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1. BBeaenne

Haunnas ¢ pabotsl Thropunra [1], MaTeMaTH4YeCKue MOACIIN
(dbopMupoBaHUs U PACIPOCTPAHCHUS] HEJIMHEHHBIX BOJIH U
MPOLIECCOB CTPYKTYPHON CaMOOPraHu3aluu B (GpU3MUIECKUX,
XMUMUYECKUX, OMOJIOTHYECKUX M COINHUAJBHBIX CHCTEMax B
3HAYUTEJbHOM CTeTeHH OCHOBAHBI HA CHCTEMax TUIA peak-
st — auddy3us, Tlie HeTMHEHHbIE YJICHbI ONUCHIBAIOT KHHE-
THKY, a IPOIECCH MepeHoca MPEIACTaBICHBI H30TPOIHON
nuddysueii [2-9]. OnHako BO MHOTHUX CHCTEMax B HeE
MEHBIIEH CTENEeHH BaXHBI 0OJiee CIOXHBIE MEXaHU3MBI
(g Gy3MOHHOTO THUIA — HEJIMHEWHAas, aHU30TPOIHAS U
nepekpectHas nuddysus (kpoce-auddy3us).

B GosbmmHCTBE paboT paccMaTpuBaeTcs mpsimMasi Tud-
¢y3us (camomuddysus) N KOMOOHEHTOB ¢, k= 1,..., N,
ONHCBHIBaeMasl ypaBHEHUSIMH

Or @ + Ox Ji :Fk((pj)v

rae noTok Jp = —Dj0,¢y, a koabduuueHTs! quddy3un Dy —
noctosiHHble BenuuuHbl [10]. B aTOM Kitacce cuctem mpo-
1eccbl (GOPMHUPOBAHUS TPOCTPAHCTBEHHO-BPEMEHHEBIX CTPYK-
Typ ompenensitorcs koddppuuuentamu audoysuu Dy u
cnermuduieckuMu GopMaMu KHHETHYECKUX (YHKIMIA peak-
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NUOHHBIX TponeccoB Fy. Ciyuail, korma ko3pQpuIueHTbl
nuddy3un He SBIAIOTCS KOHCTAHTAMM, HO 3aBHCIT OT
MUHAMHUYECKUX MEePEMEHHBIX, COOTBETCTBYET HEJIMHEHHON
nupdysuu. I[Mpumepsl HeduHeWHOW MUPPY3UH HMEIOT
MECTO B IIpOIEccax MaccolepeHoca B MOPHUCTBIX Cpelax, a
TaKXke B MOMYJISIMOHHBIX Mojeisx [11, 12]. Maremartuue-
CKUMU MOJIEJISIMHE € KO3 duimenToM mudy3un, 3aBUCIITM
OT TUIOTHOCTH OakTepuil, OMUCaHbI IPOIecchl GOpMHUPOBA-
HUS CJIOXHBIX HMPOCTPAHCTBEHHBIX CTPYKTYp IPH POCTE
OGakTepuaabHbIX KoJoHui [13—16]. Pexxumsbl ¢ o6ocTpennem
U MPOCTPAHCTBEHHON JIOKAJIM3AIUK B OTKPBITHIX TUCCHIIA-
THUBHBIX CUCTEMAaX OMHCHIBAIOTCS MOJEISIMU C HEJIMHEHHOMN
nupdysumeii [17, 18].

EctecTBeHHOE 0000IIIEHNE ITUX CHCTEM BKJIFOYAET HC-
MoJIb30BaHue Kpocc-muddysun (mepekpectoit quddysun),
JUUTSI KOTOPOU MOTOK 3anuchkiBaeTcs, Kak [10]

Jk = — Z ij ((P) axgoj .
J

HexoTtopsle kpocc-muddy3noHHbIE MOACTN PACCMOTPEHBI B
psne pabot B ¢usmyeckux cucremax (pusuka miasmel) [10,
19], B XuMHUYECKHUX cUCTeMaX (JMHAMMKA JIEKTPOJIUTHUECKUX
pactBopoB [20]), B Onosornueckux cucreMax (kpocc-auddy-
3UOHHBIA TpaHCHopT [21], AMHAMUKA MOMYJISIITAOHHBIX
cuctem [9, 22-25]), B sKojOoTHU (IMHAMHUKA BO3PACTHOM
CTPYKTYpHI Jeca [26, 27]), B ceicMOJIOTHM — MO/JIEJb
Byppumxa—KuHonodda, onuceiBaromas B3auMoAccTBUE
TeKTOHMYECKHX IUT [28, 29]. B mocnennue necsathb JieT npu
UCCIIEIOBAHUM POCTA M PA3BUTHS OIYyXOJIEH AKTUBHO MIPUMe-
HSFOTCSI MaTeMaTHIeCKue MoJen ¢ kpocc-auddysueit [30—
36] (a Taxxe CUCTEMBI THIIA PEAKIHSI — TUPPY3Us — aTBEKIHSI
[37D).

ITosicHuM, 4YTO MBI MOJApPa3yMeBaeM IOJ TEPMHHOM
"kpocc-muddysus" (uam nepekpectHas auddysus). Pac-
CMOTPHUM CJIEAYIONIYIO CUCTEMY JBYX YPaBHEHHIA B YACTHBIX
MIPOU3BOIHBIX IS OJTHOMEPHOTO CITyYast:

0 %u 0
a—L;:f(u,U)—‘rDla 2+h1 (Ql(u 7}) ai)

(1)
0 v 0
a_j:g(u,v)—&—Dza 2—|—h2 <Q2(u v)aZ).

Ilpu h, = hy = 0 matemaTuyeckas Mojieb (1) nmpeacras-
JisieT coboit cuctemy Tuna peaknus—auddysus ¢ koapdu-
muentamu auddysun D) = 0, D, > 0 (mo xpaitHeit Mepe,
oauH D; # 0). B ciyuae, xorma xotst ObI oiMH U3 KO3pPu-
nueHToB h; # 0 (3HaK MOXeT ObITh JIFoOBIM), cuctema (1)
sBJIsieTCsl Kpocc-auddy3nonnon. Jluneitnoir kpocc-nuddy-

3un cootBeTcTBYET Q; (1,v) = const mist i = 1, 2; HenuHEH-
Hoit kpocc-mudpdysmu — Q; (u,v) # const xorst ObI s
OJIIHOTO I.

Kpocc-guddysust o3navaer, 4To NpOCTPAHCTBEHHOE T1e-
peMelleHre OJTHOT0 0OBEKTa, OMUCHIBAEMOTO OJIHON U3 Tie-
PEMEHHBIX, IPOUCXOIUT 3a cueT AU PY3UH IPYyroro 00ObEKTA,
OIKCBHIBAEMOr 0 Jpyroil mepemeHHoi. Ha momynsuuonnom
YPOBHE MPOCTEUIHN TpIMep — Tapa3uT (IePBbIid OOBEKT),
HaxoAsLuicsa BHYTpHU "X03suHa" (BTOpOro o6bnekTa), mepe-
Memnaetcst 3a cuer mupdysum xozsmua. Tepmun "camo-
muddysus" (mupdyszust, npsmas quddy3us, OObIKHOBEHHAS
nuddys3us) moapazyMeBaeT IepeMelleHrne OcoOU 3a CueT
nu(pHy3UOHHOTO TMOTOKA U3 00JIACTH BBICOKOM KOHIICHTpA-
mu ocobeit B 00J7aCTh WX HHU3KOW KoHImeHTpanuu. [loxg

tepMuHOM "Kpocc-auddy3us" moHnmaercsi nepemMerreHue/
MOTOK OJHOrO BHAA OCOOEH/BEIECTB 3a CYET HAJIMYUS
rpajaueHTa apyrux ocoOeii/BeiecTB. BeianmunHa kpocc-aud-
(by3noHHOTO KO3 PHUIMEHTa MOXKET OBITh TMOJIOKUTEIBHOH,
OTPHIIATENLHOM WK paBHOM HYJIO. [T010KUTENBHBINH K03(-
¢dunueHT kpocc-1udy3un yKa3bIBaeT, YTO IBUXKEHHE 0cOOei
IPOUCXOIUT B HANPABJIEHUH HU3KON KOHIIEHTPALMU IPYTHX
ocoOeli/BellecTB, a OTPHUIATEIbHBIA KOIPPUIMEHT KpOcc-
nuddy3un yka3plBaeT, YTO JABMKEHUE OJTHOTO BHIA ocobeit
MPOUCXOINT B HAIIPABJICHUHT BHICOKOW KOHIIEHT PAIMU APYTUX
BUJIOB 0co0eii/BemecTB. B mpupoge cucteMsl ¢ Kpocc-
nuddysueil TOBOJIBHO pacHpOCTPaHEHbl U UI'PAIOT CYILECT-
BEHHYIO POJIb, OCOOEHHO B OMO(PHU3NUECKUX ¥ OMOMETUIINH-
CKHUX CHCTEMAX.

CrocoOHOCTh K CHOHTAHHOMY OOPAa30BAaHUIO H Pa3BH-
THIO CJIOXHBIX YIOPSAOYCHHBIX JUHAMUYHBIX U CTATHYHBIX
CTPYKTYp — OJIHa W3 OCOOEHHOCTeH peaknuoHHO-TudPy-
3MOHHBIX CUCTeM. B pe3ysbTraTe camoopranu3anuy y nogo0o-
HBIX CHCTEM MOTYT HOSIBUTHCSI CBOWCTBA, KOTOPBLIMU HE
obyramaia HA OAHA W3 UX cOCTaBisiFoNMX. dopmMupoBanme
YIOPSIIOUEHHBIX B TMPOCTPAHCTBE M BO BPEMEHU CTPYKTYP
SIBJISIETCSL KJTFOUEBBIM JIJTsI TOHUMAHMSI Pa3BUTHUS OTICIbHBIX
cTaauii MopgoreHeza, TMHAMUKA TOMYJISAIIA U SKOCUCTEM,
BO30YIMMBIX TKaHE#, HEHMpOHHBIX ceTedl W T.4. [38—43].
ITpocreiiiue BapuaHThl MOpP(OTeHEe3a CBSI3aHbI ¢ 00pa3oBa-
HUEM MHOTOKJIETOYHOTO "oprannszma' momnyasnusMu oIHo-
KJIETOYHBIX OPTaHU3MOB, KOTOPOE YaIlle BCErO MPOUCXOINT B
IKCTPEMAJTBHBIX JJIS1 TIOMYJIANK yCIoBHsAX. Takast e Cro-
cOOHOCTb K OOpPa30BaHMIO U PA3BUTHUIO CJIOXKHBIX YIIOPSAO-
YEeHHBIX TUHAMUYHBIX U CTATUYHBIX CTPYKTYP CBOMCTBEHHA U
kpocc-mupPy3uoHHBIM cuCcTeMaM. Bo MHOXeCTBe cllyyaeB
IpH MOJCIUPOBAHUN PACHPEICIICHHBIX MOIYJISIIHOHHBIX
CHCTEM THIIA XHIHHK—XXEePTBa HEOOXOIUMO YYHTHIBATH
kpocc-muddysuto [9, 24, 25, 44—47]. Kpocc-nupdy3uonHbie
CHCTEMbI UIPAIOT OCHOBHYIO POJIb MPU MATEMATUYECKOM
MOJIEJTUPOBAHUY MUTMEHTAIUY )XUBOTHBIX [9, 48 — 52], moka-
JIN3AINAN JISHKOIIUTOB, IBMKYILIUXCS B OTBET HA OAKTEPHAIIb-
Hoe BocmajeHue [53)], arperamuu Dictyostelium discoideum
[54—57]. Co3manue 3¢(eKTUBHBIX MOJIEJICH OMOJIOTHUSCKIX
SIBJICHUI KAaK Ha YPOBHE TECT-CUCTEM B IKCIIEPUMEHTAX BHE
opranusma (in vitro), Tax 1 MaTeMaTHYECKOTO MOJICJIUPOBA-
HUsI — OJUH 13 0a30BBIX MOAXOA0B B OMO(pU3HKE.

IIporpecc B HcclieTIOBAHUY SIBJICHHI CAMOOPTaHU3AIUH B
(m3MvecKknx, XUMHUYECKUX M OHOJIOTMYECKMX CHCTEMax B
MEPBYIO OYepellb CBSI3aH C PAa3BUTHUEM TEOPHUU ABTOBOJIH:
UCCIIeIOBAHUEM 3aKOHOMEPHOCTEN TeHepallit, pacipocTpa-
HEHUs ¥ B3aMMOJICHCTBHSI HEJIMHEHHBIX BOJIH B pacHpeeieH-
HBIX aKTUBHBIX cperax ¢ muddysuelt, Tak Ha3bIBa€MBbIX
AKTUBHBIX (BO30yIuMBbIX) cpefax. IlpumepamMu Ha3BaHHBIX
Cpel SIBJISIFOTCSI IIETIOYKH CBSI3aHHBIX TeHepaTOpoB BaH-mep-
ITosis, HepBHBIE BOJIOKHA, DACIpPENECICHHbIE XUMUYECKUE
CUCTEMBI C aBTOKATaJIM30M M T.I. [6, 8, 58—63]. BaxHoe
00beIMHSIOIIEe CBONCTBO YKA3aHHBIX Cpell 3aKJIIOYAETCs B
UX CIIOCOOHOCTH T€HEPUPOBATH U MPOBOJIUTH ABTOBOJIHBI —
CaMOTIO/IJICPKUBAIOIINECS CHJILHO HEJMHEWHBbIE BOJIHBI W3-
MEHEHHUsI COCTOSIHUSL cpelipl, GopMa U CKOPOCTh KOTOPBIX B
YCTAHOBUBIIEMCSI PEXKUME IBUKEHHS HE 3ABUCSIT OT KPAaeBbIX
YCJIOBHIA U TOJHOCTBIO OIPEAEIISIOTCS 3HAYCHUSIMU Xapak-
TEPU3YIOIIAX CPely MapaMeTpoB. ABTOBOJIHBI IPENICTAB-
JISIOT co0O0# pachpe/ieieHHble aHAJIOTH aBTOKOJEeOAHU B
COCPEIOTOUCHHBIX cHcTeMax. HapyieHne HOpMaJIbHBIX pe-
KMMOB PAacHpOCTPaHEHUS! U B3aMMOJEHCTBUS aBTOBOJIH
BEZCT K Ie30PTaHU3AIMY U Xa0Cy B KOHTPOJIMPYEMBIX aBTO-
BOJTHOBBIMH IIPOIECCAMU CUCTEMAX.
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Bce xopolio u3BecTHbIE CBOMCTBA aBTOBOJIH [0 HEIAB-
HETO BPEMEHU OBLJIM MOJIYYeHBI B PE3YJIbTATE MCCIIEAOBAHUIN
cucteM tuna peaknus —auddys3us. Kak Bauser Ha cBoiicTBa
BOJIH B BO30Y/IMMBIX CHCTEMaX BKJIFOUEHIE Kpocc-Tuddy3un?
B pab6orax 1980-x—1990-x rogoB Ha OCHOBE 3KCIEpPHUMEH-
TaJIbHBIX U TEOPETHUYECKUX HMCCIEAOBAHMNA OaKTepUabHBIX
MOMYJISIIMOHHBIX BOJH TIOKAa3aHO, 4YTO OaKTepuaJbHbIC
BOJIHBI IMEIOT MHOTO OOIIIETO C BOJTHAMU BO30OYKACHUS, pac-
MPOCTPAHSIOMIAMICS B OMOJIOTHYECKUX CHCTEMAX, SIBIISISCH
OJTHAM U3 IPUMEPOB aBTOBOJIHOBOTO Tporecca [22, 23, 64—
67]. B aTux xe paboTax O0TMevYaJIoch, YTO OaKTepHUabHbIC
BOJIHBI PEACTABJISIFOT CO00# 0COOBIN KJ1acC aBTOBOJIH U3-3a
MPHUCYIINX TOJBKO UM CBOMCTB, KOTOPBIE HE HAOIIOAAINCE B
"knaccuueckux" aBroBosHax. COBEPIIEHHO HEOXKHIAHHbBIE
pe3yJIbTaThI OBUIH MOJTYYeHBI B pab0OTaX TOCIIESTHUX YeThIPEX
jetr [68—73], B KOTOpBIX MOKa3aHO, YTO y BO3OYIAMMBIX
cucteM ¢ kpocc-auddy3ueit 00HapyKUBAIOTCSI HOBBIE BOJIHO-
BBIE CBOICTBA, CYIIECTBEHHO OTJMYAIOIIUECS OT BOJH BO3-
Oy>XKJeHHUSI B CUCTeMaX THUMa peaknus—auddysus. It pe-
3YJIbTATHI IIO3BOJIIIN BBIJICJIUT BOJIHBI B kKpocc-auddy3non-
HBIX CHCTEMAaX B OCOOBII KJTACC HEJIMHEHHBIX BOJIH.

AHanmu3y paboT IO UCCIIEIOBAHUIO BOJIH B BO30YIUMBIX
cuctemax ¢ kpocc-nuddysueit mocssiieH 1aHHbIA 0030D.

B paznene 2 Ha npuMepe OaKTepUaIbHBIX MOMYJISIIUOH-
HBIX BOJIH, PACTIPOCTPAHSIOIINXCS 32 CUET XeMOTAKCHCa, Pac-
CMOTPEHBI CBOMCTBA BOJIH B CUCTEMaXx C HEJIMHEWHOM Kpocc-
nuddysueit. TIpencraBiieHbl pe3yJbTAThl IKCIEPUMEHTAb-
HBIX MCCJICIOBAHMN M MATEMAaTHYECKOTO MOJEIMPOBAHUS
(bopMupoBaHus, pacipoCTpaHeHUs] U B3AUMOJACUCTBHS OaK-
TEPHUAIBHBIX BOJIH, & TAKXKE YCIOBHS BOZHUKHOBEHUS COJIH-
TOHOTOJOOHOTO PeXUMa B3aUMOICHCTBHS.

B paznenax 3 u 4 g5 cucteM tuna peakuus — mudy3us —
TAKCUC W PEAKIMsI—TaKCUC OOCYXKAAIOTCS PEe3yIbTAThI
UCCJIEJOBAHUN CBONCTB TAKCUCHBIX BOJIH Ha MaTeMaTHye-
CKOM MOJIeNN TUMA XHIIHHUK —XEePTBA C BKIIOYEHHEM I0JI0-
KHUTEJTHLHOTO U OTPHUIATEILHOTO Takcuca. Onrcal MeXaHu3M
pacmpocTpaHeHus BOJIH B Takux cucteMax. [TokazaHo, 4yTo
3aBUCUMOCTDb CKOPOCTH PAaclpOCTPAHEHUsI TAKCUCHBIX BOJIH
oT ko3pPunuenrta nupdy3un CymecTBEeHHO OTIMYAETCS OT
AQHAJIOTUYHOM 3aBUCHMOCTH [JIsi BOJIH B CHCTeMax THUIA
peakuus — mupdysus. B Gomblioit 061acT napamMeTpuyec-
KOTO TPOCTPAHCTBA MMEET MECTO KBA3MCOJIMTOHHOE B3aW-
MO/JIEHCTBHE TAKCHCHBIX BOJIH.

B pasgene S npencraBiieHbl pe3yIbTAThI UCCIEI0OBAHUS B
OJIHOMEPHBIX M JIBYMEPHBIX CpeJax HEM3BECTHOIO paHee
BOJIHOBOT'O SIBJICHHSI — MOJIYCOJIMTOHHOTO B3aUMOICHCTBUSI.

B pasznesne 6 mokazaHo, YTO XapaKTEPHOU 0COOEHHOCThIO
BOJIH B CHCTEMax C JIMHEWHOW Kpocc-mudpdysueit Tarxe
SIBJISIETCS. KBA3WUCOJIUTOHHBIA PEXUAM B3aUMOJCHCTBUS, WU
paccMOTpeHa CBsI3b 3BOJIIOLMU (HOPMBI BOJHBI C Pa3iIvy-
HBIMH PEXUMaMH B3aUMOIEHCTBUS BOJIH.

2. Hesmneiinasi kpocc-augdysus.
TakcHucHBIE BOJIHEI

2.1. Takcuc B nmomyJISIMOHHBIX CHCTEMAaX

OCHOBHOU TpUMEp HEJIMHEUHBIX Kpocc-Au(dy3nOHHBIX
CUCTEM — CHCTEMbI C TakcucoM. PopMUpYIOIIIUECS B HUX
BOJIHBI HA3bIBAIOT MaxkcuchvlMu. BeIOOp HaTIpaBJICHUS IBH-
JKCHUSI )KUBBIMH OPTraHU3MAaMHU CBSI3aH C UX CIIOCOOHOCTBIO
pearupoBaTh Ha U3BMEHEHHUS OKpYXkarolle cpenbl [22, 74, 75].
DTOT HpoIeCC pearupoBaHMSI HA BHEIIHUEC CTUMYJIbI IS
moucka HamboJiee ONTHUMAJIBHBIX OKPYKAIOIIMX YCIOBUU

MOJTYYIJT Ha3BaHUe makcuc. HampaBiieHHOE TBIXKEHUE Opra-
HU3MOB B CTOPOHY OoJiee OJIarONpUsATHBIX YCIOBHI 110 Tpa-
JUEHTY aTTPAKTaHTa — IOJIOKUTENIbHBIA Takcuc (Hampu-
Mep, 110 TPAIUEHTY MUTATENBHBIX BEIIECTB) WIH, HA000POT,
JIBIDKCHHE B CTOPOHY OT HEOJIATONPHUSATHBIX YCIOBHHA (OT
penesuIeHTa) — OTPHULATENbHBIN Takcuc [76 —78].

Bo MHOrux ciayyasx MUrpamusi KUBOTHBIX — 3TO peak-
Ul HA HEOTHOPOTHOCTD (haKTOPOB BHEIIHEH CPE/Ibl, COMPO-
BOXJaeMasi 00pa30BaHHEM BPEMEHHBIX CKOTUIEHUN ocobei:
NTUYbUX CTal, PBHIOHBIX KOCSKOB, MYIIMHBIX POEB U JIP.
Hanpumep, cracobpazoBanue sBIsSETCS OQHON M3 BaKHEH-
mux (GopM B3aUMOOTHOILEHUN ocoOel, uMerollee 3alluT-
HOE, KOPMOBOE (TIOUCKOBOE) M MPUCIIOCOOUTEIHLHOE 3HAUe-
HUS, U XapaKTepHu3yeTcsi CIOCOOHOCTBbEO 0co0eil K HaIpas-
JICHHBIM TIepeMEIIeHIsIM, WHTCHCHUBHOCTh W HAIpaBJICHHE
KOTOPBIX OMNPENEIISIOTCS  HEOJAHOPOIHOCTHIO MPOCTPAH-
CTBEHHOTO pacupemesienust crumyia [79—82]. B xadecte
MOCJIETHETO MOTYT BBICTYNATh Kak ()aKTOP BHEIIHEH cpebl
(TemmepaTypa, COJICHOCTb, OCBELICHHOCTb, KOPM, 3BYK H
T.[.), TAK ¥ TUIOTHOCTH CAMOM TIOTTYJISIIIIH.

B paGorax [79—82] mnpoCTpaHCTBEHHOE IOBEJICHUE
JKMBOTHBIX OIHUCHIBAETCSl COTJIACHO MPEINOJIOKEHHIO, YTO
YCKOPEHUE IBUKCHHSI MUTPAHTOB B KaXKI0U TOUKE MPOCTPAH-
CTBa MPONOPLUUOHAIBLHO IPAAUEHTY IJIOTHOCTH pacnpeese-
HUSI HEKOTOPOTro cTUMYyJa. Takasi runores3a HoATBEPKIAETCS
HAOJIIOICHUSIME 32 IPUPOJIHBIMU MOMYJISIASIMU, HATIPAMED
CTAalHBIMH PBIOAMU: BEPOSITHOCTh H3MEHEHUS HATIPABJICHUS
WX JBIOKCHHUs (BapHalUU CKOPOCTH) 3aBUCUT OT Pa3HOCTH
MEX/ly TeKyIled M TpearnoyuTaeMou temmepatypoit [83].
AHanu3 IBUXKEHHUS PACTHTEIBHOSIHBIX HACEKOMBIX TaKXKe
MOKa3bIBAET, YTO OCOOM M3MEHSIFOT CBOIO CKOPOCTH B 3aBH-
CUMOCTH OT Ka4yecTBa U OJIM30CTU KOpMoBoOro nsitHa [84]. B
paboTtax [79—82], ocHOBBIBasICh Ha pe3yIbTaTaXx KMHEMAaTH-
YECKHX XapaKTEePUCTUK ABMKEHUS )KUBOTHBIX, IPEICTABJICH-
HbIX B nmyOsmkanusix Oky6o [85, 86], moctpoeHa u uccieno-
BaHa MaTeMaTHYECKasl MOEIb, ONMICHIBAIOIIAS Al PErupoBa-
HHUE ocoOeil B pe3yjbTaTe aBTOTAKCHCA — OPHEHTAINH IO
TpagleHTy COOCTBEHHOW IMJIOTHOCTHU MOMYJISIIAA. AHAUTH-
YecKue HccieoBaHusl Moienu [79—82], nonoiHeHHbIE YuC-
JICHHBIMU pacueTaMy B OJHOMEPHOU M ABYMEPHOU cpere,
MMOKAa3aJIM, YTO JIJIsi HEKOTOPOH 00JiacTH 3HAYeHUH mapameT-
POB MojIeN HAOIIOJaeTCsl 00pa30BaHNe yCTOMYMBOTO CTa-
MUOHAPHOTO CKOILJIEHUsI OCOOEH, T.e. B MOJEIN HMEETCs
HEOTHOPOJHOE TIO MPOCTPAHCTBY PEIICHUE, HE 3aBHCSIICE
OT BpEMEHH.

