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06m;aH xapaKTepHCTHKa pa60Tbl 

AKTyaJlbHOCTh TeMbI. IloMHMO rrpHMeHeHH.f.I K H3BeCTHI>IM 3a,D;a'iaM 

cPH3HKH c OOJibllIHM KOJIH'ICCTBOM creneHeli cao6o.n;, cTaT¢H3HKa B 

IIOCJiep:HHe I'O~I IIIHpOKO HCIIOJib3yeTC.H IIpH pemeHHH COBpeMeHHbIX 

rrpo6JieM, B03HHKaIOID;HX Ha CTbIKC HayK. 0.n;HHM H3 TaKHX IIJIO)J.OTBOpHbIX 

ee rrpHMCHeHHH 5.!BJIBeTC.f.I pemeHIIe MOp:eJieH 3BOJllOI1,HH MCTO,n:aMH 

CTaTcPH3HKH. ,lJ;Jl.H peUieHirn 3BOJIIOIJ,HOHHbIX MO,ll;CJieH BHpycoB H MOJieKyJI 

rrpHXO,ll;HTC.f.I HCIIOJib30BaTb BCIO MOill;b COBpeMeHHOH TeopeTH'leCKOH 

qm3HKH: CTaTcPH3HKa CIIHHOBblX CTCKOJI, KBaHTOBa.H CTaTHCTH'ieCKaa 

¢H3HKa, ypaBHCHHfl faMIIJlbTOHa-5IKo6n, KBaHTOBa.f.I TCOpHa IIOJl.f.I. 

IlpIIMeHCHHe CTaTcPII3HKII K peUieHHIO ;..10,n;eJICH 3BOJIIOI1,HH HC p:aHb MO,n;e, a 

:lKH3HCHHa5I HC06XO,I.01MOCTb-HeT a.'lbTepnaTIIBHbIX MeTO,il;OB. 

'1eM o6yc.nOBJieHa CB.H3b MC)IQJ' MO;ICJI.HMH 3BOJIIOI1,HH H CTaT<lrn3IIKOH? 

B 3BOJI!OI1,HOHHbIX MO,ll;CJl.HX CCTb MHO.JKCCTBO CTerreHeH CB06o,n;bI, KaK B 

CTaTcPII3HKe, 'ITO B KaKOIT-TO CTeIIeHH 3KBHBa.JieHTHO 0)1.HOMepHOH MO,ll;CJIH 

l13HHra. BTopoli Ba)KHbri1: acneKT: B 3BOJIIOI1,HOHHhIX 1110,n;eJiax cyrn;ecTByeT 

He'!TO IIOXO.JKee Ha 3Heprmo, 3TO cPHTHeC - KOJIH'leCTBO OTIIpbICKOB. 

B 06J1aCTII MyTaI1,HOHHo-ce.r1eKn;HoHHI>rx Mop:eJieli <>KBHBa.JieHTHOCTb c 

KJiaCCH'leCKOH ,LJ;ByMepHOH MO,Il;CJiblO lfa1rnra H3BeCTHa y)Ke OKOJIO ,D;Ba,D;IJ,aTII 

o'1eT. B MO,ll;CJI.HX 3BOJ1IOI1,IIH BHpycoB II ~lOJieKyJI cyrn;eCTBYIOT ,IJ;Be q)a:3bI -

ceJieKTIIBHa.H II HeceJieKTHBnaR. B ceJICKTHBHOH <Pase 60J1bIIIHHCTBO BHpycos 

HMCeT I'CHOTHII 6JIH3KHit K reHOTHIIY c MaKCHMaJlbHbIM q)HTHeCmI, a B 

HeCCJICKTHBHOH cPa3C Bee reHOTHIIbl 3ace:1eHbl rrpHMepHO O,Il;HHaKOBO. Ilopor 

OIIIH60K (error threshold)- 3TO TO'IKa qni3oBoro nepexoµ;a. Cyrn;ecTBOBaHHe 

<>Toro RBJiemrn, CHJibHO narroMmrarom;ero ¢asoBbIH rrepexo.n: ¢epoMarHeTHK­

napaMarHeTn:K B CTaTcPH3IIKe, B OCHOBHOM H rrpHBJICKJIO BHHMaHHe 

3KCIICpTOB CTaTcPH3IIKH K H3Y'iCHHIO 11!0.J,CJICH 3BOJIIOI1,HH. 

B ,!l;aHHOH ,I.01CcepTau;nonHOH pa6oTe BrrepBbie 6bIJia µ;aHa CTporaa 

:-.rnTel'viaTH'iecKaa Teopn.H npo6:1eMbI JICTaJihHbIX MyTau;nii (MyTau;nn: 

IIPHBO)J;5IT K CMepTH oco6rr)[l]. 

TaIOKe paccMaTpHBaeTC.H H3naqa.JihHO p:JIHHHbIH reHOM, KaK KOo'1JICKD;Irn 

KOHe'IHOro 'IHCJia 6JIOKOB, onpe.n;eo1'15I.f.I cpe)J.HIOIO 11 Ma!'HCTH3aI~HI0 11 B Ka)K,ll;OM 

TaKO:O.I 6JIOKe H cPHTHeC KaK cPYHKLI;HIO OT MarHeTII3au;1rn 6.LOKOB. 

3aTeM HCIIO.l:b3YCTC.f.I MCTO,!l; ypaBHCHirn faMHJibTOHa-.5IK06H ,ll;Jl.f.I peIIICHII.H 

:>.10p:eJIH(~] .. 
MaTeMaTH'iCCKH ropa3,n;o CJl:O:tKIIee 113yqeHHe Mo,n;eJ1eii, Kor,n;a .n;mma 

reHOMa MCH.HCTC.f.I. ECJIH MO)J;CJib c 6a30Bb!MH 3aMeHaMH H ceJieKn;neil. IIOXO:lKa 

Ha KBaHTOBYIO CTaTHCTH'ICCKYIO :-1exam1Ky, TO MO,ll;CJlb BCTaBOK H ,ll;CJICLI;HH 

·noxo:>Ka Ha KBaHTOByro Teopmo no.;:r.a. B p:HccepTaIJ;HOHHOH pa6oTe 3Ta 
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3a.n,aqa pemeHa ,ll;Jrn c.rryqa51 MO,ll;MH 9iireHa c O,ll;HOilHKOBbIM cPHTHec 

JiaH,u;ruacPTOM [~.]. 

B .n;HccepTau,1m TaK)Ke paccMaTpHBaerc.H ~10.n;eJI1> 9iireHa npn 

HenyaccoHOBCKOM pacnpe,n;eJiemm o6iu;ero 'illCJia MYTailldl, nccJic,nyeTC.H 

¢eHOMeH rropora oum6oK B CJiyqae BhICOKOI'O YPOBH.H MyTau;nii[1J. 

Mo,n;en11 raIIJIOH)l;Iioii sBomou,nn orrHChIBalOTC5! CHCTeMoii HeJIHHeiiHhIX 

ypaBHeHHii, KOTOpbie nyTeM npOCTOI'O npeo6pa30BaHH.H rrepexo,n;.aT B 

JIHHeiiHhie ypasHemrn. B cJiyqae ,II,HIIJIOH,ll;IiOM 3BO.'IIOU,HH COOTBeTCTBYIOiu;He 

ypaBHeHH.H CHJibHO Hemt:HeiiHhI. B .n;airnoii .:i;HccepTau;110HHoii pa6oTe[Q.] 

TO'IHO pemeHa MO,.!!;eJih ,!l;HITJIOHµ;HOH 3BOJIIOD;Ill! B c.11yqae 06II1CI'O I'Jla)J,KOI'O 

cPHTHec JiaH,u;rua¢Ta, BhI'!HCJieH cpe..a;HHii qmTHec 11 pacnpe..a;eJieHHe B 

YCTOH'IHBOM COCTO.HHHH. 

B HCKOTOpbIX 3BOJIIOU,HOHHb!X 3a.n,aqax BCUKHa He TOJihKO 3a.n,aqa )J.Jl5! 

6eCKOHetJHOH ,!l;JIHHbI reHOMa, HO H s¢¢eKTbl KOHe'!HOii ,ll;JIHHhl reHOMa 

( 3¢¢eKTbI KOHe'!HOI'O 06beMa. 9Ta HCKJIIO'l:IITeJibHO CJIO)l{Ha.H B CMblCJJe 

TeXHHKH rrpo6JieMa TO)Ke 6bIJia pemeHa B ..a;aHHOii pa6oTe[Q]. 

