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IlOCBHIIIaeTCH MOeH )KeHe 

Uenb STOH pa6oTbl - o6paTHTb BHHMaHHe Ha B03MO)KH00 cywecTBOBaHHe 

B rrpupone (B KocMoce H Ha 3eMne), B rrpenrrono)KeHHH 6apHOHHO-Heii:Tpanb

HOii: 3apSIAOBO-H0CHMM0TpH'lHOH BceneHHOH, I'HITOT0TH'l0CKHX 'laCTHU co cne

AYIOIIIHMH CBOHCTBaMH: 

1. '4:aCTHUa o6nanaeT 6apHOHHblM sapSIAOM n =--1
- , T,e, srBnsreTC" b 3 . , n. 

aHTHKBapKOM, '4:aCTHUa CTa6nnbua. 

2, Cpenusrsr KOCMH'l0CKaSI KOHU0HTpaunsr aHTHKBapKOB BO BceneHHOH B 

TpH pasa 6onbIII0 cpenaeii: KOCMH'l0CKOfi rrnoTHOCTH HyKnOHOB. (6apHOHHaSI Heii:

TpanbHOCTb BceneHHOH rrpn sapSIAOBOfi aCHMMeTpHH, Bblpa)Ka!OIII0HCSI B OTCyT

CTBHH aHTHHyKnOHOB Ii KBapKOB). 

3. Macca aHTHKBapKOB B 10-15 pas 60llblll0 MaCCbl rrpOTOHa. 

4, CTa6ttnbHbl0 aHTHKBapKH rrpenrronaraIOTCSI sneKTpH'l0CKH-H0HTpanb

HblMH, TaKHM o6pa30M, Mb! ITPllHHMaeM KBapKOBYIO MOAenb C uenO'lHCneHHbl

MH 3apsrnaMH KBapKOB, Mb! rrpenrronaraeM TaK)K0, 'ITO aHTHKBapK He o6pasy-

0T C HyKnOHaMH CBSI3aHHOI'O COCTOSIHHSI (AHKBapKa) Ii ITOSTOMy uesaxBaTbl

BaeTCSI SIApaMH. 3TH ABa rrpeAITOllO)K9HHSI ycTpaHSIIOT SlBHble rrpOTHBOpe'lHSI 

C 8KCITepHM0HTOM, KOTOpble B rrpOTHBHOMY cny'lae B03HHKnH 6bi, 

5, AHTHKBapK SIBnSieTCSI aApOHOM. Ero Ce'leHne pacceSIHHSI Ha srnpax -

ITOPSIAKa 10-24 - 10-2B cM
2 • 

OueHKa M8CCbl aHTHKBapKa m = 10- 15 mp OCHOBaHa Ha cneAyIOIIIIIX rrpeA

rronO)K9HllSIX. CpeAHSISI nnoTHOCTb BeIIIeCTBa BO BceneHHOH npenrronaraeTCSl 

"KpHTH'l0CKOii:"' T.e. CBSI3aHHOH C ITOCTOSIHHOH Xa66na H 
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J,13 3TOI'O COOTHOWeHllH, K8K ll3BeCTHO (CM.' Hanp11Mep, /l /)' cneayeT 

paBH8H Hyn10 npOCTpaHCTBeHH8H KpllBll3Ha BceneHHOH Ii KpllTllqecKaH ac11Mn

TOTl1K8. pacw11peH11SI (a - "MaCWTa6") 

~ ➔ 0 

npn t ➔ 00 • 

a ➔ oo 

EonbWY!O qaCTb nnoTHOCTH BelIIeCTBa OTO)K)leCTBnSieM C nnoTHOCTb!O 

pacrrpeaeneHHhIX B Me)l(J.'anaKTnqeCKOM rrpocTpaHCTBe 8HTllKBapKOB, a 6onb

wy10 qaCTb nnoTHOCTH HyKnOHOB OTO~)leCTBnSieM co cpeaHefi KOCMnqecKOH 

rrnOTHOCTb!O BemeCTBa, cocpeAOToqeHHOI'O B panaKTllKax. no oueHKe OopTa, 

nocneAHHH aemi:qnua P ., = 5,lo-3 1 ~ • YqnThIBaH npennono)l(eHHoe 
• an CMV 

H8Mll COOTHOWeH11e q11cna 8HTHKB8pKOB Ii q11cna HyKnOHOB 3 : 1, HMeeM OTHO-

weHlle Mace aHTllKBapKa Ii npOTOHa 

m p KpHT. l 
--· ~ • ,:::s 3 " 

mp 3p - -
ran • 

B 3TOH pa6oTe cymeCTBOBBHlle qacTHU C YK838HHh!Mll CBOHCTBBMll CBH-

3bIBaeTCSI C I'llIIOTesofi O KOCMOnOJ.'HqecKofi CPT-CllMMeTpllll BceneHHOH / 21 
• 

Ii C TpexT11nneTJ{OH MOJ:(enb!O KBapKOB 
131• 8KcrrepnMeHTanbHhle noHCKH no-

)l06Hb!X qaCTllll npeJ:(CTaBnSI!OTCH onpaBABHHhIMH, noCKOnbKY .11x· cymecTBOBa

Hne He rrpOTHBOpeqnT HMe!OIIIHMCH 3KCnepnMeHTanbHhIM cpaKTaM. 

§1. EapHOHH8H 8CIIMMeTpIIH BceneHHOH 

KaaHTOBaSI TeOpHSI nonH npHHHMaeT CPT-HHBapnaHTHOCTb ypaaHeHIIfi. 

BMeCTe C TeM B OKpy)l(aJOIIIeM Hae Mnpe OTCyTCTBY!OT MaKpOCKOn1IqecK1Ie 

KonnqecTBa aHTHHyKnOHOB H no3HTpOHOB, qTo CT8BHT HBC nepea HBHOH sa

I'aJ:(KOH. 8 H8CTOSI11Iee apeMSI B03MO)l{Hbl pasnnqHbie TOqKII speHHSI Ha STY 

npo6neMy ( no MeHbwefi Mepe Tpn). 