B pabGote [87] mpoBeaeH aHaM3 BOJHOBBIX PEKHMOB
JIMHAMUKHY KOHIIENTYaJIbHOHN MONYJISIIMOHHOM CHCTEMBI, OTH-
ChIBAEMOM TMOJIMHOMHUAIBHBIMA MOJIEJISIMHI PeaKIus — aud-
(by3usi—Takcuc W peaknus —Kpocc-TudQy3nsi — aBTOTAKCHC
MpU BO3pACTAaHUM CTETeHEeW (DYHKIMN peakiMu W Takchuca
(aBToTakcuca). [TokazaHo, 4To, ¢ OIHOM CTOPOHBI, CYLIECT-
BoBaHue "mOAXOomsIEro’ HETMHEHHOTO TAKCHCA MOXKET
U3MEHUTDb CKOPOCTh 1 JOPMY BOTHOBBIX ()POHTOB, TPUBECTH
K BO3HHKHOBEHHUIO Pa3jM4HbIX "TpyObix" mpoCTpaHCTBEHHO
HEOTHOPOJHBIX BOJHOBBIX pexXuMoB. Cpeau HUX BbIIC-
JISIFOTCSL PEXKUMBI C OU€Hb OOJIBIIION aMILTUTY 01 KoJIeOaHni
m10THOCTH. C APYroi CTOPOHBI, TAKCUC MOXKET OKa3aTh CTa-
OmwIM3Mpyrollee BIMSHUE HA IUHAMHKY TPOCTPAHCTBEHHO
pacrnpe/ie/ieHHOW cUCTeMBbl. B 3Toit paboTe Takxke OTMe-
4aeTcsl, YTO MHOTOOOpa3ne BO3MOXHBIX BOJHOBBIX DPEXKH-
MOB BO3HHMKAeT MPH 3HAUCHHUSX MapaMeTPOB, KOTOPBIC
OTBEYAIOT KPUTUYECKUM TOYKAM MOJIEIHU. DTHU K€ aBTOPHI
UCCIIEOBAJM POJIb TAKCUCA B IMHAMMKE YUCJICHHOCTH JIEC-
HBIX HACEKOMBIX [88].
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B Hacrosuiee BpeMsi OCHOBHBIE IKCIIEPUMEHTAJIbHbBIE U
TEOPETHYECKHE PEe3yJbTAThl UCCIEIOBAHUI TaKCUCa H MPO-
[IECCOB CaMOOPTaHW3AlUN B IIOMYJISIIMOHHBIX CHCTEMax
TOJTYYeHBI IPH UCCIIETOBAHNN OAKTEPUATBHBIX MO JISIIIAOH-
HBIX BOJIH, a TaKXe pOCTa W Pa3BUTHUS OaKTEPHATBHBIX
KoJioHu# [22, 23, 65—-67, 89—99]. baxtepualbHble MOMYJIs-
UM OYeHb yIOOHBI MPH MOJAEIHLHOM IOAXOJE K aHAJIU3y
OIHOW W3 OCHOBHBIX 3a/Ja4 MaTeMaTHYeCKOH Omopu3uKu
9KOJIOTHYECKUX COOOIIECTB — HCCICTOBAHUIO YCTONYMBO-
CTH TOTO WM MHOTO pexnMa (DYHKIMOHUPOBAHUS 3KOCH-
cteM. XapakTepHbIe 111 MUKPOOHBIX MOIMYJISIIUN OCOOSHHO-
CTH, Takue, Kak MHOTOYHMCIICHHOCTDb, OBICTpasi CMEHa MOKO-
JICHUH, BO3MOXHOCTb YHPABJICHHUS! YCIOBHSIMH DOCTA,
6oraTcTBO Pa3sHOOOPa3HBIX HOPM CTPYKTYpPHOU caMoopra-
HU3AIUH, IEJAI0T UX 0OBEKTOM [IJIsl IKCIIEPHUMEHTABHBIX U
TEOPETUUECKUX UCCIICIOBAHMIA B COBEPIIICHHO HEOKHUTAHHBIX
obmnactsx. Tak, HanpumMmep, B pabote Pona ¢ coaBTopamu
[100] HexoTOpBIe U3 CTPYKTYPHBIX (POPM pa3BUTHSI OakTe-
pUATBEHON KOJIOHMH PacCMOTPEHBI KaK BO3MOKHBIE MOJIENIN
pocTa OImyXOJIH.

M3BeCTHO, YTO XaOTUYHO JIBHXKYIIHECS OAKTEPUU MOTYT
IPU HEKOTOPBIX YCIOBUSX PACIPENESTHCS B MPOCTPAHCT-
BE HEPaBHOMEPHO, T.e. GOPMHUPOBATH HMPOCTPAHCTBEHHBIE
CTPYKTYPBI KaK MEHSIOIINECS BO BPEMEHH, TaK M HEM3MeEH-
Hble (cM., Hampumep, [22, 89-91, 101—-104]). MuTeHCHB-
HBII 3TANl UCCIECTOBAHUS MOABMKHOCTH WHIUBUAYATIHLHOTO
¥ KOOIEPATUBHOTO MOBENICHUs OaKTepuil HauaJicsl ¢ cepe-
nuHbl 1960-x To/10B mOCie Bbixona pabotr Amjepa [74, 75].
3a mocieqHME YeThIpe ACCATUIICTHS PA3JIUYHBIE ACTIEKTHI
XeMOTAKCHCHOW TOJBIXHOCTH, OCOOSHHO JIsI MOJEIbHOM
opraumsammu E. coli m Salmonella spp., nccnenoBanHbl
JIOCTaTOYHO moapobHO (cM. o030pwl [22, 23, 105-107)).
KopoTKO BBIACIUM CIIEAYIOINUE ACHEKTHI MOJBMKHOCTUH U
XeMmoTakcuca Oaktepuii. MHorue 6aKTepuu UMEIOT BHEKJIE-
TOYHBbIE CNUPAJIbHbIE HUTEBUAHbIE OPraHeJUIbl, Ha3BAHHBIC
¢bnarenmamu (mmm xrytukamu) [108—110]. Kaxmas dia-
reJjla B CBOEM OCHOBAHHHU HA KJIETKE MMeEET POTAIMOHHBIN
JIBUTATENIb, KOTOPBIH MOXET BpaIaTbCsA MO A TPOTUB
qacoBoil cTpenku. Korjga unauBunyanbHble ¢uiaresuibl Bpa-
IIAIOTCST MPOTHB YACOBOW CTPEJIKH, OHU COOHMpArOTCS B
CBSI3AHHBIH My4YOK, KOTOPBIN, BPAIIAsSICh, TOJKAET OAKTEPHIO
BIiepesl. DTH POBHBIE/CBOOOMHBIE NMPOOETH MPEPHIBAIOTCS
TaMOJIMHTaMH, KOT/1a OAKTEPHH COBEPIIAIOT PE3KHe XaOTH-
4ecKHe [BUKEHMsI, HAIIOMMHAIOIINE APOXAHUE U KyBBIPKa-
Hue. OHU BBI3BAHBI PACIUICTCHUEM CBSI3KM (puOpumiLI 3a cuet
n3MeHeHns1 HampaBiieHust ux BpamieHus [108—110]. ITocae
KaXXJ0T0 TaMOJIMHra OakTepusl IBMKETCSI B HOBOM, CITydaii-
HOM HampasJieHuu. TakuM o0pa3om, B OTCYTCTBUE XeMOTaK-
CHCHOTO TpaaveHTa WHAWBHUIYyAJIbHASI KJIETKA JBUXKETCS
ciaydaitHneiM oOpa3zoM. Kak yxe oTmeuasioch, (GakTopbl
Cpelbl, IpUBJIEKAroIIMe OaKTepuil, Ha3bIBAIOTCS ATTPAKTAH-
TaMH, a MPOTHUBOIIOJIOKHBIE UM — penejuieHTamu [74, 75,
108—-112]. Tlepuom cBobomHOrO mMpodera B M3OTPOMHON
cpene ~1—3 c, a tambsmara ~0,1 c. Eciiu 6aktepus mibl-
BET MO TPATUCHTY ATTPAKTAHTA, TO TAMOJMHI YaCTUYHO
MOJABJISIETCS, 4 B TPaJMeHTE pemeUleHTa 4YacToTa TaM-
OJIMHTA YBEJIMYMBAETCS.

MonekyJSIpHBIA MeXaHU3M YIOPaBJICHUS HANPABICHAEM
BpalleHus Quarest 1ocraTovHo cioxed [77, 78, 107, 108 —
114]. Pazpaborana momesib XeMopeueniuu 1y 0akTepui,
HaXOJSIUXCS B IPagUeHTe aTTPAKTAHThI UM pPENesUIeHTA.
OTKPBITO TOCTATOYHO MHOTO PEIETITOPOB, pEaruPYIOIIUX Ha
aTTPAKTAHTHI, @ TAK)XE PEUENTOPOB, PEArUPYIOLINX Ha pe-
NeJUICHTHI. BOJIBIIMHCTBO PEeNenTOPOB BHICOKOCHEITU(DHIHBI

K OJHOMY-IIBYM XHMHYECKMM coeluHeHusM. KiieTka mpo-
BOJUT BPEMEHHOU aHAJIM3 COCTOSIHUSI OKPYXAIOILIEH Cpeabl
NI BBIOOpA OMTHMAJILHOW CTpAaTEeTuy MOBEACHHS, CPABHU-
Bas 3aHATOCTh pEUeNnTOpa M YPOBEHb METHUJIMPOBAHUS
MOTPYKEHHOH! B MUTOIJIA3MY YaCTH perentopa. 3aHsITOCThb
perenTopa OTpakaeT TeKyIIue YCIOBUS OKpYXarollen
Cpelbl, TOrJa KaK YpPOBEHb METUJIMPOBAHUS — YCJIOBHS,
CyllleCTBOBaBLIME B "HEJalleKoM MpoLIoM", KOTOpoe, Kak
MOKA3aJIM IKCIIEPUMEHTBI, COCTABIISIET MPUMEPHO 3 C.

B kauecTBe aTTPAaKTAHTOB WJIM PETEJUJICHTOB JJIs1 OaKTe-
pUif MOTYT BBICTYNATh HE TOJHKO XUMHYECKUE COCITNHEHUS,
HO U ¢usmueckue pakropsl: Temrepatypa [105, 115], ceer
[116, 117], anexTpuyeckue U MarHuTHbIe mojs [118—121],
rpasutanus [122]. Hanpumep, MHTEHCHUBHBIA CHHUU CBET
WHUIUUPYET HENpEepbIBHbIN TaMOmuHr Oakrtepuit E. coli,
MEPEMEHHBIE JJIEKTPUUYECKUE MOJISI MOTYT YBEJIMUUBATH MO/-
BIDKHOCTB OakTepuii E. coli 1 0THOBPEMEHHO TOJIaBJISATh UX
CIOCOOHOCTH K XEMOTAKCHUCY.

B Teuenne NIUTENBHOTO BPEMEHU XEMOTAKCHC Ha yCJIO-
BUSI OKDPYXAIOIIEH CpeIpl PacCMATpPHUBAJICS KaK OCHOBHAS
NpUYMHA JBVOKEHHsI WHAWBHIyaJIbHON OakTepuu. B To xe
BpeMsi OaKTepuaIbHbIE KJIETKH CAMH MOTYT BJIHMSThH HA 3TOT
nporecc. Hanpumep, pu onpenesieHHbIX HeOJaronpusiTHbIX
ycnoBusix kietku E. coli u S. typhimurium BbIIECISIOT IBa
AMHHOKHUCJIOTHBIX aTTPaKTaHTa — aclapTaT U TIroTaMaT
[90, 91, 96, 123]. DT KJIETKM caMU 3aT€M CTAHOBSTCS
JBIKYIIIAMHCST MCTOYHUKAMH ATTPAKTAHTOB W HAYMHAIOT
B3aUMOJICUCTBOBATh C JPYTHUMU KJIETKAMH, KOOPIUHUPYS
X€MOTAKCUCHYIO IIOJABUXKHOCTb. DTO B3aUMOJIEicTBUE BEJET
K Pa3JIMYHBIM HETPHBHAJIBHBIM KOJUIEKTUBHBIM SIBJICHHSIM,
TakuM Kak (GOpMHpOBaHNE IJIOTHBIX MYJIbTHUKJIETOYHBIX
KJIACTEPOB, MOABIKHBIX KOJIEI] ¥ PA3JIMIHON (POPMBI CTAIINO-
HAPHBIX CTPYKTYP.

B HemaBHux paborax ben-fko6a [102—-104] omnpene-
JISIFOTCST OOLIME MPUHIUIIBI POCTA U Pa3BUTHS OaKTepUalIb-
HBIX KOJIOHUH B TEPMHHAX, IPUMEHEHHBIX paHee K HHTEIIJIeK-
TyaIbHBIM cucTeMaM. [lomynsinust OaKkTepuil mMpu TakoM
noaxonae paccMatpuBaercs beH-Ako6om Kkak MHOTOYpOBHe-
Basl CTPYKTYPUPOBAHHASI CUCTEMA CO CJIOKHOU MYJIbTHKJIE-
TOYHOI Mepapxueil, BO MHOI'OM aHAJIOTMYHAsI COLUATIBLHBIM
CTPYKTYypaM, CHOPMHUPOBAHHBIM OCOOSIMH, UMEOIIMMU
WHAVBHUIYAJILHBIA HMHTEJUIEKT. IlokazaHo, 4TO OakTepuu
00JIaTaf0T MHOTOYHCIIEHHBIMH CIIOCOOaMM 0OMeHa WHpOP-
Manuen 151 OCYIIECTBJICHNSI KOONIEPATUBHOTO MOBEJACHUS B
ciiyyae HeOJIAroNpUSITHBIX M3MEHEHUH YCIIOBHH OKpYXKaro-
1IeH Cpe/ibl, BKJTFOYasl IIMPOKUNA HAOOP XUMHUUECKUX CUTHAJIb-
HBIX MEXaHU3MOB, KOJUIEKTUBHYIO aKTUBALIMIO U I€3aKTUBA-
[IUIO TEHOB U JTaXke 0OMEH reHeTHIeCcKoi mHpOpMaueH.

2.2. BakTepnajbHble MOMYJ/IAINOHHbIE BOJHBI

B cepenune 1960-x roqoB Anjiep U €ro COTpYIHUKU YCTAHO-
BUJIM, YTO OaKTEepUH, JOKAIHHO HHOKYJINPOBAHHBIE B IMUTA-
TEJBHYIO Cpedy, MOTYT (HOPMHUPOBATH PACHPOCTPAHSIO-
Imecst MOMyJISSMAOHHbIe BOJIHEI [74, 75]. [ToTtpebiienue cyo-
cTpaTa OaKTepUsIMU TPUBOAUT K BOSHUKHOBEHUIO IPATUCHTA
cybcTpaTa-aTTpakTaHTa. B XaoTHYecKOoM mepeMelleHun
OakTepuil MOSBISETCS COCTABJIISIONIASl, HANPABJICHHAS MO
rpaaueHTy. Kpome Toro, GakTepnu mpoI0IKAIOT pa3MHO-
KATbCS. XEMOTAKCHCHBI OTBET Ha TpaUeHT cyOcTpara-
aTTpakTaHTa 00ycIOBIMBAET (POPMHUPOBAHKE U PACTIPOCTPa-
HEHME KOJIeIl Takcuca — OaKTepHaJIbHBIX MOIYJISIIMOHHBIX
BOJIH. B mporecce nBMkeHHS OakTepwid KOJIbIla Takchca
COXPAHSIIOT PE3KO OUEPUYCHHYIO (HOPMY U ABMKYTCS TPUOITH-
3UTEJIBLHO C MOCTOSIHHOM CKOPOCTBIO, 3aBUCSIIEH OT BSI3KO-
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CTU cpenbl (arapa) W TMOABMXKHOCTH ITamMma. Takoe
TOCTOSIHCTBO XaPaKTEPUCTUK CBSI3aHO C TE€M, YTO JIOKAJb-
HBIl TPaJAMEHT KOHIEHTPAIMM ATTPAKTAHTA MOCTOSHHO
BOCIIPOM3BOJUTCS OAKTEPUSIMU TIPH NEPEMEIICHUN HA HOBOE
MecTo. DTa BOJIHA (PAaKTHUECKH BU3YAJIHU3UPYET T'PAHUILY
MeXay oOJIACTbIO MOHIMXEHHOW KOHUEHTpAIud aTTpak-
TaHTa ¥ TOH OOJACTBIO, IJle KOHLUEHTPAIMs aTTpaKTaHTa
BCe ellle ocTaeTcsl BbICOKOW. [Ipm Hammuum B cpele IBYX
ATTPAKTAHTOB, MOTPEOJIIEMBIX OAKTEPHUSIMHU, MOTYT chop-
MHPOBAThCS B OaKTepHUAIbHBIC MOMYISIIMOHHBIE BOJHBI 32
CYeT MOCJIEeAOBATEIBLHOIO BBIENAHUSI cyOCTpaTa-aTTpak-
TAHTA W MEPEKITFOYCHUS] HA CJICYIOIINI cyOCTpaT, KOTOPBIT
paHee He ObLT BOCTpeOOBaH.

B pesynbTaTe B3amMOAEHCTBHSI OaKTepUATBLHBIX BOJIH
MOTyT (opMHpOBATBCS CTATHYHBIE MPOCTPAHCTBEHHBIE
CTPYKTYpbl [22, 66, 89]. Tum CTpPyKTypbl OmNpenesseTcs
peXuMoM B3aumopeicTBusi BosH [23, 67]. B nanHOM pas-
Jiene MBIl PACCMOTPUM [IBa PEXHUMAa B3aMMOJIEHCTBHUS —
COJIMTOHOTIOTOOHBIN U HECOTUTOHHBIN. [TepBbIii XapakTepu-
3yeTCsl MPOXOXKICHUEM TOIYJISSIIMOHHBIX BOJH JIPYT CKBO3b
Jpyra 0e3 CyleCTBEHHBIX 3aJePXKEK, BTOPO — OCTaHOBKOMI
BOJIH IIPU CTOJIKHOBEHHH.

HecoanTounplii pexxum B3aumopaeiictusa. Ha pucynke 1
NpHUBEIEeH NPUMEP HECOJUTOHHOTO B3aUMOJEUCTBUS
(BOJIHBI TIOCJIE CTOJIKHOBEHHSI ocTaHaBimBaroTcs). Mcxom-
HBI TOCEB OakTepHil OCYIIECTBIISIICS B YEThIPE pa3HbIC
TOYKM WHOKYJISIIAU B CJIa00arapu3oBaHHYIO MHUTATEJILHYIO
cpeny B vamke ITerpu. OTH mecTa 3a cu4eT Pa3MHOKECHUS
OaKTepHil CIyKaT MECTOM 3apOXKICHUsI OaKTepHaJIbHBIX
MOMYJISIIMOHHBIX BOJH. PaccMoTpuM mporece popMupoBa-
HUS CTATHIHOM KpecToO0Opa3HON CTPYKTYPHI, BOSHUKAFOIIHN
MIPH B3aUMOJICHCTBUN OAKTEPHUAILHBIX BOJIH, UCXOISANINX U3
4yeThIpex ToUek [66]. Uepe3 ~ 3—4 4 U3 HIeHTPOB HHOKYJISIIUU
(hopMupyroTcs nepBble KOJIbIEBbIE XEMOTAKCUCHBIE BOJIHBI,
OCHOBHBIM MPOAYKTOM MOTPeOJIeHNs OAKTEepHid U3 TaHHBIX
KOJIET SIBJISIETCSl CEpUH, BXOJSIIUIA B COCTAB MUTATEIHHON
cpensl (Tabdu. 1). C HEKOTOpOW BpeMeHHOW 3aJepk Kol
bopmupyeTcss BTOpoe KOJBIIO XEMOTAKCHUCHOW BOJIHBI
(puc. la). dns Gaxtepuil U3 BTOPOW BOJIHBI OCHOBHBIM

Ta6mna 1. AMHHOKHCIOTHBII COCTAaB MUTATENIbHOI cpebl (1073 Mob)
110 (KOHTPOJIb) M MOCJIE POXOXKIACHHS TAKCUCHBIX BOJIH OakTepwuii E. coli
J621

Cpena KonTpois 1 2 2!
Alanine 1,4 1.4 1,5 1,5
Arginine 2,0 2.1 2,1 2,1
Aspartate 0,3 0,2 0,04 0,03
Glutamate 0,7 0,7 0,6 0,6
Histidine 0,5 0,5 0,5 0,5
Isoleucine 0.4 0,5 0,5 0,5
Leucine 1,5 1,5 1,4 1,3
Lysine 0,8 0,8 0,8 0,8
Methionine 0,2 0,2 0,2 0,2
Phenylalanine 0,9 0.9 0,9 0,9
Praline 0,00 0,00 0,00 0,00
Serine 0,5 0,08 0,03 0,04
Threonine 0,3 0,3 0,2 0,2
Tyrosine 0,9 1,0 1,0 1,0
Valine 1,0 1,0 1,0 1,0
Ipumeuanue. TToayXKUPHBIM IIPUAPTOM BBIIETIEHBI KOMIIOHEHTBI CPEJIBI,
B OCHOBHOM TOTpeOJIsieMble OaKTEPUSIMU MTOCJIe TPOXOXKICHUS TIEPBOIA
BOJIHBI (Serine) M mocliie MpoxoxaeHus BojH 2 u 2’ (aspartate) [66)].
W3MepeHnst BBIIOJIHEHBI HA AMHHOKHUCIIOTHOM aHanm3aTtope Analaser
T339 (Mocrotechna Praha).

ACTOYHMKOM THTaHUs sBisieTcss acnaprat (tabi. 1). Ipwm
CTOJIKHOBEHUH TEPBBIX KoJiell XxeMoTakcuca (puc. 16) dop-
MUPYETCSl TOHKasi JuHUS (puc. 160—r): BOJHBI OCTAHABIIH-
BAFOTCsI, TAK KaK UCUYE3aeT IPAJUCHT CCPUHA.

MoxHo 6bUI0 ObI 0XHIATh TU(P(Y3UOHHOTO pa3MbIBa-
HUSl CTOJIKHYBIIUXCSI M OCTAHOBUBIIMXCS KoJen. OgHaKo
9TOTO HE TMPOUCXOAWT, OaKkTepud CHOBA (QOPMHUPYIOT
BOJIHBL. M3 JIMHUM CTOJIKHOBEHUS MEPBBIX KOJICI] XEMOTAK-
crca Yepe3 HEeKOTOpOe BPeMsl T ITOCIIe CTOJIKHOBEHUS (hopMu-
pyrotcst BosHbl 2’ (puc. 1mx). B pabote [66] moka3aHo, 4TO
pacrnpocTpaneHue GaKTepUuaIbHbIX BOJH 2 U 2’ IPOUCXOAUT
3a cueT MoTpebieHnst OaKTepUSIMH UJICHTUYHBIX KOMIIOHEHT
cyoecrpata. CorjacHO pe3yJbTaTaM 3KCICPUMEHTOB Ha
PA3JINYHBIX MUTATEIBHBIX CPElax M C PA3HBIME IITAMMAaMHA

Puc. 1. DopmupoBaHe KpecTo0Opa3HOW CTPYKTYpHI B Harike [letpu @9 cM mpu B3auMo/IeiicTBUM OaKTEPHAJIbHBIX BOJIH, PACIPOCTPAHSFOIINXCS U3
YeThIpeX TOYEK HHOKYJIsIK OakTepuii E. coli J621 B tuTaTebHyO cpey [66, 67]: (a) conmxkaromuecs KoJiblia xemoTakcuca (1 = 0); (6) CTOJIKHOBEHUE
MEepBBIX KoJlell xeMoTakcuca (7 = 15 mun); (B, T) GopMupoBaHue JHHUN cTOJKHOBeHHs (¢ = 30 MuH, 55 muH); (o) "orpaxenue" — u3 IMHHI
CTOJIKHOBEHHs hOpMHUPYIOTCS BOJIHBL 2’ (f = 85 MuH); (e) croakHoBeHue BoyH 2 u 2’ (1 = 140 Mun); (%, 3) popMHEpOBaHHE KPECTOOOPA3HOMN CTPYKTYPHI.
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GakTepuii 6akTepun u3z ppoutos / "mepexioyarorcs’ moce
CTOJIKHOBEHHS Ha TOT € aTTPAKTAHT, IO TPAJUEHTy KOTO-
poro pacmpocTtpaHsieTcsi 1 BoyiHa 2 (B TaHHOM CiIydae —
acmaptat) (cM. Tab6. 1). [TosToMy mpu CTOTKHOBEHHY BOJTH 2
u 2’ mpoucxoauT GOPMUPOBAHUE COOTBETCTBYIOIIMX JIMHUIA
(puc. le—3).

B pabotax [65, 66] ObLIO NMPEATIOKEHO paccCMaTPUBATh
GakTepuaibHbIE MOMYJSIIMOHHBIE BOJNHBL [ m 2 (2') xak
ABTOBOJIHBI pa3JmuHoi "MomaabaoCcTH". B 0T)IHumE OT aBTO-
BOJIH, UCCJICTOBABIIUXCS paHee B (DU3UKE, XUMUH U OUOJIO-
ruy, OaKTepHasbHbIE BOJIHBI PAa3JIMYHON MOJATBLHOCTH
MOTYT TpaHCHOPMHPOBATLCS ApYr B Jpyra Ojaromaps
MIEPEKJIFOYCHUIO OakTepuil Ha mOTpebJieHne APYroro cyo-
crpara.