OcHOBHhIMH rrpe.n;MeTaMH myqemrn B .1attttoA pa6oTc HllJUll<>T<"M 

Mo.n;eJIH 9.Hrena H Kpoy-Km1ypb1. PacnrnTp1rnaercH cJ1y9afi TILi< 

!Hl3blBaCMOH 6ccKOHC'UIOH nonyJrm~HH: Cl!CTC~Ia om1ci..mac·rcH (' 

llOMOil~hIO )J.eTcp11rn1111~iecK11x ;~nq>q>epe111~11a:1b111>1x ypmmemi:A. I!moT1111 
0·1·om;~ec•rnJI>1<~Tc>1 c o;~110M<!J>l10ii 1~e110•1Koil ;L11111r.1 N cm111011 s,. C111111r.1 

MOl'YT npHHHM/1TL :ma•iemrn ±1, 1 :::; i :::; .\'. J>irnrn•rne l\W>l<lJ..Y l~llYMM 

Konqmrypau,H5!MH Si n SJ = (sj, .•• , sf I 01111c1>1111wTc>1 pacc·ro.mrnc•M 

XaMMHHra dij = (N - L::k s}sj)/2. CocT0>11111<• r11cTP-M1>1 011pe;wm1<!'1'C~1 
2N OTllOCHTeJibHhnrn Bep05!THOCT5!Mli Pi, l S: i :s; '2·v. n ll]lOC'l'Otl MO/~OJIH 
Kpoy-K11Myph1 Bepo.HTHOCTH Pi y,z:i;oBJieTBOp.H!OT c.1e_:u,·10ru;HM ypaBnemrnM: 

-' = P r· - '\""' r·P· + "\""' m .. P·. dP ( 2·" ) 21'· 

dt ' ' L..,,j=l J J L..,,j=l ' 1 J 
(1) 

r.n;e ri - rfiumttec, mij - Ko::i¢cpmmeHT MyTau,m1 n Li mij = 0 ..a;n.H 6aJiaHca 

BepO.HTHOCTeii. mij orrpe.n;e.'rnIOTrn CJie,nyIOII1H!0 ! o6pa30M: mii = -10N; JJ:JI.H 

dij = 1 mij = "Yo H mij = 0 E OCTaJibHhIX Cc'1)'''.J:a5!X. B MO.n;eJIH 9iirena 

ypaBHeHH5! HMeIOT CJie,nyrow;nii BH,LI;: 

2N 2s 
dPi '\""' 
---;J,t = L..,,[QiJTJ - oiJDJ]PJ - Pi[L(rJ - DJ)P3 ]. (:.!) 

j=l j=l 

r..a;e Di - Kos¢¢nu,neHT pa3pymeHH5!, a Qi3 ::: 11"· tlC•.Jl( I 11)"<•.il, I',1\<' 

exp[-1] = qN Bepo.HTHOCTh ToqHoro KOIIHpou111111>1 11 1' N (I ·· q). 
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I:(eJibIO .n;nccepTan;HOHHOH pa6oTbl aBJUleTCSI HCCJie,n;oBami:e 

H pemeHHe MO,!l;eJieii 3BOJIJOU,HH, a HMeHHO B CJiyqae Ka)K,ll;OH MO,ll;CJIH 

naxo)K,!l;eHHe cpe)l;Iiero cPHTHeca H TO'!KH ¢a3oBoro nepexo..a;a 

H3 ceJICKTHBHOH cPa3bl ( ¢epoMarHeTHK) B HeCCJICKTHBHYIO cPa3Y 

(rrapaMarHeTHK). UeJihIO TaK)Ke .HBJI5IeTC.H Bhl'IHCJieHHe nonpaBOK t<:oHe'IHoii: 

,n;JIHHhI reHOMa npH o6ru;eM cPHTHec naH,D;ma¢Te. B paMKax ,n;aHHOH pa60ThI 

HCCJie,n;oBaHbl H pemeHbI c.rre.n;yIOru;He MO,!l;eJIH: 

1. MO,ll;eJib 3BOJIIOIJ;HH B CJiy-Iae JieTa_'lbHbIX MyTau,Hii 

2. MO,ll;eJib 6HOJIOI'H'IeCKOH 3BOJIIOD;HH npH MHOI'OMepHOM cPHTHeC 

JiaH,11;ma¢Te 

3. MO,J;eJib 9ftreHa c MyTall,H5!MH, BCTaBKaMH H ..a;eJiell,H5!MH 

4. MO,il;CJlb 9H:reHa c HeCKOJlbKHMH KOppeJIHpOBaHHhIMH MyTau,H.HMH 

5. ,ll;HITJIOH,!l;Ha.H Mo,n;eJib 3BOJIJOU,HH c 06II1HM I'.'la,LJ,KHM cPHTHeC 

JiaH,!l;IIIacPTOM 

HayqaaSI HOBH3Ha. 

Onpe.n;eneRa H BnepBbie pemeHa sBomou;ttoHHM Mo..a;eJib c JieTaJihHhIMH 

MyTari;H.HMH B 06II1eM CJiyqae CHM~1eTpH'IHOro cPHTHec JiaH.n;rna¢Ta. 

IloKa3aHo, 'ITO cyru;ecTBOBaHHe JICTaJibHh!X MyTaHTOB MOJKeT CyII1eCTBeHHO 

H3M€HHTb nopor om1160K ( OKOJIO 50 3). 
BnepBbie c¢opMyn11pOBaHa H pemetta (BbI'!HCJieH cpe..a;ttnii cPHTnec} 

MHOro:;.rnpHaH 3BOJIIOU:HOHHa5! MO,n;e.rrb. 

BrrepBbre peureHa 9ii:reHOCBKa.H Mo.n;enh c MYTaIIH.HMH, BCTaBKa~rn n 

,n;eJieU,H5!MH. 

Ilpe,n;JIO)KeH IIpOCTOii BapnaHT pemeHH5! napa.n,oKca KaTaCTp0¢bI 

onrn6oK 9H:reHa nyTeM npe..a;rronoJKeHH.H cyru;ecTBOBaHH.H KOppemru,uii: 

Me)K,ny MyTau,H5!MH B reHOMe. 

BrrepBhie TO'!HO pemeHa .LI;HIIJIOH,ll;Ha.H Mo.n;eJib sBOJIIOD;HH npn o6ni;e~! 

cl>HTHeC .rraH.n;macl>Te. 

BnepBhie nocqnTaHhI nonpaBKH KOHetJHOH .n;nHHhI reHoMa ,11,mr 

3BOJIIOU,HOHHOH MO,ll;CJIH C peKOM6HHau,HCH H ,ll;HIIJIOH,!l;HOH 3BOJIIOll,HOHHOil 

MO,LI;eJIH. IloJiy'!eHHHe pe3yJibTaTbI II03BOJI.HIOT aHaJIHTH'!eCKH IIOC'iHTaTb 

CBOHCTBa MO,!l;eJieH c KOpOTKOii: .LI;JIHHOH reHOMa. 

IlpaKTH'IeCKa.SI n TeopeTH'IeCKaSI n;eHHOCTb. 

06II1ee pemeHHe MO,!l;eJieii 3BOJIIOIJ;I!H ,ll;Jl.H JieTaJibHhIX H MHOI'OMCpHb!X 

<l:>HTHeC JiaH,u;rua¢TOB MOJKeT 6bITb npHMeHeno B KOHKpeTHbIX CHTyau,mrx 
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rrpH HCCJie.n;oBaHHH 3BOJIIOD;HOHHbIX MO.n;e.rreil: c TO'IKH 3peHH.H CTaTcPH3HKH, a 

TaK)l(:e B MaTeMaTH'!eCKOH TeopHH 3BOJIIOD;HH, BHpycoJiorHH H 6umrn)l;Hu;HIIe. 

Mero.n;, rrpe.n;Jio:1KeHHbIH B ,n;aHHoil: )l;HccepTau;HH .n;Ju1 Bbl'IHCJieHH.H 

rrorrpa.BOK KOHe'!HOH )l;JIHHhI reHOMa MO)l(eT 6bITb rrpCMCHeH TaK)l(e K )IJ>yrHM 

HCJIHHeHHbIM 38,ll;a'!aM TeOpHH BepO.HTHOCTH. 

Mero.n;, rrpe.n;Jio:>KeHHbIH B .n;aHHOH )l;HccepTau;HH AJrn BbrqHcJieHH.H 

cpeµ,Hero cPHTHeca il,HIIJIOH,il,HOH MO)l;eJIH MO)KeT 6b!Tb UCIIOJib30BaH ,Ll,Jrn 

Bbl'IHC,1eHH.H aCHMIITOTHKH ypaBHeHH.H I'aMHJibTOHa-5JK06H. 

