
PA3llEJI 4 

KHHETHKA CllHHOBhiX BOJIH 

rnABA 7 

CT ATHCTWIECKOE ODHCAHHE 
HEJIHHEAIILIX CDHHOBbiX BOJIH 

§ 33. Heo6xo,tJ,HMOCTI> ,tJ,HarpaMMHoro no.u.xoA& 

,D;JUI ODHC81Df.ll KHHentKH BOJIH 

B npell,bi,IJ,YU.UfX rn. 4-6 6biJia pa3BHTa OTHOCHTeJibHO npOCTa.ll S ·TeOpiDI, OC· 

HOBaHHa.ll Ha ,D,HarOHaJIH33UHH raMHJibTOHHaHa B3aHMO,D,eHCTBIDI BOJIH. 3Ta TeO· 

piD1, K3K }')Ke OTMe'laJIOCb, H3XO,D,HTCH B XOpOilleM Ka'leCTBeHHOM H KOJIH'IeCT· 

BeHHOM COOTBeTCTBHH C ueJibiM pH,D,OM 3KCnepHMeHTOB no napaMeTpH'Ie.CKOMy 

B036}')K,IJ,eHmo CB B <J)MJ H A<J)M, BOJIH Ha noBepXHOCTH )!(H,IJ,KOCTH. BMecTe c 

TeM cymeCTByeT ueJibiH pH,D, 3KCnepHMeHTaJibHbiX pe3yJibT3TOB, H B03M0)!(H3 

nOCT3HOBKa HOBbiX 3KCnepHMeHTOB, HHTepnpeTaUHH KOTOpbiX Tpe6yeT BbiXO,D,a 

33 ee paMKH. lleno B TOM, 'ITO S ·TeOpHH npaBHJibHO OnHCbiBaeT JIHillb HHTerpaJib· 

Hbie xapaKTepHCTHKH IICB H npHHUHnHaJibHO He yqHTbiBaeT, HanpHMep, KOHe'I­

HYIO lliHpHHy HX pacnpe,D,eneHHH B k-npOCTPaHCTBe. B S -TeopHH 

n(k, w), a(k, w)-o(wk- wp/2)o(w- wp/2), (33.1) 

r,D,e 

n(k, w)o (k- k')o(w - w') = ( b;,w.bkw ), 
(33.2) 

~ I I ) 0 a(k,w)u(k+k )o(w+w - wp =(bk'w'bkw>· 

Me)!(,D,y TeM anpHopH MO)!(HO npe,D,CTaBHTb ce6e coBepweHHO pa3nH'IHbie BapaaH­

Thi noBe,D,eHIDI IICB, npHBOMIUHe K pa3nH'IHoMy ywapeHmo pacnpe,D,eneHIDI 

(33 .1) npH coxpaaeHHH HHTerpanbHOH no I k I H "-' BenH'IHHbi n(k, w) c TOll· 

HOCTbiO ,11,0 MaJibiX napaMeTpOB. 

KaK HeOIJ,HOKpaTHO OTMe'lanocb, S -TeOpHH no cymecTBY HBnHeTCH Teopaeii 

caM,ocornacOBaHHoro nons, yqHTbiBaiOmeii .JC1nt B nepBOM nopH,D,Ke TeOpHH 

B03MymeHHH. IIpe,D,npHHHManHCb nollbiTKH ynyqwHTb no npH6nH)!(eHHe, yqHTbi· 

Ba.ll 'lneHbl BTOporo nopH,D,Ka DO JC!nt TaK, l<:aK 3TO ,D,enaeTCH npH BbiBO,D,e KH· 

HeTH'IecKoro ypaBHeHHH ,D,JIH BOJIH. OIJ,HaKo noT no.u.xoA HeBepeH, noTOMy 

'ITO KHHeTH'IeCKOe ypaBHeHHe npHMeHHMO, eCJIH naKeT BOJIH HMeeT 60JibrnyiO 

lliHpHHy no 'laCTOTaM, rapaHTHpYIOIUYIO CTOX3CTH33UHIO Q>a3, B TO BpeMH KaK 

pacnpe,D,eJieHHe (33 .1) B S ·TeOpHH HBJIH~TCH O,D,H0'13CTOTHbiM. IlpH nOllbiTKaX 
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BblHTH Ja paMKH BTOporo IIOpHp;Ka BOJMyiUeHHH, KaK rrpaBHJIO, He06XOAHMO 

IIpHMeHHTb p;HarpaMMHYIO TeXHHKY. 

CymecTByeT HecKOJibKO BapHaHTOB p;uarpaMMHOH TeXHHKH, rrpurop;HOH AnH 
orrucaHHH HepaBHOBeCHhiX CHCTeM (eM., HarrpHMep, X.B. YaHJihA [218), 
JI.B. KeJIAbiW [ 118]) . )lrrH KnaccJilleCKHX Jap;aq HaH6onee ecTecTBeHHO rrpHMe­

HHTh TeXHHKY YaHJibp;a, IIOCTpOeHHyro B 1961 r. Ha rrpHMepe ypaBHeHHH 

rH)I.pOAHHaMJilleCKOrO THIIa H IIOCJIY)KHBWyro OCHOBOH AnH MHOrHX pa60T ITO 

Typ6yneHTHOCTH HeC)KHMaeMOH )I(Hp;KOCTH (eM., HarrpHMep, B • .H . EenHHH'Iep, 

B .C. JlbBOB, [167)). B HacToHmeH rnaBe B § 34 Mhi, cnep;yH pa6oTe B.E. 3axa­

poBa, B.C. JlbBOBa [107), orrHweM AHarpaMMHyro TeXHHKY Yaiimp;a Ha HJbiKe 

KaHOHH'IeCKHX ypaBHeHHH AnH KnaCCH'IeCKHX BOJIHOBbiX IIOJieH. 

C IIOMOIUbiO AHarpaMMHOH TeXHHKH JierKO BbiBeCTH HJBeCTHbie KHHeTH· 

'leCKHe ypaBHeHHH A1IH BOnH H perynHpHbiM o6pa30M IIOJiyqa:Tb K HHM rrorrpaB· 

KH. B qacTHOCTH, no rroJBonuno B § 35 o6ocHOBaTb rrpep;enbi rrpnMeHHMOCTH 

KHHeTH'IeCKOrO ypaBHeHHH (T.e. npH6JIH)KeHHe cna60H Typ6yneHTHOCTH) : 

JaTyxaHHe BOJIH 'Yk• XapaKTepH3YIOIUee ypOBeHb HeJIHHeHHOH CHCTeMhl, AOJIA<HO 

6biTb MeHbWe, 'leM flkawjak, H MeHbWe, '!eM (flk)2 a2 wkjak 2
, rp;e flk -

XapaKTepHaH WHpHHa IIaKeTa BOJIH. nanee, B § 36, Mbl 0606IUHM AHarpaMMHYIO 

TeXHHKY TaK, 'IT06bi KpOMe HOpManbHOrO KOppe1IHTOpa n(k, W) MO)KHO 6binO 

Y'!HThiBaTb H aHOManbHbiH KOppe1IHTOp a(k, W), onpep;eneHHhiH B (33.2) H 

cymeCTBeHHbiH B Jap;aqe 0 rrapaMeTpH'IeCKOM BOJ6y)Kp;eHHH BOJIH. 

§ 34. JlHarp8MMHlUI TeXHHK8 

34.1. KoHCTp}'HpOBaHHe ~arpaMMHbiX PHAOB H cyMMHpOB8HHe nmcoua -

YaAni>n;a. PaccMoTpHM BOJIHOBoe none, B nnHeHHOM npH6JIH)KeHHH o6nap;aro­

mee JaKOHOM AHCIIepCHH Wk, OIIHCbJBaeMoe KOMIIJieKCHOH aMIIJIHTyAOH bk H 

HMeromee raMHnhTOHHaH 

'JC=fwkb;bkdk+'J(int· (34.1) 

B Ka'leCTBe JCint B Jap;aqe o rrapaMeTpHlleCKOM BOJ6y)Kp;eHHH BOJIH B cpep;e c 

HepaCIIaAHbiM 38KOHOM AHCIIepCHH CJiep;yeT BJHTb 'leTbipeXBOJIHOBOH raMH1lb· 

TOHH8H (5.30). YpaBHeHHH BOJIHOBOrO TIOJIH HMeiOT BHA 

. abk oJC . 
,_ = -. -1okbk + tk(t). (34.2) at obk 

B HHX Mbl BK1IIO'IH1IH AOII01IHHTe1lbHbie '!neHbl, OIIHCbJB8IOIUHe B38HMOp;eHCTBHe 

BbiAeJieHHOH HaMH CHCTeMbl BOJIH C "oKpy)K8IOIUHM MHpOM" - TepMOCT8TOM. 