1. EapnOHHOH aCHMMeTpHH B KOCMnqecKOM M8CWTa6e HeT .:.. 50% Pa

naKTIIK COCTOSIT H3 8HTHBeIUeCTBa C OTPIIUBTenbHhlM 6ap!IOHHhlM sapMOM 

(sawnTy 9TOH ToqKII speHHSI CM. B 141 ). 

2. EapnoHHhlH sapSin eCTb CTporo coxpaHSI!OIII8SICSI H B cpenHeM no 

BceneuHofi onpeaeneHuo-nono)l(HTenbHaSI aen1Iq1IHa. 8Ta ToqKa speHHH npn

HHTa, B qacTHOCTH, 8B TOpaMH / 11 • CoPnaCHO 9TOH KOHuenUIIH, B HaqanbHh!H 

MOMeHT pacumpeHHSI rop£qefi BceneHuofi, npu TeMnepaTypax MHoro 6onhwe 

( B 0J:IHHHUax h = c =le= 1 ) , qeM Macca npOTOHa, HMen MeCTO M8nhIH OTHO

CHTenbHblH ,, HaqanbHhifi" H36hITOK qucna 6apHOHOB HBJ:I qucnoM 8HT1I6apnoHOB 
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No-No 

No+ No 
10-9 - 10-8, KOTOpbIH coxpaH11ncH nocne aHHlll.'llnSIUllll, T8K qTo 

N1 = No -No . N 1 =0. 

0TKpbITOe a 1964 I'OJ:IY HapyweHne CP-IIHBapnaHTHOCTH rrpn pacrrane 

Ko2 - M930Ha ne)KHT B OCHOBe Tp0Tb0H ;nnoTe3bI, Bbl)lBHHYTOH B pa6oTe
121• 

Eme -~ .. 1958 roay C. 0Ky6o yKasan, qTo ns HapyweHHSI CP-nHaapnauT

HOCTH_ AOn)KHO cnenoBaTb, B np1IHU1Ine, pasnIIqne rrapunanbHhIX BepOSITHOCTefi 

3apSIJ:IOBO-ConpSI)K9HHh!X peaKUHfi l OH npnaen npnMep COOTH
0

0WeH1I SI nayx Ka

Hanoa pacnaaa }:+ II COOTBeTCTBYJOIUefi aHTnqacTHUhli OJ:IHOBpeMeHHO OH OT

MeTnn, qTo H3 CPT-1IHBap1IaHTHOCTH cneayeT TOqHaSI sapSIAOBaSI CHMMeTpHSI 

Mace H nonHbIX BepOHTHOCTefi pacnallOB). 8 H8CTOSIIUee BpeMSI II3BeCTHbl KOH-: 

KpeTHbie 9KCnep!IMeHTanbHhie npnMepbl sapSIJ:IOBOH 8CIIMMeTplIH rrapuIIanbHh!X 

aepoSITHOCTefi. B CIIny aToro "acjiqieKTa 0Ky6o" B HeCTaunoHapHhIX ycno~HSIX 

pacw1IpSI!011Iei:icSI BceneHHOH sapMOBaSI aCIIMMeTpHH Morna B03HHKHYTb rrpn 

3apMOBO-CHMMeTpliqHblX HaqanbHhIX ycnOBHHX. noruqecKHM saaepweHIIeM H 

OJ:IHOBpeMeHHO o6oCH0B8HHeM npeJ:(CTaBneHHSI O sapSIJ:IOBOH CllMMeTpHH Haqanb

HOI'O COCTOHHHSI BceneHHofi• HBnSieTCH Bh!J:(BHHYTBH B pa6oTe 
121 

I'HilOTesa O rron

HOH.l'T0)KJ:(0CTBeHHOH. KOCMOnornqecKofi CPT-1IHBepcn11 BCeX SIBneHHH rrpnpOJ:(bl B 

CHHPynHpHOH I'HnepnoaepxHOCTII 4 - MHpa cppHAM8HOBCKOH MO)lenn BceneHHOH X). 

8Ta I'IIIlOTe3a Ha1I6onee ecTeCTBeHHbIM o6pa30M OTBeqaeT Ha BOilpoc O TOM, 

qTo 6hinO .!!Q. MOMeHTa M8KCIIM8nbHOH nnOTHOCTII. runoTesa COBMeCTHa C CPT

IIHBap!IaHTHOCTb!O ypaBHeHIIH KB8HTOBOH Teopllll nonSI. 

8 9TOH rnnoTe3e 9l!TpOnHSI MOHOTOHHO B03pacTaeT npn B03pacTa

HHH I t I , a He t , qTo MO)KeT BhI3B8Tb coMHeHIIH. 3aMeTIIM, qTo Br 3pac

TaH11e 9HTpOnHH B CT8TIICTIIqecKofi MexaHHKe eCTb cneJ:(CTBHe CTBTHC

THqeCKHX rpaHHqHbIX ycnoBHH, 06bJqHo npearronaraeTCSI, qTo 9TH ye-

nOBIISI Hanara10TCSI rrpH t ➔- 00 • B Monenn c CHHrynSipHofi . ToqKoil: 

x) 2 
KocMonor1PrncKaSI CPT-1rnaepcusr onpenensreTcsr nnsr MeTpllKll ds = 
dt 

2 
-a 

2 
( dx 2 + dy 2 + dz 2) KaK OTpalKeHlle B runepnoBepXHOCTll Hyneaofi 

npOTSilKeHHOCTll t = 0 , a(O) =0 C 38MeHOfi t ➔ - t , a ➔- a , '18CTllU8 -

8HTll'l8CTllU8, C coxpaHeHlleM X , y ' z • ITo I'llilOTe3e 121 TaKoe npeo6-

pa30B8Hlle eCTb TOlKAeCTBeHHOe npeo6pa30B8Hlle. B pa6oTe 
121 

npllBeAeHbl 

apryMeHThI, cornaCHO KOTOpb!M B OKpeCTHOCTH oco6ofi TO'IKH t= 0. a= t ll 

£ "' s o/3( £ - nnoTHOCTb 3HepI'llll, s - nnOTHOCTb 3HTpOilllll) • TeMnepaTypa 

T = ~npll T8KOM ypaBHeHllll COCTOHHllSI ➔ 0 Ilpll S ➔ 00 • IToaTOMY He HCKmo-
ds 

'leHO, 'ITO B H8'18nbHhifi MOMeHT BpeMeHll t = 0 BeIUeCTBO H8XOAllnocb B 

CBepxTeKy'leM COCTOHHllll, 'ITO nonlKHO CK838TbCSI Ha cneKTpe Ha'!anbHblX 

KOCMOnOI'll'leCKllX HeOAHOpOAHOCTefi pacnpeneneHllH MaTepllll, 

5 



Han:6onee ecTeCTBeHH0 Hano>KeHn:e rpaHll'lHhlX ycnOBllH B 0KpeCTHOCTll 3TOH 

TO'lKll, T.e. npn: l ➔ 0 , 'ITO ll npn:BOllHT K yKa3aHHOMY 3aKOHY pocTa 3!fTp0-

nn:n:. 