Ilo:iyqeHHble pe3JJibTaTbl MoryT 6bITb HCIIOJib30BaHbI B CTaTcPH3HqecKHX 

rpyrmax HHCTHTYTOB Stanford University (California, U.S.A), Rice Univer­

sity (Houston, U.S.A.), University of Naples Federico II (Naples, Italy), 

University of Cologne (Cologne, Germany). 

OcHOBHbie rroJIO)KeHH.H, BbIHOCHMbie Ha 3am;HTy. 

Ha 3&u;HTY BbIHOC.HTCH cJie,n;yroru;He pe3yJibTaTbI no HCCJie,n;oaanmo 

MO,LJ.e.1eil: 3BOJIIOD;HH MeTO,LJ;aMH CTaTHCTH'!eCKOH cj:>JI3HKH: 

1. .l.i!.H 3BOJIIOD;HOHHOH MO,D;eJI:li c JICTaJibHbIMH :vryTau;mIMH npH 

Cl!MMeTpH'iHOM HJIH CJIY'iaHHOM cj:>HTHCC Jia11.n.wa¢Tc HCIIOJib1J'.H 

~!eTO)l; OTo6pa,)KeHH.H B ypasHeHHC illpe,n;1rnrepa IIOJJY'Wl!hl 

Bblpa,)KeHHH ,LJ;JUI cpe.n;Hero cj:>HTHeca H Hail:.n;eHa TO'iKa cl><J:lOllOrO 

nepexo,n;a H3 <J:>epO!lrnrHeTH'!eCKOH cPa3bI B rrepoMarUCTH'JeCK)'IO 

l110por OWH6oK)[l]. 

2. :\IcTO)l;OM ypaBHCHHR raMHJibTOUa-5J1<06H pCIIIOIIa MO/WJ!b 

6UOJIOrH'-IeCKOi1 3BOJUOD;HH rrpn MHOro~rnpHOM cPHTllCC JiaH)\IIHtllJTP. 

IloJiyqeHbI Bbipa,)KCHHH ,LJ,JI.H cpc.n;ncro cPHTIIl'ca rr uafi.::i,cn nopm' 
OWH60K [~j. 

3. J.1rn 3BOJIIOJJ;HOHHOH MO,D;eJIH 9:RreHa c :-.ryTaJJ;H.HMH, BCTaBKaMH H 

.:reJieu;H.HMH rronyqeHhI Bhrpa)KeHHa .D;JI.H cpe.:~nero cj:>HTHeca n Ha:R.n;en 

rropor orrrn6oK. IIocTpoeHa KpHBa.H .D;JI.H cP330Boro rrepexo.n.a[Q.]. 

4. Ilpe,LJ,JIO)l(:eHO peUiemrn napa,n;OKCa KaTaCTpOcj:>bI OIIIH60K 

:Hl:reHa, rrpe,u,no.i1ara.a, qTo Me*,D;Y MyTau;H.H:'>rn eCTb KaKaa­

TO KOppen.au;Ha. MeTO)l;OM faMHJJbTOHa-5IKo6H ,n;aHo pemermc~ 

~10.n;eJIH 9H:reHa c necKOJibKHMH KOppeJIHponamihIMH My'raJ\llHl\m. 

Ilpo,n;eMOHCTpHpOBaHO cy1u;ecTBOBaHHe ¢epoMal'l!H'I'llOt\ <l>IL'lhl 

rrpH )l;JIHHe reHOMa 8000 B CJIYqae MO.n;enH c KOJlJll'JlllJlOllcUlllhll\ll1 

~,1yTau;Hm • .rn, TOr,n;a KaK B CJIJ'-Iae OpHrHHa.JlhlHlil 1\10/\CJm 8A1·c•11a 

rrpn 3TOH ,Ll,JIHHe BHpyChI Haxo,n;.HTC.H B 1mpaMaJ'IJeTH~rccKOH <l>H'IC'. 

IIocTpoeH rpa<l:>HK OTHOIIIeHHR cPHT1mco11 11 <lic?po:--rnrHenr<rnrnoll 11 

rrapaMarHeTH'i€CKOH <Proax OT B€JIH'IHIJhl ~1~"1'111\Hi1[:!]. 

0 

5. PeIIIeHa ,11.HIIJIOH.n;naa Mo.n;eJib 3BOJirou;nn c o6ru;HM rJia,D.KHM cPHTHec 

JiaH)l,IIIacPTOM MeTO,.J;OM ypaaHeHH.H I'aMHJibTOHa-5JKOOH. IloJiy'IeHbl 

Bbipa,)Kerma ~rr.a cpe,n;aero cPHTHeca n Hali.n;eH rropor 01IIH60K. 

IlocTpoena 3aBHCHMOCTh cpe,LJ,Hern cPHTHeca OT rrapaMeTpa H rroKa3aHo 

coarra.n;eHHe qncJieHHblX H aHaJIHTH'leCKHX pe3yJibTaTOB. I!oCTpOeH 

rpa<l:>HK )l,JI.H pacrrpe,n;eJieHH.H BepO.HTHOCTeil: B CJiyqae KBa)IJ>aTH'IHOH 

cPHTHec cPYHKUHH H IIOKa3aHO COBrra,n;ei-rne qncJieHHhlX pe3yJibTaTOB c 

aHaJIHTH'!eCKH'.\m[Q_]. 

6. IJocqHTaHhI rrorrpaBKH KOHe'iHOil: ,LJ,JJHHhI renoMa .n;JI.H cpe.zr.Hero 

cPHTHeca H reH-BepOHTHOCTeil: B 3BOJIIOD;HOHHbIX MO,D;eJIIDC. IlocTpOeHbI 

rpa<l:>HKH 1-1.JlH cpaBHeHH.H 'ilICJieHHhIX H aHaJIHTH~reCKHX 3Ha"!eHuil: 

BepOHTHOCTefi c norrpaBKaMH H 6e3, TIOKa3aHO xopornee COBIIa,.-:i;eHHe 

B cJiyqae c rrorrpaaKa:vrH[§.J. 

Anpo6au;11x pa6oTbI. OcHOBHbre pe3yJibTaThI ,n;nccepTaIJ,HH 

,ll,OKJJa,D;bIBaJIHCb ,n;nccepTaHTOM Ha ceMHHape B HHJI HM A.H. AnHXaH.HHa. 

IIy6JIHKaD;HH. Ilo reMe .n,uccepTau;nonnoH: pa60ThI orry6JIHKOBaHO 6 
nay'iHbIX pa6oT, CIIHCOK KOTOpbIX rrpHBO,Ll,HTC.H B KOHIW aBTOpecflepaTa. 

CTpyKTypa H ofrbeM ,n;HccepTau;HH. ,ll;HccepTau;HoHHaa pa6oTa 

H3JIO:>KeHa Ha 110 CTpammax, COCTOHT H3 BBe;:i;erm.a, 6 rJian, 3aKJIIO'!eHHH, 

rrpHJJO:>KeHH.H H CTIHCKa IIHTHpOBaHHOH JIHTepaTypbI, BKJIIOqaioru;ero 112 
HaHMeHOBaHHH. 

Co,n;ep)KaHMe pa6oThI 
Bo aaeilettuu (rJiana 1) o6oCHoaana aKTJ'aJJbHOCTh TeMhI H c,.:i;eJiaH 

KpaTKHil: ofoop no rrpo6.1eMaM, 3aTpOHJThIM B ,n;uccepTaD;HH. H3JIO)l(:eHhI 

rrpaKTH'!eCKaH n;eHHOCTb II KpaTKOe OIIHCaHHe pa60Tbl. 

