHTEHCIBHOCTLIO

1= |E12 =g[€2 + Mo2+2EMocos((28- ew )r- x)].

Hnsa rpanmapnix yenosni HefiMana Ha OTpe3Ke aKTHBHON CpEmp! NoOmydaem
HOPMANLHYIO (hopamy

dE/dt = NyyRE- RE(IER + bnl2/2) + O(e),
dn/dt =(Ny; - iDyay/)R™M - R(by*lER + bylnl2/2) + O(e). (19)

YCcnoBisg reHepaign OfHOPONHOTC OIS ¢ 9ACTOTON (), TAKHE Xe, KaK B (17), renepanus

crosueil  ponubl  E=[2e(No+D,C)/B;]12cos(x)exp(w,™ir), e By=1+[2(1+4D v)]-1,
YCTOMUIIBA, CCITH

NOI (B- Bl)>-D1C(1+B). (20)
B oGmacti nepexpeitns yenonit (17) 1 (20) Hapsamy ¢ OfHOPOTHLIM I HEOTHOPOHBIM

PEXKIMAMIT TCHEPATIIT BOMOXKHLI TakKe, ecmt (1+53)2<2, HCOMHOPOHEIE PACCHOSHIS
Ha (POHE YCTOMUNBLIX ABTOKOJCOAHHI

[=IER=¢[E)7 + 1,2c082(x) + 2;m,c08(x)cos((25- ew)1)].

AMITIITYIBI &g, Mo, &, M 1 MONPABKI X wacTOTaM Wy, Wi B 3aKpHTHYCCKON 00NacTH
Aannl B ITpnnoxenni A.

Hoist MOTHOTLI MANOXEHNS NPHBENEM HOPMANBLHYIO (OpPMy B 3ajade c HepHo-
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AUICCKAMU TPAHUYHBIMH YCTIOBHAMH B CIyYa€ 9CTHIPEX XaPaKTEPHCTHIECKHX IIO-

gaaalTeﬂzeﬁ C HYJIEBOH BEIICCTBEHHON YaCTBIO ISt IPOCTPAHCTBEHHLIX MOJ| C HOMepaMn
=+1. + '
+1, +

d¥fdr = (Noy - iD1a; M)R,E- RAE(IEI2+ bynf2 + bylyl2 + bolel2) + O(e),
dn/dt = (N, ~ iDyay"W)Rm- Rym(Inf2+ byIER + bylyl2 + bslzl2) + O(e),
dy/drv = (Nps - iD @ IR, Ry (12 + by*lER + byIniz + byl®l?) + O(e),
deldt = (Noy - iD1apW)Ry* @ - Ry e(l@l2 + by lEl2 £ by*inl2 + balxl2) + O(e),

e Ro=p(1+i8,v)/[(1+p)(1+8,22)], a,=1+i8,, 5,=25/5, by=1+a,(1+D,fy)- L,bs=1+a,(1+
+ 9Dy} 1, by=1+(1+16D,/y)-1.

Kax u pameme, nerko Moryr GLith mOmydYeHs! oGmacTH YCTOHYMBOCTH PERUMOB
TCHEPAHI JICBO~ WIN NPABOBPAM{AIOLIUXCS BONH C BONHOBBLIMH 4ACHAMH k=+1 22 n
JaCTOTAMH  Bpamenus  a,=8(u+2/5), ©,=8(u+8/5). BusyansHo HaGmMIOTAEMBIC
CTPYKTYPEI C 4aCTOTOH Bpamenns m=658/5 o0pasyroTcs NpH CIOXEHAN IBYX BOMH C
PA3HBIMH BOTHOBBIMH duciamu m=+(1-2); £(1+2). Pexumpi GHERNS NPOTHBONOIOKHO

HAIPABACHHLIX BOMH C OJUHAKOBRIMY BOJHOBLIMK qnciaMy, Kak U B IpeLIgyIIEM
ClIyiac, OKa3bIBarOTCH H6YCTOI?I‘IHBBIMI/I.

3. HuzkoMo0BbIe IPOCTPANCTBEHHbIC SudypRaunn
B ¢iyvae MANbIX sHaveunii Kosgdunnenta qadpakuau

Iycts D, =e u ¢ — +0. B pa3gene 1 Obuio mokasado, B 3TOM Coydae KOPHEH

XapPaKTEPUCTHIECKOTO MHOTOWIEHA, CTPEMAIINXCS X MHUMOR OCH, CTAHOBHTCH
GECKOHEYHO MHOTO H, CJIEfOBAaTENbHO, HPU MPEBBIICHMMA [OPOTAa TEeHEePAIHH
BO30YXK/IAETCSA MHOXECTBO NPOCTPAHCTBEHHBIX MOJI. MeTO HOpMaNbHEIX (POPM IpHBEN
0pl K HEOOXOFMMOCTH AHANM3UPOBATL OECKOHEUHYIO (CUETHYIO) CHCTEMY YPABHCHMI
CIIOZKHOIO BHJA. BMeECTO 9TOro, cnefys HISONOTHH METOa HOPMAJbHBIX (DOPM,
HONyInM KBAWHOPMANBHYIO (POPMY JI MapaMeTpOR HOPSKA, 3aBHCSIIAX OT
OPOCTPAHCTBEHHON NepeMeHHOi. IIprHupmiansHeM MOMEHTOM SBNISETCS HaIHIUe B

ACXOJHON cHCTeMe Mamoro mnapaMerpa pudpakimu e. IlosToMy Manbpni mapameTp
HAJKPUTHIHOCTH, TIO0 CTENeHAM KOTOPOTO OOLIYHO MAET Pa3NoXeHHe pelleHui B psf’,
OKa3BIBACTCS CYHMIECTBEHHO CBA3AHHBIM ¢ muppaknueii [7,8].

Tlpu orpunarensuoii paccrpoiike (A<(O) Bo3OyXKmTaeTCs MHOXECTBO MOJ[ BOKDYT

HyJIEBOI MPOCTPAHCTBEHHON MONLL. B OXPeCcTHOCTH KPHTHYECKMX 3HAYCHAN HapaMeTPOB
(10) MakcHMAmBHBIN WICH PpAa3IOXKEHHs, ONPEJENSIONMHA CKOPOCTh H3MCHCHIsA

AMIDIATYT BCICACTBHE TPOCTPAHCTBEHHLIX B3AUMOCHCTRHIA, IMeET MopsfoK €. IlosTomy

napaMeTp HAJKPUTIMHOCTH YNOOHO BRIOpaTs B opMe &Ny Ddopmanbubie psjpl,. C
[IOMOIIBI0 KOTOPBIX MIIIEM DEINEHHe UCXOMHOH 3ajaum, npefcrapnensl B (B.1). nd
MeICHHLIX AMILTATYJ] IOJYIAEM CIEYFOYI0 KBa3HHOPMANLHYIO (DOpMy:

d&/d’c = iao*l.l' 1R825_,/8x2 + Nole‘ Rél&lz + O(E), (21)
C NCPHOMUIESCKIMHU I'PAHHIHLIME YCIIOBYSAMY IS 3411 B KONILIIL
&];\:0 = ax=2n7 a&faxlxzoza&/aﬂx:zn,

'@ JUist 3aQAYL C YCAOBUSAMM HENPOHMIAGMOCTH Ha KOHDAX OTPE3Ka HMEEeM aHaJIOTUIHYIO
KBA3UHOpPMATLHEYIO dopmy (21) ¢ rpanuHEMI YCTOBHAMH

0&/0x!,_=08/0xl,_,=0.

* PsiTe1, ¢ TOMOIIBEO KOTOPHIX TIOMY9IeHE] KBasHHOpMALEbIe (GOPMEI, HPHBE/ieHbl B [IprioxKeHIn B;
cooTBETCTBYIOImEE (hopMyTEl EMetoT Homepa (B.1) - (B.5).
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U1 HOPMQILIUD Pupnp (12) ypasnenne (21) ornumactes CRATdeMbiM (' 1R32&/ dx?=
=A, KoTopoe omnncpBacT Kaxk AudpakuponHbii, Tak 1t gugysnonnLil mponeccel,
npirem xosqdument pozankurel peantuoll midysmt b (21) ReA=-2Ap(1+up)- 3
#(1+6212)-1 peerpa monoxnTenbHent mpn A<O, B oTmiune or pesyanraton [4,5], e
nospnanach  Hedusmieckas  orpunarensHas  udpysisa. OTMETIIM  TakKke, 4TO
ypaBHeHIe (21) ompefiesieH0 Ha KOHEUHOM NPOCTPAHCTBEHHOM HHTEPBANE 1l TENEPL HE
TIMEeT MaNLIX MAPAMETPOB IPIH IPON3BOHOIN, KaK B HCXOHOIT crcTeMe.

Kowmmekcnoe ypaBHenne I'mu3Gypra - Jlammay (21) gasnserca ofHoii 13 Ga-
30BBIX MOJIENeIl B ITAPOMIHAMIIKE, MAaTEMATIMECKO!l OIICIOTHH, XIIMITYECKOI KIHETIIKE
11 IOAPOOHO IICCIEOBATOCH KAK aHaNHTHUECK, Tak 1t uncienso [10,12]. B wacThocT,
MOKA3aHO, UTO  CJIOXKHBIC  HEOJHOPOJHBIC — PEKNMBL  (IIHBAPHAHTHLIE — TOPLI,
i Py3ronHBIT Xa0c¢, TypOyAeHTHAS MITHAMIKA S(EKTOB) BO3MOMKHLI TIPI PA3PYIIEHITT
YCTOITIIBOCTI OHOPOIHOTrO petterist (9&/dv=0). Jlineiinpii anams noxa3naeT, uTo
OTHOPOAHOC pelleHie ypapHenis (21). copmajaomee ¢ perrenmeM (13), yeroiianpo
OTHOCHTENLHO MAJBIX BO3MYIIEHIH, ecnit 1+cy¢;>0, tie ¢;=(1+82)[8( 1-v)]-1, c,=dv.
DTO HEPABEHCTBO BCEIJIA CHIPABC/UTBO MPIL OTPHUATCALEON paceTpoiike. Hna A<Aq=
= - Not(1+1)2/2, mo-BIyMOMy, HE CYTIECTBYET JIPYTIX PCHICHIT, KPOME OTHOPOJIHOTO 1t
CNEMOBATENLHO, «BLICOKAS» DPA3MEPHOCTL  KPITHUSCKOr0 Chydas HE HNPHBOIT K
YCIOXKHEHHIO IIHAMIKH. [T09TOMY TpH NpeBLIHCHIN NOPOTa TCHEPAII OJTHOPOJHAS
CTPYKTYPa TONS CTOHTAHHO He Hapytaercs. Taxoll BLIBOJ MOIEPKIBACTCS TAKXKE
OTCYTCTBHEM  SKCHEPHMEHTAJMLHLIX  (DAKTOB  BOZHNKHOBEHIA  JIIIHHOBOTHOBOI
TypOYAEHTHOCTII UEPE3 XAOTIBAINIO JIHAMIKI redexron 1 masepax [11], Teoperiryeckn
npejicKa3aHHoll B [4].

Iost Ay<A<QO Hapsgy ¢ yCTONMIBLIM OTHOPOMHLIN PEITeHIIeM B ypasHennt (21) ¢
MEePHOMIMCCKIMII TPAHINHLIMIL YCIOBHSIMIL TIOSBASIIOTCA TIPOCTBIe PEIICHHS B BINIE
Oerymx BoJH

E=[eNg, - ek228/ (1+) ] 2exp(iays + iy + i),

e o=0u- e[k2/(1+u) + pdv/(u+1)/(1+62v2)] + O(e2), k=0,12 ..., mpiriem TOmLKO
HEKOTOPLIC 113 HIX SBIAIOTCS YCTOMUNBLIMH. THCMO  yCTOMUNBLIX Gerymiiix BOJH
po3pacracT mpr A— -0, 11 TOABNAIOTCH JUIHTEALHLIC, HCOJHOPOJHLIE TEPEXOINBIE
peximbl  [12,13].  CrefloBaTcnbHO, 37eCh  BO3MOXKHO — HADYITICHIIC  CIMMETPHIL
OJIHOPOJTHOTO COCTOSIHIA NI KECTKOM BO30YXK/ICHMUIL

Hns rpanmdapix yesosiii HefiMama B ofmacti yeTONMIBOCTII OJHOPOHOTO
pexiiMa ypasHeHne (21) ppyrix pewenmi ve nmeer [ 10).

Ipn 3mavennax paccpoiikn A, Gmm3kinx kK 0 (Kak OTPHUATENLHLIX, TaK I
HOJIOKITCABHEIX), AHHAMIKA (DOPMIPYETCS TAKXKE HAd INPOCTPAHCTBEHHLIX . MOJAX,
Omukaifinnx x Hynesofi. GopManbHLIC PANbI A MOCTPOCHIIS PELIEHIS B STOM CIydae

parnl B (B.2). C 11X NOMOIIBIO HOMYUYaChl KBAHHOPMATLIYIO (DOPMY JIis TapaMeTpa
TIOpAIKa

0B/t = K- 102E/0x2 + (Nyy- iA)KE- KEIER + O(e), (22)
rie K=(/(u+1), ¢ cOOTBETCTBYIOIIMIL TPAHIMHLIMII YCHOBIAMIL Y papHeHne (22)

JIOTYCKACT PENICHIIS B BIJIC YCTOMIHBLIX OCTYIUIX BONH JUTs MEPHOIUECKIIX TPAaHHIHLIX
YCILOBHIT

E=(eNy )V2explier( -KA;- m2/(u+1)) + imn], m=0,1,2 ... .

TaximM 00pa3soM, 3aKIIOMACM, UTO NIPH MAJNBLIX DACCTPONKAX HADANY C YCTOIMUBBIM
OJTHODOIHLIM  PEXKIMOM — MOXET — DEeanu3oBaTLCA  AMyJLTHCTAGINLHOCTL — IPOCT-

PAHCTREHHLIX HEONHOPOJHLIX CTPYKTYp. Ina rpavntuoix yvcenopuit Hefimana nmeem
TONLKO YCTOITWROE OFHOPOJHOC PerieHIe.
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4, Bmcoxgmononme npocrpancTBeHnere udypramm
npit Masiol AnGpaKLUHY | IOTOKHTENLHON PACCTPONKe

Ilycts De=g¢, ¢ — +0, A>0. B 3TOM ciyyae NPOCTPAHCTBEHHO-BPEMEHHAS
MMHAMHKA (DOPMHPYETCS NPH YYACTHH ACUMITOTIIECKil GOMBMIOr0 4ucia BO30YX-
JICHHBLIX IPOCTPAHCTBCHHBIX MOJ BOKPYT MOJ ¢ GONBIINME HOMepam ngzi((A/e)1/2+_9),

e 6 € (—1,0] u momomaseT (A/e)l/2 10 Henoro vucna.

T'nmaBupll 9IeH pA3NOXKEHNS, ONPENENSIOUT CKOPOCTh M3MEHEHUS AMIUTHTY
BCITEMICTBIE  NPOCTPAHCTBEHHLIX B3aNMOJEHCTBUI, HMEET HOpAROK &l2. Tlosrtomy
HapaMETp HaJKPATHYHOCTH YROOHO BLIGPATL B BUEE €Y2Np; M PACCMATPHBATL MALyio
OKPECTHOCTH KPHTHYECKOr0 napaMeTpa No=1+el2Ny;. Tak xak Manocts koa¢uipenta
mipakim € YacTo CBf3aHA C GONLUIMMH MMONEPEYHBLIMA PA3MEPAMH CHCTEMBI, TO M

xospunment muddy3mn mocuteneir ymoGHo BeIGpaTh B BuHEe D,=ed,. Kometmo,

mipakuus, Hakauka u mucdysns Hocutenel - (PU3UYECKH He3ABUCHMEBIE HAPAMETPEL.
OTa HE3aBUCHMOCTh YYMTBLIBAGTCS B NPOM3BONBHOM BLIGOpE MHOXHTeNelt Ny H d,.

Torga, xak OymeT BHJHO HIDKE, IIPH HEKOTOPBIX MX 3HAYEHHSX MOMKET- BO3HHKHYTH
HEOOXOIIMOCT] TOBTOPHOI HOPMAJIH3AINH YK€ HOPMATH30BAHEBIX YPABHCHHUI.

B oxpecrHocTH cocTosHHS paBHOBecHs pemienne cuctemel (1) ¢ mepumomu-
YECKUMH TPAHMYHLIMH YCIOBHSMH CIEAyeT HCKATh B BHE psaja, gamHoro B (B.3).
JHAMIKA MEIICHHBIX AMIUITYJ| ONPENENIeTCs KBa3uHOPMALHOH (DOPMOI

08/ + 09E/dx = (N - IAV220/p)KE - KE(IEI2+ b~ImI2) + O(e),

N/9T - aon/dx = (Nyy - iAV228/W)Km - Kn(Inl2+ b~IER) + O(e), (23)

e b =1+(1+4Ad /y)-1, 0=2AY2/(1+1), a MeIeBHOE BpEMs1 TEHEPL CBA3aHO C
micdpakguei Tak: T'=el2f. Cucremy (23) NONONHSIIOT NEPHONUUYECKHE TPAHMYHBIC

yemoBust st £ mw m. B Takom ciyuae (23) pomyckaeT pemieHds Tuma Geryiiux
(Bparmaromuxcs Mo KONnbIly) BOTH

E(t',x) =Egexplio(0 - m) -imx], n(v'x) =neexp[io(d - m) + imx], m=0,1,2....

Jinpeiniil aHaIn3 MOKA3LIBAET, UTO TeHEPAUMs IPOTHROIONOXKHO BPAITAIONIXCS BOIH
¢ ammmmrygaMu 1&gl2=Ingl2=Ny; (14+5~)-1 Bcerfga HeycToifunBa. I'enepanusg OHOHANPAB-
seHHBIx BoaH 11=0, 1§2=Ng; nnm £=0, Ingl2=Ny; BO3MOXKHA, TAK KAK 3T PEUICHUS NMEIOT
XapaKTEPUCTHUECKHE THCHA 81,=g4,= - No1- in0, gs,= -ina, Regy, =-2Ny<0, n =0,1,2 ...
H, CIIEJOBATENLHO, ABASIOTCS HEHTPANLHO YCTONYHBLIMA.

Takum oOpa3oM, pguHamMuka mcxomHoit cucremst (1),(2) B rmaBHOM Jle-
MOHCTPHPYET BPAIAIOMINECST BOMHLI

Em(_x,t):E“A'N011/26Xp(i(.0mf + I.k,,,\f + Iq)) + 0(83/4)7 ﬂlZO,il ’iz

¢ 9acTOTOl TeHepamun ®,=-A- (eA)12(6- m)/(1+n) + O(e) U BONHOBLIMH YHMCIIAMH
k,=ne- m. VI3BeCTHLI CKEMNMHTOBBII 32KOH POCTa AMINIATYABl B 3aKPHTHIECKOH

00IaCcTH CBA3AH TENEPD C IAPaMeTPOM TH(PaKIu €.

TTOCKOMNBKY JOCTOBEPHBIE PEIleHHs HA KOMIBIOTEpPE CHCTeMb! ypasHenmi (1) c
Maolt judpakuuell € DONYUUTh 3ATPYNHHTENLHO, 0CO00e 3HaYeHWe NPHOOPETAIoT
sKCTIepUMEHTANLHbIE (PAKTHL Peamn3anuo KOPOTKOBOJHOBLIX PEXHMOB JEMOHCTPH-
pyer mazep ma kpacurene [l11], rme OOHApyXkeHO, 4TO CHOXKHAS CBETOIMHAMIIKA
TIPOABIAETCS TONBKO HA TOCTATOTHO MANLIX MPOCTPAHCTBCHHBIX MACIITACAX.

B ypaBmemusax (23) 3maueHne HOCTOAHHON a3pl ¢ U HOMEpa MOABL M -
PABHONDABHBI H 3QJAIOTCS HAYAIBHBIMH yCHOBHAMH. BcneucTsue HEHTPalbHOM
YCTOMYMBOCTH pEINEHHl Manble WIeHLl NOpAfka €2 B ypaBHEHMSX (23) wmoryT
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HAKAIUTHBATLCS 34 BPEeMs [ > e-1/2 U IEPEBOJUTh CHCTEMY H3 COCTOAHIIA ¢ HOMEPOM Ml B
cocemuee. KoHEHHO, BpeMs KUZHH KaXKEOrO peuleHus OymeT YMEHLUIATECA TpH
TIOBLNIICHUH YPOBHS BHEIUHHX NIYMOB. Tak KaK KBasHHOPMAIbHBIE (DOPMBI SBISOTCS
VHHBEPCANBLHLIMH [T PA3MIYHLIX CHCTEM C  OMHAKOBLIM XapaKTEpOM IOTEpH
VCTOMYMBOCTH, TO AHAJOTMYHLIT CUEHAPHH MOXKET CNYKUTL VHHBEPCANLHLIM IyTEM
XaOTH3ALMI  [EHAMIKH. 3feCh OTMETHM, HAIpHMep. sSkcmepuMeHT [16] ¢
cdoTopehpakTHBHEIM ~MAaTepHaNOM, TIA€ ICCIENOBANIChL IIONCPEYHbIE CBETOBBIS
CTPYKTYpBI, BO3HHKAIOINHE npH yBemndemun wicna dpenens F (4TO 9KBHBaJEHTHO
yMeHbIIeHiro koa(duunenTa audpakmi). I1pn foctato9HO GONLIMX F HaGMIOfAI0TCS
pasmiyppie  (ONI3KIE) IIOHEpedHble CTPYKTYPLI, CMEHSIOMINE JpPYr [pyra 4epes
[UIHTENbHBIE HEePeryisipHble HMHTEpBANLI BpeMeHi. Takyio Ke NpHpOy, BO3MOXHO,
IIMEET SBICHNE «XaoTmdeckoro Onyxmamis» [17.18] » mazepax ¢ ComphmmM WICHOM
BO30YXXACHHLIX LPONONLHLIX MOJ, a TAKXKEe B Jla3epax C BHeIUHell 3ama3sgnIBaromieli
obparmoit cea3ero  [14,1S], rme npm  HadmuEN  BHEIMHE MOJCBETKH  OBICTPO
OCIIIIHPYIOIIIE PelIeHHss 0Ka3bIBAICh HENTPaNLHO YCTOHUHNBLIMIL B YKOPOYEHHOI
cHeTeMe st 0ToUpaskeHH Il

IMonepeuHnie CBETOBLIC CTPYKTYPLI BLI3LIBAIOT OCOOEHHLIT IIHTCPEC, TAK KAK OHH
NPETCHAYIOT HA POMh  «00pa30oB» B ONTHYECKOM HefpPOMOJOoOHOM KOMILIOTEPE.
TloaTOMy HHTEP2CHO OTMETIITb, UTO SBIEHUC XAOTHYECKOrOo ONyKAAHHA MOXHO
HHTEPNPETHPOBAThL KAaK TeHEpPAUNIo HOBBIX, I pacmo3HaBaHne Onuskux o6pa3os,
TOCHe MPEBIBIEHIIA HCXOJHOrO 00pasa - MOJILI C HOMEPOM 1.

TTockoNBKy BpALAMONICCS BONHLI B SKCIEPHMEHTE DA3INYIMBl TONBKO IO
wacToTe TeHepami, To 60ee NePCNeKTHBHOI It BI3YANLHOTO HAOMIONCHNS CTPYKTYP
OKAa3bIBACTCS TEOMETPII OTPe3Ka C TPaHIYHBIMI yenopiamn Helimana. B aToMm ciiyuae
¢ oMouIpio Pafa (B.4) nonyiaem ypaBHeHI [ DaDAMETPOB MOPAAKA

0E/OT- iadm/dx==( Ny, - iAV228/L)KE - KE(IER2+ In2)/2 - (b~-1)E*(E24m2)/4 + O(e12),
(24)
N/t +i00E/Ax=={ Ny - iA1220/1)Km - Kn(IEl2+ MI2)/2 - K(b~-1)n"(E24+n2)/4 + O(el2)
CO CMENTAHHBLIMH [PAHIIHLIMI YCIOBHAMIL
9E/0xl,_g=0E/dxl =0, Ml,—g=nly=,=0.
Ypasuenns (24) JIONyCKAOT PEUICHIS BUJTA
E(v.x) = p(r)cos(mx), n(v.x) = p{x)sin(mx), m=012 ...

ITpu mefiTpanbHOH yCTONUIBOCTI B HCXOIHON cicTeMe OymeM nabmioiath Mef-
JEHHYI CMEHY IIPOCTPAHCTBCHHLIX CTPYKTYpP THHOA CTOSYell BONHBLI C PasjiHYHLIM
YIICIOM Y3NOB N MywHOcTef: E=gli4pycos{ngy- mx)exp(iof + i¢p) ¢ MAKCHMAITLHON
HHTEHCHBHOCTLIO B HOYyIHOCTAX Ipgl2 =4 Ny (1+b)-! 1 ¢ wacTOTOH TeHepanum
o= -A- (eA)1220/(1+u) + O(e).

OcTaHOBHMCH TEHEPL HA BaKHOM CNydyac «Mamofi Hakadki» B 3ajaue ¢
IEPHOMYECKIIMIE  IPAHIMHLIMI  YCIOBHAMIL, KOrga B ypasHenmax (23) Nyp<<l u

CYIISCTBEHHLIMH  OKa3bIBRIOTCH cnaraemple nopagka O(el?). Torja BO3HUKAET
HEOOXOMMOCTE II0BTOPHON HOPMAM3ANUN Y2KE HOPMAIH30BAHHLIX ypaBHeuuil. Ilpu
arom OyfeM mCnonn3osaTh HH(MOpPMamuio o pemeHnsx cucteMsl (23). TIockonbKy
TEHEPaNHA MPOTHBONOIOXKHO HANPABIEHHLIX BONH HEYCTOHUNBA, TO OygeM CTPOUTL
PeleHist Ha OCHOBE BONHLI, Oerymell B OJHOM HampapicHHmi. B OKpPecTHOCTH
KPHTHYECKOTO 3HAYCHUS Hakaukn Ny=1+eNp Hmem pemrenus B pupe pama (B.5).

Ilonywaem ypaBecHIE [l MEUIEHHBIX AMIUIHTYJ C [EPHOJHYECKHMI TPAHHUHLIMI
YCIOBHSIMI

0&/dt =(i02E/0x2 - 2608/0x)/(1+) + (Ny; - i02WW)KE- KEIEIZ + O(e). (25)

STO ypaBHEHIIC HMEET yCTOIMUBLIE PEIIEHIS, COOTBETCTRYIONHE TEHEPAIUH OeryIix
BOJTH
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E,,,:(g_NOI)IQexp(im,,,f + i)
C 4acTOTOM reHCpallui

©,, = -A- (eA)1220/(1+p) - e(82- 28m - 2mA12)[(1+1) + O(e32)

1 BONHOBLIMHU YHCHAMH k=~ M.

Takm 0Gpa3oM, yBenudeHne HAKAYKY B 3aKPHTHYECKOH OGNACTH NpHBOHT (B
OTAIHYMEe OT SBIEHHS KOOIEpATHBHOrO 3axBara dactorhl [1]) K m3MeneHmio
ycTofrmBOoCcTH GErynux BOJIH M BO3MOXKHOCTH IIEPEXOIOB MEXKY HUMIL.

