2 PaciiupeHHOe BAKYYMHO€ YPABHeHHe JWHINITEHA M ero pelieHust

B Oanmnoui enage paccmompenvi 83aumMocesasu Mexncoy pas-
JUYHBIMU PeuleHUsMU 8aKYYMHbIX ypasHenutl Dunwmetina. [Ipeo-
JIOJCEHO pacuiuperHoe 8aKyyMHoe ypasHeHue DUHwmelHa u npu-
gedenvl e2o pewenus. Ha ocnosanuu peutenuii 8aKyyMHuIX ypagHe-
HUL, NPeoNodceHbl MempUKo-OuHamuyeckue mooenu cghepuieckux

8aKYYMHbIX 00pA308aHUll pAIUYHO20 MACumada, cpeou KOmopbsix

6blOe/IeHbl npakmuiecku e6ce sjeMeHmdapHvle «Hacmuysly, 6X0051-

wue 6 cocmas Cmanoapmuou Mooeu.

2.1 IlepBoe BakyyMHOe ypaBHeHHe JIHIITEHHA U ero peleHns
VYpaBHeHue DiiHmTeiHa - [ mipbepra 11 BakyyMa UMEeT BUJL

Ry —%Rg[k =0, (2.1.1)

TAC gij — KOMIIOHCHTBLI MCTPUYCCKOI'O TCH30PA,

r. or;
" :a—’l"—a—]’:+ r.r -rrr! —rensop Puuum; (2.1.2)
Ox ox
R = g*Rir — cxanspHas KpuBH3Ha, (2.1.3)

P lg/l,u(agﬂk +agiﬂ 08k

Iy = PR J — cumBoJtsl Kpuctodderns. (2.1.4)

2

Pemenust ypaBuenus (2.1.1) paccMoTpeHbsl BO MHOTHX paboTax 1mo coBpeMeHHO# auddepen-
nuansHoi reomerpun 1 OTO. OmHako HU B OJTHOM W3 M3BECTHBIX aBTOPY M3JIaHUM HE OOCYKIaeTcs
B3aMMOCBS3b MEXKAY Pa3IUYHBIMU PEUICHUSIMH 3TOTO ypaBHEHHS, MOATOMY PAaCCMOTPHM €ro J0CTa-
TOYHO MOAPOOHO.

Caeprrias ypaaenue (2.1.1) ¢ g%, momyuum [38]
i 1 n
g Rik_ERgik :R—ER:O, (215)

T.XK. g*g, =n — YHCIO U3MEPEHHUI IPOCTPAHCTRA.

Jnst mo0oro n-MEepHOro MpOCTpaHcTBa (KpoMme # = 2) paBeHCTBO (2.1.5) MokeT OBITh BBINOJI-

HeHo Toisibko npu R = 0. [Toatomy nipu n = 4 ypaBHenue (2.1.1) npuHumaet Buj
R, =0. (2.1.6)
Pemenus ypaBuenus (2.1.6) paccMOTpeHbI BO MHOTUX pa0oTax Mo coBpeMeHHo nuddepen-

nuanbHoi reometpun 1 OTO. OnHAKO HU B OJTHOM M3 M3BECTHBIX aBTOPY M3AaHUN HE 00CYKIaeTCs
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B3aMMOCBSI3b MEKIY PA3IMYHBIMH PEUICHUSMHU JTOTO yYPaBHEHUS, MOATOMY PACCMOTPHM €ro JO0CTa-
TOYHO TTOJAPOOHO.
Pemenus ypaBHenus (2.1.6) uiryT, Kak mpaBujo, B chepUYECcKoil cucTeMe KOOpAUHAT B BUC
METpHK:
ds? = e'df — e*dr* — r*dO? — r’sin*0d ¢ ? ¢ curnarypoii (+ — — ), (2.1.7)
ds™? = —evdf + edr* + r*d6* + 1 sin’Odg? ¢ curnarypoit (— + + +), (2.1.8)
rae v u A — UCKOMbIe QYHKIUU { U 7.
B pesynbpTate moACTAaHOBKM KOBAPUAHTHBIX M KOHTPABAPUAHTHBIX KOMIIOHEHT METPUYECKOTO
TeH3zopa u3 Metpuku (2.1.7) B ypaBaenue (2.1.6) nis crainoHapHOTO (T. €. HE 3aBUCSAIIETO OT BpeMe-

HU) COCTOSIHUSI «BaKyyMa» IOJIy4aeTcsl CUCTEMa U3 TPeX ypaBHEHUi [34]:

v=-2, (2.1.9)
e (Vi + 1A+ 1P =0, (2.1.10)
VI V22V e = 0. @2.1.11)

Huddepennnansaoe ypasaenue (2.1.10) umeeT Tpu pemeHus:
vi=In(m+ ha/r), va=In(hi—h2/r), V3 = hs, (2.1.12)
rae hi, h2, h3 — KOHCTaHTBI UHTETPUPOBAHUS.
VYpasuenue (2.1.11) Takke UMeeT TP PEIICHUS:
vi=In(1+ b/7), v2=In(1 - b/r), v3=0, (2.1.13)
rne b— KOHCTaHTa MHTETPUPOBAHUSI.
IMpu h1 =1, ha=b n h3= 0 pemenus (2.1.12) u (2.1.13) coBmagaror.

[ToncraBnss Tpu Bo3MOKHBIX pemieHus (2.1.13) B metpuky (2.1.7) ¢ yuetom (2.1.9) nonyuum

TPU METPHUKH C OJIMHAKOBOW CUTHATYpOH (+—— —):
dsd? = (1— ro /r)c*df? — (1- ro/r) 'dr* — Pd0* — ’sin*0dgp?, (2.1.14)
dsy % = (14 ro /r)d* — (1+ ro /r) 'dr? — r*d 0% — Psin*Odp?, (2.1.15)
dsc 2 = 2di? — dr* — r*d0? - Psin* 0 dg>. (2.1.16)

rje ro=>b — paauyc 3aMKHYTOT0 IapooOpa3zHOTo 0ObeMa.
IIponenbiBasi aHaIOrMYHBIE ONEpALMM C KOMIIOHEHTAMH METPHUUYECKOro TEH30pa U3 METPUKHU
(2.1.8), monmyuuM elie TpU METPUKHU, TAKKE YIOBIETBOPSIONIME ypaBHeHHUo (2.1.6), HO ¢ MPOTUBOIIO-

JIOKHOM cUTHATYpoM (—+ + +):

dsdM? = — (1-ro /r)c*df + (1—ro /r) 'dr* + Pd0* + r’sin*0d g2, (2.1.17)
dsp™? = — (14 ro/r)de + (1+ ro /) 'di* + 2d6* + Psin*0d g ?, (2.1.18)
dscM? = — 2dP+ di? + 1?d6 % + sin’ 0 d p?. (2.1.19)
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Henpusogumseie apyr B apyra metpuku (2.1.14) — (2.1.19) Oynem Ha3piBaTh 000OIIEHHBIMU
MeTrpukamu [1IBapummnba.

Metpuku (2.1.14) — (2.1.19) onuchIBalOT COCTOSIHHE OJHOM U TOM ke 00JacTH «BaKyyMmay, Mo-
3TOMY IpeJIaraeTcsi pacCMOTPETh PA3IMYHbIC BAPHAHTHI X YCPEIHEHUS, HECMOTPS Ha TO, YTO YpPaB-
HeHue (2.1.6) HenmuHEHOE U, KaK IPaBUJIO, B TAKUX CIy4yasX CyMMa €ro pelieHui He SBISETCS €To XKe
pelIeHHEM.

Ecnu nentper metpuk (2.1.14) — (2.1.16) u (2.1.17) — (2.1.19) coBmemieHbl, TO OYEBUIHO, UYTO
UX CyMMa paBHa HYJIIO

dsa D +dspO*+ds O +dsd D *+dsy D +ds 2 = 0-c2d? +0-dr* + 0-dO*+ 0-sin*0dp?=0. (2.1.20)

ITonmyueHnHas MeTpuka

ds? = g Odx! dv/ , (2.1.21)

rIe

(0) _

g} (2.1.22)

S O o O
S O o O
S o O O
S o O O

TaK)Ke SBJSICTCS TPUBHAIBHBIM PEIICHUEM BaKyyMHOTO ypaBHeHUs (2.1.6).
Takum 006pazoM, BOMIPEKU 0XKHUIIAHUIO CIIOKEeHUE mecTd MeTpuk (2.1.14) — (2.1.19) npuseno k
MIOJIy4YEHHUIO TOTIOJIHUTEIBHOTO pellieHusl ypaBHeHus (2.1.6).

Paccmotpum Teneps apudmernueckoe cpearee 1Byx Metpuk (2.1.14) u (2.1.15)

2

ds % = Y (ds$? +ds{ ) = cPdt? — 5 dr’ —r’d@* —r’sin” 6do’. (2.1.23)
re—r,
Paccrosinie Mexty AByMsI TOUKaMU 71 ¥ 72 Ha MPOTSKEHHOCTH ¢ cUrHatypoil (+ ———) B OTO
OIIPENIENISAETCS BBIPAKECHUEM
j —gd (2.1.24)

B cityyae nojctanosku g117) u3 yepeanenHoit metpuku (2.1.23), nomyyaem

_.[ )dr—'f\/i rz—roz’rlz

Haiinem cHauana BeMuMHY OTpe3Ka MEexAy Toukamu r1 =0 u r2 = ro:

NP =1 =—y=1 =—«/—_1r0 =—ir,. (2.1.26)

(2.1.25)
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JllnHa 3TOro OTpe3Ka paBHA PaguycCy IMOJIOCTH ¥0, @ MHUMOCTb 3TOTO pe3yjbTara TOBOPUT O

TOM, 4TO B IIOJIOCTH «BAaKyyM» OTCYTCTBYET. BHE 3TOM OJIOCTH OT 1= 70 A0 12 = 00 UMEEM

o0

_[2 2
B—n = =1

B cimyuyae orcyrctBusi nedopManuu paccTOSHHE

o

MEXy TOUKAMHU 72 = 00 U 71 = 10 PaBHO © — 70 , @ B pac-
CMaTpUBAEMOM cllyyae OHO paBHO (2.1.27). Pa3Huna mex-
Iy 9TUMH OTPe3KaMH MPUOJIMKEHHO paBHA
0? —rf —(0—r)= 1y, (2.1.28)

OTOT pe3ybTaT MOKa3bIBAET, YTO YCPEIHECHHAS Ba-
KyyMHas IPOTSDKEHHOCTh HA OTpe3Ke |ro, oo ckaTa Ha Be-
JUYUHY ~ 70 BO BCEX PaJUANIbHBIX HANpPaBICHUSIX B CHITY
TOTO, YTO OHAa BBITECHEHAa W3 TIOJOCTH C PaTUyCOM
(2.1.28). lanHbIii pe3yabTat moJ00¢H BO3AYIIHOMY ITy3bI-
pro B xkuakoctu (puc. 2.1.1).

OTnuune UCXOJHOTO (HEUCKPHUBJIEHHOTO) COCTOS-
HUS JIOKAJIbHOTO YYacTKa BaKyyMa OT €ro aKTyalbHOTO
(MCKPUBIIEHHOTO) COCTOSHUSI OIPEIEIUM TOCPEACTBOM
paszHoctu [41]

ds? — ds"O? = (g9 — gi®dxidv - (2.1.29)

rae gi®”) - KOMIOHEHTBI METPUYECKOTO TEH30pa HEHc-
KPHUBJICHHOTO y4acTKa BaKyyMa.

OTHOCHTENBHOE YAITMHCHNE Y9acTKa BaKyyMa IpH

3TOM paBHO (cmompume § 1.22)

ds) —ds") ds)

1) =

oTKyna caexyer [41] dsO? = (1 + [O) ds"O2,

ds’®) ds") -

oo’ 7 . (2.1.27)

Puc. 2.1.1. Bo3xyuHslit
My3bIPb B KUAKOCTH

I
A

51 — Mo Lo = Ln o

> I

-J >

-2r, To 0 Is 21'»

Puc. 2.1.2. I'papuk Qynxiuu O — oTHOCHTEIND-
HOTO YIUTHHEHHSI BaKyyMHOH MPOTSIKEHHOCTH BO
BHEIIIHEH 000JI0YKe, OKpYIKarolield mapoodpas-
HYIO MOJIOCTh. Pacyer BBINONHEH OpH 7o = 2, ¢ MO-
MOIIBIO TIporpaMMHOro obecriedenuss MathCad 14

1 (2.1.30)

(2.1.31)

=~
~~
0
|
—
+

8i —8i 1= gi(ii)

1 (2.1.32)

oo
&

HeuckpuBieHHOE COCTOSHHE paccMaTpUBAaEeMOro y4acTKa BaKyyma 3afaeTrcs MeTpukoit (2.1.16), mo-
3TOMy, MOJIcTaBNsAs KomnoHeHTsl i’ u gi'”) cooteTcTBeHHO M3 (2.1.16) 1 (2.1.23) B (2.1.32), NoMY-

YUM OTHOCHUTCIIbHOC YAJIMHCHHUEC BAKyyMa B KaXX/I0M paavaJIbHOM HAIIpaBJICHWU B 00J1aCTH OT 70 J0 oo

89



I =0, (2.1.33)

I'padux pynxiuu ) (2.1.33) npusesnen Ha puc. 2.1.2. Ilpu r = ro 1aHHAs HYHKIMS CTPEMHUTD-

csl K OECKOHEUHOCTH, a MpH 7 < 70 OHA CTAHOBHUTCS MHUMOM. DTO ele pa3 MOATBEPKAAET, YTO MOJIOCTh

¢ paguycoMm ro (puc. 2.1.1 u 2.1.2) pemenusmu (2.1.14) u (2.1.15) He onuckiBaeTcs.

30ecv mbl He Oydem obcyscoamsb gonpoc: - Umo Haxooumces Hympu nOIOCmuU ¢ paouycom ro,

ecnu mam Hem eakyyma? [lanee, npu paccmompenuu 6mopo20 6aKyyMHO20 YPAGHEeHUs UHUWMeEUHA

ama npobrema paspeuumcs cama coooll.