CnaraeMOe okbk OIIHCbiBaeT "rpeHHe BOJIH 0 TepMOCTaT", T.e. yxop; :meprHH 

B TepMOCT8T. JlaH)KeBeHOBCKlUI CJiyqaHHaH CH1la {k(t) HMHTHpyeT 6ecrrOpHAO'I· 

Hhle TOJI'IKH CO CTOpOHbl TepMOCT8T8, IIpHBOAHIUHe B cpep;HeM K yBeJIJilleHHIO 

JHeprHH BOJIH bk. Mbi 6yp;eM C'IHT8Th, 'ITO CTaTHCTH'IeCKHe CBOHCTB8 cnyqaH· 

HOH CHnhi HBJIHIOTCH rayccOBbiMH c KoppenHTopoM 

Fkw = ok n2/rr, n~ = T/wk. (34.3) 

3p;ecb n2 - TepMOAHHaMJilleCKH paBHOBecHoe JHa'leHHe nk. Mbi rrpep;rroJIO)KHJIH, 

'ITO TepMOCTaT H8XOAHTCH B COCTOHHHH TepMOAHH8MJilleCKOrO paBHOBeCHH 

c TeMrrepaTypoii T (HJMepHeMOH B :mepreTJilleCKHX eAHHHUax). 3To paJyMHo, 

eCJIH B38HMOAeHCTBHe BOJIH bk C TepMOCT8TOM MO)KHO C'IHT8Tb M81lbiM: Ok -+ 0. 
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llonarax 
+oo 

bk(t) = J b(k, w)exp(- iwt)dw, 
- oo 

• + 00 • 

bk(t) = j"" b (k, w)exp(iwt)dw 

H BBOWJ 'leTbipeXMepHOe 0603Ha'leHHe q = (k , W) , IIOn}"'HM H3 
H (41.2) 

bq = G~[ J Tkt ,23b *(qt)b(q2)b(q3)8(q + Q1 - Q2 -

- q3)dqldq2dq3 + /q]' 

G~ = (w - wk + i8k)- 1. 

(34.4) 

(34.1), (5.30) 

(34.5) 

3,o;ec& G ~ - JarpaBO'IHaH <l>YHKUHH fpHHa. PaccMorpHM <PopMan&HOe pemeHHe 
ypaBHeHWI (34.5) B BH,!l;e p11,o;a IIO CTeiieHHM /q: 

a(o)=Gof. 
q q Q• 

(1) 0 J 0. 0 0 aq =Gq Tk1,2JG1 G2G38(q+q1 - q2 - q3)X 

X fdd3dq1dq2dq3 , 

(2) _Go fT [ (1)• (O) (0) + 2 (0)• (1) (OJ] X 
aq - q k1,23 a1 a2 a3 a1 a1. a3 

X8(q+q1 - q'2 - q3)dq1dq2dq3 , 

G~ = G 0 (q 1), a\0
) = a<

0
\ql ) , .. . 

l.' 
Ka>KJI.OMy 'lneHy 3T0f0 px,o;a MO)I(HO COIIOCTaBHTb ,!l;HarpaMMY C IIOM011lbl0 rpa-
<l>H'IeCKHX 0603Ha'leHHH: 

0 0* 
Gq=-• Gq,=-· 

fq. = ___ ..,.. • fq.* = ~--- • T12 ,34 = + (34.6) 

KIDK,o;ax ,o;HarpaMMa px,o;a ,o;nx bq rrpe,o;crasnxer co6oii ",o;epeso", sers.llmeecx 
s sepmHHax T, KpOHa Koroporo JaKaH'IHBaercx rryHKTHpaMH cnyqaiiHoii CHnbi. 
BepmHHaM Tt2,34 cne,o;yer corrocraBHTh 8(q1 + Q2 - Q3 - q4) 11 rrpoHHrerpH-

- B <~ poBaTb IIO BCeM q BHyrpeHHHX nHHHH. ,!l;HarpaMMax ,!J;nH aq eCTb BCe TOIIO· 

norH'IeCKH paJnH'IHbie ,o;epeBbH c sepmHHaMH T, 'IHcnosoii KOJ<l><l>HliHeHT rrepe,o; 
KIDK,!l;biM raKHM ,o;epeBOM 1. ,IlHarpaMMbl, COOTBeTCTBYI0111He Bbipa)l(eHHHM ,o;n.ll 

a~o), a~1 ) H a~2 ), BhlrnHWIT cne,o;y10111HM o6paJoM: 

aroJe-.:> -----'! 
a (t) <'-'> 

q 

E·~·- E·~E·- E-~-~ )>) ·-+ ) ·-+ )1)1 -~ ·- ·~ . ._ -~ -- ·-
Herpy.o;Ho JaMeTHTh, 'ITO aHanHrH'IeCKHe Bbipa)l(eHWI, coorsercTBY10111He ,o;e­

peBbHM, IIepeXOWJ111HM ,o;pyr B ,o;pyra IIpH IIOBOpOTe 'laCTH ,o;epeBa BOKpyr He­
KOTOpOH sepmHHhi, cosrra,o;a10r. ITepBbiH rrpHMep raKoro po,o;a- no ,o;sa ,o;epesa 
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(2) 
WHI aq . Brrpe.o;b Mbi 6y.o;eM C'IHTaTb raKHe ll,epeBMI rorronorH'leCKH 3KBHBa-

neHTHbiMH. llpH 3TOM He06XOil,HMO fiPHITHCaTb MHO)!(HTenb 2 HeCHMMeTpH'lHb!M 

BepiiHIHaM, T.e. TaKHM, H3 KOTOpb!X paCTeT HeCHMMeTpH'lHOe OTHOCHTenbHO 

noaopora ll,epeao. B peJynbTare BCH ll,HarpaMMa rropH.o;Ka n rrpHo6peraer MHO­

)!(HTenb 2 n jp, rll,e p - 'lHCnO 3neMeHTOB ee rpyrrflbl CHMMeTpHH, BKniO'IaH TO)!(· . 

}J;eCTBeHHbiH. Jlrr11 ll,epeBbeB BTOpOrO H rpeTbero ITOpH)J;KOB 3TO 06CTOHTenbCTBO 

MO)!(HO H306pa3HTb TaK : t·- E·- t·~E--;o > ·- + ) ·-·- ·- - ~ ----. 
>E·>~~i:· ·-:.+ ~-E~-- =-+ 

·• ·- ·- ~- -- ·- .... 
+2 ;oE~~ - ~··-=-+2 

-~ -~ ·- >E·~-f:~-- -+ 
. ._. --- --'<¥" ·E·:--+ ·- --

- ~ ·-
'% E~-. -~ ·~ 

·~ 

-~ 

+2 

YKa3aHHaH B03MO)!(HOCTb yMeHbrneHHH 'IHcna rorronont'leCKH pa3nH'lHhiX 

ll,HarpaMM fiPHHIUIITHanbHO CB113aHa C TeM, 'ITO BOnHOBOe none - KnaCCH'leCKOe, 

H IT03TOMY BenH'lHHbl bq KOMMyTaTHBHbl. 3aMeTHM ll,anee, 'ITO Oll,HH H3 KOHUOB 

ll,epeBa (KopeHb) HBnHeTCH Bbi]J;eneHHbiM: H3 'leTbipex nHHHH, CXO,[VIIIUfXCH B 

Ka)!()J,OH BeprnHHe, TOnbKO Oll,Ha COe)J;HHHeT ee C KOpHeM. KaK BH)J,HO H3 Bbipa­

)!(eHHH (34.6), B cnyqae, KOrll,a 3Ta nHHHH OpHeHTHpOBaHa "OT KOpHH", TO'IKe + 
cooraercrayer T 12, 34 . EcnH )j(e JTa nHHHH opHeHrHpOBaHa "K KOpHro", TO'I· 

Ke + COOTBeTCTByer r·. B )J,anbHeHrneM, KpOMe o6bl'lHblX "neBbiX" rpa:<I>HKOB, 

y KOTOpbiX KOpeHb HaxO)J,HTCH cneaa, HaM fi0Ha}J;0611TC11 "rrpaBLie" rpa<PHKH -

c KOpHeM, pacrrono)!(eHHbiM cnpaaa. YcnoaHMcH, 'ITO rrpaaoMy H neaoMy rpa<PH­

KaM COOTBeTCTByeT O)J,HO H TO )!(e aHanHTH'leCKOe Bblpa)!(eHHe, ecnH OHH rrepe­

XO,[VIT ll,pyr B ll,pyra rrpH 3epKanbHOM Orpa)!(eHHH OT BepTHKanbHOH 'lepTbl, 

Bbt'lHcnHM rerrepb cnell,yroiiiHe napHbie cpell,HHe: crreKrpanLHyro rrnorHOCTb 

nq, orrpell,eneHHyro <PopMynoH (33.2), H <PyHKIUIJO fpHHa Gq - nHHeHHbiH 

OTKnHK CHCTeMbl Ha BHeliiHIOIO CHny: 

Gqo (q - q') = < aq [q• > /(f 2 )q = < oaq fofq >. (34.7) 

llpH Bbl'IHCneHHH cpell,HHX Mbl BOCITOnL3yeMC11 TeM, 'ITO BHeiiiH1111 CHna f q rayc­

COBa, T.e. 6y)J,eM C'lHTaTb, 'ITO KOppenHTOpbl OT rrpOH3Be)J,eHHH He'leTHOrO 'IHCna 

f q OTCYTCTBYJOT, a KOppenHTOpbl OT 'leTHblX rrpOH3Be)J,eHHH pa36HBaiOTC11 Ha 

CYMMbl fiPOH3Be)J,eHHH rrapHblX KOppenHTOpOB. fpa<PH'leCKH 3TO pa36HeHHe 

H306pa)!(aeTC11 ITOITapHblM "cKneHBaHHeM" BHeiiiHHX BeTBeH .o;epeBbeB. llpH 

Bbl'lHCneHHH cpell,Hero rrpOHCXO)J,HT CKneHBaHHe ll,Byx .o;epeBbeB, H306pa)!(eHHblX 

Ha neaoM H rrpaaoM rpa<PHKax. TipH Bbi'lHcneHHH cpell,Hero ll,nH G q rrpoHCXOIJ.1IT 

cKneHBaHHH BHyTPH oll,Horo .o;epeaa rrpH <PHKcaUHH rrocne)J,oaarenbHO K3)!()J,OH 

H3 ero BHeliiHHX aeraeH. TipOH3BO)J.A CYMMHPOBaHHe rrpHBOil.HMLIX rpaq,HKOB, 

rrpHXOIJ.HM K CHCTeMe ypaBHeHHH .UaHcoHa - YaHnL)J,a ll,nH nq H G q: 