OT 4ero 3aBUCHT NMPOMEXYTOK BPEMEHM T, 32 KOTOPBIA

nepBble OaKTepUaIbHBIC BOJIHBI MPU CTOJKHOBEHUU TPaHC-
(OPMHPYIOTCSI B BOJIHBI 2', BBIXOISIINE U3 JIMHUH CTOJIKHO-
BeHus1? OKa3bIBaeTCs, YTO T MMEET HaWMEHbIlee 3HAUYCHHE
P B3aMMOJCHCTBIH OAKTEPHATBHBIX BOJIH, KOTOPBIE pac-
MPOCTPAHSAIOTCS B yCTaHOBHBIIEMcs pexume [99]. B xome
pacmpocTpaneHusi OaKTepHaIbHOW BOJHBI  IUIOTHOCTH
(dbpoHTa yBeIMUMBAETCS 3a CUET JeJIeHUs] OAKTEePHil U BBIXO-
JIUT Ha TOCTOSIHHBI YPOBEHb B YCTAHOBUBIIEMCS PEXUME.
IIpn B3auMOIENUCTBUU BOJIH XEMOTAKCHCA, MCXOISILUX W3
TOYEK MHOKYJISIIIUH, PACTIOTIOKEHHBIX HA MAJIOM PACCTOSHUN
JIIpyr OT JApyra, MPOUCXOIUT CTOJKHOBEHHE (POHTOB C
HU3KOW OaKTepHaJIbHOM TJIOTHOCTBIO M, COOTBETCTBEHHO,
ocTaercs elle JAOCTATOYHOE KOJIMYECTBO MEPBOro cyod-
cTpaTa-aTTPaKTaHTa, a CIeJ0BATEIbHO, U OOJIbIIEe BpEMEHU
TpeOyeTcst Ha MEPEeKIFOYeHUE Ha JPYroi cyocTpaT-aTTpak-
TaHT [99].
Maremaruueckasi MoieJib GOPMHPOBAHUS H PACHPOCTPAHEHHSI
0aKkTepHAILHBIX BOJIH HA MHOrOKOMIIOHEHTHOMH MUTATeIbHOI
cpexe. MatemaTiueckasi MOAENIb PACIPOCTPAHEHUS] XEMO-
TaKCUCHOU BOJIHBI ObLTa Tipeiioxkena B 1971 roay Kemepom
u Cerenewm [124]. 1ist onrcanus mporieccoB GOpMUPOBAHUS A
pacrnpocTpaHeHusi OaKTepUaIbHBIX BOJH HA MHOTOKOMIIO-
HEHTHOM cpefie paccMOTpuM Moaupukanuro Moaenn Kes-
sepa— Cereuns [67]:

0b;
5, = ig(Si) bi+V (1 (S:) Vb;)—
— iV (bi 2 (S) VS;) + Ri(b, S), (2)
as;
%:*Pig(Si)bHrDsVzSh i=1,2,...,m,
o =Dy, ecm S; = Soo,
u(Si) = 1o (i) , ecan S; < Sy, (2a)
Soo
Ri(b,S) = ri_1biy —ri b,
[0, ecmm S;> Sw,
ri_{a(0<oc<l), e S; < Shi, 26)
S,’ Si
Si)=———5, &S)=c—%, 2B
1 (Si) (Si+Sk)2 &(S1) S+ S, (22)

rze b; (x,y,t) — KOHUEHTpAIMsl OaKTepHil, HOTPEOIISIOINX
KOMIIOHEHTY cyberpata S; (X, y, 1), Sh; — MOpOroBoe 3Haue-
Hue cyocrtparta S;, D, u Ds — xod3pdunuentsr nupdy3un
GakTepuii U cydcTpaTa COOTBETCTBEHHO, y (S;) — (dyHKIHUs
XEMOTAKCHCHOTO OTBeTa, g (.S;) — yJesbHasi CKOPOCTh pocTa
OakTepwii, h — xoaddurmeHt takcuca; Sy, S, Shi, Soo, Ki» Pi»

ri, o — KoHCTaHThl. OyHKIUsS R; (b, S) omuchIBaeT mepexos
Gakrtepwmii b;_;, moTpedistommx cyderpart S;—i, B cyomoIy-
TS0 0akTepuii b;, motTpebsrommx cyocrpar S;. Kinaccuue-
ckass MatemMatmueckas mojeib Kemepa— Cerens mMmeeT
mecto ipu m=1 u o« =0, T.e. ST OJHOKOMIIOHCHTHO®
cpenbl M, COOTBETCTBEHHO, 0€3 TepeKIItoueHus: OakTepuil Ha
HoTpebIeHNe IPYTUX Cy6CTPaTOB-aTTPAKTAHTOB |

Pe3yabpTat YnciieHHOT0 MOJAeIMpoBaHus (HOPMUPOBAHHUS
KpecTooOpa3HoOll CTPYKTYPBI, BOSHHKAIOUIEH INPH B3aWMO-
JIeCTBUM OaKTepUAJIbHBIX BOJIH, HCXOJSANIMX U3 YEThIPEX
LIEHTPOB WHOKYJISIIMM, TpeJcTaBjieH Ha puc. 2. OOmas
KapTHHA Tpoliecca nmokaszaHa Ha puc. 2a. s 6oJiee meTaib-
HOTO PacCMOTpPEHHs! Ha puc. 20 BblAeJICHA AUHAMHKA pac-
MPOCTPAHEHUS] U B3aUMOJEHCTBUSI OAKTEPHAIBLHBIX BOJIH,
c(OPMIPOBAHHBIX TOJIBKO OaKTepUsIMHU THUIIA b, (BOJHBI 2 U
2), KaK W3 YeThIpeX IIEHTPOB WHOKYJIAWH, TAK M TOCIE
CTOJIKHOBEHMS! BOJIH OakTepuil b; U HEPEKIIOYEHMs] UX Ha
cyOcTpat S, mocjie UHTepBaia T ~ 25 yCII. ell. BpEMEHHU.

Kax BugHO 13 3kcniepuMenTa (cM. puc. 1) U pe3yJIbTaToB
MOJICJIUPOBAHHUS (CM. pHC. 2), TaHHBIA PEXHUM B3aMMO/ICH-
CTBHUS SIBJISIETCS HECOJMTOHHBIM, TOCKOJBKY MOIYJISIIIAOH-
Hble BOJIHBI / NPU CTOJKHOBEHUH OCTAHABJIMBAIOTCS U HE
IPOXOJAT IPYr CKBO3b Apyra. IIpoxosxaeHue/oTpaxeHue
BOJIH CBSI3aHO C MEPEKIIOUeHNEM Ha MOTPeOJIeHne IPyroro
cybcTpata. DTO MEPEeKTIOYEHUE MPOUCXOIUT B TEUECHHE
HEKOTOPOTO MPOMEXKYTKA BPEMEHHU.

2.3. BoccraHoBiieHHe 0aKTePHAIbHBIX MOMYJISIHOHHBIX
BOJIH NIPH H30JIAINH HEHTPAa HHOKYJISIHH

J71s1 BBISICHEHHUST 3aBUCUMOCTH (pOpPMHUPOBaHUS OaKTepUab-
HBIX BOJIH OT HAYaJbHBIX YCJIOBUIl OBLIM MPOBEIEHBI KaK
MaTeMaTHYeCKOe MOJCIHUPOBAHUE, TAK W 3KCICPUMEHTBI 110
BO3MYIICHUIO PACIPOCTPAHEHUS JIBYX MOCICIOBATEIbHBIX
KoJten, xeMoTakcuca 6axrepuit E. coli ¢ nzonsinueit o6aactu
BOKPYTI TOYKHM HHOKYIISIIIMH, SIBJISOIICHCS HUCTOYHUKOM
TAaKWX BOJIH. BBIIO MOKa3aHO, YTO TaKOE€ BO3MYILIECHUE HE
MPENSITCTBYET BOSHUKHOBEHUIO BTOPOIl BOJTHBI XeMOTAKCHCA
[93].

MartemMaTHueckoe MOJICIUPOBAHUE IPOBOIWIOCH HA
mopenu (2) B IBYMEpHO# cpene sl ABYXKOMIIOHEHTHOTO
ciayvast (m =2) ¢ HavanbHbIME ycioBusmu: Si(x,y,0) =
=S(x,»,0) =S, xe=Ly/2, ye=1L,/2, THE (Xc,Ye) —
KOOpJIMHATHI LEHTpa obJjactu (paauycomM Ry) MHOKYJISIUAU
OGaktepuii (by). Pe3ynbTaThl YHCICHHBIX SKCIEPUMEHTOB
npejacTaBieHbl Ha puc. 3a. Ilocie ¢dopmupoBaHUS IBYX
BOJIH, PACIPOCTPAHSIIONIMXCSI COOTBETCTBEHHO MO CyOCcTpa-
TaM-aTTpakTanTaMm S; u Sp (puc. 3, ¢ = 60), B MOMEHT
BpeMeHu t* = 70 BbIpe3ajlachb OKPECTHOCTb IIEHTPA UHOKY-
Jsoun paanycoM R = 30 Tak, 4TOOBI H30JUPOBATH BTOPYIO
BOJIHY:

Sl(xvyvl*) = Sz(X,J/,[*) = 07

bl(x7y7t*) :bz(-x7y7t*) :07

eciu \/(x—xc)2 +(—y) <R.

B mporniecce pacpocTpaHeHust BOJIHEI IO cyOcTpaTy S| u3
OakTepwmii, OTCTAIONIMX OT (PPOHTA MEePBOIl BOJHBI, POpPMH-
pyertcs BTopas BoJiHa, noTpedJistomas cyocrpar Ss.

! Bostee noapo6HO 0 MaTemaTHieckoit monenu Kemepa—Cerenst cM. B
o63ope [22].
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t =370 t =380

t =350

t =360

t =370 t =400

Puc. 2. dopmupoBaHue KpecTOOOPa3HON CTPYKTYPhI B YUCICHHOM 3KCIEPUMEHTE HA MaTeMaTHYeCKOH Mojesn (2) [iIst ciryyasi AByXKOMIIOHEHTHOMI
cpenpl (m = 2) pasmepom L, x L, = 210 x 210 [99]: (a) nuHamMuKa pacnipocTpaHeHus ¥ B3aMMO/IEHCTBUS IOy IAUMOHHLIX BOJIH OakTepuit b = b; + b;
(6) nuHamuka GOPMUPOBAHHUS, PACTIPOCTPAHEHHS U B3AMMOICHCTBHUSI MO SIMOHHBIX BOJH (2’ u 2) Oakrepuii by. [lapamerpsl Monenu: hy = 0,4,
hy =02, S, =5%x1073, S, =0,55, Sy =10, S;=0,05, «=0,1, S0 =0, by =0,8, Dy =0, Ds =0, ky =ks =1, p; = p» = 0,4. KoopauHaTsI
LHEHTPOB UHOKYJISINH (X, Ve): (55, 55), (155, 55), (55, 155), (155, 155).

t=0

t = 80 mun t = 120 mun

Puc. 3. PopmupoBaHue U PacHpOCTPaHEHHE BTOPOIl OaKTEpUATbHON BOJIHBI MPH M30JSIIUH IeHTpa HHOKYsimud [93]. (a) Pe3yabTaTsl YHCICHHOTO
9KCMEpUMEHTa Ha MaTeMaThu4yeckoit Mojenu (2). JIByxkomnonenTHas cpeaa (m = 2) pasmepoM L, x L, = 250 x 250. ITapameTpsl mogenu: hy = 4,
hy=2,8,=0,7, Sk=5x1073, Sy =5x10"% S, =005, a=1, So=0, bp=1, Dy =0, Ds=0, kj =ky =1, pi =p, =04, R=30. (6)
Tlonynsanuonusle BoJIHEI 6akTepuil E. coli J621: pacnpocTpaHeHue nepBoro (/) 1 BToporo (2) KoJerl XeMOTAKCHCA U3 IIEHTPa HHOKYJISIHHN, YyCTAHOBKA
LMIHHIPHYeCKOl neperoponku W (1 =0) aias BTOpOro KoJiblia; (popMHPOBAHHE BTOPOrO KOJIbIA XEMOTAKCHCA BHE Heperopoiaku (f = 80 MuH,

t = 120 mun).

4VYDH, 1. 177, Ne 3
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KaxoB mexanusm storo npornecca? M3 maTemaTuueckoi
mopesu (2) ciaemyer, 4To MepeKItoueHne OaKTepuit ¢ OJHOTO
cyOcTpaTa Ha APYrod MOXET MPOUCXOOUTH TOJIBKO TpHU
MaJICHAW KOHIIEHTPAIUH MEPBOro CyOCTpaTa Jio IoporoBOro
3HaueHust Sp;. [Ipm ycioBuM, 4TO CKOPOCTH pacnpocTpaHe-
HUSl ¥ OaKTepHaibHasl IUIOTHOCTh NMEPBOW BOJHBI IIOCTOSH-
HBI, Yepe3 paBHbIC TPOMEXYTKHA BPEMEHH HOCIE MPOXOXK/Ie-
HUsE (pOHTA BOJIHBI KOHIEHTpauusi cyocrpata S;(x,y) B
KaXI0M TOUKe omyckaeTcss A0 BeqmuuHbl Sphj. CooTBet-
CTBEHHO, TOCJIC M30JISIIUU IIEHTPa WHOKYJISIIIUU C OKPECT-
HOCTBIO, B KOTOPOW HAaXOJUTCS BTOpPAsi BOJHA, MEPBBIMHU
HAYMHAIOT TEPEKJIF0YaThCs Ha NOTpebJieHHe BTOPOro cyo-
cTpaTa-aTTpakTaHTa OaKTEepHH Ha OKPYXKHOCTU PaInyCcoOM
R. B pe3yibTaTe pacnpoCTpaHseTCs BOJHA MEPEKITFOUSHUS
OakTepwii, OTCTABIINX OT MEPBOTO KOJIbIIA XeMOTAKCHCA, HA
notpebsienne cyberpata S,. HeoOXomuMmbIM  yCIOBHEM
CYLIECTBOBAHUSI XEMOTAKCUCHOW BOJIHBI SIBJISICTCSI HAJIMYKE
rpagueHTa KOHIEHTpaluu cyOcTpaTa-aTTpaktanTta. Oue-
BUHO, YTO TPANEHT KOHIEHTpanmu cyocTpaTa S», BOSHUK-
HYB Ha OKPY>XHOCTH pagnycoM R, IPUBOJUT K BOZHUKHOBE-
HUIO HATIPABJIEHHOT'O IBMKeHUS OakTepuii. [IpocTpaHcTBeH-
Has IJIOTHOCTb OakTepuil, paclpoCTPAHSIOIIUXCS B 3TOM
HAOpaBJICHUM IO TPAaUEHTY Sp, YCUIMBAETCS 34 CYET
OakTepmii, MOCIETOBATEIHLHO NEPEKIIOYAIONINXCS HA TIO-
TpebseHne S, npu r > R. DT HAKTOPHI U OOYCIOBINBAIOT
(hopMUpOBaHHE BTOPOTO KOJIbIIA XEMOTAKCHCA.

Pe3yibTaThl YHCIICHHOTO MOJCIMPOBAHUS ObUIH TMOJ-
TBEPXKICHBI B 3KCIIEPUMEHTAX 110 (POPMUPOBAHUIO OAKTEPH-
AJIbHBIX TOMYJIAIMOHHBIX BOJH. B 3TUX JKCIepUMEHTax
Gaktepnu E. coli J621 WHOKYJIHPOBANCH B IEHTPE YAIIKU
IMetpu qmameTpoMm 9 cM Ha c1a60arapu30BaHHYIO IIATATEIb-
nyro cpeny (menton — 1,5 %, arap "Difco" — 0,27 %, NaCl
— 0,5%) u uaKyOupoBayuch mnpu Ttemmepatype 37°C.
IIpensapurenbHo B yvamky IleTpu 3anumBaiiach CHIBHO
arapmsoBanHast "mommoxka" (2% arapa "Difco", 0,5%
NaCl, Tommuuoit ~ 2 mMm). OHa HeoOXoauMma sl HaJIexk-
HOM W30JSIMH TEHTpa HWHOKYJSIMU. W3omsmmsi TmeHTpa
MPOU3BOIAIACH HEMTPOHUIIAEMON NUJIMHIPUIESCKON MePero-
ponkoir mocie ¢GopMUpPOBAHUS BTOPOW OakTepuasibHOU

BOJIHBI TaK, YTOOBI BeCb BTOPOH (PpOHT okazaycs BHYTPHU
TIEPErOPOAKH.

Ha pucynke 306 mpejacTaBiieHbl pe3yJIbTAThl 3TUX JKCIIe-
PUMEHTOB. BUHO, UTO MOCIIE H30JISIIAY IIEHTPa MHOKYJISIITAT
U BTOpo# BoJHBI (puc. 36, ¢ = () HA HEKOTOPOM PACCTOSIHUU
OT U30JMPOBAHHON 00J1acTH BCE-TAKU UAET IPOLECC 3aPOXK-
JIEHUS1 HOBOU BOJIHBI, popmupyemMon 6aktepusimu (puc. 30,
t = 80 muH, ¢ = 120 MUH), OTCTABIIMMH OT IIEPBOTO KOJIbIIA
xeMoTakcuca. [TosiBiieHre U IepeMeleHne BToporo GppoHTa
00ycJ0oBJIeHO B OOJIbIIEH cTeneHn aganTanueil 6akTepuit k
U3MEHEHHOU cpelie, HeXKeJIN HaYaIbHbIMH YCIOBUSMH.

2.4. CoIMTOHONOTO0HDBIN PesKUM B3aMMO1eHCTBUS
0aKkTepuaIbHBIX BOJIH

B paborte [67] kak B pe3yJibTaTe MATEMAaTHYECKOT'O MO/IEIIH-
pOBaHUs, TaK U IKCIECPUMEHTAJLHO BIEPBbIC OBLIO TOKa-
3aHO, YTO B UCClenyeMoil OakTepuaJbHO MOMyJISIIMOHHOR
CHUCTEME CYIIECTBYET TaKXe COJUTOHOMOJOOHBIA pPeXuM
B3aUMO/ICHCTBUS KOJIEI] XeMOTAKCHCA: MPH CTOJKHOBEHUHU
OaKkTepuasbHBIX BOJH, CKOPOCTh PACIPOCTPAHEHHS! KOTO-
PBIX MPEBBINIAET HEKOTOPOE KPUTUYECKOE 3HAUYCHUE, OHU
MOTYT HPOXOAUTH/OTpaxaTbcsi OPYT CKBO3b Ipyra 0e3
CYLIECTBEHHBIX 3alepxkek. Ha pucyHke 4a mpezacraBiieHa
IUHAMUKA COJIMTOHOMOJOOHOTO B3aMMOJIEHUCTBHAS OakTe-
pUATBPHBIX BOJH B YHCJIEHHBIX HKCIIEPUMEHTaX Ha MOJENH
(2), a Ha puc. 40 — nWMHAMHUKA B3aMMOJCUCTBUHA MOMYJIs-
LIMOHHBIX BOJIH Oaktepuil E. coli Ha cnaboarapu3oBaHHOU
MUTATEIbHOU Cpefie.

KakoB wmexaHusm manHoro B3ammopeictBus? Kak
M3BECTHO, CHJIA XeMOTAKCHCHOTO OTBETA IJIaBHBIM 00pa3om
3aBUCHT OT OTHOWIeHUs dS/S (rme S — KOHIEHTpauus
cybcrpata-arTpaktanTta) [125]. Takum oOpa3om, gaxe mpu
HaJIMYMH OTHOCUTEJIBLHO HEOOJBIIOro KOJMYECTBA CYyO-
CcTpaTa NpU BBICOKOH CKOPOCTU €ro MOTPeOJICHUS MOXET
CO3JaBAThCS TOCTATOYHO OOJIBIION IPagUeHT aTTPAKTaHTa.
B HavanmbHBIE MOMEHT KOHTAaKTa (POHTOB KOHIIEHTPAIIHS
OakTepwii B TOUKE CTOJIKHOBEHHSI YBEJIMUMNBACTCS, H OaKTe-
pHH, JIOKAJIM30BAHHBIC B TAHHOM MECTE, CIOCOOHBI CO3/1aTh
HOBBIM I'paJUMEHT KOHIEHTpAaIlMM HEepBOro cybcrparta, Oc-

A

t=0

t = 20 MuH

t = 28 MuH t = 33 MuH

Puc. 4. ConmToHONOJOOHBIN PEXUM B3AaUMOACHCTBUSI OAKTEpUATIHHBIX HOIYJISIMOHHBIX BOJIH. (2) YMCIICHHBIA SKCHEPUMEHT HA MaTeMaTHYECKOU
mMojenu (2) 1St cayvast IByXKOMIIOHEHTHOU cpenbl (m = 2) pasmepoM Ly, x L, = 210 x 110 [99]. [1apameTpsr Mmoaemu: hy = 6, hy = 3, ocTajbHbIE
nmapaMeTphl TAKHe XKe, Kak B IOAMICH K prc. 2. KoopanHATEI NEHTPOB HHOKYJISIIUH (X¢, Vc): (55, 55), (155, 55). (6) B3aumoneiicTBre OakTepHaIbHBIX
BOJHH (E. coli J621 ), BBIXOASIKX U3 IBYX LEHTPOB MHOKYJISIUHU B c1aboarapu3oBaHHol nmuraTensHol cpene (1 % nentow, 0,5 % NaCl, 0,22 % arap "Typ
USA", Tonumua ciost ~ 1—2 MM, yamika [etpu (@9 cm) npu remneparype 37 °C). Bousbl ipu croikHOBeHuH (1 = 20 MHH) IPOXOISAT/OTPAXKAIOTCSI
JIPYT CKBO3b Apyra 0e3 CylIecTBeHHBIX 3aiepxek (1 = 28 muH, ¢ = 33 muH) [67].
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TaOLIErocs Mocje NPOXoXIeHHs! BOJHBL. Eciu ke Ha OakTe-
puagbHOM (GpPOHTE W 3a HUM OCTAeTCsl elle HEKOTOpoe
KOJIMYECTBO TIEPBOr0O CyOCTpaTa, TO BHOBb CO3/IAHHOTO
rpajiueHTa JTOCTATOYHO ISl TOAJIEPKAHMS HAIIPABJIEHHOTO
JBYOKeHHS O€3 TIepeKJIIoUeHUs Ha BTOpoi cyoctpart. Pacmpo-
CTpaHEHUE BOJIHBI IO IEPBOMY aTTPAKTAHTY OyAeT MpOoa0JI-
KaTbCsl 10 OOJIACTH CPefbl, TJe OH yXe OTCYyTCTBYET, YTO
00yciI0oBJICHO TOTpebJieHneM cyOcTpaTa OakTepusiMH, He-
OoJbIlIasi 4acTh KOTOPBIX BCETNla OTCTAaeT OT MEPBOTO
KOJIbIIA XeMOTAKCHCA IIPHU €r0 PACIIUPEHUN.

Ckopoctb V' pacnpoctpaHeHHs] OaKTepUaJIbHBIX BOJIH
3aBUCAT OT KOHIIEHTpAlMM arapa B MHUTATEJILHOU cpeje.
W3MeHsiss KOHIIEHTpAlMIO arapa B NMUTATEIbHOU cpene, B
JKcrepuMeHTax [67] mokazaiaw, 4TO COJUTOHOMOJOOHBIN
PeXUM B3auMOACHCTBUS OakTepuaibHbIX (E. coli J621)
BOJIH UMEJI MECTO NPH OTHOCUTEIBLHO OOJIBIIHNX CKOPOCTSIX
paciIupeHnsl KoJiell XeMoTakcuca: Tpa V> 9 MM ! —
COMTOHONOAOOHBIH pexum; mpu 4,5 < V<9 mm u~!
HECONUTOHHBIN pexuM (mpu V < 4,5 mm u~! mabmonasca
OECCTOJIKHOBHUTENIBHBIA peXuM B3aumopevicteus [92]). B
YHCJICHHBIX SKCIIEPUMEHTAX HA MaTeMaTH4eCKoi Moaenu (2)
CMEeHa PEXHMOB B3aUMOJCUCTBUS OT HECOJMTOHHOIO K
COJIUTOHONIOJOOHOMY TaKXXe MPOUCXOIUT MPH YBEJIUYCHUU
CKOPOCTH PACIIPOCTPAHEHHU S BOJIHEI B PE3YJIbTATE M3MEHEHUS
ko3¢ unuenTa Takcuca h.

3. OcHoBHBIE CBOIiCTBA
NONYJISIHOHHBLIX TAKCHCHBIX BOJIH

MaremaTideckasi Moxeib. CBOICTBA MOMYJISIIMOHHBIX TaK-
CHCHBIX BOJTH pACCMOTPHM Ha MPUMeEpPE peakmmoHHO-Tuddy-
3MOHHOW MaTEMAaTHYECKON MOIEJIN THITA XUIIHIK —XepTBa C
HAMpPaBJICHHBIM JBIDKCHUEM XHIITHUKOB B CTOPOHY KEPTB H,
HA000pOT, xepTB OT XUIIHUKOB [9]. [TomoOHbBIE 3a/1auu, HO
Ha MOJEJSX THUMA KJIETOYHBIH aBTOMAT C BKJIIOYCHHEM
MpecyeIOBaHNs] XUITHIKAMH JXEPTB H yOeTaHUEeM XEePTB OT
XUIHUKOB OBLIM paccMOTpeHbl B pabotax [126—128]. B
paborax [68, 69] BnepBble HMOJHO HCCIIEIOBAHBI CBOWCTBA
HEJIMHEHHBIX BOJIH B OAHOMEPHON MaTeMaTU4eCKOH MOAEIN
XHLTHHUK —XEePTBA C BKIIOYEHUEM MOJIOKUTEILHOTO U OTPH-
naTejapHOro Takcuca. s cucteM peakuus—auddys3us —
TAKCUC W PEAKNUsi— TaKCUC OB MPOJAEeMOHCTPUPOBAH
HOBBI THIT PACIPOCTPAHEHUS] BOJH, MEXaHU3M KOTOPOTO
CYLIECTBEHHO 3aBUCHT OT TaKCHCa, a Takke OOHapy>KeHbI
COBEPIIICHHO HEOXUIAaHHBIE Pe3yIbTATHI [68, 69].