Jakmodenne

Pacemorpena 3agaga 0 )OPMHPOBAHNH NPOCTPAHCTBEHHLIX CTPYKTYP B KOJBLE H
OFHOMEDHOM OTpe3Ke AKTHBHOH Cpeibl Ha OCHOBE MONYKJIACCHICCKHX JIA3EPHBIX
ypaBHEHui ¢ nuppakumneii.

C HCIOML30BAHHEM METONOB TEOPHH HOPMANLHLIX (DOPM IIONYYEHLI PENTeHus
HEJNHENHLIX YPAaBHEHHH B MaJOf OKPECTHOCTH NEPBOro nopora remepanun. 1loxazano
CYLIECTBCHHOC padIHyHe 3aJad ¢ KOHEYHbIM H MAJNLIM 3HAueHHEM Ko3dyuumenTa
mupakumm.

st OTpHIIATENLHON paccTpoliku H KoaduupenTta qudpakumm, He ABTSHOTIAMCST
MANLIM IIaPaMETPOM, HANEHO OJJHOPOJHOE HO MNPOCTPAHCTBY H OCIWILIHPYIOMIEE BO
BpeMeHH perenue. 1Ipa aToM n3ywaemad cucTeMa BeieT cels, KaK COCPeNOTOueHHAs, |
HE 3aBHUCHT OT T€OMETPHH H FPAHIYHBIX YCIOBHI.

Ecnmu xe pacerpoiika MONOXUTEHLHAS, TO AMEET MECTO NOTEpsl YCTOIYMBOCTH,
00yCIOBIEHHAS BPEMEHHOH W NPOCTPAHCTBEHHON muHaMuKOH. Kpnrudaeckwil cmydaif
MOXeT ObITh peanu3oBaH Wil JIBYX, TPEX WIH YETHIPEX IIPOCTPAHCTBEHHLIX MOJ
OJHOBPEMEHHO. PemneHns CymecTBeHHO 3aBHCAT OT rpanudHpix ycmosuf. Konbno
AKTHBHOI cpefibl OYAET reHEPHPOBATL NPABO- HAH JEBOBPAMIAIOYIOCT BOIHY, IPAYEM
WX OJIHOBPEMEHHAd IeHepauus HeBO30MykKHA. Ha oTpe3ke akTuBHOI cpefpl, Hao0ODOT,
peanmn3yeTcs cTosvas BONHA. BO3MOXHEI OH- B TPeXCTaOHILHLIE IO IPOCTPAHCTBEH-
HOMY DACHPENSIEHHIO MHTEHCUBHOCTH M3NYHMEHHSA PEXHMLI TEHEPAUAN: ONHOPOMHBIH,
HEOTHOPOIHLI CTAIMOHAPHLIA H HEOTHOPOTHAIH ABTOKOIEOATENLHEIT (BPAILATOIIICS ).

B cnyuae mamoro koadqyduupmenta mudpakiud UpepIoKeH KOPPEKTHLIT MeTop,

MOCTPOGHHS KBA3HHOPMANLHLIX (QOPM It TAPaMETpPOB IOPSNKA, ONPENIesIIIOmIHX
TMHAMEHKY CHCTEMBI C Y4YETOM TpaHmyHbIX ycnosmid. IlapameTp HapxpurwaHOCTH
_OKa3LIBaeTCA CYIIECTBEHHO CBs3aHHBIM ¢ gudpakuueir. [ns  oTpuuaTenbHON
paccTpoiikl  KBa3sHHOpPManbHOA (POPMOH  ABNAETCA  OFHOMEPHOE KOMILIEKCHOE
ypasuenne I'mu3Gypra - JlaHgay, IpHYeM CIOHTAHHLIM (MATKHM) 00pa3oM pPOXIAOTCS
TONBKO OHOPOIHBIE CTPYKTYPLL

IIig MONOXKUTENHHOH PACCTPOHKH IOAYYEHBI OBICTPO  OCHHINHPYOIHE IO
IPOCTPAHCTBECHHON NEPEMEHHOH pellleHns Thhna OEryminx BOJMH B KOJIbLE MIH CTOSYHX
BOJIH Ha oTpe3ke. BO3MOXHA reHepanis CYETHOIO KOMMYECTBA TAKHX BONH, 2 HX
AMIUIATYJAa W W3MCHEHHWE YaCTOTHl ONPEHEeIOTCS KO3 (UUMEHTOM upakIHi.
Tlony4ueHHbIe BOMHLI MMEIOT HEHTPANLHYIO YCTORYMBOCTEL B YKOPOUCHHBIX YpPABHEHHAX.
3TO MOXKET CTATHL IPHIMHON SBIECHHA «XA0THYECKOTO Oy KIAHHS».

TlonyueHHbie HOPMANbHBIE H KBA3WHOPMANLHBIE (OPMBI SBJIAIOTCS YHUBED-
CANLHLIMHI IS PA3IHYHLIX 3aad, HMEIOUMX OJMHAKOBLIA XapakTep NOTEepPH YcC-
TOHUMBOCTH. Pa3MepHOCTL HOPMANbLHON (DOPMEI ONpERENseTcs: 9ICIOM XapakTe-
pHCTHYECKHX MoKa3aTenell ¢ OmM3KOA K HyNO BCIIECTBEHHOH YacThIO, a THII
HEJIMHENHOCTH MCXOMHON 3aJlatif YYUTHIBACTCS B KOHKPETHLIX 3HAUCHWSX MOCTOSHHBIX
ko3 unuenTos HOpManpHON (Gopmel. Takofl MOEXO MOXET CTATH OCHOBOH st
KNacCH(IMKANMM  SBIEHUHA  JIPOCTPAHCTBEHHO-BPEMEHHOH  CAMOODPraHM3alMH B
JHCCHITATHBHBIX CHCTEMAX. ‘

PazeuThIe METOPLI IIOCTPOEHHS KBa3HHOPMANLHBIX (OpM MOryT OBITL pac-
IPOCTPAHEHLT W HA ABYMEPHBLIE NMPOCTPAHCTBCHHO-BPEMEHHBIC TUHAMUIIECKHE 3aavu.
PesynbTaThl GYIyT IPe/ICTABICHEI B TOCTENYIOMHUX MyOIAK Al HSX.

Paboma Hacimuyno @uraHcuposarach PoHooM PyHOAMEHMANbHBIX UCCAE00~
sanuii Pecnybauxu Beaapyce, epaum $35-211.
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pnnoxenne A

AMIUIHTYLLLZ H)/JIGBOI“I &0 11 HCpBOI”I TNy HPOCTPAHCTBCHHLIX MOJ II MOUPABKA K
YACTOTE Wy B E&KpHTII‘IGCKOIUI 00macTi B CIvVyde EPUOIHYCCKHUX IPAHITIHBIX YCHOBHﬁ
NOIB +D1C(l+B) 5 ]VOIB' ch

s MpP = — e
(1+B)>-1 YT (1+B)-1

E"OZ =

2

U )
Wy :E:l— ["Dl/].l + (1+ W)(l&glz + Inolz)].

AMIDIHTY L] HYJIEBOH &; I Teppoii 7; IPOCTPAHCTBEHHLIX MOJ II NONPAaBKA K
TACTOTE Wy B 3aKPHTHYECKOIl OONacTH B Cly4yae IPaHHIHLIX yeinoBmit Helimana

_ Ne(B-By) + DiC(1+B) ,_ 2NuB-DiC)
T B (1B VT T (MeB)ye- (14B)

Sk

1
oy = u_iT [-Dy/p + (1+ (&l + - Ingf].

14D, [y

Hpunoxenne B

dopMaNLULIE PAfLI, C HOMOLLﬁﬂO KOTOPBIX MONYYeHbl KBA3HHOPMAIbHbIe (hOPMBI
B CICIYFIOIIHX CIIYYasX.
1. Kpuruueckue yenous (10) mis 0G0HX THIOB IPaHHIHLIX YCITOBHIT
E = el2€(tx)exp(iogt) + e32e5(t,0,0) + ...,
P =el2qp&(t,x)exp(iagt) + e32ps(t00) + ..., (B.1)
N =Ny~ +em(t) + ...,
T=¢l, ©y=0u, ag=1+1i8, Ny~=1+382
2. Kputiueckue yenosus (10) u A — 0
E = el2E(1x) + e32es(T,0,0) + ...
P =e12g&(t,x) + e32ps(t0,0) + ..., (B.2)
N =Ny~ +enyt) + ...,
T =gl a=1, N, =1.

3. Kpurnueckne ycnoBust (11) u «Oonmpmast» wakatuka Ny=N,~ + el2Ny ms
MEPHOJMYECKUX IPAHMYHBIX YCIOBUH

E=eli4fg(t,x)exp(iant + nex) + n(tx)exp(iod - nex)] + e3es(tx0) + ...,
P=glhafg(tx)exp(iot + ngx) + n(t,x)exp(ions - nx)] + e¥ps(tf) + ..., (B.3)
N=Ny~ + el2ny(t,x) + ...,

T=el21, oy=-A, a=1, Ny=1.
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4. Kpurnueckne ycnosns (11) m «Gonblmasy» HAKAuKa [P CPAHIMHBIX YCIOBHI
HefiMana :

5= eME(T.x)o05(11:x) + N(TX)SIN0) [eXp(iogt) + e¥es(tx,f) + ...,
P = gltalE(tx)cos(nx) + nlt,x)sin(ngx) lexp(iogr) + e¥4p;(t,x,0) + ..., (B.4)
N = Ny~ + el2y(1,x) +-... ,
1=¢2t, w=-A, a=1, Ny =1

5. Kpuruueckme ycmosma (11) m «mamasi» Hakaduka g [OePHOTUYECKHAX
FPAHMIHLIX YCIIOBHHA

E = el2[E(T,x- ot)exp(iog? + ngy - iofel2r)] + e32e5(T,x,0) + ...,
P. = el2alE(tx- ar)exp(iof + nev - ioBel2r)] + e32ps(T,x,0) + ..., (B.5)
N =Ny~ + eny(1,5) + ...,
T=¢t, @ =-A, a=1, Ny~=1.
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NORMAL AND QUASI-NORMAL FORMS OF THE SEMICLASSICAL
LASER EQUATIONS WITH DIFFRACTION

E.V. Grigorieva, S.A. Kashchenko

The transverse pattern formation of rotating and standing waves and transverse
mode beating in laser are considered using of the normal form method. The complicated
dynamics possibility .due to the neutral stability solutions of the shortened equations is
demonstrated. -

Ipuzcpoesa Enena Buxmoposna - oxomdina (H3NIECKH aKyILTET
Benopycckoro rocymapersernoro yumsepenreta (1979). PaGotana 3 Hlmermryre
dmsuxn AH BCCP B maSopaTop oSimeli coeKTpOCKOIm no TeMe GhopMEpOBaiie
CJIOKHBIX PEXIMOB T¢Hepalil B 7asepax ¢ HeNHEHHLIMH oneMeRTaME. B
HACTOSIIEE BPEMsT - COTpYRuuK Meixnynaponuoro mazepnoro uenpa opu BI'Y.
OGmacts UAYYEBIX HATEPECOB - HeNHHCHHAR JITHAMAKA Jla3epHo-ONTIYECKIX
CIICTEM.

Kawenro Cepeeti Anexcandposuy - poguncsi B 1953 ropy. Oxomumn
Apocnasckarl rocyapersenrmi yrusepenrer. B 1990 rofy 3am@THI JOKTOPCKYEO
nuccepranuio (MEY). C 1991 roga - mpodeccop, 3aB.Kacheipoli MaTeMaTHIeCKOro
Moflemposamst Apl'Y. OGnacTs HayTHLIX HITEPECOR - ACHMIOTOTIYECKHE METOIb]
HCCIENOBAHIT  CHOXUON — MUHAMHKI CHCTEM C  3amasfblBamieM, CHCTEM
HapaGOoMIMeCKOro I TAIepGOIHIeCKOTO THIIOB.
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NPOLECCBEI CAMOOPTAHUBAIIAYA KAK PE3YJILTAT
HEJIMHEMUHLIX B3AUMOJEMCTBUM B CUCTEMAX
BAONIOIMYECKX OCIIRIATOPOB

E.C. Muednosa, A /1. Tpybeuyros

B mponecce YACICHNOro SKCLEPHMEHTa HCCHSYIOTCS BIANMONEHCTRAT B CHCTEME
GHOJIOTMYeCKHX PHTMOB, HaxOfsITHXCS! B IEPHOJHICCKE H3MEHSTEONIIXCST BHEIIHAX YCIOBHSX.
Kaxquili Onosormueckml oCOIULITOp MOfE/mpYeTCs 4BTOKONEGATENEHEM TPOIECCOM.
PaccMOTpeHa peakuust CHCTeMBbl Ha HapyIieHWe NEpHOJMIHOCTH BHEIIHETO BONCHCTRES,
OHpENIEICHbl  3HATCHHST BPEMEH afdlTalil. B CBS3E C KOHKPETHRIM NpPAKTHIECKAM
TPHMCHEIHEM ITPEJUIOKCE CIOCOS OLEHKH HEraTABHOTO BITHSHES, OKA3LIBAEMOTO Ha CHCTEMY
PasHLIMA THIAMH ()a30BBIX BO3MYIIEIITH.

Bpenenue

MuoroneTHiit NPAKTHIECKHI ONBIT I COBPEMEHHBIE HCCICIOBAHUS B PAIAUHLIX
00acTsIX MEMUINIHLI i, B JACTHOCTH, B OHOPHTMOJOTHH, NO3BONSMOT YTBEPKIATH, UTO
GoNnEMUHCTBO (HDU3NONOTHIECKHUX H GHOXHMHYECKHX MPOIECCOB B KUBLIX CHCTEMAX HOCHT
BIIOJNHE 3aKOHOMEPHLIA KONEOATENLHLIT XAPAKTED H HOJYHHACTCS ONpefclIeHHOMY
(pyHKIMOHATLHOMY TOPANKY Opranu3mMa. Taxol NOPsI0K, B H3BECTHOH Mepe, 00yCIOBIeH
R3AMMOMCHCTBHAME MHOIHX [ PHOTHICCKH H3MEHSIONTAXCST MPONEcCoB. Kak moKa3pmaeT
NPAKTHKA, OFHAM K3 OCHOBHLIX MCXaHH3MOB R3aHMOJCHCTBUI B TAKHX CHCTEMAX MOXKET
canTaTeed CHEXpoHm3anus (cM., Hampumep, [1-4]), xoropas B pasmuymoli creneHn
IIPHCYITIA BCEM YPOBHSIM OHOMOTHIECKOH HePaPXIH.

B obuieM cnydae MOXHO CUHTATH, YTO B3AUMOAEHCTRUE OHONOTMIECKUX PUTMOB B
SKHBLIX CHCTEMAX OmpeflenseTcs ByMs (pakTopamMu: 1) BHEIIHHAMHM BINSHUSIMU
(BLIHYXJICHHAS CHHXPOHH3AIMS) W 2) BHYTPEHHUMH CBSA3SMH (CaMOCHHXDOHHU3AINSA).
CormacHo Takoit kmaccuhmranud yKa3aHHbIE paCOTLI JIOCBSINEHBI  B3AMMHOM
CHHXPOHH3AIMI, OOYCIOBICHHOH TONBKO BHYTPEHHMMM B3auMmopeficTuamu. B
YaCTHOCTH, B padoTe [4] aBTop onmchIBaeT OHOTOTHIECKYIO CHCTEMY KAK COBOKYIMHOCTD
N aBTOoKONeGATEILHLIX TPONECCOB, CBA3AHHBIX TaK, YTO KAXKILIA N3 HUX HAXOMUTCHA IIOf
HEIOCPENCTBEHHELIM BIUSHAEM OCTaNbHBIX. Pe3ynbTaToM MCCIEMOBAHUS TAaKOH MOREIH
ABUIIACH B3AMMHASA CUHXPOHM3aNMs (a3 H aMIIHTYH OCHHAIATOPOB.

Bosumkaer BOOPOC, Yro NPOH30OHAET, €CIH PacCMaTpUBATL COBOKYHNHOCTD
GHONOTHYECKHX HPOIECCOB MPH HAMHYHH M3MCHSIONMAXCS BHEIHUX ycnopuit. O6paTuM
BHMMAHHE Ha TOT (JaKT, 4TO C TOUKH 3PEHNS B3aUMOJEHCTBHN «OPraHu3M - OKPYyKaroIas
cpefa» BBITENAIOT fBa THH2 KONeDATENbHBIX NPOLECCOB [5,6]: apanTuBHEIE M
¢mzmonorudeckue. ByaeM paccCMaTpHBATh AJANTHBHbBIC PUTMBI WM GHOPUTMEL, TO €CTE
KojeGanns ¢ nepHOjaMu, OMH3KMMA K TeO(U3MIeCKHM IHKIaM, pONb KOTOPBIX
3aKJTIOYAETCS B aJaliTalUil OPraEn3Ma K MEPHONMICCKIM U3MCHEHUAM BHCINTHEH CPEJIEI,
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i GCHOBHOE BHMMAKHC COCPCAUTO M Ha UIPKAAHNbIA TIPOLSTCAN, TICPHOJ KOTOPLIX Oru3cK
K 24 vacam. I'naBgoe CBOHCTRO UMPKANHLIX KOneGanull - cocoOHOCTL NOACTPANBATHCA
10 (haze K BHEIHEMY NIEPHOIITICCKOMY CHTHAIY (B KAUCCTBE CHIHAIA MOYKET BLICTYHATD,
HAIIpEMEP, CMEHa JTHA 1 Houn) [7].

Ipu cospanim Mojienell B3anMONSHCTBHII B SKHBBIX CHCTEMAX DPAa3yMHO
MPHIEPKHBATLCS  M3BECTHOrO I HccnepoBatenefl B o0macTH  XpOHOOHOJOTIH
MyNLTHOCHIUUIATOPHOTO TpHHIMIA [5], COrmacHo KOTOPOMY MUKMHUECKHE IIPOLECCh] B
OpTrdHH3ME  OCYINCCTBJISIIOTCS — OTHOCHTC/ILHO — HE3ABICHMBLIMEH — NEHCMEKEpaMiH,
CHHXPOHMHPOBAHHLIMI 1o haze 11 mepuoy. [TomyepkHeM ABOSKYIO DOJL JAAHHOTO
OpHHUINA: ¢ OFHONl  CTOPOHEL, OH  IO3BONAET  OpraHu3My  o(eKTHBHO
NPHCHOCAONIBATLECS K H3MEHEeHISIM BPEMEHHOIT OPraHH3amimy OXPY:KAIoIel Cpefnl, ¢
Opyrofi - B HEM 3JANOXKEHO MATONOTHUECKOE Havyand, TAK KAk OTHOCHTENLHAS
HE3aBICHMOCTL OTACALHLIX 3MEMEHTOB CHOPHTMONOIIIECKON CTPYKTYPBI MOXKET, TPH
ONIPEAEIEHHLIX YCIOBIX, MPHBOOHTE K JIECHHXPOHIBAWIN BHYTPEHHNX HHKJIHYECKHAX
IporeccoB U OBIThL NPIYNHON marosorny. B arofl ¢Bsi3n MaTeMaTHYyeCKHE MOJEIH
OHOMOrHYECKHX B?;aHMOJIGIUICTBIHUI CTAHOBATCS BAKHLIMHI A H3YUYSHIA THHAMIYECKHX
Gomnesneit [8], KoTopsIe KIACCHMHIPYIOTCS KAK TPOMECCHI ¢ AHOMAILHOI BPEMEHHOT
oprasuzauueti.

MartemaTndeckas MoJiesh

PaccMOTPHM COBORYITHOCTS OHOMOTIHMECKHX TPOLECCOB (OIOPHTMOB) B OPraHu3Me
OpI HAJNHYHI I3MEHSIONIMXCS BHEITHHX YCHOBIH. ®OPMANTLHO MOAETL MOXET OBITh
npefcTapieHa B BHAE  CHCTeMbI  OOBIKHOBEHHBLIX  iddepeHIHanbHBIX

~ny

Z,, :‘/(Z,,) +EF(ZI,ZQ, ...,ZN) +G(i) , 71:1,...,]\/'7 ' (1)

ypﬂBHeHHﬁ, SAMHCAHHBBIN OTHOCHTENLHO KOMITNICKCHLIX HEPCMCHHBIX COCTOAHIA

e Z, - IepeMeHHas, XapakTep3ylonas COCTOSHUE /1-TC¢ OCIIIIATOPA B cicreme; N -
ofIee KONMEeCTBO OCIUIIATOPOR; TOUKA HaJ 7, 03HAYACT MPOH3BOAHYIO O 0e3pas-
MepHOMY BpeMeHir, G(7) onpefenser BEemnee posaeiicTsie na cicremy, F(Z,,2,, ..., Zy)

- (ynkuus, 3amaromas xapakTep B3anmopeficrus. Ypasueune Z,=f(Z,) omHcLIBacT
IOBEJICHIE 71-TO I130JIMPOBAHHOTO pHTMA, riae dyaknua f(Z,) JOIDKHA CONEPXKaTh
HCJIHHCHAHOCTD.

HacTHOoMy cryvaro uccnenopanns cucrems! (1) mocpsuiena paGora [4]. B weit
KaXALII  VIEMEHT  ONNCLIBANCH  YPaBHEHHEM  aBToreHeparopa ¢ KyOHIHOH
HEJITHEHHOCTBIO, B3AHMOJIESHCTRIA ONPENSIsIUCH KAK

re %2 -2
v =—2(Z, - 7,
n n k
N k=1
II BHEIUHEES BO3JECTBHE OTCYTCTROBANO. Kak OLIIO OTMEYEeHO BBIUE, B CHCTEME

HaOMoAanach CaMOCHHXPOHH3AMIA IS PAa3HLIX PACTPEACHCHIN COGCTBEHHBIX YaCTOT
ABTOTECHEPATOPOB.

Mer Takxke OyeM MOJIETHPOBATL JHHAMIKY KAXKJIOTO OCHmuisTopa (pHTMa)
aBTOKOJIEOATENBLHLIM TIPONECCOM, HO HMHAYE 2aJaIM CEA3L MEKAY OCUMIIATODAMH I
yurem pHemmHee pospeficTeie (G(r)#0). Takas cmcrema MoXeT OBITL OMHCAHA
CIIETYIOUIIMH YPABHEHHAMIL:

Zi.m :‘jmi,mZi,m + Zi.m(l - |Zi,m!2) + E(Zi—l,m + Zi+1,m + Zi,m—l + Zi,m-e—l) +

+ Kexp(jo), im=1,...N, ' (2)

3neck Z;,, - NEePEMEHHAd COCTOSHII, € - MAPAMETP, XAPAKTEPH3YIOUHIT CTEHEHb CBA3H
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MEXJy OCHINNATOPaMH; K - aMIUIHTYRA BHEIIHETO BO3NEHCTBH, ¢ = ogf - (hasa; oy -
YACTOTa BHEMIHEro BO3JCHCTBHA, j = V-1. O6paruM BHHMAaHHE HAa TN CBI3M:
OCIIINATOPB! OOBEUHEHD] B PeleTKy. TakoH HOJXOJ He CilyuacH - B OHONOrHIecKoll
CUCTEME PUTMEI CBI34HE] HEPABHOMPABHO H, B 3TOM CMBICJIE, PDEIIETKA MOXET CIHTATLCA
MeHee IPyObIM NPUOMIDKEHHEM, UeM InoOalbHasd CBA3h, KOTMd KAKALIH OCUUILIATOP
CBA3AH CO BCEMIT OCTANLHBEIMHI HENOCPENCTREHHO.

Heobxomumo ydaecTs TOT (haKT, YTO PHTMBI HE BIONHE HMICHTHIHBL OEPHOALI
KoneGaHuil OTAC/IbHBIX NPOUECCOB HECKONLKO OTIHYAIOTCS JPYT OT APyra H OT NEPHOfA
BHELIHErO BO3AeHcTBHA. MBI nonaraeM, 9T0 COOCTBEHHbBIE YACTOTHI OCIIIISTOPOB O ,,
pacupefesacHsl PABHOMEPHO B MajOM HHTEPBAaZe BOMH3H YaCTOTHI () BHEIIHETO
BO3EHCTBHS.

Pe3yabrarhl YHCIIEHHOTO RCCIICHOBANNS
[}
Cucrema ypasseruii (2) HHTErpHpPOBANACD YHCICHHO METONOM PyHre-KyTTe! 4-ro
nopagka. HavaneHele ycaoBus BLIOHpAMNCH caydaiinbiM 00pazoM B guamasone ot 0 1o 1.
I'panmaHbIe yCIOBHA 3ajaBaich B BIIE

ZO,m = Zl,mv ZN+1,m = ZN,ma m= 17- o N,
Ziv=2y, Zina=Zin, i=1,... N,

49TO [PH JAHHOM THIIE CBA3EHl B PEMIETKE MPAKTHYECKH IOJTHOCTLIO JIHKBHIUPYET
«kpaesble 3(hdexTel». MaTerpupys ypasaenus (2), HeTpyaHo yOeauTLCS, 9T0 HPONECCHI
JOCTATOUHO OBICTPO (3a BpPEeMs, COH3MEPHMOE C HECKOJLKHMH IEPHOJAMH BHEIIHETO
BO3JEHCTBHA ) CHXPOHH3UPYIOTCS O (pase H aMILIHTY/IC.

TIpepcTaBnsiiock HHTEPECHBIM BLIACHATS, KaKOBA OYIET peakuis MOIEIHPYEeMOi
cucTeMb! Ha (ha0BbIe H3MCHEHHS BO BHENTHEM BO3EHCTBUH

G(1) = Kexp(jo)
Wyl 1<tg;

0= (3)

gt + Shift, >t

BHjA

Yenosne (3) COOTBETCTBYET TOMY, UTO B MOMEHT BPEMEHH /; B CHCTEMy BHOCHTCS

BO3MyIIeHHE B Bijie capura Shift dazsl .