Gq = G~(l + 'LqGq). nq =I Gq 12 [<l>q + (f 2 )q] . (34.8) 
I!. B. C. JlbBOB t6t 



Er tl>q 

~=~+~'~=~· 
Ha rpa<t>HKe )I(HpHaJI aorrHHCTaH JIHHHH o6o3Ha'laeT nq, )I(HpHlUI npHMaJI -

G q; 1:q H <I>q o603Ha'laroT 6ecKOHe'IHbie PHro>I rpa<t>HKoa onpe.o;erreHHOH Torro­

rrorH'leCKOH crpyKTypbl (ace JIHHHH a HHX )I(HpHble): 

llq=2o+~e+2e+B(~ + 

+~+€9+~+~)+ 
+a(~+~+ eJ?+&)+ 
+~(~ + &)+ 

+~(~ + ~)+ 
+8(~+~+ ~+~)+ 

~· (34.9)' 
fpa<t>HKH (34'.9) HaJIHIOTCH KOMIIaKTHblMH, T.e. He COJJ;ep)l(aT CJia6o CaH3aH­

HblX 'laCTeH, KOTOpble MO)I(HO OTJ];eJIHTb .o;pyr OT .o;pyra, pa3pblaaJI OJJ;Hy JIHHHIO. 

B JTHX pH.o;ax HaHo yKa3aHbi ace rpa<t>HKH rrepaoro, aToporo H rpeTbero rro­

pH.o;Koa IIO aeprnHHaM JCint. fpa<t>HKH J];JIH <l>q HMeiOT .o;aa 3KaHaaJieHTHblX 

KOHIJ,a ("KOpHH" CKJieeHHblX .o;epeabea), rpa<t>HKH J];JIH 1:q HMeiOT OTJIH'laiO­

IUHeCH KOHUbl - aXOJJ; H ablXOJ];, COOTaeTCTayiOIUHe "KOpHIO" .o;epeaa H <l>HKCH­

pOaaHHOH aeTaH. 

34.1. Tonorromt~ecKHe CBOACTBa rpa<l>HKOB wui1:q H <l>q. 
1. B J];HarpaMMax J];JIH <l>q (.o;rrH 1:q) OT Ka)l(,ll;OH aeplllHHbl MO)I(HO IIpOHTH 

TOJibKO no JIHHHHM Gq• K axo.o;y HJIH (H) abrxo.o;y e.o;HHcTaeHHbiM o6pa30M. 

TaKHM o6pa30M, Her aeprnHH c t~eTblpbMH rrHHHHMH n(q'), Her 3aMKHYTbiX 

rreTeJib no JIHHHHM G(q'). 
2. B Ka)I(JJ;OM rpa<l>HKe .o;rrH 1:q cymecTayeT e.o;HHcTaeHHbiH rryTh, coe.o;HHHIO­

IUHX axon H abiXOJJ; no JIHHHHM, G(q') '- "rro3aOHO'IHHK" rpa<l>HKa. OcTarrbHbie 

JIHHHH rpa<t>HKoa MO)I(HO Ha3aaTb pe6paMH. 

3. fpa<t>HKH <l>q COJJ;ep)l(aT "OCHOaHOe Ce'leHHe", IIO KOTOpOMy OHH eJJ;HHCT­

aeHHblM o6pa30M Moryr 6blTh paCCe'leHbl TOIThKO IIO JIHHHHM n(q') Ha .o;ae 

'laCTH. 3TH JIHHHH n(q') Ha30aeM OCH06HblMU. 
4. Ot~eaHJJ;Ho, 'ITO, 3aMeHHH a rpa<t>HKax .o;rrH <I>q rrocrre.o;oaaTeJibHO ocHOaHbie 

JIHHHH n(q') Ha G (q'), Mbi rrepe'IHCJIHM ace TorrorrorH'leCKHe cTpyKTypbi rpa­

<l>HKOa J];JIH 1:q. 
YKa)l(eM Terrepb npaaHrra Bbi'IHcrreHHH K03<l><l>Hl.I,HeHTOa rpa<l>HKoa J];JIH 1:q 

H <l>q JJ;aHHOH TOIIOJIOrH'leCKOH crpyKTypbl. 
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a 

3~ 
5 1 

·~3 
B 1 

p H C. 34.1. fpa4lHK a CHMMeTplf'leH no nepeCTaHOBKe JIHHHA J H 2. fpa!I>HKH 6 H 6 3ep· 
Kam.HO.CHMMeTplf'IHbl. fipHMepbi . rpa4lHKOB Ami MaCCOBLIX onepaTOpOB <l>q (a) H 'E q 
(6He) 

5. qHcnosoif KOJ<l>4llnUteHr npH rpa<l>HKe nopJI.U.Ka n (no sepWHHaM) ,IJ.nJI Lq 
H <I>q paBeH 2nfp, r,11.e p - 'IHCnO JneMeHTOB rpyiiiihi CHMMetpHH rpa<l>HKa, 

BKmO'IaJI ro)I(,IJ.ecrseHHbiH. TaK, HanpHMep, rpa<l>HK Ha pHc. 34.1, a He H3Me­
HHTCJI, ecnH DOMeHJITb MeCTaMH nHHHH n(qt) H n(q2); ,IJ.nJI Hero p = 2, H 'IHCnO­

BOH K03¢'<l>HIUteHr paseH 22 /2 = 2. 
OnpenenHM renepb npou.enypy pa3MHO)I(eHHJI rpa<l>HKOB. B rpa<l>HKax ,IJ.nJI <I>q 

npOH3Be,[l.eM nocne,IJ.OBarenLHOe Bbi,IJ.eneHHe Ka)I(,[I.OH H3 OCHOBHbiX nHHHH nq 
(HanpHMep, orMe'laJI Bbi,IJ.eneHHyro nHHHIO KpecrHKOM), a B rpa<l>HKax ,IJ.nJI Lq 
npOH3Be,[l.eM nocne.u.osaremHoe Bbi,[I.eneHHe (TaK)I(e npH noMOJ..UH KpecrHKa) 
Ka)I(,IJ.OH H3 nHHHH D03BOHO'IHHKa. Jh Bblillenepe'IHCneHHbiX, CBOHCTB rpa<l>H· 

KOB 1-5 cne)zyer OCHOBHOe CYpYKTYPHOe CBOHCTBO rpa<l>HKOB. 
6. Me)l(.u.y "pa3MHO)I(eHHbiMH" rpa<l>HKaMH ,IJ.nJI <I>q H ~q HMeercJI B3aHMHO 

O,[I.H03Ha'IHOe COOTBeTCTBHe (BKniO'IaJI 'IHCnOBble KOJ<l><l>HIJ.HeHTbl). 3ro COOT· 
BeTCTBHe OCymectBnJieTCJI 3aMeHOH BOnHHCTbiX OTMe'leHHbiX nHHHH Ha npJIMble 

HHao6opor. 
7. B Ka)I(,IJ.yiO BepmHHy TBXO,[I.JIT ,[I.Be crpenKH H ,IJ.Be BbiXO~T. nen&Ta-<l>YHK· 

IUIH B HHX YCYpOeHbl TaK, 'ITO CYMMa BXO,[I.JIJ..UHX B BepmHHy 'leTbipex HMnynbCOB 

pasHa CYMMe BbiXO,IJ.JIJ..UHX. B nro6oM ce'leHHH rpa<l>HKOB Lq H <I>q, or.u.enJiromeM 

BXO,IJ. OT BbiXO,IJ.a, anre6paH'IeCKaJI CYMMa BCeX HMnymcOB nHHHH pasHa q. 
8. IlpH 3aDHCH aHanHrH'IeCKHX Bbipa)l(eHHH ,IJ.nJI Lq cne.u.yer B npOH3BeneHHH 

BCeX BepmHH H <l>YHKIUfH G(q') B pe6pax OCTaBJIJITb TOnbKO ,IJ.eHCTBHTenb­
HYIO 'laCTb. HanpHMep, rpa<l>HK Ha pHc. 34.1, e co.u.ep)I(HT npOH3Bep;eHHe 

Re [G2n3n4ns]. noKa3aTenbCTBO noro CBOHCTBa )J;HarpaMM npennaraeTCJI 
nposecrH 'B 3ap;aqe 7·.1. 

9. Or nro6oro rpa<l>HKa ,IJ.nJI Lq B OKOH'IaremHoe aHanHrH'IecKoe Bbipa)l(eHHe 
BXO,IJ.HT TOnbKO p;eHCTBHtenbHaJI 'laCTb (eM. 3a,IJ.a'ly 7.2). 