iln.11 paCCM0TpeHll.l1 BOnpoca O 6apll0HHOH aCllMMeTpHli Heo6XOllllMO KOH-

KpeTH3llpOBaTb npe1lnono>KeHII.l1 0 coxpaHeHllll 6apIIOHH0I'O aap.l1/la. B 
121 

aB

T0p npelln0n0>Klln npn:6nn:>KeHHhlH xapaKTep 3aKoHa coxpaHeHll.l1 6apn:OHHOI'0 

aapsma. B 3TOH pa6oTe Mbl BepHeMC.l1 K K0HUenun:n: T0'IH0I'0 coxpaHeHll.l1 

6apn:0HHO~O 3apsma. 

3) TTpllHHMaeM, 'ITO cpenH.l1.l1 KOCMllti:eCKa.l1 nnoTHOCTb 6apllOHHOI'O aa

p.11/la BCerna paBHa eynro. Ha naHHOH CTa/lllll cymecTBOBaHll.l1 BceneHH0H no

nO>KIITenbHblH 6apllOHHblH aap.11/l cocpellOTO'leH B HyKnOHaX, a OTpIIUaTenbHblll -

B HefiTpanbHblX CTa6n:nbHbIX aHTllKBapKaX. f)Ta aap.l11lOBa.l1 aCIIMMeTpll.l1 B03-

HllKna Ha paHHllX CTa/lll.l1X pacwn:peHll.l1 rop.11ti:efi BceneHHOH KaK cnencTBlle 

aaprulOBOll aCHMMeTpllll napun:anbHbIX BepO.l1THOCTeH npII HeCTaUIIOHapHbIX npo

ueccax pacwn:peHH.l1. ll oxna>KneHH.l1 aap.11n0B0-cn:MMeTpll1JHOfi nnaaMbI c rH

raHTCKofi nnoTHOCTbIO 3HTpOnIIII II TeMnepaTypofi nop.11nKa 1019 
3B (no oueH

Ke naHH0ll Hll>Ke). H efiTpanbHble ( II Boo6me i:renhH0..,;3ap.l1>KeHHble) KBapKll II 

aHTIIKBapKII nocTynIIpyIOTC.l1 B TpexTpIInneTHOH KBapKOBOH Monenll, npenno

>KeHHOH B Hl64-85 rr. He3aBIICIIMO p.l11l0M aBT0pOB (CM. pa60TbI HaM6y, Xa

Ha, Boron1060Ba, CTpyMIIHCKoro, TaBxenIInae, Mopnypro n: np., 
131

). 3Ta 

Monenh cymecTBeHHa nn.11 Hawefi apryMeHTaun:n:. 

§2. TpeXTpnrrneTHBH MOJ:(elll, 

OllHOTpn:nneTHa.l1 KBapK0Ba.l1 MOllenb BCTpeti:aeTC.l1 C llBYM.l1 TPYllH0CT.l1-

Mll: 1) TipennonaraeMbie B Hell KBapKll c /lpo6Hb!Mll aneKTpIIti:eCKIIMII aap.l1/laMII 

3KCnepHMeHTanbH0 He o6Hapy>KeHbI. 2) Tpll KBapKa B C0CTaBe 6apllOHa B 

cn:ny <t>epMll-CTaTllCTllKll He M0I'YT llMeTb CllMMeTpllti:HyIO K00PllllHaTHyIO 

BOnHOBYIO 'PYHKUHIO, Han:6onee ecTeCTBeHHYIO B llllHaMll'leCK0M_ CMbICne. O6e 

3TH TPYllH0CTll CHllMaIOTC.l1 B ·TpexTpn:nneTHOH M0llenn: 
131• Mb! orpaHll'lllM

C.l1 paCCM0TpeHlleM BapIIaHTa M0llenn:, II306pa>KeHHOI'0 Ha Ta6nn:ue. 9 paanIIti:-

HbIX KBapKOB 6yneM XapaKTepll30BaTb •n:HJleKC0M CTOn6ua• i • npllHllMaIO-

IUHM 3Hati:eHn:e i=n,p,A, ll "llHJleKCOM CTpOKll" 1 npllHllMaIOIUllM 3Ha-

1JeHn:.11 j = a , b , c • 
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B Ta6nHue CBe)leHbl npllHllMaeMbie 3Hati:eHll.l1 aneKTpllti:eCKOI'O aapsma 

( B paMKe)' a TaK>Ke CTpaHH0CTll s ll BBe)leHHOI'O HaMll HOBOI'O KBaHT0BO-

ro ti:n:cna K ( "wapM" - aap.11n). KaK n: B OllHOTpn:nneTHOH cxeMe-, A -

KBapK B K~>K)lOH CTpOti:Ke C'iIITaeTC.l1 CllnbHO OTnllti:aIOIUllMC.l1 no Macce OT 

llBYX "o6bI'IHbIX" KBapKOB n , p B TeX >Ke CTpOti:KaX. iln.11 o6bI'lHbIX KBapKOB 

npIIMeH.l1eM co61IpaTenbHOe Ha3BaHIIe e - KBapKll: e = n,p " 

AHanorHti:HO 3T0MY MbI cti:IITaeM, · ti:To a - KBapK B Ka>K/lOM cTon6ue 

IIMeeT Macey' cymecTBeHHO OTnIIti:HYIO OT MaCCbl KBapKOB B llBYX npyrn:x CT

poti:KaX TOI'O >Ke CTon6ua. ApryMeHTbl B nonb3Y Bb16opa llMeHHO nepBOH 

CTpOti:Kll npIIBO)l.l1TC.l1 Hll>Ke, KoHeti:HO, npn: 3TOM He llCKmoti:aeTCl1 ll MeHbWee 

no MaCWTa6y OTnllti:IIe no Macce ll llPYI'llM CBOllCTBliM KBapKOB C llH/leKca-. 