Oxa3anock, IT0 Hoche CKAUK000pa3HOro H3MCHEHUA (Da351 BHEUTHET'O BO3EHCTBHA
CHHXPOHN2ALNS PA2PYINAETCS, 4 34TEM BHOBL yCTaHaBmuBaeTcs (puc.l) mo npoIecTBru
HEKOTOPOTO NEePEXOHOr0 IPoLEcca, IIATENLHOCTL KOTOPOr0 MBI GYeM Ha3bIBAThL JAEE
gpemerest adanmauui! 1 0003Ha4aTh T,y Takum o6pa3oM, MBI MOXKEM BBIICHMUTL, KAK
OBLICTPO CHCTEMa BO3BpAACTCS B NpEeXHEee COCTOSHHE IPHW 3aJaHHOH BEIHMYMHE
Bo3MymieHust. 1,y OyAeM BLIUHCIATE KaK DAa3HULY MEX/IY ABYMSI MOMEHTaMM: BPEMEHEM
BHECEHNs BO3MYIIEHHS /; H MOMEHTOM BOCCTAHOBNIEHHS CHHXPDOHHOIO PEXHMA I,
ECTECTBEHHO, UTO gy, M, CNENOBATENLHO, T,j, MBI MOXEM ONPEJENHTL C KOHEUHOI
CTENECHBIO TOTHOCTH A,

OTMeTHM 3IeCh, UTO HAIIa MONETL UMEET 3HAUMTENBHOE YHCIIO MAPAMETPOB: ;.
e, K, wg, fp, A, Shift, N n GONBIIMHCTBO U3 HUX HEOOXONMMO 3afaTh IOCTOSHHBIMIL
OueBHHO, COOTHOILEHNE 3HAYCHHH €, K # A, KOTOPBIE CIENYET ONPENeNnTL B HAYATE
BLIYHCJICHHH, HENOCPEJCTBEHHO BIMACT HAa BennuuHy 7,4 3ajaBasg 3HAUCHUA ITHX
mapaMeTpoB MBI,  TJaBHLIM  00pa3oM,  PYKOBOACTBOBANIUCHL  CIEMYIOHIHM
«HOPMUPOBOYHLIM» MPHHIUIIOM KaK CIIEJICTBHEM NMPAKTHIECKOTO ONLITA: BENMYUHLI £, K
u A JOIKHLI OBITH TAKHMH, YTOOBI MakCHMalbHOE Bpems ajanrtauymu (mpn Shift=r)
COCTABIIATIO HE MEHEE TPEX NEPHOJOB BHELTHErO BO3MEHCTBHA, 3 MHHUMANLHOE (U
(hazospix casurax, Gmskux K 0 u 21) - 6110 GbI HE3HAYHTENLHLIM IIPH COMOCTABICHII
C MePHOIOM CHHXPOHHBIX KOJI€OaHHI B CHCTEME.
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Zim f= 2000 Zim f= 2270
2.0 2.0
10T Tooooioooy 1.0

2.0+ | Zim (= 23.10

24 6 8 m

Poc. 1. Bpeme¢HHas 9BOJIONAS NPOCTPAHCTBEHHOIO —pacOpefiefiennst aGCOMIOTHRIX — BEJHIHH

KOMIUIEKCHLIX T2PEMEHHBIX Z;,,, NIIIOCTPOpPYIOmas paspymeHAe H BOCCTAHOBJIEHHE pekKuMa

CHIXPOHHEBIX KONeGamil Ipn BHSCeHHH cfpura dasel BHemmero Bosgeficems Shift=r. K=1, £=0.1,
h=0.05, 1;=20, A=0.0001, wy=1, ®; ,€ [0.95; 1.05], iym=1,..,10
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OOGpatim BHIMAHHE HA TOT PAKT, YTO CA0AKY IO CPABLAIMID & «HuTeRCHBROCTHION
BHENIHEro BoOgeficTsma ¢pASD PUTMOD, COBCCM HC 03HAuaeT Hanowemus ma K u €

orpammyenus Bupa e<<K. ITpuiunoi SBigETCA TO, YTO OfHA U TA JKE CBA3b £ MOXKET ObIThH
CHJILHOM JUI1 OMMHAKOBLIX, HO CIabol i pasHOPONHEIX 31eMentos ([6], Tom 2, ¢. 82).
B passOM citydaepasnuyus MexXy SITeMEHTaMHI ONPEeNesIsioTes pa30pOCOM YacToT @, .

Pe3ynbTaThl pacyera 3aBUCHMOCTH BDEMEHH afaNTALAN OT BENHIMHEI CABHTa (Da3sl
BHEIIIHErO BO3NEHCTBHS NpHReNeHL Ha puc. 2, a. Kak BugHO n3 pucyHka GyHKOEI T,y
(Shift) cymiecTBeHHO HeNMHENHA, CHMMETPUYHA OTHOCHTENBHO Shift=r 1 mMeeT B 9TOM
TOYKE MAKCHMyM, 9TO XOPOIIO COrJacyeTcs ¢ NPAaKTUKON: HamOONpIme Bpemena
aganramiy TPeOylOTCS OpraHu3My IpH H3MeHeHmn a3pl BHENIHMX yCaoBhHi Ha 1/2
nepuofia. CpaBHUBas KpHBBIE I 1 2, COOTBETCTBYIOMUE HOPME H IIATOJIOTHH, B IIOCTETHEM
cryqae MOXKHO 3aMETUThL ysenuwyeHue 1,4 NPH OTHOCUTENLHOM COXpaHeHun (hOpMbI
KpUBOH, YTO BIIONHE COINACYETCS C pEaNbHbIMH JAHHLIMH: KMBEIE CHCTEMBI C
HATONOTHYECKUMHY OTKIIOHEHUSMHE [OPA3N0 XyKe AANITUPYIOTCS IIPH H3MEHECHIH YCIOBHI
OKpyxkaromel cpensl. [Januell pe3ynsTaT IpefcTaBisgeT coO0i IONBITKY MOENHPOBAHHS
AHOMAJIHH, 3aN0KEHHOH HeNOCPEACTBEHHO B CAMOM OPraHu3Me, KOTJia YACTOTRI OfHOrO
U HECKONBKHAX PATMOB CYIIECTBEHHO OTIAMYAIOTCS OT OCTANBHEIX (puc. 2.6), cauTaeTcd,
9TO 3TO HE ABNSIETCS (PU3UONOTHIECKOH HOPMOH U COOTBETCTBYET 3a00NEBAHHUIO).

JIo cHX mop MBI pacCMATPUBANU BIUSHAEC HAa CHCTEMY OIMHOYHOTO BOIMYIEHMS.
Ho, kax mpaBuno, Ha mpakTHKe OONEe 9YacTo BCTPEYAIOTCA CIydaw, KOTja Ha
GHOJIOTHYECKYIO CHCTEMY JEHCTBYeT IOCNEOBaTEeNbHOCT: BO3MyLIeHM (HampuMmep,
IpONECC CMEHHOTO TPyNa B YCIOBHMSX HENPepLIBHOrO Ipom3eopcTea). OOparumcs K
Chy4aro, KOrga BO BHEIIHEM BO3ACHCTBHH IOCIENOBATEALHO [APYr 3a JpYyroM
oCyImecTBIsIOTCs ABa (ha3oBeIx cusura: Shifty n Shift,. PezynpraT, HanrocTpupoBaHHLLA
pHC. 3 W DpEJCTABISET cOBOI 3aBHCHMOCTEL BPEMEHH AANTAIMM CHCTEMEI (TIOCIE JIBYX
BO3MYILEHUI) OT MOMEHTA ¢, BHeCeHus BTOpOro cusura daser nocne nepsoro. [lepeoe
BO3MYINIEHHE BCETfla OCYIIECTBILINOCH PH 1=1,=20. 3HaucHNs OCTANLHLIX NAPAMETPOB
3[eCh U Jajiee Te Ke, 4T0 U ig puc. 2. CIUIONIHOH rOpu30HTANLHON AuHiel 0603HAYeH
YPOBEHb Ha OCH OpJOHMHAT, COOTBETCTBYIOINUHA 7,57 BPEMEHM, B TEYEHHE KOTOPOTO
BOCCTAHABNIMBACTCS CHHXPOHM3ANMS NOCTE BHECEHNT BO3Mymnenus Shift; (mpu ycnonum

30 T T T T

[ | | | 1 @im
2.0

1.0

S
NGNLVAR N SN

N
0.0 m\\y‘

RN, .

RN AN S,
S
>

TN
RTINS

628 5 107" 6 8 m

Puc. 2. 4 - 3aBHCEMOCTh BPEMEHN afjaliTalfd CHCTEMBl OT BENHIMHE! CHBHIA a3kl BHEUIHETO
BospeficTeus. npa K =1, € = 0.5, mar @HTerpApOBaHHs h=0.05, 1,=20, A=0.0001; I - dbr3gosOormIecKas
mopma, Wy=1, ©;,,&€[0.95;1.05], i,m=1,...,10; 2 - naTONOrKs, 3aKIIOTAIONASCS B HaTHIHAHR JIByX PHTMOB,
CYHIECTBEHHO OT/IHIIAOMIAXCS OT OCTAIBHRIX: (=1, W5 3=0g g=2.0, @; ,,€ [0.95; 1.05], i,m=1,...,N; 6 -
TIPOCTPaHCTEEHHOE PACTpefiesieRne COGCTREHHBIX 9aCTOT O ;, OCIANIITOPOB PemeTKH, COOTBET-
CTBYIOIEe KPHBOH 2.
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Shift,=0). W3 puc. 3 crepyet, 4T0 FaHHbIl
crroco0 BOWEHCTBISA Ha CICTEMY IIDH 7, €

[Toa1: Tog+0.3 Ty | mo3RONIET BHAUNTENLHO
YMEHBIIITE T, IO CPABHEHHIO € TEM, KAKHM
OL1 0HO OBLIO B OTCYTCTBIE BTOPOrO CJIBUra
hasnl

Crnepyronyil mar B MOJICTHPOBAHHH
MOBENCHNS CHCTEMBI B3aHMOMCHCTBYIOIINX
OHOPHTMOB 3aKJIFOYANCSH B BO3MYIIEHHH
a3el ¢ Ha KaKIOM nepuofie T BHENTHETO
BO3ACHCTBHS, TO €CTh

s G(r) = Kexp(j(oyr + nShift)),

Prc.3. DBpeMs afanTaminl CIICTEMEI. BO3MYIIACMOL n=int((¢ - 1)/T), n=1,2, ...
JBYMS] IIOCJENOBATEALIO BROCUMBIMII  (Da30BLIMIL
capiramur - Shifty=Shifly=nt, B sapmenmocti  oT OueplHO, B ITOM CIyYac O BPEMEHH

NOTEpBANA BPEMENT MeXY MOMEHTAMI puecelms AAalTalMil HE CJCAYET TOBOPHTL, ITOCKO-
BO3MyIIeHII] JNBKY  OCLUUIASTOPBLI  «HE  YCIEBAIOT»

CITHXPOHN3IPOBATRLCS TTONHOCTLIO 32 OJHH
nepuox 7. HeoOxomiMo onpefensiTh HapaMmeTp, KOTOphii Obl OTpaxan CTeneHb
HCYNOPSIOMEHHOCTII B CHCTEME, IUII CTENEHL JICCHHXPOHO32 (TakHM 00pa30M MBI
CMO3KEM OLIEHHTL YCIIOBHYIO MEPY BPefia, HAHOCHUMOTO CHCTEME TEM IUTH HHLIM PEXHIMOM
BO3MYIUCHIS 113BHE). YHCICHHLIE HCCACMOBAMIIA MOKA3AMMN, YTO IIPH CHHXDOHH3AIMII
pHTMOB a0CONIOTHLIE 3HAYEHIST KOMIITEKCHLIX MEPEMEHHLIX COCTOSHUSA Z;,, CTAaHOBATCS
OIMHAKOBBIMIL I MEPECTAIOT M3MENnslnLes BO Bpemenu (cM. puc.l). DTo o3HAauaer
CTPEMIICHIIE K HYJIIO BEITHYHH

Si,m = HZi,/n(f - h)' - | Zi,m(’)” H

roe N - ManpIi HHTEPBATT BPEMEHI, UTAT “HCACHHOIO HMHTCIPHPOBAHHA. Brmonueune
YyCIIOBHA

N
m ZS,",” =0
I=igyne im=1
03HAYACT HACTYIUICHNE PCKHMA CHHXPOHHLIX KOMeOarini B MOMCHT BPEMCHH =l
WMeHHO 13 9THX COOOPAKEHIN B IPENBITYUIX CIyYasX BLIYHCAANOCh Tyy=fgyne- 1o;

N
ycosne S(7)<A CIyyKIIIO MICIEHHBIM KpirTepuesm onpejencuus Ty, rae S(1) = 285
im=1
B Tex cmy4asx, xorja xoneGaHnsg B ancaMOne BRAHMOCBSI3AHHLIX OCHIULISITOPOB
PAccOrnacoBanbl, HECHHXPOHHE], 3HaueHNe S(7) OyaeT OTAIIMHLIM OT HyJIsl H, KDOME TOrO,
MOXKET H3MEHATLCH BO BpeMeHn. MMeHHOo 3TO MLl HaONIogacM, KOIja CHCTEMA
BO3MYyLIAETCs Iepuomrueckis (pic. 4). Ipecrasisercss PA3yMHBIM BBECTH BETHYIIHY
Sy, =maxS(7) ,
T,
OIIPeIeIIIeMYIO KaK MAKCHMAILHOE Ha Kaxpon nepriope I 3Hatenne S(r). Torma nposons
VCPEHEHNE TI0 ICNY HEPHOOB A/ IONyuaeM cirenerib 0eClHXPOHIU3AIIL
- 1 ¥
ST: " ZST ’
N a1 on

KOTOPYIO 11 OY[IeM CUHTAThL MEPOH HEYMOPAMOUSHHOCTH B CHCTEME.

Ha puc. 5 npepcrapnera 3aBHCHMOCTL Sy, Buricnennas 3a 4= 50 nepuojo, ot
semmELl hazosoro ciapnra Shift. M3 rpadmka BuaHO, YTO B OCTATOYHO GONBIIOM
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20
= 6
-1 ) . . ) ' L
NGRS 4
4
37 2
é L \I; T T |l L 0

20 30 40 50 60 70 80 1 0.00 052 105 157 209 2.62 Shift

Pac. 4. HMmmocrpamust maMeHeHMST Bo BpeMeHnH  Puc. 5. 3aBHCHMOCTS CTETIENH JieCHHXPOHH3AIHI
neficTBurenbHON  wWacTH pymkmymi G, 3ajaromeli. Sy oT BeHTHHE ha30BOro capara Shift, BEOCHMOrO
BHEIHEES BO3fefiCTBHe, H BeNHINLl S, OImpefe- B cHcreMy Kaxpli nepnopn. Toukame oGo3inaduens
JLTIOTHEH YPOBEHD NCCIIXPOHII3ATIIN TP BEPHOAH-  paccuuTAHHEIe 3EaTUCHES. KpHBast - anmpoKCHMa-
YECKOM BOIMYITICHUTT CIICTEMET. THST TOTHHOMOM 9-ro TOPSfKa.

maanazone Shifte (0.52; 2.09) dynxuns §T(Slﬁ1't) JHHEHO PacTeT, a 3daTeM MpH

JANLHCHIIEM YBENMYEHN 3HaUeHHS (ha30BOTO CABHTA S YK€ Mallo H3MEHSETCH, YTO
TO3BONAET CHENATH BLIBOJ, O NpUOIH3NTENLHON SKBHBANEHTHOCTH capiroB Shift>2.09 ¢
TOUKH 3PCHHS CO3IABAEMOIT HMH IeCHHEXPOHH AL,

Hp AKTHYeCKOC NpuMceHellie pe3yjbTaTOB MO TH OBarInA

OueBHHO, YTO B DEATLHOCTH BIMSHME BHETIHEH CPefbl HAa LHPKAJHLIC PHTMBI
YeJIOBEeKa HOCHT MHOTOKOMIIOHGHTHBIT xapakTep. Cumxpommsupymuii  3ddexT
OKa3BbIBAIOT JIMTENLHOCThL FHA 11 HOUH, BPEMs H NMUTECIBHOCTL PabOTDHI, (hu3iriecKkoi
AKTHBHOCTH, DEXHM pHeMa mmuu # T. A OfHAKO, CYHIECTBYIOT CHTYaLHH, KO/
OPOHCXONUT PE3KOC H3MEHEHHE BPEMEHHON cpefpl, 3arparusatorniee OOMLITMHCTBO H3
OTMEYEHHEBIX (DAKTOPOB OTHOBPEMEHHO.

HacTHLIM IPHMEPOM IEPEXOJHOTO MPOIIECCa B PE3YNILTATE CMEHBI (Da3h! BHEITHETO
BO3MICHCTBHST MOXET CIYXXHTL JIECHHXPOHH3ALST PHTMOB NPH TPaHCMEPHIHAHATNLHLIX
mepeneTax Yepe’ HECKONLKO YACOBLIX MOSCOB. BCHEACTBHE 9TOTO HAa OHMPECNEHHBIT
MEepHoOyl IIOCIe IepeMemieHHs HAONIONACTCS CHIDKEGHHE YMCTBEHHON H (DH3HYECKOL]
paboTOCTIOCOOHOCTI, HAPYIICHHS CHA, YBEIMUMBACTCS TIONBEPKCHHOCTL MHDEKINOHHLIM
3a00J1eBaHMsIM H T. II.

IpyraM 1 HanGosee CYMECTBEHHLIM IPAMEPOM SBISIETCS CMEHHBIT TPYH, NOILITKA
HHTSPIPETAIIN KOTOPOro ObLTa NOJIOXKEHA B OCHOBY HAIIHX Mopeneit. Iensio pa3paboTku
MOJIeNIEHl MOKHO CUMTATh YHH(DUKAIMIO NMOJXOfa K PAa3IHYHBIM CMEHHBIM DEXUMAaM,
OmpefeNeHne KOTNIECTBEHHBIX KPHTEPHEB BRIPAXKEHHOCTH BIMAHAA pabo4ero rpaduka Ha
OUONOTHYECKHE PHTMBI denopeka. HIDKe NpPHBONATCS HEKOTOPRIE PC3YJNbTATHI
HCCTCOBAHMIT B 3TOM HALIPABICHUH. ‘

TTox MeguIMHCKIM HAGIIOICHAEM HAXOHIICH BAXTOBLIE Pafoune TPeX PasiIH HbIX

CPYIIIL. .

Py I'pyma I u rpymma III Bxmouana B cebst paGounx, nmpoxueasmmx B CpeHem
TloBomxkbe 1 TpymuBUixcst B 3anajuoit Cubnpu (pasHulia 1O BPEMEHHBLIM HOACAM B 2
uaca), wepefyst 12-gHeBHGLLT paGounit mepuof ¢ 12-MHEBHBIM OTALIXOM IO MECTY
XKureapcTsa. IIpu atom B 1 r¥yrme IPONCXOMIIIO UCPETOBAHAE BAXTOBLIX IEPHOMOB B
JHEBHYO I HOUAYIO cMelnl 0 12 yacos, a B III rpynme paGota Bemach TONLKO B THEBHYIO
cmeny. IlpHHHMas COBOKYMHOCTL BHEINIHHX JAaTIHKOB UHMPKATHBIX DUTMOB 34 OJHO
TIEPHOIYIECKOE BOENCTBIIE, II3MEHEHH S, CBA3AHHLIE C IEPENIETOM B HOBLIIT JACOBOH HOAC,
TIPH KECTKOM Tpadiike TPy IPEACTABIAIOTCS, KAK CMEINEHHE PIHTMA HA 71/6, HOYHOIT TPY,
- Kak cMerniende Ha /2. B rpymne 1l BaXTOBBIA NepHOR H IEpHON OTALIXA JPIIIHCE 110 8
THEN, MECTa IIPOKHBAHNS ¥ TPYOBOI IEATENHLHOCTH HAXOMUIHCH B OTHOM 9aCOBOM IIOAICE,
a 4epeoBaHNe HOUHLIX I JHEBHEIX BAXT MPOXOAIUIO AHANIOTMYHO rpymie L.
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O6cnenopaniich MyX4mapl B Bo3pacte OT 25 o 45 ner co craxkeMm paboTLI
BaxXTOBLIM METOZOM 0T 1 roma mo 10 mer. Yucno obcnemopanubix B I, I 1 I rpymmax
cocTapnano 397,475 n 149 yenopek, COOTBETCTBEHHO.

C HCTIONBL3OBAHIIEM BLIMIEH3NOKEHHOTO MATEMATIIIECKOT'O AMIAPaTa [T KaxkIoro

pesKHMa TPy/Ia OLLUTO BLITHCICHO 3HAYCHHE CTCNCHII JCCHHXPOHH3AUMH (S7 BLIMACIANOCH
KaK CPeJHee TO BCEM TEPIOaM, COCTABNIAIONINIM 3aBEPIISHHBIT UK PEXHMa TPYHa).

3HavueHns Sp I JAHALIE MEJMIITHCKHX HAOMIomeHHil (9acToTa [ BOIHHKHOBEHI
ONpEeMeIeHHBIX THIIOB 3a00JeBaHI ) IPHBEJEHD] B Tabme.

Tabmnmma
Ne Pexam Tpynosoil pesTemHOCTH St YacToTa BO3HHKHOBEITHSL
TDYTISI | - zaGonesaintt (% B rpymre)

i 1* | THn 2% | THIO 3%

[ B reuerme 12 nepronon 0.3 8.8 6.9 2.8
OCYLIECTBISACTCS CABHT

¢haspl BHENIHETO BO3EHCTRIINA
1a /6, 3aTeM cienyeT 12
HCBO3MYLICHHLIX TTePHOJIOB.

11 16 1CBOSMYIICHHBIX TIEPHOLOB, 1.49 15.6 6.3 3.3
8 mepmoyIos - cABAT (pasbl HA T

1 3aTeM 8 HEeBO3MYLIEHHLIX
TIepHOJIOB

()
~

I Crsar grassl BHEHIHEO 1.73 18.2 6.4
Bo3jielicTus 11a /0 B Teueume

12 nepuopon, 12 HEBOIMYIEHHBIX
TepHojos, 12 Nepronos - CABAT
daspl 1ia T 1 cuosa 12 o0bITIHBIX
TIePHONIOB

*) Tim 1 - menrche KIIOMIbIe 3a0QNCBALILT CEPREUHO-COCYUCTON CHCTEMDI (rrmeprommeckas Gones-
11, TTIIeMITTECKast G0NE3Mb Cepia 1 np. );

THU 2 - BepTeGPOremHLIe 11 IETCHE PATHBILIC 113MEHEHIIS 1TEPBHOI CIICTEMEI;

T 3 - menicheKImomibie 3a0071eBaiisl KeTyI0TIo-KHIUE WHOro TpakTa (XpoNmIecKIni TacTpHT,
IIYOEHNT, M3Befmas Goe slh HKelyKka 11 1p. ). '

Pacnonoxus Sy ma ocn abemucc, a B - HA OCH OpauHAT (puc.6), MBI MMEeM
BO3MOMXKHOCTL CPABHATHL MEXKAy COOOH CTEHEHH PACHPOCTPAHGHHOCTH TEX HIH HHBIX
THOOB  3a00NEBaHNif, BLIABJIEHHLIX Y

5F T T T T T pHGO‘IHX B XOg¢ MCINOMHCKOrO OGCJ’ICHO—
I ] , | o1 1 BaHIsL M3 rpadnkoB BHOHO, UTO DPA3HLIC
I : : ] peXHMBI TPy#A IIO-Pa3HOMY BIHSIOT HA
15 — = 1 [ - Pa3BUTHE TOro HIH HHOTO THIIA
i | l 1 3aGonepanns. Taxk, MOXKHO 3aMETHTh, 4TO
i 1 TNPOUEHTHOE  COAEPXKAHHE  CePIEIHO-
10 — — __I__ __ | cocymicToix 3a00nesanmi (Tim 1) 3ameTrHO
F B
[ ]
I G{\——‘iﬁ“_@‘__@ 2 ] Poe. 6. 3aBuciMOCTh TaCTOTH! [ mOsBI 2HI
5 #L- — ~i— —_ -Jl_ — —%— — onpejiesieHHSIX TImMOB 3adonepamy (% B rpymie)
P o——[—————!——’—gg)””@ 3 OT CTemenH AeCHAXPORI3AT Sy, COOTBETCTBYIO-
[ 1 | p HIEIVI KOOKpeTHOMY PEeXHMY CMEHHOTO Tpyhaa: 1-
Ol L L mn 1; 2 - mun 2; 3 - oo 3.
0.0 0s 10 Ls 5
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BOSPACTACT C yBEIMICHACM CTENICHH JICCHHXDOHU3ANNMH Sy, 4 BIHUAHNE PEXHMA TPy/Ja Ha
pazeuTHe 3a00eBanmil THIOB 2 H 3 BRIPAKEHO ropasyuo cradee.

TakymM 06pa3soM, MOSBHIACH BOSMOXKHOCTD ONEHHTh CMEHHDI TPYR Kak hakTop
PUCKA MIYuAEMLIX HADYIICHMI 3710pOBbS. C APYroil CTOpOHSI, OIpPENEIUB 3HAUCHUE
CTCIEHN JECHHXPOHM3AUMM IS HOBOIO crocoda ICPENOBAHUA CMEH, KOTOPBI He
HCIONL30BAJICA paHee, MEI CMOXeM clienarThs IIPOTrHO3 4YaCcTOThl BO3HBUKHOBEHHYI
3a00J1eBaHMI, HCXOS H3 MONYYCHHLIX PAHEE JJAHHBIX.
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SELF-ORGANIZATION AS A RESULT OF NONLINEAR INTERACTIONS
IN LARGE GROUPS OF BIOLOGICAL OSCILLATORS

E.S. Mchedlova, A.D. Trubetskov

Interactions in the system of biological thythms under external influence are in-
vestigated numerically. Each of rhythms is represented by autooscillator. Mathematical
-index, showing degree of desyncronization under different breaks in external influence is
suggested. The model allows to study the influence of shift work on the human organism

at the computer experiment.

Muedaosa Enena Cymbamosra ~ okopgana CapaTOBCKHH IOCYAapCTBEH-
j mriit ymumepcmrer (1993). AcmmpanTka Kadefpel 3MeKTPOHEKH H BOJHOBBIX

mponeccoB  CI'Y, aprop psama paGoT 00 UACICHHOMY MOJIS/POBAHHIO
pacTpeeseHubIX CHCTEM CO CBepXH3ydenreM. B mocrefjiec BpeMsi YBIEKaeTCs
B3ARMOJIEHCTBAAME B GHONOTHIECKHX CHCTEMAX.