34.3. 3aMe'IBHHJI l( MeTOny YaAn~ pa31Imtcemur no cnyqaAaoA CHJie. Ilpe)l(­

p;e. BCero OTMeTHM, 'ITO e~nH BbiDOJIHJieTCJI COOTHOilleHHe (34.4), 0603Ha'laiO­
I..Uee, 'ITO "BHeillHHH MHp" ( repMOCTaT), B3aHMO)J;eHCTBYIOJ..UHH C BOnHOBOH 

cHcreMOH, HaxO.U.HTCJI B repMOAHHaMH'IecKOM paBHOBeCHH npH reMnepaType T, 
ro ypasHeHHJI llaH:coHa- YaH:n&p;a (34.9) HMeror pemeHHe 

nq =Tim Gq/rrw. (34.10) 

3ro yrsep)I(,IJ.eHHe, p;oKa3aHHOe B.E. 3axapoBbiM, B.C. JlbBOBbiM [ 170) (eM. 
raK)I(e 3ap;a11y 7 .3), cosna.u.aer c "<l>nyKryaiUfOHHO·AHCCHnau.HoHHOH reopeMoH:", 
CBJ13biBaromeH B repMO,[I.HHaMH'IeCKOM paBHOBeCHH CDeKYpanbHYIO DnOTHOCTb 
<l>nYKtyaiUfH C MHHMOH 'laCTbiO <l>YHKIUIH fpHHa, H D03BOJIJieT B repMO)J;HHaMH· 
qecKH paBHOBecHOH CHryaiUfH nepeH:rH or p;syx ypaBHeHHH .u.nJI nq H G q K OAHO· 

My ypaBHeHHIO ,IJ.nJI G q. Heo6xop;HMo 3aMerHtb, 'ITO Me)I(,IJ.y repMop;HHaMH'IeCKH 
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paBnoBeCHbiM H o6mHM cnyt~lUIMH ecTL npHHI.UinHaJlbHlUI pa3nHua. B repMonH­

HaMH'IeCKH paBHOBecuoii CHTYal.UIH ycpenueuHe npoBOMTCJI no rH66coBcKoMy 
aHCaM6nJ:o H )J;HarpaMMHaJI JeXHHKa JIBnJieTCJI nHIITh BCnOMOrarenbHbiM HHCipy­

MeHTOM, o6nei"JaiOlllHM Bbl'IHCneHHe cpe)J;HHX. B uepaBHOBeCHOH >Ke CHTyal.UIH 

MarpaMMHlUI reXHHKa HBnJieTCJI cnoco6oM nonyt~euiDI ypaBrienHH }J;nJI cpenuHX 

nq H.Gq. CYlllecrBeuuo, 'ITO B JTHX ypaBneuHJIX (34.9) KoppeMrop BHelllHeii 

CHnbl (/2 )q BXO)J;HT B BH)J;e CB060)J;HOrO 'lneHa H MO>KeT 6biTb nono>KeH paBHblM 

uynxo. Ilepexon K npeneny lik -+ 0 o6ocnoBau, ecnH B3aHMoneiicTBHe Bonn c 

repMOCTaTOM MamS no OTHOIIIeHHIO K HX BaJHMO)J;eHCTBWO Me>Kny co60H. 
EcTeCTBeHHO npe,nnonO>KHTh npH 3TOM, 'ITO peiiieHHe )J;HarpaMMHblX ypaBHeHJIH 

(34.9) p;nJI nq, Gq uenpepbiBHO 3aBHCHT or lik H ocraercH KOHe'IHbi M npH lik-+ 0. 
~3H'IeCKHH CMbicn 3TOrO B TOM, 'ITO KOppenJITOpbl llq H Gq He tlyBCTBHTen&Hbl 

K B03)J;eHCTBHIO Ha BOnHOBOe none ManOH cnyt~aHHOH rayCCC?BOH CHnbl. 3ro 

CBOHCTBO KOppenJITOpOB COOTBeTCTByer npep;craBneHHIO 0 ryp6yneHTHOCTH KaK 

o pe3ymrare pa3BHTHJI Bcex MbiCnHMbiX ueycroH'IHBocreii H o MaKCHMan&HO 

CTOXaCTH'lHOM COCTOJIHHH BOnnOBOrO nonJI. 

T~M He Menee MO>KeT nOKaJaTbCJI, 'ITO BBep;eHHe cnyt~aHHOH CHnbl B HCXO)J;­

Hble ypaBHeHHJI )J;BH>KeH}lJI JIBnJieTCJI IlPHHI.UinHanhHbiM }J;nJI BbiBO)J;a ypaBHe­

HHH (34.9). B neiicTBHTen:.uocrH "norpy>KeHHe cHcreMhi BOnH B repMocrar" 

cnenauo ron&KO H3 coo6pa>KeHHH yno6crBa. BHelllHHe ycnoBHJI MO>KHO 6bmo 

C'IHTaTb He H30TepMH'IeCKHMH, a a)J;Ha6aJH'leCKHMH, T .e. CHCTeMy BOnn H30nH­

pOBaHHOH or OKpy>KeHHJI. B JaKOM cnyqae cne,noBano 6bi yt~ecrh, 'ITO B uat~anh­
HbiH MOMeHT BpeMeHH (uanpHMep, B MOMeHT BKniO'leHHJI HaKa'IKH) CHCTeMa 

BOnn HaxO)J;HTCJI B repMO)J;HHaMH'IeCKOM paBHOBeCHH CO Cnyt~aHHbiMH aMnnH­

ry,naMH bk(O), OJnH'lHbiMH OJ HynJI : 

< b;.(o) bk(O) > = n~li (k- k'). 

CoBepiiilUI B HCXO)J;HbiX ypaBHeHHJIX )J;BH>KeHHJI npeo6pa30Baime Jlannaca, 

MO>KHO nonyt~l:fTL 

oo liJCint 
(w - wk)bkw = - ibk(O) +f-.- exp(iwt)dt 

0 libk(t) 
.(34.11) 

H nanee Hrepal.UfOHHOH npouenypoii npencraBHTh bq B BH)J;e pHna no creneHJIM 

uat~anbHbiX aMnnHryn bk(O) . Mo>KHO cKa3aTL, 'ITO npH raKOM nonxone pa3BH­

THe HeyCTOH'IHBOCTH BOnH npOHCXO)J;HT H3·3a HeHyneBbiX Ha'lanbHblX ycnOBHH, 

B TO BpeMJI KaK B nonxone YaHru.p;a ueyCTOWIHBOCTH BOnH pa3BHBaiOTCJI npH 

HyneBblX Ha'lanbHbiX ycnOBHJIX nop; p;eHCTBHeM TOn'IKOB fk(t) CO CTOpOHbl 

repMOCJaJa. 

HecMOJPH Ha <J>opMan&Hyxo onuo3na'IHocTL npouenypbi nonyt~eHHJI ypaBHe­

HHJI ,tvlJI nq H Gq, 3TH ypaBneuHJI B neiicrBHrenbHOCTH !fe HBnJIIOTCJI onuo-

3Ha'IHo onpe,neneHHbiMH, no~Kon&Ky pH)J;bi nnH nq H G q He HBnJIIOTCJI a6co­

nxorno c.AO)J;JilllHMHCJI . 3ro cnenyer XOTJI 6&r H3 roro, 'ITO 'IHcno rononorH'IeCKH 

pa3nH'IHbiX p;epeBbeB <J>aKTOpHanbHbiM o6pa30M paCJeT C pOCTOM 'IHCna BepiiiHH. 

3TH pJI)J;br crauyr onuo3Ha'IHbiMH nHIIIh nocne onpeneneHHJI npaBHna HX cyM­

MHpOBauHJI, 'ITO noKa HBnJieTCJI uepeiiieHHOH 3ap;aqeif. Mo>KHo, onuaKo, npen­

nono>KHTb, 'ITO npH nxo6oM npaBHne CYMMHpoBaHHJI nepBbre qneHbi pHnoB 

OCTaHyYCJI Ha CBOHX MeCJax H B 3TOM CMbiCne orpaHH'IeHHe nepBbiMH 'lneHaMH 

pH)J;OB )J;nJI nq H G q na>Ke B cnyt~ae CHnbHOH uenHHeH8ocrH HMeer onpeneneHHhiH 
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cMbrcn. B c;:nyqae Manoro ypoBHH Hf'nHHeHHOCTH pn)J.br nnn nq H Gq ,D;OmKHbi 
6biTh aCHMnTOTH'IeCKHMH He3aBHCHMO OT npaBHn CyMMHpOBaHHH. 

B JaKmo'leHHe :noro naparpacpa n o6pamaw BHHMaHHe Ha Ja,D;a'ly 7 .4, 
B KOTopoii npennaraeTCR .D:OKaJan, 'ITO ,D;HarpaMMHaH TeXHHKa Yaiim,D;a B 
KaHOHH'IeCKHX nepeMeHHblX HBJIHeTCH KJiaCCH'IeCKHM npe,D;eJIOM TeXHHKH )J,JIH 
HepasHosecmrx npoueccos (JI.B. Ken)J.brm, 1964 r. [118]) s 6oJe-none. 