Mil b II c ; BO BCl1KOM cnyti:ae OHII C'lllTaIOTC.l1 paanll'lllMbIMll B CMbICne 

npllHUIIna TiaynII, iln.11 b II ~ - KBapKOB npn:MeHSieM co6rrpaTenbHOe Ha3-

BaHHe a - KBapKII, CymeCTBel!HOe OTnllti:lle a OT a orrpaBllhIBaeT BBe)le

Hlle KBaHTOBOI'O 'illCna K ' aHanOI'll'lHOI'O CTpaHHOCTll s A - KBapKa, 

cymecTBeHHO OTnll'lHOI'O OT e - KBapKOB, 

j''\ e e 
p n ,\ 

~ 
0 0 -1 

. 
a 1 0 -1 -1 

ab 0 1 0 0 

ac 0 1 0 0 

BapllOHHblll aap.l1/l BCeX 9 KBapKOB n b = + _I_ • Bee aap.l1/lbl ( ',, , 
. 3 

aneKTpllti:eCKllH, K ll s ) lln.l1 9 aHTllKBapKOB o6paTHbl no 3HaKy. 

BonHoBa.l1 'PYHKUll.l1 6apn:oHOB npennonaraeTC.l1 aHTllCllMMeTpll'lHOH no 

llH)leKCY CTpOti:Kll, 'ITO 3KB!IBaneHTHO npenrrono>KeHHIO O cttnbHOM npllTl1>KeHllll 

KBapKOB C pa3HOUMeHHblM IIHJieKCOM 

7 



q, _I_ 
yr, 

a (I) 

a (2) 

a (3) 

b( I) 

b(2) 

b(3) 

cOl 

c(2) 

c(3) 

B 9THX npennoJIO)KeHHSIX CllMMeTpll'lHaSI KOOp/lHHaTRaSI 5 - ciiYHKUllSI ll CllMMeT

pnttHaSI cnnHOBaSI - yHHTapHo-cnllHOBaSI ciiYHKUllSI cornacyIOTCSI fO CTaTHCTHKOll 

~epMn, "CpenHnil:" aneKTpnttecKnil: aapsin nnsi p. •n • ,\ - KBa3H'iaCTllll OKa-

3bJBaeTCSl TaKllM :lKe, KaK B 0/lHOTpnnJieTHOll MO)leJIH; coxpaHSIIOTCSl BblBO)lbl 

9TOil: MO)leJill O MaPHHTHblX MOMeHTaX ll T,n. JIHHeil:HblX BeJIH'illHax. 

BonHosasi WHKUHst Me3oHos npennonaraeTcsi s sune 

. -
'l' = A a a + B b b + C c.c 

rne A , B C - napaMeTpbl CM9UlllBaHIISI, 

TaKaSI CTPYKTypa JlOJI:lKHa llMeTb MeCTO npn HaJIH'illll CllJlbHOro npHTSl)Ke

HllSI M9)KJly KBapKaMll ll aHTHKBapKaMll 0/lHOH CTpO'lKH, 

3 9/ . 
B / 1 UJISI nceBUOCKaJISIORbIX M930HOB noCTVJIHOOBaHO B =C=O, A= 1, UJISI 

HeKOTOpb!X A = B = C = ~ , Mb! llCXOJlllM ll3 /lllHaMU'ieCKOH MO)leJill 

u npnHnMaeM, 'ITO Macca a - KBapKOB cymeCTBeHHO MeHbllle MaCCbl a 

KBapKOB, 

0TCYTCTBlle 3aMeTHOPO B9KTOpHoro CM9UIHBaHHSI nap ( 0 'i9M CBHJleTeJib-

CTByeT P .,.-<u "sbipO:lKJleHne") npnsonn-r K ToMy, 'ITO BOJIHOBast WHKUllst 

BeKTOpHblX Me30HOB )lOJl:lKHa llM0Tb Bll/l lj_1 = a a ( B -Hll3UleM HOHeTe), 

nnsi nceB)lOCKaJI5IPHb!X M930HOB llMeeT M9CTO cymecTBeHHOe CMelllllBa

Hlle no CTpaHHOCTH, npnBO/lSIIUee, KaK ll3BeCTHO, K pa3JIH'illIO Mace "o ll T/ o • 

OnHaKo Mbl MO:lKeM npnHSITb, 'ITO OTJlll'llle Mace a - KBapKOB OT MaCCbl a 

ropaano 60Jibllle, 'ieM paaHOCTb Mace .\ ll f ; B 9TOM CJiyqae Q)OpMyJia 

'P =a -;_; M0)K9T npu6JIU)K0HHO HM9Tb MeCTO ll JlJISI ncesnocKaJI5IPHblX Me30HOB. 

B TaKoil: JlllHaMH'i9CKOH MO)leJill OTnanaeT npucymaSI HeKOTOpbIM ctiopMynnpoB

KaM TpeXTpllnJieTHOH CX9Mbl TPYJlHOCTb Bblp0)KJl9HllSI M930HHbIX COCTOS!Hllll. no 

IIIapMy. Macchi COCTOSIHHil:, OpToroHaJibHblX Ha6JIIO)laeMbIM Me30HaM, o6paay

IOT B aTnx npennono:lKean:six BhICOKoJie:lKamnil: nynneT 'l' = b b ±cc • BMecTe 

C TeM B TaKoil: TpexTpnnneTHOH CXeMe C OJlnHaKOBOH KOMn03llUHefi BCeX Me-
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30HOB coxpaHSleTCSI PSlll CJie)lCTBllH 0/lHOTpnnneTHOH cxeMbI, HanpnMep, Bbl