Takum oOpazom, ycpenHenue Metpuk (2.1.14) u (2.1.15) npuBoAUT K METPUKO - AUHAMHYE-

CKOMY OITMCaHUIO CTAaOMJIBHOTO BaKyyMHOI'O0 O0Opa3oBaHHUs TWIAa "BO3AYILIHBIA Iy3bIpb B KHJIKOCTH ",

TOrJa KaK 110 OTACIbHOCTH JaHHBIC MCTPHUKHU K TAKUM PE3YyJIbTaTaM HEC IIPHUBOJIAT.

OTMeTHM clieyIollee BaKHOE 00CTOATENLCTBO. Y CpeaHe -
Has KkBajapaTuyHas popma (2.1.23)
dsar¥? = Y, (dsaO*+ dsp?) (2.1.34)
HamomuHaeT Teopemy Iludaropa a® + b> = ¢?. DTo 03HAYaeT, uTO

orpesku muuuil ( %)"2dss” u ()4)"dss”) Bcerna B3auMHO mepreH-

JUKyJISpHBI TI0 OTHOINEHHUIO APYT K Apyry dsa 1 ds»™ (puc. 2.1.3),

a JIBe JIMHUM HAINpaBJICHHBIC B OJTHOM W TOM JX€ HAIpPaBJICHUU MO-
I'yT OBbITh BCErZla B3aUMHO NEPIEHAUKYIISIPHBI, TOIBKO B TOM CIy-
yae, KOT/1a OHM 00pa3yIoT ABOWHYIO ciiupaisb (puc. 2.1.4).

Takum oOpazom, ycpenneHHas metpuka (2.1.23) coorser-
CTBYET OTpe3Ky '"Kryra'", COCTOAILIEMY U3 YEThIPEX CKPYUEHHBIX
"muTeil" (T.e. MUHEHHBIX popM) dsi”), KoTopble 06pa3yIOT cHCTEMY

U3 IByX KOMIUIEKCHO COTIPSDKEHHBIX YHCE
dsap = Y5 (dsd” + idsy), (2.1.35)
dsap "= V5 (dsa™" — idsp"),
MIPOU3BEICHNE KOTOPBIX paBHO (2.1.34).
B csa3u ¢ sviueckasannvim 6yoem HA3b18aMb YCPeOHEeHHble
mempuku "k-occymamu” (20e k — yucno ycpeousemvix mempux). B

yacmuocmu,  ycpeonennas —mempuxa (2.1.23) Haszvigaemcs

"2-orccymom”.

dSuh (_)

%5 ds,©

%5 ds;)

Puc. 2.1.3. CooTHomIcHNE
oTpe3KoB ds, ) uds,

Puc. 2.1.4. Ecnau cipoeniupoBathb
TaKyI0 JBOMHYIO CIIUpaJIb Ha
IJIOCKOCTh, TO B MECTE IIepeceue-
HU €€ JINHUY BCerja B3auMHO
HNEePHEHAUKYIISPHBL

Amnanoruuno ycpeanenue Metpuk (2.1.17) u (2.1.18) npuBogut kx "2-aHTUXKTYTY"
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ds()? = (ds(? +dsy?) = =c*dt’ + ——dr’ +r’d0* + r’sin’ 6do*,  (2.1.36)

P -
TaKXe OIMCHIBAIONIEMY METPUKO-IMHAMHYECKOE COCTOSHHE CTa0MIIBHOTO BaKyyMHOTO OOpa3oBaHMUs
TUTAa "BO3IYIIHBIN MYy3bIPb B KUIKOCTU'", HO SIBJISIONIEMYCS MOJTHBIM aHTHUIIOJIOM BaKyyMHOMY 00pa-
30BaHUI0, onuckiBaeMoMy "2-xkryrom” (2.1.23). B aToMm ciyuae crneayeT yUUTHIBaTh, YTO PACCTOSIHHE

MEXAy ABYMs TOUKAMH 71 U 12 Ha MIPOTSKEHHOCTU C CUTHATYpou (— + + +) onpezaensercs BeIpa)kKeHUEM

2~ h —I g11

B cymme 2-xryT (2.1.23) u 2-anTIkryT (2.1.36) MOTHOCTEIO KOMMEHTHUPYIOT MIPOSIBICHUS APYT
apyra u pator pemenue (2.1.21): dsa? + dsa™? = ds@? . Eciu ycnoBHO monarath, 9To 2-XKIyT
(2.1.23) omuchiBaeT METPUKO-TUHAMUYECKOE COCTOSIHME CTAOMIBHON «BBIMYKJIOCTH» B BaKyyMHOMH
npotrskeHHocTu (puc. 2.1.1 u 2.1.2), To 2-anTmxryt (2.1.36) onuchiBaeT TOYHO TAaKylO XK€ "BOTHY-
TOCTh" B TOM K€ MPOTKEHHOCTH.

[ozxcranoBka B BhIpakenue (2.1.32) xommonenTtsl g’ u3 mMerpuku (2.1.16) 1 KOMIOHEHTHI

2119 u3 metpuk (2.1.14) wiu (2.1.15) npuBoauT K abCypaHBIM pe3yibTaTaM (cMoTpuTe puc. 2.1.5).

8 T T T

8 T T

“Tio _5 0 5 10 "I -5 0 5 10

a) Ppaduk dpymxuun JO) = [ 6) Tpadux pymxmm O — [ 1
' r—r, ' r+r,

Puc. 2.1.5. PacyeTsl BBINIOIHEHBI TIPH 7= 2, C IIOMOIIBIO TpOorpaMMHOro odecneueHust MathCad

AOCYpIHOCTH pe3yibTaTOB PACUETOB, MOKA3aHHBIX Ha puc. 2.1.5, ele pa3 MOATBEPKIAET, YTO
ycpenaenue metpuk (2.1.14) — (2.1.15) w/wm merpuk (2.1.17) — (2.1.18) He JMmIeHO CMBICTA, T.K.
JAHHOE YCpPEeIHEHUE IPUBOIUT K pe3yJIbTaTaM, MOAAIIHUMCs ocMbIciaeHuto (puc. 2.1.1 u 2.1.2).

Tenepp 00CYyIuUM METPHKO-TUHAMHYECKYIO MHTEPIPETALMI0 HYJEBHIX KOMIIOHEHT METpHye-
ckux Ten3opos goo” u goo .

ITycTh HEMOABMKHOE COCTOSIHME "BHemIHei”! ¥ "BHYTpeHHe#" CTOPOH JIOKABHOTO ydacTKa

! VcioBHbIE HA3BaHKS «BHEIIHSAS» U BHYTPEHHSS» CTOPOHBI BAKYYMHOMN MPOTSHKEHHOCTH BBEJIECHBI aBTOPOM, JUIS OITMCAHHS OJHOTO
U TOTO € yJacTKa BaKyyMa JIByMs METPUKaMH € B3aMHO IPOTUBOIIOJIOKHBIMU CUTHATYpaMu (cmompume § 1.21).
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BaKyyMHOMW MPOTSKEHHOCTH (BaKyyMa) 3aaeTcsl ICEBAOEBKINI0BBIMU MeTpukamu (2.1.16) u (2.1.19)
(cmompume § 1.21)
ds 2= 2df — dr* — r*d0* — ’sin’0do? = cdt cdt’'— dx'dx"— dy'dy'"'— dz'dz"",  (2.1.37)
ds"?= — 2df* + dr+1r*d0*+1’sin* 0 d o = — cdt cdt''+dx'dx"'+dy'dy''+dz'dz"".  (2.1.38)

Brenem ycnoBHbIe Ha3BaHUS A1 TUHEHHBIX (a@PUHHBIX) hopMm:

ds™" = cdtf —dx'-dy'—dz  — "nuunHA" BHENIHEH CTOPOHBI BAKYYMa; (2.1.39)
dsO" = cdt'"—dx''— dy'"— dz"’' - "u3HaHKa" BHEIHEH CTOPOHBI BAKYyMa; (2.1.40)
ds™" = — cdt'+ dx'+ dy'+ dz —"nuuuHa" BHYTpEHHEi CTOPOHBI BAKYYMa; (2.1.41)
ds™"'= — cdt'"+ dx''+ dy''+ dz"’ — "u3HaHKA" BHYTpEHHEH CTOPOHBI BAKyyMa. (2.1.42)

[Tyctp "nuunHa" u "u3HaHKA" OJHOM M3 CTOPOH BaKyyMma JABUTalOTCS OTHOCUTEIBHO MX HCXO[-
HOTO HEIMOJBHKHOTO COCTOSIHUSL BAOJb OCH X C OJHOM U TOU K€ CKOPOCTBIO Vx, HO B Pa3HbIX HaIpaB-
JeHusx. 3To GpopmanbHO 3a1aeTcs Mpeodpa3oBaHuEM KOOPIMHAT:
=t xX'=x+twt, Y=y =z — s "ITauHEL"; (2.1.43)
'=t Xx'=x-wt, Y'=y, '=z — s "n3HaHKA". (2.1.44)
PaBeHCTBO Moayseil ckopocTel ABMKEHHS Vx "THMUUHB" U "M3HAHKU" OOYCIIOBIEHO BaKyyM-
HBIM ycioBueM (onpedenenue Ne 1.12.4) , kotopoe TpeOyeT, YTOOBI KaKIOMY ABMKCHUIO B «BAKYYME)
COOTBETCTBOBAJIO aJICKBAaTHOE aHTUBIKEHUE [22].
[Mpomuddepenmuponan (2.1.43) u (2.1.44) u noacTaBuB pe3ynbTaThl AU(GHEPESHIIMPOBAHUS B
(2.1.37) u (2.1.38), B chepuuecknx KOOpAMHATAX MOTYUYUM METPUKU
ds\ = (1+ v P)3Pde — dr* — PdO* — Psin*0d g, (2.1.45)
ds\*= — (1+ v ) AAdf? + dr* + 1*d60? + Psin®0dgp?, (2.1.46)
OTHCHIBAIOIINE KUHEMATUKY MOCTYNaTeNbHOTO JBIKEHUS (OTTEKaHWE W MpPHUTEKaHHe) "BHeImHel” u
"BHYTpEHHEN " CTOPOH JIOKAJILHOTO y4acTKa BaKyyMHOH IpPOTsSKEHHOCTH. [Ipu 3TOM BbINONHSAETCS Ba-
KYYMHOE yCJIOBHE:!
ds,*+ ds,? = ds V=0, (2.1.47)
T.€. IBMKEHHE (OTTEKaHHE OT LIEHTPa) KOMIICHCUPYETCS aHTUABMKEHHEM (IPUTEKAHUEM K LIEHTPY ).
Cpasuusas goo”) B Metpukax (2.1.14) u (2.1.15) ¢ goo” B MeTpuke (2.1.45), a goo'™ B MeTpukax
(2.1.17) u (2.1.18) ¢ goo™” B meTpuke (2.1.46), COOTBETCTBEHHO TOTYUUM:
mst metpukd (1.14) 1= ro/r = 14+ vdO? 2 — v 2 =—Ctrolr — v = (= AProlr)”; (2.1.48)
ans metpuku (1.15) 1+ ro/r = 1+ v/ c? — v =Prolr — v = (ctrolr); (2.1.49)
ans metpuku (1.17) — (1—ro/r) = — (1+ vid%/?) —  vidD? == Prolr — vid® = (= ro/r)”; (2.1.50)
nnst metpuks (1.18) — (1+ ro/r) = — (1+ v c?) — v = Frolr  — v = (Pro/r)”. (2.1.51)
JIaHHBIE Pe3yNbTATHI TO3BOJSIOT MONAraTh, YTO HYJIEBble KOMIOHEHTHI goo'”) MeTpuk (2.1.14),

(2.1.15) u goomerpuk (2.1.17), (2.1.18) omUCHIBAIOT JABUKEHUS COOTBETCTBYIONIUX MOJ-CIOEB BaKy-
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YMHOU MPOTSKEHHOCTU CO CKOPOCTAMHU Vr (2.1.48) — (2.1.51) OTHOCUTENBHO UX HETIOABHKHOIO COCTO-
siHUSI, 3aaBaeMoro Metpukam (2.1.16) u (2.1.19).

Ymo oeudicemcst 8 6aKyyme — HEU3BECMHO, M.K. HUKAKOU CYOCMAHYUOHATbHOCIU 2e0Mempo-
ounamuka He "uyecmeyem". Tem ne menee, 015 y006Ccmea 80CHPUAMUS BHYMPU-6AKYYMHBIX NpOYec-
CO8, MOJCHO CONOCMABUMb BAKYYMHblE CILOU C 2UNOMEMUYECKUMU CIIOWHBIMU YRPY2ONIACMUYeCKUMU
ncegoo-cpeoamu. B [17, 19, 20, 21, 22] oanusie ncegdo-cpedvl Hazsanwl "cyoxonm” u "anmucyoxonm"
(coxpawenue om "cybocmanyuonanvuwli Konmunyym"). Ycioeuvie nazeanus cioee 8aKyyMHOU Npo-
msicenHocmu npugedensvt 6 maon. 2.1.1.