Tpybeuxos Aacwcell Jmumpuesus - DOFHNCI B 1964 ropy. Bmoc?qig
CapaToBCKHH — MEJUIHICKEH HHCTATYT (1988). 3amgTEn AECCEpPTAHE
CORCKATNMG 3BAHAS KAHNEaTa Memrmuackax Hayk (1992). PaGoraer acCHCTSHTOM
kadenppl TpoduaTosorad H TeMaTONIOrHH CIrMY. Hayamsle Im*repecil -
npodeccHORanBHas B NpodeccAOHAIEHO 0GyC/I0BIeHHas IATONOHs, g% o
OpTalTH3M 9elNoBeKa CMEHHOrO H BAXTOBOIO PEXGIMOB TPYA3, XPOHOLL SO |

. XpOHOTEPAIBL, MATEMATHIECKOe MOJCIHPOBAHHE GHONOrHYecKHX UPOTY .

i Aprop 72 medaTHEIX paGoT.
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H3p.Byson «TH[», 7.3, Ne 1, 1995 YHOK 537.876.23

NPOXOXAEHUE NJAOCK VX BAEKTPOMATIHUTHLIX BOIH YEPE3
CTAIMOHAPHEBIE ®PAKTAJIBHEIE CPEIBI

AL [Ivbunos, B.A. Cenemip

BrIBefielibi BOHOBLIC YpaBHCHIDT, OMUCEHIBAIOLINEG DacHpOCTpANemic 3JIeKTPo-
MariiTILIX BOMH Yepe3 CTAnloHapiLie (ppakTambhble cpefibl. B OCHOBY BBIBOJZ HOMOMKEH
thopMaaM  OTepaildl IHETCrpnpoBatis 1 middepeHInpoBantst JpOCHOro  HOpsyIKa.
Tlonygennble  YpaBHEHIST MOIYT GbiTh ICHONB3OBAHLI MPH W3YTENMT ITPOXOXKAeHII
INMEKTPOMArHITHLIX BONH 'epe3 CHALHO TypOyMI3HpOBAHHbIE IIOTORM IKIKOCTH, rasa,
TIIA3MEL,

Bpenene

C moMeHTa TogBieHus oGsopa MaugensGpora [1] Havamoch cTpeMHTENLHOE
npoHuKHOBEHHEe HIcHl (PPakTaNbHON EOMETPIH B Pa3TH4IHbie O0MACTH COBPEMEHHOIO
eCTECTBOZHAHMS: (DpakTansl OOHAPYXIBAIOTCS H B CTPYKTYPE TREPABLIX TeN, U B
TypOyMeHTHLIX TTOTOKAX, H HA (DA30BLIX FMOPTPETAX AHHAMHYECKHMX cucreM. Ho, mo-
BUHMOMY, 310Xa OOHAPYKEHHIST HOBLIX (DPAKTANBHEIY NPOABICHUN B MPHPOAE HAYMHACT
VKE CMEHATLCA 3TMOXOH CHCTEMATHYECKOIO H3YYEHMs [AUHAMHYECKHX SBIEHI Ha
(ppakTanbHLix o0bekTax. K «uciay Takix sBicHHI ChcfyeT OTHECTI HEPCHOC MACCLI I
SHEPIUH HO (hPaKTATLHLIM CPEIaM,

HeymusirensHo, UTo neppbie MOMLITKI OMUCAHII 3TIX ABIEHIN] OCHOBLIBANHCH Ha
ICHONB30BAHNN  TPAIHINIOHHBIX JIMHEHHLIX ypaBHeHHIl: ypaBHeHms guddys3un s
ONHCAHIS NEPEHOCA MACCHI [2,3], BONHOBOTO YPABHEHNA H ypasHeHHs I eXLMIonbia ais
ONTCAHMS IIPOXOXKICHIIST KBAHTOBOI 9aCTHIBI Yepe3 NOTeHUHANLHLTT Oaprep [4] 1 mis
OIMICaHNsl AHZEPCOHOBCKOI JOKAMM3ANMH BOJH [5]. B HEKOTOPLIX M3 BLINEIEPEUNC-
JCHHLIX PAbOT N3YUANOCH NPOXOXKACHHE IIOTOKOB UACTHI[ I[yTeM HCKYCCTBEHHOIO
BBEJCHHA B YDAaBHEHIE CTENEHHLIX 3dBHCUMOCTEH C COOTBETCTBYIOIIUM JIPOOHBIM
IoKaszareneM. B apyrux paGoTax HCCHEIOBANHChH YPAaLHEHHS Ha (DPaKTaNbLHBIX Cpeax,
3aIaHALIX  (DYHKUMAMH, IIOPOXKJaeMbIMH  MuOxecTsoM Kanropa win  dyuximer
Befiepmrpacca - ManpensOpoTa, npmueM ST DYHKIINI  ATTPOKCHMHPOBAIIICH
THAIKIMI OpefdpPakTanaMIl OUYePEJHOIO IMOKONeHis.. HecMOTps Ha CYL[ECTBEHHOE
OTIIHIHE THAAKHX NPERPPAKTANOB OT HCTHHHLIX (DPAKTANOB BCE Ke STH PAOOTLI HE
NPEJCTABIAIOTCST HaM GCCHONE3HBIMI: B HHX YIANOCH BLBICHHTDL, YTO C yBENHYEHIEM
HOMepa O4epefHOro mpeAdpaxkTana peieHHe COOTBETCTBYIONINX —TPATHIHOHHLIX
YPaBHeHI! Bce Gonee yCNOXKHACTCH, TaK YTO VIS HCTHHHOrO (hpakTaia pelieHie Bpsy
T MOXKeT ObITh npoandepesIupoBato, no KpaiHei Mepe, 1Ba pa3a [t NOJCTAHOBKI
B ypaBHenne (HanpuMep, BOMHOBOS). T10STOMY pacnpocTpaHEHHE WACTHI, B BOJH 110
HCTHHHBIM  (DPAKTANLHBIM CPEflaM  JOMKHO ONUCLIBATHLCH HHLIMH, OO0Jee OOLIHMII
YPABHEHUAMH, TEPeXOIUIMI A TNANKHX CPel B TPANHIMOHHBIC NHHCHHBbIC. 3mech
YMECTHO HAIIOMHUTE OCHOBHEIC CBOMCTBA ()PaKTaNBHHLIX (DYHKIILT:
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dpaxransuas Gysknug pcrogy HeprQepeHIupyema;

(bpakTannLpas (DYHKOMS CaMONOMOOHA (MMM camoad(uHEA), TPHUEM CBOICTBO
camMonoo0us CIyIaiHOTO (hpaKTana Hy>KHO IOHHUMATh B CTATHCTIHYECKOM CMBICTE;

(ppakrampHas (pyHkuua umeeT pasmepHocTh Xaycgopda - Besmkopmua, or-
TUYHYIO OT TONONOTHYECKO (Janle Becero IposHyIO ).

3aMoTuM, YTO ICPBOS H, HO HAMICMy MHCHHIO, CaMOC BaXKHOE CBOFCTBO 3a4aCTYIO
ocraercd Oe3 BHEMAHHA. Bejp uMenHO omepaunus muchdepeHnupoBanms, BXOAMIAs B
(popManu3M TpaMIIMOHHBIX yPABHEHHII NEPEHOCA MAcChl H SHEPIHH, HENAeT HX
HETIPUTOHBIMH JIs BCIOTY HETNMafKNX (QyHKIH.

B macrosee BpeMs HMEIOTCS JOCTATOYHO BECKHE OCHOBAHHS HPEINONATATh, UTO
[ ONMCAHMA JHMHAMHIYECKMX ABJEHUII Ha (ppakTasaX MOXKET OKa3aThCd IUIo-
MOTBOPHLIM (DOPMAJIN3M ONEpalyii HETErPHpoBaHNd 1 middepeHmposanus JpoGHOro
nopsaka [6-8]. B aTnx paGorax aHOHCHpYiOTCS 0GOOUIEHHBIE ypaBHeHHe T y3un I
BOJTHOBOE YpPAaBHEHHE, B KOTOPLIX HCIONL3yeTcs omeparop muddepenunpoBanus 1o
BpeMeHHON nepemennon nopsaaka 0 < A <1 u 1l < A < 2, coorsercrBenno. OmHAKO U3
9THX paloT IOKA HE fACHO, KdK CBA3aHO C PENICHHSMH [PEIOXKCHHBIX YpaBHCHHIT
NPOXOXK/EHIE, HAMPHMED, SNeKTPOMATHATHLIX BOJH Uepe3 CPENy ¢ IU3NIeKTPHIECKON 1/
WIH MATHHTHOH NPOHHMUAEMOCTSMH, HMeromuMu (paktansuele npodmnn. Ha mam
B3I, IPoOIeMa elle flaneka OT pa3pelieHns, yKa3aH UM, OfH U3 BAPHAHTOB ITyTeH.

B macroameir paGoTé ¢ HCIOONBL30OBAHHEM ONECPAlMA HWHTECTPUPOBHAWI I
maddepeHnapoBanns IPOOHOrO MOPSAKA MONYYeHLI HEMOCPENCTBEHHO M3 ypaBHEHHMIT
Maxkcpenna HOBbIE OOOOIIEHHEBIE BOTHOBEIC YPABHEHNS VIS JUHAMUKY SJICKTPOMATHHT-
HLIX BOMH B CTAUHOHAPHLIX (PPAKTaNbHBIX cpefax. CTpykTypa paboThI CIIEyIomas.
CHauana BBOEATCS HEKOTOPLIE MATEMATHIECKIE MTOHATHS, HEOOXOIMMBIE [l BLIBOJA 1T
AHANH3a HOBLIX BONHOBBLIX YPaBHEHHH, B YACTHOCTH, PACCMATPHBAETCS HMEPaPXILs
npoctpancTe  Qymkuuii I'énwpepa -  Jlummmma.  [danee mnpHBEfeHLI  TPUMEPHI
HEMPEpPLIBHLIX  (DpPAKTANLHBIX (DYHKIMIA, & 3aTeM BBEJICHLI IOHSATHS —OHEparii
madepeHIIPOBAHNA H HHTEIPHPOBAHMS IPOOHOrO MOPsAAKA. 37ech K& PACCMOTPEHLI
HEKOTOpBIE CBOHCTBA MHTETpalbHLIX H JupdepeHIMaNbHBIX ONepaTOpPOB APOOHOTO
nopsaka. IlepeducieHHbIX MaTEMATHYECKHX CBEIEHHH [OCTATOYHO [UIS BBLIBOJA
BOJIHOBLIX YPaBHEHHI! 3JIEKTPOIMHAMUKH BO (BPAKTANBHLIX CPEfiaX, CACNaHHOTO HIKE. B
3aKJIIOYEHIE PACCMATPUBAIOTCSA BO3MOXKHBIE MEPCIEKTHBLI JAHHOTO MOAXONIA.

1. Uepapxus npocrpancts Gyuxuui I'énpaepa - JIuniuuna 1 npuMepbi
b paKkTaTLILIX (hyHKIHE

Iycts (yukuus ogHoii nepemennoli f(x) 3agaHa Ha orpeske Q=[a,b]. ['oBopar,
wr0 (DYHKILS, 33/JaHHAsT Ha Q, YIOBICTBOPseT ycuopmuio ['énbaepa nopsamka A Ha Q, ecnu
VIS BCEX X5 X, € () BLIIONHSIETCS] HEPABCHCTBO

suplf(xy) /() LAlxi- x,l7, (1.1)
X1#FX9

rie A - mocTogHHas. B 9TOM ciydae roBopsT, UTO yKa3aHHas (DYHKUMsS OPHUHAJIEKUT
npoctpancTey (Gymkuuit T'émpgepa mopsgka A. OTtoT akrt Oymem 0003HAYATH
flx)e HEIMQ). TIpu A = 1 npoctpancTeo I'énbiepa 0CBIYHO HA3LIBAIOT IPOCTPAHCTBOM

Jumnuua (o6o3nauenue: f (x)eLip(Q)). CpolicTBa (QyHKUMOHANLHBIX MPOCTPAHCTB
Tenbaepa - Jlummya nogpodHo pacemotpens! B [9, 10].

MOXHO TPOBECTH HEKOTOPOE OCOOIICHHE CHCTEMEI NPOCTPAHCTE (DYHKIMIA THUIA
Ho1M(Q2). Tlycts mmeercs nokaszarens 0 < A < oo, Ero MOXKHO NIPEACTABAThL B BHJE

CyMMBI ero nenoft u gpodnoit uacreit A=[A]+{A}. Torma 6ynem ropopuTE, 9T0 (PYHKIHSA
Ax) nprEagnexuT npocTpaHcTBy GyHKmumi HOIA(Q) u3 pacmuMpeHHOl CHCTEMBI 3THX
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IPOCTPAaHCTB, ecm cama dyukmus fv) e C(Q), me n = [A], a ee n-g npon3soxHas
IpHHAIIEXAT npocTpaucTry HOIA(Q) mopsixa A = {A} [11].
910 06001IEHNnE AT NPOCTPAHCTE MOXKHO KPATKO 3aIHCATE B BHJE

S‘ilgml”[f ()] -Dag))l < Alxy - gt (12)
NF .

(n=[A} 2= {A}),
e D »[f(x)] - onepatop middepeHunpoBans n-ro NOPAAKA IO NEPEMEHHOI X.
JIerko BUAETH, UTO AAHHBIC PACIHIHPEHHOII CHCTEME! HpOCTpaHcTB ['énpaepa -
Jlumuuma BKIOYAOT B ce0si BCE KIACCHI HENPEPBLIBHBIX (DYHKIMA. ODTO MOXKHO
CXeMaTHYHO W300pa3uTh B BuAe pAuarpammpl Ha puc. 1. PesynsTar n-KpaTHOro

madhhepernupoBanus (PYHKIMM HAXOJMTCA Ha NHATPAMME neBee caMol (PYHKIMA HA 7
CHVIHHMII, 3 PE3YALTAT 7-KPATHOTO0 HHTETPHPOBAHHS - IIPABEE HA 71 eUHNT,

HATETPAPOBAIHE
muchchepemgiponalme
@ HifQ) Ho'Q C© o(@)
4
L ! 1
0 1 2 A

Puc. 1. Mepapxns npocrpaucrs ¢yoxumd I'émpepa
O6paTiM BHHMAHHE HA TO, 4TO HOKasaTens A mpm A > 1 He ciepyer myTath ¢

HOPSIKOM IPOCTPAHCTBA A, TaK Kak IpH A > 1 mpocTpasHctBo I'énpiepa HamoJIHEHO

T MOCTOSHHBIMI (pyHKmuamn (cm. pomme). M3 pcex dpakraneubix dysxip mim
(hyEKUIMi, TOpOXAaEMBIX (DpakTanaMn, Hac OyIyT HHTEPECOBATE BCIOAY HENPEPLIBHELIE,
OffHOZHAYHbIC (DYHKUMH OHOTO NepeMeHHOro Ha X. Takxme (DYHKUHH AOIKHLI HMETh
tbpakranbHyIo PasMEPHOCTE W3 JHANA30Ha 1 <dim (f) < 2.

HauGonee u3BecTHOH W3 Takux (QyHrumii asnsercs dyskuus Beidlepmurpacca - |
Mangenn0pora

Swn(x)=2K-necos(Knx), (1.3)
n=1
e K > 1 - menoe 4ucno u ¢, - HOAOXKHTEILHoe YHcno. dpakTankbHbie CBolicTBa STOI
dyHKin HOApoGHO paccMoTpennl, Hanpimep, B [12]. B wactmocTH, (dpakTanimas
pasMeprOCTs 9TOH YHKINH YIOBIETROPACT cooTHOomenno dim(fiyy) = 2-a.

CnpaBeiBO yIBEPAKJICHIE, JOKA3aTeNBCTBO KOTOPOro MOXKHO HaiiTn B [13].

Yreepxpenne 1.1, Ecmu O < o < 1, 10 fyyy(x)e Hol*(Q).

Beitepurrpacc 1moxasai, YTO IpH JOCTATOMHO MANLIX o (DYHKIMA fiyy(X) HATE He
machdeperumpyema. PacipocTpanenne 3Toro pesynnprata Ha ciyvail o<l snepeere Gbu10
nonyyerno Xapma. (s o > 1 npowssomsas D~ fws(x)], oueBmunHo, cymectyer i
HENpepPbIBHA). DTAMH XK€ CBOMCTBAMH 06GnafaeT 1

- flo)= Z K— no gin Knx). . (1.4)
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dyurmisvu Befiepitpacca He HCYEPHbIBACTCS APCEHaN (PAKTANBHBIX QyHKIMIL:
SONLIIOE KOMHUECTBO TPHMEPOR Takux (yHkumi npepcrapieso B [14]. Cpenn Hux,
Hanpimep, Qyaxung Ban-gep-Bapaesa

Fo(0)=210m10-, (1.5)

e uepes (y) 0003HAYeH MORYNL Pa3HOCTH MEXAy y 11 OJNDKafiliinM K HeMy [elbIM
ynenom.  ®ymxims Baw-mep-Bappena  Bcrojy  HempepniBHa, HO - BCIOly M
wemichhepeRpyeMa.

2. Murerpupopanne v audpepenpopanue Apoduero nopsaka

Wuterpupopanne 1 middepesoupopagne ApoOHOro MOPsAKAa NPEACTABIAET
cobofi ocTatTouno pa3paboTAHHLII MaTEMATHYECKHIT anmapat, KO, K COXANCHIIO, HE
HAIIGMIII TOKA [INPOKOro HpuMCHenms B TeopeTideckoll gusmke. Bech makon-
JICHHLII Marepaan 1o 3TOMY BOTPOCY OHyﬁJIHKOBElH B OCHOBHOM Ha CTPaHHUAX
MATEMATIIHMCCKIX XKYPHAIOB, [[ TOALKO CPABHUTENLHO HEJABHO H3AHHAS KHUTA [15], tne
nogpoGHO, B yHOOHOM JUIs NMPAKTHYECKOro NPUMEHEHHS (OpME H3TOXKEHBI OCHOBLI
mpOGHOro MHTErpPHPOBAHIS I M depeBunpOBaHus, TO3BOIHT B OIIDKAINIIEM Oymymem
OPIMEHITL 9TOT aNNapaT Il HPHKNAHDLIX Henei.

Iepej BRefieHHeM NOHATIH HHTErPANIOB I NPOM3BOAHLIX JAPOOHOrO MHMOPSAIKA
YMECTHO HAMOMHHTL XOPOW® H3BECTHOC TOXNECTBO

¥ vox 10
Jax... J dx ! Ax)dx= T !(x- 1= 111)dt, (2.1)

a
;_‘ﬂf—'_d

1
JIOKA32TEILCTBO KOTOPOTO JIETKO MPOBECTII METOIOM MATEMATHYECKON MHIYKINIH.
Bamewas, aro (n-1)! = T(n), sy, wro npasoit yacti (2.1) Moxuo npngats Gosee

00w il CMBICT NPH HEUETBIX 3HAYECHIAX 7. IT09TOMY ecTecTBeHHO ONpeeNThL HHTErPat
POOHOrO NOPAMKA CIETYIoNIHM 00pa3oM:

L)

I (2} = f dr, X>a). 2.2
AN = (x>0) @2)
Wnrerpan Tnma (2.2) Haspmaercss JPOOHLIM HHTErpanoM Prmana - JIoysuomns.
CrpaBeIiBO TOXKIECTBO

Felp=Tple=T o, (2.3)

ITo awanormm c uurerpanoM ApoOHOro mopsagka Prumana - JIIyBHIIS MOXKHO
ONPEIeNITE 1 IPOOHLIE NIPOH3BOIHLIC

L4 jm (2.4)

Do) = o S

KOTOPLIE HA3LIBAKOTCA NPOH3BOAHBIMI APOOHOro mopsaxa Pivana - JInysmis. 3pecn
IIMEET MECTO TOXKJIECTBO

D@D =D S D" =D @i (2.5)

3aMETIM, 9TO PE3yNLTaT APOCHOrO0 HHTETPHPOBAHIS IIOPSAKA O HAXOQUTCS Ha
miarpamMMe pic. 1 Ha o efNHIN NpaBee MOMLIHTETPAILHON (DYHKINI, a PEe3yabTaT
MPOOHOro juidh(epEeRIPOBAHNS COOTBETCTBEHHO Jjiepee. VIMeeT MecTo cnemyromiee
YTBEPXKJCHIIE, KACAOMIeecs: ONePATOPOB MPOOHOro nopska D e {...]J uw I [...]. '
Yrsepxaenne 2.1, Cupapenisa KOMIO3UIISA OEPaTOPOR
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D e [ o[ f(x)]]=A), (2.6)

el ofe) 2 (- 2y |
Fe (D [f(0)]]=/() ED Mol o (2.7)

HO

Heficrene onepatopos Ie[A(x)] u DB [f(x)] mis mpoGHBIX 3HaueHMIT NOPAIKA
TIErKO NPOCIEHTE Ha PIC. 2.
B 3akmio¥eHue [PHBEEM BaKHOE JUIS peniernsd ypaBHEHMH B JPOOHBIX

IPOI3BOMHLIX CBONCTBO COBMECTHOrO AeiicTBHs npeobpazopanus Jlamnaca u oneparopa
POGHOIO HHTETPHPOBAHIIA

LT ()| =p- oL [f(0)] (2.8)
11 0600nreHnoe nparuno Jlentama
Do [f<x>g<x>]7_33 (1D s I [g()], (29)
D [08()]=2 [y Dt AT o () (210)
¢ 0600IIEHHEIM OHHOMHHANBHLIM KO3(h (PHITHEHTOM
0 I'(o+1) _sin[(B - o)n] T(o+1)T(B - ) A
[ § 1= r(p+1)r(o-p+1) T r(p+1) (2.11)

Hapspmy ¢ dopmynamu Jlefitumma tuna (2.9) u (2.10) nmeer Mecto (opmyia
JIeHOHuIa ¢ OCTATOMHLIM WICHOM

n-1

D [T)g()]=2 [} (Dot [0]D ¢ [g(0)] + R~ (212)

(-1y

R = oyt

Im f)-e 1f(r)drf<\ E)- D er[g(E)]dE (2.13)

dopmyna (2.12) uMeer TO mpenmyIecTso no cpagmenmo ¢ (2.9), ato e Tpedyer OT
dyuxmmu g(x) Gecxoneunoft mddepeHunpyeMocT.

D

i

===

Prc. 2. leficrsre oreparopos I” &[f(x)] n D‘xﬁ[f(,\")] JUTST pasTHILIX 3tradenntdt o 1w 3 (o=1-B): I- a=0;
2 -0=0253 -0=0.5;4 -0=075;5 -0=1.0

86



3. Ypapuenus psg miocKux NICKTPOMATHWTHLIY RO B
CTATHONAPHBIX (DPAKTAIBHIBIX CPefax

Ilpucrymam  Tenmeph K BLIBOGYy BOJNHOBEIX — VDABHEHWH, OIMCHIBATOIINX
PacmpocTpaHenye MIOCKUX BOJH Yepe3 (DPaKTalbHbIE CTAIMOHADHBIC CPEbI.

Hycts cpena npeacrasnseT cofoii HeORHOPONHEI THATEKTPUK ¢ npothmramu g(x)
u u(x) FHSNEKTPHIECKOH M MATHHTHON TPOHHIAEMOCTEH, COOTBETCTBEHHO, MpIeM
e(x)e Hole(Q) u p(x)eHolu(Q) (0 < (Ash,)< 1). Paccmorpum ypasrenns Makcsemia
JULst BOJIHBL, HMEROUIEH b KOMIOHEHTS! Ey(x,r) 1 H (x,1),

D~ [E,(e)] =-(Le)D- [u()H. ()], (3.1)

DM (x1)] = (1e)Dte(x)E,(x,0)]. (3.2)

Hycts E,(x,t)e Hol4(Q) 1 H,(x,)e Hols«(Q2). Torna i HAXOKNGHIS TOKA3aTeNell Ay 1
Ay 13 (3.1) 1 (3.2) nonyunm cucreMy ypasHeHmi

Ap -1 = min(A; Ay), (3.3)

Ag-1=min(Ag Az ), (3.4)

HMEIOIYIO eIUHCTBEHHOE pelmenne Ay = 1+ A, Ap = 1+ A,. TIpomudichepermmpyem oGa

YPaBHEHHA HO X C HOPAAKOM A = min (Ag A,), MONB3YSICh IPH 3TOM OGOOIMICHHBIM
npaemtom JlefiGuuma (2.12),

1 .
D 2ME,(x,1)] =—D () D [H (e, 0)]+
C
kx £)- 1u(€)d&fD‘ [D°A[H,(m,)]}an, (3.5)

r( A)a

D 2 [ (1)] =~ D) D AE, ()] -

r( 5 J(r— £)- le(&)dah)* “HE,(n.n)]]dn ‘ (3.6)

Memnstst nOpsnoK micpepeHuUpOBaHAS BO BHYTPEHHIX UHTETPalax NpaBeIx dacreii (3.5)
u (3.6) u nopcrasnss & Hux (3.1) u (3.2), HOMYYMM HCKOMBIE BOJTHOBBIE YPABHEHUS

D 1B, (50)] = ——~ D) D E, (v, +

R
p(x)
ZN e bl j &)“u(&)d&k(n)D‘ [E,(n.0)]dn, (3.7)

D~ 1 {H, ()] :%— D Me()ID- A (e)] +

—_—X

iy Jo g )“e(&)ddu(n)D* [H,(n0))dn, (3.8)
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OMICBHIBAOLIINE JFIHAMIKY HITOCKOIT SMeKTPOMATHITHOI BOMHLI IIPI HPOXOXK/ICHIN €€
uepes dpakranpuyro  cpepy. KeraThn, K aHanoruHbiM  YPABHCHIAM  (PHBOJILT
HHTerpanLupie n jmiddepeHmantuLe  onepamm Apobnoro MmopAAKa HAT CHCTOMOIL
TenerpadHBIX  YPABHEHI [T JUINHHBIX JUHNA ¢ (PAKTANLHLIMII CTAUTOHADHBLIME
TIAPAMETPAMIL

IIpn BLIBOJE MONYUYEHHBIX BOJIHOBBIX YPABHEHILT BO3HIKACT OFHH JIGTHKATHLI
BONPOC: TIOYEMY MbI GPAIII PON3BOAHYIO IMeHHO Topsyka A B (3.3) 1 (3.4)7 Bemb Mol

MOTJIH B3STh IPON3BOJHYO NIOGOTO APYroro mopsika A’ Ipi ycnopm aums 0 < A < A?
Ha, Mormi. Y1 B 8TOM ciyvac Mbl IONyuinin Okl APYrO€ BOJHOBOE ypaBHEHIE. OIHAKO
5TO APYroe yPABHEHNE MMeNo OBl TO XE CAMOE DEUISHIe, UTO Il YpaBHeHme moGoro
IPyroro TOpsAKa, Befib BCE TaKle YPABHEHHS SBISIOTCS CHEACTBIAMH  eIHHDLIX
ypapuenmi Maxcpenna. IToaToMy HONyYEHHBIE BONHOBLIC YPaBHEHIS CIPABEIUBLI I
s OOBIUHLIX THAAKHX cpefi. daxTiuecKin; IOPAIoK npocTpancTna (hynxumii Nénsaepa -
Jnmunna, kK kotopoMy npuHagiexar e(x) 1 p(x), Kak pa3 I OHpPEeNnaeT BO3MOKHLIT
NOPSIOX  IPOM3BOJHON 11, CNENOBATENLHO, BO3MOXKHLIT BHEIUHHN BIJI BOJHOBOIO
yPaBHEHIIS.

Jaxmouenye

WTak, nonyuensbl HOBbIE BOJHOBLIC YPABHEHHS JUIA OIMICAHIIA JUHAMUIKII ITTOCKIIX
3NEKTPOMATHHTHLIX BOJH B CTAUMOHAPHLIX (DpakTanbHeiX (HemidepeHmHpyemMsIx)
cpenax. Ho ocranicn Ba 00CTOATENLCTBA, 0 KOTOPLIX XOUETCS YHOMSAHYTh.

Bo-mepBbIX, BaKHLIM ~ CBONCTBOM  (ppakTana  gBISICTCS — CaMOIOROOIE
(camoadpdurrocTh). YuerT 3TOH CHMMETPHH NO3BONNT, mogoOHo Teopeme droxe,
spdexTiero pemiaTs NHTErpoHGGEPEHIMATLHLIC  YPaBHEHHST C  (DpaKTalbHBIMII
xoaddmmuaentamy. TyT CITOBO 3a MATEMATHKAMI.