Bo amopou 2.11.aee paco10TpCHhI 3BOJIIOD;HOHHbre Mo.n,e.'lH c 

JieTaJibHhIMH MyTau1rnMII npH CH:\!MeTpH'IHOM HJJH CJiyqafiHOM cPHTIIec 

JiaH;:i;ma¢Te. B cJiyqae ;u1cKpeTHOf1 Mo,ri;eJIH 9il:reHa Pi,n paccMaTpHBaeTc.H 

KaK BepO.HTHOCTb i-ro THrra B n-hll MOMeHT BpeMeHH. IloJiyqaeTC.H: 

Lj Qij'fjPj,n 

Pi.n+l = Lj fjPj,n 
(3) 

JieTaJJbHbie MyTaHTbl orrpe.n;eJI.HIOTC.H, KaK IIOCJIC;:I;OBaTeJibHOCTH, ,IJ;JIH 

KOTOphrx r1 = 0. OT ;111cKpcT1101'1: Mo,n;eJin 9i1rcna ,n;c.rracTca rrcpexo.ri; K 

HerrpepbIBHOH MO)l,e.·m Kn:--ryphr 1:1 ,zvra JieTaJibHhIX MyTaHTOB rroJiy'!aeTca 

r; = ln fi/r = -oo. 
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,l(IDI HaxmK,n;emnr cpe,n;Hero QJHTHeca H nopora oum6oK HCTIOJih3yeTC.H 

KBaHTOBOMexaHH'leCKHH rro.n;xo,n;. IfaHa'laJibHoe ypaBHem1e OTo6pa)KaeTc.H 

B ypairnemfe Illpe,z:urnrepa B MHHMOM BpeMeHH HCIIOJib3Y.H KBaHTOBblH 

IaMHJibTOHHaJI 

H = -")'(1 - L a'f /N) + fo(af_, .. , aN ). (4) 
l 

r.n;e a o6o3Ha'lacT orrepaTop IlayJIM, a cpe,::i;HHH QJHTHec R MO)f(eT 6bITh 

BbipruKeH KaK 

R = lim ln Z(,6) 
f3->oo N,6 ' Z(,6) = Tre-f3H. (5) 

3,n;ecb ,6 .HBJIBeTC.H o6paTHO:ii: Te11.mepaTypbr. ,Il;JI.H rro.rryqenM.H 3Hcpnrn 

OCHOBHOro COCTO.HHU.H 6epeTC.H HyJieBOH rrpe,n;eJI TeMrrepaTypbI. ,l(JI.H 

rrpeo6pa30BaifH.H rrpo6JieMbl KBaHTOBOH CTaTHCTH'leCKOH MeXaHHKH B 

rrpo6JieMy KJiaccuqecKofi: MexaimKH, Mcrro.rrb3yeTc.H TmK,n;ecTBO Trec+H = 
Tr[eC/LeHILJL rrpM L -t oo (C u H HeK0~1MyTHpy10~Me orrepaTOpb1) H 

3aTeM IIOJiy'laeTC.H Bbipa)KeHHe, KOTOpoe .n;eikTByeT ,ll;Jl.H mo6oro QJHTHCCa. 

L 

z = L II e-f3N+Nt Ez fo(si ... s\vl.e(B En(s~s~+1-lll. (6) 
s~,=:::'.::11=1 

Ilpe,n;JiaracTCR c.r1e,zzy1o~nil: BH,11; qmTnec-cpyKHllHU: ..J;JIR HeJICTaJiblIOM 

rrocJie,n;oBaTeJibHOCTII cpMTnec HBJI.HeTCR cpyHKllMefi: paccTORHH.H XaMMHHra 

OT 6a3ncnoli rrocae..:i;oBaTe.rrbHOCTH fo(s1, .... sN) = f(N(L>.) Lz s1), a ,ll;JI.H 

JieTaJibHhIX - f o ~ -oo. IloJiytraeTCH cJie.J!.YJ{)IT~ee Bhipa,)KettHe .n;mi: cpe.n;nero 

cpHTHeca R: 

ln Z(,6) I 
R = _ _ = maxm[f(m) - µo + (1- >..)µov 1 - m2]. (7) 

3Ha'lenne K03cpcpmi;nenTa MyTaIJ;MH, npn KOTopoM R = 
onrn6oK. Pe3yJihTaThI r.rraBbI ony6JIMKOBaHbI B pa6oTe [l]. 

B mpem'beil eJtaae H3y<.=J:acTCH 6noJiorrrqecKa.a 

~fl"""''' '"'.'HOM cp!ITHCC <aH,a;IIIaq"" n .,.,,,,,,,/< 
11 naMarnn:qennoCTh 11 mn, orrpe,n;eJI.aeMa.H KaK 

ln 
m =1--. 

n 2Ln' 

0, H eCTh rropor 

3BOJII0IIHH IIpll 

(8) 

B n-oii. qacTn: renmm ,n;JI.H Bcex n c 1 $ n $ H. fenoM cocTOHT H3 H qacTefi 

(6JIOKOB), c .n;mma:\m Ln, 1 $ n $ H, TaKUMII, qTo L~." 1 Ln = L, a L 

8 

- ,ll;JIIIHa reI-IoMa. cl>HTHec r orrpe,n;eJI.HeT.H, KaK r11 , ••• ,lH = Lf(m1, ... ,mH). 
3aTeM HCII0Jlb3Yfil'CR MeTO,ll; ypaBHCHH.H I'aMHJlbTOHa-.51K06H ,ll;Jl.H perneHH.H 

ypaBHCHH.H. B HTore c TO'IHOCThIO 1 / L rroJiy'laeTC.H cJie,n;yrorri;ee ypaBnenrre 

I'aMHJibTOHa-.51K06H: 

8u(m1, ... , mH) ( 8u 8u ) 
=-Hm1, ... ,mH; 8 , ... ,8 , 

t mi mH 

-H(m1, ... ,mH;Pi, ... , PH)= f(m1, ... ,mH) 
L l+m - 1-m • 

-1+ L ;;( "ne2Pn+ "ne-2Pn), (g) 
1:::;n:::;H 

r,n;e orrycKaIOTC.H Bee 'IJieHhI nop.H,n;Ka 0( 1 / L) H HMIIYJihCbI rrpeµ,cTaB.rrnIOTC.H, 

KaK Pn = 8u/8mn. 3aTeM paccMaTpllBa.H accnMIITOTM'lecKoe perneime 

u(m1, ... ,mH,t) = Rt+ uo(m1, ... ,mH), rroJiyqaeTC.H ypaBttenne ,n:rn 
cpe;:i;nero QJHTneca: 

R :'.::: max[U(m1, ... ,mn)]lm1, ... ,mH, 
U(m1, ... ,mH) = f(m1, ... ,mH) -1 

+ L ~nJl-m~. 
l:::;n:::;H 

(10) 

PHc.1 ,n;aeT cpaBnenHe aHaJIHTH<.=J:eCKHX pe3yJihTaTOB ,n;JI.H ~'p.(10) c 

qHC.'leHHhIMH pe3yJihTaTaMH B cJiyqae TpexMepHOfi MO,ll;CJIH. 

Pe3yJlbTaThI rJiaBbI ony6JIHKOBaHbI B pa6oTe [2.]. 
B "l.emaepmoil e.11.aae BhI'IHCm:i:eTC.H cpe,n;nnli cpn:THec H rropor ournfom: 

MO,n:eJIH 9il:reHa c MyTallH.HMU, HHCepIJ;U.HMH H ,z:i;eJiellHRMH ,n;JIR O,ll;HOTIHKOBOfO 

cpn:Taec Jian,n;lllaQJTa. 

Cyn~eCTByeT IIHKOBaH KOHQJHrypaIIH5I co BCeMII TIJIIOCOBbIMH CIIHHa~m 
N = No, QJIITHec KOTopofi paaen r(No, N 0 ) = J, a ,ll;JIH OCTaJibHhL-X 

KOMqmrypaIIHll QJHTHCC paBCII 1. 
B 1w,n;eJIH 9fi:rena aa)KHO To, 'ITO MyTaIJ;HH rrponcxo,n;RT TOJihKO BO Bpern 

BOCIIpOli3Be,n;eHHH oco6eit, a TaK)Ke TO, qTQ 6a30Bhie 3aMeHbI, BCTaBKII H 

,n:eJICIJ;Hli B03M0)KHhl B O)l;HO lif TO )Ke BpeM5I: BepOHTHOCTh 6a30BOH 3aMCHhI 

,D;JIH O,lJ;HOro CIIHHa - a/No, BepO.HTHOCTh µ;eJieIIHll ,Il;JIR o,n;noro CITHHa -

b/No, BepoRTHOCTb BCTaBKH ,IJ;JIH o,n;noro crrHna - c/N0 • TaKHM 06pa30:-1. 

IIQ.liyqaeTC.H ypaBHeHHe 

dPi ~ A '""' dt = L_.. Qi1r1P1 - Pi(L..J r1P1), (11) 
j j 
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R 
5.0r 
4.51 

f 
4.tlr 

3.5 

' f 
2.5~ 

r 
2.0; 

3 
~~k 

Puc. 1: Cpasttcnne amwnfTH'-ICCKHX pc3yJibTaToB (ttenpcpbIBHa.H mmmr) c 

'-IIICJieHHhnm (TO'lKH) ,n;JI.H TpexMepnoil: Mo,.:i;emi: c L 1 = L 2 = L 3 = 20. 