Tabmua 2.1.1

Mempuxa/ Homep Cmopona
Yenosnoe nazeanue

cuznamypa MempuKu eaxkyyma
dSa(7)2 (2 1.14 "a - cybkonm" — enewnss CMOpPOHA 6HEUHell B
(+ —_ _) 1.14) CIMOPOHYL BAKYYMHOU NPOMANCEHHOCU H
E
ds b(—)z "b - cyOKOHM" — 6HYMPEHHSSL CIOPOHA o
(2_ 1.1 5) 6HeUHell CMOPOHbL 6AKYYMHOL NPOMAICEH- H
(+ - _) Hocmu o
C
dsc? (2 1.16 UCXOOHASL NNOCKAS 6HEWIHAS COPOHA T
(+ — _) T ) BAKYYMHOU NPOMANCEHHOCTU (PEUUMO) b
d (+)2 "a - aHmucyOKOHmM" — 6HEWHsIs. CMOPOHA B
Sa l . H

(2.1.17) 6HYmMpenHell CMOPOHbL 6AKYYMHOL NPOMs-
(— + + +) \%
JHceHHOCTU T
dsp? "b - anmucyoxoum" — 6HympeHHsA Cmopo- P
Sh . . E
(2.1.18) Ha 6HymMpeHHetl CMopoHbL 6aKyYMHOU NPo- H
(_ ++ +) msidICeHHoCmu H
o
C
+

dsH? (2 1.19 UCXOOHAS NNOCKAS GHYMPEHHSS. CMOPOHA T
(_ + + _|_) T ) BAKYYMHOU NPOMANCEHHOCTU (PEUUMO) b

VYepennss ckopoctu (2.1.48) u (2.1.49), oOHapyxuBaem, uTo oOmiee OBMKEeHUE aPUHHBIX
CJIOCB BHEIIIHEH CTOPOHBI BAKYYMHOU MPOTSHKEHHOCTH (CyOKOHTa) ONMCHIBACTCS YCPETHEHHOH CKOPO-
CTBIO
ViabO(r) = V5[ (— rolr)” + i(Prolr) ], (2.1.52)
a ycpennenue ckopocreit (2.1.50) u (2.1.51), npuBOauT K yCPETHEHHONU CKOPOCTH

Veab () =Y5[ (= Pro /r) "+ i(cPro /r) 7). (2.1.53)

KOTOpast OMHCHIBAECT ycpenaHeHHoe (obuee) aBmkeHne ah@uHHOro c10si BHYTPEHHEH CTOPOHBI BaKy-
YMHOU MPOTSKEHHOCTH (aHTHCYOKOHTA).
Mopynu koMmiiekcHbIX GyHKIun (2.1.52) u (2.1.53) paBHBI
V(1) = 0, (2.1.54)
Vrat ()] = 0. (2.1.55)
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Bwmecre ¢ Tem, kBaapatsl ckopocteit (2.1.48) u (2.1.49) paBHbI ¥ IPOTUBOIOJIOKHBI IPYT APYTY
Vid 2= —vp2. TlosTomy B 2-kryTe (2.1.23) goo” = 1.

AHanoru4Ho, kBajapatsl ckopocteit (2.1.50) u (2.1.51) paBHBI 1 IPOTUBOIMOIOKHBI IPYT APYTY
V= —vp™2 TlosTomy B 2-anTmxryTe (2.1.36) Tarke goo™ = 1.

JlanHO€ 00CTOSATENHCTBO 00YCIIABIMBACT CTAOMIBHOCTh pacCMaTPUBAEMOTO BaKyyMHOTO 00pa-
30BaHMs, TaK KaK KOJMYECTBO "TIPUTEKAIOMIETO" a-CYOKOHmMA OKa3bIBACTCSI PaBHBIM KOJIHMYECTBY "OT-
Tekaromero" b-cyoxonma.

MOXHO KOHCTaTUpOBaTh, YTO HEKOTOpBIE aJIUTUBHBIE KOMOHMHanuu wMmeTpuk (2.1.14) —
(2.1.16) w/mmm (2.1.17) — (2.1.19), sSBISIFOIIMXCS PA3TUIHBIMU PEIICHUSIMA HEIMHEHHOTO BaKyyMHOTO
ypaBHeHUs1 DiHmTeHa (2.1.6), mpuBOAUT K Oosiee cOaTaHCHPOBAHHOMY METPHKO-TUHAMHYECKOMY
OTHMCAHUIO JTIOKAIBHBIX [IEHTPATbHO-CHMMETPUYHBIX BAKYyMHBIX 00pa30BaHUi, 4YeM KaXKJ0€ U3 HUX 110

oraenbHocTH. KuHemMaTuka 1 [uHaAMHMKa JaHHBIX CJIOEB U IIOJ-CJIOEB BaKyyMa pacCMOTpEHa B [22].

2.2 Bropoe BakyyMHOe YpaBHeHHe JMHIITEHHA U €ro pelieHus
VY4uThIBas, 4TO CIEAYIOIUE KOBAPUAHTHBIE IPOU3BOJHBIE TEH30POB PAaBHbI HYJIIO:

V.g,=0, (2.2.1)
1
V(R = Rgy) =0 (2.2.2)
DWHIITENWH qonoaHWA ypaBHeHue (2.1.1) ele onHUM ciaraeMbIM (Tak Ha3bIBA€MbIM A-UJIEHOM)

1
Ry ——Rgy +Agy =0,
2 (2.2.3)

B nurepatype no OTO uacto npunuMaiotT A = +3/rs® = const, rje 7« — paauyc chepuueckoro
BaKyyMHOT'0 00pa30BaHMUsL.

B sTOoM ciyuae

gik{Rik —%Rgik + Agik} =R —%R +nA =0, (2.2.4)

OTKY/1a CIeAyeT

R =

A, (2.2.5)

IIpY 3TOM ypaBHEHHUE (2.2.3) NpUHUMAET BUJ

n 2
Agyp +Agyp = Ry ——Agy =0.
7 Eik 8ik ik n—2 Eik (226)

Rik_
n_

st 4-mepHoro nipoctpaHcTBa: n =4, R = 4A, a ypaBHeHue (2.2.6) npuHUMAET IPOCTEHIITHI BU/T

94



3

Ry =—8us
3 r,
Ry, —Ag, =0, mm Ky =38 = 3 (2.2.7)
¢ Ry :_r_zgik'

VYpasHenue (2.2.7) OyaeM Ha3bIBaTh BTOPHIM BaKYyMHBIM ypaBHEHHEM DUHIITEHHA.

Pemenusimu BTOpOro BakyyMHOTO ypaBHeHHUs (2.2.7) sSBIsSETCA CIEAyroIas COBOKYITHOCTh

0006meHHBIX MeTpuk KoTTiepa ¢ curaatypoii (+ — — —), KOTOpYIO YCIOBHO OyJeM Ha3bIBATh ' BBHITYK-

JOCTHIO" B BAKYyYMHOM MPOTSYKEHHOCTH:

2 2
T I N
ror 7 r
a - 4+
( ron J
2 2
ds? =142 czdzz—Lz—rz(deﬂsinzedqf), (2.2.9)
roor Lol T
rorl
2 2
ds{? = [1 —ri—%]czdtz A 246 +sin* 0dg?)s (2.2.10)
ro T
ror
2 2
st =144 - Y 2(40° 4 sin? 0dg?), (2.2.11)
! roor roor
“ I+ +—
ror
dsO? = cd’ —dr® - r*(d0° +sin® 0dg? ) (2.2.12)

U COBOKYNHOCTh 00001IeHHbIX MeTpuk KoTTnepa ¢ curnarypoit (— + + +), KOTOpyro ycilIoBHO Oyaem

Ha3bIBaTh "BOTHYTOCTHIO" B BAKYYMHOM MPOTSKEHHOCTH:

2 2
ds? = — [1 _i+”_2}2dz2 b 240 sin 0d0?), (2.2.13)
ror ( r, r j
1 +—
r r,
2 2
dsi? =— (1 + —r—Zj&dﬁ +d;2 +r2(ah92 +sin’ 9d¢2), (2.2.14)
ror ( nor J
I+ ——
r I"a
2 2
45 = (1 BT Ve (407 s sin? 0dg?). (22.15)
r I"a _i_L
( r r, j
2 2
dsi? = — (1+’i+”—2 c*dt’ +L2+r2(d92 +sin’ 9d¢)2), (2.2.16)
ror o r
(1++2j
roor
ds$? == *di’* +dr* + 17 (d6% +sin* 0dg?), (2.2.17)
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rJie r» — KOHCTaHTa MHTCTPUPOBAHUS, MOA00Has b = ro B pemeHusx (2.1.13).
Bbynem naspiBath MeTpuku (2.2.8) — (2.2.17) 0606menasivu MeTpukamu Kottiiepa. [lpu sTom
MeTpuku (2.2.12) u (2.2.17) aBnsroTcs 4acTHBIMHU ciaydyasiMu meTpuk Kotrnepa (2.2.8) — (2.2.11) u

(2.13) — (2.2.16), cCOOTBETCTBEHHO, TIPHU 7'b = 0 U 74 =

A Cymma Bcex Metpuk (2.2.8) — (2.2.17) BHOBb NpPHUBO-
i i A i i it K metpuke (2.1.21), koTopast Takke SBISETCS TPUBHAIb-
! ¥
f: E 2 13 i i BHCIIITHAA HBIM pelleHneM ypaBHeHus (2.2.7).
A 11 «<060II0UKa» )
ay fo il [Tpu 7o = © u rp # 0 0600mEnHBIE MeTpukH KoTTiepa
1 v h
E i I i E (2.2.8) — (2.2.17) npespamaiorcsd B 0OOOIIEHHBIE METPUKH
E i L il o;sj i E [Bapummneaa (2.1.14)—+(2.1.19), anpurs =0 u 1/ra =1/ro# 0
- L ! -
- : 0 li =T MmeTpuku (2.2.8) — (2.2.17) cranoBsaTcs meTpukamu ae Cutre-
1 I

pa:

- 17151 BBITYKJIOCTH, C CUTHATYpoit (+ ———)
o = [H_J J

a1}
Puc. 2.2.1. I'papux ¢ynkuuu I, - oTHOCH- b 2 ( J
(a0

—r(d6* +sin’ 0dg?), (2.2.18)

1(d6? +sin’ 0dg?), (22.19)

TEJIBHOTO YJ/UIMHEHHWS BaKyyMHOH IPOTSKEH-
HOCTH B «iape» (T.e. BHYTpH IIapooOpa3HOi
TTOJIOCTH)

dsO? = 2dr’ *(d6” +sin® 0dg’); (2.2.20)

- JUIsl BOTHYTOCTH, C CUTHATypoi (— + + +)
2 2
r dr
dsy? =—|1+= |c%dr’ +
0 [ 2)
1+

2
dst? = — (1 _”_z},ﬂdﬁ s I ae vsind 0dg?), (2.2.22)
ry r
[ rozj

ds'? = = dt’ + dr’ + 17 (d0” +sin* 0d?). (2.2.23)

+72(d6* +sin’ 0dg?), (2.2.21)

) o\N‘ ~

[SS]

Puc. 2.2.2. Bpamaromieecs sapo BaKyyMHOTO
o0Opa3oBaHUs

[Ipu ra = ro metpuku (2.2.18) u (2.2.19) onucsiBaioT
3aMKHYTO€ BBINIyKJIO€ (IapooOpa3Hoe) BakyyMHOe oOpaszoBaHue (T.e. "sapo") B muTepBaie [0, ro]
(puc. 2.2.1), 370 KaK pa3 Ta 00JacTh BaKyyMma KOTopas Oblia olpe/aeseHa KaK MOJOCTh MPU PEHICHUH

MepBOro BakyyMHOTo ypaBHeHus (2.1.6) (puc. 2.1.2).
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Apudmernaeckoe cpeaaee nByX MeTpuk (2.2.18) u (2.2.19) oOpasyeT 2-KryT:

ds()? = cdt® - —12(d6” +sin* 0dg?). (2.2.24)

Hoxcrasnss komnonents i’ u gil”) cootBercTBenHo U3 (2.2.20) u (2.2.24) B (2.1.32), nomy-

YHUM OTHOCHUTCIIBHOC YIJIMHCHUC

4 -
19 =0, ,5;):%_1: r4"or4_1, 1§ =0, 1) =0, (2.2.25)
Ca

Ipapux ynxuun [ (2.2.25) (OTHOCHTENBHOrO yIJIMHEHHS BAKyyMHOM MPOTSKEHHOCTH B
paaranbHOM HaIlpaBJIEHUH B Sipe) MOKa3aH Ha puc. 2.2.1.

Takum 00pa3om, BTOpoe BaKyyMHOE ypaBHeHHE OuHIITEHHa (2.2.7) OMHMCHIBa€T HE TOJIBKO
BHEIITHIOI 000JI0YKY BaKyyMHOTO 00pa30BaHHsI, OKPYKAIOLIETO MIapoodpa3Hyto noiocts (puc. 2.1.2),
HO U SIIPO JAHHOTO BaKyyMHOT'0 00pa30BaHus, 3aMOJIHAIOLIETO 3Ty MOI0CTh (puc. 2.2.1, 2.2.2).