Bo-BTopLiX, MOXHO HPEAcTaBHTL cefe cpemy, OJHOPDOJHYIO B HPOCTPAHCTBE,
napamerpsl e(7) 11 () KOTopofii MEHSIOTCA BO BPEMEHIT (DPaKTANLHLIM 0GPA30M, TO €CTh
e(1); u(neHoIMQ). B atom caywae ypasuemns Makcpemna (3.1) i (3.2) me nmeror
CMBICIA. 3HAUIT, OMKHEI CYIIECTBOBATL Oosee obuine, ueM ypaBHeHiss Makcpena,
COOTHOIIGHIS, KOTOPLIE MOMKHO BLIBECTH M3 BapHALHOHHOLO INPHHIMIA IS
NMArpaHKHAHA  3MEKTPOMATHNTHOrO TOns  myTeM APOOHOrO MATEeTPHPOBAHHS I
mippepennnpopannsg.  O6  sToff  mpgee coobmiaetcs B [16] co  ccouikoit  wa
HeonyOmikopaniyo padory Ienmojopa n Mbetii. Bo Beskom cnydae, o6oOmienune

ypasHeHi Makcpenna st ppakTanLHLIX HECTAMIOHAPHBIX CPEJ ~ A0 OmiXaiero
Oymyiero.
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DESCRIPTION OF FLAT ELECTROMAGNETIC WAVES
THROUGH STATIONARY FRACTAL MEDIA

A.E. Dubinov, V.D. Selemir

New wave equations, describing electromagnetic propagation through [ractal me-
dia, are derived. The formalism of fractional order of integration and differentiation
serves as a basis for the derivation, mentioned above. The equations derived can be used
at studying propagation of electromagnetic waves through highly turbulized fluxes of
liquid, gas and plasma.
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A3BYKA CI/IHEI’TETHKI/I HA TUCHIEE YYELHOIO KOMIILHTEPA
P.P. Myoapucos, b.H. Ilotiziep

PaspaGoran y4eGUBIl BLIMIICINTeNLHBI IKCmepmMenT «A3CyKa CHIEeDPTeTIKIL
HOPSIIOK B AHCKPETHOI cOcTeme, GIdpypKammn, ofEoMepHbIll xaoc, (ppakTansly. OCHOBILIE
nediIIONTNI CHHEPTeTHKN I OOBEKTLI €e N3YUeHNs CXaTO HAIOXKeHL BO DpepemHmi.
MeTopmueckne  yKasaHHS — pasfesioB  HOMOTAIOT —OCBONTHL — Ga30Bble  TEPMINLI  H
MaTeMaTOIecKle MOJIe/H, HeoGXOMble VISl MOHHMANHS yIeSHBIX 11 Hay9HhIX TEKCTOB, B
KOTOPBIX IICTIONB3YIOTCSL KAaTerOpImIl CHHEpreTHKH. [ HarL[IEOCTH 1 HMPOCTOTHI
HB3JTOXKECIITSE BLIGPZIIH:I pa3/irianble  CIOXKETBHI  CHHEPTeTIEII, ITO3BOJLIOMIIE TIPOAS-
MOHCTPIIPOBaTh LPOUECcCh]l, Nanbonee MOKa3aTeNbHbIE I OTepYeHHOTO Kpyra SBIemml.
Wepmeaayarnmsanis 3afanis B y9eCHOM BLIUNCIHTEIEHOM IKCHEPIMENTE CIYKHT YAOGHLIM
CII0COGOM Oprafnsan mpoGriemmoro obydems [1].

Heo6xomiMo KIacTs B OCHOBY BCETO THCJIO.
Haamon, V-1V 8. 0o n.a.

1. Coxuble ynopsfaouennple pexkuMpl B AHCKPeTHLIX CHCTeMAaX

Jns mHCKpeTHON cpefbl NMOCTATOUHO CIOKHLIE CTPYKTYPLI MOXKHO IONYYHTE,
3a7aBast COCTOSTHHE €€ SMEeMEHTAPHON AUCHKI - «KJICTKI», KOTOPOE MEHSIETCS B 3aBUCH-
MOCTI OT COCTOsHIA ee cocefiell. I1o TakOMy NpUHIHITY MOCTPOeHa Hrpa «KI3HL». JTa
Hrpa IMHTHPYET DOCT, pPaclaj H pPasiHyHbIC H3MEHEHNS B IIOMYJSLHH IIPOCTEHIIHX
JKHUBBIX OPTAHI3MOB - OeNKOBLIX nemneif [2]. PaccMOTpuM npaBmia m ycaoBHs HIPEL

Hrpa nponcxouT Ha MIOCKOI MOBEPXHOCTH KBAfPATHLIX Adeek-KneTok. Knetka
MOXeT OBITh «XKHBOM» I «MEPTBOIl». Bpems n3MeHsieTcss UCKpetHO. M3Mmenenue
COCTOSHIS KJIETKH B MOMEHT BpEMeHI /41 Ompemensercs COCTOSHHEM ec cocefell b
OPENIIECTRYIOMII MOMEHT BPEMEHH /. Y KaKJIOH KIETKH BOCEeML cOCele, M3 HHX
YeTLIPe UMEIT ¢ Hell obmee pedpo, a 4eTwIpe - BepIIuHLl. Ecmi kneTka «MeprBa» B
MOMEHT BPEMEHII /, OHA «OXKHBAET» B MOMEHT /+1 TOTJa 1 TONLKO TOTMA, €CIH TPOE H3
ee BOChMIL cocefiell ObLIH KMBBl B NpeuiecTsyomui MoMent . Ecau xmerka Onima
«XKHBa» B MOMEHT BPEMEHH /, OHa «IIorHbaeT» B MOMCHT /+1 TOLJIA H TOJNBLKO TOTHA, ECIIT
MEHBILE, YeM HBE, unu OOnblle, YeM TPH COCETHIX KIETKH OLUIH <«KIBbI» B
NPEAIIECTRYIONIHA MOMEHT 7 .

Cooeporcariiest OeamesbHocHIL CHIYOeHING ABASCHICA:
® BapLUPOBAHHE YCIOBHI, BNISIONHX Ha XOX OOpa3oBaHHs, POCT, PA3NHIHLIE
H3MEHCHH H PACHaj YIOPATOYEHHLIX CTPYKTYP B JUCKPETHLIX CHCTEMAX,
* ® BLIICHEHHE BIIISIHHSA CHMMETDIH/aciMMeTpHIT (hOPMBI HAYaILHOTO COCTOSHIISL
HA OKOHYATENLHYIO CTPYKTYPY;

@ OINpEfiesieHHe PO NPOCTOTLY/CAOKHOCTH (hOPMBLI HAYANBHOIO COCTOSHIS HA
OKOHYATENLHYIO CTPYKTYPY.
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2. Bm[)ypkamm

PaccMaTpIBAETCS CIICTEMA YPABHEHHIT BIIA
AX/1 = fIX, A), M

tpe  X=(x;,-%,)eR - mexrop hazompix mepemenunix, A=(ay,..q;)eR - BEKTOp
IapaMeTpoB cHCTeMBI. larorcs ompepenenus [3]: KayecTBEHHON OJMHAKOBOCTH JBYX
(ha30BLIX MOPTPETOB; CTPYKTYPHOH ycroliausocTy ypasaenus (1); 6udypkaunm; TO9KA
oudypramun. MceneayroTest TP OCHOBHEIX THIIA OHGypRamu (ha30BOro MOPTPETA.

2.1. Dudypxkanusa Tana ceio-ysell. B KauecTBe mnpuMepa  BBIGPAHO
OJTHOTIAPAMETPHYIECKOE YPABHEHNE

dx/ot = A2 + g, xe R,ae R. (2)

Anann3 ¢a30Boro moprpera ypasHenus (2) mokasemaer, uTo npi =0 IPOHCXONUT
KaYeCTBEHHOE I3MEHEeHHe (pa3oBoro noprpeTa, TO ecTh 3Hauenue (0 gmugercs
Or(hypKAUMOHHBIM 3HAYCHIEM mapameTpa a. I1ocTpoeHHe 3aBHCHMOCTH HOJIOXEHIsS
PABHOBECHS OT ITApaMeTPa a JAET AHATPAMMY CTAIMOHAPHLIX PerieHnit. Bepxuas BeTBL
HarpaMMEI HOKa3LIBAET TOUKH HEYCTOMUNBOTO MOMOXeHHa pasHoBecus (x(a)=+lall?2),
HIDKHAS BeTBb - ycTofrumeoro (x(a)=-lal2). Tlpn sHauemwsx a>0 cucrema
neycrofansa. IIpn a<O cucrema cTaGHIIBHPYETCS B OJTHOM IIOJIOKEHHH PABHOBECH,
JPYroe IOJOXKEHHEe paBHOBCCHS (HEYCTOIMNBOE), Kak NPaBWIO, He HAGIIONAETCH.
Hazpaune Tuma 6uypkanun mosBHIOCH GJarofaps TOMY, UTO B BYMEPHOM CIydyae
MIOJIOKEHIs] PABHOBECHS HMEIOT (hopMy Cepia 1t y3ma. '

2.2, Dudypkanusa TUNa BUJIKM BO3HHKAET B CHCTEMaX, B KOTODBLIX €CTh
CIIMMETpIISI, TO €CTh g KOTOpnix mmudipepentmancuoe ypasuenne (1) ofGmamgaer
csoiictBoM f{ -x,a) = -f(x,a). IIpnmMepom siBnseTcs ypaBHEHIE BIJA

dx/ot = ax - A3, (3)

Awnamis $azoBLIX IOPTPETOB ITOTO YPABHEHNUS M AHATPAMMLI CTAIMOHAPHLIX PEIICHHUIT
IPUBOIUT. K BBIBOAY, 4TO mpi a>0 CHCTEMA MMCET TPH TIONOXKEHHS PABHOBECHS: ABA
yerofimeix (X(a) =(a)12, X(a) =-(a)2) u opno meycroituneoe (X=0). Ilpm a<0
CYIIECTBYET OJHO Nooxkenue pasHosecns (X=0).

23. Budypxamus Xonda. [ng npumepa paccMaTpHRAcTCS — OFHOIA-
pAMETpIYECKAS CIICTEMA YPABHEHHI B MONSPHBIX KOOPAMHATAX [4]

orfot =r(a - 12),
de/dt = 2. 4)

HeTpyaso BUJETS, YTO NOJNOKEHHE PaBHOBECHH =0 CyIecTBYeT NpH JIFOOBIX 3HAUSHHAX
napamerpa a. Jns a<0 y ypaBHEHHs CYIIECTBYET elle OfMH KOpeHb: r=a. Ecmm
paccMaTpuBaTh GA30BYIO INIOCKOCTD (1,0), TO BTOPOH KOPEHL GYIET COOTBETCTBOBATS

OKpyxHOCTH. TIp1 3HAUCHNAX MapaMeTpa @ OT -a [I0 @ MAIOMY H3MEHEHHIO 1apaMeTpa
COOTBETCTBYET MAalioe H3MEHCHHE BENMYMHEI /° - MIrKasg N0Teps YCTOHIMBOCTH.
TIpOTHBOMONOXKHEIN ~ Cydyalf Ha3pIBACTCA KECTKOH MOTepedl  yCTONYMBOCTH M
OMUCLIBAETCH CHCTEMON OfHONAPAMETPHYECKUX YPABHEHMI BHA

orlot = r(a + 212 - r4),
0¢/ot = 2. (5)
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3. OgaoMepubIi Xa0c

PaccmaTtpuBaeTcs OFTHOMEPHOE Pa3HOCTHOE YPABHEHHE, ONHCHLIBAIOIIEE NUHAMIKY
HenmuHeliHoH cucremel. Hanpmmep, H3MeHEHHE TONyMAOUH KakKOro-gnbo BHua
KUBOTHOrO B ONPEJEIEHHOM paliOHe ONHUCLIBAETCA 0TOOpAKEHHEM

Xn+1 = AXH(]' - Xu)- (6)

3neck X - YHCHO KHUBOTHLIX, /1 - HOMEP TOfA HaONIONSHUS U3MEHEHHS HX uHcia, A -
mapaMerp, KOTOPbIi Ompefensiercs BHEIHMME (hakropamu (IATaHWE, XMIITHUKH,
NOTOfHLIE yCIOBMS U T.Ji.). IlopuepruBaercs, 4To ypaeHennme (6) OmuCHIBAET
e TePMIHNPOBAHHBII DPOIECC, NOCKONLKY HAYAILHOE ycinosue X, m mapamerp A He
ABIAIOTCS chaydaiianivMi. Kaszamoch Obl, JBIDKeHue, 3apaBaemoe ypapHemmeM (6), He
MOKeT ObITh HempenckazyeMpM. OJHAKO IPH ONpPEJEJeHHBIX 3HAUEHHAX mapaMeTpa A
IpOIecChl, OMUCLIBAGMBIC STHM YPABHEHMEM, MOTYT OONaaTh PAAOM CTOXACTHYECKHX
cBoticTB. [lanmee m3ydaeTcsl, KAk IPOHCXONUT NEPEXON OT YIOPAAOYEHHBIX PEXHMOB K
CTOXACTHIECKAM; KaK HEePeNyloTCs HOPSIOK H Xaoc, KAaKOBLI OCHOBHLIC CHCHAPINI
MEPEXOJI0B K CTOXACTHUECKHM PEXKIMAM.

3.1. Xaoc no cuenapmo Pefirenéayma. PesynpraT HaOmofeHns 3a SBONIONHACH
TOMYJAUK COracHo (6) mpepcrasisieTcst rpahiueckKu MOCPEJICTBOM KpnBoit Y=X, ,; =

=f(A,X) (puc. 1 [5]). Y13 puc. 1, a BugHO, wro pH 1 — = X, — 0. Takum 06pasom, npi
A<1 ypasrenne (6) nmeeT emuHCTBeHHEIH Kopens X=0. s A=2 (puc.1, 6), npu n —
X,— X", 10 ecth y ypasuenns (6) asa HeoTpuuaTeaLHLX KopHs: X=0 u X=X". B ciyuae

Y
08
Y .6
Z 069 /
s //
- 04 S
L/
5
29 D.Z—j /
/
0o : e s 1 3 " 00 Xy ! \
X . £ 3 3 I v
a 1 a 05 X, | 10X

Prc. 1. OroGpaerTie HepBOTO BOBPAINEHUS H/BI TOCTEA0BaTe ILHOCTH, hopMEpyeMolt ypasmermeM (6)
[5]:a-A=10;6 -A=20,8-A=3236

xe, Korga napamerp A=1+512 (puc. 1, @), To, HauMHAg ¢ FOCTATOTHO GOMBIINX 71, MbI
OyfmeM TIONyuaTh uepemyromecs 3HaueHws Bemrwme Xi) nm X,'. Takoe pemeuune
Ha3BIBAETCS YCTOHYMBLIM LMKJIOM C NepHofoM 2 m oGo3Haudaercss S,. Ilepexom k S,
npoucxomut Omarogapst Oudypkamus, XOTOpas B JAHHOM CJyyae HOCHT HA3BaHHE

Oudypraman  yaBoeHns nepuoga. JanbHefniee yeenmmiueHme A NPHBOTUT K
BOBHUKHOBEHMIO NUKJIOB € NEpHOaoM 4,.8 1 T.J1.

OOGcyxpmaeTcss yCTOHYMBOCTH TaKuX UHKIOB. Kak H3BECTHO H3 TEOPHH
ycToimBOCTH JIAmyHOBa, B NEepBOM NPUOMIDKEHHH MOXHO IPETIIONOXUTE, UTO IHKII
YCTONYUB, €CIIH BLITOHIETCS YCIOBHE .

X" )ox » of(X,)0x = ... » (X, )oxl < 1,

e X, - uepepyromuecs Beamyunel IToka3aHo, 9TO KaKApLA pa3, KOrfa mapamerp A
CTAQHOBMTCS TAKUM, UTO UHUKI S, TEPAET YCTOHIHBOCTDH, MPOUCXOMMT Ompypxauus u
YCTOHYMBLIM CTAHOBUTCS 1uka S,,;. Ilo mepe pocra A ypaememne (6) paer
HENePHOMIECKYIO MOCHENOBATENLHOCTS X, OCKOJILKY B 3TOM CHydae B HEKOTOPOIi
oOnactu (ha3zoBOro NPOCTPAHCTBA CYIIECTBYET GECKOHEUHOE MHOXKECTBO HEYCTONIHRAIX
NePHOAMYIECKHX LMKIOB. [luarpaMMa CTaNMOHADHLIX peluenuit st ypasrenns (6)
npefcrapnera Ha puc. 2 [5]. Kak 6puro moxazamo M. defiren6aymoM, dmcioBas
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Puc. 2. [dparpamma  CcTauioHapiHLIX pememﬂ"r X,
ypasuentst (6) [5] 1 0]

MOCHEN0BATENLHOCTL A, Touex OGmdypka-
UIIOHHLTX 3HAYeHHl TlapaMerpa A BENET

ceOst KaK TeOMETPHYECKAS IPOTPEcCHs Co

ANA

3paMeHareneM §=4.6692016... . TloaToMmy

MOKHO 3amHcaTth BbeIpaxeHue (A,,i-A4,) o5 x ———————— e
Suluiniiuini

(Apa- A1) — 6 mpn 1 — oo, Yuemo 8, -

HazpBaeMoe wcnoMm defirenbayma, ecThb
VHIIBEpCATILHAS TOCTOAHHASL.

Ay 35 A, A

3.2. Xaoc, cBsm3aHHBId ¢ TepeMexkacMocThblo. Hamomuuaercs, 4ro npm
HAONIOMEHII 32 CIIOKOMHO TEKyIuel KHJKOCTLI0 MOXHO 3aMETHTL HOSIBIACHHE BHXpPEli,
MOBEMIEHIE KOTOPLIX Kaxercs ciuydaiiueiv. Ilocne ncuyesHOBeHHMS BHXpell KapTHHA
CTAHOBHTCS BHOBL IPOCTON [0 NOSABIEHHS CIEAYIOMEro BHXPA. MeXNy NOsSBICHISIMI
BIXpell MOXKEeT NPONTH HENPEeICKa3yeMLl IO IHTENLEHOCTH HHTEPBAJN BPEMEHH.
dopmymHpyIOTCS OnpenesneHns NePEeMeKaeMOCTI KaK THIIA Xa0THYCCKOTO JBHKEHIIS, I
B KauecTBe IpOCTelell MONENM, IJUIIOCTPUPYIOmeH 3TOT (DeHOMEH, NPHBOTHTCS
cnepyromee 0ToOpaKeHie

Xy =1-1X, - Ab2/[ 1+ (X, - A2, (7

TumrIHAS KapTHHA [I€PeMeKaeMOCTH npamenntensuo k (7) npepcrasiena Ha puc. 3[5]
u puc. 4 |5]. B cBA3M ¢ aHATHIOM HENIHEHHBIX CHCTEM BBONATCS NOHSTHS I TAIOTCSI
ONpefenacHill CTPAaHHOI'O aTTPAKTOopda, KpH3HCAa aTTpaktopa I MeTACTAOHILHOIO
IePEXOIHOTO Xa0ca (pnc 515)-

Y4 /\
Xy
0.8
/' \\\
A J
0.5 % / !
[ Re o N e !
e /” 7 /’/ —"
/ 0["/—'-—""
/ 0.0 L L I I L I
5 200 404 600 800 1000 1200 »n
0.0 T ; L
05 1.0 X

Pric. 3. OToGpaxenne 7ICpBOrO BO3BpameHHs amst  PAc. 4. 3aBHCIIMOCTL TOYEK HOCHE,HOBZITCI[BHOCTH
OCTeOBaTeMBIOCTI. (pOpMupYeMoll ypasmemmem  (7) OT HOMepa Tepargi 5]

(7) mpm A=0.769 [5]

Cooepxcaritent OesmeavHocinit Y I
clyoenna A6AAENCa:

® 3HAKOMCTBO C THIIAMH [IEPEXOIOB K ,
xaocy uepe3s Ondypxamut it uepes nepeme-
KAEMOCTD; <

® AHAJII3 HA TIPHMepax OTHOMEPHBIX
oToGpaxenuit (6) i (7) sBONIONNN CHCTEM, ’
IPHBOMAIIEH K IETEPMUHHPOBAHHOMY Xa0- f
Cy: K TONAJAHMIO CHCTEMbl B CTPAHHBIH
aTTPAKTOP; K KPH3HCY. e

>’

i

Prc. 5. OrtoGpazxkeinie 11epBOr0 BO3BPAINEHHS IS e
LOCTIe/I0BATeLHOCTH, (hopMUDYeMOLl ypaBHemmeM b
(7) (MeTacTabmwmmbiil xaoc) [5] )

R
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4, dpakrannl

HaroTcst MORATIE H NPHMEPLI (DPAKTATIOB; BBOANTCS (DPaKTAILHAS PA3MEPHOCTL
KaK KOJHYECTBEHHAS MEPa CTPYKTYPHOCTH (DpakTanos. [ 3TOr0 NPENBAPHTETHHO
paccMaTpIBAETCsS IIOCKIIT OHOPOJHBIT KpPyKOK Maccoil M u pamycom 1. Ilpn
yBemraenm pamryca obnekta ot 1 1o R, ero macca ypennumpaercs B R? pas, TO ecTh
CBA3b MACCBI H INMHHBLMOXHO 34M1CAaTL B BHJIE

M(R) ~ Rq, ®

e d - pasMEpHOCThL MPOCTPAHCTBA. MaciuTaGHoe cooTHomeHne (8) TeCHO CBA3aHO ¢
HHTYITHBHLIM MTPECTABIEHIIEM 0 DA3MEPHOCTII 1 OKA3BLIBACT IMOJIE3HLIM [T 00001  HilsI
Ha JIpyTie 3HAYCHIS DPA3MEPHOCTIL Ecmn J uenas BeMmumHa, TO MAaCIITAGHOE
COOTHOIIEHIE N4 MIOTHOCTH p=M/R< GyIeT OMIHAKOBLIM JUIS BCEX R 11 BBIPA3HTCS KaK
p~R0. B camom oOmem cnyyae d - BegHuiHA He lenodncnennas (o6o3madaercst dp).
Torpa Beipaxkenne (8) mprrimaeT Ay M(R)~Rd: 11, CIEIOBATENLHO, COOTHOIIEHUE [T
INTOTHOCTH BBRITTISIT TAK
p(R) ~ M/Rd ~ Rd;-d,

TO &CTh MIOTHOCTL TAKOr0 0OBLEKTA 3aBICUT OT €ro paalyca. Benmunna J; HasemBaeTcs
(bpaxTansHOIT pa3MeprocThio. IlpnBomres Gonee Touwoe onpejencHie (hpakTaabHON
pasMepHocTH, npHHAiekamee P, Xaycnopdy: MycTh H3y4aeMOe MHOXKECTBO JNEXKIT B
D-MEPHOM EBKJINIOBOM IPOCTPAaHCTBE. PaccMaTpuBaeTcst ero NMOKPLITHE p-MEPHLIMI
1apamil PafHyca g;, i ONPeIeNscTCs BeHIHa /(e) KaKk :

Ii(e) = inf Ted ,
i
[JIC HIDKHAA I'PaHb GBPGTC}I MO BCEM BO3MOXKHLIM IIOKPBITIAM TaKIM, YTO €; < €. IIYCTL

I, =1im [y(e).
e—0

Ipn Gonbumx 3HaveHusax d /y — 0, opn Manpix - /; — oo, Xaycmopd mokaszai, uTo
CYIICCTBYET KPHTIeckoe 3HaueHie d,: dy=inf(d:/;=0)=sup(d:l; = e=). O6L1uH0 mpu d=d,
BeNIWiHa /g KOHeuHa, BBomTes nouarne xaycpopdoBoii pasMepHoCTIl d), MHOKECTBA.
Ins  1mpocThIX reomMeTpHUecKnx oO0BEKTOB XaycmopdoBa pa3MEpPHOCTL  SBIIACTCS
HeNOMICACHHO: Ans oTpeska =1, Jnsd xpagpata ,=2, Jus xyOa ¢,,=3. OfHaKO A7
(hpakTanop, HampHMep, KAHTOPOBOTO MHOXKECTBA XaycjopoBa pasMepHOCTL GyieT
npodHoit. JpoGuas xaycopdoBa pa3MepHOCTL Ha3bIBaeTCA (PPAKTANLHOI.

Coleparantiert OesmeabHOCINL CILyOeHING AGAACIICH:
® MOJTBEPXKJCHNE CYUIECTBOBAHIS (DPAKTANOB II BO3MOXKHOCTH IX KOHCTPYII-
POBaHMs HA IpHMEPe MHOXecTBa X, ;= AMOD(X, + C, 1.0);

® INICHMCHHAS IHTEPHPETAuHs MONYUEHHBIX DPE3YNLTATOB C ICTOJIL30BAHIEM
yaeGHoro cnosaps [6].
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Tomckull 20CyOapceeH bl Hocmynuna 6 pedaxuyuro  27.07.94
YHUBepcuinem nocae nepepabomxi 31.01.95

THE ABC OF SYNERGETICS IS DISPLAYED
ON THE COMPUTER SCREEN

R.R. Mudarisov, B.N. Poizner

Fducational computing experiment «The ABC of synergetics: order in discrete
system, bifurcations, one-dimension chaos, fractals» is elaborated. Basic definitions of
synergetics and objects under exploring are briefly presented. Methodics accounted in the
manual familiarize students with the basic ideas and mathematical models, necessary for
understanding educational and scientific texts, concerning synergetics. Various nonlinear
scenarios illustrate the processes typical for synergetics. Individual tasks solving by
means of computer simulation carried out by students serve as a method of the problem
education.

Mydapucos Penain Pamuavesuy - pomancs B 1967 romy B Tomcke.
AcmmapanT pagrodmsEdeckoro ¢akyneTeTa ToMckoro ymmBepcareTa. OGmacTa
HayJHBIX HHTEPECOB: ONTHYECKAs CHHEPIETHKA, HeJHHE HAs JIHHAMAKA JTa3epHBIX
CHCTEM.

Iotisnep Bopuc Hukoaaesiy - popacst B 1941 rogy B ToMcke, OKOHTILT
Tomckeli yEmBepcrreT B 1963 Toy. S3aIiTHI AHCCEPTAIHIO HA CORCKANE YIeHOHA
CcTemerH KamgEAaTa (pH3HEKO-MaTeMarmaeckux mayk B TI'Y (1970) B oGmacTh
teopum KomeGammi u somm Homent TT'Y. OCnacTh mWAyImbix HHTCPECOB:
KBAHTOBAS ONEKTPOHHKA, NPAMEHCHNE HeMMHeHHON [HHAMEKH B ONTHKC H
MaTepHATIOBE/IeHAN, NPHKJIAFHAS HayKOMETPHES, KyAbTYPONOrHIECKas TEeOpHT
o6pazopagmst. CoapTop y4eOubix Tocobni «J1aGopaTopibiil NPAKTEKYM TI0 (HImKe
ma3epon», «VIMIyNbCHEIE Ta3ephl Ha IIOTHLIX Tasax» I Jip. ONyGIHKOBas CTAThA
0 YKA3aHHOH TEMaTHKE H IO Psiy TYMasHTapuplx npoCrem. VIHANHATOP H3MIAHMAL
I pepakrop GmGmmorpacdbHUECKHX —yKasaTesleli, IOCBSICHHEIX — HAyTHOMY
TBOPYECTBY, IpPHMEHEHHIO KOMIBIOTepa B OCpasoBaHiil, JHTepaType X
dmocodMH pyceKoft SMETPAIHEH, YARBEPCATETCKOMY 00pa3oBaHmIo, CHHEePTeTHKE
I CONpeJie/HEIM HaykaM. WeH KOMHCCHH MO TBOpUeckomy Hacnemmo I'ycrasa
IlIneTa, Ilpenceparens Bomaoro I'ymammraproro Cemurapa ToMcka.