§ 35. KJmeTJ111eCKHe ypaBHeHHJI ,IJ,TUI BOJIH 

B npe,D;nono)f(eHHH o ManOM yposHe HenHHeiiHOCTH MO)f(HO npeHe6pe'lb ne­
peHopMHpOBKOH aepmHH H orpaHH'IHThCH B Bblpa)f(eHHH )J,JIH <I>q H Lq nepBbiMH 

nuarpaMMaMH. 3anumeM ypaaHeHHe .llaiicoHa - Yaiimna (34.9) )J,JIH nq B anne 

nkw = <l>kw [(w- wkw)2 + riwrl 0 (35 .1) 

Ecnu IIIHpHHa naKeTa no 'laCTOTaM. !l.wk cymecTBeHHO 6onbiiie, 'leM rkw = 
=- Im l:kw• TO B :noM Bblpa)f(eHHH MO)f(HO npeHe6pe'lb JaBHCHMOCThiO <I>q H 

r q OT w, nonaran B HHX w = wk = wk + Re L (k, Wk) 0 To rna nocne HHTerpH­

poBaHHH now B (35.1) noriytiHM 

rknk = tr<l>k, nk = fn(k, w)dw. (35.2) 

ITponon)f(aH nocnenosaTenbHO C'IHTaTb, 'ITO !l.wk ~ rk• MO)f(HO B Bbipa)!(eHHHX 

)J,JIH <l>k = <l>(k, wk) H rk = r(k, Wk) npOHHTerpHpOBaTb IIO 'laCTOTaM, nonaran 

n(k,w)"'nko(w - wk). Torna 

rk=27Tf1Tk1,231 21l(k+kt-kz - k3)1l(wk+w1 - W2 ;-Cv3)X 

X {n(k1 ) [n(k2) + n(k3)]- n(k2)n(k3)} dlc1dk2dk3, 

<l>k = 2 f I Tk1,23l 2 n(kt)n(k,)n(k3)1l (kt + k- k2 - k 3) X 

X ll(wk f w 1 - w2 - cv-s)dk1dk2dk3 • 

(35.3) 

IToncnannn (35.3) B (35.2), nonyqaeM 'leTbipexBOJIHoaoe KHHeTH'IecKoe 
ypaBHeHHe 

f1Tk1, 2 3i
2 [nkn 1(n 2 +n3 ) - n2 n3 (nk+n 1)] X 

X ll (k + k 1 - k2 - k 3)1l(wk + w1 - w2 - w 3 )dk1dk2dk3 = 0. (35.4) 

fpy6an oueHKa no cpopMyne (35.3) naeT rk ~(TN) 2 /!l.wk, rneN = f nkdk­

o6mee 'IHcno aonH. Y'IHThrBan, 'ITO HaUI BbiBO.o; cnpasennua, ecnu !l.wk ~ rk• 
nonyqaeM O,!l;HH H3 KpHTepHeB npHMeHHMOCTH KHHeTH'IeCKOrO ypaBHe­
HHH (35.4): 

(35.5) 

T.e. pa6poc qacToT B naKeTe ,!l;OJI)!(eH 6biTh 6onbiiie, 'leM xapaKTepHan qacton 
B3aHMo.o;eiicTBHH TN. ITpu BbmonHeHHH :noro ycnoBHH ypaaHeHHe )J,JIH n(k, w) 
MO)f(eT 6biTb pe.o;yUHpOBaHO ,!1;0 ypaBHeHHH ,!l;n.H HHTerpanbHOH BeJIH'IHHbl nk. 

Bbi'IHCJIHH nepBbie nonpaBKH K aepiiiHHe (nuarpaMMbi THna "pbr6a"), a 
TaK)f(e nepBbie nonpaBKH K BemecTBeHHOH 'laCTH cpYHKUHH fpHHa - 'laCTOTe, 
MO)f(HO y6e,!l;H'rbC.H (3a,D;a'la 7.5), 'ITO Bbipa)f(eHHH )J,JIH HHX OTJIH'IaiOTCH OT Bbipa­
)f(eHHH ,!l;1I.H COOTBeTCTBYIOIIIHX 3aTpaBO'IHbiX BeJIH'IHH O,!J;HHM H3 CJie,!l;yiOIIIHX 
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MHO)!(HTeneii: 

TN/w;(flki, (35.6) 

ManoeTb 3THX napaMeTpOB B epaBHeHJm e enmmueii rapaHTHpyeT npHMeHHMOeTh 

npH6JIH)!(eHIDl KHHeTH'IeeKOfO ypaBHeHIDl. ilorapH<l>MH'IeeKHH <PaKTOp B03HH­

K3eT llOeJie HHTerpHpOB3HIDl B k-npOeTpaHeTBe . paeXO)J.HIUHXe.ll 3HaMeHaTeJieH 
I I 1 . 

THlla (w(k) - W (k ) '; w(k- k )] - , KOTOpOe o6pe3aeTe.ll 33TYXaHHeM BOJIH. 

Heo6xonHMo HMeTh B BHAy, 'ITO oueHKH (35.5), (35.6) HBJI.IIIOTe.ll JIHllib opHeH­

THpoBO'IHbiMH, H60 npH HX llOJiyqeHHH Mbl He KOHKpeTH3HpOBaJIH 3aAa'ly: He 

YK333JIH BHA 33BHeHMOeTH nk OT k, KOHKpeTHbiH BHA MaTpH'IHbiX :meMeHTOB 

H T.A. B TaKOH o6meii noeTaHOBKe 3aAa'IH napaMeTPbi (35.6), ~35.5) HBJI.IIIOTe.ll 

npHMepHo OAHHaKOBbiMH. BbiAeJieHHbiM HBJIHeTeH enyqaii 3BYKOBOH Typ6yneHT­

HOeTH: K3K BHAHO H3 (35.6), npH JIHHeHHOM 33KOHe AHenepeHH KHHeTH'IeeKOe 

ypaBHeHHe HenpHMeHHMO HH llpH: K3KHX ypOBH.IIX HeJIHHeHHOeTH. llOATBep)!(Ae­

HHe noMy nerKo nonyqHTh, HanpHMep, H3 HenoepeneTBeHHoro aHaJIH3a 

AHarpaMM, nepeHopMHpyromHX BepWHHbi. BeneneTBHe eoBnaneHHII oeo6eH­

HOeTeii OHH He HMeiOT napaMeTPa MaJIOeTH llO OTHOWeHHIO K 33TP3BO'IHOH Bep­

WHHe. TeM He MeHee llpH MaJIOM ypOBHe HeJIHHeHHOeTH napaMeTP (35.5) Mali, 

H 3TO 03Ha'laeT, 'ITO MO)!(HO HeeJieAOB3Tb 3aAa'ly 0 3BYK,OBOH Typ6yJieHTHOeTH 

B TepMHHaX nk. 06paTH3.11 eHTY3UIDI eKJiaAbiBaeTe.ll B 33A3'1e 0 napaMeTPlf­

'leeKOM B036y)!(neHHH BOJIH B HepaenanHoif epene. B rn. 10 Mbi noKa)!(eM, 

'ITO B WHpOKOM AH3ll330He H3AKPHTH'IHOeTeH MO)!(HO He yqHThiB3Tb AHarpaM­

Mbi, nepeHOpMHpYJOIUHe B33HMOAeifeTBHe, OAH3KO ypaBHeHIDl AJI.II n(k, W) 
HeJib3.11 penyUHpOB3Tb AO ypaBHeHHH AJI.II nk. 

B 3aKJIIO'IeHHe non;{:'naparpa<Pa npHBeneM KHHeTH'!eeKoe ypaBHeHHe B eny­

qae TPeXBOJIHOBoro raMHJibTOHHaHa B3aHMoneifeTBIDl: 

fl v1k21 2[nk(n2-n1)-n1n2]8(wk-w1 +w2)8(k-kl +k2)dkldk2 + 

+~f1Vk 12 1 2 [nk(n 1 +n2)-n1n2]o(wk - w1 - w2)X 

xo(k-kl -k2)dk1dk2. (35.7) 

3TO ypaBHeHHe enpaBeAJIHBO, eeJIH BblllOJIH.IIIOTe.ll eJieAyiOIUHe HepaBeHeTBa 

(eM. 3aA3'1H 7.6, 7.7): 

VN 1 12 ~ l:lk ow /ok 
k ' 

VN 112 ~ w;(flkiln[VN 1 /
2 /w;(flki ]. 

(35.8) 

§ 36. JluarpaMMHbie ypasuemur e anoMaJibHbiMH KoppemrropaMH 

IIonyqHM yepeAHeHHbie ypasHeHHH, oUHebiBaromHe napaMeTPH'IeeKyro Typ6y­

neHTHOeTb BOJIH e llOMOIUbiO AHarpaMMHOH TeXHHKH (eM. § 35). ,1ln.11 3TOfO 

B f3MHJlbTOHH3H 33A3'1H no6aBHM raMHJlbTOHHaH B33HMOAeifeTBH.II e H3K3'1KOH 

(16.1). B pe3yJILTaTe B ypaBHeHIDIX ABH)!(eHIDl (34.5) B03HHKaeT nonoJIHHTeJib­

HOe enaraeMOe G ~ h vk a~ . 3neeb H B AaJibHeifweM onepaUIDl + 6yneT 

03H3'13Tb KOMllJieKeHOe eOnp.ll)!(eHHe H 33MeHy Q ~ q =: (- k, Wp - W) , a~ =: 
=: a*(- k, Wp - W). 3TO enaraeMOe npHBOAHT K AOllOJIHHTeJibHOH BepWHHe h Vk 
B rpa<l>HKax . B pe3yJibTaTe, KpOMe HOpMaJibHOH <l>YHKUHH fpHHa (34.8), B03HH-
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KaeT aHOMaJibHa.Jl cpYJ!KIJ;IUI fpHHa Lq: 

Lq8(k + k')8(w + w'- wp) = (aq [q' >!(f 2 )q = ( 8aq/8[q' > (36.1) 

H, KpOMe HOpMaJibHOrO- KOppeJUITOpa nq, aHOMaJibHbiH KOppeJUITOp Oq, 011pe-

1];eJieHHbiH cpOpMyJIOH (33.2). AHOMaJibHbie BeJIHtllUibl OIIHCbiBaiOT .IIBJieHHe 

CllapHBaHHH - cpa30BYI0 KOppeJIHUHIO BOJIH B llapax, B03HHKaiOmyw 11011; 

1];eHCTBHeM HaKa'IKH. 

llpOH3BOUH, KaK 06bi'IHO, CyMMHpOBaHHe 11pHB01];HMbiX rpacpHKOB, IIpHXO­

)J,HM K CHCTeMe ypaBHeHHH )laiicoHa - Yaiirrbua, o6o6mawmHX ypaBHe­

HHH (34.9): 

---.·=-[1+~+~]7 

~=-[~+~]· 

nq=Gq[(f~ +cl>q)G; +'lrqL;J +Lq[w;c; +Ug +ci>;)L;], 

a;=L;[(f~ +ci>I?)G; +'lrqL;]+G;[w;c; +(!J +ci>;)L;]. 