MyTan;uonna.a cKopoCTb ,n;JI.a scero renoMa pastta 1. <l>HTHec nepsoH: '-!aCTif 

fi(m1) = kmI/2, BO BTOpoil: 'lacTH see MyTan;mi: JieTaJibHbr. B TpeTeil: 

'-!acnr J = 3 ,ll;JI.H IlHKOBOil: IlO,!l;IlOCJie,n;oBaTeJibHOCTH H HOJih ,IJ:JI.H OCTaJihHbIX. 

<I>nTncc-¢ynKD;H.H onpcµ;eJI.HCTC.H KaK J(m1, m2, m3) = kmI/2- [l-c5(m2 -

1)] * 00 + Jc5(m3-1), r,n;e ,ll;HCKpCTHa.H c5(x)=l, ecJIH x = 0 H 0 B OCTaJibHbIX 

cJiy'lamc. Cpe.n;ttnil: cPMTHec 3a.n;aeTc.H KaK k(l - 1/(3k))2 /2 + 3 - 2/3. 

r,n;e Qij OIIUChIBaeT KOM6nnan;mo Bcex Tpex npou,eccoB. B CTaD;HOIIapIIOM 

cocTo.anrrn .J;JI.H P(N1 + l, N 1 + l) =Pl noJiy'-!aeTc.H cJie.rryroIIJ,ee ypasttenue: 

bmch 
Rp1 = e-a-b-c L L Pl-n[l + (J - l)c51,1ol '>h1.l~I' (12) 

n h-m=n 

r,n;e lo = .Yo - N1. IIocJie CJI02KHhIX KOM6rrttaTopHbIX BbI'-!Hc.11eHMii: ,n;JI.a 
cpe,n;nero ¢rrTHeca noey'laeTc.a ypaBHerrn:c 

l 1 L R 
-- - - '°'(1+ ) J - 1 - L L..t n ~.,~ri.~rn , c 1 n · 

l=l 
(13) 

KOTOpoe B rrpe.n;eJie L --+ oo .n;aeT 

R 
_J_= __ l !dz[ _ Q ]. 

J - 1 27ri z exp[(bz + c/(2z))] - ~ (14) 

B ncce.11eKTHBHOil: ¢a3e nonym:ru,n.a pa3MeIIJ,aeTC.H y nnKoBoil: 

rrocJic,n;oBaTC.'IhHOCTH, rro3TOMY cpe.n;ttrrfi ¢rrTnec paaeH 1. Mcxo.n;.a H3 

3Toro rro.JJy'-!aeTc.H BbrpaJKeune .n;m:r rropora onrn6oK: 

J 
J -1 = -J(bc, I_) 

Q 
10 

(15) 

f 

I 
' 

J 
( 

12 r 
tof 
8~ 

6t 
4r 
' ' 

2~ 
' 

/ 

0 -~----~~---~~·~ b 
0.0 0.2 0.4 0.6 0.8 1.0 

Pnc. 2: 3na':ICHHC rropora omn6KH ,:rmr rrapaMcTpa J B CJIY':Iac MO.LI;CJIH 

O,IT.HOIIHKOBOro cPHTHCC Jian..:i;macJ>Ta c a = 1, b = c = b, KOTOpbre 

onpe.n;emIIOTC.H cPOPMYJIOil: ~:p.(15). 

I(x,y) = -1- f ~ f CV1"~)2n = -1 - f Io(../2Xl) 16 
l=l y n=O n. l=l yl ( ) 

Pe3yJILTaTbI rJiaBbI orry6::mKOBaHbI B pa60Te [~]. 
B nsimou z.11,aae paccMaTpnBaeTc.a ~.ro,z:i;eJib, KOTopa.a 3a,n;aeTC.H "Yp.(2), 

no c KoppeJinpoBaHHhIMH MyTan;n.a~uL B 3TOM cJiyqae MyTan;noHHa.H 

MaTpnu;a H3MCH.HCTC.H CJIC.LJYIOIIJ,HM o6pa3ml 

Qij = Qn = Qq-n(l - q)n9n 1 (17) 

r,n;e n = d( i, j)' 9n K03cPcPHIJ;HCHTbI, KOTOphie YBCJIH'IHBa!OTC.H c 

YBCJIH'-!CHHCM n, H Q orrpe.n;eJI.HeT HOp::.1aJIH3aIJ;HIO BepO.HTHOCTeil: Qij· 
PaccMaTpHBaeTc.H crrMMeTpH'-Inoe pacnpe.n.eJieHHe Pi = P1 11 .n;n:a Pz 
BbIBO,!l;HTC.H CJie.n;yroru;ee Bhrpa)KCHHe: 

dPz 1 L-l l! (L - l)! 
di= L L 1([- )1 l(L - l - )IQn1+n2Pz-nT/-n, 

ni=On
2

= 0 n1. n1 . n2. n2 . 
(18) 

r,n;e ni - n2 = n. 
3aTeM ncrro.Jih3YIOTC.H Km16:attaTopnhre cJ>opMyJihI, B CJiyqae N - l » 1, 
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l » 1 IIOJiy'iaeTCH ypaBHeHHe faMHJibTOHa-5lKo6H 

8u(m, t) H( ') _ 
0 _ + m,u - , 

-H = ~[( 1 + m e-2u' + i - m e2u'ht9n J(m)Q. 
L.-i 2 2 n! n=O 

(19) 

Cpe,n;HHH cPHTHec BhIBO,ll;HTCH CJie.izyH Hµ;eH B [§.]. PaccMaTp1rnaercH rrpocTOii 
BhI6op 9n: 

91=1, n ~ 2; 
1 

9n = . n > 2. 
(n+I)(n+2)(n+3)' (20) 

B 3TOM CJiyqae ,ll;JIH cpe,n;Hero cPHTHeca BhIBO,ll;HTCH CJie.izyror.u;ee Bbrpa:tKe1me 

f(m)/'3 

R = max[e'Y _ 1 _ 'Y _ ~'Y2 + h3 + ~~'Y4 + 
1
5io -.s 

ew _ 1 - w - w
2 

5 23 59 2)]' 
X ( w3 

2 
+ 6 + 24 W + 120 W Im' 

w = 'Yv'1 - m2. (21) 

I3 ceJreKTHBHOH ¢roe ,.::r..TIH cpe,:i;ttero qmTHeca, IIpH O.ll;HOTII!KOBOM cPHTHeC 
JiaHAllia¢rc, rronyqaeTcH: 

'Y3 
R = A i 2 s 3 23 4 + ~"'s . e'Y - 1 - 'Y - 2'Y + e'Y + 24 'Y 120 I 

(22) 

a ,u;na Toro, 'IT06br rroJiy'IHTh ycJIOBHe ,n;JIH rropora orrm6oK. no.::ccTaBJiaerca 
R = 1 B Yp.(22). 

'Y3 
1 = A 1 2 s 3 234 + sg s · 

e-Y - 1 - 'Y- 2'Y + e'Y + 24'Y i20'Y 
(23) 

Ha Pttc.4 Tipeµ;craBJieHo cpaBHeHHe KpHTH'IecKoro 3Ha'Iemrn: A .:i:;rn pa3HbIX 

3Ha'ICHH:H 'Y B CJIY'fae MO,n;eJIH 9:HreHa TIO ypaBHeHHIO A.e--· = 1, H B 

cJiy'Iae Mo,n;eJIH TIO Yp.(23). Btt.n;tto, 'ITO rrpH 3a;J;aHHbIX 3Ha'IeHHH A H 

(1 - q), Yp. (23) ,n;aeT 60JibIIIyro KpHTH'IecKyro ,n;JIHHY ,lJ;.:rn nerro'IKH, 'IeM 
onpe,n;eJiaeTca ypaBHeHneM Ae--Y = 1. 

Pe3yJibTaTbr rJiaBbI ony6JIHKOBaHhI B pa6ore [1]. 