PaccMoTpuM OJHOMEpPHYIO CHCTEMY THIIA PEaKIHs —
nuddy3usi — TAKCUC, OMHCHIBAIONIYIO MOIYJISIIUOHHYIO MO-
JIeJTb THITA XMITHUK —XEePTBA, MPOCTPAHCTBEHHAS IBOJIIOIHUS
KOTOpOi#l ympaBisieTcsl Tpems mporeccamu: auddysueit
00eux MEepPEeMEHHbIX, MOJIOKUTEIbHBIM TAKCUCOM XMIIHHKA
Ha TPAJUEHT XEePTBBI, OTPUIATEIBLHBIM TAKCHCOM >XEPTBBI
Ha TPAIUCHT XUIIHUKA:

oP o*p 0 oz
E_f(P72)+DW+h, o Pas
aZ—(Pa+D§Z/ o opP ®)
or 8\ ox? tox T ox’

rae P (x,t) — IUIOTHOCTb IOMYJIAIMH XePTBBI, Z (x,1) —

IJIOTHOCTB HOMYJISIUY XUILIHUKA, K03 dumeHTs! 1uddy3uu
IJIOTHOCTEW P M Z CUMTaeM OJMHAKOBBIMM, paBHBIMU D,
0/0x (P (0Z/0dx)) n 0/0x (Z (OP/dx)) — TaKCHCHBIC UJICHBI,
h_ — xo3pPUIMEHT OTpUIATEILHOTO Takcuca P Ha rpa-
IUeHT Z, hy — Kod(hOUIHEHT MOJIOKUTEILHOTO Takcuca Z

4%

Ha rpagueHT P. OyHKIMK JOKalbHOM kuHeTHku f(P,Z) n
g (P,Z) ObLIH B35THI TAKUMH XKe, Kak B padborax [129, 130]
mpu uccienoBaHuu Monaenu Tpyckorrta—bpunaim —
CHCTEMBI THIA peakius—auddy3us, OMUChIBAOIIEH MOIIY-
JISIIUOHHYIO IMHAMUKY (GUTOILIAHKTOHA (P) ¥ 300ILIAHKTOHA

(2):

ZP?
P,Z)=pP(1—P)————
f(P,Z) = BP( ) =Py
(3a)
yZP?
8P 2) =45~ WL,

rae f3, 7, v, W — KOHCTAHTBI.

M3BecTHO, 4TO TAaKOTO poAa KUHETHKA JAEMOHCTPHUPYET
"Bo30ymuMoe" 1moBeneHuE, T.€. B ClIy4ae PeaKUOHHO-IU]-
(y3uoHHOI cuctemMsl (h_ = hy = 0) Ipu onpe/IeIeHHBIX Ia-
pamMeTpax BO3MOXXHO PaclpoOCTPaHCHUE OAMHOYHON BOJIHBI.
IMepemenHbIe U mapamMeTpbl Mogeu (3), (3a) 6e3pa3zMepHbIE.

Bce 4ucrieHHBIC 3KCIEPUMEHTBI MPHU  HCCICIOBAHUH
CBOICTB MaTeMaTH4YeCKOW Mozenu (3) THIa peakims — Tud-
¢y3ns—Ttakxcuc (D >0, h- > 0 u/mwmm hy > 0) 1 peakws—
takcuc (D =0, A- >0 u/umm sy > 0) BBIIOJHEHBI C MO-
MOIIIbIO MPOTHUBOIIOTOKOBON Pa3HOCTHOW cxembl (upwind-
cxema), peIJIoXKeHHol B pabore [69]. OTMeTHM, YTO B OT-
naure oT "Kiaccuueckoit" LEeHTpaibHOM CXEMBI 3Ta CXeMa
TO3BOJISIET TPOBOJUTH BBIYKMCIICHUSI HE TOJBKO MPU MAaJIBIX
3HaUCHUSX Kodpdunuenta mupdy3un D, HO TaKKe U TPU
D=0.

KpoMme crienuanbHO OTMEYCHHBIX CIIyYaeB, BBIYMCIICHUS
MPOBOAMIINCH IPH CICAYIOIIAX 3HAYCHHUSIX MAPaAMETPOB:
p=1,v=0,07,w=0,004 u qy1s ABYX pa3HbIX 3HAUCHUH }:

a) y = 0,01, mpr KOTOPOM BO3MOXHO pacIpoCTpaHEHUE
BOJIHBI TOJIbKO 3a cueT auddy3um (t.e. pu h =h, =0,
D > 0);

6) y = 0,016, mpu KOTOPOM HEBO3MOXKXHO pacHpoCTpaHe-
HUe YucTO (G Py3nOHHON BOJTHBL.

3.1. BoaHbl B cucteme

peaxmusi — qudy3us — takcuc (y = 0,01)

Ha pucynke 5 moka3aHbl TpOGIIIM HOMYJISIIAOHHBIX BOJIH,
OINHUCHIBAEMBIX CHCTEMO# ypaBHeHuiU (3), B peakIMOHHO-
nuddy3noHHOM cirydae (puc. 5a) U ¢ 100aBIeHUEM TaKCUC-
HBIX 4JIeHOB (puc. 50, B, 1—k). TaKCUCHBIE YJIEHBI CYIECT-
BEHHO M3MEHSIOT MPO(GUIL BOJHBI, IpuieM KodddunueHTa
h, BHOCUT 3HAYUTEJIbHO OoJbIlmid 3¢ dexT, yeM /_. Eciu
h_ > 0wuh; = 0, TO BOJHBI OCTAIOTCS TOM ke (POPMBL, UTO U B
yrcTo 1uddy3HOHHOM Citydae ¢ JUIMHHBIM U [J1aIKAM ILIATO.
Ilpu /i, > 0 B mpoduiie BOJTHBI MEepPeMEHHONW Z BO3HUKACT
SIBHO BBIPQ)KEHHAs1 HEMOHOTOHHOCTDb, a JUUISI BOJIHBI TEpe-
MEHHOM P xapakTepHbl aBa npoduiss — "omHoropOsiit" u
"Byrop6mui".

KauectBeHHOE OOBsICHEHHE M3MEHEHHSI (POPMBI BOJIHBI
MOJKHO PACCMOTPETh Ha IIPUMEPE BKJIFOUCHHUS TOJBKO MOJIO-
KUTEJIbHOTO Takcuca Z Ha rpagueHT P s hy > 0. Ilepen
BOJIHOW CHCTEMa HAaXOJUTCS B YCTOWYMBOM COCTOSIHHHU.
JlokanpHOE yBeJIMYEHHME IJIOTHOCTH P Ha  oTpe3ke
0 < x < Xp BBI3BIBACT HOTOK Z M3 OKPECTHOCTH IMepen
TOUKOW X( Ha rpamueHT P. Takxum 00pa3oM, cOCTOsHHE
paBHOBECHS Iepe] TOUKON X HAPYIIIAETCs 32 CUET YMEHbIIe-
HUS TUIOTHOCTH Z, YTO IPUBOUT K YBEJINUCHHUIO TUIOTHOCTH
P. TlocnenoBatesbHasl LIEMOYKA TAKUX COOBITHUH SIBIISETCS
OPUYUHON BO3HUKHOBEHHS OCryIleil BOJHBI. 3aMETHM, 4TO
JUISL JAHHOTO MeXaHu3Ma (popMHUpPOBAHUS BOJHBI COBCEM HE
TpeOyeTcss MpHUCYTCTBUS B cucteMme mubdy3un. DTOT xe
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P ho=h,=1 T
0 ho—h. =0 a 10 h =0,k —05 6 0 ho—0h —09 ®) 0BT
P.Z P.Z P.Z
0,5 . 0.5 - . 0.5 - | 0,057 —
1,25
0 +— 0 . 0 t t 0,056 L
30 50 70 90 70 90 110 130 70 90 110 130 61 63 65
X X X X
0,145 -
’ ho=h.=1 3
1,0 1.0 z C
, Or h=1Lh =05 ¢ K| 040 -
P,z P.Z
0.5 0,5 - | 0.135
1,23
0 0 0,130 !
60 80 100 120 30 50 0 9% 30 50 0 9% 60 62 64

Puc. 5. (a—B, 1—x) TaxcucHble BOJIHBI B cucteme (3) (P — moJry)KUpHBIe JIUHAN, Z — CBETJIble JIMHAM) IPU Pa3InIHbIX Kodpduunentax iy (D = 0,04,
p=1,7=0,01, w=0,004). (r, 3) OcluIAIMA TIepeJHEr0 (PPOHTA MUMIIYJIbCa (TEOPETHYECKOE 3HAYCHHE MMOJIOBUHBI JUTMHBI paBHO 1,256), ropu3oH-
TaJIbHBIE JIMHUU COOTBETCTBYIOT YCTOWYMBOMY cocTostHuto (Py, Zy) [68, 69].

MEXaHU3M OOBSICHIET BO3HUKHOBEHME Tiepea PPOHTOM TaK-
CHUCHOW BOJIHBI ocuuuisiiuu (puc. 5r,3). Tak kak 3Tu
OCHUJUTSIIIAA UMEOT MAJIyI0 aMILUIATYIy, OHH MOTYT OBITh
OIHUCAHBI B paMKax JITHeapU30BaHHOM Teopuu. [1pu ycraHo-
BHBIIIEMCS PACIIPOCTPAHCHUN BOJIHBI CO CKOPOCTBIO ¢ IEpe-
MeHHBIE P ¥ Z 3aBUCIT TOJbKO OT KOMOUHAmu & = x — ¢t u
yIOBJETBOPSIIOT aBTOMOIEIbHON CUCTEME

KOHIIEHTpaIMsl XepTB pe3ko majgaeT. Tak ke Kak U Ha
nepeaHeM (PpoHTE, CyIIECTBEHHO BiusHUE nuddy3uu P u Z.
CoBceMm Jpyrasi TMOCJIEIOBATEIBHOCTh COOBITHIA B peak-
IIMOHHO-TaKCUCHOU cucteMe. Kak yxke oTmedasioch BBIIIE,
nepeHui GpOHT P MPUTSITUBAET Z, BBI3bIBAS CMeleHUe Z B
HanpapjeHuun ¢poHTa P. 31mech HEOOXOAMMO YYUTBHIBATH
BTOPOW MeEXaHU3M: nepeaHuil GpoHT P mepemeniaercs 3a
CYET OTPHUIATEILHOTO TAKCHCA KEPTB HA TPATUEHT XHUILIHH-

2
f(P,Z)+D a-p +h i P LZ s ﬁ -0 KOB. DTH X€ MEXaHU3MBI CMeIlleHUusT P u Z omnpenesistor
SR der T de d¢ dz dopMy 3amHEro (poHTA, a TaKXe TO, YTO BPEMEHHAS
, (4)  TPOTSKEHHOCTH (T) TAKCUCHOM BOJTHBI 3HAYMTETHHO KOPOUE

g(P,Z)+D£—I1+£Z£+cd—Z:O. mudysuonnoi [70].
de? dé  d¢ dz KBa3HCOIMTOHHOE B3aHMO/IeHCTBHE TAKCHCHBIX BOJIH. B pa6o-

Ha pucynke 5x ckopocts BosHbl ¢ = 0,3535, crannonap-
Hble 3HaueHuss Py = 0,05703, Z, = 0,13480. C stumu napa-
MeTpaMy IPOCTHIC BBIYUCIICHUS JAOT pelleHns B hopme

(P,Z)(&) = (Py, Zo) + Re|[(P1, Z1) exp(—1&)] |
|P1,Zl| < |P07ZO| , A~1992542,5014i.

N3 aToro cienyet, 4TO MOJOBUHA JUTMHBI OCUUJUISIINAN BIOIb
koopauHathl & 1/Im 4y 5 & 1,256, 4TO XOPOLIO COrIaCYeTCs €
Ha0JIr0TaeMbIMU TTPOQGHUIIIME BOJIH (pHC. 5T, 3). 3HAUUT, 3TU
OCIUJUISIIIAY HE SIBJISIFOTCS YUCIICHHBIM apTedakTom [68].

Tax [68, 69] oOHApY)KEHO, YTO CUCTEMA ypaBHEHUH (3) uMeeT
00JIacTh B MMapamMeTPHIECKOM MPOCTPAHCTBE, ISl KOTOPOH
XapaKTepHO KBA3UCOJUTOHHOE B3aNMOIEHCTBHE BOJIH: CTaJI-
KHMBAIOIIHECST BOJIHBI IPOXOAT (OTpakaroTcsi) APYr CKBO3b
JIpyra ¥ OTPaXaroTcsl OT TPAHUIl. DTO UX OCHOBHOE OTJIMYME
OT KJIACCHMYECKMX aBTOBOJIH B BO30yAMMBIX cpenax [62]. Ha
pHUCYHKE 6 TIOKa3aHbl Pe3yJIbTATHl YUCICHHBIX SKCIePUMEH-
TOB Ha OTpe3Ke JUIMHOW L ¢ HEMPOHUIIAeMbIMH TPaHUIIAMUA
(0P/0x| g, =0 u 0Z/0x|,_y , = 0); 1Be BOJIHBI 3amycka-
JINCh U3 KOHIIOB OTpe3Ka, Pe3yJbTaThl MPEICTABJIECHHI B
koopauHaTtax (z, x). Uucto nuddy3noHHbIE BOJHBI AHHUTH-
JIMPYIOT TPU CTOJKHOBeHHH (puc. 6a). [lpu BKIFOUECHUU

BaxHoe CBOHCTBO TAKCHCHBIX BOJIH — COXpAHCHHE , —
(bopMBI, aMIUTUTY/IbI U CKOPOCTH, T.€. 3TH XapPAKTEPUCTUKU ho=hy =0 a ho=hg =1 64 \wﬂ
BOJIHBI TIOCJIE TEPEXOMAHOrO MEePUOAa YCTAHOBJICHUS HE /\
3aBUCSIT OT HAYaJIbHBIX ycioBwil [68, 69]. B atom onnm ho=2hy =229
MOA0OHBI ABTOBOJIHAM M OTJIMYAIOTCSI OT BOJIH B KOHCEpBa- Y
TUBHLIX CUCTEMAX. \

OTMeTHM OCHOBHBIE PA3JIMYUsl B MEXaHU3MaxX pacrpo- S ]
CTpaHEHHUs BOJH B PEAaKIMOHHO-TM(PPY3MOHHBIX M peak- -l
IIMOHHO-TAKCUCHBIX CHCTeMax. B peaknuoHHO-Iu(Py3nOH- l(/ /\
HOW BOJIHE IJIOTHOCTh XHITHUKA M3MEHSETCS MEIJICHHO Ha . . .

nepenHeM ¢poHTe. PacmpocTtpanenme BosHOBOTO (DpoHTA
IPOUCXOAUT OOBIYHO 3a cueT Iuddy3un M JIOKAJIbHOR
HEJIMHEHHON AMHAMUKY KepTBbl. MeXIy NMepeaHuM U 3al-
HOM (POHTOM IUIOTHOCTH XHIHHMKA MEIJICHHO YBEIMYH-
BaeTcs 3a cyeT notrpedieHust uM xkepTB. Ha 3amnem gponTe
KOHIEHTpALUsl XUITHUKOB JTOCTUTAeT TAKOIO 3HAYEHUS, YTO

Puc. 6. IIpocTpaHCTBEHHO-BPEMEHHAS IUHAMUKA PACIPOCTPAHCHUS U
B3aUMO/ICHCTBUS BOJIH (3) TPH Pa3JINYHBIX TAKCUCHBIX KOd(DUIIMEHTAX
hy [69]: (a) anHUTUIISAIMS BOJIH; (0) KBA3UCOJIMTOHHOE B3aUMO/ICUCTBUE;
(B) KBAa3MCOJIMTOHHOE B3aMMOJICHCTBHE C PACLICILUICHMEM BOJIH IOCIIE
crosikHOBeHu#. Bo Beex ciyuasix D = 0,04, L = 500, 7 € [0, 3000].
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TAKCHCHBIX YJICHOB HAOJIOJAIOTCS [1Ba THUIIA B3aMMOICH-
cTBUs: (0) KBAa3UCOJIMTOHHOE — BOJHBI HPOXOISAT IOPYT
CKBO3b JIpyTa U 3aTEM OTPAXAKTCS OT TpaHull; (B) — Mmocie
TOT'0, KaK BOJIHBI IIPOIIUIH JIPYT CKBO3b JIpyra (MJIH OTpasu-
JINCh OT TPAaHWUI), OHW PACIIEIUISIOTCS, T.€. OT 3aJHHUX
(POHTOB OTHEJISIFOTCSI BOJIHBI, KOTOPBIE MPU B3aUMOJIEHCT-
BUU JIPYT C IPYTOM aHHUTUJIMPYIOT.

OTMeTHM, YTO COJIMTOHONOAOOHBIE B3aMMOJIEHCTBUS
HaOJIOMAIOTCSI B HEKOTOPBIX PEaKIMOHHO-THG(DY3HOHHBIX
cucTeMax ¢ BO30yAMMON KMHETUKOH (aBTOBOJIHBI) KaK IpHU
MaTteMaTuieckoM MojiesmpoBannu [131 —138], Tak u B akcme-
pumenTax [138, 139]. Odnaxo makue g3aumodeiicmeus ceeda
02PaHUYeHb OUeHb Y3KOL NAPAMEeMPULecKoti 00.4ACmblo, Aedca-
weti Ha epanuye HCOyweeo U KoAeOAMeAbHO20 PeNCUMO8
cucmemut [134—137]. AHaM3 nepexoaa OT pexkruMa aHHHUTH-
JISIIAY K COJTATOHOTIOTOOHOMY TPH CTOJIKHOBEHUH JIBYX BOJIH
nposeseH B padorax [140, 141] Ha mpumepe peakIMOHHO-
nupdy3uonHoit MatemaTuueckoir Momaean  DPUTHXBEO —
Harymo [142, 143].

B paborax [68, 69] moka3aHo, YTO 049 8030YOUMBIX CUC-
mem ¢ Kpocc-ougghy3ueti Kea3ucoAUNOHHbIL PENCUM CYujecm-
8yem 6 60460l 00.4acMuU NAPAMEMPUYecK020 NPOCMpPaHcmad.

Paznuunble pesXUMBbl paCIPOCTPAHEHUSI M B3aUMOAEHCT-
BHUSI TAKCUCHBIX BOJIH MIPEJCTABIICHBI HA PUC. 7 JJIs1 HECKOJIb-
KAX TapaMeTPHUYEeCKHX MPOCTPaHCTB. [ BOTH B peak-
MUOHHO — MU PY3MOHHO — TAKCUCHBIX cucteMax (3), (3a) xa-
PAKTEPHBI CJIEAYIOIINE PEKUMBI (pUC. 7a—B):

1) pacnpocTpaHeHue BOJIH C AHHUTUJISIIIUCH TTPU B3AUMO-
eUCTBUU APYT C APYTOM;

2) pacupocTpaHeHHe C PACIETIICHUEM;

3) KBa3MCOJIMTOHHOE B3aUMOJCUCTBHUE, T. €. MIPOXOXKIC-
HUE BOJIH JPYT CKBO3b JIpYyra;

4) XBa3UCOJIMTOHHOE B3aUMO/ICHCTBUE C PACILIEIIIICHUEM.

Jpyroe KkayecTBEHHOE OTJIMYME TAKCUCHBIX BOJIH OT
"knaccnueckux" aBTOBOJIH COCTOMT B TOM, 4YTO HAXe B

HECOJIMTOHHOM DPEXUMeE B3aMMOJICHCTBUS (pHC. 8a) OHU He
AHHUTUJIMPYIOT HEMEJICHHO, KaK aBTOBOJIHBI B PEAKIIMOHHO-
nubdy3nOHHBIX CHCTEMAX, a MPOXOAAT APYT CKBO3b IPYyra u
TOJIBKO 3aTEM 3aTyXaroT.

Pacmensienne BosiH. PeHOMEH paCIICIJICHUs TaKCHCHBIX
BOJIH MOXET HaOII0JaThCs KaK B CIydae KBa3UCOJIUTOHHOTO
B3aUMOCUCTBUS (CM. PHC. 7, YepHBIC TPEYTrOJIbHUKH), TAK U B
CJIy4ae HECOJIMTOHHOTO B3aUMO/IeiicTBUS (CM. pHC. 7, Oesibie
Tpeyroiabuuku). Ha pucynke 9 B 3aBHCHMOCTH OT K03(pdu-
NUECHTA /1, TIOKa3aHbl PA3JIMYHbIC PEKUMBI, HAOTFOJaeMbIe B
OJHOMEPHBIX TAKCHCHBIX BOJIHAX B Cpe/ie C HEeMpOHHIIae-
MbiMu rpanuniamu. C yBenuueHueM /i, (puc. 90, B) BpeMeH-
HOW MHTEpBaJl MEXAy MOCJIeTOBATEIbHBIMU pAaCIICIIe-
HUSIMH yBeJmunBaeTcs. PacnpocTpaHstomasicss Ha3a OTIIe-
MUBIIASICS BOJIHA MOXET MOTHOHYTH HJIM Pa3JIeTUThCS
BHOBb. B mmociemHeM cirydae Takoid MPOIECC MOXET MpHBe-
CTH K CaMOIOJJep)XUBalolleiics anepuoguvyeckoi uiau
NEPUOANIECKON AKTUBHOCTH.

Kax moka3zano B pabore [69], HeTOCpeICTBEHHO POIIECCY
pacCIIeTUIeHHsI TIPEIIIECTBYET OCIMILISAIUOHHAS HEYCTOWIH-
BOCTb PaCHpPOCTPAHSIONIEHCS BOJHBI, KOTOPAs BEIPAXKAETCS
B pacTyleit amrummTye kosebanuit P u Z. Kaxnmoe paciie-
TIIJIEHUE BOJIHBI CJIA00 BIIMSIET HA CKOPOCTD PACHPOCTPAHEHHS
nepegHero GpoHTa, a cam MPOIECC OCTACTCS MOUYTH MEPUO-
nyeckuM [69].

IToxoxue paciuenyieHus] BOJIH HaOJIFOTAJIICh B 3KCIIEPH-
MeHTax Ha peakuuu benoycoa—2KaGorunckoro [144], B
YUCJIEHHBIX IKCIIEpUMEHTax Ha Mojenu duruxsio —Harymo
U MateMaThiyeckod mojenu peaknuu benoycosa —XKabo-
TrHCKOTO [145, 146], a Takke B TPEXKOMIIOHEHTHOUW peak-
IMOHHO-TU(GGY3MOHHONH MO, ONUCHIBAIOIIEH CBEPTHIBA-
Hue kposu [147].

CxopocTb pacnpocTpanennsi TAKCHCHbIX BoJIH. Ha pucynke 10a
IpHUBEJCHA TUMUYHAS 3aBUCUMOCTbL CKOPOCTH PACIpOCTpa-
HEHUsI TAKCUCHBIX BOJIH OT /14 TIPU Pa3IMYHBIX (PUKCHPOBaH-
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Puc. 7. IIpocTpaHCTBO MapamMeTpoB, COOTBETCTBYIOLIMX PA3JIMYHBIM PEXHMMaM PACHPOCTPAHEHUS M B3aMMOJIEHCTBUS TAKCHCHBIX BOJIH [68, 69]:
(a)y=0,01,D=0,04,=1,w=0,004; (6)y=001,D=004,=1,h-=1;(8)y=0,01,D=0,04, f=1,h. =1;(r) y=0,016, D =0,04, f =1,
w = 0,004; (1) y = 0,016, D = 0, f = 1, w = 0,004; (€) CKOPOCTb PACTPOCTPAHEHHS TAKCUCHBIX BOJIH Kak dyrkuus D /2. Crutomnas munus — y = 0,016,
h_ =5, hy = 1; nyakrupHas jmaus — ) = 0,01, A = h. = 1. B peaxunoHHO-Iu(PY3HOHHBIX CHCTEMAaxX 3Ta 3aBUCHMOCTH BCETAa NIpsiMasl. @ —
KBa3HCOJMTOHHOE B3aMMO/ICICTBIE; A — KBA3UCOJIMTOHHOE B3aNMOJICUCTBHE C pACIICIICHHEM BOJIH; O — YCTOWYHBOE PACHPOCTPAHEHHE HMITYJILCOB C
HECOJINTOHHBIM B3aHUMOJICHCTBHEM; A — PACHPOCTPAHEHHE UMITYJILCOB C PACILICIUICHIEM; o« — HEYCTONYMBOE PACIIPOCTPAHEHHE; X — KOJIeOaTeIbHbIH

PEKHM.
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Lo 1=0 r =65 r 1=75 r 1=90
08 | - - - a
N 0.6 - = N N
04 L L
0,2 = :_,\/\/\,-\,‘
0 1. 1 _J\__ __U\_
220 240 260 280 220 240 260 280 220 240 260 280
X X X
10 - - - 6
0.8 - t=20 - 1=135
N 0,6 - N F
=04 | <L
02 L L L
1 I 1 J-
0 0 20 40 60 80 0 20 40 60 80
X X X
Puc. 8. [IBa pexxuma B3aMMOJEUCTBHS TAKCUCHBIX BOJIH [68, 69]: (a) HecommTonHslii (y = 0,01, D = 0,04, h_ = 2, h, = 0,85) — BOJIHBI IPOXOIAT APYT
CKBO3b Apyra M TOJIbKO 3aTeM 3aTyXaroT; (0) kBasucoiuToHHBIH (y = 0,016 1 D=0, h_ =5, hy = 1) — BOJHBI IPOXOAAT APYr CKBO3b JIpyra,
AMIUTATY/Ia BOJIH IIOCTETIEHHO BOCCTAHABJIMBAETCSL.
L | [ g ! - t
e S g O S N r
e ol S| (T N . .
o o | | e e
N S S
e | S e
e e " S W “~
e e - ~
ho=2hy =28 ™ — o, =29 || T =20 =3 | [N b =2,k =31
X X X X

Puc. 9. [IpocTpaHCTBEHHO-BPEMEHHAS TMHAMKKA PACIPOCTPAHEHUS M B3aUMOCHCTBHS TAKCUCHBIX BOJIH B peXHUMe ¢ paciuerienueM [69] (L = 600,

¢ € [0,3000]).
a Lo [
V
L]
A |e
0.1 1 1 1 1 1 1 1
0 0,5 1,0 1,5 2,0 0 | 2 3 hy
hy
Puc. 10. 3aBUCHMOCTH CKOPOCTH PACIPOCTPAHEHHUS] TAKCUCHBIX BOJH V oT koabduimenta A, npu pukcupoBanusix h_ [69]: (a) y = 0,01, D = 0,04,
h_=1;(0)y=0,016,D = 0,/h_ = 5. BepTUKaJbHBIMU JMHUSIMHE PA3ICJICHBI 00IACTH, COOTBETCTBYIOIINE PA3JIUYHBIM PEXKHMAM B3aUMOICHCTBUSI BOJIH

(0603HAUEHUS CM. B IOJIKCH K puUC. 7).