BOil O paBeHCTBe MarHllTHOPO MaTpll'iHOI'O. 9JleMeHTa pacnana <u O ➔ TT O + Y 

u MarHnTHoro MOMeHTa npoToHa, 06aop no onHoTpnnneTHofi Monenn CM, s /5/ 

ITpnHSIB )lJISI Me30HOB QJYHKllllIO 'V = a a • 1 Mbl 0JlH03Ha'iHO onpenensieM BbI60; 

ruapM-CT~O'qKH, .KaK ll3B9CTHO, Macca 3apS!)K9HHOPO K ._ M930Ha M9Hbllle MaC

Cbl HefiTpaJibHOPO _ K - M930Ha, OTKyna MO:lKHO 3aKJIIO'lllTb, 'ITO Macca \p a I -

KBapKa MeHbllle MaCCbl (na ) - KBapKa, C npyrofi CTOpOHblj Mbl npennonaraeM, 

'ITO coxpaHllBIIIlleCSl B KOCMOCe peJillKTOBble IlljipM-aHTllK~apKll HeiiTpaJibHbl 

ll CTa6UJibilbI, T,e. o6nanaIOT M9Hblllefi Maccoil:, 'i9M see npyrne KBapKll, OT

CIO)la cnenyeT npnasiTbiil: B Ta6nnue Bb16op nepBoil: CTpottKn c aapsrnaMn (0, 

-1, -1) B KatteCTBe ruapM-CTPO'lKll ll BbI6op lop a} - aHTllKBapKa B Ka'ieCTBe 

peJillKTOBOro. 

BbIUlenpnseneHHbie coo6pa)KeHllSl O K09<1$llUlleHTaX CM9UlllBaHHSl A, B , C 

HOCSIT npensapnTeJibHblH xapaKTep. jaM9TllM B 3aKJIIO'leHne, _ 'ITO Heo6XOJlllMbl9 

Ka'ieCTBeHHbie xapaKTepllCTllKll B3allMO)leil:CTBll5I KBapKOB C pa3Jill'iHblMll 

MO)KHO noJIY'lllTb, eCJill·BBeCTll npennoJIO:lKeHne O nponopunoHaJibHOCTll 9TOPO 

B3allMO)leHCTBll5I CKaJI5IPHOMY npOll3Be/leHlllO Ha JlBYXMepHofi "aapSUlOBOH' 

nJIOCKOCTll ( CM, ·puc.) 

C 

KBapK ll aHTllKBapK O/lHOllM0HHOPO 

/ 
I 

/ 

IC 

)/ >ex 
'\ 

\ 
\ 

' ' ' ,-
-~ 

JleHCTBllSI = -2 m 1 pa3HOllM9HHble no 

npllTS!PllBaIOTCSI C 9Heprn:eil: B38llMO-

KBapKll npHTSIPllB8IOTCSI C aaep-

rn:efi = -m _B OCTaJibHblX cnyttaSIX llMeeM OTT8JIKllB8HHe. Macca JlllKBapKa 

OK83bIBaeTCSI .,, m , npn 9TOM rinonHe npaBnonono6ao, 'ITO JlllKB8PK ll3 

TSI:lKeJibIX KBapKOB b ll C HeCTa6uneH ( b C} ➔ a + B ' a o6paTH85I 

peaKUllSI aaxBaTa a H0B03MO:lKHa, 
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§3. KnHeMaTHKa B03HHKHOBeHHH 38pH£WBOii 8CHMMeTpHH 

Mepoil: aapsmoaoil: acn:MMeTp1rn, KOTopy10 nom1rna o6'bSICHHTb Teopn:si, sia

nsieTcsi OTHOIII0HHe cpenHeil: KOCMH'I0CKOH nnOTHOCTH 6apHOHOB nB =3•10-7 CM-3 

K cpenHeil: nnoTHOCTH penHKTOBb!X !pOTOHOB n IP = 5. 102 CM-3 ( CM. /1 /). 
/: -9 

3To OTHOIII0HHe ~ = 10 no nopsinKy BenH'IHHbl eCTb OTHOIII0HHe KOHe'IHOI'O 

'IHCna 6apHOHOB K HatranbHOH 8HTponn:H BceneHHoil:. 

e.,, 
o- a um a n

8 t➔ 00 

f'inra
3

s 
t ➔ 0 

-9 
10 

a - MaCIII'.fa6 MeTpHKH, 
S - IInOTHOCTb 8HTponnn. Hm1rn HCnonbayeM nnsi 

oueHOK rpaBHTaUHOHHYIO CHCTeMy enHHHU 

G= h = c = k: = 1. 

PaCIIIHpeHHe BceneHHOil: npHBOllHT npn: penSITHBHCTCKOM ypaBHeHHH COCTOSIHHS! 

K cnenyIOUJHM !pOpMynaM nnsi MaCIIITa6a a , TeMnepaTypb! T , nnoTHOC-

TH 8HTpOnHH - s 

KOTOpbIX T >> m 

, rrnOTHOCTH acex penSITHBHCTCKHX traCTHU n 

n"' s .,, T 3 .,, a -a -3/2 "' t . 

½ 
a . s:::::: t T .. 

1 -- .. 
a 

-½ 
t 

(nn.si 

. 1 
iln.si Hepen.SITHBHCTCKHX 'IaCTHU npn: T ;;, m , t ;;;; m 

2 
paBHOBec-

Ha.SI rrnoTHOCTb ropaano MeHbIIIe, treM s • B rpaBHTaUHOHHblX enHHHUax 

-19 -18 
Macca rrpoToHa ecTb m P = 10 , a Macca KBapKa m =10 , TaK. 'ITO 

"KpHTH'IeCKHH MOMeHT" BpeMeHH unsi KBapKOB t q = 1036 (lo-7 CeK a o6bJ'I

Hb!X enuHnuax) • XapaKTepHoe BpeM.SI pe'aKUHH CHnbHO B3an:Moneil:CTBYIOUJHX 

1 1 ½ 1 
'IaCTHU oueHHM KaK r "' _n ___ "' T "' t • YtrHTbIBaSI, 'ITO H "' -t- , 

HMeeM xapaKTepHblil: "rrapaMeTp HecTaUHOHapHOCTII" nnH KBapKOB T/ = H r "' 