12 

' 

) 
' 
) 

B wecmou z.11.aae pernaIOTCH Mo.n;eJIH .n;HTIJIOH.n;HOH 3BOJIIOIJ;HH. B 3TOM 
CJiy'Iae ypaBHCHHe HMeeT CJIC,LzyIOIIJ;HH BH.n;: 

dP1 
dt P1Fl - P1(l + L FkPk) 

k 

1 
+ N [(N - l + l)P1-1 + (l + l).Pi+i]· (24) 

r.n;e Ft= L;:=O f(l-21/N, I-2n/N)Pn. C TO'IHOCThIO l/N, F1 MO)KCT 6bITb 
3aMeHeHa Ha Fl = f(m, mo). IIo,n;proyMeBa.H, 'fTO N-+ oo, TioJiy'IaeTc.H 

Ndu(m, t) 1 + m 
~ = f(m,mo) + -

2
-exp[2u'(m,t)] 

1-m + -
2

- exp[-2u'(m, t)] - 1 - f(mo, m0 ), (25) 

MaKCHMaJibttoro 3Ha'ieHHa exp[Nu(m, t)] µ;ocTnraeT B TO'IKe m0 • BoJibllia.H 

rrocTO.HHHa.H N HC'Ie3aeT n TipaBoH: CTopotte Yp.(25). Cpe.n;HHii cPHTHec 

R orrpe.ri;eJiaerc.H KaK R = Li FiPi. B uTore R 3a,n;aerca CJIC,Lzy!OUJ.HM 
Bbipa:tKCHHCM: 

R = maxm[U(m, Mo)J, 

U(m, Mo)= Vl - m 2 -1 + f(m, Mo). (26) 

Pwc.5 BH,n;no, '-ITO anaJIHTH'ICCKHe pe3yJibTaThr, ITJIY'ICHHbre µ;na cpe,n;Hero 

<PnrHeca R c KBa,Lq>aTH'IHOii cPHTHec cpyHKrmeil: coBna,n;aIOT c 'IHCJieHHhr:o-rn 
pe3yJibTaTaMH. 

Pe3y.1IhTaTbI rJiaBbI oTiy6JIHKOBaHbI B pa6oTe [Q]. 
B ceiJ'bMOU z.11.aae BhI'IHCJiaIOTC.H TionpaBKH 1/ L. YpaBHCHHe B cnyqae 

MO,ll;CJIH Kpoy-K:in1yphI HMCCT CJICAfIOIIJ;HH BH,iJ; 

dPz 
dt P1(Lf(mt) - L) + (L - l + l)P1-1 

+ (l + l)P1+1· (27) 

C ITOMOin;bIO au3an;a Pi = exp[LU(m, t)] u ¢opMyJibI Pt±l ::::: Pzc(±w;,.), 
r,n;e U' = auJ;·t), Yp.(27) rrpeo6pa30Bbmaerc.H B ypaBueuue faMHJibToua­
.51Ko6H 

au 
8t 

H(m,y) 

H(m,U'), 

l+m 1-m 
- f(m)- l +--e2Y + --e-2Y 

2 2 ' (28) 
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R 
3 

2.5 

1.5 

lr 
I 

0.51 
I 

0.2 0.4 0. 6 O.c 

PHc. 3: Cpc,n;HHH cPHTncc R = f(Mo, Mo) B 3aBHCH~mcrn oT k µ;;151 r-10,n;eJIH 

Kpoy-KnMypbr rrpH KBa;.IJJaTH'IHOM <l:>nTHece f(mi, m 2) = k(a(mr+m~)/2+ 
bm1m2] c a = 4. b = 0.5 H N = 100; crrJIOlllHa.H :nrn1rn: anaJIHTHqecKne 
pe3yJibTaTbr, TO'IKH: •rncJiemrhrc pe3yJibTaTbI. TeopeTuqecKnfi: nopor onrn6oK 
HaXO,ll;HTC5! B TOqKe k = 0.246. 

r.n;e y = U'. Ilpe.rr,noJiara5! acHMIITOTHKY U(m, t) 
rrpocTue .J.11tP¢epeHJJ,.11a..1btJUe ypairneHlll~ 

kt+ u(m), rroeyqaeM 

k f( ) 1 1 + m 2u' 1 - m -2u' 
= m - +--e +--e 

2 2 
k - 1 + f(m) ± .j(k -1 + f(m))'l-1- m2 

2u' = ln . (29) 
+m 

l.fro6br BhrqHCJIHTb norrpaBKH BbICOKoro rrop5!,n;Ka, ln P1 rrpe,n;cTaBJI5leTC5I KaK 

ki 
lnP, = L(k + L )t + Lu(m) + u 1(m) + O(lJ. (30) 

YpaBneHH.H (27) H (30) ,n;aIOT: 

k ki J( ) l 1 + m 2u' 1 - m _2u' 
• + - = m - + --e + --e 

L 2 2 

+ 1 ( 2u' -2u') 2u" ( 1 + m 2u' 1 - m -2u') - e +e +- --e -1---e 
L L 2 ' :2 

+ 2ui [1 + m e2u' _ 1- m e-2u'J 
L 2 2 . (31) 

B Yp.(31), k mureTc5I ocIIOBHbIM Bbrpa)KeHHeM .n;.::rli cpe;i;nero q:mTneca H 

kif L - 3TO norrpasKa rrcpBoro nop5I,ll;Ka K ncMy. lIMC5! 3naqcmrc k1, MO)KHO 

BblqHCJIH'Ib ui. k1 MO)KHO orrpe,n;eJIHTb H3 y p. ( 31) B 'ICJ'!Ke m = mo, r .n;e 
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K03cpq>1:1n;1rnHT ui CTaHOBHTC5I p8.BHbIM Hymo. 3aTeM, HMe5I k1' BbJqHCJUieM 
U1. 

llMeH u1, BbiqHcJI5IeTc5I c TOqHoCTbIO 1 / L Bbip~eHHe ,ll;JIH BepOHTHOCTefi: 

ranJIOH.n;HbIX KJiaccoB P1 (oHn onpe.n:e.rrenbr KaK Ptl = (Lu(m) + u1(m))), 
TaK)Ke BbrqHcmuOTC5I Bep05ITHOCTH POI= eLu(m), 'Yp.(30). 

Pe3yJibTaTbI rJIB.BbI ony6JIHKOBaHbI B pa6oTe [Q]. 
B aa11:.1t10"tettuu npe,n;cTaBJieHbI OCHOBHbie pe3yJlbTaTbI pa60Tbr: 

1. PerneHa Mo,n.eJib 3BOJIIOIJ;HH B cJiyqae JieTaJibHbIX MyTan;Hii: cPHTHec 

IIOJiyqeH, KaK CHMMCTpH'IHM cPYHKIJ;H5I XaMMHHr pacT05IHH5I OT 

IIHKOBOH rroce,n;oBaTeJibHOCTH, H eCTb KOHe'iHa.H Bep05ITHOCTb, '!'IO 

cpHTHec CTaHeT HyJieBbIM. TaKa5I Mo,.rr.eJib on11cbrnaeT npaKTH•1ecKn 
Ba)f<HYIO CHTyan;mo 3BOJIIOIJ;HH BHpycoB noµ; B03,.rr.eii:CTBHE':.~ 

rrpoTHBOBHpyCHhrx rrperrapaToB. Toqno orrpe,n;eJI5IeTC5! nopor ornH6oK 
B 3TOM CJIJ"-Iae [1]. 

2. CcpopMyJinpoBaHa H pernHHa MO,n;eJib 3BOJIIOD;HH B MHoroMepHO:'\! 

npocTpaHCTBe, KaK B c.rryqae Mo,n;eJIH Kpoy KnMypb1, TaK H .n::151 

Mo.n;eneil: c peKOM6HHan;Heti. 9To Ba)KHO ,ll;JI.H npnMeHeHHH, IlOCKOJlbKY 

cpHTHeC CJIO)K!!ru! cpyHKIJ;H5! H He MO)KeT 6bITb omrcana KaK npocnu:r 
cpyHKD;HH XaMMHHr pacT05IHH5! OT oµ;Hoti nocne.n;oBaTeJlbHOCTH [~J. 

3. CcpopMynnpOBaHa n perneHa Mo.n;en 9H:reHa B CJiyqae BCTaBOK n 

,n;eJien;11il:. Hail:,n;eH nopor onrn6oK[;i]. 

4. PerneHa MO;:t;eJih 9H:reHa B cJiyqae KoppeJIHpoBaHHbIX MyTan;niL 

orrpe,n;eneH rropor KaTacTpocpbI onrn6oK. 9To npocToil: cnyqai1 

5IBJiemrn, Kor.n;a MyTan;mI CJierKa yrrpaBJI5!IOTC5I. Ilpe,n;JIO)KCHa npOCT<IB 

cxer-m ,n;m1 pemeHHH napa,n;oKca KaTaCTPOcPbI ornH6oK 9ii:reHa rrpn 
B03HHKHOBCHHH /KH3HH [1_]. 