B obuem ciyuae metpuki (2.2.8) — (2.2.11) cnenyer 3anucarb B BUJE:

ds? = 1-tor —rz(ale2 +sin’ Qd(pz),

2 2

r r, I v
oty
r Y

2 2
dsi? = 1+’”b_2_’"_zjczd;2_ dr - —r*(d6? +sin® 0dg?),
roor, 1+rh72_r7
r ra22
2 2
dsgf)Z :( _rb_3__2chdt2 _Lz—rz(dﬁz +sin’ ed(Pz):
roory, 1t T
r ra23
2 7, r2 2 5.2 dl’z 2 2 i 2 2
dsi? =1+ 4 — |c*dr® - —r (dH +sin” Odg )
r ra4

2
(1+rb4+rJ

2

r Vo4

[Ipu 3TOM 4-KT'yT, COCTaBIECHHBIN U3 ATUX YETHIPEX METPUK
ds1-4 %= ¥, (ds1O%+ ds2O? +ds3 O+ dss?), (2.2.26)
MOXKET 6LITB 3aIlliMCaH B BBUJIC
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dsC) = f(r)c2di* —k(r)dr* —r*(d6% +sin’ 0dg?),
2 2 2 2
rae f(r):l 1—@+r—2 + l—r”—2+r—2 + l—r”—3+r—2 + l—r”—“+r—2
4 roor, roor, roor; roor,

1 1 1 1
+ + +

1

4 roor r r? r.or’ 7, r?
Sy T e T i I b T
roor roor roor roor

Taxoit 4-xryT ds1-47? 06pa3zoBaH BOCBMBIO CKpyYeHHBIMU "HUTAME" (T.€. JTMHEHHBIMU QopMa-

Mu) dsi”), 06pa3yIONMMH CHCTEMY M3 IBYX KOMIUIEKCHO CONPSKEHHBIX KBATEPHHOHOB!
ds149 "= Vg (dsiO + ids20 + jdssO +kdsa),
ds140" = }/ﬁ (ds19" — ids2™" — jds3O "~ kdsa?"),
MPOU3BEJICHUE KOTOPHIX paBHO (2.2.26).
CpasuuBas goo” B meTpukax (2.2.18) u (2.2.19) ¢ goo”) B MmeTpuke (2.1.45), a goo'”) B MeTpukax
(2.2.21) u (2.2.22) ¢ goo'" B MeTpuke (2.1.46), OITyYUM CKOPOCTH MEPEMELIEHHs BaKyyMHBIX CIIOEB B

K10l TOUKe si7jpa BaKyyMHOro oopasoBanus (puc. 2.2.1):

s metpukn (2.2.18) 1+ r2/ro? = 1+ v /2 — v 2= P — vl = crlro; (2.2.27)
s metpuku (2.2.19) 1 —/ro? = 1+ v O 2 — V2 =2 r* — v =—crlro; (2.2.28)
mns metpuki (2.2.21) — (14 72/70*) = — (1+ vid%/c?) — vid? = r* — v = crfro; (2.2.29)

mnst metpuk (2.2.22) — (1 — #/ro®) = — (1+ vi'™/c?) — v ™2 = 2P /re® — v = — erfro. (2.2.30)

N3 Beipakenuit (2.2.27) — (2.2.28) BUIHO, YTO B3aMMHO MPOTHUBOIIOJIOKHBIE CKOPOCTH Tepe-

MeIeHUs BAKYyMHBIX CJ10€B Vi) = — v B entpe sapa (npu » = 0, puc. 2.2.1) paBHbI HyIlO, a Ha
nepudepun «Aapa» ¢ pagiyCcoM 7o OHU JIBUTAIOTCS CO CKOPOCTBIO CBETA C.

Bonee ¢usmueckoil mpeacTaBiseTcs CUTyalus, KOraa sSApo BaKyyMHOTO 0Opa3oBaHUs Bpallia-
ercs. [Ipu aTom cormacHo kinaccudukanuy npuBeAeHHON B Tabm. 2.1.1, a-CyOKOHT BparaeTcs Ha Iie-
pudepun sapa co CKOPOCTHIO cBeTa v (r0) = ¢ (puc. 2.2.2). 3aTeM OH MO CHUPANH CTEKAETCs C 3a-
MeJUIEHUEM K LEHTPy sjpa, IJie IPaKkTUYEeCKd OCTaHaBIMBaeTcs v (0) = 0 W mpespamaercs B
b-cyOkoHT. B cBo1O ouepens h-CyOKOHT, OTTEKAET MO CHHPAIN OT LIEHTPA sIpa ¢ YCKOPEHUEM, HA4H-
Has co ckopocTd v )(0) = 0 M 3aKkaHuMBas BpalleHHEM Ha Tepudepur sAapa co CKOPOCTBIO CBETa
v (r0) = ¢ (puc. 2.2.2), Tae OH mpeBpamaercs B a-CyOKoHT. TakuMm 00pa3oM, BHYTpHUSIEPHbIE
ab-cyOKOHTHBIE «IIPOLECCHD) 3aKOJIbLIOBBIBAIOTCS, M MOAJCPKHUBAIOT CUIBHO J1e()OPMUPOBAHHYIO Tie-

pudepuio «sapa» BaKyyMHOTo oopa3oBaHus (puc. 2.2.1) B CTAalIMOHAPHOM COCTOSIHUH.
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2.3 HepumaHoBa reoMeTpus ¢ Kpy4YeHHEeM U BpalleHHeM
B npenpiynem myHKTe ObUIO OTMEUEHO, YTO IPU UCCIIEA0BAaHUM CTAaOUIIbHBIX BAKYYyMHBIX 00-
pa3oBaHUM ClEyeT YUYUTHIBATh BPALICHUE UX sJIEP, IOITOMY KOCHEMCSI HEKOTOPBIX aCIIEKTOB FE€OMET-
pUM C KpPYYEHHUEM U BPALLEHUEM.
V3 HeprMaHOBBIX T€OMETpH HanOOJIee BAKHOW IPENCTABIISETCS T€OMETPHs MPOCTPAHCTBA
Pumana-Kaprana ¢ aOCOMIOTHBIM NapaJLIeIN3MOM, KOTOPYIO YacTO MCIOb30BasI DWHIITEHH |50, 54].

Tenszop kpuBu3Hbel Pumana-Kpucroddens stoii reomerpun, mpuBeIeHHBIH B [27], paBeH HYIIO

R, (Q)=R}, +K;,,—Kf, + K. K, — Ko K7, =0, 2.3.1)

Buv By
R :
rac Puv — TEH30P KPHUBU3HbI PI/IMaHa,
— — — a |
K,uvl - Q,uvl Qvl,u + Ql/w — TEH30p KOHTOpCHH, K,uvﬂ. - gﬂ,aK,uv ’

A A A
0, = A(FW A ) — KPy4EHHE. (2.3.3)
ToxxnectBo (2.3.1) 0o3Ha4aeT, YTO B reOMETPUH C aOCOTIOTHBIM MapaJICIU3MOM KOMITOHEHTHI

TE€H30pa PUMAHOBOM KPUBU3HBI R gﬂv OKa3bIBAIOTCS ITOJIHOCTBIO CKOMIIEHCHUPOBAHHBIMU KPYy4ECHHUEM.

[Ipu sTOM BMecTO ypaBHeHus (2.2.7) B JaHHON reOMETPUM Ha OCHOBAaHUU BapHAIlMOHHOTO MPUHIUIIA
MoJTy4yaeTcsi ypaBHeHue DiHiTeiiHa - KapTana [27]

R,-VRg,, +Ag,, =Y,, (2.3.4)
rjae

Y, =KK, +KwﬁKfﬁ +K,, B “+K,, d —/Vzgﬂ‘(KiK/1 +KM‘K’“’ V)— tensop Kaprana-Cxoyrena; (2.3.5)

K, =20, ZQ,?,I — cJIeJl TeH30pa KOHTOPCHH. (2.3.6)
DTO ypaBHEHUE BBITIIAJIUT TaK, KaK €CJIM Obl Kpy4eHHE MPOCTPAHCTBA, TOUHEE BpalllaTeiibHas
uHepiys 1o [49], aBisutach UCTOUHUKOM €r0 KPHBHU3HBL. BEpHBIM BBITJISIUT U 00paTHOE yTBEPKIIe-
HUE, YTO KPUBHU3HA MPOCTPAHCTBA MHULIMUPYET €r0 KPyUCHHE.
B pab6orax P. Baituen6eka, /{. Butanu u I'. [llunoBa B paMkax reoMeTpuu ¢ aOCOJIIIOTHBIM I1a-

paJUIeIM3MOM TAKXKE MOTYUYEHO MOJIHOCTHIO T€OMETPU3NPOBAHHOE YpaBHEHUE [49]

R, -V Rg, +Ag,=-D,,, (2.3.7)
TJIe TIpaBasi YacTh BBIPAXKCHA B TEPMHHAX PEIIEPHOTO opMan3ma:
D, 2{V[ o D D)y58,8 V1 B DD, n])}; 238)
— teH3op Baiinen6eka-Burtanu-11Iunonsa;
o.-iglg, g, 2.3.9)
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— k03 PuIHeHTHI BpameHus Puayuy;

Uy =phellet ) (2.3.10)

— 00BEKT HETOJIOHOMHOCTH;

€ak — KOMIIOHEHTHI €IJMHUYHOTO BEKTOpa Bpallarolerocs 3-penepHoro 0asuca.

Pasnmuunsie monxonaer Kaprana-Cxoyrena u Baiinien6exa-Burtanu-11IumnoBa K MOCTPOCHHUIO
F€OMETPUU C KPYUCHHEM M BPAILCHHUEM XapaKTEPU3YIOT Pa3JIMYHBIC TUIIBI BPAICHUS IPOCTPAHCTBA.
Ecnu tenzop Y. XapakTepusyeT IBHKCHHE Hadaiaa MPOOHOT0 BEKTOpA MO MCKPHUBJICHHOW U BpaIiaro-
ieiicsi BAKyyMHOUM MPOTSHKEHHOCTH, TO TeH30p @ik XapakTepusyeT BpallleHue 3-penepHoro 6asuca Bo-
KpyT CBOEH LICHTPAJIbHON TOYKH.

B o0mieM citydae moMHOCTBIO TEOMETPU3UPOBAHHOE YPABHEHUE UMEET BUJ
-»hRg,, +Ag,, =Y, +D,. (2.3.11)

OpHako He PaBEHCTBO HYJIIO MPaBbIX yacTel ypaBHeHui (2.3.6), (2.3.7) u (2.3.11) HeuzbexHO
MIPUBOJUT K HECTALIMOHAPHOCTH BAaKyyMHOMN NPOTSHKEHHOCTH, T.K. Yuv # 0 1 @y # 0 TEH30pBI, 1OITOMY

OHHU IMOJYHUHAIOTCA 3aKOHY

V_/‘(Yik + ®ik) =

D) 14, 0, -1, + 0 =0, (23.12)
T |

a HE 3aKOHAM COXpaHEHMSI.
O(Yir +@ir)/oxk= 0, (2.3.13)
Taxum 006pa3zom, 171 CTaOMIIBHBIX BaKyyYMHBIX 00pa30BaHM Bce KOMIIOHEHTHI TeH30pa Kapra-
Ha-CxoyTeHa Vv u TeH3opa BaiinenOeka-Buranu-1llunosa @i nomxHbl ObITh paBHBIMU HyIO. [Ipu

3TOM TOXJeCTBO (2.3.11) pacnanaercs Ha cUCTEMyY U3 JIByX WJIM TPEX YpaBHEHUN

_%Rg,uv-i_Agyv 207
Y, =0, (2.3.14)
,=0.

_%Rg,uv +Ag,uv :0’
Yw +®W =0,

BaxHo ormeTuTh, 4TO B IpocTpaHcTBe PrMana-KapraHa m3-3a HECHMMETPUYHOCTH CUMBOJIOB
Kpucroddens I, # I';; HeCHMMETPHYHBIM OKa3bIBaeTCs U TeH30p Puuun Ryv # Ry Ho B yacTHOM city-
yae A=0, Yiw=0u @u =0 (umu Y + Qv = 0) u3 ypaBaenuii (2.2.5) u (2.3.11) cnenyer, uto R =0
¥ Ry = 0, O3TOMY OHM OKa3bIBAIOTCS TOKIAECTBEHHO paBHbiME R, =R, . D10 cooTBETCTBYET TaKuMm

TUIIaM BPALLCHUN U KPYUYEHUN BaKyyMa, KOTOPbIE HE OKa3bIBAIOT BIMSHUE HA T€H30p Puyun Ryv, HO Ha

s
KOMITOHCHTBI TCH30pa KPHUBU3HBI Rﬂlu‘/ OHU MOTYT BJIUATD. 9TO MOXO0XKe Ha TO, 4TO HEKHI 00beM Ipo-

CTpaHCTBA Bpalla€TCsA 110 OTHOIICHHUIO K BHCITHEMY Ha6J'I}OI[aTeJ'IIO, HO TC, KTO HAXOJATCA BHYTpPHU 3TO-

ro oorema MPAKTUYCCKU HC OIYHIAOT TAKOTO BpALICHU. HaanMep, HaxoJd4Ch Ha MMOBECPXHOCTHU 3eM-
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JH OY€Hb CJIOXHO OIIyTHTh, YTO OHA Bpamiaercs. TeM He MeHee, CYIIEeCTBYIOT d3PPEKThI, CBUICTEIb-
CTBYIOLIME O HAJMYUU CUJI MHEPLMHU, OOYCIOBICHHBIE BpalllaTeIbHbIM JABHKCHHEM IUIAHETHI, HAIIPH-
Mep, OTKJIOHEHUs! MasiTHUKa Dyko, pa3Has KpyTH3HA JIEBBIX U MpaBbIX Oeperos pex u T.1. iMeHHo Ta-

KOH TUI BpalleHus «spa» BaKyyMHOTo 00pa3oBaHus ObUI AOMyLIeH B myHKTe 2.2 (puc. 2.2.2).

2.4 PacuuiupeHHoe (TpeThbe) BAKYYMHOe YPaBHeHHe JHHIITeiiHA
Jlo 3TOro MOMeHTa ObUIM PACCMOTPEHBI COBOKYITHOCTH PEIIEHUI XOPOIIO M3BECTHBIX CIHEIHa-
JMCTaM BaKyyMHBIX ypaBHeHMH DiHmTeiHa (2.1.6) u (2.2.7). B 3TOM nyHKTE BIEpBBIC MpeAIaracTcs
pPaccMOTPETh PACIIMPEHHBIM BAPUAHT JAHHBIX YPABHEHUM.
B cuity cBoiicTBa KOMIIOHEHT METPUYECKOTO TeH30pa (2.2.1), J1erko nmokasarb, 4To
Vi A gik= AV, gir= 0. (24.1)
Takxke 04eBUAHO BBIOIHEHUE PABECHCTBA
V;(Al i + Mgy + Asgy ot Aoogik) =AM Vg + AV g + AV g+ + ALY g, =0, (2.4.2)
rae A1, Az, ..., Aw — KOHCTAHTEI.