Dapapelt Gb1N BENKIM MacTEpoM KYX0HHOIT (hnisikt. Ecnlt Bepo, uTo 3Tansl NO3HAHIS Tpii-
POMBI YEJIOBEUECTBOM COOTBETCTBYEOT Pa3/UHLIM CTaJIsIM UCJIOBEHMECKOTO BO3pacTa, TO IOHO-
1IIeckoe BOCTOPXEHHO-BCeOOheMMOLIE-BCe0XBaThIBaiolIce oTHouleHne K [Ipuporie, Halregiiee BbI-
PaKEHIE B CO3ABINI CTPOITHLIX QIIIOCOPCKIX cIlcTeM - OT rpekos [0 'erens - cMentmoch 3 XIX
BEKEC TPE3BBIM CTPEMICHIEM B3POCIOrO YENOBEKa K IUTAHOMEPHOMY II CHCTEMATIIeCKOMYy oG-
YCTPOICTBY CBOErO O4ara BO BCEX CMBICHAX 3TOF® CHOBA - OT KYXOHHOrO N0 XepTBeHHOro. Ja-
GopaTopill TOrallElIX XITMIKOB-(hi31Kos (paskina Torga Oblla He OueHs Bemika, i ®apanefi Havan
C OTKpBHITISI Gen30Ia 1 GyTINEHD) el HE NOTEePsUT BHCUIHEO CXONCTBA ¢ KyXHell CpefIHEBEKABOTQ
AMXOMIKA 1T MOXKHO CUIITATh, YTO HAYKA 06 3MeKTpIYecTBe POAINIACEH, KOTVa 3¢BECOB OTOHB YAJIOCh
3aMIXaTh B KYXOHHYHO CKJISTHKY (¢ ropAbIM HassarneM Jleiinenckas Ganka).

®apapeli  obmancs ¢ npnopogoifl Ha  camMoM  ObITOBOM, TIPH3EMICHHOM — YPOBHC -
HEMAPOM MOJIOROTO L'eAbMroNhiia NOPasiini Te TPOBONOYKI It KyCOUKIT Ie peBa, C MOMOIIbE0 KOTOPBIX
dapaneto yIaBanock BLIBCLIBATL COBEPUICHHO WETPEACKA3yeMbIE M, Ka3anoch Obl, HEMOCTIKIIMEIE
TafHb! mpuponsl. [IpepcrapnseTcs CUMBOMIIHBIM, UTO IMEHHO OGLIKHOBEHHYIO CBevy BLIGpan da-
pajiefl B CBOIX 3HAMEHITLIX HAYUHO-NOMYJISIPHBIX JCKIISAX B KauecTBe OfBEKTa TPOSBICHNS (Bbl-
STBEHIIS], BLICBETICHIIS) OCHOBHBIX (hII3IHECKIIX T XIMITYECKITX 3aKOHOB.

ITyGmikyemast HUXC CTaTha - €lie OfNH OpHMEp GNECTSILIErO MPEBIACHII dapapest, no-
CTHIHYTOrO ¢ TOMOIILI KYCOUKOB CTCKNA, TAaNbUEB 1 BCE TOIt e H3mobaeHHoH cpevn!
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. CAMOOPTAHU3ALNA B IXCOHEPUMEHTAX ®APAJES MO
IHAPAMETPUYECKOMY BO3BYXKAEHUI0O KAIIVMUIAPHOU PALU

A.b. Ezepcruii

Ha ocnope jpmepmikosbix sammiceti M.dapagest mokasano, 9T0 B ero 9KCIEePEMEHTAX
€ TapamMeTpHIecKn Bo3GyxpaeMoll Kanwuigpmoll paGhio  GBUI  ycTamopmenr  (hakT
CYMIECTBORAINIS CTPYKTYP, BEJ KOTOPSIX B IMAPOKON 06/IacTH HapaMeTpOR He 3aBHCEN OT
mavda/bHBIX H TPAfHIHbIX YCJIOBIHL, a TakXKe (PA3IIecKIX cRONCTB KENKOCTE .

VM Maiikna ®apages y TeX, KTO 3aHHMAeTcs (DU3HKON, acCOUMHMPYETCS
NpEXkIe BCero ¢ OTKPLITHEM TaKHX ABNCHHI, KaK SJIeKTPOMATHHTHAS WHIYKIIA,
NONAPI3AIUSL  CBETA, 3AKOHLI SNEKTPONI3a, Mia- H [HapaMarHETH3MA. Ero
NCCNENOBAHNSA,  KAcAIOIIHEeCs  Kidcca sIBICHHI, KOTOPBII cefiuac Has3bIBAETCS
AeNMHENHON AMHAMEAKON CTPYKTYp I CaMOOpraHI3amueffl B HepPaBHOBECHLIX CpEhax,
H3BECTHLH! 3HAYHTENLHO MeHbUIe. B MOHOrpadusx mo cuHepreTHke i JAHCCHIATHBHBLIM
-crpykrypam |1, 2] 06s1aHO cebrnarores Ha onsITsl Benapa (1901) no TepMoxoHBekumy B
CIIOE SKHJIKOCTH, T/Ie BO3HUKAIOT MIECTHIPARANKY [3], sxcnepuMenTs ¢ puxpsami KyarTa
- Tefimopa MesKJy BpaILArONHMIICS IIIIHAPAMII 1M ¢ FOpoxkkoit KapMana 3a mmoxo
00TEeKACMBIMII TEJAMH KaK Ha IEPBbLIE SKCHEPHMEHTHI IO H3YYEHMIO YIOPSIIOYEHHBIX
CTPYKTYP B HEPABHOBECHBIX THIPOJMHAMIUECKHX cucTeMax. OpfHako, mMeHHo dapapei,
no xpaitmefi Mepe, Ha 70 mer paunine Benapa, B 1831 ropgy nepsril ommcan spinenue
CaMOOPTaHH3aiI B HEPABHOBECHOH cpefe - B CHCTEME TNApaMeTPIYECKH
BO30YKIACMBIX KAIMMUIIPHLIX BOJIH.

dapaneii o6Hapyxmn [4], YTO Ha NOBEPXHOCTH MPOTHKEHHOTO CIOS KIIKOCTH,
KONEGIMOIerocs BePTHKANLHO, BOSHHKAST KAMINIApHas ps0L, o6pasytomias CTPYKTYPY
B BUJIC NMAPKETA H3 KBAJPATHLIX KIeTOK. Takasd CTPyKTypa COCTOMT 13 JBYX B3aHMHO .
OPTOrOHANLHBIX TIAP CTOAMIX BONH; YacTOTA KAIWIIAPHLIX BOMIH, COCTABNARONINX STY
CTPYKTYDY, PAaBHA NOJIOBHHE YACTOTHI BHEmIHEH CHibl BoabyxpeHue Kaxjofl mapol
AHAJIOTHYIHO NAPAMETPITIECKOMy ~ BO30YXKIGHIIO MagTHHKA C  KOjeOmomeiics
BEPTIKANLHO TOUYKOH mopseca. B JKHIKOM Ci0C, XapaKTePHLIE FOPH3OHTANLHBIC
pasMepnl  KOTOPOIO 3HAUNTENLHO GOMBINC - [UTHHLI BOMHLI, BCE HANDABJICHIS
PABHOIIPABHL], H MAPAMETPHYUECKH BO3OYXKIATECA MOTYT Mapbl C MpOH3BOILHON
oprieHTanueil BONHOBOTO BekTOpa. B skcnepmmentax dapafes [4, 5] asmmyramhHas
CHMMETpHA pa3spylmiajach, W Deann3oBanach  BCCIlA  KBAfpaTHAA CTPYKTypa.
DKCNEPHMEHTATHHO OBIIO BLIACHEHO, WTO TaKas CTPYKTypa KallMUISPHON padu He
3apricena OT HAYATLHBIX BOIMYIIEHIIT, & B ONMPEENEHHbIX NPEfielax if OT QHIUTECKHX’
CBOHCTB KIJIKOCTH I TEOMETPHYECKOll (DOPMbI KIOBETHI, B KOTODPOH HPOBOMIICH
OmLITLL. DTO, NO-BHIMMOMY, ObUIH HEPBBLIE  OCMBICICHHBIC —SKCHEPUMCHTBI MO
CAMOOPraHH3AINII B HECPABHOBECHLIX JHCCHIATHBHLIX CHCTEMAX (MCTOHIKOM 3HEDPIHIL
3ECh ABMSCTCS TIONE HAKAUKI, a JHCCUTIAINs OGYCIOBNEHA BAKOCTHIO KHIKOCTH).
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Pe3ynnTaThl SKCIEePIMEHTOB OblnH OnyOanKOoBaHb! dapafeem B CXKaTOM BHJIE KaK
npioxente k cratee [4]. Coxpammmics u guesmiki [5], e Gapaneii 0ueHb TOIPOGHO
OIINCAJI BCce CBOM HAOMONeHUsI.

B 37Ol crathe Mbl MONBITAEMCS TIPOCTEAUTL 33 TeM, Kak dapagell ucciaegonan
CTPYKTYPY NApaMETPHYECKH BO30YXKIAEMOH KANMNIAPHOA pAGH, OMHpasCh IMEHHO Ha
€ro 3amicl B THeBHHKE. 110 THeBHNKY MOSKHO NMOHSTHL XOJ[ PACCYKAECHNN BLITAIOIIETOCS
SKCIEPHMCHTATOPa, 9TO HPEACTABNASTCS, HAa HAll B3LVIAN, MHTEPECHBIM HE TOJEBKO C
HCTOPHIECKOH TOUYKH 3PEHIS, HO OUEHL IOYUATENLHBIM [id TEX, KTO 3aHMMACTCS
KCHEPHMEHTOM  C JHICCHIATHBHBIMI CTPYKTYDAMIL MHOre SKCHEPHMEHTEI C
KANWISpHOIL psadbio  ObUTH  IOBTOPEHBLI COBCEM HEJaBHO Ha O0Jee BLICOKOM
TEXHIYecKoM yporHe [6-10]; ¢ Tovku 3penns ygell 9T SKCIEPHMEHTLI ObLLTH OYEHD
ONMI3KI TeM, 4To Obuii caenanst 6onee 160 et nasan dapageent.

YcTanOBKA Ui  H3YUEHUS MAPAMETPHYECKOro BO30YXKICHHA KaIILUISIPHON
psa01, ncnonb3opanHas dapagees, ObUla OUeHbL IpocTa. B ero skcnepmMeHTax s
co3manng  KoneBaHnil NPHMEHSINCH FOPH30HTAIILHO PACIIONOXKEHHLIC CTEKIISTHHBIE 1T
JePeBSHHBIC IUIACTHHKIT, ONH KOHEN unn 00a KOHUA KOTOPBIX OBIMH JKECTKO
3aKpemiensl. B mydsOCTh H3rnOHBIX KOneOanmil, KOTOpPLIE BO30YXKAANHCL B TaKHX
[IACTHHAX, NPHKPEIUISUIACL KioBeTa ¢ KHAKOcThio (puc. 1, a). B HexoTophx
SKCHCPHMEHTAX KIOBETAa HE HCIOML30BANACL, KUIKOCTL IIPOCTO HATHBANACL Ha
miacTHHY (OBa HE PACTeKasNach 3a CueT IUIOXOll cMadnBaeMocTH). UToOLI IIMETE
BO3MOKHOCTL M3MeHIThL hopMy kugkoro cmos, Pdapagefi momeman Ha TACTHHY
KYCOUKH CTEKNa, Ha KOTOPBIC Pa3MNBANACh XKIKOCTL. JKHAKUI CIOM MOKPBIBAI BCIO
TOBEPXHOCTL TAKOIT MOATIOKKH I HOBTOPAT ee hopMy.

IOns  Bo3Oyxpgenis xonebauuft dapagefi He pacnonaran  Kaxiumil-audo
puOpaTopamil. CO3aHIe MEPHOIMMECKIX KoneOanmil B 2ro onpirax ObITO BO3MOXKHO
fnaroapst IOBKGCTI €T0 PyK - OH Tep BIAXKHLIM HajbLeM MO CTEKNY H BO30YXK/JIan
KOJeGaHIs IACTIHLI HA Pe30RAHCHO uacToTe. B HeKOTOPLIX sKcnepinMenTax dapayeil
B Ka"eCTBe HCTOUHIKA IEPHOMITCCKHY KONeGanTi HCMom,>30Ba KAMEPTOH. 34 CUET ero
GOMLIION OOPOTHOCTH 3aTyXaH e KOMeOaHIT TPOHCXOIIIIO FOCTATOHO MEICHHO, I OH
MOT B TEUCHIIC ONPEACICHHOrO BpEeMEHH HAGHIONATL 34 CTPYKTYPaMIl Ha MOBEPXHOCTI
SKUIKOCTH.

Ilnsg pusyammsamme psgGi ACTIONB30BANAChL  ¢Bedd,  H300pakeHHe KOTOPOI
0TpaXanoch OT NOBEPXHOCTH KuaxocTi. Ilpin Bo30yxpesumu palll Ha IOBEPXHOCTH
KUIKOCTH, HAJNNTOH Ha CTEKISHHYIO IIMACTIHY, M300DLKEHHE CO3[AABANIOCH 34 CUET
OPOIIEUIEro Mepe3 CHOM KIMIKOCTH cBeTa: «ECin MOMEeIaTsL CBeuy HENMOCPEACTBEHHO
1oy MAACTITHOI 11 I{CP‘/KE[TI) 31{pElH I3 GyI\'IElFII B JLIO]L'IIMC Ha/l HCIL"I, HOJ’Iy‘IZlCTCSI HPCKPHCHELH

N —
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Pac. 1. Kommr prcynkos 13 pmesmmmka M. ®apafiess [5]0 @ - xioBera, 3akpemnenmas Ha ynpyroi
IIACTHEE: § - BOMOKILIT BIJ| CTPYKTYP HAPaMeTPIYCCKIl BO3GYKaeMOll KamUIIAPHOT pSIOI; 8 -
IBOATONTIST CTPYKTYpP BO BpenMeln npit BO3IHIKHOBCITITT KB{IILPZITHOI“I pemeTKir; 2 - qwopma
Pe30HaTOPOB, LCTIONL3YeMLIX B JKCOEepIMEenTax (DOPZUICSI
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xapruma. Kaxpoe BO3BLUUCHHC JABANO B CROEM (OKYCE WIOODAWAMIA % mue
3BC3IOUKH, KOTOpas MEpLANa, TO eCTh MOBIANAC, U HCUE3ANA HENPEPLIBHO [0 Mepe
TOFO0 KAaK BO3BLILUEHHE YBENHUYHBANOCH MM YMEHBINANOCL .. . OTO OBUIO
HCKTIOMUTCALHO KPACHBO H JIETKO MOXKHO CJieNaTh JOCTYNHBLIM It HaOIIogeHHs
GonpIuoit aypuropun» (Uut. 1o [5, §73]). Ceidac Takas cxeMa BH3yaIu3aImu (TEHEBOI
METO]T) HCIONB3YeTCs BO MHOTHX PafoTax 1o KamwuisapHoit psiou [9,11].

dapaneit BO30YKNAN KAMMAIAPHYIO PA0b Ha MOBEPXHOCTH MHOTHX XKHIKOCTENN -
BOJLI, MOJIOKA, CIIMPTA, Macjia, YePHMI, SHYHOro Oenka, pTyTi. B ero sxcrnepuMeHTaXx,
«... CTPYKTypa psaOu NOYTH BCErfa YETHIPEXyronbHad, QOpMa BCEra NPABWILHAH, HO
Crerka MOMu(PHUEPOBAHHAS y Kpas BOALI ‘INIHM SKHAKOCTH ..»[5,§ 2]. IlpoGmema,
xoTopyro Papageli chOpMyIHPOBAT IPERENBHO YeTKO, KaK TONLKO 3TOT PE3YNbTAT ObLT
MOATBEPK/ICH MM BO MHOIHMX 3KCHEPMMEHTaX, COCTOSJIa B TOM, MOYEMY K€ HMEHHO
KBafpaTHas CTPYKTypa Hambonee npegHouTHTeNnsHa? Moxer 1M peamu3oBaThes
CHCTEMA H3 POJMKOB, TPEYrONbHUKOB MM MIECTHYIONLHUKOB?

Paccyxpnenms ®apapmes o ToM, KaKasi CTPYKTypa HamOolee IpeqHOYTHTENLHA,
cocTosmu B cnefyromeM: «COBEpPIIEHHO OYEBHIHO, 4TO KBajpaTHas Gopma padu -
CHCTEMbI KANMIUIAPHBIX BOJH - BEChbMAa €CTECTBEHHA H3-32 TOTO, YTO PACCTOSHME,
KOTOpOE JOJXKHBI HPEOJIONEBATL YACTHIL], JBHIAACH B 3TOH CTPYKType, SABISETCA
HAMMEHBIINM H3 PACCTOSHUI, BO3MOXKHLIX B CTPYKTYPaX TAKOrO BHJa, TO €CTh ECIH
paccMaTpHBATL OTHONICHHE YHCIAa HANPABICHHH, IO KOTOPLIM [BHIAIOTCS YACTHIBI, K
' 9HCNY BCEX BO3MOXHBIX HAmpaBleHHi. B Takoil CTpyKType pasfeluTeNbHLIE JTHHHA
(maHMm y3moB) Takke Hambonee KOPOTKHE, €CTh TAKXKE W IpyrHe (H3@YecKue
OPHYAHLI, KOTOPLIE HEOOXOMMMO pAacCMOTpeTh B panbHeimmem» (5, § 14]. Bomee
Pa3sBEPHYTOr0  JIOKA34aTeNbCTBA HAUOONBINEHl MPE[NOYTHTENLHOCTH KBAJPATHBLIX
pemerok  @apapeii Be npusBomun. Kaprunka, xoropas B mHepHmkax — dapajes
CONPOBOXK/JAET 3Ty LUTATY, OpeficTaBicHa Ha puc. 1, 6. CoOBepIIeHHo OYEeBHHO, YTO
ITMHA PA3METUTETLHLIX NTHHAN (TIePIMETP SJIeMEeHTAPHOH SYSHKY TS HAPKETOB HA PHC.
1, 6 ) npn HUKCHPOBAHHOM WIOINAN STUSHKY MUHUMATIEH st IICCTHYTONBHAKA, & HE YIS
KBagpaTa. bonee TOro, mpH mapaMeTpU4ecKOM BO3OYKIEHUM YACTOTa BHELIHEH CHILI
OmpefieNnseT  JUIMHY BOJHLI KAMWUISPHBIX BOJNH, IIOSTOMY CpaBHEHHE CTPYKTYD
HeOOXOMMMO TPOBOUTL He mpH (DUKCHPOBAHHON IUIOHIAfU, a HpY (PMKCHPOBAHHOM
nepuoie CcTpykrypsl. FI3-3a 5TOro HPHBEJCHHLIC BLINE KAYECTBEHHLIE OOLACHEHHS
dapanes, moueMy BO3HHKAIOT HMEHHO KBajIpaThl, HENbL3s IpU3HATD
YAOBJIETBOPHATEIHLHLIMH. '

TeopeTiueckoe UCCIe0BAHIE BONPOCA O TOM, KaKas U3 CTPYKTYDP KAMUIIAPHON
pabn  nanGomee  OPEANOYTHTENLHA  NPH  HapAMETPUYECKOH — rewepanmi B
NPOCTPAHCTBEHHO MPOTSXKEHHON CHCTEME, H K HACTOAMIEMY BPEMEHH HE JOBEJEHO N0
xoHma. Kak mokazasHo HegmasHO B pabore [12] mpH MaibIX HagKpHTHIHOCTSX (TOf
HATKPUTHIHOCTBIO MOHHMACTCS BENUIMHA € = a/dy -1, I/le a - aMIIMTy/a YCKOPEeHHUS
KHKOTO CIOSI, dy - IOPOT NAPAMETPHYECKON [eHepAUNH) YPABHEHHMs, OMHCHLIBAIONINE
ancaMOIb KAMWINAPHEIX BOJH, MOFYT OBIThL NONydeHB! BAPLUPOBAHMEM AHCCHIIATHBHOH
dyskmun  (NAOYHOBCKOrO (yHKUmOHama). B aroM npuOmmkenmu 3afava 06
onpefeNe un HauGoJee NPEANOITHTENLHON CTYKTYPh! KANMLIAPHOHA PsAGH aHATOrHIHA
HCCTEOBAaHKIO MPOGNeMBl 0TGOpa CTPYKTYP B CIIOE XKIJKOCTH, HOJAOrPEBAEMOM CHHU3Y
[13]. Kak nokazano B [12], npn mapaMeTpudecKoM BO3OY:KICHHH BOJH CPEJM BAajoB,
reKCATOHANBHLIX ~ PEHIETOK M YETBIPEXYIOJLHUKOB IOCNENHAS H3 CTPYKTYp
COOTBETCTBYET CaMOMy IJyOOKOMY MHHHMYMY JUCCHUATHBHON ()yHKIM. Uro xe
osmavaer sTOT pesyanbrar? IlpepcTaBuM, 4YTO Ha  CHCTEMy, ONHCBIBACMYIO
MUCCHTIATHBHON (DYHKIWel, meficTByeT ciydafimas BHemHss cuma. CHCTEMa MOX
MeiiCTBAEM STOM CHIBI MOXKET NEPEXONHTH H3 OFHOTO COCTOSHUA B APYroc. 3agaga o
HAXOXJCHUHA BEPOSTHOCTH NpeOBIBAHMS B OKPECTHOCTH COCTOSHHY DPaBHOBECH:
MoOXeT ObITh TouHO pemena [1]. Ecmm rpy6o copMynanpoBaTh pesylbTaT pacdera, TO
OH 3aKNIOYaeTcd B chenyiomeM. TIpH BO3NEACTBAN MIYMOB CHCTEMA MPOBOUT Ooblie
BCEr0 BpeMeHM BONH3M COCTOSHMS PAaBHOBECHS,  COOTBETCTBYIOMIEIO Haubonee
ry6OKOMYy MHHEMYMY JUCCHIATHBHOH (DYHKIMH. BEBIBOJ, CHENaHHLUL B pa6ore [12],
470 Hapbolee MPENIOYTHTE/bHA YCTHIPEXTPaHHast CTPYKTYPa, FOBOPUT O TOM, UTO OHa
AMIIL  waubonee BEPOATHA CpefM [PYIuX COBEPIIEHHBIX  CTPYKTYP (anos,
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IECTUTPAHANKOB) H HE 3aTParuBacT BONPOCA, HACKOJILKO OHA, HANPHMEP, Gonec
BEPOATHA, YEM CTPYKTYPHI € AMIUTHTY/IHOI MORYJIANMEH HIH CTPYKTYPLI C e(hekTaMm.
Bomee TOro, upm TaxOM TNOAXONEC WONHOCTLIO NTHOPHPYETCH, KAKYI0 OGJIACTL
NPHTSKEHHS B MPOCTPAHCTBE HAYANLHLIX YCIOBHI HMEET Ta WIH HHAS CTYKTypa.
MoxHO, B MpHHIUIE, NPEANONOXHTh, YTO KaKasg-THO0 CTPYKTYpa HMEET GOJLILYIO
007acTh NPUTSLKCHUS, HO HE CIHMIIKOM TiyOOKmi MuumMyM. Torja HIMEHHO 3Ta
crpykrypa 6yper Haubonee BEPOATHA, ECNI, KOHETHO, IYMbI HE BEIHKIL

Kak sBoracmeno mepasho B [11], kxpome KpagpaTOB NpH MapaMeTpITECKOM
BO30YXKJEHHN BOJH BO3MOXKHO BO3HHKHOBEHHE H HICCTHTPAHHLIX  CTPYKTYD,
00PA30BAHHBIX TPEMs WapaMi BOJH, COPHEHTHPOBaHHLIME IOf yriaom 120°. Borxee
TOrO, €CIH CHEKTP BHEMHEN CHIELI COCTOUT U3 CHHXPOHHZOBAHHLIX N0 (ha3e rapMOHTK
[14], 4acTOTBI KOTOPLIX OTHOCATCS Kak ;: ©; =hrn (m, n - UENBle uHcna), TO
BO3BMOSKHO BO3HHKHOBEHNE CTPYKTYP, HANOMHHAIOMINX KBa3HKPICTAJNLI, OTKPBITLIC
HemapHO B (pH3MKE TBEPAOro Tena. 1107 KBa3IKPICTAIIOM B CIyda¢ MapaMeTpPIIecKoro
BO30VKACHIA PION TOfpazyMeBacTcs ciydali, KOrja Haphl CTOS'HX BOMH PaBHOMEPHO
pachpefieneHsl MO a3iMyTy; Yrojl MEXKIy HAIpPABIEHHEM DacHpOCTPAaHEHHS BOJH B
cocefHIX Mapax cocTapisan 2r/k, k - menoe uncno. Ione xammmspuofl psadn oGnamaer
NpH 5TOM OBOPOTHOI CHMMETPHEH, HO HE IIMEET IPI £ >4 TPaHCIAUIIORHOI CHMMETPHIT
- TPOCTPAHCTBEHHOTO NEPHOJa. 3TO, OUEBIYHO, CBA3AHO C TEM, WI0 IIOCKOCTh MOXKET
OBLITL, TNAOTHO 3alONHEHA JIHIOL TNPABHILHLIMI TPEYTONLHHKAMII, KBapaTaMil N
NpaBUALHBIME  LIECTHYrOAbHHKAaMH. [Ipy  mapamerpuyeckoM BO30YXKICHHHM BOJH
HAGTIONANNCEH CTPYKTYPLI C CHMMETpHell, HampuMmep, aseHaguaroro mopspka (k =12)
(puc. 2), ecnu COOTHOLIECHHE YaCTOT TapMOHHK Glto nun = 4:5 [14]. OtMetum, 910 B
JHOCTATOUHO Y3KOH OONacTH NapaMeTpOn KBa3HKPHCTAIUIHYECKHE CTPYKTYPEI MOLYT
HabIogaTHCSl HA MOBEPXHOCTH KAIIUISIPHOI ps0H, €CIIi HAKAYKA THCTO TapPMOHIICCKAS
[11] (k=8), omsaxo cTpykTypoii, peanm3yromeiics B uanbonee UImpOKOH  obmacTn
KOHTPOIHPYIOHINX MaPAMETPORB, SBISICTCS KBaJPATHASI PEIISTKA.