.. _r_.,, t -½ = 10 -ts • Mana.si aenntrnHa_ aToro rrapaMeTpa rro cpaaHeHHIO c 
t 

e IlOKa3bIBaeT1 'ITO B03HHKH0B0HHe aapSillOBOil: aCHMMeTpHH cnenyeT OT-

HOCHTb K MOM0HTaM BpeMeHH, cyuieCTB0HHO 6onee paHHHM, 'I0M t q =lo-7 CeK, 

BepO.SITHO, K MOMeHTy t K .. 1018 - 10-25 _CeK nnn eme paHbWe, Korna 
-9 M 

Tf :: 10 .. e • bl IIpenrronaraeM, 'ITO B peaynbT8Te HepaBH0B0CHbIX rrpo-

10 

uecCOB npH t '.:: t B03HHKaeT 8CHMM0TPHSI no 11IapMy K , a B xone nanb- · 
K ., 

Heil:IIIeI'O paCIIIHP0HHSI aTa aCHMM0TpH.S! "aaKanuaaeTc.SI"' T8KHM o6paao~ Ha-

py11Ia10mee K_ B38HMOneil:CTBHe He non*!{O 6bITb cnHIIIKOM CHnbHbIM. <l>aK

TH'I0CKH OHO no;J}l{HO 6bITb ropaano cna6eil: B38HMOneil:CTBHSI <l>epMH. 

Pacc~oTpHM 06paaoaaBI1IYIOCS1 K MOMeHTY t = t q CMeCb KBapKOB H 

aHTHKBapKOB C OTnH'IHbIM OT Hynsi 11IapM..;3ap.sinoM K =/ 0 , nb =0 • ITycTb 

Na 

nOB 

Nii Na N i - 'IHCna KBapKOB H aHTHKBapKOB p83HblX TH-

l1MeeM 

N =N -11 a o 

N-=N +11 
a _ o 

K =-2/l n B =0 

N =N + 11 } a I 

11- CM0Cb 

N_ = N 
1 

- 11 ,. 

PaccMaTpHBaeM peaKUHH C coxpaH0HH0M K ITpn: rraneHHH TeMrre-

paTypb! M0HbIII0 T = m KBapKH aHHHI'HnnpyIOT, H CM0Cb nonHOCTblO rrepe-

yCTO'IHBOe COCTOSIHH0 C o6UJHM 'IHCnOM 6apno-xonHT B HH3KOT0MIIepaTypHoe 

HOB 8 Ng= fl H Na =3il 

3To COCTOSIHHe yCTOH'IHBO 

11IapMa, peaKUHSI ii + ci ➔ B + a 

(c TeMH }1{0 3Ha'IeHH.SIMH K H nb ). 

rro OTHOIII0HH10 K peaKUH.SIM C coxpaHeHHeM 

aanpemeHa no 11I8pMy I peaKUHSI a+ 8 

aarrpemeHa no Ha11IeMy rrpennono*eHHIO. ITpenenhHoe cocTOSIHHe He nocTnra

eTcsi nonHOCTblO, TaK KaK rrnOTHOCTb B0UJ0CTBa H 'IHCno CTOnKH0B0HHil: nanaeT 

rrpu pacnmpeHHH, OCT8TO'IHOe KOnH'IeCTBO "penHKTOBblX KB8pKOB a= b • c 

onpenensieTc.si peaKuueil: 

b+c ➔ B +a • 

0THOCHTenbHOe KonutreCTBO penHKTOBblX 

HaM M0}1{0T 6bITb OU0H0HO KaK 
r 

T/ =
t,q 

10-9). K 6apHOHaM OHO COCTaBnSieT ~on10 

0CTaTO'IHOe KOnH'l0CTBO KBapKOB d 

a - KBapKOB rro OTHOIIIeHHIO K ipoTo
-ts 

= 10 ( T.e. rro OTHOIII0HHio 

u a onpenenSieTcSI peaKUHSIMH 

C KBapKaMH a 1 KOTOpb!X OTHOCHTenbHO MHOI'O, II08TOMY penHKTOBblX KBap-

KOB a. H a non}l{HO 6b!Tb 8KCnoHeHUHanbHO Mano. Bb111IenpuaeneHHbie pac

cy:lKneHH.SI aHanoru'IHhI oueHKaM, naHHbIM a pa6oTe 
161 , rne paccMoTpeHa, 
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B qacTHOCTH, 6HH8pHaSI peaKUHSI C llBYMSI KBapKaMH, ABTOp 6naroaapeH 

.H.E>~ 3enb,1lOBH'IY aa rrno,llOTBOpHyIO ,llllCKyccHIO STOI"O Kpyra BOIIpOCOB, 

Bo3HHKHOBeHHe K - acHMMeTpHH OTHOCHM K HepaBHOBeCHbIM CP-HeHH

aapHaHTHbIM rrpoueccaM rrpH TeMrrepaType T> fr"' 10-9 = 1019 SB, 3ne-
K 

MeHTapHbie rrpouecCbl IIpH TaKO:il: SHeprHH coaepllleHHO He H3y'IeHbl, Mb! orpa-

HH'IHMCSI B HnmocTpaTHBHblX uenSIX paCCMOTpeHHeM .. MO,llenH .. , KOTOpaSI, 6bITb 

M0:1KeT, _QTpa:1KaeT KaKHe-TO Ka'IeCTBeHHbie qepTbl )leHCTBHTenbHOCTH, PacCMOT

pHM 8 COCTOSIHHH C KBaHTOBbl!-fH 'IHCnaMH ( s - CTpaHHOCTb)' yKa3aHHbIMH B 

Ta6nHue~ Bee STH COCTOSIHHSI HeiiTpanbHbl IIO sneKTPH'IeCKOMY H 6apHOHHOMy 

38pMaM H MoryT B38HMHO rrpeapamaTbCSI, Ha B03MO)KHblX rrepeXO)lOB paccMaT

PHBaeM nHlllb IIOKa3aHHbie Ha. cxeMe, CoCTOSIHHSI C TaKHMH KBaHTOBbIMH 'IHC

naMH MOryT 6bITb peanH30B8Hbl rrapoii KaapKOB, HarrpHMep, COCTOSIHHe B HMeeT 

Te )Ke KBaHTOBble 'IHCna, 'ITO rrapa KBapKOB ( a e ) H (ii.\) • Mb! IlOJlpa

ayMeaaeM, 'ITO pe'Ib HJleT O COCTOSIHHSIX IInOTHOH rrna3Mbl IIpH T"" 1019 
SB, 

.AS=l 
-~ s 

---
A -1-' 0 

-· -

B +I +I 
--- --- ---

C -+' 
_, 

··-··-·---·- - - - - -~ ----- -t-A 0 
- I 8 : _, -, 
C -< •I +I 

i 
I 

' ' 