CrnenoBaTenbHO, PYKOBOJCTBYSICh TEMH K€ COOOpaKEHUSIMH, KOTOPbIE MPUMEHU DUHIITECHH

JUTsi BBOZIa A - wiieHa B ypaBHeHue (2.2.3), MOXKHO 3amucaTh

1
Ry _ERgik +A gt ALg A g+ A Lg, =0,
(2.4.3)

1
T Ry~ Rg, + (A, +A,+ A +..+A)g, =0, (2.4.4)

rae Ak = £3/ri?, 31ech rc — paguyc k-ro chepHuecKoro BaKyyMHOTO 00pa3oBaHus.
VYpaBuenue (2.4.4) MOXET yJOBJICTBOPSATH BCEM TPEOOBAHUSAM, KOTOPHIM yAOBJIETBOPSET ypaB-
HeHue (2.2.3), ecmu A1+ A2+ Az +...+ Aw = Ao (T.€. ecau cyMMa JaHHOTO psja cxoaures K Ao). [eit-

CTBHUTEJBHO, B 3TOM ciiyyae ypaBHeHHe (2.4.4) npuBoaAUTCS K BULY ypaBHeHHS (2.2.3)

1
R, ——Rg., +A,g, =0.
ik 2 gzk ngk (245)

CaepreiBas ypasHenue (2.4.4) ¢ g, nonyunm

gi"{&k —%Rgl.k +(A + A+ A+ A g, }:R—§R+n (A +A, +A +..+A,)=0, (2.4.6)

OTKYyJa CJIICAYCT

2 2

n o~ n
R = E A, = A, 2.4.7
_2 k=1 K l’l—2 0 ( )

n

[ToncraBnss (2.4.7) B (2.4.5), npu n = 4 nony4uM MpocTeHIImid (A7 pacCMaTpUBAEMOro CIIy-

Yasi) BApUaHT PacIIMPEHHOr0 BAaKyyMHOI'O YpaBHEHUsI DHHILITEHA
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Ry — 8y Z Ay =0. (2.4.8)

k=1

JlanHO€ BhIpakeHue Oy/1eM Ha3bIBaTh «TPETHUM BaKyyMHBIM YpaBHEHHEM DHHIITECHHA.

CymmMma psina B ypaBHeHuH (2.4.8), ¢ yuetom (2.4.7) u n = 4, MOXKET CXOAUTHCS K R/4:
(2.4.9)

— abCOJIIOTHO A, = A, =3 L
’ kzzl ¢ kzzl v k2 4
WM
- N R
— 3HaKOMepeMeHHo A ;) = 32 (— l)k —t = 7 (2.4.10)
T

k=1

rae Nk — oCaea0BaTeIbHOCTD YUCEL.
OcoOblif MHTEpeC NPEACTaBIAECT B CpeAHEM PuuuymM-miockass BaKyyMHasl HPOTSDKEHHOCTb C

Rix = 0, T.X. mpu 3TOM MpociexuBaeTcs CBI3b ¢ Puyum-ruiockumu mnpoctpanctBamu Kamabu-Sy.

B stom ciyuae cornacro (2.4.7) u (2.4.8) umeem: A = Zw: A, =0 nu R =0, acucremMa ypaBHEeHHU
k=1

(2.3.14) pacniagaeTcst Ha CUCTEMY U3 TPEX WM YETHIPEX YPaBHEHUM

R, =0,
" = O, Y:uv = 0’
Y,+2,, =0, ®,, =0, (2.4.11)
DA, =0 A, =0
k=1 k=1

2.5 PenieHus1 TpeThero BAKYyMHOI'0 YpaBHEeHHs JMHINTEeHHA

PaccmoTpuMm Hambosiee BaXXHBIM, Ha Halll B3I, CIy4aid, KOTrJja TPEThbe BaKyyMHOE YpaBHEHUE

2.5.1)

Oiinmteiina (2.4.8) umeer BU
Ry —&ulNo =0.
re Ay=3 A, =33 (-1) e 2.5.2)
k=1 k=1 ry
— 3HaKOYepeAYIOLIMNACS psill, CyMMa KOTOPOTO paBHa HYJIIO.
IIpexne Bcero, HaliaeM penieHust ypasHenus (2.5.1) npu
(2.5.3)

YA =A,.

0
k=1

Bun ypaBHenus (2.5.1) mosHOCTBIO COBNAJAET C BUAOM BTOPOTrO BaKyyMHOI'O YpPaBHEHMS

Oitamreiina (2.2.7). [loatomy pemenusmu ypaBHenus (2.5.1) sBisitotest 06061menasie MmeTpuku Kot-

Tiepa, mogooHbie MeTpukam (2.2.8) — (2.2.17):
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- ¢ CUTHATypoi (+ ———), A "BBIITYKIOro" BaKyyMHOTO 0Opa30BaHUs

, 2 2
ds* = 1-—-L+ Ao ]czdﬂ - dr —rz(dHZ +sin’ Hd(pz)’
r 3 r A0r2
1_ _J
r 3
2
ds(? = 1ol J AT g dr ~r*(d6> +sin’0dp?)
r 3 P W
1 -~ YV
r 3
r, 2 2
ds{? = I Aort g dr —rz(d¢92+sin2€d(02),
o LT Aer?
r 3
r 2 2
ds$)? = {1 +l+AOTr}c2dt2 - dr —rz(ala2 +sin? 9d(p2)
r b

7. 2
[1+f+WJ
r 3

ds$? = 2di® — dr® - r2(d0” +sin® 0dg? )
- CUTHATypou (— + + +), 115 "BOrHyToro" BakyyMHOro o0pa3oBaHus

ds§+)2 —_ Czdtz +dr2 +r2(d02 +Sin2 9d¢2),

7 2 2
dsi? = {1+._f+Ao_r c2ds? + dr +r2(d92 +sin? 0dg?),

r 3 ’. 2
[1+f+/\0rJ
r 3

r, 2 2
ds{? = - ALY Fe S dr +r2(d¢92+sin26’d¢2),
r 3 rf Aor
r 3
’ 2 2
ds§+)2=— 1+L_A0_r c2dit + dr +r2(d02+sin26’d(p2),
r 3 vV, A 7’2
14+ L 20
r 3
e Aar? dr? .
dsl(+)2:_{1__f+ %” chdt2+ ! +r2(d92+s1n26’d(p2),
r

7 2
[l_f_i_[\orJ
r 3

rjae s 6oJsiee mHTEpecHoro ciy4vas (2.4.11) MoxHO 3anmucaTth

© = 3N o 3N
Ay=2 Ay =2 —5+2 -
k k

k=1 k=1 T k=1 r

ZO:

o0 o0
r, :;Fk +;—rk =0,

T.K. IOIyCTUMO TOJCTaBUTh b = 7, B pemieHus (2.1.13).

(2.5.4)

(2.5.5)

(2.5.6)

(2.5.7)

(2.5.8)

(2.5.9)

(2.5.10)

2.5.11)

(2.5.12)

(2.5.13)

(2.5.14)

(2.5.15)
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Jlanee OyyT pacCMOTPEHBI J]Ba YaCTHBIX, HO, HA B3IJISAJ aBTOPA, BaXHBIX ClIydasi, KOTOpbIe Oy-

neM yciioBHO HasbiBaTh "Mepapxus necatu chep” u "BerBu Jlroku - ubonavyun”.

2.6 Uepapxus necatu chep
Uccnenyem vactHblil cityyait, kornaa psasl (2.5.14) u (2.5.15) uMerOT ynpOoIIeHHBIA BUI:
10 10
3 (_ i) -0, (2.6.1)

10
A 0= Z A kT Z 2 + 2
k=1 k=1 Ty k=1 ry
10 10
r=3r 43 (- )=0 (2.6.2)
k=1 k=1
PaCCMOTpI/IM I10 OTACJIIBHOCTHU pSII[BI C NIOJIOKUTCIBbHBIMHU U OTpI/II_IaTeJ'IBHBIMI/I cJaracMbiMHu
10 10 1
r=Y o, A, =3) — (2.6.3)
k=1 k=1 Tk
10
(2.6.4)

[loncraBum psanel (2.6.3) B Merpuxu (2.5.4) — (2.5.7) Bmecto psinoB (2.5.14) u (2.5.15) u

YUTEM, UTO MOXKHO 3aIlluCaTb

1—“’+Adr2:1—rl+r2+"'+r‘°+(1z+12+...+12]#:
r 3 r non o
2 2 2 2 2 2
=|1 r1°+r—2 —|1+2—— |+ 1——8+r—2 - 1+—7—r—2 +1-L+— 1+ r—z . (265
ron roorn ron roor roor ror
2 2 2 2
e (A (e B
r r r v, r n r No
1414 Ay 1 r1+r2+...+r10_(12+12+m+lz)rzz
ro3 r non i (2.6.6)
2 2 2 2 2
r 12 r rg r r, r n r No
2
1_rd_Adr |ttt —[12+12+...+12jr2=
ro3 r UG "io 2.6.7)
2 2 2 2 2
=(1—r1°—2]—[1+r9+2]+[1—r8—2]— +(1—r2—2]—(1+r'+r2],
r Iy r g r r, r n r No
2
147y At :1+r1+r2+"'+r1°+(12+12+...+lerzz
ro3 ’ non T (2.6.8)
Fo 17 K1 ror ror nor
=l l+—+— |- |l-=—— |+ 1+t [+ I+ =+ [ == ——|.
ro ron ror rog ror
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B pesynbrare mosrydyum METPUKHU C CUTHATYpO (+ — — —):

2 2 2 2 2
ds{? ={(1—r1°+r2]—(1+rg—r2J+[l—r"+r2j—...+(1—rz+r2]—{l+r]—FZJ}c%ltz -
r ¥y r Iy r r, r n r no
-1
2 2 2 2 2
{[lj[lj(lj[lj[lj} w69
r Ty r rg r r, r n r "o

—r*(d6* +sin> 0dp?),

2 2 2 2 2
ds{? = 1+r1—°—r—2 — 1—r—9+r—2 + 1+r—8—r—2 —t 1+r—2—r—2 - 1—}’—1+r—2 cdt’ -
roon roor roo roon roon
2 2 2 2 2\ !
— 1+r1—0—r—2 - l—r—"’+r—2 + 1+r—8—r—2 -t 1+r—2—r—2 — 1—’”—'+r—2 dr’ - (2.6.10)
roon roor roo ron roon

—rz(dé?z +sin’ 6’d(p2) ,

2 2 2 2 2\ 26.11
P . i R T
roor roor ron ron rono

- rz(a’ﬁ2 +sin’ quoz) ,

ds{? = 1+r1_0+ﬁ oot + 1+r—8+ﬁ —t 1+r—2+ﬁ fon c’dt’ -
! r nf r r82 r r72 r ”12 r_rlé
2 2 2 2 2\
-~ 1+r‘—°+r—2 —~ —r—"—r—z + 1+r—8+r—2 —t 1+r_2+r_2 —~ —r—l—r—z dr’ - (2.6.12)
r ¥y r rg r r; r n r o

—r*(d0? +sin” 0dg?),

ds\? = dr* —dr* —r*(d6* +sin® 0dg?). (2.6.13)

TouHo Takxke, moacrtaHoBka psaaoB (2.6.4) B metpuku (2.5.10) — (2.5.13) npuBoAUT K TOTyUe-

HUIO METPUK C aHTUIIOJIHOM CUrHATYypou (—+ + +):
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ds{? = —cld> +dr* +r*(d0® +sin’ 0dg?). (2.6.14)

2 2 2 2 2
ds{"? = ey r_2 — _r_g_r_z + 1+3+r—2 —t 1+r_2+r_2 —~ —i—r—z ccdt’ +
r Ty r g r r r n r N
-1
2 2 2 2 2
{£1+—+—2J—( _r_g_r_2] (1+ +—]—...+(1+r—2+r—2J—( —E—F—Z]} dr* + (2.6.15)
r 7'9 r }"8 r 7"7 r }’i r ”10

+r2(a’¢92 +sin’ 9d¢)2) ,

2 2 2 2 2
ds§“2=—{(1—@—r—zj—(1+r—"+r—2J+(l—ﬁ—r—zj—...+£l—r—2—r—2j (1+r‘+r—2J}czdﬁ+
r ry r rg r r, r " r Ho
-1
2 2 2 2 2
{(l__j(l__j(l__j(1__M1__j} i Q616
roor rooR roon ron roon,
+r2(a’¢92 +sin? Hdgpz) ,
2 2 2 2 2
dsé”z=—{(l+r‘—°—r—2j—(l—r—9+r—2J+(1+r—8—r—2]—...+(1+r—2—r—2j—(1—ﬁ+r—2j}c2dﬁ+
r 7y r g r r r n r Mo
-1
2 2 2 2 2
{[1__N1__](1__j(1__j[ __J} w6
r 7"9 r }"8 r }’7 r 7"1 r ’”10
+r2(a’¢92 +sin® 9d¢)2),
2 2 2 2 2
dsf”2=—{(l—rl—°+—2j—(l+r—9—r—2] (l——+r—2] +[l—r—2+r—2J—(l+i—r—2j}c2dﬁ+
r 7y r g r r r " r o
1
2 2 2 2 2
+{[1 r“’+—J [l+——r—2] (1——+—]— (1__+_J_(1+£_F_ZJ} dr® + (2.6.18)
roon rooR roorn ron roon,

+12(d6% +sin® 0dg?).

PaccmoTpuM, ueMy MOTYT OBbITh PaBHBI painycChl 7k B MeTpUKax (2.6.5) — (2.6.18).

EctecTBEHHO IPENONI0XKUTh, YTO B MOJHOCTBIO F€OMETPU3NPOBAHHON (PU3UKE JOJKHBI MIPU-
CYTCTBOBAaTh TOJIbKO T€OMETPUYECKHE KOHCTAHTHI. K TaKMM KOHCTaHTaM MOTYT OTHOCHUTBCS: Ry — Ta-

. . ~ ~ ~ 9 09-1010

pameTpuyeckuit paauyc Beenennoit, u Ic= ¢ At = c-1cek = 2,9:10"" cm — paccTosiHEE, KOTOPOE MTPOXO0-
JIMT JIy4 CBETa B BaKyyMe 3a €JHHUYHBIN POMEKYTOK BpeMeHH Af = 1cek.