HBIX 3HauyeHusx f_. Ha sToM ke pucyHke CHMBOJAMU
yKa3aHbl 00JIACTH, COOTBETCTBYIOIIUE DPA3JIMYHBIM DPEKH-
MaM pacIpoCTPaHEHNs W B3aUMOAEHCTBHS BOJH. [ paduku
CKOpOCTE MMEIOT [IBe BETBU — MapabOJINUECKyrO U JIMHEH-
Hyo. Bblllle onpe/ieieHHOro 3HaueHusl /i, JIMHEeWHasi BETBb
MOYTH HE 3aBUCHT OT /i_. OKa3ajoch, YTO C YBEJIUUYCHUEM /1.
Tepexo/1 ¢ nMapaboIMIecKOil BETBH HA JIMHEWHYIO KOpPEJIH-
pYeT C KauecTBEeHHBIM H3MeHeHHeM B (opme BOJIHBI [69].

IMapaboinueckass BEeTBbL COOTBETCTBYET "mByrop6oii"
dopme P(x), muneitnas BeTBb — "oaHorop6oit" dopme.

3.2. Boanbl B cucteme peaknusi —takcuc (y =0,016)

B npeapiayieM pasneie paccMOTPEHbI TAKCHCHBIE BOJIHBI,
KOrJa JIOKaJbHAsl KHHETUKA JIOMYyCKAeT YUCTO TUPPY3UOH-
HbIE BOJIHBI B cUCTeMe ypaBHeHwuid (3), T.e. mist h_ = hy =0,
D > 0. MOXHO H3MEHHUTH apaMeTPhl JIOKATbHOW KHHETUKA
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Tak, YTO MOJOOHOE PACHpPOCTpaHEHUE CTAHOBUTCS HEBO3-
MOXHBIM. DTOT PEXUM MOJYYAEeTCs] B CIIy4yae yBEJIMYCHUS
nmapaMmeTpa y B MaTeMaTHieckoit Mojeu. Oxazaiock, YTo U
B 3TOM CIly4ae TaKCHUCHBIC BOJIHBI CIIOCOOHBI PacIpocTpa-
HSTBCSL.

Ha pucynke 7r moka3zaHa 3aBUCUMOCTb MOBEICHUS TaK-
CUCHBIX BOJIH OT h_ U h, nipu ¢ukcupoBaHHbXx Y = 0,016 u
D = 0,04. Touka h. = h, = 0 gexuT B 00JIACTH, TJI€ CTAIUO-
HapHOE PACcIpOCTpaHeHNe BOJIH HEBO3MOXKHO. Ha mtockoctn
(h_, hy) mmeroTcst 061aCTH, KOTOPBIE COOTBETCTBYIOT KBa3H-
COJIUTOHHOMY U HECOJTUTOHHOMY B3aUMO/ICHCTBUSM BOJIH. B
OTJIMYUE OT CJIydasl JIOKaJIbHOM KMHETHKHU, PACCMOTPEHHOU
st y = 0,01, B JaHHOM mapaMeTpUyuecKoi 001acTH pacie-
IIJICHUE BOJIH He HAOJIFOJaeTCsl.

Ilepeiinem x ciyuaro, xorma kodddunument muddy3un
D =0 (puc. 71). 3aBUCIMOCTb CKOPOCTH PacIpOCTpPaHEHHS
BOJIHBI OT /i, ipuBeieHa Ha puc. 106. 3mech Takxe UMEIOTCS
JIBe BeTBH rpaduka, v nepexo/ napadomyeckass — JIMHEHHAS
BeTBb (puc. 100) koppenupyer ¢ nepexonoM "nsyropoas" —
— "ognorop6aa" Bosna [69]. B gaHHOM ciIyuae 3TOT EpeXo1
YeTKO KOPPEJIUPYET C MEePeXOJOM OT KBA3HCOJUTOHHBIX K
HECOJIMTOHHBIM peXrMaM B3anuMo/ieiicTBus BoJH [69]. Kak u
B IpPEIBIAYLIEM cllydae, B HECOJUTOHHOM PEXHME B3aUMO-
nevictBus npu y = 0,016 gt D > 0 TakcucHbIe BOJIHBI HE
AHHUTWJIMPYIOT, 4 BCerJa MPOXOISAT APYr CKBO3b APYra u
TOJIBKO 3aTeM 3aTyxaroT [69].

3.3. MexaHn3M KBa3HCOJHTOHHOIO0 B3aNMO/AelCTBHS
TAKCHCHBIX BOJIH

PaccMoTpuM AeTanbHO KBA3HUCOJIMTOHHOE B3aMMOICHCTBHE
TaKCUCHBIX BOJIH Jutsi cirydasi y = 0,016 u D = 0 (puc. 86). Kax
OTMEUEHO BBIIIE, IS TAKCUCHBIX BOJIH B MaTeMaTUYECKON
MOJICJIA XWIIHUK —KepTBa XapaKTePHO HAJMYWE HU3KOTO
ypOBHS XuIIHUKA (Z ) miepes; GPOHTOM BOJIHBI XepTBbI (P),
TaK KaK XUIIHUK CMeIIaeTcs HA TPAIUECHT IUIOTHOCTH KEPTBbI
32 CUET MOJIOKUTEIHLHOTO TAKCHCA. DTO ABIKEHUE XHUIITHAKA
HAMPaBJICHO B OOPATHYIO CTOPOHY IO OTHOIIICHUTO IBUKEHHS
KepTBBI. BcTpedya MBYX BOJIH XXEPTB CO37aeT BBICOKYIO
IJIOTHOCTH XepTB (puc. 80, ¢t = 10). Bricokas ynokanbHas
MJIOTHOCTD JKEPTB MPHUTSITUBAET XUIIHUKOB, KOTOPBIE MOKH-
Jal0T TPAHUIBI 30HBI CTOJKHOBEHHS. JIOKaJbHBIN POCT
KOJIMYECTBA XUILHUKOB BEI3LIBAET ""OercTBo" XkepTB (3a cueT
OTPHIIATEIILHOTO TAKCHCA HA TPAJIMEHT XHUITHUKA) U3 IIEHTPA
30HBI CTOJIKHOBEHMS K €€ IPAHULAM, /1€ INIOTHOCTb XULITHUKA
ykxe nonmwkena (puc. 80, ¢ = 20). B pe3ynbTaTe npoucxogut
MHBEPTUPOBAHUE TPATNEHTOB MOMYJISIINAN, U (OPMHUPYIOTCS
HOBBbIe ()POHTHI HA T'PAHMIAX 30HBI CTOJKHOBEHHUS. Taxum
00pa3oM, TeHEPUPYIOTCS IBE HOBBIE (OTPaKeHHBIE) TAKCUC-
HbIe BOJIHBI, KOTOPBIE MOCTENIEHHO BOCCTAHABJIMBAIOT CBOKO
HOpMaJIbHYR aMIuatyay (puc. 80, t = 35).

Kaxk MbI yxe oT™Meuasu, HEKOTOpbIe CBOMCTBA TAKCUCHBIX
BOJIH CYIIECTBEHHO OTJIMYAIOTCSI OT CBOWCTB aBTOBOJIH.
Otrimune TakkKe MOXHO HAONIONATh W B 3aBUCHUMOCTH
CKOPOCTH PACHpPOCTPAHEHUsS TAKCUCHBIX BOJIH OT K03 u-
nueHTa muddysun D (puc. 7e). [IpuBeeHHast 3aBUCIMOCTb,
OYEBHIHO, OTiMuaeTcss oT o« D'/2 3akoHa B peakIUOHHO-
nupy3uoHHBIX BOJHAX. HapyleHue 3TOW 3aBUCMMOCTH
AMeEeT MECTO BOJIM3H Mepexoaa MeX Iy aHHATHIAPYIOIUMA
7 OTPaXAIOIIMMUCS BOJTHAMH.

B 3akroueHne 3TOTO paszesia OTMETUM: 0OHAPYICEHHbIC
ceoticmea, xapakmepHvie 048 MAKCUCHBIX BO0H, He OMHO-
cames K mamemamuyeckoti dx3omuxe. IToaTBepkaeHHEM
3TOTO SIBJISIETCS COJIMTOHOINOTOOHBIN PEXUM B3aUMO,IECHCT-
BUSI B OaKTepHAaIbHBIX MOMyJIsSiusx [67] (puc. 40).

4. TakcucHble BOJIHBI B IByMEPHBIX Cpeax

MaremaTi4eckast MoieJb. PACCMOTPHUM IBYMEPHYIO BEPCHIO
MmaTteMatudeckoir moaenu (3) [70]:
oP

5 =f(P,Z)+DV*P+h_V(PVZ), (5)
o0z X
E:g(P,Z) +DV*Z - h,V(ZVP),

rae P(x,y,t) u Z (x,y,t) — IUIOTHOCTH IMOIYJISIIAU SKEPTBBI
U XUIHUKOB. DYHKIUH JIOKAJIbHON KuHeTHKH f(P,Z) U
g(P,Z) ynosnerBopsitoT cucreme (2a), mapamerpst ff = 1,
v =0,07,w = 0,004, a mapameTpsl y 1 D pacCMOTPEHBHI B IBYX
BapuanTtax: (A) y=0,01, D =0,04; (B) y=0,016, D =0.
TaxcucHble KO3GGUIMEHTH /si_ W h, BapbUpoBaiuch. U3
OHOMEPHOTO CJIyYasi U3BECTHO, YTO B BapuaHTe (A) MOXET
pacnpocTpaHsaThest YucTo quddy3noHHas BojaHa 6€3 Takcuc-
HbIX wieHoB (h_ = h, = 0), B To Bpems kak B Bapuante (B)
TaKue BOJHBI HEBO3MOXKHBI.

Bce nBymepHBIE HYHCIICHHBIE 3KCHEPHMEHTHI BBINOJIHS-
JUCh Ha TPSMOYIOJNBHBIX WJIM KBaJApaTHBIX cpelax
(x,y) €0,Ly] x [0, L,] c HENPOHHUIIAEMBIMH IDAHUIIAMHE:

o(P,Z)

ox

_Arz) . (6)

x=0, Ly oy y=0, L,

UncnieHHbIE 9KCIEPUMEHTBl MPOBOJUJINCH IO  SIBHOM
cxeMe Dilepa ¢ YMCICHHOW amnmpoKCUMAIMeld TaKCHCHOTO
4JIeHA N0 SIBHOM MPOTHBONIOTOKOBOW Pa3HOCTHOM cxeme [69]
C MPOCTPAHCTBEHHBIMU U BPEMEHHBIMH IIaraMu OX = 0y =
= 0,5 u 6 = 0,005. Ha pucynkax, e mpeIacTaBieHbl Kap-
THHBI C PETYJISIPHBIM BPEMEHHBIM HHTEPBAJIOM, 3TOT UHTEP-
BaJI yKa3aH Kak At.

4.1. CnupajbHbIe BOJHBI

OcoOBbIM THIIOM 3JIEMEHTAPHBIX BO30YXKICHHIA B IBYMEPHBIX
AKTHBHBIX CpeJlaX, OMUCHIBAEMBIX peakImoHHO-Iuddy3noH-
HBIMH CUCTEMaMHU, CJIYXaT BpaIlaloluecs CIHpaibHbIe
BoJiHBI [148—-152]. CnimpanibHasi BoJiHA sIBJIsieTCsl Hambosiee
OBICTPBIM U3 ABTOHOMHBIX aBTOBOJIHOBBIX HCTOYHHKOB — €€
YacTOTa BBIIIE, YeM y Beayliero (KpyroBoro) HEHTpaA.
CrupaibHbIe BOJIHBI — H3BECTHBIC U MHTEHCUBHO HCCIIE/Tye-
MBI€ TIPOIIECCHl B ABYMEPHBIX PEaKIUOHHO-TU(PPY3NOHHBIX
cucreMax, HaOIroJaeMble B Pa3JIMYHBIX 3KCIEPUMEHTAJIb-
HBIX cucTemMax. COOTBETCTBEHHO, JJISI STUX CUCTEM UMEIOTCS
pa3IMYHbIe MaTeMAaTHYECKHE MOJIENIH, BKJIIOYAsl MATeMAaTH-
YecKre MOJENIM THIA XWIIMHHK —xepTBa [153]. PaccmoTpum
pe3yJIbTAThl UCCIIEAOBAHUSI CBOWCTB CHUPAIHHBIX BOJH B
BO30OYyIMMBIX cpefax Tuna peaknus—auddysus—rtakcuc u
peakuus — Takcuc [70].

OueHbp MaJleHbKHil TaKCHC, CHOCOOHBIH TeCTa0UIM3HPOBATH
cmupaym. Ha pucynke 11a moka3ad BUJ TUTUIHOTO yCTONYN-
BOT'O CIIMPAJHLHO-BOJIHOBOTO DEIeHHs, HAOII0IaeMOTO B
YUCTO peaknuoHHO-Auddy3nonHo monenu (5). CoryiacHo
pe3yiabTaTaM HCCIEIOBAHUN CBONUCTB TAKCHCHBIX BOJIH B
OTHOMEPHOM city4ae [68, 69] MOXHO OXHAATh KAYECTBEHHO
HOBOTO TOBEJIEHHSI CIHPAJBbHBIX BOJH, KOTIa TAaKCHCHBIE
4JICHBI JOCTATOYHO OOJIbIIKE B CPABHEHUH C KOd(hPHUIHEH-
toM auddy3un D (B HameM ciaydae D = 0,04). Do 3HaUeHHE
COOTBETCTBYET MOTOKAM, CPAaBHUMBIM 3a cueT quddy3un u
Takcuca. CpaBHEHNE IOTOKOB M0O3BOJISIET PAa3yMHO OLIEHUTh
OTHOCHUTENIbHBIA BKJIaJl TAKCUCHBIX W AU(QYy3NOHHBIX Uite-
HOB. Clie/lyeT NMOMHMTH, YTO KO3(P(OUIUEHTHI HEJIMHEHHBIX
4IeHOB (/1) 1 D UMEIOT pa3HyIo pa3MEPHOCTbD.
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@@

t =40

t =60 =100

‘= 2@/

Puc. 11. (a) CriupasibHasi BOJIHA B peaKUMOHHO-1U((y3HOHHON cucTeme
(5): cmywait (A), Ly x Ly, =200 x 200, h_ = hy = 0, At = 150; (6) meanap
CIIMPAIIH C MAJIBIMU TAKCUCHBIMU KO3 duuuentamu: ciayyait (A), Ly x L, =
=200 x 200, h_ =hy =0,05, At =400; (B) nmoBeJeHHe CIUPATH INPH
YBEJIMYEHMH TAKCUCHBIX Ko3(hduimentos: ciydait (A), Ly x L, =
=200 x 200, h- = h, = 0,1, At = 225; (r) BOJIHOBO# pa3pbIB HE IPUBO-
IMT K (OPMUPOBAHMIO CIUPAIbHOM BonHbl: ciydaidl (B), Ly x L, =
=250 x 250, h_ =5,hy = 1.

CnupaibHasi BOJIHA B peaKnUOHHO-TU(p Yy3UOHHO-TAK-
CHCHOM CHCTeMe ITPH 3HAYEHUSIX TAKCHCHBIX KoddduireHToB
CYIIECTBEHHO MEHbBINE TeX, IPU KOTOPBIX HUMEET MECTO
OTpaXkeHWe OT TpaHMI], Mmoka3zaHa Ha puc. 116. Vke stm
MaJlble TAaKCHUCHBIE KOA(Q(PUIUEHTHI CYILIECTBEHHO U3MEHSIIOT
MOBEJICHUE CIUPAJIU, BO3HUKAET MEaH /1P CIUPaIbHON BOJIHBI,
B CBOEM JIBIKCHUH CIIUPAIbHAS BOJHA OCYIIECTBIISIET Apeid
no ompezeneHHo Tpaektopuu [70]. Takoit Tun Hecramuo-
HAPHOTO TOBEJCHUSl CHUPAJIBLHON BOJIHBI HE W3BECTCH B
BO30YIMMBIX Cpe/ax, IJe Mepexo]l U3 YCTOWYUBOTO Bpale-
HHUSI OOBIYHO AaCCOLMHMPYETCS C U3MEHEHMSIMU HapaMeTpoB
peakuu. 31ech ke Mbl BUAUM TaKOW Mepexo]l Mpu U3MeHe-
HUM TPOCTPAHCTBEHHBIX MapameTpoB. [lpw yBennmueHHn
TAKCHCHBIX KOI(Q(QHUIIMEHTOB UX BO3JEHCTBHE HA BOJHOBYIO
CHMPAJILHYIO JWHAMUKY BO3PACTaeT, CIHUPAJLHO-BOJIHOBON
MEaHJIp pacIIupsieTcs TaK, YTO CIUPab, Apeiidys, aHHUTH-
JIMPYET Ha TpaHulie cpeabl (puc. 118).

4.2. AJbTepHATHBHOE NOBE/IeHHE BOJHOBLIX Pa3phIBOB

B aBTOBOJIHOBBIX CHCTEMAX Pa3pbIB BOJIHBI IIPUBOJIUT UIIU K
HNPOPACTAHUIO ¥ CBEPTHIBAHMIO KOHYMKA BOJIHBI B CLIMPAJIb-
HYIO BOJIHY, €Cld cpeaa "CuiibHO BO36yauma", win K
COKpalleHuIo (BTATMBAHMIO), eciM cpena "ciabo Bo3Oy-
numa". Ha pucydke 11r mpuBeaeH mpuMep B CUCTEME
peaknus — TaKCUC, T/I€ HU4Yero noJoOHOro He HaOJrogaeTCsl.

DTO sIBJICHHUE TAKXKe OTIMYACT TAKCUCHBIC BOJHBI OT KJIACCH-
YeCKHUX aBTOBOJIH. KOHUYMK pa3pbiBa TAKCUCHOU BOJIHBI
MpopacTaeT, HO He CBEPTHIBAETCSI B CHMPaJb, HaOIIOMaeTCs
KauecTBEHHO HOBoe BoJiHOBOe siBiieHUWe [70]. ITpopacranume
KOHYMKa BOJIHOBOTO pa3psiBa (BP) u nepexon B pacimpsito-
LIYKOCSl OKPYXXHOCTh XapaKTepHbI, kKoraa h_ > h,. BOou3u
pa3pbiBa XEPTBBI CIOCOOHBI YXOAUTb OT XHUIIHUKOB B
00JIacCTh OTHOCHTEIILHO CBOOONIHYIO OT XUIIHUKOB. B 3TOM
30HE MJIOTHOCTB JKEPTBBI PACTET 3a CYET PA3MHOXKCHHUS, B
pe3yabTaTte (hopMUpYeTCs KpyroBas pacuiupsiroriascs o0-
JIacTh. BHYTpH 3TOI 30HBI €llle HET BOJIHBI MPECIIeIOBAHNUS
XHAITHAKAMU U IPOUCXOAMUT YBEJIMUEHHE IJTIOTHOCTH KEPTBHI.
OaHako 3TO yBeJIMYEHHE IUIOTHOCTH 3aKAHYMBAETCS, KOTAa
XHIIHAK HAYMHAET CHUIBHO PA3MHOXATBCS M (GOPMHUPYETCS
BoJiHa nipeciiefoBanus. Konunk BP He MoXkeT ObITh UICHTH-
(UIMPOBaH HA OCHOBE PACHPEIACIICHUS TOMYJISIUN KEPTBHI
(P). Tem He menee BP MoxeTt ObITh opMaIbHO omnpeseieH
Kak Touka mepecevyeHust uzoymuui P u Z [70]. DtoTr BP
npucoenunsercs kK "marepunckoi” Bosmme. Takoil mporecc
HEBO3MOXEH B BO30YIMMBIX PEaKIHMOHHO-TU(D(DY3MOHHBIX
CHCTEMax, TaK Kak 3a BOJIHOW BO30OYXIICHHS MMEETCSl 30Ha
pedpakreprnocTu. PedpakrepHslit mepuos B paccMaTpuBae-
MO HaMU MOMYJISINMOHHON CHCTEME MOXKET OBITh OXapaKTe-
pHU30BaH BBICOKOW TJIOTHOCTBHIO XHWIIHUKA, MPU KOTOPOU
OTpHUIATEIILHBIA TAKCHC YXe HeBO3MOXeH. COCTOsIHUE paB-
HOBECHSI IEPEMEHHBIX P 1 Z 103a/11 BOJTHBI yCTAHABIINBACTCS
JIOCTATOYHO OBICTPO (32 CUET MOJIOKUTEIBHOTO Takcuca Z Ha
rpaaueHT P), 4eM Ka4eCTBEHHO OTJIMYAIOTCS TAKCHUCHBIE
BOJIHBI OT KJIACCHYECKHX aBTOBOJIH. B pe3yiabTaTe mo3aau
TAKCUCHOW BOJIHBI pe)paKkTepHBIA XBOCT JOCTATOYHO Ma-
JICHBKUI (WU BOOOIIIE OTCYTCTBYET), UTO JIEJIa€T BO3MOXK-
HBIM TPUTSDKEHHUE W Tpukperienne BP k 3amnemy dponty
cobcrBenHol BoJtHBI [70]. 3ameTuM, 4TO IpHUKperieHHbI BP
MOXET JBHUIaTbCsl 3HAYUTEJIbHO OBICTpEe, YeM IJIOCKas
OJIMHOYHASI BOJIHA, Tak kKak BP yuactByer omHOBpeMeHHO B
JBHXKEHUH "MaTepuHCKO#" BOJIHBI U KPYroBOW BOJIHBI,
KOTOpas ABWXeTCs mox yriiom k "matepunckoit". Takoe
OBICTPOE IBIDKCHUE OOBSICHSIETCS HEOOBIMHON HEJIMHEHHOM
JIUCTIEPCUOHHON CBSI3bIO0 TAKCUCHBIX BOJIH, Y KOTOPBIX CKO-
POCTH YBEJTMYUBAETCSI C YMEHBILIEHAEM TIEPHOA.

o(L)
v(o0) |
1,2
(B)(2,5;5)
L0 —
(B)(0; 5)
0,8
0,6 - 7/
(A)0;2) ,
| p
0 100 200 300 400 500 T 600

Puc. 12. [IucniepcroHHbIE KPUBBIE IEPHOIMIECCKUX BOJIH KaK 3aBUCHMOCTD
HOPMaJIM30BaHHOM ckopoctu v (L)/v(co) or mepuoma T = L/v(L) B
ciaydasix (A) u (B) mis pa3jMyHBIX mapaMeTpoB (B CKOOKax yKa3aHbI
3HaueHus i_ u h.). PeakimoHHO-1U((y3NOHHBIC BOJHBI 3aMEISIFOTCS C
YBEJIMYEHUEM YaCTOThI, TAKCUCHBIE MOTYT yCKOPsSIThCs [70].
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DTO CBOUCTBO MPOWLIFOCTPUPOBAHO Ha puc. 12, rue
MOKa3aHa CKOPOCTh PACIPOCTPAHEHHS BOJIH HA OJHOMED-
HOM HWHTEpBaje C MEePUOJUYECKHIMH TPAHUYHBIMH YCIIO-
BUSMHU. PacueThl MPOM3BOAMIINCH CIEAYIOIIAM 0Opa3oM.
CHayaJia BoJIHA CTapTOoBaJjla Ha HHTEePBaJIe 0O0JIbIION IIMHbI
L, 3aTeM IrpaHuIbl HHTEPBAja 3aMbIKAJIICh APYT C IPYTOM, U
BOJIHA PACIPOCTPaHSIIACh IO OKPYXHOCTH. ImHa L moce-
JIOBATEJIbHO YMEHBbIIAJIACh MAJICHBKMMU IIAaraMe, I10Cye
KaXIO0TO M3MEHEHHS IIIara OIpeesIach yCTaHOBUBIIIASICS
ckopocThb v(L). UToObI 060WTH TPYAHOCTH UHTEPIPETAINH,
CBSI3aHHOM C pa3M4YHbIMU Maclutabamu mxaia B aupgy-
3MOHHBIX U TAKCHCHBIX YJIEHAX, MOCTPOeH rpaduk He abco-
JIFOTHOW CKOPOCTH, & OTHOIIEHUSI CKOPOCTH PACIPOCTpaHe-
HHSI BOJIHBI K CKOPOCTHM OJMHOYHOW BOJHBI v (00). ITo
TOPU3OHTAJILHOM ocH oTioxeH nepuon T = L/v(L).