(36.2) 

(36.3) 

B JTHX cpopMyrrax llq H 'It q 03Ha'laiOT cyMMbi aHOMaJibHbiX, T .e. He coxpa­

HHIOmHX HarrpaBJieHHH CTpeJIOK HerrpHB01];HMbiX rpacpHKOB, rpacpHKH A)l.ll <I>q, 
Wq, B OTJIH'IHe OT rpacpHKOB AJI.II I:q H llq, MOryT 6biTb pacce'leHbl Ha ABe 'laCTH 

TOJibKO 110 JIHHHHM nq H Oq. YpaBHeHHH (36.2) MO)I(HO pa3pemHTb OTHOCHTeJib­

HO cpyHKUHH fpmia 

Gq = (wp- w- wq - i'Yq)ll.~ 1 , 

Lq = I1qAq 1
, 

Aq = (w- Wq + i'Yq) (wp- w- Wq- i'Yq) -lllq 12
, 

'Yq = 8k - Im I:q, 

wq = wk + Re I:k. 

(36.4) 
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HerrpHBOAJiM&Ie rpa<f>HKH JJ.JUI Maccos&IX orrepaTopoB pacrrono:>KHM B pnJJ. 

rro cTerreHRM MaTpH'IHoro JneMeHTa Tl2,,34 raMHJibTOHHaHa B3aHMOJJ.ei1cTBHn: 

'I1q=2 Q + 2 ~+4 ~+4 t::J;t+ 

&+ ... , +4~+fEJ+ 

nc,=~+Q+¥-8+4 C£:)+4 ~ + 

+4EJ)+z€3'+~+ ... , ti=hVk 

t/>'{=2 ~+ 4 ~+ & + ... , 

IP9=4 ~+z 0 + G+ .. . 
(36.5) 

BrrocneJ].CTBHH Mbl ITOKa:>KeM, 'ITO rrpH He CJIHUJKOM 60JiblllOH HaJ].KpHTH'I­

HOCTH AHarpaMMbi, coJ].ep:>KamHe TPH H 6onee sepUJHH T, MO:>KHO He y'IHTbiBaT&. 

3To 03Ha'laeT, 'ITO Mbi rronyqHM 3aMKHYTbie HenHHeHH&Ie HHTe'rpan&H&Ie ypaB­

HeHHR JJ.JIR senH'IHH Gq, Lq H nq, aq. 3arrHUJeM aHaJIHTH'IeCKH cooTHOUJe­

HIDI (36.5) B JTOM rrpHQ{IIDKeHHH: 
~· 

~ (q) = ~s(q) + ~int(q), ll(q) = lls(q) + nint(q), 

~s (q) = 2 f T(k, k')n (q')dq', 

TIS (q)=Pk = hVk + f Skk·a(q')dq', 

~int(q)=2fTk 1 ,23 {Tk 1 ,23 [Gln2n3 +n 1(G2n3 +n 2 G3 )] + 

+ 2Tk2,I3 [a."(a2G3 +L2n3) +Lja2n3]} X 

Xo(q+ql -q2 -q3)oq1oq2oq3, 

llint(q) = 2 f Tk 1,23 {Tkl ,23 [a j (a2L3 + a3L2) + 

+L~a2a3] +2Tk2,I3 [n 1 (G2 u3 +n2L 3)+ 

+G."n2a3]}o(q +qt- Q2- q3)dq1dq2dq3, 

<l>(q) = <I>int(q) = 2 f[ I Tkl 23 l2n1n2n3 + 
' 

+ Tk 1,23 TZ2,I3 at(n2a3 + a2n3)]o(q +q1 - Q2- q3)dq 1dq 2dq 3, 

'lr(q) = 2 f [Ti 1,23 ata,2a3 + Tk 1,23 Tk2,f3n1(a2n3 + n2a3)] X 

Xo(q+q• -q2 -q3)dq1dq2dq3. 

(36.6) 

8 cneJJ.YIOI.UHX rJiaBaX Mbl JaHMeMCR ITOJJ.po6Hb!M aHaJIHJOM pellleHHH 3THX 

ypaBHeHHH, ITOJiy'leHHbie TeopeTH'IeCKHe pe3yJibTaTbl 6yJJ.YT cpaBHHBaTbCH C JKC­

rrepHMeHTOM. 
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§ 37. YpauHeiUUI A1IJ1 onaoqacromoA: napaMerpaqecKoA: 
zyp6yneHTHOCTH BOJIH 

B npHfiJIH)I(eHHH S-reopHH cpyHKUHH pacnpeneneHIDI napaMerpH'IecKH B036y)l(­
neHHbixnapoonaB (k- w)-npocrpaHcroe 6&IITH CHHrymrpHbiMH (eM. (33.1)). 
3necb Mbl noKa)l(eM, 'ITO a;HarpaMMHbie ypaBHeHml (36.6) HMeiOT '!aCTHOe pe­
WeHHe BHna 

(37 .1) 

cnerKa pa3MbiTOe B k-npocrpaHcroe . .UeiicrBHren&HO, B cHny (36.3) pacnpene­
neHIDI np(k, W), cfp(k, W) no W C TO'IHOCTbiO no HeCHHrynnpHbiX nO W MHO­
)I(HTeneif - cpyaKUHH fpHHa - nOBIOpHIOT pacnpeneneHHe no W BeiTH'IHH 
<l>(k, w) H 'l'(k, w). IloncraBITHH )l(e (37 .1) B (36.6), nony'IHM 

(37.2) 

Ha op;aoqacrorHOM peweHHH (37.1) HcxonH&Ie ypaBHeHHH (36.6) ynpomarorcn 
no BHna 

Uk =2Lk<l>kGk +Lk'ltk +Ok'ltk, 

Gk =-= G(k, wp/2) = (wp/2- wk- ifk)~i', 

Lk=L(k,wp/2)=nk~i', ~k = 

= ( wk- Wp/2? +vi:, vi:= ri:- I rtk 1
2

• 

(37 .3) 

lb JTHX ypaBHeHHH cnenyer, 'ITO cpyaKUHH pacnpeneneHHH nk H ak ecr& KBan­
par cpyHKUHH JiopeHua c wHpHHOH ~k = v k I v k ( v k - rpynnooan cKopocr&) 
H MaKCHMYMOM Ha pe30HaHCHOH nooepXHOCTH. TaK )l(e, KaK H B S-reopHH, 
yJocr& <l>YHKUHH pacnpeneneHHH B6riH3H Hee nenaer yno6H&IM Hcnon&JOBaHHe 
B k-npocrpaHCTBe cnenyiOIUHX KOOpp;HHaT: YrJIOBbiX Q = ( 8, cp) H KOOpnHHa­
Tbl K - paCCTOR:HHH OT pe30HaHCHOH noBepXHOCTH no paa;Hycy. IlpeHe6peran 
3aBHCHMOCTbiO MarpH'IHbiX :meMeHTOB vk H T OT K, MO)I(HO npoHHrerpHpO· 
Barb (37 .3) no K H nony'IHTb cnenyromHe ypaBHeHHn: 

Nn =7Tkhrn[fn<I>n +lm(n~<I>n)]/vnvh, 

fn ~n + iiinNn = 0, vh = rh- I fin 1
2 (37 .4) 

niTH HHTerpanbHblX BeiTH'IHH 

(37 .5) 

rne k n - panJJYC pe30HaHCHOH nOBepXHOCTH B TO'!Ke C YrJIOBbiMH KOOpp;HHara· 
MH Q. C nOMOIUbiO 0003Ha'!eHHH 

~ 2 ~ 2 
Nn =7Tkn<l>n/vnvn, ~n =7Tkn'l'n/vnvn (37.6) 
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yprumeHJUI (37.4) MO)!(HO rO)!(,[IeCrBeHHO IIpeo6pa30Batb K BH)J;y 

fn(Nn - Nn)+Im[lln(~n -I:'n)]=O, 

fn~n + illnNn = 0. 
(37.7) 

JlrUI cpaBHeHHH 3,[1eCb IIOJ1e3HO IIpHBecrH B 0603HaqeHHHX 

S-reopHH, orrHcbrBaJOmne ocnoBuoe cocrOHHHe IICB: 
(37.5) ypaBHeHHH 

'YnNn +lm(P~~n)=O, 

'Yn~n +illnNn = 0. 
(37.8) 

II pHHIIHIIHaJibHOe omuque rronyqeHHbiX 3,!J;ecb ypaaueuHii (3 7. 7) or ypaBHeHHH 
S-reopHH (37.8) JaKJIJOqaercH B uanuquu )J;OIIOJIHHreJibHbiX "wyMOBbrx" cna-- -
raeMbiX Nn H ~n- KpoMe roro, B (37 .7) rrepeuopMHpoBaHbi JaryxaHHH IICB 
f n = "f n + ... H H3K3t;K3 ll n = f n + ... JleraJibHbiH 3HaJIH3 ypaBHeHHH O,!J;HO­

qacrOTHOH ryp6yneuruocru IICB 6y)J;er rrpHBe)J;eH B rn. 10. 