[Ipenmnonoxum, 4To paguychl 7k B MeTpukax (2.6.5) — (2.6.18) oueHHBaOTCS COOTHOIIEHUEM

Vk ~ sz/lck s

rae lek = (2,9:10'%)% cM — paccTosinue nonyyeHHoe myTeM Bo3BeaeHus yucia 2,9:10'° s crenens k.
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Ecnu monoxurs, uro Ry = 10%° c¢M, To momy-
4UM IPUOIUKEHHOE OTHOIIEHHE
2 50
R® 10
Ve ~ I (2.9.1010)F M
ck ( )9 : )

, (2.6.19)

U3 KOTOPOro CieIyeT Hepapxuyeckas Iocie10Ba-
TEJILHOCTh PAJIyCOB JiecaTu cdep:
(2.6.20)
r1~3,4:10% cM — paguyc, cou3sMepuMblii
C pajiycoM 3aMKHYTO# BceneHHoi*?;
r2~1,2:10% cM — paauyc, cou3MepuMBIii
C PaINyCOM siIpa METaraJlakTUKU;
r3~4-10'8 cm — pamuyc, consmepuMBlit
C PaiyCOM s1/ipa rajJaKTHKY;
ra~1,4'10% cM — paauyc, cousmMepumBlii
C paguycoM sijipa 3Be3/bl (IJIaHETHI);
rs~4,9:107 cM — pajauyc, Cou3MepUMBIii
C paAnyCcoM OMOJIOTUYECKOM KIIETKHY;
r6~1,7-10"3 cM pamuyc, cousmMepumelii
C PaAMyCOM si/ipa 3JIeMEHTapHON YaCTHIIbI;
r7~5,8'10"%* cM — pamuyc, cou3MepUMBbIit
C painycoM siJipa IpOTO-KBapka™*;
rs~2,1:10"* cm — paguyc, cousMepuMBblii
C painycoM sJipa IUIaHKTOHAa™®;
r9 ~7:10% cMm — panuyc, cousMepuMbIii
C paANyCoOM sijipa MPOTO-IUIAHKTOHA™;
10 ~ 2,4°10° cM — paauyc, COU3MEPHMBII
C paauycoM siipa HHCTAaHTOHA™.
Paguycsl 12, 73, r4 U s COU3MEPUMBI C yCpea-
HEHHBIMHM pPaJNyCaMH sJep peajbHbIX CHEpUUECKUX

O6p8.30B3HPII’II MCTarajJlakKTukK, rajJakTuK, 3BC3[ (nna—

@g%

Puc. 2.6.1. IlociemoBaTelbHOCTH BIIO-
JKEHHBIX JAPYT B Jpyra cepuyuecKux Ba-
KYYMHBIX 00pa30oBaHUM

Yoo ‘§ .':

Puc. 2.6.2. Vepapxus qecsTH BIOKEHHBIX
JPYT B Apyra chepuyeckux BaKyyMHbBIX
o0Opa3oBaHUit

HET) 1 OMOJIOTUYECKUX KIIETOK, a PAINyC 76 MPAKTHUYECKU COBMAJ ¢ "KJIACCHYECKHM PaIycoM” 3IeK-

tpona 2,810 3cm. [To3TOMY He HCKITIOYEHO, YTO M OCTABIIUECS PAMYCHI 1, 77, I'8, F9 U 710 JAHHOH T10-

2 Hasanus cepuueckux oGpa3oBaHHii, OTMEUECHHBIX 3BE30UKOIT (), BBEICHBI ABTOPOM.
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CJIEZIOBATEIIbHOCTH, TaK)KE COOTBETCTBYIOT YCPEAHEHHBIM paguycaM CQepuuecKux OOpa3oBaHHIA,

HaCEJISIIOIIMX OKPY KAIOIIUNA MUP.

Puc. 2.6.2 a. ®paxranbHbIe HIUTIOCTPAIIIHI HEPAPXUH BIOKEHHBIX CPEPHIECKUX
BaKyyMHBIX 0Opa3oBaHuii (2.6.20)

Metpuku (2.6.5) — (2.6.18) sBisIIOTCS peLIEHUSIMU YIIPOLIEHHOT'O J0 JECITH Ai-4JIE€HOB TpEThe-

ro BaKyyMHOT0 ypaBHeHMs DiHImTeiHa (2.5.1):
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Ry—g, D A, =0, (2.6.21)

10 10 3 10 3 10 10

Tae DA =D -—|=0, GZZFHZ(—%):O-

[Tpu uepapxuu panuycoB 7k (2.6.20) 3Tu perieHusi OMHUCHIBAIOT MOCIEI0BATEIILHOCTD JECITH
BJIOXKEHHBIX JIPYT B IpyTa cpepuuecKux BaKyyMHBIX 00pa3zoBanuii (puc. 2.6.1, 2.6.2).

Jlyis mpuMepa paccMOTpHUM OJTHO cepruecKoe BaKyyMHOe oOpa3oBaHue u3 uepapxuu (2.6.20)
¢ paguycoM re~1,7-10"13 cM, coOTBETCTBYIOIMM XapakTepHBIM pazMepaM "sjiep” dIeMEHTapHbIX ya-
ctuil. Bece ocranbHble BakyyMHble 00pa3oBaHHs U3 paccMaTpuBaeMoil uepapxuu (2.6.20) ycTpoeHsbl
aHaJIOTHYHO.

B merpukax (2.6.9) — (2.6.12), octaBUM TOJIBKO T€ CllaraéMble, KOTOPHIE COJEPKAT PAIUYCHI 6.
B pesynbrare moayuum Cieayrollyl0 MHOTOCIIONHYI0 METPUKO-TUHAMHUYECKYI0 MOJEIb YCIOBHO BbI-
MyKJIOr0 BaKyyMHOT'O 00pa30BaHUs, KOTOPYIO OyJeM Ha3bIBaTh «IJIEKTPOH», T.K. PAIUYC SApa TAKOTO

00pa3z0BaHus MPAKTHUYECKH COBHAJAET C "KIACCHYECKHM PafiycoM” S1eKTpoHa rs =2,8:10713 cm:

«IJEKTPOH)? (2.6.22)

"BrIykiioe” MHOTOCIIOHHOE BaKyyMHOE 00pa30oBaHHE C CUTHATYPOH (+———)
cocTosLIee u3:

BHemHsist 000/104Ka «3JIEKTPOHA»
B MHTEpBaeE [75, r¢] (puc. 2.6.3)

2 2
dst 2 =1 r_6+r_2 czdtz——dr . —rz(d02+sin29d(02)a (2.6.23)
oK l—ri+r—2
ror
(+——)2 2 7,2 ar’ 2 2 .2 2
dst 7 =145 D2 - T 12467 +sin® 0dg?), (2.6.24)
roor oo
5 -
5
2 2
ds{~ = 1_ﬁ_r—2 c2dt? —Lz— rz(a’H2 +sin’ Gdgoz), (2.6.25)
E s T
r 7"52
2 2
dsi 7 =1+ v T lerar —Lz—rz(dﬁz +sin’0dg? ), (2.6.26)
roor r, r
I+=+—
roon

3 B nanHOMN pa6oTe HA3BaHUs YACTHUI[ B3ATHI B KABBIUKH, HATIPHMED, «NEKTPOH», TAK KAK METPUKO-IMHAMUYECKUE MOJIENN TAHHBIX
BaKyyMHBIX 00pa30BaHUI BO MHOTOM OTJIMYAIOTCSl OT MOJIEIBHBIX MPEACTAaBICHUH 00 STHX YacTHLAaX B KBAaHTOBOW (H3MKe. ABTOpY XO-
POLIO U3BECTHO, YTO B COBPEMEHHBIX KBAHTOBBIX TCOPUAX IEMEHTApHBIC YAaCTULBI HE MMECT Pa3MepoB, U BMECTE C TEM TOYCUHOCTb
JJIEMEHTAPHBIX YaCTHIL SBISIETCS OTHON M3 OCHOBHBIX IIPOOJIEM COBPEMEHHBIX MOAENBHBIX MPEACTABICHHUAX 0 MUKpoMupe. B 3toit pado-
T€ 10 CTOXacTHYEeCKOW MeTpadu3MKe, pa3BUBaeMOil Ha 0a3e aKCHOMAaTHKHM AJNreOpbl CHIHATYp, MOKA3bIBAETCS, YTO dJIEMEHTapHbIC Ya-
CTHIIBI, KaK M JII0OBIe Opyrue cdeprieckue BaKyyMHBbIE 0Opa30BaHUS MMEIOT SIpa C YCPEIHEHHBIMH XapaKTEPHBIMH pa3MepaMH H3

nepapxuu (2.6.20).
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SAnpo «3neKkTpoHa»
B MHTEpBaJIE 76, 7] (puc. 2.6.3)

2 2
ds 2 = [1 _hy r_Z]czdtz IR ~ - rz(dé’z +sin” Odg’ ): (2.6.27)
roor roor
roor
2 2
ds{ 2 = (1 +5h ”—Zchdﬁ - Lz —(d6” +sin’ 0dg?), (2.6.28)
T L
oo
2 2
dS§+___)2 = (1 _l"_7 - r—z)czdtz - Lz - rz(dﬁz + Sin2 Hdgﬂz)y (2629)
roor rnor
7
6

2 2
dsi 7 = (1 +2. D dr —1?(d0 +sin> 0dg?), (2.6.30)

jczdtz B
T (1 +5 4 er

r g

HleabT «3j1eKTPOHA»
B uHTepBaiie [0, o]

sl = df’ - dr* 1 (d6” +sin> 0dg?). (2.6.31)
AHanoru4Ho B MeTpukax (2.6.15) — (2.6.18) octaBuUM TOJIBKO T€ claraeMble, KOTOPbIE COIep-
XKaT paauychl 76 . B pe3yibrare mojiydum ClIeAyIONyl0 METPUKO-IUHAMUYECKYIO0 MOJIENb YCIOBHO BO-

THYTOT'O BaKyyMHOT'O 00pa30BaHUs, KOTOPYIO Oy/€M Ha3bIBaTh «I1O3UTPOH»:

«[IO3UTPOH» (2.6.32)

«Bornyroe» BakyyMHO€ 00pa3oBaHHE C CHTHATYpoOil (— + + +)
COCTOSIILEE H3:

Bueniusis 000J104Ka «IMO3UTPOHA»
B MHTEpBaJIE 75, 76] (puc. 2.6.3)

2 2
d l(7+++)2 _ —(1—&+r—2jczdt2 +—dr 5 +r2(dl92 +Sin2(9d§02)a (2.6.33)
roon vy r
ror
2 2
ds{ 2 = —(1 e r—chzdtz + LZ + rz(a’H2 +sin’ Gdgoz), (2.6.34)
rn 1+ 1
( r rfJ
2 2
dsi = 1T D g P 2(46° 4 sin? 0dg?), (2.6.35)
r 1’5 ( }"6 r j
)
ron
2 2
ds{ 2 = —(1 ey r—chzdtz P S rz(ah92 +sin’ 9d¢2), (2.6.36)
roor
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Anpo «nmo3uTpoHa»
B UHTEpBaE [76, 7] (puc. 2.6.3)

2 2
dsl(—+++)2 — _{1 _ I"_7 + r_chzdtz + Lz + rz(daz + SiIl2 Hd(/)z),
r rg r, r
r rg
2 2
dS§—+++)2 — _(1 + A _r_zjczdtz + Lz + I/'z(de2 + Sin2 9d¢2):
r 13 [1 n Vi FJ
2
r re
2 2
ds§—+++)2 — _[1 _h_ %]Czdlz + Lz +7? (d92 +sin’ 9d§02),
roor BT
1-Z
( r FGZJ

2 2
ds 0 = _(1 oy r_zjc%[ﬂ I r2(d92 +sin’ 0d¢)2),

2

r T, I r
6 1+ +—

r 183

HleabT «1O3UTPOHA»
B uHtepBaiie [0, o]

(2.6.37)

(2.6.38)

(2.6.39)

(2.6.40)

(2.6.41)

CoBokynHOCTH MeTpHK (2.6.23) — (2.6.31) u (2.6.33) — (2.6.41) oTnM9arOTCs TOJBKO CUTHATY-

poit. To ecTb «3nekTpon» (2.6.22) u «1mo3uTpoH» (2.6.32) — 3TO MOTHOCTHIO UACHTUYHBIC AHTUIIOHBIC

KOMUHU JIpYT Jpyra. Eciu «31aekTpoH» yCIoBHO Ha3BaTh "BBITYKIOCTHIO" BaKYYMHOM MPOTSKEHHOCTH,

TO "MO3UTPOH" — 3TO TOYHO TaKas K€ €€ "BOTHyTOCTh'.

Puc. 2.6.3. "Bremnss obonouka”, "pakus”, "aapo” U BHyTpeHHEE "SIPHIIKO "
chepruIecKoro BaKyyMHOTO 00pa30BaHuUs
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Ha puc. 2.6.3 moka3zaHa reoMeTpu3upoOBaHHAas MOJCIb chepruiaeckoro BaKyyMHOTO 0Opa3oBa-
HUA ¢ paguycamu chep u3 uepapxuu (2.6.20). B yactHOM ciydae, «37eKTpoH» (WM €r0 aHTUIIOHAS
KOITHS — «IO3UTPOH») uMeeT (puc. 2.6.3): sapo ¢ paguycom 76 ~1,7-107"% cm; BHyTpeHHee «aaphIkoy»
¢ pamuycoM 77 ~5,8:102* cM; U «BHEIHIOW 060I0UKY», pacIpocTpaHsiolLytocs ot 76 ~1,7-1071% cm 1o
rs~ 4,910 cM (umu 10 74 ~ 1,4°10% cm, umu 10 73 ~ 4:°10'8 c™M 1 T.71. B 3aBUCUMOCTH OT TOTO, BHYTPH
KaKoro c(hepruyeckoro 00pa3oBaHusl HAXOIUTCS JAHHOE SIAPO «AJIEKTPOHAY).

B npyrom crydae, Hampumep, «IJIaHETbD» (WM «aHTUIUIAHETB»): "sSIpo” MMeeT paauyc
ra~1,4:10% cm; «saapeimko» uMeer paguyc rs~ 4,9-107 cm (umm 76 ~1,7-10'% cm, 1 1.1. B 3aBHCUMOCTH
OT TOTO, Kakoe cheprueckoe 00pa3oBaHUE HAXOIUTCS BHYTPH SIIPa «IUIAHETHD»), a «BHEUIHSISI 000J104-
Ka» pacrpocTtpansierca oT 74 ~ 1,4°10% cm 1o 73 ~ 410" em (mmu mo 2 ~ 1,2°10% oM, umm 10
r1~3,4:10°° cM 1 B 3aBUCUMOCTH OT TOTO BHYTPH Kakoil cepbl HAXOAUTCS AAPO «ILTAHETHI»).