4.3. YacTuuHoe oTpaxeHne

M CaMOTIO/I/IEP;KUBAIOMIASICS AKTHBHOCTD

B 01HOMEPHOM CITy4ae TAKCUCHBIE BOJHBI MOTYT OTPaXaTh-
Cs1 OT TPAHUIL M TPOXOIATh IPYT CKBO3b JIpyra. B 1BymMepHOM
BO3HUKAIOT HOBBIE ACHEKTHI, XapaKTEPU3YIOIIUE B3aMMO-
JEMCTBUS C TPAHULIAMHY U JIPYT C IPYrOM, — KPHUBH3HA BOJIH
1 YroJl MEX/y HUMH B MOMEHT B3auMoJeiicTusi. B paGote
[70] moka3zaHO, YTO B peaKkIUOHHO-TAKCUCHOU Mozenn (5)
BJIMSIHUE KPUBHU3HBI U/WUJIM yTIIa B3AUMOICHCTBAS OKA3bIBAET
CYIIIECTBEHHOE BO3/EHCTBHE HA CAM MPOIECC: BOJHBI MOTYT
OTPA3UTHLCS MM AHHUTUIIMPOBATL. COOTBETCTBYIOIIMUIA IPH-
Mep mpeacrtaBieH Ha puc. 13a. KpyroBas BosiHa Oblia
MHUIUUPOBAHA B ACMMMETPUYHO PACIOJIOKEHHOM MECTE
BHYTPH NPSIMOYTOJILHOM CpPEIbl TAK, YTO PACCTOSHHS OT
BCEX IPAHUIl ObLIN pa3jiMyHbl. B pe3yibrate BOJHA aHHUIH-
nupoBana Ha "cesepHoil" m "zamagHoi" rpanumax (3a
UCKJIFOYEHHEM HEOOJIBIIMX YYaCTKOB BOJIHEI), a OT "toxHon"
u "BocrouHoit" orpasunace. BumHo, uro x "cesepuoi" u
"3amaaHoi" rpaHMIaM BOJIHA TOIOLILIA ¢ OOJIbLICH KPUBU3-

Hoi, yeM K "roxxuoi" u "BocTounoii". BoJHbBI, OTpaKeHHbIE

ot "roxuoi" u "BocTouHOI" IpaHuI, YACTMYHO AHHUIHIIU-
pPYIOT MpH B3aMMOJCUCTBHH APYr ¢ Apyrom. Ilepexom ot
AHHUTWISIIIMA K OTPaKCHUIO/TIPOXOXKICHAIO BOJIH 3aBUCUT
OT yrja B3aUMOJEHCTBHsI BOJHOBBIX (GpoHTOB. OKa3aaoch
TaKXke, YTO CYLIECTBCHHBIM (DAaKTOPOM, KOTOPBIf BIUSCT HA
pe3yJbTaT B3aUMOIEUCTBUsI, siBjisseTcs "BO3pacT' BOJIHBL.
DTO CBOWCTBO TAKCHUCHBIX BOJH 0o0Jiee AETATbHO PACCMOT-
PEHO B CIIEIYIOIIEM pa3elie.

Takum 0Opa3oM, CTAJKHMBAFOLIMECS BOJIHBI AHHHUIHJIM-
PYIOT WA TNPOXOISNT/OTPAXKAIOTCS B 3aBUCHMOCTH OT
JIOKAQJIBHBIX JIeTaJieil B3aMMOJCUCTBHSI U MOTYT HMOPOJUTH
CaMOTIOICPKUBAOIIYIOCS  TPOCTPAHCTBEHHO-BPEMEHHYIO
AKTUBHOCTh. THIMYHASI TOCIIEOBATEILHOCTh COOBITHIA ClTe-
nyrotasi. YacTuuHOe OTpaXkeHre/ IPOHUKHOBEHNUE BOJIH BbI-
3bIBAET Pa3pbIB BOJIH, T.C. BO3HHKAIOT CBOOOHbIC KOHIIBI,
KOTOpBIC HE CBOPAYUBAIOTCS B CIUPAJb, & AAFOT KPYTOBYIO
BOJIHY. OTH BOJIHBI B3aUMOJICHCTBYIOT MeXAy coOOW u
CPAHUIIAMHE, [OBTOPSSL BCIO IEHOYKY, YTO MPUBOIUT K
HEPEeryJISIipHOMW, MO-BUIMMOMY, XaOTHYECKOW MPOCTPAHCT-
BEHHO-BPEMEHHOM aKTUBHOCTH. [IprMephl TaAKOU CaMOTIO-
JIep>KUBaroLLeiicss aKTUBHOCTH IOKa3aHbl Ha puc. 130,B.
B pabote [70] mpexacraBiieHa HOCTATOYHO IIMPOKAsS TOJI-
OOpKa YHCIICHHBIX JKCIEPHMEHTOB, [IEMOHCTPUPYIOIINX,
YTO 3TOT MEXaHW3M HE OTPaHHYCH Y3KOil 00JIACTBIO mapa-
MeTpoB. CaMONOIePKUBAIOINASCS AKTUBHOCTD MOXKET
OBITh JOCTATOYHO [OJITOH, HO HEOOA3aTeJbHO OecKOHed-
HOMW, TaK KakK BCErla eCTh BEPOSTHOCTb, YTO BCEC BOJIHBI
NPOAHHUTUIMPYIOT MPH CTOJKHOBEeHUsX. O4YeBUAHO, Takas
BEPOSTHOCTH Oy/ET BBIIIE IJIs1 OTPAHMYCHHBIX IO IPOCTPAH-
ctBy cpen. Ho B To ke Bpemsi oOpa3oBaHHe pPa3pblBOB B
pe3yJIbTATe YACTUYHOTO OTPaKEHHs BOJIH U GOpPMHUPOBaHHUE
KOJIBLIEBBIX BOJIH U3 9THX PAa3PBIBOB MOXKET JIGKATH B OCHOBE
HOBOT'O MeXaHHM3Ma [EeHEepally IPOCTPAHCTBEHHO-BPEMEH-
HOrO xaoca.

L\) , a
t=120 t =240 t =360 t =580 t =640
/1 : z \6
t=275 t=1375 t =425 t=525 t=1175
: B
t =200 t =380 t =480 t =600 t =680
Puc. 13. CamonoiepxuBaromascs akTuBHOCTS [70]. (a) DBosttonus Kpyrosoit Bosl: ciyyait (B), L, x L, = 200 x 160, h_ = 5, hy = 1, HeKOTOpBIE
YaCTH OTPAXAIOTCS OT TPaHMI, HeKoTopele HeT; (0) ciywait (A), L, x L, =350 %230, h_ =2, hy =1,5 (B) cummeTpuuHblii ciyuaii (B),

Ly x L, =250x250,h_=5,h; =1.
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5. IToJiycoIMTOHHOE B3aUMO/IeliCTBHE
NonyJIAIUOHHBIX TAKCHCHBIX BOJIH

IIpencraBieHHbIE B JAHHOM pa3Jiesie pe3yIbTaThl IOTyYeHBI
B YHCJICHHBIX 3KCIIEPUMEHTAX PH UCCIIeIOBaHINHA MaTeMaTH-
yeckux mozesei (3) u (5) [71]. B onHOMEpHOM citydae ObLia
HCNOJIb30BaHA HEsIBHASI MPOTHUBOMOTOKOBAS PAa3HOCTHAS
cxema [69] ¢ maramum guckperu3anum Ox = 0,1, &t
= 5x 1073, a B IByMEpHOM ciTyyae — SIBHAS HPOTUBOIOTO-
KOBas pa3HOCTHasi cxeMacdx = 8y = 0,5,8f = 5 x 1073, Tak
e KaKk W B HpenbaAymux paszaenax, =1, v=20,07,
w=0,004 gns nByx pasHbIXx 3HaueHuu y: y=0,01 u
y=0,016. Ha rpanumax cpea BBINOJHSJIOCH YCJIOBHE
Heiimana: 0P/0x|,_ ;, =0, 0Z/0x|,_y ; =0 B omHOMEpHOM
ciyuae (x € [0,L]) u 0P/0x|,_o, =0, dZ/0x|,_o, =0,
OP/dyl,_g 1, =0, 0Z/dy|,_o ;,, =0 B mBYyMepHOM ciyuae
((v0) €0. L % [0, L,)).

y=0

5.1. OnHomepHblii coyuaii

B pa6oTe [71] moka3aHO, 9TO TaKCHUCHBIE BOJIHBI 00JIaIatOT
€1LIE OJJHUM YHUKAJIbHLIM CBOMCTBOM — "110J1yCOMMTOHHLIM"
B3aumoJieiictBueM (half-soliton): mpu CTOJIKHOBEHUH IBYX
BOJIH OJlHA W3 HHUX AHHUTUJIMPYET, a JIpyrasi MpoJIoJIKaeT
pacnpoctpanenue. Ha pucynke 14a, 6 npeacraBiieHa MpocCT-

PAaHCTBEHHO-BPEMCHHAS JUHAMHKA OIMHOYHBIX IOIYJIsi-
OHMOHHBIX TAKCHCHBIX BOJIH B Moznenu (3), BKJIoYas HX
(dbopmupoBanne, pacpoCTPAHEHNE H OTPAKEHIE OT IPAHHIIL.
DT BOJHBI ObLIM MHHNUEPOBaHEI ¢ y = 0,01 (puc. 14a) u
y = 0,016 (puc. 140) npu ciieyromux HavyaJIbHBIX YCIIOBUSIX:
P(x,0)=0,8 nus x €[0,1], P(x,0) =Py mast x € (1,L] u
Z(x,0) = Zy st x € [0, L], tme Py u Zy — CTaUMOHAPHBIC
3HAYCHUSI.

B ocHOBe omnmcaHHBIX aajee Pe3yIbTATOB JIEKHUT Clie-
NIYIOIIMN OOHAPYXKEHHBINH (aKT — cmpyKmypa makcucHot
60HbL U CKOPOCMb  PACHPOCMPAHEHUA  YCMAHABAUBAIOMCA
nocae 00804bHO OAUHHO20 nepexoonoeo nepuoda [71]. Ha
pucyHnke 15A npeacrasiieHbl rpauKy U3MEHEHUsI CKOPOCTHU
(V') pacnpocTpaHeHus BOJH U IIITPUHBI BOJTHOBOT'O TPOGUIIS
(W) B mpomecce Takoro mepexoaa 10 ¥ MOCIe OTPAKCHUS OT
rpanuil. B mporecce ycTaHOBJICHHSI CKOPOCTh PACIIPOCTpaHe-
HUSI BOJIH PE3KO YMEHbIIIAETCS Ha KOPOTKOM IPOMEXYTKE
BpeMeHn (mpubam3uTenbHo 450 < ¢ < 550), B TO BpeMst Kak
LIUPHUHA BOJHOBOTO MPOMUIS MOHOTOHHO MPHOJIMIKAETCS K
CTAIMOHAPHOMY 3HAYEHUIO. DTO YMEHBIIIEHHE CKOPOCTH BO
BPEMEHH CBSI3aHO C M3MEHEHUEeM (POpPMBI MPOQUIIS BOIHBI
(em. paszgen 3). Ha pucynke 15b mokaszaHbl BOJIHOBBIC
npoUIK, COOTBETCTBYIOIIHME BHIOPAHHBIM MOMEHTAM, 000-
3HAYCHHBIM CTpejkamMu Ha puc. 15A(a,0). Buano, uto

\
A

X X

X X

Puc. 14. [IpocTpaHCTBEHHO-BPEMEHHAS TMHAMHUKA OMHOMEPHBIX (L = 250) TAKCHCHBIX BOJH (3) C OTpaXXeHHEM OT HelrpoHuIaeMbix rpauut [71]. Ciyuan
(a, 6) — oxMHOYHBIC BOJIHBL, (B—€) — IEPHOJMYECKH HHULMUPYEMbIE BOJHBI Ha JIEBOM KoHIe ¢ nepuogoM 7' u ¢ € [0,2000]: (a) y = 0,01, D = 0,04,

h_

=h,=1;06)y=0,016,D=0,h_=5,h,. =1;(8,1)y =0,01,D = 0,04,

h_o=h,=1;(n,e)y=0,016,D =0,h_ =5,h. = 1. VIHTeHCUBHBIC YepHBIE

Ha4vaJIbHBIC y1aCTKU JIMHANR COOTBETCTBYIOT P= 0,9, TOHKHE NYHKTUPHBIC JIMHUA — P=0.

0.4 | . a W50 B 6| v B B r| A
v X 40 + 0,6 - w
Y 30 - 20
—.\//"" —
by i } 20 0,5 0
10 b |
0.3 | | | | | | 0.4 | | | |
0 300 600 900 1200 0 300 600 900 1200 0 300 600 900 0 300 600 900
t t t
1.0 -
0,8
N 0.6 N =650
Ry 0,4 _
02F-=—='—__| __1 LI \e___1 L_o_——-__-
0 1
130 150 170 190 190 210

Puc. 15. (A) CxopocTb pacipocTpaHeHNsI BOJHEI (a, B) M MHpHHA (0, T) BOJIHOBOTO MPOQUIISL B IpoLiecce YCTAaHOBJIEHHS, COOTBETCTBYoIHe puc. 14a, 6

[71]: (a,6)y = 0,01, D = 0,04,h_ = h, = 1;(8,r) y = 0,016, D = 0, h_ = 5,

hy = 1. Mlupuna npoduiis BostHbl W (1) onpe/iesieHa Kak pacCTOSIHIE MEXTy

TOYKAMH NepeHero u 3aaHero Gppontos, rae P (x,7) = 0,4. (B) [Ipodwii BoJIH, COOTBETCTBYIOLIME BEIOPAHHBIM MOMEHTAM BPEMEHH [ (CTPEJIKH Ha

puc. A).
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1,0
0,8
0,6
0.4

P,z

Puc. 16. Pe3ynbTaThl CTOJKHOBEHUS BOJIH pa3indHbix "Bospactos" [71]: (a) Bomubl Wy (ciieBa) u Wygs (ctipaBa); (6) BosHbl Wisy (cieBa) u Wy

(cpaBa); (B) BoJIHBI Ws (ciieBa) U Wyge (ctipaBa).

BPEMEHHOE YMEHBIIICHHE CKOPOCTH KOPPEIUPYET C M3MEHE-
nuem npodusist Bosbl ot " aByrop6oro" k "oxHoropbomy".

C npyroit CTOpOHBI, THIT B3aUMOICUCTBHSI CTAIIMOHAPHO
pPaACIPOCTPAHSIFOILUXCS BOJIH, T.€. OTPAKCHHUE UIIA AHHUTUJISI-
U, TAKXKE KOppeIupyeT ¢ PopMoit pouIIsi STUX BOJH (CM.
pasgen 3). Tak xak ¢popma npodrieit u3MeHsIeTCsl B TeUSHIEe
OTHOCHTEJIbHO [IOJIFOTO BPEMEHH MOCJIEC MHUIUHPOBAHHUS,
OBLIO CENTAaHO NPEINOJIOKEHHE, YTO "Bo3pacT” BOJIHEI 10JI-
KEH BIIMSTH HA PEKUMBI B3aMMOJICHCTBUS. DTO MPEIIOIIO-
JKeHHe OBLTO MPOBEPEHO B YHCICHHBIX 3JKCICPUMCHTAX,
MpEeCTAaBIEHHBIX HAa puc. 14B—e. [lepmoanyeckne BOJHBI
OBLIM MHUIIMUPOBAHBI B OJJHOMEPHOM Cpelie C HeIPOHHIAe-
MbIMH Tpanunamu. Ha pucyrke MOXHO HaOJIFOJaTh TPOIECe
B3aMMOJICCTBHSI BOJIH, BBIXOISIIUX U3 JIEBOTO KOHIA
OTpe3Ka, C OTPAXKECHHBIMH OT HEHPOHHIACMON TPaHMIIBL.
IIpu 3TOM TpPOUCXOISIT KaK KBA3WCOJIUTOHHBIE B3aUMOMIEH-
CTBUS, TAK W B3aUMOJICHCTBUS, /I TOJBKO OIHA BOJIHA
MPOXOAMT TOCJIE CTOJIKHOBEHHUSI, T.€. MMECT MECTO HOBBIiA
THIT B3AaUMOJICHCTBUS — MOJIyCOJUTOHHBIN (half-soliton).

JJ1s1 1eTalbHOrO UCCIIEIOBAHMS 3TOTO SIBJICHUS TCHEPHU-
POBAJIUCH BOJIHBI pa3HbIX "Bo3pacToB". OHu ObLIX 3aIUCAHBI
B OOJIBIION cpefic B OMpE/ICICHHbIE MOMEHTHI BPEMCHH B
TEUCHHUE TEPEX0/1a K CTAMOHAPHOMY PEKHMY PACIpPOCTpa-
HEHHS, a IMEHHO B MOMEHTEHI ¢ = 195, 345, 461, 645. 3atem
HayajbHbIE YCJIOBUS yCTAHABJIMBAJIKMCH TaK, YTO B OTHOU
HOJIOBUHE CpEJibl pa3Mellaach BoJHa oaHoro "sospacra",
CABHMHYTas BAOJb OCH X, & B APYrOil MOJIOBUHE — BOJIHA
napyroro "Bospacra", pasBepHyTas HaBCTpEUy TEPBOIL.
VIcKycCTBEHHBIE HAYaJIbHBIC YCIIOBHsI OBLTM TAKUMH, 4TO
CTOJIKHOBEHHME BOJIH MMEJIO MECTO NPHUOJIM3UTEILHO Yepe3
ISITh BPEMCHHBIX CIMHMIl, T.6. B MOMEHT CTOJIKHOBCHHS
"Bo3pacThl" BOJH COOTBETCTBOBAJIM TEM, YTO YKA3aHLI HA
puc. 15. OGo3HaUYUM Takue BOJIHBI COTJIACHO POCTY HX
"BO3paCTa" KakK Wz()(), W350, W4667 W65().

Ha pucynke 16a mokazaHo B3anMoieicTBue BOJIH Wy 1
Wi, B KOTOpOM W9 momaBisieT Wygs. AHAJIOTHYHO Ha
puc. 160 BosiHa W35y nonasisieT Wage. [1pu B3aumoneiicTBun
BOJIH Wgso U Wy HAOJIFOAAETCS KBA3UCOJUTOHHBIN PEXKIM.
B Tabnunax 2 u 3 cyMMUPYIOTCS pe3yJIbTaThl CTOJKHOBEHU I
BOJIH pa3jmiHbIX "Bo3pacToB". BUJIHO, YTO MOJIyCOIUTOHHOE
B3aMMO/ICCTBIE MMEET MECTO, KOT/Ia IBE CTAJIKMBAFOIIIAECS

Ta6mua 2. Pe3yibTaThl CTOJIKHOBEHUH TaKCHCHBIX BOJIH st y = 0,01,
D=0,04,h_=h, =1

A B C D
A - A A A
B A + B B
C A B + +
D A B + +

IHpumeuanue. 3nech A cooTBeTCcTBYET W, B— W50, C— Wiyee, D —
Weso. Ha mepeceueHun CTpOK M CTOJIOOB OyKBa yKa3bIBaeT, Kakasi
BOJIHA TIOJIaBHJIA JIPYTYIO, 3HAK + COOTBETCTBYET KBA3MCOJIUTOHHOMY
peXuMy, 3HAK — — aHHUrWIAIud. OTHOIIEHHUs MMPUHBI npoduiei
BoJH Ha ypoBHe P = 0,4: A5 //p = 5,3, Ag/Ap = 2, Ac/p = 1,25[71].

Ta6amna 3. Pe3yabTaThl CTOJIKHOBEHUI TaKCUCHBIX BOJIH 1uist y = 0,016,
D=0,h_=5hy =1 (puc. 158,1)

a b [ d

a — a a a

b a — b b

[¢ a b + +

d a b + +
Ipumeuanue. 3mech a COOTBETCTBYET Wga, b — Wig0, € — Wigo, d — Wasp-

OTHoIIeHHS MHPUHBL Tpoduieil BoaH Ha ypoBHe P = 0,4: 4, /Aq = 2,8,
Iv/ra = 14, A /2q = 1,14 [71].
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BOJIHBI CYIIIECTBEHHO OTJIMYAIOTCSI 110 IIMPUHE UX NPODHIIEH.
Toukoii (6osee "crapoii') BolHe CI0XKHEE NMPOUTU CKBO3b
mpokyro ("mosoayro'") Bonny.

5.2. /isymepnas cpena

PaccMmoTpum B3anMogeiicTBUE KOHIIEHTPUUECKUX TAKCUCHBIX
BOJIH Pa3JIMYHOTO pajinyca 1 npoduiieit pa3inuHON IUPUHBI
[71]. B omHOMEpHOM CTOJKHOBEHWU HAYAJIbHBIC YCIOBHS
OBLTN TIOATOTOBJICHBI M3 OJMHOYHBIX UMITYJIbCOB, 3AITUCAH-
HBIX B pa3Hble CTaJIWM PAa3BUTHUS TAKCHCHOW BOJIHBI W, KaK
CIIEZICTBUE 3TOTO0, UMEIOIIMX PAa3JMYHYIO MmMUpuHy. Ecim
P1y(x), Z14(x) — 3ammce UMILyJibca, CABUHYTOTO BIOJb OCH
X Tak, 4To QpoHT HaxoAUTCs B Touke X = 0, TO HaYaJIbHbIE
YCIIOBHS, KOTOPBbIE MBI HUCIIOJIB30BAIH, MOTYT OBITH Tpei-
CTaBJICHBI B BH/IE

P(x7y70):Pld(\/x2+y2_R)a
Z(xvyao)zzld(vx2+y2_R)7

rae R — ycraHaBIMBaeMBbId paanyC KpYyrOBOU BOJIHBI.

OTtuM mnpeobpa3oBaHueM s napametpoB y = 0,016,
D=0, h. =5, hy =1 UHUIMHUPOBAIHNCHL KPYTrOBBIE BOJIHBI
W3 OJHOMEPHOU BOJIHBI, B3SITON B MOMEHTHI ¢ = 120 (BoJHA
W), t = 150 (BosiHa S), t = 450 (Bostna U). llupuna npodums
9TUX BOJIH, U3MEpeHHasi Ha ypoBHe P = 0,4, Oblj1a COOTBET-
cTBEHHO Aw = 9,2, Ag = 6,4, Ay = 5,1, Tak uto Aw /Ay = 1,8
)4 /ALW/)LU = 1,25

BzaumopeiictBue U-BoIH ¢ HavyalbHBIM pPagUyCcoOM
R = 35 noxkazaHo Ha puc. 17a. B aTom ciydyae oOe BOJIHBI
MPOXOMST (OTPAXKAIOTCS) APYT CKBO3b IPYra M OTPAXKAOTCS
oT rpanull. B3ammoneiictBue U- 1 W-BOJIH C TaKUMU Xe

pagumycaMu AEMOHCTPHPYET IOJIYCOJIMTOHHOE MOBE/ICHHE,
korna W-BosHa mogasisierT U-BOJIHY, HO aHHHTHIIMPYET Ha
rpanute (puc. 170).

5.3. TakcuTonsl. 3aBHCHMOCTD pe:KHMAa

OTpaKeHHus OT Yr/ia B3auMOeiCTBUSI TAKCHCHBIX BOJIH
IIpu cTOIKHOBEHUH ABYX S-BOJIH C HAYAJILHBIMH PAJIyCaMHU
R =20 (puc. 17B) UMeeT MECTO YACTHYHOE TPOXOKICHHE
BOJIH. B pe3yibTate 06pa3yroTcst IpOCTPAHCTBEHHO JIOKAIH-
30BaHHBIC BOJIHBI, KOTOPbIE MO AHAJOTHH C TEPMHUHOM
"5kcuTOH", BBEIEHHBIM JIJIS JIOKAIN30BAHHBIX ABUXKYIIUXCS
BO30YXICHUU B BO30yaMMBbIX cpenax [154], ObLiin Ha3BaHbI
"rakcutonn" [71] (puc. 178, t = 80, 100).

Bo3MoOXHBI Takke CilydaW, KOTa OJHOBPEMEHHO 00a
peXKMMa, TOJIYCOJUTOHHBIA M TAKCHTOH, peaM3yrOTCs
nocJie cToJakHoBeHus (puc. 171). B pesysibTate B3aumoaeict-
Bust U-BosiHBI (R = 35) ¢ S-BosHO# (R = 20) S-BoJIHA TIpO-
XoauT ckBo3b U-BOJHY B TOJYCOJUTOHHOM DpEXHME, a
U-BoJIHA TPOXOIUT TOJIBKO YacTu4HO (puc. 171, t = 60, 80,
100).

Tun B3auMOJIeHCTBUS (AaHHUTUJISIINSI, KBA3UCOJIMTOHHOE
WM TIOJIYyCOJIMTOHHOE) 3aBUCUT HE TOJIBKO OT KPHUBU3HBI
CTAJIKUBAIOIIMXCS BOJH M IIUPHHBI UX Npoduiet, HO Takxe
OT yrja Mexay Humu [71]. DTUM MOXHO OOBSICHUTH
(hopMHpOBaHNE TAKCUTOHOB.