'lfocna aanonHeHHH .llnSI STHX COCTOSIHHH YJlOBneTBOpSIIOT KHHeTH'IeCKHM ypaB-

HeHHSIM THII8 
dA 

-d--=-A(w - +w +w )+Aw_ +Bw 
t - - AA AB AC A A BA 

+ C w 
CA 

lpaccMaTpHaaeM 06bl'IHYIO cjJOpMy )lnSI t > t O > 0 ) H T,rr. - acero 8 ypaa-

,HeHHH, BepoHTHOCTH nepeXOJlOB w lk IIOJl'IHHeHbl COOTHOllleHHSIM,. cne)lyIOillHM 

H3 CPT-HHaapHaHTHOCTII, HO B OCTanbHOM npOH3BOnbHbl, Mb! npe)lrronaraeM, 

'ITO HeT T-HHBapHaHTHOCTH, T,e. W lk ,/,. !LI kl (3a HCKnJO'IeHHeM Toro, 'ITO 

12 

<uAX = w AA ). KpoMe Toro, rrpeJlrronaraeM, 'ITO w AB ,/,. w.Ac , B STOM 

o6meM cnyqae ace aepOSITHOCTH B "TpeyronbHHKax" I IIOJl'IHHeHHble s- He38BH-. 

CHMblM ycnoBHSIM, cneJlYIOillHM H3 CPT-HHBapHaHTHOCTH, MO)KHO Bb!pa3HTb 

qepea 4 napaMeTpa W [AB] ' w[ac] 

(L) = (L)BA,. = (L) [AB] 
+8 

AB 

(U - (:)_ -
-

0
LAB] 

-8 
BA BA 

w = w __ 
=w [Bc] +8 BC CB 

' W[CA]' 
8 

Y aoaneTBopeHo: 

(L) lk = Cu kl 

}:_ Cu lk. 
k 

~ wric 
k 

KHHeTH'IeCKHe ypaBHeHHSI 6naroJlapSI 3THM COOTHOllleHHSIM HMeJOT TPHBHanbHOe 

paBHOBeCHOe pellJeHHe 

- - - -
A=A=B =B =C =C =const. 

0JlH8KO 6onee HHTepecHo, 'ITO HepaBHOBeCHbie ( HecTaUHOHapHbie) pellle

HHSI 3TOH CHCTeMbl ypaaHeHHll He MOryT 6b!Tb aapHJlOBO-CHMMeTpH'IHblMH, Jla

)Ke ecnH HatJanbHbie ycnOBHSI 6bJnll CHMMOTPH'IHbIMH, TTonO)KHM B MOMeHT Bpe

MeHH t = to 

A=A=n 1 

B = B = C = C = , n2 ,/,. n 1 

(aapSIJlOBaSI CllMMeTpHSI K =o ) • 

I1 MeeM JlnSI BT Oro MOMeHTa apeMeHH 

2 3 
d. (A -A ) ,/,. 0 d K 

7i7 d t
3 

,/,. 0 ' 

'ITO nnnJOCTp11pyeT B03HHKHOBemxe K - acHMMeTpHH rrpH t > to • Paccy:1K-

JleHHSI JlaHHOrO rraparpaqia BO MHOroM HOCHnH HnnJOCTpaTHBHhIH, .-ycnoBHO-MO

,llenbHblll xapaKTep. I1x uenb - IIOKa3aTb OTCYTCTBHe SIBHb!X IIpOTIIBOpe'IHH 

rrpeJlnaraeMb!X I"HIIOTe3 C COBPeMeHHbIMH 3H8HHSIMH. 
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§4. AHTHKB8PKH B IIpHpo,ae H B03M0)KH0CTH HX 

OOHapy)KeHHH 

TipeunonaraeM, 'ITO BCe aCTpOHOMH'leCKHe 061>eKTbl B03HHKnH H3 npH6-

nH3HTenbHO-OllHOp0llHOii cpellbl COCTaBa 8 + 3a B peaynbTaTe MeXaHH3Ma 

rpaBHTaUHOHHOii HeycTOH'lllBOCTH. TipH 3TOM pa3nH'laeM 061>eKTbl nepBOI'O no

KoneHHSI, B03HHKII1He H3 noKOSIIUeiicsr cpellbl C HH3KOii TeMnepaTypoii 'IJaCTHU 

a (sTH 061,eKTbl HMeIOT COCTaB 8+3a ) H 061>eKTbl BTOpOI'O noKoneHHSI, 

B03HHKIIIHe H3 MaI'HHTHO-Typ6yneHTHOH cpellbl C 66nblIIHMH ( HeMaKCBennoB-

CKHMH) CKOpOCTSIMH 'IJaCTHU a • BonblIIHe CKOPOCTH 'laCTHU a MOI'yT 

61,1Tb o6ycnoBneHbl npoueccaMH CTa_THCTH:'IJeCKOI'O ycKopeHHSI Ha nepeMeHHblX 

rpaBHTaUHOHHbIX nonsrx. CocTaB 061>eKTOB BToporo noKonemrsr, K KOTOpb!M 

Mb! OTHOCHM Bee nnH 6onblIIHHCTBO ranaKTHK, nO'ITH 'IHCTO 6apnoHHbIH 
a ( - << l ) , TaK KaK 'laCTHUbl a He ytJaCTBYIOT B MaI'HHTHO-I'MllPOJ::m-
fl ' 