Kaxnm xxe o6pa3oM cHcTeMa 13 HAYANILHOTO COCTOSHIL IEPEXOMIUT B KBAIPATHYIO
pemeTky? OTa mpobneMa crelnansHO H3ydanach Papapeem. Kak yrazemanocn B [5],
«BO30YKMIeHHE PSOH OOBIMHO HAYHHAESTCS C IIHHAPIIICCKIX BONH, HO €CTh TeHNEHIS K
00pa30BAHHIO JIHHCHHLIX NMAPANNENLHBIX APYT APYry (DPOHTOB; 3TO pa3pylIaeT KPyril 1
OHH CaMi Pa3pyHIaloTCsl, INPOH3BOJSL HE34BICIMLIE BO3MYIICHILE, CHAYaia BechMa
HeperyisgpHele, HO NOYTH MIHOBEHHO DPIXOAAINE K KBAJPATHLIM CTPYKTypam,
OPHCHTMPOBAHHLIM MOJ{ yrmoM 45° K  KpasM IONACTHHBI, a 3QT€M CTPYKTYDPBI
MOBOpAUMBATIHCH HA 45° 1 CTAHOBHNHCL IAPAIIICHLHBIMH KPasiM  [UTACTHHLI, XOTS

' HHOTJa HaOMIOJanoch ¥ BpallleHHE B
NIPOTHROIONOXKHYIO CTOPOHY, TEHACHIIIA K
OpHeHTauun (PPOHTOR MAPAIUICIBLHO KPASIM
[IJIACTHHDI coxpansnach». BpeMenHas
DOCHEHOBA-TENLHOCTh HAOMIONABIITHXCI B
3KCHepH-MeHTe CTPYKTYpP, 3apHCOBAHHAsS
dapapgeem, noxaszana Ha puc. 1, a.

HleranLHOe H3yueHie TOro, Kax 13
HaYanbHLIX BO3MYIICHUI ~ BOBHHIKAET
KBAPATHAS PelleTKa, MPOBEICHO HEIaBHO
B [15], roe ncenemoBanocs  pacnpocTpa-
HeHue (PpPOHTa TapaMeTPHUYEecKOil HeycC-
TOH'HUBOCTH B KpyrnioH xmoere. [lpn
BKIIOYEHHH BHEIIHETO HCTOYHHKA BO3MY-
IIEHIA FEHEPHPOBANIICL ¥ KPACB KEOBETHI,

Ao el TS 4 S JAL S X $SLY 2 DPOHT PACHPOCTPAHSICH K  IEHTPY.

; d‘;’: ’gﬁ%b‘&‘iﬂii‘n CKOpOCTD paCHpOCTgﬂHeHHSI dporTa Ii[e
J.-!é, »,,*;,,_;gz.ﬁ.»y**‘; coBmajana C IpPYHOOOBOH  CKOPOCTEHIO
KAMIUUTAPDHBIX ~ BOMH, a 3aBuHCEla  OT

Puc. 2. Ksaswkpucrann ¢ cuMmeTphedl fgpemay- BCJIHYHHLI - HATKPUTHIHOCTI. 3T0T
naroro nopsyka [14] pe3ynnrTaT XOpOouIo COBNAaET C BLIBOTAMII
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reopun, pazsuroii B 9rofl padore. Kak moxasaHo Tam SKC - 3KCIEPHMEHTANLHO,
[T HIPHUCCKHE BONHLI TAPAMETPIMECKI  BO30OY:KaeMoll  KamunapHo  padix
HeycToMuBLL Eire 1o Toro, Kax )POHT HapaneTpHIecKoll HeyCTOMIIBOCTII JOCTHTAST
[CHTPA KIOBCTLI, Ha (POHC MILIMHAPIAICCKIX (PPOHTOB, NOBTOPAOUIIX (HOPMY Kpaes
KIOBETL. BOBHIKAET CHCTEMAa BOJH CO  B3AIMHO OPTOrOHAABHLIMII  (DPOHTAMIL
Pazpyrienne uTiHIPHIecKoii MOJBI HAYITHACTCS Y KPACB KEOBETLI I PACHPOCTPAHACTCA
K UeHTpy. B pesvabTate pPa3pyuleHid dKCHANLHO CHMMETPIMHOH MOJBI BO3HHIKAET
CTPYKTYpa I3 JIBYX B3AIMHO OPTOrOHANIBHLIX Hap.

Onpenensgercs mi CTPyKTypa xamuisipHoli pstOn hopmori ktoBeTk1? HTOOLI
MONMYYITL OTBET HA TOT Bonpoc, Papaneit mposen cueayioni skenepisvent [5, § 921
«HeckonLKo KyCotKoB cTeKaa pasniraHoit dropmsl (pirc.l, 2 - A 5. E.) ObUII TOMENEHDI
Ha KOJTeONIONTYIOCS TUIACTHHKY I TOKPLITL! Bojloil. Bo Bcex cmywasx naGnrojanach
TEHJEHIIST K BOZMIIKHOBCHIIIO UeTLIPEXYTOALHIIKOR: B clydaax /, 2, 3 OHIl BO3HHKAIH
TOCTATOYMHO JErKO I NOUTH BCerjia ObWII OfHU I T€ €, B chayvasx 2 11 3 AnHIH
myuHocTell OLUTI PA3BEPHYTLI Hallle BCCro Moji YoM 45¢ K OOKOBLIM cTopoHam. s
cnyiuaes 4 115 cpykrypa Oblia Gonee HeperynspHa 1 ¢ BO3HUKHOBEHIIE HAMIHAJOCD
10-pasHoMy. OuennjgHo, uTo (JOpMa IUTACTHHLI 1T KPacB XKIJIKOrO COos OKa3nIBaya
BUISHIIC HA KOHCUHYIO CTPYKTYpY pali». HanOonsinefd CIOXHOCTBIO B H3YUCHHI
Kanmuaaprofi paliz CpUi0 TO, UT0 USTLIPEXYTOILHAS CTPYKTYpa HAOTIOfANach L KaK
TEHJCHINI - B SKenepiMenTax dapajes oOLIMHO HE BOIHIIKAN IapKeT 113 COBEPILEHHLIX
YeTLIPCXTPAHHIIKOB - BCCLA HMENH MECTO HAPYIUCHUS MOPANKA, KOTOPBIC OOLIMHO
CYIISCTBOBANII B OKPCCTHOCTH GOKOBBLIX rpanin. Bce HapylueHHs COBEPUICHHOIT
cTpyktypn!l dapajiell NpUNNCLIBAN IIMEHHO BO3ElicTBIO Kpaen Kujpkoro cnof. Kak
OTMEUATOCH TIM B |5, § S8]: «OHaKo, KpoMe HeperyJsipPHOCTI KPACB, CTPYKTYPa MOXKET
OLITH MPCACTARACHA KaK KBaJ[PaTHAS».

XoTs Kpas KIOBCTLI JICICTBUTEALHO SIBISIOTCS ICTOUHIKOM BO3MYIIEHHII, He
ITO SIBISICTCS  ONPEJCJAIONUM JITist HAPYIICHIT HOPSJIKA COBEPHICHHLIX CTPYKTYP,
CYNICCTBYIOUIHNX B MTPOCTPANICTBEHHO MPOTKEHHLIX crcteMax. Kak nokazano B padore
[7],  BO3HIKHOBCHIIC TPOCTPAHCTBEHHO HEYNOPSIOUCHHLIX COCTOSHII CBSI3AHO C
HCJIHCITHOM  UHAMIKON  KaImuagpHoll padin. DKCIepiMenTansio BBIICHEHO, UTO B
KB&JIPATHOI penreTke, oOpA30BAHHON — JIBYMST  B3alIMHO OPTOTOHATBLHBIMIL ITADAMIIL
CTOSIIK BOJM, KAaXjas 13 Map HEycTOM'Ba 10 OTHOMICHIIO K BO3HIKHOBEHIIO
nonepeunoll Momyustmn.  Taxkas sopyasuns (puc. 3) BO3HIKAET IPH IOCTATOVHO
Manofi HAJKPUTIMNHOCTH, € POCTOM HaJKPHTHUHOCTH BOMHLI OrHGAOLINX CTAHOBSITCS
HEPEryJApHBIMI 1 B CHCTEMC HapaMeTpHyeckll BO30YKECHHLIX KalIUJISIPHBIX BOJH
BO3ZHIIKACT Xa0C. (CBOMCTBA TAKOrO NPOCTPAHCTBCHHO-BPSMCHHOLO Xa0ca MN3yUANIChH B
[6.7,10]. Moka3zano, HAOPHMEDP, TTO JIKe Npi GOIBINIX HAKPITHTHOCTSX CTPYKTYPa
B BIJIC IBYX B3AHLUO OPTOTOHANLHBLIX 1ap

BOMH coxpaHseTcs, XOTS CTCKTp
MOJYTSIINT JIOCTATOUHO MNIPOKITT. Pactuer  Samnske:
NPOCTPAHCTREHI O KOPPETSIHIONHON itz
dyuxmin [10] mokasan, wro B CHOTEME  idilys
KAMITIIAPHLIX  BOTH MOKCT HaOmIO[ATLCS ,7?:&1;&_,"2“'7;:
SBIICHIIE, HATOMITHATOLICC chazopoii 7&%%.‘:‘3‘:{:2
MCPEXOJ: € YBCTIMEHICA HAIK PITINHOCTII «%3%‘?:"{5
JUUHHA  NPOCTPAHCTBEHNOMN  KOPPENANNL, 5 EEgdht vy,
cocrapmsromas  40-50 & (A - gmiHa e
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TACTCS JIO HECKONLKIX JTIH BOJH. T e eSS S I S
Ha ocrope akerepumenton [7] Obno  FErEimaia Wl tain S e =
IPEATTOKEHO MONENBHOC YPABHCHIC (MO-  REfmsirmyinian e imnpyletiasys
AIUIIPOBAHHOC ypaBhenne  'nH3Gypra f%%@mﬁgﬁfﬁ}%g
- Jlawgay). OmICBIBAIOUICE TEPEXO OT é&:ﬁgﬁ%}"i: :-;?}}33«2:-%;’ *f.*w‘“:’;;if:’g{:ﬂ;-:gﬁ
J L ieeA e e 30w PN TN
PETYJSIPHON  CTPYKTYPLI  KANIJIISPHOL L eEs :J M%::: :“3;\: S

padil K TPOCTPAHCTBEHHOMY OCCHOPSJKY. ~

Piic. 3. Kannnsipuas psics ¢ mopyrsmiiett {7

—
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da i g d2a . .
- +va = iHa* - iBa + icalal2.
o2k a2 P

3pech @ - aMINATYJA KamWwUISPHLIX BONH B mWape, ! - BpeMd, y - IONEpeYHas II0
OTHOWICHIO K HANIPABJICHUIO DPAaCHPOCTPAHEHHA BONH KOOPMHHATA, U, - TPYNNOBAA
CKOpPOCTb BONH, k& - BONHOBOE 4YHCAO, Y - 3aTyxanue, H - xoadduyuent
B3AMOMEIICTBHA ¢ MONEeM HAaKauki, [ - paccTpofika OT TOYHOIO CHHXPOHH3Ma C

ACTOTOIl TOMS Hakauki, ¢ - KO3((pHuiiieHT, OTBEUAIOMMIT 32 HEMHHEHHLIT CHBHT
qacTOThI. [IpIMeHeHNe 3TOro ypaBHEHUs K OIMCAHNMIO0 TPOCTPAHCTBEHHON MOMYISIMI
psabu  Oasnpyercs HA  TOM, 4UTO  B3aHMOJCHCTBUEM BOJNH  OrudOarolmix,
pacnpocTpaHstomuxcs  Ha  (POHE  KaXmoll M3 E3aHMHO OPTOTOHANBHBLIX IIap
KAMUUISIPHLIX BOJIH, OOPA3yIOLINX KBaJPATHYIO PEIIETKY, MOXKHO nperedpeds [7].

[pu yeemuyennu napameTpa M (aMImiuTymel BHEIIHEHd CHJIBI) B YpaBHEHMH
HabIrogaeTCs epexo OT PeryispHOH MPOCTPAHCTBEHHON MORYJALMH K Xa0THIECKON
MOJIYJISIIIHH, XapakTepu3yioleics CIIOMHBIM CIEKTPOM Konebanui B (hHKCHPOBAHHOI
TOYKE I CIUILHO CIIAfAoNiell MPOCTPAHCTBEHHO Koppenaumuonnol gyuxkmuen. Taxas
e TOCnEoBaTeNLHoCTL Gudyprammii nabroranacs 1 B akcnepumerTax [7,10].

TaknM  006pa3oM, BO3BHHKHOBEHIHEC  MNPOCTPAHCTBCHHO-BPEMEHHOrO — Xaoca
napaMeTpHyecKl Bo30yXKgaeMOH psOH HE CBA3aHO C BO3[EICTBHEM CIYYaHHLIX
BO3MYIIIEHHIT, 2 00YCIOBIEHO COOCTBEHHOM AUHAMHKON CHCTEMBI KAl PHBIX BOJIH.

Ilpn npOBefeHHH SKCIEePHMEHTOB C KalmmnsgpHOill paOpto Papageli n3yvan
MBIDKEHHC YACTHIl, KOTOPbLIC pACHONAramich y JHa (MecoK) WIN y TOBEPXHOCTH
(mukonomuii ). HaGmroneHie 3a DepeHOCOM MPHMECH KAUIIAPHON PsAObio i 33 moneM
OCBEILEHHOCTH HOBEPXHOCTH, HA KOTOPOH BO30YXKJCHB!  KANWDIIPHBIE — BOJHLI,
HO3BOJIANIO €My  IPOBOAUTL BH3YAIH3AUHMIO  CTPYKTYD  [ABYMS  HE3aBHCHMBIMIL
metofami.  Kak mnokazauo B [5, §8 43,44): «IIpn pacmpemeseHint JHKOMOMUs Ha
MOREPXHOCTH BOABLI I NECKa HA JHe, MUIKONOT Mor o0pa3oBBIBATL NEPECEeKAIOIIecs
JUTHHI, AOCTATOYHO IIHPOKHE, HO OH HE OCTABAJCH HA ATHX JIHHUAX, KOTOPhIE OBITI
napajuieNbHb] JHHISIM PacopefiesieHust mecka Ha gae. Korga o0e cucTeMbl TUHHI OB
XOPOILO CHOPMHPOBAHLI, TO OHH B TOYMHOCTH COBII4JIANH, HO B pacIpeesICHHsIX MecKa
TOPa3l0 Jy4yifie OPOSBISUIICL CTPYKTYPHI ... JIHKONMOAHIl ABHTancd IMOYTH IO BCel
IIOBEPXHOCTH BOJIb! BHAUAJIE OCTATOMHO OBICTPO, TAK Kak eCiH Obl ero IBIDKeHHE He
OBLUIO BBI3BAHO PAORIO II OBLTO O0ycnmoBneHO Apyrofi npuunHoi. IOBepXHOCTL BOMBI
OLIna B NBIDKEHHWH, 1T HAd 3TO JIBIDKEHIIE HE BJIISIH Cl)OpMEl I MCCTOPACIIONOXKCHIC
BO3BLILMICHNH PN, Tak KaK ABIDKGHHE JIHKONORUS IPOHCXOMIUIO BO BCEBO3MOIKHBIX
HAMPAaBIEHNAX, TOTfA KAK IONOXKCHHE BO3BLILCHHA KAmwoisspHOfl  psabu  Obuto
thuxcrpoBano B npocrpaHcTBe. Hanpasienne xoneGauimii cTeka - yHOBEHHSA BO3IYXA,
1 T.JI. BO3MOXHO OLINH NIPHYIHOMN, BEI3BIBAIOLICH 3TO ABIEHHE». 3IECh, TaKKe KaK H IPH
I3y4eHHH BO3HHKHOBEHHA CTPYKTYD, Papajcii 00BICHACT HEYIOPSMOISHHBIH TPAaHCIOPT
NpHMECH BO3AEHCTBHEM CIyJallHLIX BHELIHHX Bo3Myiednil. Kak o0mapyXkeHO coBcem
HEJABHO, JaXKe DErymApHLIE B NPOCTPAHCTBE I BPEMEHI THAPONHHAMITICCKHE IO
MOTYT BBI3BIBATL XAQTHUCCKHH NEPESHOC YACTIIL

W3yqenne IBIDKEHHS NPUMECH B MapaMeTPHYECKH BO30YKIACMON KamuUIspHON
paln npoBOAMNOCL He#aBHO B padotax  [16,17]. B skcnepuMeHnTax H3yqamoch
ABIDKEHNE KaK OTACILHON YacTuIp], MiaBaoiiefi Ha NOBEPXHOCTH XUAKOCTH [16], Tak u
o6maxa yacTtay [17]. st 5T0r0 B KUIKOCTL 0GaBAAnact (Iyopecipyomas Kpacka, a
CBETOBOH HOXK OCYIIECTBJIAN IOACBETKY PACHPEJENEHNsT KPacKH Ha (PHKCHPOBAHHOIN
rnyOune. B sKCnepHMEHTaX H3ydanoch, KAK 3aBUCHT XAPAKTED ABHKEHUS YACTHI] OT
pPeXKHMa, PEAI3YIONIErocs B CHCTEME NapaMeTPHYecKH BO30YXKIECHHBIX BONH. kak
YCTAHOBJICHO B ITHX SKCIHEPUMEHTAX, NPH MANLIX HAPKPHTHUYHOCTAX, KOTJA IIOJE
KamwiisipHo#t  pa0i  NPOMOJYNTHPOBAHO IIOYTH PEryAsApPHO, B CHCTEME MOXKET
HaOmoaTees  aHoManbHasg FHOOY3Us: KBaIpaT CPENHEr0 CMEMIEHHS I YaCTHIILI
YBETIMHBACTCS KaK </2> ~ 17, e v > 1. Hopmansras guddysus (y=1), koropas Takxe
HMEET MECTO B CHCTEME KANHUIIPHBIX BOJNH, PEANI3YeTCS NpH  GONBIIHX
HAKPHTHIHOCTSX, KOTAA 10JIe PACH XA0TIMEeCKH Mofynnposano [17].
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Teopetuyueckas mMopens WA OMACAHNA AHOMANLHOI it M n
umecn broma
PasBuTa HETABHO B [18] Kax noxasamo 5 srott padoTe, p@g;}llﬂpﬁﬂﬂp NUNCPCHHAN

AMITUTYIHAA MOy A KaHHJIJIS{pHLIX BOJIH B Ka}I(I[Of:I Hape MOXKET IIPEBOJUTE K
aHOMAJIbHOH i dy3mn npumech. UacTHupl, MOMEIERHbIE HA MOBEPXHOCTD, MOIYT B
TEUCHHEC MOBOJILHO MINUTEILHOTO BpeMeHII JIBHIraThLCA paBHOMepHO Il'pflMOJIHHCﬁ'HO, qro
HaspmaeTcad mnoneramu Jlepn. VMMemmno ¢ mammqmeM TAakHX [BIDKEHHH CRSI3AHO
BO3HHKHOBEHHE AHOMAJBHOH MH((Y3MmI YacTHI B NApaMETPHIECKH BO30YKIAEMBIX

Bonuax [18].
Taxum o6pasoM, KamuianspHas psiGb, HAPSTy C JPYTHMH  CHCTEMAMH -
TEPMOKOHBEKIHEH B  CJIOE  SKHJKOCTH, MOJOrPEBACMOM CHHUTY, WK

SNEKTPOTHIPONMHAMHYIECKON KOHBEKIMEl B IKIJIKHX KPHCTAIUIAX, NPENCTABISAETCS
OUCHbL YAOOHON /Ui H3yYeHHd CaMOODPraHM3allMl B HENHHEHHBLIX cpepax. Ilpm
NAPaMETPHIECKOM BO30YKICHIH BOJH MOXHO JIETKO CO3AATH NPOTIKEHHYIO CHCTEMY,
JUIIIHA KOTOPOIl 3HAYHTENLHO GONMLIIE, YeM NPOCTPAHCTBEHHBIN MEPHON BO3MYIIEHIH,
MOXHO JIEFKO MEHATH KOHTDOJIHDYIOIIHE NMAPaMETPLl - HAAKPHTHIHOCTL, YaCTOTy W
CHEKTPAILHLIN COCTAB BHEIIHEN CHMBLI, a TAKXKE NAPAMETPBI KXHEKOCTH - BA3IKOCTD,
MOBEPXHOCTHOE HATSDKCHHE U T.JI,

CytiecTBeHHON 0COOEHHOCTLIO CAMOOPTaHH3alHH B CHCTEME NApaMeTPHIECKH
BO30yXKTAEMO KaMIIAPHON DPA0H 110 CPaBHEHMIO C TEPMOKOHBEKIHEH ABIAETCS TO,
9TO B 9TOH THEPOAMHAMUYECKOH cHCTeME (DOPMHDOBAaHHE CTPYKTYP NPOHCXONHUT
Onmarojaps  B3aHMOJEHCTBHIO PACIPOCTPAHSIONXCS BO3MYHICHHH - MOBCPXHOCTHLIX
BONH. DTO NPHBOMHT K HOBLIM 3(PeKTaM, HAUPHMEP, BO3ZMONKHOCTH VIIPABICHHS
NPOCTPAHCTBEHHOI CTPYKTYPOHl IaTTEpHA 3a CUET M3MEHEHHS BPEMEHHOTO CIeKTpa
IapaMeTPHIECKOH HAKAUKH.

H3yuenne mapaMeTpIYecKoro BO30OYXKACHHS BOJH NIPOBOIHTCS Cefvac MHOTHMH
rpynmamir - mccrmefioBareneii  [19-23].  AkuenT npu 9TOM  flenaeTcs  HA  JBe
(hyHIAMCHTATBHBIE ITPOOIEMbI HEMTHETHON (DH3NKI: B pe3yiabpTaTe KAKHX IIPOLECCOB 13
[EPBOHAYANLHO  CHYYAHLIX  BOBMYILEHHH B (DH3HUECKHX CHCTCMAX MOABJISIOTCS
NPOCTPAHCTBEHHO OPraHIIZQBAHHLIE IIONS I HANPOTHB - KAKHM 00Pa30M PEryJsipHbIE B
MNPOCTPAHCTBE [IBIDKEHIT CTAHOBATCSA ChydaiiHbIMi. Hepgapmo, wampumep, ObLLIO
9KCIHEPUMEHTAILHO OOHapykeHo [19], uro npu mapameTpudeckoMm BO3GYKICHIH
KAIWLIAPHON PAOH B KHAKHX CIOAX Majnoii (II0 CPABHEHHIO C JTUHOIN BOJIHEI) IIyOUHBI
MOTYT CyHIECTBOBAThH FHCIOKANUH, 00Jajaroliie TOMONOTHIECKHM 3apsioM (puc. 4).
Kak - mokazano B pabore [23], npH cOMMKEHHH JHCIOKAUHI OHH AHHHTHIHPYIOT H
CTPYKTypa  CTaHOBHTCA  COBepIIeHHOH.  IIpOCTpaHCTBEHHO-BPEMEHHON  Xaoc,
BOBHHKAIOMMI @pH YBEHNHUYSHHH HAJKPHTHUYHOCTH B 3TOM CJIydae, MOXeT OBITD
IPefCcTaBICH  Kak  aHcaMONbL  TakHx

B3AIIMOACIICT BY O X IHCILOKATIIIH.
Tlepexopm OT chaywafHLIX B HPOCTPAHCTBE
BO3MYILECHII ‘K ancamOmo

B3AIMOJICHCTRYIONTHX JCIOKAIHI MOXKET
OPOHCXOMITI,  uepe3 (hOpPMHUPOBAHHE B
peHieTKAaX KaluiAspHLIX BONH JHHEHHOM
UCIOYKH  JHCIOKANHH - JTOMCHHLIX
CTEGHOK - TDaHUI, PA3JIeSIOUIIX 00NaCTH,
BHYTPH  KOTOPBIX  CTPYKTypa  IOIA
COBEpIICHHA. 3cCh BO3HNKAET P OUEHL
HHTEPECHBIX poOnemM: KaK
B3aNMOJICHCTBYIOT IHCIIOX AT c
JOMEHHLIMII CTEHKAMH H C BOJHAMH
Mopynauiu?  Bo3MOXHA NI B3aNMHAS
rpagcopManyss  THCIOKAIMI W  BONH
Mopynsaunr? CymecTBYIOT A1 AHCHOKANHH
B KBA3HKPHCTAIIHIECKIX CTPYKTypax?

B  3akmioveHme  OTMETHM,  UTO
dapageit Obb1 NEpBbIM, KTO YCTAHOBHN, Puoc. 4. [lmcriokammr c nﬁ:onmononomnvm
YTO BORHHKHOBEHHE KBAJPATHOH CTPyK- TOTOMOIHIecKHMH sapsyiams [23
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TYpLI TIPH  MaPaMETPIYCCKOM BO3OYKIEHHH PO 00ycloBnero He PpopMoit KIOBETLI Ii
HE 3ABLCHT OT COPTA XKINIKOCTH, & ONPEENIeTCs TONLKO XaPAKTEPOM B3ANMOICHCTBILT
KamuuApHLIX Bose, Dapajieil faxe ynorpelisn Boipaxenie «... arranged ifself ...» [5,
§ 119), uro G:113K0 K HCMOML3YEMOMY cefilac TEPMITHY «CaMOOprauu3ariss». OHAKO OH
He ¢flenall HUKaKiX o000neHint 13 CBOIX SKCIEPHMEHTOB 1T HHKOIJIA HE BO3BPAIANCs
mocne 1831 ropa k wyucHImo kanuuispHoil paoi. YTo Takske sSCHO 13 ONNCAHIST ero
SKCIIEPHMENTOB., OH  CBOUUT  BO3HIIKHOBEHHC HEYMOPANOUEHHLIX JIBIDKEHHII K
BO3/ICHCTBINO BO3MYUICHI - HCPOBHBIX KPAEB, BOSMYIICHIH, BHOCHMLIX JIBIDKCHIICM
po3yxa. I1o peert siymMocTi, Papajicto nerye OLUTO NPHESATD HICI0 0 CAMOOPTaHII3aL(III
- cymlecTRopadit B IIpHPOC TEHACHINL K BO3HIKHOBEHHIO POCTPAHCTBEHHO
YIOPSIOUEHHBIX CTPYKTYP 113 HAUaILHOTO CIyYafiHoro — COCTOSHIIS, - UeM IS0 O
BO3MOKHOCTIT  BOBHIKHOBEHHS! HEYMODSNOICHHLIX JIBIDKEHINT, BO3HHKAFONIIX Kak
pe3ynLTaT HEJUHETHOI IHAMIKI CHCTCMDI.

Aptop mpisuarciaen 10.A. Hawnmosy 1 .M. TpyGeukopy 3a npeioxkcHne
namicaT, 31y padory 1 M. PaOunoBmuy 3a HOCTOSHHBII HHTEPEC 1 ICHHLIC
JAMEYAHISL.
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Hucmumym npuxaaduoti ghusury PAH Hocmmynuna @ pedaxiro 15.09.94
Huoxniuti Hogzopod

SELF-ORGANIZATION IN FARADAY’S EXPERIMENTS
ON PARAMETRIC EXCITATION OF CAPILLARY RIPPLES

A.B. Ezersky

On the basis of Faraday’s diary concerning parametric excitation of capillary rip-
ples it is shown that he discovered the existence of the structures which characteristics are
independent of initial and boundary conditions and liquid properties in a wide range of
parameters.