5. PerneHa Moµ;eJib .n:nrrnon.n;Hoti 3BOJIIOIJ;HH c rna,n;KHM cpHTHec 

JiaH,n;ma¢ToM, Kor.n:a ecTb eiu;e H peKoM611nau;H5I. Orrpe,n:eJieH n 
cpeµ;Hnii: cPHTHec rrorrymui;Hn, H pacrrpe;:i;enenHe Bepo5!THOcTeii:{Q.]. 

6. IIoc".fHTaHbr rrorrpaBKH KOHeqHoro o6'beMa B 3BO.rrrou;noHHhIX Mo,n;eJI5IX. 

IloMHMO Mo.n:enH Kpoy-Km.qphI 6bIJIH paccMOTpeHbI Mo.n:e:m 

,!l;HilJIOH,lJ;HOH 3BOJIIOIJ;HH H MO,ll;CJlb c pCKOM6HHan;neii:. IlonyqeHHbie 
pe3yJibTaTbI II03BOJI5!IOT aHaJIHTH'i€CKH IlOC'-IHTaTb CBOHCTBa MO,U.eJieii: 

c KOpOTKOH ,ll;JIHHOH rcHOMa[Q.]. 
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m.rci>nci>uq.tif' 

UqibllwJunumiaJmUnu.I mumufiwu)1ptlwb bu f:tlnumg)1nu uwratuwqipqwqwu 
unqtiutp, npnu~ tmbtlmu bu tlfltiwqwqpwqwu .'.1>}1q)14UIJ)1 llhianqubpm.J.: 
UJI} lJ.bpllj .. u.pUigtlbt bu npn2 uruibtUb[l)1 wnw2}1fi tmbnuifibp[!, ~wup np 
tlfltiwlJ.UiqpUiqUIU .'.l>J:iq)14UIJ)1 llhranqubp)1fi ~4w WJffiUqipwU~: n~ qbwjpU 
q)1:f>bphfig)1UIL hwt.twuwpmuubpp hwuwlJ.Uipqbpfi wptpUilljUiqiqbptlbt bu 

tlfltiUilJ.UiqpUiqUiu .'.1>]1qpqwJ)1 un11htfibp)1u, m q)1llwllfltiwJp 1f1Uipphp Uifiwtfl1PP4 
1mbmuubp hUIUUIUIWqiwuJuwumu bu tlfl6wqwqpwqwu ~)1q)1J.iUIJp tinqbtllbpp 
qiwppbp qmqbpp: '\bqiwqnqitlbt b[J Unl'].btUbpp lfmttWJpU UIUgUWU l.ibqibp[!: 
U2Juw41UIUL!ntti uipmgt[mb h)1tifimtimu UipIJ.JmUL!fibpu bu' 

1. lmbtJ.bt tu b.l.numgpwJp tinqtiuhp[! tb1f1Wl limlpwgpmUb[lp qblljL!mti: 
'-ljlpmu)1 .'.l>J:iiauturr tiwu qpn t )1fi~-np hrutJ.UifiruqwfimroJmtip, qmu npn2t[mu 
t npUJbu ujltib1f1p)14 :f>muqgjlm, qmJut[mb Ullj)1UWJ}1fi hw2npqmqwumraJmU 
tij12jlu tiUiqu)1uwqmumiaJmU)1g: lmbtlbt t lljlllqJUihwtimu tubpq]lUIUbpp tinqbtJi 
11tui~I!= UbuL! uwJu allmqbpuibt huL! unqbm q)1u4Pb1f1 chntiUiuUiqjl qtui~mu, 
hbqm UJUgt1 4:pnm-4:jltimpUIJ)1 tinqbtJ:ifi: '-lhp2)1u)1u hwtiUip tbtpUJt l'J.bU!L!I:! 
hUitiwUJUI1f1wuJuwumu t u)1umu mfiuwhUUifimraJmfi wpd"b~)1 :f>)1raubujlu: 
'\w2l[l[b1 bu hUitiwI.iwpqjl tij12)1u .'.l>Jiiauburr 11. tJ1mtWJ)1U wugtiUIU 4h1f1[!: 
.Quqhwump qtuiL!mli u)12Jiu .'.l>J:iraubuu wp1f1UihWJ1.fltlht t UIJU qhUJL!Jl tiJ12J1u 
.'.l>J:iiautu]l UipqiUihWJl[lnL{OJUIUp, bpp ~qUIU tbl[lUil tlmtpwgpUIUbp: UqiUigt[wb 
wp41whUIJ1flnlJOJntUUbp[! gmrn tu tpwtfm, np tl:Hpw1 1.lnttpUigpUIUbp[! tr2npb[J 
qUipnri tu itinJubt uJuw1 ubpp 2tu)1 UJ pd"hL!rr: 

2. nmmtiuUiuj1pt[b1 tu b.l.numgpwJJ1 tinqb1ubp[! pUiqtiUI~UJtP 
lflUipwbmraJmUmti: UJu qblljJ:!mu qbunurr pUiqqUigwb t up L!UIUp 4lflnpubp)1g, 
Ultibu qqmpu mup ull!Ji.fiUIJpU u)12j1u tiUJqupuwtiwumJOJnLU, m .'.l>J1rauturr 
~muqg)l.UI tUIJfl uUJqfij1uwqwumraJmupg: UJu unqtm 2wtp wt[t1)1 ppUitpbuw4UJu 
t. L!WU tUIJU 4Ji.pwnmu qipUib unqtm. nptpbq .'.l>prauburr qwJutJ.Uib t tipUIJU up 
hUI2npqUiqUIUill[OJntU]lg muhgUib '\wti)1uq/1 hbnwtlnpnt{OjntUpg: :;2llw4bpuitJ.bt 
t tinqht[!, UIJUmhblpll tmbtJ.bt '\UJt.ij111f1nU-6w4nppp hwtlwuUipUUIU Ufl2ngn4, 
qtpul[t1 t unqb1)1 up2J1u .:PJ1rauburr rob' ratlwJpU, .rah' wuwtJ:il[lf14 ubianqubpnt[: 
U:Ju unqbtJ:i uwuuwt.tnr rj.buipu t .'.l>J1raubu tUiuq2w,:Ptp[!, bpp .'.1>)1.rauturr .'.l>mu49)1w 
t up pillU)1 hUI2npqw4wumraJmUubppg mubgwb '\wtipuqj1 hbnwtJ.npmraJmUpg: 
'f.)11.J1W[lqt[t1t UUJll UIJU 1'].hlljj;![!, bpp 4UIU tbtpWt Umtpwgj1wubp: '\blflwqntp!.J.bt 
bu lip 2ll1Pil bpq$_UitP 11. bnUI2witi qbuiL!bp: ~llwqbpu1t[b1 11. 1mbt[t1 t tinqbt[! 
uwll WJU rJ-bUJL!P hUiilUip, bpp tiw nbljntip]lUUigpw, 11. 1'].lltpu bu pbpl[h1 
'\wu)lilflnU-6UJqnppj1 hUitlUJuUipmurr 11. 4wrllnp iatnpbUUI 11J1uwuj1i.J.wJJ1 
tJ.hpwphPJUIF b]Ob uqqpuwtiUIU PUI2Juntti[! upUb1f1J1P4 t, 11. .'.l>/1.raUhu 
.:pmuqg)1UJu mup tij12J1u IJ:UI241)1 tpbup, wuiUI nbI.intippuUigpUIU 2'1 qUipnq 
itinJubt tif12pu .'.1>)1.rauburr upu~ 2wtp bp4wp' qbfinti]l bpqwpmJilJUIU 4Uipqp 
chnuwuUitip [!U[c}Uigpmu: liJu .rahnpbti[! 6p2qi ~t wu}1UblJ1pf14 nbqnilp)1uwgpwJp 
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ql:illu;!Illll: lfnqbt.fl qflfiwupqwfi qwpbt.fl t Untpwi.J.np hw2i.J.bt. OqlpWqnpbb[nt{ 
"\wU]l[tpnfi-Swqnppp hwt.1.wuwpmli[!: 

3. !ltuntUfiwu)lptl.ht t ti.J.numg)1w3)1 linqb[U WJfi qtummu, bpp qbtinumu pwg)1 
1fot1.J1UI9)1wfibpf19 [lfi2-np hwtl.wliUiqwlimfilJWUp qwu 2ti2i.J.mu tu ull!)lfitibp, qwu 
fmp utq[lliflbp tu wi.J.btwfinu.i: Ul:iq qwqwfilwli)1 .'.!>f1ialituf1 ti.J.nuntg)lnli unqtm 
tntbtl.ht t l:Jqbfi}l unqbt.fl 1.J1Wppbpw4}1 qtummu: lufiqpp[! tmbi.J.bt t qblinup 
wfitJ.tp2 t11qwpntf<!JWli qbll!J2ntU, oqlpwqnpbbtntJ. pwpq qnupf1liw1.J1np)1qw: 
'\w2i.J.tl.ht tu U]l2f1li .'.l>J11afibu[!, flliill!hu tiwll lflmtwJ[lfi wfiguwfi lib1.J1[!: 