"Ienpt” (2.6.31) nmu (2.6.41) cdepuyeckoro BaKkyyMHOro oOpa30BaHHsI HAYMHAETCS B €ro
IIEHTpe, U 3aKkaHuyuBaeTcs Ha O6eckoHewHocTH. "lllensT” — 3TO cBOCOOpa3Has mamsTh 0 HeaehopMupo-
BAaHHOM COCTOSIHUM PacCMaTPUBAEMOr0 y4acTKa BaKyyMHOM NpOTsDKEHHOCTH. Ero xak-Obl He cylie-
CTBYET B HCKPHMBIEHHOM COCTOSHUM Y4acTKa Bakyyma, HO 6e3 gi’) "menbra”, cOrlacHO BBIPAKEHHIO
(2.1.32), HEBO3MOKHO ONPEEIHUTh AehOPMAIUI0 U OTHOCHTEIHHOE yATUHEHHS TaHHOTO yJacTKa Ba-
KyyMa.

"Pakust” (puc. 2.6.3) — 310 cdhepuieckas rpaHuia Mexay "sapom” m "BHemrHend 000J109KOM "

00010 c(hepruyecKoro BaKyyMHOTO 00Opa30BaHuUs.

2.7 BerBu JI1oku - ®uooHaAYIH

Bepnemcs k paccmotpenuto psna (2.5.2)

(-1) if; _ 0. 2.7.1)
=1 k

M

Ay=D A, =3

k=1

0

>~

Cpe,I[I/I MHOXCCTBa YMCJIOBBIX HOCHCHOB&T@J’IBHOCTCﬁ 0coboe MeCTO 3aHMMAaEeT ”HOCJ’ICI[OBa—

TesibHOCTh DuboHaYYN ", KOTOPYIO MOXKHO 3alucaTh ABYMsI ClocoOamu:

n -12 -11 -0 9 8 -7 6 -5 -4 -3 -2-1 01 2 3 4 5 6 17 8 9 10 11 12
Fn  ...,-156,100,-56,44,~21,13,-8,5,-3,2,-1,1, 0, 1,1, 2, 3, 5, 8, 13, 21, 44, 56, 100, 156, ....(2.7.2)
Fr' ...,156-100, 56— 44,2113, 8,-5,3,-2,1-1, 0,-1,-1,-2,-3,-5,-8,-13,-21,-44.-56, 100, —156, .....(2.7.3)

TakK KakK B O6OI/IX ClIydasax CyMMa ABYyX IIPCAIICCTBYIOMUX YHUCCII paBHA MOCICAYIOMIEMY YHUCITY
Fu = Fu1 + Fuo.
Hcnonb3yem gaHHBIC MTOCIEA0BATEILHOCTH i psina (2.7.1)

AOZZAnk 23(2
n=1

n=-o

F x> F
" Z —1y=0. (2.7.4)
r I"k

k n=-0w0

Taxxke MOTYT UCTIOIB30BaThCs uncia JItoka, KOTOphIE 3a1al0TCs PEKYPPEHTHOM PopmyToii
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Lpy=Lni +Lp2 mpu Lo=2uli=1; wm L, =¢"+(1-¢)" =¢" +(-p)", (2.7.5)

++/5

1
rae ¢ = T — 30JI0TOC CCUCHHUC.

n 01234 5 6 7 8 9 10 11 12

Lot 2,1,3,4,7,11,18,29,47,76,123, 199,322, ... (2.7.6)

B sTom ciyuae psin (2.7.1) MOKeT IPUHSATH BUT

- oL, & -L
Ayg=D A, =30, —2++> —")=0. (2.7.7)
n=1

n=1 rk n=1 rk

C yuerom (2.7.4) u (2.7.7) TpeTbe BakyyMHO€ ypaBHeHHE (2.5.1) MOXKHO 3anucaTh B BUJIE

n=1

© 3L & -3L = 3F = 3F
Ry -2, (D St R D o S Y} (2.7.8)
k

2
n=1 T} n=-w g n=—wn I

[Tockonbky BbITIONHSIETCS ycinoBust (2.7.4) u (2.7.7), ananoruynsie (2.5.2), TO U pelieHnus ypaBHCHUS
(2.7.8) OynyT aHanoru4HbIMU pelieHuto ypaBHeHus (2.5.1). Tonbko B 3TOM cinyuyae B MeTpukH (2.5.4)

—(2.5.13) cnenyer noacTaBiATh He psif (2.5.14), a B oOmmeM ciydae psif

0

< 3L, & -3L 3F, <& 3F,
Ag= D A, =D =+ r2"+z = + > S=0. (2.7.9)
k n k n=-0 Tk

=—00 —

OxumaHue TOro, YTO BaKyyMHbBIE YpaBHEHHUS JODKHBI BKIIIOUaTh urciia ubonauun Fp, JIroku
Ly, v ®unust ¢ (30710ThIe CEUEHUS), CBSI3aHO C TE€M, YTO STH YHCIA SBISIOTCS OPUEHTUPAMH HA IMyTH
noucka «I'apmoHun» u yacro npossisrorcs B [Ipupone.

CoenuHsst pe3ynbTaThl 3TOT0 U IPEIBITYIIEro MyHKTOB, IPUXOAUM K cienytomiei moaenu Mu-
pO31aHus: uepapxudeckas nocienoBareabHocTh 10-u chep ¢ paguycamu 7% (2.6.20) BeICTyIaeT B po-
m «CtBona JlepeBay, a peuieHus ypaBHeHus (2.7.8) Boirmsaaar kak Bersu Jlroku - @ubonaquu, pac-
XOJSILIMECS BO BCE CTOPOHBI OT 3TOr0 rpanano3Horo Cteoua.

Tenepp MOKHO OTBETUTH Ha CJENYIOLIMH Bompoc. Eciau B mpaBbIX 4acTsAX BaKyyMHBIX ypaBHeE-
Hui DitHmTeiHa (2.1.6), (2.2.7) u (2.4.8) cTOUT HOJIb, T.€. OTCYTCTBYET IJIOTHOCTh SHEPTHUH-UMITYJIbCA
MaTepuu TO, YTO K€ B TAKOM CITy4ae HAIMOIHSAET MUpP?

B pamkax pasBuBaeMbIX 37€Ch IPEACTABICHUI MHp HANOJIHEH MHOXXECTBOM CHEpUUECKUX
«BBIMYKJIBIX» M «BOTHYTBIX» BaKyyMHBIX 00pa30BaHUIl ¢ Pa3NUYHBIMU PaIHyCaMH, KOTOPbIE B3aUMO-

NEHCTBYIOT MeX 1y cO0O0M MOCPENCTBOM BAKYYMHBIX TOKOB (TEUEHUH).
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TokoBbIe B3aUMOJCHCTBUS (JIEKTPOMArHUTHBIE, SIACPHBIC W TPABUTAMOHHBIC) MEXKIy chepu-

YEeCKMMU BaKyyMHBIMU 00pa30BaHUSIMHU Pa3IMUHbIX MacIITabOB ONMUCaHbI B I1aBax 5, 8 u 9.

2.8 DyieMeHTBI AJITeOpbI CUTHATYP

Bepnemcs k paccmoTpenunto MeTpuk (2.1.16) u (2.1.19), koTopsle Uit KpaTKOCTH NPEACTaBUM B
JIEKapTOBOI cucTeMe KOOpANHAT:
dst~— 2= 2dt’—d*—dy?’—dz* = xo*—x1’—x2*—x3>=0 c curnarypoii (+ ——-), (2.8.1)
dsCHT? = 2dt? + dx® + dy? + dz? = — xo® + xi*+ x2> + x32=0 ¢ curnarypoii (- +++). (2.8.2)

3/1ech YCIOBHO MPUHSATO:

ST 2 =02 TN =giM2 xo?=c2dt?, xiP=dx’, x?=dy? x3>=dz?. (2.8.3)

JlaHHBIE METPUKH SIBISIOTCS PEUICHUSIMH OJHOBPEMEHHO BCEX TPEX BaKyyMHBIX YpaBHEHHIA
(2.1.6), (2.2.7) n (2.4.8).

Kpome metpuk (2.8.1) u (2.8.2) c curnarypamu (+ — ——) u (— + + +), MOxkHO 3amnucars eme 14

MCTPHK C BCCBO3MOXXHBIMH CUT'HATypaMu:

sETTD2=" x>+ x12+ x2> + x32 =0 sC 2= _xo?—x1P—xP—x3t =
sSCTT2= _x?—x12— x22+ x32=0 ST 2 = X2+ x12+ x22— x32 =0

s 2= x?—x12—x22+ x3°=0 sCFT 2 = 524+ xi24+ 02— x32 =0
SCTF?2 = _xol—xi?4+x?—x32=0 (2.84) sCT? = x4+ xl—x?+x2=0 (2.8.5)
sCT2 = xo?+ x12— x22— x32=0 sEP2 = o2 — x12+ x22 + x32 =0

sTT 2= x?—x12+ x22—x3°=0 sCT D2 = x4 x12— %+ x32=0

s 2 = x4+ x1?— x2?—x32=0 SO = x?— xi2+ x?+ x32=0

sE 2= xe?—x1?—x22—x32=0 ST = _ xo? + xi2+ x+ x3? =

HevictBus ¢ metpukami (2.8.4) u (2.8.5) npousBoasTcs 1o cTosdaM U 1o cTpodyKam, mo3Tomy
TaKUe COBOKYITHOCTH METPUK HA3bILBAIOTCS «PaHKUpaMu» (cmompume 2nagy 1).

Bmecto cymmupoBaHUs OHOPOAHBIX cllaraeMbiX B paHxupax (2.8.4) u (2.8.5), MOXKHO cyM-
MHUPOBaTh TOJIBKO 3HAKHU, CTOSIINE NEPE]] STUMH CJIaraéMbIMU, II0ATOMY JUIsl COKPALLEHUS 3aMuceil 1e-

Jecoobpa3zHo BMeCTO paHKupoB (2.8.4) u (2.8.5) BBeCTH cleAyronue SKBUBAJICHTHBIE PaHKUPbI

+ + + ) + (- - ) =0
- -71) + (++ +-) =0
(- =+) + (++-) =0
- —+ -) + ++ - P =0 (2.8.6)
+ + - =) + (- -+ =0
-+ - =) + +- +9 =0
+ - + — + =+ -4 =0
+ - = )9 + (= + +H: =0,
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3HaK nocye CKOOKH B 3HAMEHATEIe PAHKUPA (...)+ TOKA3bIBACT KaKas OTepaIus IPOU3BOIUTCS
CO 3HAaKaMU B CTOJIOIAX W/WJIM CTPOKAX PAHKUPOB: (...)+ - CIIOKEHHE, (...)- - BEBIUUTAHHUE, (...): - JeIIe-
HUE, (...)x - YMHOXKEHUE.

Bce MeTpuku, HaXOASIIUECS BBIIIE YEPTHI, T.€. B YUCIUTENSAX paHkupoB (2.8.4) u (2.8.5), He
SIBJIAIOTCSI PEILICHUSIMU BaKyyMHBIX ypaBHeHUH OiHiuteiiHa (2.1.6), (2.2.7) u (2.4.8), B 4eM MOXHO
yOeIuThCs MPSMOIl MOACTAaHOBKOM KOMIIOHEHT METPUYECKHX TEH30pPOB M3 JAHHBIX METPUK B 3TH
YpaBHEHHUS.

OpHako, cymMMa, HalpuUMep, CEMU METPUK W3 YUCIUTENs paHxupa (2.8.4) paBHa METpHKE C
curnatypoit (+———): s "2 = xo? — x1>— x2> — x3* = 0. UT06bI MOMyYUTH JAHHBII PE3YJIBTAT HYKHO
CJIOKHTH 110 CTOJIOLAM OJTHOPOJIHBIE CIIaraeMbIe B 3TOM paHKHpE.

AHaJOTrU4HO, CyMMa CeMU METPUK U3 YHCIHUTENs paHxupa (2.8.5) paBHa METpUKE C MPOTUBO-
HOJI0KHOM cUrHaTypoit (—+ + +): sC 52 = — xo2 + x12 + x2? + x3% =0.