§ 38. JluarpaMMHble ypaBHeiUUI niDI KOJ1JleKTHBHbiX KOJie6aiiHA 

PaccMarpHBaH rrocne,[looareJibHOCTb rpa<l>HKOB )J;]]H rrepeuopMHpoBKH oepWH­

Hbi Tl2,34 , MO)!(HO y6e)J;HTbCH, qro rrpu rrepe)J;aqe Manoro HMIIyJibca, r .e. 

rrpu k 1 R< k4, k 2 R< k 3 , k 1 + k 2 R< 0, k 3 + k 4 R< O, 3Ta rrepeuopMHpooKa ue HB­

JIHercH MaJIOH, H coorBercrByJOIUHH pH)J; ueo6xo,!J;HMO cyMMHpoBarb. Ilpu rro)J;­

craHOBKe rrepeHOpMHpOB3HHOH BepWHHbl B ypaBHeHHe JlaHCOHa <i>YHKIIHH.fpH­
Ha IIpH06peraJO·r ,!J;OIIOJP,iHTeJlbHbiH IIOJIIOC, OIIHCbiB310IUHH CIIeKtp KOJIJleKTHB­
HbiX KOJie6aHHH. Jlpyroif IIyTb, II03BOJ1HIOilJHH orpaHHqHTbCH ypaBHeHHHMH 
JlaHCOHa C uerrepeHOpMHpoBaHHbiMH BepWHH3MH, 33KJ1JOqaeTCH B TOM, qr06bi 
c caMoro uaqana yqecrb rrpocrpaucrBeuuo-ueo)J;Hopo)J;Hbie u uecrarruouapubre 
COCrOHHHH. JlnH 3T0f0 Mbl OTK3)!(eMCH Or rrpe,!J;IIOJlO)!(eHHH, qro KOppeJIHTOp 

cnyqaifHOH CHilbl (fq fq•,) IIpOIIOpiiHOHaJieH 0 (q- q' ), H BBe,lJ;eM <i>YHKIIHH 

fpuua G (q, q'), L (q, q') H rrapHbre cpe,!J;HHe n (q, q' ) ; a (q, q') c IIOMOIUbJO 

CJie)J;yiOIUHX COOTHOilJeHHH, 06o6IU310IlJHX <i>OpMfJlbl (33.1), (34.8) H (36.1) : 
G(q, q') = ( oa(q)fof(q')>, 

L(q, q') = ( oa(q)for(q')>, 

n(q, q') = <a•(q')a(q)) = n•(q', q), 

a(q, q') = ( a(q)a(q')> = a(q', q). 

(38.1) 

fpa<t>uqecKHe H306pa)!(eHHH pH)J;OB )J;]]H <i>YHKIIHH fpnHa H rrapHbiX KOppeJIHTO­

poB HMe!Or raKOH )!(e BH)J;, KaK H B rrpocrpaHCTBeHHO-Q)J;HOpo)J;HOM H CTaiiHO­

HapHOM cnyqaHX. Il03TOMy MO)!(HO 06biqHbiM o6pa30M CYMMHpoB3Tb IIpHBO,[IH­

Mbie rpa<i>HKH H rronyqHTb CHCTeMy ypaBHeHHH JlaHCOHa - YaHJib,[la )J;]]H BeJIH­

qnH (38.1): 
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G(q, q') = G~ [o(q- q') + (L G +TIL • )q,q'], 

L ·cq, q• )=cg·cn·c + L • L • )q,q', 

n(q, q') = (Gcf>G* + L 'll*G* +Lei>* L + G'l!L • )q,q', 

a(q, q') = (Gcf>L + L'll•L + Lcf>*G + G'l!G)q,q'· 

(38.2) 



3)J.eCb, KaK 06bJliHO, ~. n, <I>, 'II 03Ha'laiOT CYMMbi HerrpHBO,[I,HMbiX ,[J,HarpaMM: 

~ H <I> - HOpMaJibHbie, T.e. COXpaH.IIJOII.tHe HaiipaBneHHe CTpeJIOK, ,[J,HarpaMMbi fi 
H 'I! - aHOMaJlbHbie HeiipHBO,[J,HMbie ,[J,HarpaMMbi. .IlHarpaMMbi <I> H '1', B OTnH'IHe 

OT ,[J,HarpaMM )J.l1.11 ~ H I1 , MOryT 6biTb pacce'leHbl Ha )].Be 'laCTH TOJlbKO IIO BOJ1· 

HHCTbiM JlHHH.IIM . Ilo BeyrpeHHHM HH)J.eKcaM B (38.2) He06XO)J.HMO HHTerpHpo­

BaTb. HarrpHMep, 

(:EG) I= f:E(q,qt)G(q,,q')dq,, q,q 

KaK 6yAeT IIOKa3aHo B rn. 10, rrpH He cnHIID<OM 6onblllOH HaAKpHTH'IHOCTH, 

a HMeHHO IIpH (h/hth) 2 < kv /'y , B ,[J,HarpaMMax )J.l1.11 :E , I1, <I> H 'II MO)f(HO 

He y'IHTb!BaTb rrepeHOpMHpoBKy seplllHH, T.e . orpaHH'IHTbC.II rrpHBe)J.eHHbiMH 

B (36.5) rpa<t>HKaMH c OAHOH H ABYMH seplllHHaMH T. Ilony'leHHbie Bbipa)l(eHH.II 

IIpe)J.CTaBJl.IIIOT COOOH 3aMKHYTYIO CHCTeMy HHTerpaJibHbiX ypaBHeHHH )J.l1.11 

s enH'IHH G, L H n, a. 0Ha HMeeT 'laCTHOe pellleHHe BH.)J.a 

G(q, q') = G (q, q') = Gql:i(q- q'), L(q, q') = L (q, q') = 
=Lql:i(q - q'), n(q,q')=nql:i(q - q'), 

a (q, q') = aq"o(q - q'), ~(q, q') = ~ql:i(q - q'), 

fi(q, q') = IIq o (q - q'), ifi(q, q') = <I>q o(q - q') , 

\li(q, q') = 'l!ql:i(q - q'), 

(38.3) 

COOTBeTCTBYJOUlee CTaUHOHapHOMY IIpOCTpaHCTBeHHO-Q,[J,HOpo,[J,HOMy COCTO.II· 

HHIO IlCB, KOTOpoe Mbl Ha3BaJIH B rn . 4 OCHOBHbiM COCTO.IIHHeM . nHHeapH3Y.II 

CHCTeMy ypaBHeHHH (38 .. 2) , IIpHXO,[J,HM K cneiJ.YIOilleH CHCTeMe JlHHeHHbiX 

HHTerpaJibHbiX ypaBHeHHH OTHOCHTeJlbHO BeJlH'IHH G, L, ; H a, rrpe)J.cTaB­

Jl.IIIOII.tHX OTKJlOHeHH.II G, L 1 n H a OTHOCHTeJlbHO HX 3Ha'leHHH (38.3) B OCHOB-

HOM COCTO.IIHHH: 

G (q, q') = A(q, q')G(q') + B(q, q')L •(q'), 

f (q, q') = A(q, q')L(q') + B(q, q')G•(q'), 

n(q, q')= (A(q, q')n(q') +B(q, q')a•(q')) + 
+(A •{q', q)n(q) + s•(q', q)a(q)) .f. 
.+ C(q, q')G.(q') + D(q, q')L •(q'), 

a (q, q') = (A(q; q')a(q') + B(q, q')n(q' )) + 
+ (A(q', q)a(q) + B(q', q)n(q)) + 
+ C(q, q')L(q') + D(q, q')G(q'), 

A(q, q') = G(q) i;(q, q') + L(q)IT.(q, q'), 

B(q, q') = G(q)IT(q, q') + L(q)f,.(q, q'), 

C(q, q') = G(q)<l>(q, q') + L (q);ji• (q, q'), 

D(q, q' ) = G(q);ji(q, q') + L(q)f.>•(q, q'). - - -

(38.4) 

BenH'IHHbl A , B' c H D Bbipa)l(aJOTC.II 'lepe3 :E ' n, <I> H 'II - OTKJlOHeHH.II Mac-
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COBbiX onepaiOpoB ~, IJ , <J> H 'lf OT HX 3Ha'leHHH B OCHOBHOM COCTOH­

HHH (38.3). Bblpa)l(eHHH ,IVIH HHX nonyqalOTCH JIHHeapH3aUHeH COOTBeTCTBylO­

I.UHX 06I.UHH Bbipa)l(eHHH. 
.........., "' I I -. 

IIonaraH B JIHHeapH30BaHHbiX BeJIH'IHHax ( G' n ) w - w = n' k - k = K' 
"' ,....._, , , 

a B (£, a) W + W - Wp = 51, k + k = K, MO)I(HO B Ka'leCTBe yCJIOBHH pa3pe-

lliHMOCTH JIHHeHHOH CHCTeMbl ypaBHeHHH (38.4) llOJiy'IHTb 3aBHCHMOCTb 51 
OT It, T.e. cneKTp KOJUieKTHBHbiX Kone6aHmi cHcTeM&I IICB OTHOCHTeJI&HO 

OCHOBHOfO COCTOHHHH. )]jiH YCTOH'IHBOCTH 0CH0BH0f0 COCTOHHHH He06XOAJiMO, 

'IT06bi Im n ( K) < 0 ,IVIH Bcex K. B CJie)J.yJOI.UHX rnaBax Mbl ll0)J.po6HO HC­

cneiJ.YeM llOJiy'leHHYIO B 3TOM naparpa<Pe CHCTeMy ) paBHeHHH ,IVIH HaH6oJiee 

HHTepeCHbiX npe)J,eJibHbiX CJiy'laeB. 