4. llmmutiwu[lptJ.bt t l:Jqblif1 unqbtli WJli qtll!!lP hwuwp, bpp qw 
qnptuwgJ:tw qblinup 1.J1Wppbp uwubpmu 1.J1bajl mlibgnq um1.J1wg[lwfibpf1 
u}12Lt. lllJUU!bU np Untlpwg[lwfibpJ:t [!_Uqhwlimp iaMfi mfiti n2U!IllWUnUJWU 
pw2Jumu: q.lflUtJ.bt t uiuwtfibpp ljwqiwuljlpn.'.j>wJ)1 2tti[!: lfbtig oq1.J1wqnpbbt 
bfig '\wtititl.J1nfi-Bwqnp[lp hwt.1.wuwpuwli utian11I! unqtm tmbbtm hwuwp, 

hU12tJ.bt bfij;! ur2tiu .'.l>tiroutul! ll uJuwtfibpti 2tU[!: UjU qbpll! qwpbLJi t tmbbt 
l:Jqblip uJuwtfibpti ljwqiwutppn.'.j>U1J}1 U!WPW1lUJ2U[!_, tiat hwuwptu12, np u}112wup 
timtpwgtiwutpp hwl{UiuwljwlimiaJmlil! ubb t, ]mq 2lll1.J1 UnLIJllllgpwlibp[! J2Pi 
hwtjmuwqwu bli: 

5. Oqipwqnpbbtntl '\uni'1t1.J1nli-Bwqnppp hwl{llluwpmU[!, UbliJ2 qmpu bUJ2 
ptptl wuwlPlflPli hmtJ.wuw11muutp U}12/lli .'.!>tirautup Lt 4m1mu i.J.'1tiwqp 
pw2Juuwu hwuwp 4pnm-4pumpwJf1 U. l:JqbUfl tl{numg}lwJfl llPU!lnflq 
un11t1utpp IJ.bll!J2ntU, bpp .'.!>'1rofitu .'.j>mtiljgflwfi utiuhlJlppq t: lmc:n{bt t 
IJ.Jlll11npq ttJ.numgpwJfl unqtm liwlt ntqnup]lliwgpwJp qbll!J2P hwuwp: UJu 
unqbLJl hwup11J1nli}1wul! qwjul{wb t n2 UJlWJU qnnpq]llilllipflg lt qnpbnqnt[clJWU 

wbwU9JwLtig. WJtll. WJU Mo lib1.J1]1g, np41bq qnpbnqntf<!Jmuu mfi]1 uw12uflumu: 
brat wubgumwl ttJ.nuntg}1w1}111tll!gntu mlibu12 Ubq tmbmu R Ul12tiu .'.j>fllfllibup 
hwuwp, WU!W IJ.'1U!1n!111 ti.J.numgpwJJl qbll!Rntli huwpwi.J.np bu 1.J1Wppbp 
imbmuubp, J2WU]l np U(m, Mo) U!n41bugpwm qwjutJ.wb t M0 U!WpwUbtppp 
wpd-bJ;lpg: J!wuti np U(m, Mo) ll!U1.J1bugpwl'1 tJ2u1.J1pbumu}1 ll!J1np1t1m mlif1 up 
12wuf1 imbmu, WU!W qwpnq tli tf11ibt U]l 12wti)1 qw3mfi imbnumtp: 

6. Oqtpwqnpbt1 bUJ2 '\wU]lL1.J1nu-Bwqnp)1)1 hwl{wuwpuwu utiun11l! 
hb1.j1wqmpb1m hwuwp unqtiutpll qbunup L bpqwpmJOJWli 11tll!12mu: lfbu12 
hw2t1t1 bull 1/ L qwpq]l n21.J1muutrrr up2pu ~flrautu[l Lt qw1mu i.J.'1nwtiti 
pw2Juuwu hwuwp jujlu1.J1 n2q1Jw3pti ttJ.numgpnu un11t1libpf1 qbll!J2mtf qtubpp 
hnp}lqntiwqwli lflnjuwuguwu 11 llPU!lnrq ttJ.numgpwJp qbll!J2bpu [!Uqhwlimp 
u}1Ub1.J1ppq .'.j>pfcllibup qbll!~mu: l.Tf12tiu ~rraubu[! ublflwljwu uw12u]luw1 wpctt12r 
(qbwJpfi hwlipwhw2i.J.'111tll!12) t4t1Ptl.wtbfiqiu t niqbw1)1u un11t1utpp qbll!12mu: 
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SUMMARY 

In this thesis we studied mathematical evolution models with the methods 
of statistical physics. This way we get the first solutions of some models, 
as there are no alternative methods. We mapped the system of nonlinear 
differential equations to the models of statistical physics and found a con­
nection between different analytical solutions of dynamics of that equations 
and different phases of statistical physics models. We also studied the phase 
transition points. The main scientific results presented in this thesis are: 

1. It has been solved the evolution model with lethal mutations. In that 
case, the fitness is equal to 0 with some probability or it is defined as 
a symmetric function from mean magnetization. \Ve also solved the 
Random Energy model. First we defined the lethal mutations using 
the discrete time Eigen model, then we used the mapping into the 
continuous time Crow-Kimura model. We get the fitness equals minus 
infinity for the lethal mutants . We calculated the mean fitness and 
phase transition points for the considered models. In the general case. 
the mean fitness of the model with lethal mutations is expressed by 
the mean fitness of the model without mutations. According to our 
results, the existence of lethal mutants can substantially change the 
error threshold (about 50 %). 

2. It has been studied and solved the evolution model in the multidimen­
sional fitness space, where the genome is considered as a collection of 
several pieces (each piece has its mean magnetization), and the total 
fitness is the function of these magnetizations. Such model is moro: 
general and more realistic than the widely applied model, where the 
fitness is a function of the Hamming distance from only one sequence. 
We formulated the model, then solved it using Hamilton-Jakobi equa­
tion method, and calculated the mean fitness both analytically and 
numerically. The particular version of this model corresponds to the 
fitness as a function of the Hamming distances from several sequences. 
\Ve considered the case with lethal mutation. Several two- and three di­
mensional cases have been studied. We formulated the recombination 
model in the multidimensional fitness space, derived the Hamilton­
.Jacobi equation for the dynamics of population and deduced an im­
portant theorem about the dynamics. For the initially narrow initial 
distribution and mean-field fitness landscape, the recombination doe5 
not affect the dynamics of the population for a rather long period of 
times. This theorem is not valid in the case of asymmetric recombina­
tion. 
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3. It has been studied the evolution model in case when, besides the base 
substitution, with some probability there are insertions and deletions 
in the genome. We solved the Eigen model for the single-peak fitness 
'\Vith infinite genome length, using the involved combinatorics. The 
mean fitness of the model and the phase transition point have been 
calculated. 

4. We inYestigated the Eigen model when there is a correlation between 
the mutations at different parts of the genome, and the total number of 
mutations has non-Poisson distribution. We applied Hamilton-Jacobi 
equation method to solve the model and calculated the mean fitness 
and error threshold. The suggested mechanism gives a simple solution 
of error catastrophe paradox in the origin of life. 

5. Using Hamilton-Jacobi equation approach, we obtain analytic equa­
tions for steady state population distributions and mean fitness for 
Crow-Kimura and Eigen type diploid biological evolution models with 
general smooth symmetric fitness landscapes. \Ve also study the paral­
lel diploid model for the simple case of recombination and calculate the 
variance of distribution. The Hamiltonians of these models depend on 
the value Mo of the point of maximum of distribution. In case of asex­
ual eYolution, we have a single solution for the mean fitness R, while 
in diploid case several solutions are possible, as potential U(m, Mo) 
depends on the value of parameter M0 . The existence of several so­
lution for the extremum problems of a potential U(m, Mo) indicates 
the possibility of multi-stability. 

6. Using Hamilton-Jacobi equation approach to study the models with 
the genomes of length L, we calculated 1/ L corrections to the mean 
fitness and steady state distribution for a strongly nonlinear evolution 
models: horizontal gene transfer model and diploid parallel evolution 
model for general fitness function. The mean fitness is the equivalent 
of the maximum eigenvalue (for linear algebra) in case of nonlinear 
models. 
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