HBMH'leCKHX II Ty6yneHTHbIX npoueccax o6MeHa M~MeHTOM KOnH'IJeCTBa llBH-

)KeHHSI, cymeCTBeHHbIX Ha 3TOii CTBllHH KOCMonorH'leCKOI'O npouecca H TaK 

KaK 6b!CTpbie 'IJaCTHUbl He 3aXBaThIBaIOTCSI C)KHMaIOIUHMCSI 061>eKTOM ' ecnH 

2 d¢ L 
HX cKopocTb v yuoBneTBopsreT HepaBeHCTBY ..:L> I --1 - ( ¢ - noTeH-

2 d t v · 
UHan Ha rpaHHUe 061,eKTa, L - pa3Mep 061>eKTa). KoHe'IJHO, STa Kap-

THHa HOCHT cyry6o npeuBapHTenbHhlii xapaKTep H npHBelleHa 3lleCb B llHC-

KyCCHOHHOM nopsrnKe. B Ka'IJeCTBe npenBap11TenhHOii OCHOBbl anH oueHOK npH

HHMaeM, 'ITO B Hameii ranaKTHKe cpellHSIH nnoTHOCTb a -aHTHKBapKOB Ta

Kasr )Ke, KaK ·B cpeuHeM BO BceneHHoii, T.e. n = 10-8 
CM-3 co cpeaHeii 

CKOpOCTbIO nopsruKa CKOpOCTH ranaKTH'leCKOI'O BpameHHSI v = 2.107 ~ • 
ceK 

I1a llBYX MexaHH3MOB 38XBaTa aHTHKBBPKOB 3eMneii ( B CTBJlHH C)KBTHSI n1,1-

neBOI'O o6naKa n B nocneuyromnii nepHOJl T = 5. 109 
neT) 6onee cymecTBeH

HbIM OK83bIBaeTCSI BTopoii. 06mee KOnH'leCTBO aaXBatJeHHblX aHTHKBBPKOB oue

HHM KaK 2 n V T 1T R 
2 = 6 .1036. 3axBa'leHHbie aHTHKBapKH HBXOllSITCH B 

noKanhHOM TeMnepaTypHOM paBHOBeCHH c aemecTBOM 3eMnH, npaKTH'leCKH He 

paccenBaIOTCSI B KOCMH'leCKOe npocTpaHCTBO, a no PallHYCY pacnpeueneHbl no 

qiopMyne TepMoumpqiy3HOHHOI'O paBHOBeCHH 
R 

mf I: -1<"'. dr-
n ( a'v°) = n (UV) e O T 
·1 TI O T

0 

(~)T -cpeuHee npoH3BeaeHHe cetJeHHSI Ha CKOpOCTb npH TeMnepaType T. 
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nnsr oueHOK npHHHMaeM, 'ITO nnoTHOCTb BeIUeCTBa MeHsreTCSI no nnHeii-
• I . 

, HOMY 3aKOHy OT . p 1= 2,3 Ha noaepXHOCTH llO p O = 15 B ueHTpe, .TaK 'ITO 

pa3HOCTb rpaBHTBUHOHHblX noTeHunanoB .cocTaBnSieT 

cf> ( R) - cf> (0) 
Po +P1 

Po + 3 P1 
Rg =0,8 Rg 

TipnMeM nOCTOSIHHyIO,nO'lTH no BCeMy paanycy TeMnepaTypy To = 3000°K, 

cnauaromyro llO T,..; 300°K B Y3KOM cnoe 3eMHOH KOpbI. TionmKHB CHatJana 

m = !Om p ' HaXOJlHM n O =10
12 

CM-
8, nl =3•104 CM-3• TionO)KHB. m =15m 

. p 
HMeeM pe3KOe yMeHbIIIeHHe n 1 llO 3 CM-3• n o-BHllHMOMY' npH nnaHHPOBa-. 

HHH 3KCnepHMeHTa TIO. nOHCKy a - BHTHKBapKOB Ha noBepXHOCTH 3eMnH MOlK

HO HCXOJlHTb H3 npeuenoB H3MeHeHHSI n • OT 1 CM-3 llO 105 CM-3 • TinoT

HOCTb a - KBapKOB B ~eHTpe 3eMnH. llOn)!{Ha 6b!Tb. B 109 pa3 MeHbllle H coc

TaBnSITb ,;, /103 CM-3 ' ecnH IlPH 3TOH nnoTHOCTH eme He cymeCTBeHHO Bb!I'O-

paHHe aa C'leT peaKUHH b+c ➔ B+a. 

ABTOp 6narouapeH <t>.JI. l1Jan11po, KOTOpOMY npHHaune)KaT npHBelleHHhle 

B STOM naparpaqie oueHKH 11 coo6pm1<eH11sr. KaK aaMeTnn <t>.JI. lllan11po, Ha 

OCHOBBHHH 3THX oueHOK npeucTaBnSieTCSI uenecoo6pa3HOii IlOCTBHOBKa 3KCne

PHMeHTOB no o6Hapy)KeHHIO aHTHKBapKOB B na6opaTOpHhlX ycnoBHSIX, a 'laCT

HOCTH, no pacceSIHHIO HOHOB Ha aHTHKBapKax. Be.posrTHO, HaH6onee .nepcneK

THBHbIM BapHaHTOM 3THX 3KCnepHMeHTOB SIBnSieTCSI onbIT no paccesrHHIO HOHOB 

C 8Hepr11eii"' 1 Msa C A"' IO Ha aHTHKBapKax B BaKyyMHOH KaMepe C pe

I'HCTpauHeii aHTHKBapKOB OTlla'IJH BHe KaMepbI (3aMe'laHH0 H.B~ 3enhll0BH'la). 

BoaMo)KeH aapnaHT onbITa c perncTpau11eii HOHOB OTllB'lH BHYTPH KaMep1,1. 

Bo3MO)KeH TaK)Ke MaKpOCKOnH'leCKHH OilbIT C B036y)KJleHHeM pe30HaHCHbIX Kpy

THnhHblX Kone6aHHH TSI)Kenoro poTopa aa C'IJeT apamaTenbHOI'O MOMeHTa, ne

peuaHHOI'O aHTHKBapKaMH, HCnbITaBIIIHMH paccesrHHe Ha 6nH3KOM apamaromeM

CSI pOTOpe. 

ABTOp Bbipa:lKaeT 6narouapHOCTb aa 06cy:1KlleHne TeopeTH'leCKHX H 3K

cnepHMeHTanbHbIX aonpocoa H.B. 3enbllOBH'ly, C.M. BepHoay, I1 .M. <t>paHKY, 

<t>,JI. l1Jan11po, JI.B. 0KyHro, B.B. Bpar11HCKOMY H aceM ytJaCTHHKaM ceMHHa

pa Jla6opaTOPHH HeiiTpOHHOii qJH3HKH. 
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