Ha pucynke 18 mpencTaBiieHbl CTOJKHOBEHUS TUIOCKHX
TAKCHCHBIX BOJIH JUJIS PA3JIMYHBIX YIJIOB MEXIYy B3aMMO-
JieicTByroIMMY BostHaMu. HavanbHble ycioBus 66111 chop-
MUpPOBaHbl U3 OJHOMEpHON ycTraHoBuBIIeics U-BoiHBI,
MIepeBeICHHON B [IBE IBYMEPHBIE TUIOCKHIE BOJIHBI, PACTIPOCT-
paHsIoIIreCs HABCTPEUY APYT APYTY C Pa3INYHBIMA yIIaMU
HakjoHa. [l 3TOro OBUIO WCHOJB30BAHO CJICTYIOIIEE

N Sy .
7 ]~ — —
t=0 t=20 t=40 t =160 t=280
'v' ‘1 ’ - 6
o N -
t=0 t=20 t =40 t =60 t =280
t=0 t =40 t =60
t=0 t=40 t =60 t =80 t =100
Puc. 17. B3aumojeiicTBue KOHIEHTPMYECKMX TAKCUCHBIX BOJH (L, x L, =150 x 100) [71]: (a) kBasucoiumToHHOE B3ammojeiicrsue U-BOIH C

HavaJIbHbIMK paauycamMu R = 35; (6) noaycosmronHoe B3aumoseiicteue U- u W-BosiH ¢ R = 35; (B) ae S-BosiHbl ¢ R = 20; (r) U-BosHa (R = 35)

u S-BoJiHa (R = 20).
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y x a
/ \ 6
Puc. 18. BzaumogpeiicTeue AByX m10ockux U-BOJIH € pa3HBIMH yIJIaMu o Mex1y Gppontamu (L, x L, = 150 x 50, At = 20) [71]: (a) o = 80°; (6) o« = 60°.
npeobpa3oBaHue: cucreMax. YToObI MPOMIIFOCTPHUPOBATH 3TO, OHU MPEIO-

P(x,y,0) = Pg(xcos0 + ysin0— C),
Z(x,y,0) = Zijg(xcos 0+ ysind — C),

riae 6 u C — KOHCTAHTBI, Pa3JIMYHbIC JJIS JIEBOW U TIpaBOU
TTOJIOBHH CPEJIbI.

B pesynbTaTe mpu yriie B3auMOJIHCTBUS MeXy (HpOH-
TamMu BOJIH o = 80° BOJIHBI aHHUTWIIMPYHOT (puc. 18a), a npu
o = 60° mpoXoaAT APYT CKBO3b Jpyra (puc. 180).

6. Boibl B BO30YyaMMBIX cpeaax
¢ JIMHelHOoi Kpocc-auddysneit

6.1. Ilpumeps! cucrem ¢ JMHelHOI Kpocc-auddy3ueii

B mpenpinymux pa3aenax cTaTbu Mbl pACCMOTPENIM MaTeMa-
THUYECKHEe MOJEIU C TAKCHCOM, KOTOPBIA MOXET OBITh
KJacCUPUIIMPOBAH KaK HeJWHeWHas kpocc-mudp¢ysus. B
OTJIMYHE OT CHCTEM C HeJIMHEHHOU kpocc-nuddy3ueit, ynciio
myOJIMKAIMIA 1O MCCIICIOBAHUIO CUCTEM C JIMHEHHOW Kpocc-
nuddy3ueit cpaBHUTEILHO HEOOJIBIIIOE, T.€. 3TO HAIMpaBJe-
HHUE TIOKA He MOJIYYWIO JOJHKHOTO BHIMAHHUSI.

B 1975 1. IxopH [20] B KOHTEKCTE XUMHUYECKHX Deax-
Ui (IMHAMHKA 3JIEKTPOJUTHYECKUX PACTBOPOB) MOKA3al,
4TO BKJIFOUEHHUE OTpULATEIbHOM JIMHEHOH kpocc-nuddy3uu
B peakiMOHHO-IU(GY3UOHHbIE YPAaBHEHHUS YBEJIUYUBACT
BEPOSITHOCTh BOSHUKHOBEHHUSI HEYCTOMYMBOCTEH, BEAYIIUX K
OCHMJUISIIUSIM | TIporieccaM (GOPMUPOBAHUS YIIOPSTOUESHHBIX
crpyktyp. Ilo3mHee OH wmccienoBai ypaBHeHWs JIOTKM—
Bosbteppa ¢ nuddysueil B roMOreHHoi cucteMe, BKII0Yaro-
el OTpHULATENIbHYIO JIMHEWHYr Kpocc-auddysuro [155].
Bruto 0o6HapyXeHO, YTO TpPH OIPEICICHHBIX 3HAYEHHSIX
kpocc-mupPy3nOHHBIX KOIPPHUIIMEHTOB BO3ZHUKAIOT OCIUJI-
JISIUA ¥ TOSIBJISIFOTCS. TMPOCTPAHCTBEHHBIE CTPYKTYpbl. C
3TOr0 MOMEHTa OTpuIlaTejbHass Kpocc-aupdy3us Oblia
MpU3HaHA KaK (GaKTOP, CIOCOOHBIN MPUBOIUTH K HEYCTONYH-
BBIM pEeXHMaM B pacupenesieHHoi cucteme JloTku— Boub-
Teppa [45, 46, 156].

B pabore Catynosckoro [156] mpu wucciienoBaHun
Mogenn JIoTku — BosibTeppa paccMOTpEeHO MOBEICHHE XHUIII-
HUKOB ¥ JXEPTB, KOTOpPOE MPHBOJUIO K YPaBHEHUSIM C
oTpunaTesibHON Kpocc-nuddysueii. B sxonmoruyeckux 3ana-
Yax oTpuIaTeIbHast Kpocc-aupy3us B TOM BHJIC, B KAKOM
OHa npejcTaBiieHa B paborax [xxopHa u CatynoBckoro [155,
156], kax mOMYEPKUBAIA CAMH ABTOPBI, pacCMATPUBAETCS
KpaiiHe pellko, MOCKOJIbKY OHA OTpaXkaeT CTPATETHIo MOBe-
JIEHUS )KEPTB, T'YOUTENIbHYIO I HUX CAMUX.

B pabote AnmupanTuca u [Tanareopruy [21] npeasoxeH
MEXaHU3M MEXKJIETOYHOU CBSI3U, KOTOPBIA CHOCOOEH CO3-
IaTh Kpocc-TupPy3HOHHBIH TPAHCIOPT B OMOJOTHYECKUX

I THITOTETHYECKUH MEMOpPaHHBIN MeXaHU3M, BKITFOUAIO-
Wi TpaHCMEeMOpaHHbIE MUKPOCTPYKTYPBI ¢ (PepMEHTATHB-
HO¥ aKTUBHOCTBIO, HAJICJICHHBIE IBYMSI AKTUBHBIMY W OTHAM
peryJaaTopHbIM yuacTkamu. OKa3aioch, YTO NPU TaKOH
IIPOCTPAHCTBEHHOM CBSI3U MpOCTasi KaTaJuTHYecKas peak-
IUsl TaXke MPU O4YeHb Mayiol kpocc-nuddy3uu (o cpasHe-
HUIO ¢ O0BIMHON nuddysueit) MOXeT TPUBOIUTH K hopMu-
poBaHuIO CTPYKTYp. B pabote [21] ObLTa UCCIefOBaHA TAKKe
peaxkIMoOHHO-Kpocc-Tu(pPy3noHHAS cUCTEMa

O XY F(x.v,4)+D a—2)(+D oy
ot - s 4y Xarz XYarz ’
3 o Gh @)
aYZG(X,Y,A)-FDYmY—FDY,\'mX,

rae X u Y — peryastopHoe u "TpaHcnoptHoe" BelecTBa
COOTBETCTBEHHO.

Boum HaliIeHbl YCIIOBUS, P KOTOPBIX B BYXKOMIIO-
HEHTHO# peaknuoHHO-TUPPYy3noHHON cucteme (7) MOTYT
(bopMUPOBATLCST CTAIMOHAPHBIE CTPYKTYPhI MPH HAJIAYAU
kpocc-nupdy3un. Takum obpazom, B padote [21] nmpemsio-
JKEH M HMCCJIEIOBAH TUMOTETHUYECKHA MEXaHH3M, BKIIIOYAIO-
U TpaHCMeMOpaHHBbIE AJITOCTepHYeCKrue (GepMEHTHI, Kak
BO3MOXHBIA KaHIUAAT JJIs1 co3gaHust kpocc-auddy3non-
HOTO B3aWMOJICHCTBUS MEXTYy KOMIOHEHTAMH CHUCTEMBI, B
KOTOPOW BO3HUKAIOT JUCCUNATUBHBIE CTPYKTYpbl. Hekoto-
pble XapaKTepUCTHKH MeMOPAHHBIX MHKPOCTPYKTYp, Hpea-
CTaBJICHHBIE B 3TOH paboTe, HAOMIOAATNCH B OTIEIBHBIX
pernenTopHBIX cucteMax [157, 158].

B pabore [abest ¢ coaBropamu [24] paccMOTpeHa
cienyromasi MOJeJb THNA XHUILHUK—XepTBa C caMo- U
Kpocc-muddy3ueii:

oP o’p o’z
E:g(P)P*f(P)Z+D11 @JFDQ@,

(8)
V4 A o’p
o [Cf(P)—Q(P)]Z'FDzz@-i-Dzl(t)W?

rae P (x,t) u Z (x,t) — NOMyJISIIMOHHbIE INIOTHOCTH KEPTBBI
7 XUIIHUKA COOTBETCTBEHHO.

Ha stoii MoJiesin ObLUIN N3YYEHBI KPUTEPUH HEYCTOWINBO-
CTH W TJIOOAJIBHOW YCTOWYHMBOCTH, UCCICIOBAHO BIIUSHHE
KPUTUYECKON JUIMHBI BOJIHBL, KOTOpas MOXET NPUBECTU
kpocc-mu(pPy3uOHHYIO CUCTEMY K HEYCTOMYMBBIM DPEXKH-
MaM. Bl Taxoke ucciemoBaH ciryyai, korma kpocc-auddy-
3UOHHBIA K03((UIMEHT XUIIHUKA 3aBUCAT OT BPEMEHU, U
JTaHA OICHKA BJIMSIHUS 3aBUCSINEH OT BpeMeHu Kpocc-auddy-
3UHU Ha YCTOWYMBOCTH CUCTEMBI [24].

Ceiicmonorusi. Moaeas Byppuaxa—Kuonopda (BK-mo-
naenb). JIJsi MCCleOBAHUS XapaKTEePHBIX OCOOEHHOCTEH
semutetpsicennii byppumk n Kaonodd [28] mpemnoxmim
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MO/IeJTb, KOTOPAsi OMKICHIBACT B3AMMOJICHCTBHE BYX TEKTO-
HUYECKUX IUIUT KaK B3aUMOJCUCTBHE IEMOYKH N OJIOKOB
pPaBHOU JUTMHBI ¢ W OJIMHAKOBOM MAaCChI /71, B3ANMHO CBSI3aH-
HBIX IPYXUHAMU ¢ Koaddumuentom ['yka k.. Bioku cBs3anbl
C OCHOBHOW YacCThIO ILTUTHI, KOTOpAsi TBUXKETCS CO CKO-
poctbio V. CBs3b OJIOKOB C 3TOH IUIMTON OIpeAesieTCs
9JIACTHYHBIM CIBUTOM C KodpduuueHToM k,, 1 TpeHueM Fy
MEXy ABYMs IULTATAMH. B CTallMOHAPHOM COCTOSIHMH YPaB-
HEeHHe 7151 i-TO OJIOKa MMeeT BU

mX; = ko(Xp1— 2X; + Xio1) — kp(X; — V)= F(X:), (9)

rae X; — CMellleHue i-ro 0JI0Ka OT ero MOJIOKECHUS pABHOBE-
cusi. Byppumx 1 Kaonodd [28] BBenu S-o0pa3Hyro 3aBHCH-
MocThb (yHKIUE Tpenus. B manmpaeiimem Kapiicon u Jlanrep
[159, 160] BBesn (pyHKIMIO TpeHUS, ACUMIITOTHYECKH OCJIa-
GeBarollyro ¢ yBenuueHueM ckopocTu. KapTpaiT ¢ koJsuie-
ramu [29] BepHyJHMCh K TEpBOHAYAJILHOMY BHY (YHKIUU
Tpenusi u ceenu BK-momens x cucteme ¢ TuHERHON Kpocc-
muddysueit.
Ilepexoas k mpenesy B ypaBHeHu# (9), moiayuaem

2 — CZX//

—(x=vt) =v0 (1), (10)
rae y(x,t) mpexacraBiseT coboW 3aBHCsIIee OT BPEMEHHU
JIOKAJIbHOE TIPOJIOILHOE CMEIIICHUE BEPXHEW TUITHTHI OTHOCH-
TEeIbHO HUXHEH TwmThl. JJIs JIOKalbHOM ckopocTH VY = j
nosyuaem u3 ypasHenus (10) BK-monens B Bujie cucteMsl ¢
JIMHEeHHOU Kpocc-auddysueit [29]:

v=y(n—oW), n1=—y"'b—v-cN"). (11)
Kpocc-nuddpy3unonnast Moaeab JUHAMHKH BO3PACTHON CTPYK-
Typbl Jeca. C MaTeMaTHYECKOW TOYKU 3PEHHUs Ka3aJI0Ch OblI,
4TO CUCTEMBI C JINHEHHOU Kpocc-muddy3ueii siBsroTes 6oee
MPOCTBIM CIIy4aeM IO CPABHEHUIO C HEJIMHEWHON Kpocc-
nuddysueit, HO MPeICTABIICHHE TAKUX CUCTEM C (HPU3NUECKON
TOYKH 3PEHUSI TOCTATOYHO CIIOXHO. PaccMoTpuMm OofuH M3
HauboJiee MHTEPECHBIX BHIBOIOB MaTEMATUIECKON MOAEIIH C
JIMHEHHOU Kpocc-nuddy3ueit Ha mpuMepe MOIEIN TUHAMUKA
BO3PACTHOM CTPYKTYPHI Jieca, MPpeIOKeHHOU B paboTtax [26,
27]. llox mmHaMuUKO¥ BO3PACTHOM CTPYKTYPHI Jieca oapas3y-
MeBaeTCs MPOCTPAHCTBEHHOE M BpeMEHHOE M3MEHEeHHUE YHCIia
JIEPEBbEB PA3IIMYHBIX BO3PACTHBIX KJIACCOB, OOYCIIOBICHHOE
BHYTPEHHUMM M BHEIIHUMH (akTopaMu. PeasnbHble jeca
AMEIOT BO3PACTHYIO CTPYKTYPY, MEHSIOLIYIOCS OT y4acTKa
K YYacTKy, M TaKHe JOKaJbHble "sueliku" oObeIuHEHBI B
eJINHYI0 JKOCHCTEMY MEXaHH3MaMH HepeHoca CeMsH U
BEreTATHBHOTO pa3MHOXeHUs. I3BeCTHO, YTO BOCIIPOU3BO/I-
CTBO JIEPEBbEB MPOUCXOAUT OOBIYHO YePe3 YETHIPE OCHOBHBIE
CTaJuM, CBSI3aHHbIE C CEMEHAMH, & UMEHHO: IPOU3BOJICTBO
CeMSH, TIEPEHOC CEeMsIH, OCaXJeHHe CeMsH Ha ITOYBY H,
HAKOHeIl, X MpopacTanue. bbuia paccMoTpeHa criemyromas
MOJIeJIb:

0

a—L; =0pw —y(v)u — fu,

%:fu—hv, (12)
% =ov — fw+ Dwyy,

rae u ¥ v — mWIoTHOCThL "Monoanix" u "crapeix" nepeBbes;
W — IIOTHOCTD "ceMsn B Bo3ayxe"; f 1 i — K03 PUIIMEHTHI

craperusi "Monoapix" u cmeprHocTu "crapeix" nepeBbes;
y(v) — cmepTHOCTh "Momoawix" nepeBbeB; o, f§, 0 —
K03 pUIIMEHTHI TPOU3BOACTBA, OCAXJICHUS U TIPOPACTAHUS
CeMSIH COOTBETCTBEHHO; D — ko3pdumnument muddysun
B/IOJIb NPOCTPAHCTBEHHOU nepeMeHHoil x. Cucrema (12)
umeer Bun peakius —audoysus. I[Myrem uckmroueHus "ce-
MeHHOI" nepemennoi u3 (12) Obuia mosryyeHa Kpocc-audpdy-
3MOHHAsl CHUCTEMa YpPaBHEHHWH ISl MJIOTHOCTH KJIACCOB
"mononpix" u "crapeix" nepesnes [26, 27].

BriBo1 kpoce-nmuddy3nonHo Moaen B paboTax [26, 27]
MpoJeslaH Ha OCHOBE THIIOTE3Bl O PA3JIMYAH BPEMEHHBIX
MaciTaboB sl PACCeUBAHUSI CEMSH M XU3HHU [€PEBbLEB.
Tax xak B cucreme (12) mocienHee ypaBHeHHUE JIMHEHHO, TO
ero opMabpHOE pelleHne 3aNIChIBACTCS B BUC

+oo +00
w(x,t):J déJ dro(x+&t—1) %

—00 0
X ———=¢exp|————f7].
2v/nDzt 4D1

ITpumem BO BHUMaHHE, YTO BpeMsi, IPOBOJIUMOE CeMe-
HAaMH B BO3[yXe, MHOI'O MEHBbIIE, YeM BCE OCTaJIbHbIE
BpPEMEHHFIE TOCTOSIHHBIE, T.e. [~ (XapakTepHOe Bpemsi
OCAXICHUSI CEMSH) SIBJISIETCS. MaJIbIM IapamMeTpom. Pasio-
KuM v B psa Teisiopa mo BTOPOMY apryMeHTy. DTO AaeT
ACUMIITOTUYECKUHN PSIIT TS W B TIpefiesie f — +oo:

(13)

+00 +00 o
M’(X,l):_l‘i dé U(x+é,t)J0 drmx
X ex fé—z—ﬁ + (x+£t)J+ocd X
P\Tap, —PT) T el St e

62
X exXp <fmf

I>+... =
+00 1/2
1/2
+v1<x+£,r)7l [1+|<3I<%) }x
24/Dp?

X exp {— 4 (%)1/2} +O0 (B,

IMoncraBnsst 3TO BBIpaXXEHUE B MEPBOE YPABHEHUE CHUC-
Tembl (12), mostydaem (CoXpaHsist TOJIbKO TJIABHBIN YJICH) CJie-
JIYIOIIYIO HHTETPATbHO- TP (HEPEHINATLHYIO CHCTEMY YpaB-
HEHUU:

(14)

+00
w=| @t EndE = u—fu,
v =fu—hv,

rze GyHKIus p,, 3amaeTcs GopMyioi

po(6) = o0 (ﬁ)mexp RG (,’;)/2} .

NuTerpanbhblii wieH B (15) MOXeT ObITh anmpoKCUMHU-
poBaH nudhepeHINATBLHBIM, €CIIH PA3JIOXUTD v (X + &) B psif
Teitopa 1 OCTaBUTH TOJBKO MEPBBIE YETHIPE ujieHA. XOTS
9TOT TpHEM HE MMeEeT CTPOTOro OOOCHOBAHUS, OH JAeT
nepBoe "HeTpHBHANbHOE" MPOCTPAHCTBEHHO pACIIPE/ICIICH-

(16)
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Hoe 00o611eHue moaenu (12). [Tonaras

+00
j Po(E) 0 (x & 1) dE 2 pu (x, 1) Kvge(x, 1)

+00
o= m@az=2s,

+00
k=1 [ po(&) €2 dé = Z“ZD ,

MOJIy4aeM CUCTEMY C TiepeKpecTHOU Auddy3uei:
Ou
a:pv—y(v)u—fu—kaxx,

v (17)
—=fu—hv.
ot

JIvHeiHbId 1 KyOuYeckuid o ¢ YJICHBI UCUYE3AFOT BCJIE/-
cTBHE 4YeTHOCTH (yHKIHI p,. 3amernM, uTo cuctema (17)
yKe uMeeT Kpocc-TudpPy3noHHbIN WieH K vy, B TO Bpems
kak Mozenb (12) mmeer kiaccmueckuit auGy3MOHHBIN
ujieH Dwy,. Takum oOpa3om, A1l KA4eCTBEHHOTO OIMCAHUS
IPOCTPAHCTBEHHO-BPEMECHHON UHAMHKH OJHOBHIOBOTO
Jieca ¢ BO3PACTHOM CTPYKTYpOil ObLIa MpeasiokeHa MOAETb
kpocc-mu(pPy3uOHHOTO THIA C JBYMS B3aUMOJCUCTBYIO-
muM# KoMmroHeHTamu [26, 27]. dusa monemu (17) B padote
[26, 27] uccieqoBaHO ABMXXEHUE I'PAHUI] Jieca.

6.2. XapakTepHble CBOIICTBA BOJIH

Marematuyeckas Mojelib. B pabote [72] npu ucciieioBaHuN
BO30YIMMBIX CHUCTEM C JIMHEHHOU Kpocc-muddy3ueit moka-
3aHO, YTO XapakKTepHON OCOOECHHOCTHIO BOJIH B TaKUX
CHCTEMax TaKXKe SIBJISICTCS KBA3UCOJUTOHHBIA PEXKUM B3au-
MOJIeHCTBUS. DTU UCCIEOBAHMS OBLIM MPOBEACHBI HA Ma-
TeMAaTUYECKON MOJEJIU C HEeJIMHEHHOCThIO TUa PUTIXBIO —
Harywmo [142, 143], xoTopas siBJsieTCS IPOTOTUIIOM MOJIETIU
BO30YIMMON CHCTEMBI, HO BMECTO TPAJAUIMOHHOTO OIHCA-
HUS paCIPOCTPAHECHUST KOMITOHEHT CUCTEMBI 3a cueT auddy-
3un (18) BrIrOUeHa smHEeHHas Kpocc-auddysus (19) [72]:

%:u(u—a}(l—u)—v-i-Du%v
%:e(u—v)Jqu;%’ .
%:u(u—a)(l—u)—iH-D@%,
%:e(u—v)—Du%v "

rneD,>0,D,>0,e<1,a<0,5.

3naku  kpocc-auddy3nonnpix uyieHoB B (19) Obum
BEIOpAaHbI 1O AQHAJOTUU C WCCIEOOBAHHOW CHCTEMOU C
HEeJIMHEeWHOW Kpocc-muddysueir. OTMETHM, YTO CHCTEMa
(19) mpu D, = 0 cooTBercTBYeT Moaenu Byppumka—Kno-
nod¢a, ONUCHIBAIOIICH B3aMMOJICHCTBHE TEKTOHUYECKUX
T [29].

YucrieHHbIE JKCIIEpUMEHTH Ha cucteme (19) mpoBomu-
qch Uit x € [0, L], rie pasmep cpeabl L BappUpOBAICS IS
Ppa3HbBIX IKCIIEPUMEHTOB. Ha rpaHunax cpebl BhIMOIHSIINCH
YCII0BHUs HeNpPOHUIaeMocTH: du/0x|,_, ; = 0v/0x|,_ ; = 0.
Koria Tpe60BaIoch HCCIe0BATH IIOBE/ICHNE BOIIH B HEOI Pa-
HUYEHHOH cpeie, MHTEPBAJ BEIYUCIICHHS BPeMsI OT BPEMEHU
CABHUTAJICSl TaK, 4TOObI He OBLIO BJIMSIHUS TPAHUIBI HA

pacnpoctrpaHeHue BoJiHbL. TakuM oOpa3oM, OTMEUEeHHBIC Ha
BCEX PUCYHKAX MPOCTPAHCTBEHHBIE KOOPAUHATHI MPEACTAB-
JISIOT MPOCTPAHCTBEHHYIO IIKAJy, 4 HE MO3UIUIO BOJHBI B
KOHKPETHOM JKCIIEpHMEHTEe. Bo BceX UYMCIIEHHBIX JKCIIEpH-
MeHTax napametp a = 0,3, B To Bpems kax ¢, D, u D,, BapbH-
poBauch. [1py BEIYMCIIEHNN UCTIOIB30BAIACH HESIBHAS LICHT-
panbHO-pa3HocTHas cxema [161]. [IpocTpaHCTBEHHBIE U Bpe-
MEHHBIE IIaT¥ BBIYUCIICHUH OBLIN COOTBETCTBEHHO 0X = 0,2,
8t =0,005. Hauanpusle yciosus; u(x,0) =6 (0 —x),
v(x,0) =0 @Ist 3amycka OIHOM BOJIHBI (Ha JIEBOM KOHIIR);
u(x,00=0(0—x)+06 (x—(L-9)), v(x,0) =0 mis 3a-
Mycka JBYX BOJIH ¢ OOOMX KOHIIOB, Tne O — QyHKIuUs
XeBucaiina, a d=2. Hauayio u xoHell BOJIHBI BO30OYXJICHUS
OTPEIEeISUTHCh KaK TOUKH, Te u (X, 1) = uy = 0,5.

Dpomonus ¢opmbl BoaHbL. Pucynok 19A mnmoctpupyet
THIUYHBIA TPOPIITb PACTIPOCTPAHSIOIICHCS] BOJIHBI B BO30Y-
numoit kpocc-nuddysnonnoit cucreme (19). OTmerum cie-
JIYIOLIIE XapaKTepHbIe CBOMCTBA [72]:

— HMMEETCSl TOCTATOYHO IJIMTENbHBIA Hepexon (MHOTo
Ooutbllie, YeM B cucteMe ¢ oObraHOM auddysueii), B TeueHne
KOTOPOTO BOJTHOBOW UMITYJIbC PACIIIUPSIETCS IO OMPEIeSICH-
HOMU CTaIlMOHAPHOU JIJIUHBIL;

— nepeHui (PPOHT UMITYJIbCA OCHUJUIMPYHOLIUH;

— OCHUJUISIIIMM BOJTHOBOTO MPO(duUJist BOIM3U MEPETHETO
7 3a7]Her0 (pOHTOB HAOIIOJAFOTCS KaK ISl aKTUBATOPA, TaK
| JJTsl HHTUOUTOPA;

— miato umnyibcea (puc. 19A, ¢ =120 u ¢t = 620) kak
AKTHBATODPA, TAaK M HHTUOUTOPA U3MEHSIOTCS HE3HAYUTEb-
HO.