Ezepcrutt Anexcandp Bopucosuy, KaoinpaT (H3IKO-MaTeMaTHIECKIX
HAyK, cTapimmi maymisii coTpypumnk Hucruryra mprxmagmoft dusakm PATL
Oxomunn  paymodpizmieckm  (hakymbTeT [OPLKOBCKOrO  TOCYHApCTBEHIOTO
ymmmeperreta mm. LM, JloGagencxoro (1976). Omacts HAYHHBIX MHTCPECOB -
THAPOJIHAMIMECKEE HeYCTONTIROCTI, B3AIMO/T ICTBIle BHXpEl C K yCTITECKITME
BoymIamII, chopmupoBatnte cTpyKTyp. InmeeT Gonee 60 mySmmxanuil.




Hisparenserno «®asHe» FOTGEHT K BLIYCKY MoHOrpadgmo

IIEPHOIMUYECKIE BOJMHOBOOBI
P A Cunun

Monorpadis nOCBsIIEHA TEOPHH HEePUOMIICCKHX BOTHOBONOB YISl 3MEKTPOHHLIX
mpuGopoB CBY ¢ IauTenbHBIM B3aMOCHCTBHEM. TAKHE BOTHOBOJLI HCTIONL3YIOTCS B
KadyecTEe 3aME[NAIONINK CHUCTeM H JIHENHA  3ajepXKu il IIHPOKOro  Kjacca
SIEKTPOHHBIX HPUOOPOB U YCTPOHCTB - OT NaMi ¢ Oeryieli ROJHON 1 MATHETPOHOB JIO
YCPEHKOBCKHX CYMeTUIKOB I JUIHE[HLIX yckopirenell. Y3 xnur, coCupaiomix BMecte
OCHOBHBIE PE3yNLTATEI TIO 3aMEIAIONTIM CIICTeMaM, 3a nocnepue 30 neT BLIXomia B
ceer Tompko kuura: P.A. Cuaun, B.IL Cazornos. Samemustonyie crcreMnr (Mocksa,
«CoB.pamo»,1966) 11 Hepesoy 3TOI KHITH Ha aHTIHICKNH S3u1k: R.A. Silin, V.P. Saz -
onov. Slow-wave Structure. (Tr.ed. by H. Stachera) - Boston Spa, Eng.: National Lend-
ing Library for Science and Technology, 1971. Vol [-3. Ipyrux ¢ynmamMeHTanbHLIX
KHIT 110 3TOI TEMATHKE He HOABASNOCh. HacTosiee H3ganue, aickBatio oTpaKkarolee
COBPEMEHHOE COCTOSHHE 2TOH OOMACTH, BOCHOJHAST yKa3aHHLIT NPOOel B MIIPOBOMH
TATEpaType.

Tlo cpaBmenmo ¢ m3nannem 1966 roma HAacTOAIMAsS XHHT2 KapAHHAILHO IIe-
pepaboTaHa I CYIECTBEHHO JONOMHCHA, TOCABNICHLI HOBBIC pas3fensl. fleperie 15 rman
HOCBANIEHBl OFHOMEPHO-HEPHOMNYECKIM CTPYKTYPaM, KOTOpble HanOoJee MIHPOKO
ucmonn3viores B rexHiuke CBY. B ocTanbHLIX 7 TaBax ONHCLIBAIOTCS JBYMEDHO-
NEepHOAUIECKHE CHCTEMBL B INPHIOXKEHHSIX MPUBEAEHbI HEOOXOMIMLIC CHPAaBOUYHLIC
MAHHLIC (CM. CONEPKAHNE KHIHTH).

Kmura paccunTasa Ha CHCIMANICTOR 10 pa3paboTke I SKCITYATAUHI
YNEKTPORHLIX NpHOopoB, Henons3yronprx TexHiky CBY. Be3 coMmuenns, kunra Oyuer
[OJIG3HA TAXIKe IPEMONaBATEeNSIM H CTYICHTAM COOTBETCTBYIONIUX CIENHANLHOCTEH,
GONBINHHCTEO INAB CHAOMKEHO YIIPAKHEHIITMIL.

3aaeku Ha npuobpemenite xrirett P.A. Cunin «Ilepuoduteckiie 80A110800b1» 1
3anpocul. HA  HOAYYEHILE  OONOAHITNEABLHOU UH@OpMaU(L CACOYeNnl HaANPaeAaniy
uzdameavcmay «Pasgucy no adpecy: Mockpa, 123557, Hpecmenckuit pan, 42-44,
renedousr: (095) 253-08-20 mmn 202-61-09, daxe:  (093) 135-03-45, e-mail:
VFO@CCAS MSK.SU nmn VFO@CCAS.RU

COIEPKAHNE
Tn. 1. OCHOBHEBIC HOHATHS I ONPEICTCHIIL.
T 2. CHIMMETPIIS 3aMETSTEOUIIX CIICTEM.
I'm. 3. Jlemma JTopeuna u ee ciepcTsus.
I'n. 4. IlpocTpaHcTREHHEBIC TAPMOHIUKIL
T'n. 5. BOmHBI 8 HEDHOMITIECKIX CIICTEMAX.
In. 6. CrmpanbsHbIC 3aMETIIONIHE CHCTEMBT.

T

'n. 7. Paguanbhbie MATPHULL TCPefadll I PacdeTa CIHPANLHABIX 3aMeIsIONX

CHCTCM.
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I'n. 8. PacueT cuupanbBLIX 3aMEIIONINX CHCTEM MeTofioM Dyphe.

T'n. 9. Bamemmsaromne CHCTEMEI THIA «TPeGeHKa»,

I'n. 10. enoukn CBS3aHHBIX PE30HATOPOB.

I'm. 11. MHOrOCTYIEHYATLIC 3aMEIIAIONIE CHCTEMBL

I'n. 12. AsonHEIe GTOKH MarHETPOHOB CO CBA3KAMI.

I'n. 13. MeToy MHOTONIPOBOHLIX JIHHHAI.

I'n. 14. OpHOCTYNEHYATEIE INTLIPEBLIE 3AMEISIONIIE CHCTEMBL.

T'n. 15. MHOroCcTyneH4aThIe MTHIPEBLIE 3AMEIAIOMINE CHCTEMDI.

I'n. 16. CpoficTBa CUMMETPHH IByMCPHO-HEPUOJIIYECKHX CHCTEM.

I'n. 17. MHOTOPSAHBIE INTHIPEBLIE CHCTEMBL.

I'n. 18. MBOrosTax)HbIE INTHIPEBLIE CHCTEMEI

I'n. 19. 3aMemusironnie CCTEMBI KAK HCKYCCTBEHHLIE JIHBJIGKTpHKI/I

I'n. 20. CucTeMsl, 3aMKHYTBIC B UITHHID.

I'n 21. CI/ICTeMLI, OTrPaHUYEHHLIC IBYMS MIOCKOCTSIMIL.

I'n. 22. [IByMepHO-IIEPHOHICCKHE CHCTEMBI KAK AHTEHHBIE PEIIETKA.

Ilp. 1. Knaccudukanus 3aMejIsSIonx CHCTEM.

Ip. 2. SneMenTHI TCOPHUI MHOTOIIOIIOCHHKOB. -

I1p. 3. Koa(ypuumeHTs! B yCPEHEHHBIX TPAHAYHEIX YCIOBHAX. ~

IIp. 4. BonHOBas NMPOBOAMMOCTD MHOTONMPOBOMHOH TUHHH C HpSIMOYI‘OJILHLIMH
IPOBOTHUKAM.

B nnane n3parenscersa «Pazue» BBUTYCK 11ay4HO-TIONYIAPIHOHA KHUTH
HEOBBIYHLIE SAKOHBLBI IIPEJJOMIENMA 1 OTPAKEHNA
P.A. Cuaun

B wmebompurofi mo o0bEME KHHTE aBTOPY YAATOCH B 3AHMMATENLHOIR (hopMe
M3JIOKHTL HOBBIC 3aKOHLI (PH3MKY, H3BECTHLIE [0 CHX IOp JHIIL Y3KOMY KpPYry
CIELHANICTOB. DTH 3aKOHBI peanu3yoTcs B Texuuke CBY, B 3ByKOBLIX BOJHAX, HO TTOKA
He OOHApyXKeHb! B onTuke. Hanpl peKOMeHpaimi, s KakuxX cpef CIElyeT MCKaTh
peanmu3aufu STHX 3aKOHOB B ONTHYECKOM uamazoHe. Kuura npepma3znadena s
HHTEpEeCYoNMxXcsa (PH3HKON IMKOILHUKOB U CTYICHTOB, IpcHoiaBatenell (pU3nMKH, HO
OyNeT MHTePEeCHA TaKXKe H CIETHANICTaM.

OHCAHOHC P Td afOHCaHOHC FLudierd aHOHCaAHOHC
cFrig allofc Bty apolic Fradallofgc Efd afoll cmallo CEL
Fn T alloHC aHollc FnkErsy alloHc anollc Eis _a”o
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INSTITUTE OF PHYSICS PUBLISHING

PHYSICS OF INTENSE BEAMS IN PLASMAS
Plasma Physics Series
M.V.Nezlin
Kurchatov Institute of Aromic Energy, Moscow, Russia

1993 344 pages, illustrated, hardcover
£74.00/U8$147
ISBN 075030186 4

A comprenensive description of the infcraction between extremely intense particle
beams and plasmas. The emphasis is on experimental beam plasma physics, but nec-
essary theory is also explained - much of which is innovative and original. Central to the
book is the discussion of beam instabilities, exphasizing their hydrodynamic nature. New
experimental results are given so providing fresh insights into the phenomena of beam
instabilities.

Contents: Introduction and general overview. Aperiodic beam instabilities (the-
ory). Oscillatory beam instabilities (theory). Beam instabilities as a result of active
coupling between waves of different signs ol energy, clectron, ion and plasma beams in
laboratory plasm:a. Experimental data on instabilities and limiting currents of electron ion
and plasma beams. Mechanisms of current limitation (disruption) in beams. Acceleration
and heating of plasma ions in a regime close to the limiting beam current. Instability of
intense ion beam with neutralized space charge in magnetic field. Electric double layers
in electron, ion and plasma beams and the mechanism of the Aurora Borealis. Langmuir
solitons in electron (plasma) beams. Novel methods of generation and amplification of
electromagnetic waves by relativistic electron beams. Index.

HOW TO ORDER
By Mail: UK/ROW: Books Marketing Dept., IOP Publishing, Techno House,
Bristol, BS1 6NX, UK
USA & Canada IOP Publishing c¢/o AIDC, 2 Wintersport Lane, PO Box 20,
Williston, VT 05495-0020, USA
By Phone: UK/ROW +44(0) 117 929 7481 or (UK ONLY 0800 373921)
USA & Capada  1-800 632 0880 or Outside USA 1-802 862 0095
By Fax:  UK/ROW +44(0) 117 929 4318
USA & Canada 1-802 864 7626 (NEZLIN/7/95)

AHOHCAHOHC [ELe S Tory aHOHCAHOHC Fheiflerd af
gl-c‘ano € Eload apgolic Bl aliOHC e apollich cELL
AHOHC QHOHS [l aHOHE aHOHC | [T 1)1 [8:aHOHC  AHOHC |
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ROSSBY VORTICES, SPIRAL STRUCTURES, SOLITONS

Springer series in Nonlinear Dynamics
M.V. Nezlin & E. Snezhkin
Kurchatov Institute of Atomic Energy, Moscow, Russia

1993 223 pages, illustrated, hardcover
DM 128,-; 6S 998,40; sFr. 128,
ISBN 3-540-50115-0

The understanding of the complex dynamics in plasmas, in meteorological and as-
trophysical systems etc. is of great relevance not only to academic research but also to
our daily lives. Computer simulations are still a long way from yielding satisfactory re-
sults and it is thus all the more striking that the simple (hydrodynamic) laboratory sim-
ulations devised by the authors p10v1de so much insight into the nature of these phe-
nomena and even facilitate predictions.

This book provides a comprehensive description and analysis of rotating shallow
water experiments used to simulate a variety of natural phenomena. The analysis is based
on the physical analogies between two-dimensional gas dynamics and the dynamics of
shallow water.

The important phenomena that are simulation and discussed include:

¢ Spiral structures in galaxies

e Vortices in the atmospheres of giant planets

¢ The Great Red Spot of Jupiter ,

¢ Ocean vortices, e.g. the rings of the Gulf Stream

* Cyclone-anticyclone asymmetry

* Motion of charged particles in a magnetized plasma

PLEASE ORDER THIS BOOK FROM:

Springer - Verlag
Postfach 31 13 40
D-10643 Berlin

a o-lcaHJc HC aH a
OHCE '- al OHC Ehuid aHO
[« aHOH alloHC aHollC

HOHCaHOHC ELELud af
ITc EEadalioHC Elhead aHol
aHOH: aHOH alloHC a‘lOHCJ' i
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TOCYIAPCTBEHHBIT KOMHTET POCCHACKOH ®EAEPAUNH 0O BBICHEMY OBPA3Z0BAHHK
M3BecTis BLICHX yUeOHBIX 3aBeIeHIIT

NPUKITATHAS HEJTUHENHAA TUHAMUKA

HAYYHO-MeXHUHecK Ut HCYPHAA
nsgaetcs ¢ 1993 rona

Brixomut 6 pa3 B rof Tom 3, Ne 21995, CapaTon

COOEPKAHHNE
HpobGaemor neauneiinoii 2udpodunamuyeckoil ycmoiuugocmu

Janoa T1.C. T'ngpominamMirieckas TyPOYJCHTHOCTL I KOTEPEHTHBIE CTPYKTYDBL
00630p TeMaTHYECKOT O BLITyCKa

OB30PhI AKTY ATTHBIX ITPOBJIEM HEJTMHEVMHOW TNHAMHWKH

Kamonmoaty K0.J1. Yo ke Takoe TypOyneHTHOCTE?

Jlanoa I1.C. Tak uro xe Takoe TypOyIeHTHOCTE? (IIOCIECIOBIE ) .

Tinesciuit A.C., Jdanoa I1.C. Bo3OyxeHne THAPOTHHAMITICCKEX I aKyCTHYIECKNIX
BOJH B TIO3BYKOBLIX CTPYHHBIX H OTPLIBHLIX TCHUEHHIX

BUOYPKALIMN B IMHAMUUYECKNX CUCTEMAX PABITMYHON [TPUPOIBI

Tepyerumerin C.A.,  Poouues bB.B., Cyxopykoe AL O mnepexope OT
TNAMHHAPHOTO PEXKHMA IBIDKCHHS K TYPOYICHTHOMY B HAPOTHHAMITICCKIX
3aatax

IPUKITAIHBIE 3AJAUM HEMTUHEMHON TEOPMI KONEBAHWH U BOTTH

Leaouyeproscrkuti C.M., Xaanos H.B. Momnnpommm BIIISTHIIA mlc])cbymn BHXPEI]
Ha TypPOYNICHTHBIC XAPaK TEPICTHKII CTPYI

Lenaouyeproscruti C.M., Tunescruii A.C. KoMOnioTepHas KOHIEIIHA BUXPEBOI
TypOYNEHTHOCTI ‘

HEJIMHEWMHAY TUHAMMWKA B JIMLIAX. ICTOPH . PERSONALIA
Minaes A.D., Csvicaos B.JL. Ceprefi ITasmosmu Crpenkos (1905 - 1974)
N3 KHHUT' ¥ XXKYPHAJIOB

Cmpearos C.I1. IBe «3agaukn» (113 IPONLIIOTO)

KOH®EPEHIMI].. CEMUHAPBI. CUMITIO3MYMBI. ITIKOJIbI

MexpyrapogHas MKoa Mo HeIHHEHHLIM apneHsM 5-16.09.95, HinkuHmi
Hogropoy, Pocers

c FrT a“oﬁ g
ey alloH ‘

110

)



I'VJIAEBA
[Opug Bacuwabenuda

IIABHOTO PEAAKTOPA
HAMIEr0 SKYPHATA
¢ npucysgentem I1pesmnaiyMon
Poccnfickoll akagemin Hayx

30JI0TOM MEJLAJIV

. A.C. TTorosa 1995 roaa
[0 COBOKYITHOCTI PAGOT GOMBIIOTO
HAYYHOrO 11 MPAKTHUECKOTO 3HATCHIIS
B 007ACTH PAMIIOTEXHITKIL
SJIEKTPOHIKI II CB3I, BHIIOMHEHHBIX
32 nocaennne 35 mer.

JKerxaem
3/I0pOBBS U YCIEXOB
BO BCex aenax!

Pedaxutionnas xKoane2is




3ap. pepaxuuest H.H. JIésuna
Pepakroper M.B. Ionosa, H.H. JI¢siirna
Xypoxkunk JI.B. Cokonos
Opurimnan - Maket nogrorosines 1. A. Cyyunoll ¢ HCnojaL30BaHHeM
nporpammel Design Studio Ha xoMnLroTeproit cricreme Apple Macintosh

PacrpocTpaHeHIie Ky pHAIA TI0 TOJIIICKE 1f TPEBAPITENLHLIM 3asBKAM
ocymtectsugeTcs I'ocyJapcTBEHELIM yIeOHO-HaY THLIM HeaTpoM «Komemk»
npi CapaToBCKOM TOCYIAPCTBEHHOM YHHBEPCHTETE.
Banxosexie peksi3iTet - p/c Ne 000609446 B KB «3xorOMOaHK»
r. Caparosa, MPO 251279, xopcuet Ganxa 700161122, PKII, M®PO 251008.

MHjiexc Iaauis no karanory «la3eThl 1l KypHanb» 73498

Crawo 8 wadop 10.06.95. Tlojmucano x meuast 15.09.95. dopmar 7Ox108/16.
Bysara micuag Nel. Tleuarn odeernas. Fapuurypa JlaTunckan.
Yen. mewa. 9.8 (7,0). Yw-msn. m. 9,5, Tupaxk 200 sk3. 3akas 3228

NMaparentcreo NocYHL «Kommemk».
410071, Caparog, yia. Actpaxanckas, 83.
Ten. (845-2)514298, daxc (845-2) 240446
E-mail:and@ccollege.saratov.su

MITI «Tunorpacpiet Nel». 410040, Caparos, Brnésas, 10.

© IM3natennetso TocYHIT «Konmemk» A .
© Odopmnenne xypoxunka JI.B. Coxonopa, 1994

-



EDITOR-IN-CHIEF
Yu.V. Gulyaev, Member of the Russian Academy ~ of Sci-
ences, Istitute of Radioengineering and Electronics,

Moscow

EDITORS

D.1

Trubetskov, Corresponding Member of the Russian
Academy of Sciences, Saratov University

D.A. Usanov, Member of the International Academy of
Sciences of High School, Saratov University

SECRETARY-IN-CHIEF

B.P. Bezruchko, Professor, Institute of Radioengineering

and Electronics, Saratov University

EDITORIAL BOARD

V.S.
Yu.A.
B.A.
V.I
S.P.

P.S.
LA

YuM. Romanovsky, Professor, Moscow University
Son, Professor, Institute of Physics and Technics,

LE.

V.V
V.K.

Anishchenko, Professor, Saratov University
Danilov, Kurchatov Scientific Centre, Moscow
Kalinikos, Professor, St. Petersburg Electrotechnical

University

Krinsky, Professor, Institute of Experimental and

Theoretical Biophysics, Puschino

Kuznetsov, Professor, Institute of Radioengineering

and Electronics, Saratov

Landa, Professor, Moscow University
Ostrovsky, Professor, Institute of Applied Physics,

Nizhny Novgorod

Dolgoprudny
Tuchin, Professor, Saratov University

Yulpatov, Professor, Institute of Applied Physics,

Nizhny Novgorod

e




: % 'BCEMUPHAS UCTOPUSA U ITH]Y

Hoeas pybpuxa:

(B32450 uepes npuamy u306pasunieavlo0 UCKYccmaa) %

[lepBoGnITIOC HCKYCCTRO

EcTh Bce OcHOBaHHA MONarats, UTO HeJniHellHO-UHAMHIUecKafd IIapafirMa SBIsSeTcS OfHOol 13
OpeBH {IIIHY, BOCIPHHATEIX B IPOYYBCTBOBAHHBIX Ha caMoil 3ape pasBHTHS Ue/oBeuecTBa, KOTAa JEoGoi
mpociefimmmi 00BEKT - Kakofi-HHOyms KaMeHb WMl JepeBSAMIKa - MOT OKa3aThes' BMEeCTHIIHINEM
CTHXIIHLIX, MarHIeCcKHX CHI, H B 9TOM KaUeCTBe CTAHOBHICS CIIOCOOHLIM Ha CaMO€ CIOXKHOE IIOBEJIEHUE,
KOTf@a 4esoBeK OBLI TOrpy:KeH B TaHHCTBEHHO-HEIIO3HaBacMBII MUp Ge3rpaHHTHOro Xaoca, HO Xaoca,
YeTKO CTPYKTYPHPOBAHHOI'O SKECTKOH Hepapxideckoii cHcTeMoil Goros, IyXoB 1 IEMOHOB pa3HOOOPa3HBIX
PAHTOB H OrPaHHUYECHHOr 0 KPYTOM BHIMOIO TOPH30HTA,

He 1mmes BO3MOXKHOCTH NOpPOCTPAHHOrO PAasBHTHSA CBOMX MbICell IO JaHHOMY IPE[MeTy,
OCTAHOBHUMCS HA OTHEIBLHBIX, HAyraf B3ATBIX, HO TEM HE MCHEE BIIOJHE KPaCHOPEUHBLIX IIPHIMEpax.

1. CramnmaptHoe oODbsicHeHHe (heHOMEHa Ha-
CKAJBHOI KUBOIMHCH, KaK He00XOMMMOH MpHHAIC K-
HOCTH PHTYAIBHLIX IIIACOK C ILENLIO TIOBBIIEHHS [/l
o)peXTHBHOCTH ~ NpERCTOSIEll  OXOTEI,  MOXKeT \RFii
0Ka34ThCS TEIEPh YiKe He CTONE OUEBIHDIM.

TIpoBenennoe Ha pic. 1 comocraBneHue |-

MIOCTATOWMHO THIIMTHOTO HACKANLHOTO H300paKeHN -
roaose! Obika 13 nemeps! Jlacko B I0xaolt ®panpm |
- ¢ JOCTAaTOUHO K€ THIIYHBIM CTPAHHLIM aTTpak- |’
TopoM Ha  ¢hasopoll  IIJIOCKOCTH  3ACTaBIIET| -
3ayMaTLes 0 MHOrOM... Ho aTo MHoroe ellfe He Bee... |,
Haxe Geryoro B3mmsaga Ha pic.],a NOBONBHO, TTOGHI
yGeMThCS BO (PPaKTATLHOI CTPYKTYpe HOBEPXHOCTH
SKUBOTITICHOTO  11300pakeHHs (gr)m;[ SICHOCTH B YTy
PICYHKA IIOMCIIEH YBENHUeHHBIT dparmenT). Tax |3 b
BOT, )pakTATLHAS PA3MEPHOCTE STOH OBEPXHOCT ¢ &
tounocThi 710 3.14% cosmamaer ¢ dpakramsHOIL Pucl
pasmepHocThio arrpakropa  (pre.l,6). Ho u a1o He fe.
Bce! CTpaHHLNl aTTPaKTOp Ha pHc. 1,0 IPHHAUIEKIT YPABHEHIIO, OMICHLIBAIIEMY KOMeGaHMs IPOONLHO
M3OTHYTOrO CTeP:KHs TPII IepHofirdeckoM Bo30yxmeHnH (prce.l,B), a 9To - He UTO HHOE, KAK JYK C
TeTHBOH B TpeneTHoO HofaparmuBaromell pyke!! Takmv oGpa3zoM, Tlelliepa H3 PHTYaNbHOrO ILICANINIA
IpespamaeTcs B MemepHyIo liceaenoBaTensekyto naGopatoputo (ITVIIT) oproro (M3 MHOTHX!) TOrNATIHIX
JITII (;yKoBO-TETHBHBIX TPEANPUATHIT), H KOCBEHHLIM IOATBEPKCHHEM 3TOMY CJIyKHT TYCTO yCESHHBIT
HAKOHETHIK aMI TIOJT.

2. DTa xameHHas craTysTRa (prc.2,a) TONyWLIa HA3BaHHE
Bumrennopdopekoft  Berepnl. Tompko HeyOBICTBOPEHHBIC NI
HE3[0POBLIE CEKCYMILHLIE HAKIOHHOCTH KAaKOTO-HHGYML apXeoJora-
OTIIeNIGHIKA MOTJOI fIaTh TOBOA| K Takomy comocrasiesizo, C aTofi
HO3HUHH 1 MawpensGporosy urypy (pue.2,6) cnefoBaio Gbl HazBaTh
«Crpammast Berepa c3ampy, Ho JaKe B HAlE PasppalleHHoe BPEMst 3TO
HIIKOMY He TIPHXOAUT B ronoBy. Be oTi (QurypKir He 3ps MOMETICHBI
psmoM:  moCoMy  HenpefiyGeKAeHHOMY HaGIXOaTemt0  CTAHOBIITCS
SCHBIM, 9YTO B APEBHEH CTaTyITKe HAMIMI 3PUMOE IINACTIHTIECKOE
BBIpaKCHIE TUIyGOKHE HACH KaK PEHOPM-TPYINIOBOrO aHANI3a, TaK 1
TIPOCTPAHCTBEHHOIT (ppakTamI3anyI. Mbl He 3HaeM ee HAa3HAUCHILL, Ja
3TO He TaK YK H BAXKHO, - C PaBHBIM YCIIEXOM OHa MOTJIA GLITH 11
yUeGHbIM TOCOCHEM,. I HPPYIIKOH-PCHOPMYIIKOL, I IPEIMEeTOM
e HEH3BECTHOTO HAM KyJIbTa, OOLEMESIOLIErO WACH TOTATBHOrO
cKefinWHra ¢ Hepapxiell pa3HOMAacIUTaCHBIX — MA(POJIOTHIECKIX
OGLEKTOB.
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Pnc. 2

3. Ho, moxanyfi, caMbIM yOeMITeNbHLIM TIPHMEPOM
npesaocTit  [IHJI-mpenctaBieHmil  ABASAIOTCA  UEPEIKH,
HalipedHble BOH3 celieHIsT Anh-XeHoH B Asmkupe (pre.3,
3heCh IPEACTaBIeHbI BOCCTAHOBJNCHHBLIE H3  IEPEIKOB
cocynpr). [Tofo6HO ToMy. Kak MaJleHbKas AOMT0BAs PACIIICKa
Ha  HOBropopckofl — GepecTsHOl  pPaMOTe  TOBOPHT
OJ[HOBPEMEHHO O BLICOKOM YPOBHE Da3BHTHSA CONHANLHBIX
OTHOIIEHMI.  SKOHOMHYECKOll  HHTerpaiml, BceoOmell
TPAMOTHOCTIH, 3HAHHA MaTeMAaTHKH H OyXydeTa II T.I., TaK II
9TH - YepelKH  CBHAETENbCTBYROT,  UTQ  HEJHHEHHas - Pirc.3
[MHAMITIECKAS HACOTOTHS IPOHHKJIIA B CAMYIO I'YITY HapOIHBIX
Mace, ¥ JEoOasT KyXapKa MOIJIa YOpPaBisATh IIPH MOCPENCcTBE NMOA0GHEIX COCYNOB HENHHEHHBIMI IPOLECCaMIt
11 [ TIOCTIIKEHIIA IICTHHBL, 1T JULST NOCTHIKEHIA KaKHX-1HO0 YTHANTAPHBIX HEeH.
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