3a)J.a'IH 

3~'1a 7.1. )loKa3aTb CBOltCTBO 8 rpa!flHKOB AJUI "E.q (CM . § 34) 0 TOM, 'ITO npH 3aJIHCH 

aHaJIHTH'IeCKHX Bb:piDKeHHlt IJ.]JJI HHX B npOH3Be}:leHHH BCeX Bepll!HH H !flYHKUHlt nq H Gq B 

pe6pax Clle}:lyeT oCTaBJlJITb TOJlbKO }:leltCTBHTellbHYIO 'laCTb. 

YKa3aHue. PaccMoTpeTb cyMMY JepKa.rrbHO<HMMeTpH'IHbiX nap rpa¢lHKoB, TaKHX KaK 

rpa!flHKH Ha pHC. 34.1 , 6, 6. 

3a,~:~a'la 7 .2. PaccMaTpHBaJI 3epKaJibHO<HMMeTpH'IHbie rpa¢lHKH IJ.]JJI <I> q, AoKaJaTb, 'ITO 

aHaJIHTH'IeCKHe BblpiDKeHHJI AJU1 <I> q JIBJlJIIOTCJI }:leltCTBHTellbHbiMH (CBOltCTBO 9, § 34). 
3ua'la 7.3. ,lloKaJaTb, 'ITO AHarpaMMHbie pHAbi AJUI nq H Gq B TeXHHKe YaltllbAa HMeJOT 

'laCTHoe pell!eHHe (34.10), OTBe'laJOIUee TepMOAHHaMH'IeCKOMY paBHOBeCHJO (3axapoB, 

Jh.BOB, I 107]). 
YKa3aHue. Heo6xoAHMO y6eAHTbCJI, 'IT<l npH ycrroBHH (34.10) a KalKD.oM nopHAKe no 

BeplliHHaM BblllOJlHJieTCJI COOTHOllieHHe 7rW<l> q = T lm "E.q BHYTpH KalK}:IOlt rpynnbl H3 

(m + 1) rpa!flHKOB, BKlliO,'I)IOIUelt OAHH rpa!flHK IJ.]JJI <I> q C m JlHHHJIMH nq, nepeceKaiOIUH­

MH OCHOBHoe Ce'leHHe H m rpa¢lHKOB IJ.]JJI "E.q, KOTOpbie "nopolKAaiOTCJI" e}:IHHCTBeHHbiM 

rpa!flHKOM IJ.]JJI <l>q B COOTBeTCTBHH C TOTIOJlOrH'IeCKHM CBOitCTBOM 4 rpa!flHKOB, yKa3aH­

HbiM B § 34. 
3a):la'la 7 .4. )loKa3aTb, 'ITO AHarpaMMHaJI TeXHHKa AJU1 HepaBHCBeCHbJX npoueCCOB AJU1 

BJaHMOAeltcrsyJOruero 6o3e-norrJI (TeXHHKa Kerr,IJ,brllla, 1 118]) nepexoJIHT B TeXHHKy 

YaltllbAa AJUI KaHoHH'IeCKHX nepeMeHHbiX B KrraccH'IecKOM npenerre 6orrbrnHx 'IHCerr Janorr­

HeHHH. HacKOllbKO MHe H3BeCTHO, ony6JlHKoBaHHOe AOKa3aTellbCTBO 3TOro !flaKTa OTCYT­

CTByeT, XOTJI COMHeHHlt B ero cnpaBeiJ.]JHBOCTH HH y Koro HeT. 

YKa30Hue. CooTBeTCTBHe AOlllKHO Ha6rrJOAaTbCJI MelKD.y KrraccH'IeCKHMH serrH'IHHaMH 

n (q), G (q), <%> (q) H "E. (q) TeXHHKH YaltrrbAa H crreAyJOIUHMH BerrH'IHHaMH KBaHTOBolt 

TeXHHKH: 

nq~hGd(q), G(q)~ GR(q), 

<l>q ci> h Ed(q), E(q) ~ "E.R (q), 

GR(q) = G'' (q)- G'' (q), Gd(q) = G'' (q) + G'' (q) . 

(38.5) 

3AeCb HHJleKC d xapaKTepH3YeT AHCTpH6yTHBHbJe BellH'IHHbJ, HHJleKC R - npH'IHHHble, 

HH}:IeKCbJ 1 H 2 CYTb HH)leKCbl KenJlblliia, OTHOCJIIUHeCJI K HHlKHeMy H BepxHeMy 6epery 

BpeMeHHOI'O KOHTypa. 

3a,~:~a'la 7 .5. YTo'IHHTb KpHTepHH npHMeHHMOCTH (35.5) H (35.6) 'leTbipexsorrHoaoro 

KHHeTH'IeCI<Oro ypaBHeHHJI (35.4) B CJlyqae 06MeHHOrO raMHllbTOHHaHa B3aHMO}:IeitCTBHJI 

IJ.]JJI crreAYJOIUHX crryqaea : 1. IIJaposolt crrolt T01IIUHHolt K H PaAHYCOM k 0 > K. 2. Top c Ma­

llbiM paAHycoM " H 6orrbliiHM k 0 > K . 3. C¢lepy pa,~:~HycoM K H ueHTpOM B TO'IKe k 0 • 

3TH TpH o6rraCTH HMeiOT ofueM nopHJlKa Ko k~, K
2k 0 H 1<

3 COOTBeTCTBeHHO . npHHUHnHaJlb­

Hbllt Bonpoc Ja!<JliO'IaeTCJI B TOM, KaKOlt H3 CYIUeCTBeHHO pa3JlH'IHbiX pa3MepOB k HJlH K, 

xapa!<TepHJYIOIUHX na1<eT CB, 6yAeT BXOAHTb B 3TH oueHKH? 

3a)la'la 7 .6. norrbJYJICb }:IHarpaMMHOlt TeXHHKOit Yaltllb}:la, norry'IHTb KHHeTH'IeCKOe 

ypaBHeHHe (35 .7) Hero KpHTepHH npHMeHHMOCTH (35.8) IJ.]JJI CHCTeMbl BOllH C TpeXBOllHO­

BbiM BJaHMO}:IeltCTBHeM JC3 . 
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3aA&'I3 7.7. YTO"'HH'l'b Kpi!TepHH npHMeHHMOCTH (35.8) KHHemqecKoro ypaBHe­

HHJI (35. 7) C TpeXMarHOHHbiM )UffiOIIlrAHfi01lbHbiM B3aHMO}J.eACTBHeM JJ.]IH TpeX THfiOB 

naKeToB Ci, onHcaHHbiX B 3a}J.aqe 7.5. 
3aAau 7 .8. PaccMoTpen nocneJJ.oBaTenbHOCTb AHarpaMM AnH nepeHopMHpoBKH BepWHH 

c ManoA nepeJJ.aqeA HMnynbCa (~<, n) B6nH3H T(k, k') H S (k, k'.) 8 necTHH"'HOM npH6nH­

JKeHHH H noKa3aTb, "'TO OllH CO}J.ep)KaT Te JKe fiOIIIOCbl KOnneKTHBHbiX KOne6aHHA CHCTe­

Mbl nCB, ."'TO H ypaBHeHHJI (38.4), ecnH B )UfarpaMMax JJ.]IH MaCCOBbiX onepaTOpOB 

He Y"'HTb!BaTb nepeHopMHpOBKY BepWHH. 

3aAna 7.9. C!popMynHpoBan J],T YaAnbJJ.a AnH paccMoTpeHHoll B § 30 3a}J.a"'H o noBe­

JJ.eHHH nCB, HaXO}J.HIUHXCJl: fiOA }J.eACTBHeM WYMOBOII HaKa"'KH. nepe!popMyiiMpOBaTb 

CTaH}J.apTHbiA BapHaHT J],T TaK, "'T06bl nonyqH'rb AHarpaMMHble pll:}J.bl, CO}J.epJKaiUHe TOIIbKO 

HOpMa1IbHbie cJ>f Gq H KoppenHTOpbl aMMHTYJJ. Bf'IIH nq H nepeHOpMHpOBaHHOA HaKa"'­

KH Pfw• P 3 H T.JJ.. 

3aAau 7.10. noKa3aTh, "'TO MHHMaJI "'aCTb MaccoBoro onepaTopa Eq JJ.]Ill: cJ>f, nonyqeH­

HbiX B npeAbiJJ.YIUell 3a}J.a"'e, nopHJJ.Ka 3aTyxaHHJI cBo6oAHbiX CB r k• ecnH cneKTpanbHaJI 

WHpHHa WYMOBOII HaKa"'KH .O.w > 'Yk· Y6e)UfTbCJl:, "'TO "'lleHbl Bb!CWHX nopll:JJ.KOB B. KOp­

pellll:TOpe HaKa"'KH .512 P 5 
1 P6

, ••• B AHarpaMMax JJ.]IH l:q He Manbl H, cne}J.OBaTellbHO, CTaH· 

JJ.apTHOe CYMMHpOBaHHe pll:JJ.OB no J],aACOHY B. 3a}J.a"'e 0 WYMOBOA HaKaqKe He3~eKTHBHO. 

B npe}J.ene .0. w > '( k }J.OKa3aTb COOTHOWeHHe 

p~ = 1T'( .a. w' (38.6) 

rAe .a. w - cneKTpanhHaJI WJ:fpHHa HaKa"'KH, < P k (t ' ) P; (t" ) ) = P 1 ( t' . - · t" ) . CooTHo­

weHHe (38.6) 6b!IIO HCfiOIIb30BaHO B· § 30 npH Bb!BO}J.e HCXOAHbiX ypaBHeHHA }J.nH CHCTeMbl 

BOIIH, B036yJK}J.aeMbiX WYMOBOII HaKa"'KOII. 

YKa3aHue. npH BbiBOJJ.c (38.6) YA06Ho nepeATH B w-npeJJ.CTaBIIeHHe. 