Bce aTH cBolicTBa MOOOOHBI CBOMCTBAM, ONMMCAHHBIM IJIST
TAKCHCHBIX BOJIH, B TO K€ BPEMsI OTJIMYAIOTCSI OT CBOUCTB
BOJIH B cucteme Putiixbro — Harymo ¢ o6b1uHo# quddys3ueii:

— mepexoj K YCTOWYMBOMY MUMITYJIbCY OOBIMHO MPOWC-
XOJUT B TEYEHUE BPEMEHH, CPABHUMOT'O C IPOAOJIKUTEIBHO-
CTBIO UMITYJIbCA;

— TepeTHIe U 3aTHUEe GPOHTHI MOHOTOHHBI;

— COJIUTOHOIIOJOOHBIN PEKXUM B3aUMOJIEHCTBUST BOJH
AMEET MECTO B y3KOU MapaMeTPHIECKOi 00J1aCTH Ha TPAHUIIe
JKAYILETO M KOJIe0ATEIbHOTO PEXXUMOB.

PaccMOTpuM 3BOJTIONMIO MIMPHHBI BOJHOBOTO MPOQHIIS
W, omIpemeneHHYIO KaK DACCTOSHHE B JAHHBIA MOMEHT
BPEMEHH MEXy TOUKAMH C u = uy W Ou/0t > 0 (mepemxHmit
bpoHT), u = uyn Ou/0t < 0 (3amuuit pponT). Ha pucynke 195
BUJHO, YTO C TEMU HAYaJIbHBIMU YCJIOBUSIMHU, KOTOPbIE OBbLIIN
UCII0JIb30BAHBI, IIIMPUHA TPOMUIIS BOJHBI YBEJINUYUBACTCS 10
cTanmMoHapHOTO 3HaueHHs. Kak CKOpocTb yBeIMYCHUs
IIUPUHEBL, TaK U €€ CTAOHAPHOE 3HAYCHUE 3aBUCST OT BCEX
napamMeTpoB. OIHAKO 3aBUCHMOCTb OT ¢ HamboJiee WHTe-
pecHa, TMOCKOJIbKY 3(deKT HACBIICHUS NpOoIagaeT Mpu
& =0 (puc. 195 (1)).

Ha pucynke 19B moxHO 0oJiee neTanbHO MPOCIIECIUTh
9BOIONUIO (POPMBI BOJIHBI NMPH MAaJbIX 3HAYEHHUSX I1apa-
MeTpa ¢. BosiHA cTaHOBHUTCS JJIMHHEE M, COOTBETCTBEHHO,
MepeHA W 3aHUN (QPOHTHI I Pa3HBIX MOMEHTOB Bpe-
MEHH MOJKHO JIy4Ille CPAaBHUTH 1O OTIeIbHOCTH. Hamoxum
JIpYyr Ha Jpyra nepeaHue U 3aaHue (GpoOHTBI B MOMEHTHI
Bpemenu ¢t = 250 u ¢t = 1000. B mporecce mpoaoIKUTENb-
HOTO TIepeX0/1a BOJIHBI K yCTOHYMBOMY COCTOSIHUIO TIEPETHHAN
(GPOHT ocTaeTcsl MPAKTUIECKH MOCTOSIHHBIM (puc. 19B (B)),
OTHOCHUTEJIbHO MaJible M3MEHEHUsT (POPMBbI HAOJTFOTAFOTCS HA
3a/iHeM (PpPOHTE.

COOTBETCTBEHHO PACCMOTPHM pa3AesIbHO JBUKEHHE
MepeqHero W 3aaHero (POHTOB BOJHBI KAaK H3MEHEHHE
ckopoctu ppoHTOB OT Bpemenm (puc. 19T). Bumno, uto
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Puc. 19. (A) I[Tpodunu pacnpocTpaHsIoIIEHcs: BOJIHBI, OMUCHIBAEMON MaTeMaTH4eckoil Moelibio (19) B pa3inuHble MOMEHTBI BpeMeHu. CILIONIHbIE
JIMHUU — u, IuTpuxosble — v. [lapamerpsr: ¢ = 0,001, D, = 5, D, = 0,5, mikana x Ha Bcex ¢urypax pastaa 50. (b) Poct mmpuns! npoduis Bosnsl (W) co
BPEMEHEM ISl Pa3JIMYHBIX KOMOMHAIMI napameTpoB cucteMsl (19). Toukamu Ha rpadukax yKa3aHbl TPAHHUIIBI KBA3UCOJUTOHHOTO PEXKUMA, T.€. BOJIHA
OTpaXaeTcss OT TPAHMIIBI, €CJIM CTOJKHOBEHME CIYYUTCS A0 yKazaHHOro MomeHTta. Ha pucynke (0) kpuBas D, = | — KBa3HCOJMTOHHBIA PEKUM
oTcyTcTBOBaL. Ha pucynke (T) citydaif ¢ = 0 — KBa3UCOJMTOHHBII PEXIM MMeT MECTO B TeUEHUE Beero BpeMeHn Haburonenus. (B) deranm sBosronnu
(opmel BostHEL BO Bpemenu (¢ = 0,001, D, =5, D, = 0,5): (a) u (6) oOwmmii BUI; (B) HAJIOKEHHE TepeTHUX QPOHTOB, COOTBETCTBYIOLINX MOMEHTAM
t =250 u t = 1000; (1) — Hajo)eHHe 3aAHUX GpoHTOB BOJIHBL. (') DBoIOIHMS CKOPOCTEH IIepeAHero (CIUIOIIHAS IMHUS) U 3aHETO (IUTPUXOBast JINHUS)
(pOHTOB BOJIHBI CO BpEMEHEM TPU PA3IMYHBIX KOMOUHAIMSIX TApaMeTpoB &, Dy, D,, (yka3aHbl B cKOOKax Ha pucyHkax). Toukamu Ha rpadukax ykazaHbl
TPAHUIBI KBA3UCOJIMTOHHOTO PEXUMA, T.€. BOJIHA OTPAXKAETCS OT IPAHMIIBI, €CJIU CTOJKHOBEHHE CIIYYUTCS 10 yKa3aHHOTO MoMeHTa. [liis ciyyas ¢ = 0
(T) KBa3WCOJIMTOHHBINA PEXUM MMEJI MECTO B TEUeHHe Bcero BpeMeHum HabOronenus. ([) VcroitumBble nmpoduianm BOJH AU PA3IMYHBIX 3HAYCHHUN
napametpa ¢. CTallMoHAPHAS IINPUHA BOJHBI W (pHC. 2) MPONOpIHOHAIbHA ¢ ' Ipu & — 0, TOYKAMH YKa3aHBI pe3yIbTaThl YUHCIIEHHBIX JKCTIEPHMEHTOB.
Bo Bcex ciyuasix (puc. a—-r) D, =5, D, =0,5.

CKOPOCTB IepenHero (GpoHTa MPUHUMAET MOCTOSIHHOE 3HA-  3TOTO CKOPOCTBH 3aTHEro (ppoHTa, CTAPTYs C OUYCHb MAJIOrO
YeHHe T0CjIe OYeHb KOPOTKOro mepexoaa. B oTimume OT  3HAYEHWS BEJIMYMHBI, IOCTENEHHO YBEJINYUBASChH, JOCTUTAET
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Puc. 20. B3aumoseiicTie BOJIH B BO30YIMMOIl cHCTeMe ¢ JIMHEeHHOI kpoce-muddysueit [72]. (A) IIpocTpaHCTBEHHO-BpEMEHHASI KAPTUHA B3aUMOIeH-
CTBHS BOJIH (U, v) B OJIHOMEPHBIX Cpe/laX pa3IMyHOM JUIMHBI L: KBAa3UCOJIMTOHHBIA PEXUM HA MAJICHbKOMW Cpe/ie U HECOJIMTOHHBIH PEKUM Ha OOJIBIION
cpeze. B o6oux ciyyasix ¢ € [0, 200]. [Tapamerps cucrems (19): ¢ = 0,01, D, = 5, D, = 0,5. (B) AunamMuKa KBa3MCOJMTOHHOTO B3aMMOICHCTBHS BOJIH
npu L = 300 (CrutomiHble JUHUKA — i, IITPUXoBble — v). (B) JAuHaMuka HeconmToHHOTO B3auMopeicTus BoH npu L = 600. (I') KBasuconutonnoe
B3aMMO/ICHCTBUE BOJIHBI C HeNIpOoHMIIaeMoi rpanuneii npu ¢ = 0. (Bo Bcex ciyuasix D, = 5, D, = 0,5).

3a JUIMTEJIbHBIA MPOMEXYTOK BPEMEHH BEJIMUMHBI CKOPOCTH ~ BAHHUS BOJHOBOTO NPOQHIS MOXET OBITh ONUCaHA Kak
nepenHero gponrta. Takum o6pa3oM, TUHAMHKA (GOPMHEPO-  OTCTaBaHHUE 3aJHEro (poHTA OT MEepeHEro Ha OINpe/elIeH-

5 VOH, 1. 177, Ne 3
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HOE PacCTOsIHUE, HA KOTOPOM CKOPOCTH 000uX (PPOHTOB CTa-
HOBATCS OAMHAKOBBL. C yMEHbIIIEHHEM BEJTMYMHEI ¢ N3MEHe-
HHUE CKOPOCTHU 3aaHero ¢poHTa 3amemisercs (puc. 19T (a—
B)), a ipu ¢ = () CKOPOCTH 3a7Hero (HPPOHTA HE UIMEHSETCS
BooOie (puc. 191 (1)). B aTom ciydae Takoe pa3iciicHHuE B
JBUXKEHUM TIEPEJHEr0 M 3aJHEro (poHTOB HPUBOIUT K
HENPEPLIBHOMY POCTY JJIMHBI BOJIHBL. 3aBHCUMOCTD YCTOM-
YHBBIX BOJHOBBIX MPOQUIICH OT ¢ IpeicTaBiieHa Ha puc. 19/]1.
IIpu MambIX ¢ yCTONYMBBIE JUIMHBI BOJIH W XOPOIIO ammpo-
KCHMUPYETCSl 3aBHCUMOCThI0 W oc &1

6.3. KBa3uco.mToHHOe B3auMoelicTBHE BOJIH

B paGote [72] moka3aHo, 4TO il BOJH B BO30YIUMBIX
CHCTEMAX C JIMHEWHOH kpocc-muddy3neil KBa3HCOIUTOHHOE
B3aUMOJICHICTBUE TAKXKE SIBJISETCS XapaAKTEPHBIM CBOHCTBOM.
ITpudyem 3TO CBSI3aHO C MEIJICHHOW 3BOJIOIMEN (HOpMBI
BOJIHBI, ONMCAHHOI B mpeaplayleM pasaesie. CnocoOHOCTh
BOJIH MPOXOAUTHb APYr CKBO3b OPYTra W OTPaXaThCs OT
HEMPOHHULAEMBIX TPAHUI] 3aBUCUT OT uX "Bospacra", T.e. oT
IMUPHUHBI UX PO B MOMEHT CTOJIKHOBEHHUSI.

Ha pucynke 20A moka3aHbl 1Ba peKIMa B3aUMOICHCTBHS
BOJIH [UIS Pa3jM4HbIX "BO3pacToB" NpH OTHMX M TEX XK€
napamMeTrpax. Pasiauynble Bo3pacThl ObUIN MOJTYYEHBI 33 CUET
pa3HBIX pazMepoB cpeanl. Ha cpeme ¢ MEHBIINM pa3Mepom
(L =300) npodmim BOJIH K MOMEHTY CTOJKHOBEHHUS HE
JIOCTHT I COOTBETCTBYIOIIIEH IIMUPUHBI, B Pe3yJIbTATE CTOJIK-
HOBCHHE KBa3WUCOJMTOHHOE. BOJHBI MOCIE CTOJKHOBEHUS
CHOBA CTAHOBSITCS TOHKUMH U, KaK CJICACTBUE, IPU TaJIbHEH-
IIEM PacHpOCTPAHEHUH OTPaXaroTcs OT TIpaHHuLl. DTOT
MPOIIECC TIOBTOPSIETCSI CHOBA M CHOBA TakK, YTO B CHCTEME
HAOJIO/TAeTCSl  CaMOTIOACPKUBAIOIIASCS aKTUBHOCTH. B
cpene 6oupiniero pasMepa (L = 600) K MOMEHTY CTOJIKHOBE-
HHUSI BOJIHBI MMeIOT "nmocraToyno" mmpoxue npoduid U
HaOrogaeTCs X aHHUTWIsus [72]. JuHaMuka KBa3ucoJIu-
TOHHOTO M HECOJIMTOHHOT O B3aUMOACHUCTBUS BOJIH 111 000UX
cinyvyaeB nokasana Ha puc. 20b, B. Tak xe xak u B ciydae
TAKCHCHBIX BOJIH, HECOJIMTOHHBIN PEXUM B3aUMOJCUCTBUS
JUUISL TAHHOTO CJIy4asi XapaKTepU3yeTCs MPOXOKICHUEM BOJIH
JPYI CKBO3b ApYra ¢ MOCJIEAYIOLIUM UX 3aTyXaHHEM.

[lepexiroueHne ¢ COJIMTOHONOJOOHOTO HA HECOJUTOH-
HBI PEeXUM B3aMMOJAEHCTBUSI HAOIIOJAETCs, KOrAa BOJIHA
HAXOJUTCS Ha ompeneieHHoi ¢asze "pacimpenus” B mpo-
mecce mepexoda K YCTOMYMBOMY COCTOSIHUIO. MOMEHTBI
9TOro TEepeKJIoUeHNsl Moka3aHbl Ha puc. 196 u puc. 19T
KBa3uconnTOHHBIA peXUM B3aUMOJACUCTBHUS MMEET MECTO
TOoabKO s "y3kux" BOIIH, T.€. BOJIH, HAXOISILIMXCS B IEPBOM
MOJIOBHHE TMEePeXoda BOJIHBI K YCTONYMBOMY COCTOSTHHIO
(puc. 19B). Poct mmpuHB NPOQUIIS BOJHBI 3aBHCHT OT
MUHAMUKA 3a7Hero (poHTa (OT €ro MmpOCTPAHCTBEHHOTO
TOJIOKEHUSI U CTPYKTYphI). Takum 0oOpa3zoM, MOXKHO Tpej-
MOJIOXKUTh, YTO PE3YyJIbTAT CTOJIKHOBEHUSI B OCHOBHOM
OTpeAeNsieTCsl CBOUCTBAMHU 3aaHero GppoHTa. B3ammocssizb
MEX/Iy HepeTHUM 1 33 THIM (HPOHTAMU JOJDKHA OBITH HE3HA-
YUTETLHOU, €CJIM MPO(GIITH BOJHBI OYSHD IIUPOKHIA.

CTpykTypa 3aaHell 4acTH IIUPOKOro MPOGUIIS BOJHBI
OCTaeTcs Takol e, Kak M TOHKOTO, T.€. NPUTOJHOH K
OTPaXXEHHIO, €CIIM IMHAMUKA M3MEHEHHUs IUIATO MMIIYJIbca
JIOCTATOYHO MeJJIEHHAS], YTO OINPEIeSIeTCS MapaMeTPOM é&.
Taxum obpazom, ecimm ¢ = (0, TO BOJTHA TOJDKHA OCTaBaThCS
KBa3WCOJIMTOHHOU JUISl JTFOOOW IIUPUHBI MPOMUIIS BOJIHBI.
OT0 NPeANoIOKEHUE NOATBEPANIIOCH B YUCIIEHHBIX 9KCIIEPH-
menTax (puc. 19T (r)) [72]. B aToit ke pabote [72] npenacra-
BJIEH AHAJMTHYECKUH MOAXOJ K HCCICOOBAHMSIM BOJIH B
CHCTEMaX C JITHEWHOM Kpocc-Tuddy3nei.

7. 3akaouenue

Taxum 00pa3om, MOKa3aHO, UTO NP 3dMeHe 00bIKHOBCHHO
oug@ysuu na kpocc-oud@ysuio 6 6030Y0UMbBIX CUCTNEMAX
0OHAPYICUBAIOMC A HOBBIE 80.IHOBbIE CEOUICINEA.

BeieM ocHOBHBIE CBOMCTBA M HOBBIE BOJIHOBBIE SIBJIE-
HUSI, XapaKTepHbIE [T BOJIH B CHCTEMax ¢ Kpocc-auddy3ueit
7 OTJIMYAFOIINE UX OT U3BECTHBIX CBOMCTB aBTOBOJIH.

— Ilepennuit ¢poHT BOJH B Kpocc-auddy3NOHHBIX
CHCTEMAaX OCHUJUIMPYIOIIUH.

— IIpodunu BomH Moryr ObITH "omHOropGeIMHU" U
"nByrop6eiMu". 3aBUCUMOCTDL CKOPOCTH PaCIpOCTPaHEHUS
BOJIHBI OT TAKCHUCHBIX KO3()(HUIIMEHTOB UMEET JABE BETBU —
napaboJIMIecKyro 1 JuHelHyro. [lepexo oT o/IHOW BETBH K
JIPYroil 4YeTKO KOPpEeNHpYeT C HU3MEHEHHSIMH B Qopme
BOJIHOBBIX Tpo¢uiei: mapadosuyeckas BETBb COOTBETCT-
ByeT "aByrop6oii" popme, nuneitnas — "omgHorop6oii".

— HmMeercs 1OCTATOYHO JJIMTENIbHBINA Tepexo/ (MHOTO
0oJIblIIe, YeM B CUCTEME ¢ OObIYHOM Auddy3ueii), B TeueHue
KOTOPOTO BOJHOBOH WMIIYJIbC JOCTHTAET OIpE/IeIEHHON
CTAIIMOHAPHOU JIJIMHBI.

— 3aBHCUMOCTb CKOPOCTH PacIpOCTPAHEHUsI TAKCUCHOM
BOJIHBI OT KO3 punuenta nuddy3un oTanuaercs OT 3aBUCH-
MOCTH, MMEIOIIEHCS BCeraa Yy CKOPOCTU PacHpOCTpPaHEHUS
BOJIH B peakIMOHHO-TU(D(PY3MOHHBIX CHCTEMax U MPOTOop-
[HOHATBHOM \/D.

— Mauble TakcucHble KOI(DOUIMEHTHI CYIIECTBEHHO
W3MEHSIIOT TIOBEJCHHE CIHUPAJIbHBIX BOJIH, BO3HUKAET
MeaHIp CIUpaIbHON BOJHBL. Takoil TUN HECTAlMOHAPHOTO
MOBEIEHNsI CIIUPAJTILHOW BOJIHBI HE U3BECTEH B BO30YIUMBIX
peaknmoHHO-I(PPYy3NOHHBIX CcHUCTeMaX, TAe Nepexo]l u3
YCTOHYUBOTO BpaIleHUs] OOBIYHO ACCOIMUPYETCS ¢ M3MEHe-
HUSMH TIAPAMETPOB PEAKIIHH.

— B aByMepHBIX cpeax BO3MOXEH PEXUM YACTUYHOT O
oTpaxeHus Kpocc-nudPy3nOHHBIX BOJIH.

— CBoOOJHBIE KOHIIBI  Pa3pblBOB  BOJH  MOTYT
MPUKPEIUISITCS K 3a7HeMy (DpPOHTY MaTepUHCKOW BOJHBI,
(hbopMUpPYsT KPYTOBYIO BOJIHY.

— IIpu croakHoBeHUH Kpocc-1updy3MOHHBIX BOJIH KBa-
3UCOJIMTOHHBIM PEXUM B3aUMOJEHCTBUS MMEET MECTO B
0oJbI110# MapamMeTpudeckoit o0nactu. COJUTOHONMOOOHBIN
PEKUM B3aMMOJEHCTBHUSI B peakIMOHHO-IH()(Y3nOHHBIX
cucteMax HaOJIoaeTcs B y3KOM mapamMeTpHieckoi o0Jia-
CTU Ha T'PAHUIIE XX IYILIEro U KoJIeOAaTeIbHOTO PEXKUMOB.

— B HEcoIMTOHHOM peXuMe B3aUMOIEHCTBUS BOJIHBI B
kpocc-mu((y3MOHHBIX CHCTEMAax HE AHHHTHIIAPYIOT, Kak
KJIaCCHYeCKHe aBTOBOJIHBI, a BCETJa MPOXOIST APYT CKBO3b
JIpyra ! TOJIBKO 3aTeM 3aTyXafoT.

— Tlpu ompeneeHHbIX YCIOBHSIX B kpocc-auddy3non-
HBIX CHCTEMAaX MPOUCXOIUT MOJYCOJIUTOHHOE B3aUMOIEiCT-
BH€ BOJIH.

— st pa3IuYHBIX pEeXUMOB B3aUMOIEHCTBUS (KBa3H-
COJINTOHHOTO, HECOJMTOHHOTO, TOJIyCOJIUTOHHOTO) Xapak-
TEpHA CBS3b C IBOJIIONUEH (POPMBI IPOPIIISI BOJTHBI.

DTH pe3yIbTaThl MOKA3BIBAIOT, YTO BOJHBI B BO30Y/IH-
MBIX Kpocc-Tu((Y3MOHHBIX CUCTEMAaX MOKHO BbIAEJIHTb B
0co0blii KJIacC HeJIHHEeHHbIX BOJIH.

B mamHOM 0030pe MBI He CTaBHJIM Tepeln coOoil meib
MPOBECTH aHAJIN3 AHAJMTHYECKUX TIOJIXOI0B B HICCIIEOBAHIH
Kpocc-mubPy3uoHHBIX cUcTeM. Takue UCCAeTOBAHUS OBLIA
AKTHBHO HayaThl 1ocyie onyosaukoBanus B 1971 r. maTema-
tyeckoir Monenu Kesutepa—Cerenst [124], onuceiBaroiei
XEMOTAKCUC B TOIYJISSIUOHHBIX CHCTEMaxX. BOJBIIMHCTBO
AHAJIMTUYECKUX PabOT MOCBSIIEHO HCCIIEIOBAHUIO MPOIIEC-
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COB CAMOOPraHU3alUU B MOMYJSINMOHHBIX CHCTEMax (CM.,
Hanpumep, [9, 15, 25, 44, 155, 162—167]). Ot™MeTuM 371€Ch
eme pabotel B.M. Tananosa [168, 169], B KOTOPBIX Mpe-
JIOXEHO (PEHOMEHOJIOTHYECKOE OTHCAHNE HEJIMHEWHBIX KO-
OTIePATUBHBIX 3P(PEKTOB B pacHpeeSICHHbIX KHHETHICCKIX
CUCTEMAaX U pacCMOTPEHA CBSI3b CTUMYJMPOBAHHOU U y-
3uM (HeJImHeHHOH quddy3un u Kpocc-audy3un) ¢ MPUHITH-
MaM#i TePMOJIUHAMUKA. ACUMIITOTHYECKAS] TEOPUS JJISI pe-
KMMa, KOTJa JIOKaJIbHAs NTUHAMHKA WHTHOMTOpA MHOTO
MEHbIIIe JIOKAJIbHOU AMHAMUKHM aKTHBATOpPA, MPEICTABIICHA
B pabote [72], rae paccMOTpeHa KJlacCH4YecKas CHCTeMa
®dutixpio — Harymo, B koTopoit oObrunast quddys3us Oblia
3aMEHeHa JIMHEHHOM kpocc-uddy3ueii.

PaccMoTpenne CBOMCTB BOJH B Kpocc-Tu(Qy3nOHHBIX
cUCTeMax B JTAHHOM 0030pe, B OCHOBHOM, IIPOBEJICHO Ha
OpUMepax paclpelieICHHbIX MOMYJISIIMOHHBIX CUCTEM. B
IEPBYIO OYEPEb ITO CBSI3AHO C TEM, UTO JJISI HUX MOXXHO
JIOCTATOYHO HATJISITHO OOBSICHUTHL HEKOTOPBIE MEXaHU3MBI,
JIeXale B OCHOBE MCCIEAYEMBIX BOJIHOBBIX SIBJICHH.
Kpome Toro, miis psiga MOIMyJISIIHOHHBIX CUCTEM HMEFOTCS
9KCIIEPUMEHTAJIBHBIE Pe3YJIbTAThI, MOATBEPKAAIONINE HEKO-
TOpPBIE BOJIHOBBIE CBOICTBA, OOHAPYKEHHbIE IPH MaTEeMaTH-
4eCKOM MOJICJIMPOBAHUM.

MOXHO OXHAATh, YTO NAJIbHEHIINE TEOPETUYECKUE MU
9KCIIEPUMEHTAJIbHBIE HCCIICIOBAHNS BO30OYAMMBIX CHCTEM C
kpocc-nuy3ueil BHECYT CYIIIECTBEHHBIN BKJIa] B UCCIIEO-
BaHUsl SIBJICHAN CAMOOPTaHU3AIlMA BO BCEX HEJIMHEHHBIX
CUCTEMAaX OT MUKPO- U ACTPO(PU3NUECKUX CUCTEM JI0 OOIIECT-
BEHHBIX COIIMAIBHBIX CUCTEM.

ABTOpHI BEIpaXaroT OsaromapHocts 2.3. IlHomo u
O.A. MopHeBy 3a IeHHBbIE 3aMEYaHUs 10 JaHHOH pabdore.
ABTOopbI Takke npu3HatebHbl PODU (TpanT 03-01-00673) 1
EPSRC (Grant No. GR/08664/01, UK) 3a ¢unancoByro
MOJJIEPKKY UCCIIEJOBAHUM.
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Research on spatially-extended excitable systems with cross-diffusing components is reviewed. Particular attention is given to the new
phenomena of the quasi-soliton and half-soliton interaction of excitation waves, which are specific to such systems and occur along with
the standard non-soliton wave interaction that causes the waves to mutually annihilate. A correlation is shown to exist between
interaction regimes and wave profile shapes. One example of a cross-diffusion system is population systems with taxis. Based on the
mathematical models of and experimental work with bacterial populations, waves in excitable cross-diffusion systems can be identified

as a new class of nonlinear waves.
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