[loaTomMy pelieHusIMU BaKyyMHBIX ypaBHeHu# OiiHiuTelHa (2.1.6), (2.2.7) u (2.4.8) sBusroTcs

TaK)kKe CyMMBI ceMU MeTpHK (2.8.4) u/unu (2.8.5), KaKk Mo BEpTUKAIIU:

dst—2 = gt D2 1 ggt—-D2 4 gott——H2 4 go—+92 4 ge(t+-92 4 do+-92 4 go+- +*)2’ (2.8.7)
dsC P2 = g2 ggthHH 2 g CHE2 g2y G2 g2 g =2
TaK ¥ 10 TOPU30HTAIIH, HAIIPUMED,

dst D2 4 ds R = 0242 + 0-di? + 0-dO*+ 0sinOdp? = ds©0002  (2.8.8)

Kpome Toro pemreHrneM TaHHBIX BaKyyMHBIX YPaBHEHUH SIBJISICTCS TaKXKe CymMma Bcex 16 mert-
puk (2.8.4) u (2.8.5)

dss2= dst =24 get 02 4 go -2 4 gor—-2 4
+dsCTTR TR gt 4 g2 (2.8.9)
+ ds(7+++)2+ds(f—ff)2+ dS(+++7)2+dS(7++7)2+
L odst T2 L g2 g2 g2 = g (00002 — ()

DOKBUBAJICHTHOE CUTHATYPHOE TpeJICTaBlIeHnEe BhIpakeHus (2.8.9) umeer Bu

)+ F++HD) F )+ P+
+ -+ )+ F+—)F+ (+—) + (F—F+)+ (2.8.10)
+ (++HD + (=) + (F++)+ (—++)+

+ (++—F) + (——++) + (+—F+) + (—+—+) = {0000},
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a paHXUPHOE MPEACTABIEHUE TOTO K€ BHIPAKEHUSI UMEET BUJI «BaKyYMHOT'O YCIOBHS»:

0 (00 0 0) + (000 0 0
0= + + + 4 + (- --) =0
= (- - - +) + ++ +-) =
= (+ - - +) + -+ +-) =
= (- -+ -) + ++ -+ =
0= (+ + - ) + - ++ =0
= (- + - -) + (+- +4 =
0= (+ - + ) + -+ -4+ =0
= (= + +) + - -9 =
0= OO0 00+ + (OO0O0O0+ =0

2.8.11)

KOTOpOE €1II€ Ha3bIBaeTCs "pacuieruieHneM Hys "
(cmompume enasy 1, Onpeodenenue 1.12.1).
Cemnanmars curHaryp (2.8.10) oGpasyror
TPYIITy 1O ONEPAIsIM CIOXKCHHUS, BBIYUTAHUS, JIC-
JICHUS U YMHOXEHHMSI, a IIECTHAIIATh CUTHATYpP U3
pamxupoB (2.8.11) oOpa3yroT aHTUCHUMMETPUUHYIO

MaTpHily, SBISIOLIYIOCS Pe3yJIbTaTOM KPOHEKEepOoBa

KBaJpara ABYPSAHOM MaTpullbl OMHApHBIX CHUTHa-

Typ [22]: Puc. 2.8.1. ®paxranbHas WUOCTPALUS HATIOKEHAS U
MeperUIeTeHHs IIECTHAIATH 4-MEPHBIX IPOCTPAHCTB
C pa3IMYHBIMU CUTHATYPaMHU (TOIOJOTHSIMH)

(++++) (+++-) (+—++H) (+—+-)
((++) (+—)j2_ (++=+) (—++4) (+=—+) (+——-)
(4 9) [ ) o) (o) (2812

(~+=4) (+=) (=) (=)

ITo xnaccuduxanun Penukca Knelina kBagpatuunsie popmsl (2.8.4) u (2.8.5) pa3uenstorcs Ha
TPH TOIOJOTHYECKUX Kiacca (cmompume enasy 1) [29]:
1-ii k1ace: kBagpaTUUHBIC POPMBI (METPUKH), CHTHATYPBI KOTOPBIX COCTOSIT M3 YETHIPEX OJTH-
HAKOBBIX 3HAKOB:
x02 +xi?+x?+x2=0 (++++) (2.8.13)

—x0? —x1?=x?—x3*=0 (———-) (2.8.14)
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—93T0 "HyJNeBble"” MeTpUUecKue 4-MPOCTPAHCTBA. Y 3TUX IMPOCTPAHCTB UMEETCS TOJILKO OJIHA JIEHCTBH-
TeJIbHAs TOUYKa, HaXOAAIIasCs B Hayajle CBETOBOTO KOHyca. Bce ocTaibHble TOUKM 3THX MPOTSKEHHO-
cTel sBisitoTes MHUMbIMU. 1o cyTu, merpuka (2.8.13) onuchiBaeT He MPOTSHKEHHOCTh, a €AMHCTBEH-
", ” .
HYI0 mouky (W1 yciaoBHO "0enyro” Touky); a MeTpuka (2.8.14) onucsiBaeT eIMHCTBEHHYIO aHMUMOY-
Ky (W11 yCIIOBHO "d4epHYI0"” TOUKY).
2-ii KJIacc: METPHUKH, CUTHATYpbl KOTOPBIX COCTOSIT U3 TPEX OAMHAKOBBIX 3HAKOB M OJHOIO

MMPOTHUBOIIOJIOKHOTIO:

—x0° x12—x22+x3>=0 (——-+1)
—x0*—x?+x?-x?=0  (——+-)
— x0° +x127x227x =0 (—+-0)
(——1) (2.8.15)
(+++-)

x02— X12 - X22

X0+ x12+ x2° — x3°

2

=0

=0
02+ x12—x2? +x32=0 (++—-+)
xo?—x1?+x2+x32=0

(+—++)
—xo?+xiP+x?+xt=0 (—++)
— 3TO OBaJbHBIC MOBEPXHOCTH [29]: @) 37UIUIICONABI; 0) SJUTUNITUYECKUE TapaOOIOUIbI; C) IBYIOIOCT-

HbIE€ TUNEPOOIONIBI.

3-if KJIacc: METPUKH, CUTHATYPbl KOTOPBIX COCTOST U3 JBYX MOJIOKUTEIbHBIX U JBYX OTpHUIIa-

TCIBbHBIX 3HAKOB:

x02 —x12— x>+ x3=0 (+——-71)

x0?+x12—x2?—x32=0 ++--)

x02—x12+x2? —x32=0 +-+-) (2.8.16)
—x0*+x1®+x2?-x3%=0 (-++-)

—x0> —x1’+ x2+x32=0 -+

—x0?+xi?—x2?+x3°=0 (-+-+1)
— 3TO pa3jMyYHbIC BAPHAHTHI KOJBICOOPA3HBIX X
Xi

MOBEepXHOCTEH [29]: a) OAHOIONOCHBIE THUTIEP-

6osouer; 0) runepOoIuYecKue mapadoIOUIbI.

ynpOW@HHClﬂ uutrocmpayusl CeA3U Cue-

Hamypol 2-MepHOU NPOMANCEHHOCMU ¢ ee mo- ) sign (++); 0) sign (= +); B) sign (+0)
xX3= X2+ X2 x3=x2—x? x3= x12
nozoeueti nokazana Ha puc. 2.8.1.
" , napabonuyeckas — CeIJIOBHIHAS U-o0pasHas
AJUTUTHBHOE HaNOXeHHe (i "aTimac”) IIOBEPXHOCTH [IOBEPXHOCTH IIOBEPXHOCTH

7-M METPUMECKHX NPOCTPAHCTE C METPHKAMHU Puc. 2.8.1. MnnrocTpanust cBA31 CUTHATYPbI

(2.8.4) u (2.8.5) npuBogut K Pudde-miockum 2-MEpHOTo MPOCTPAHCTBA C €r0 TomnoyorueH [29]
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MPOCTPAHCTBaM ¢ cymMmMapHbIMU MeTpukamu (2.8.1) u (2.8.2). Takue 7-nmuctHbie "aTiiacel” BO MHOTOM

cxoxu ¢ Puuun-mmockum 10 - MepuabiM MHOTOOOpa3zuem Kanabu-Ay.

CTaOuIbHBIMH MOTYT OBITH TOJIBKO:
- «BBIMTYKJIBIE» BaKyyMHBIE 00pa30BaHus1, OMUCHIBAEMBIE METPUKAMHU C CUTHATYpOH (+———);
- «BOTHYTBIE» BaKyyMHbIE 00pa30BaHUsI, OMMMCHIBAEMbIE METPUKAMH C CUTHATYpoill (—+ + +);
- (IJIOCKME» BaKyyMHbIE 00pa30BaHMs, ONMHChIBacMble MeTpukamu ¢ curaatypoit (00 0 0).

Bce ocranbubie 14 metpuk (2.8.4) u (2.8.5) ¢ curnatypamu U3 yuciuTeseil pamxupos (2.8.6)

R T
- ) o)
(== 4) o)
i SR U
+ + - =) - -+
- = )
+ - + ) - + — +) (2.8.17)

OIMCHIBAIOT PA3IMYHBIC BUJIBI «BBITYKJIO - BOTHYTBIX» COCTOSIHUN BaKyyMHOH NPOTSDKEHHOCTH, KOTO-
pble HE MOTYT OBITh CTAOMJIBHBIMH, T.K. JaHHBIE METPHUKH HE MOTYT OBITh PECIICHUSIMH BaKyyMHBIX
ypaBHeHu. OHU MOTYT BO3HHKATh, KAK BPEMEHHBIC CIIO’KHBIC UCKAXKEHHS JIOKAILHOTO y4acTKa BaKy-
yMa, HO 4epe3 HEKOTOPOE BPEMsI OHU MCUYE3aI0T, WM TIEPEXOAT B JPYTHe BUILI BO3MYIICHUH C Jpy-
TUMU CUTHATYpaMu (WJIH TOTIOJIOTHSIMU).

OnHako, eciy aJIATUBHOE HAJI0KEHHUE HECKOJBKUX METPUYCCKHX MPOTSHKEHHOCTEH C CHUTHA-
typamu (Torosiorusivu) (2.8.17) B cyMMe NPUBOIMT K B CPEIHEM «BBITYKJIOMY» BaKyyMHOMY 00pa3o-
BaHUIO C CUTHATYPOH (+ — — —), WK K B CPETHEM «BOTHYTOMY» BaKyyMHOMY OOpa30BaHHUIO C CUTHATY-
poit (—+ + +), WK K B CPEIHEM IUIOCKOMY» BakyyMHOMY oOpasoBanuto ¢ curHarypou (0 0 0 0), To

TaKo€ BaKyyMHOE 00pa30BaHHE MOKET OKa3aThCs CTAOMIIbHBIM.

2.9 «IIpoTOH» - «KAHTHIIPOTOH»
K pemenusiMm BakyyMHBIX ypaBHeHUN OuHIITelHA (2.1.6), (2.2.7) u (2.4.8) npuBOAAT HE TOJb-

KO COBOKYITHOCTH MeTpHK (2.8.4) u (2.8.5) HO, HarpuMep, U aTATUBHBIE COBOKYITHOCTH METPHK:

sC2= _xp?— x12— x22 + x32=0 ST 2= x2+ x12+ x22— x32 =0
s 2=y x4+ x?—x32=0 (2.9.1) sCT?=_x?+xiP-x2?+x32=0 (2.9.2)
s 2= xol+xi2—x2?—x32=0 sCT 2= x?—xi2Hx?+x3 =0
s R2 = x?—xi?—x2>—x32=0 sCTE2 = _ xo?+ x12 4+ x22 + x32 =0

Bcero umeercs Tpu mo100HBIE BO3MOXKHOCTH JJISI B CPEIHEM "BBIMTYKJIOTO " BaKyyMHOTO 00-

pa3oBaHus C CUTHATYpol (+ — — —), KOTOpbIE MOT'YT OBITh IIPEACTABJICHbI B SKBUBAJIEHTHOM BUJIE:
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---4 (- -+ (- +-)

(+ =+ ) (++-9) (+--)
Gao @3 STT0 @ [T @)
(== (+—=n (+-—»

Y TPY BO3MOKHOCTH JJIsl B CPEIHEM "BOTHYTOT0” BaKyyMHOT'O 00pa30BaHUs C CUTHATYpou (— + + +):
++ +-) (++ -4 (+ -+
(- + -4 (- + ) (—++ 1)
4+ (2.9.6) SR (2.9.7) R (2.9.8)
-+ + D+ (—++ )+ (—++ )+

Hanomuum, yto metpuku (2.8.1) u (2.8.2) sBISIIOTCS Y4acTHBIMH (IIPEAETBHBIMU) CITydasiMU
BCEX OCTalmbHBIX MeTpuk (2.2.8) — (2.2.11) u (2.2.13) — (2.2.16), sBASIOUMXCA PEHICHUSIMH BTOPOTO

BaKyyMHoOro ypaBHeHus (2.2.7). Ilostomy maremarndeckue rnpuembl AJreOppl CUTHATYp NPUMEHUMBI

" KO BCEM JaHHBIM PCHICHUSAM.

BBenem npencraBnenus o «kBapkax». s 3toro 3anuiem pasxupsl (2.9.3) — (2.9.8) B cie-

AYIOUICM BHU/JIC:

dd(+ + + ) dst(++ — +) df(+ — + 4)

us -+ -+ 299 wuwE--++ 29.10) wu(-++-) (2.9.11)
ur ——+ 4+ ug (— + + -) us (—+ — +)

pri(=+ + )+ p2(=+ + )+ p3(=+ + )+

r1e pi'— TpU pasINYHBIX COCTOAHUS «IpoToHay (i = 1, 2, 3).

(- — — 4 d (- — + ) di(—+ - )

s (- + ) r(++ - ) K (+——7)

ZJ b (2.9.12) Z; Gy (2.9.13) Z; G (2.9.14)
P — ) pr(+— — ) P (+ — —

IA€ pi — TPU PA3IMYHBIX COCTOSHUM «aHTUIIPOTOHAY.

COBOKYNHOCTH JI€CATH METPUK BuJa (2.6.22) ¢ COOTBETCTBYIOIMMHU CUTHATYPAMM U3 MaTPULIbI

(2.8.12) 6ynem Ha3bIBaTh CIAEAYIOIIMM 00pa3oM:

10 metpux” Buna (2.6.22) ¢ curnarypoit (+++—) — KpacHblii di -«KBapK»;
10 merpux Buaa (2.6.22) ¢ curnarypoii (++—+) — 3eleHblil ds -«KBapK»; (2.9.15)
10 merpux Buaa (2.6.22) ¢ curnarypoii (+—++) — romxyboi dr'-«KBapK»,

10 meTpuk Buaa (2.6.22) ¢ curHatypoii (———+) — KpacHBId dx -«aHTUKBApPK»;
10 meTpuk Buna (2.6.22) ¢ curHatypoii (——+—) — 3eJeHblii ds -«aHTUKBApPK»; (2.9.16)
10 meTpuk Buna (2.6.22) ¢ curnatypoit (—+——) — romy0oil dr -«aHTHKBapK»,

10 meTpuk Buaa (2.6.22) ¢ curHatypoil (+——+) — KpacHbIi ux' -«KBapK»;
10 meTpuk Buaa (2.6.22) ¢ curHaTypoii (+—+-) — 3eneHblii  us' -«KBapK»; (2.9.17)
10 merpuxk Buaa (2.6.22) ¢ curnatypoii (++——) —romy0oil  ur -«KBapK»,

410 metpux Buga (2.6.22) T.k. mensbT (2.6.31) OTHOCHTCS, KaK K «Ipy», TaK U K «BHEIIHEH 060m04Kke». TakuM 06pazoM, 5 METPUK
OIHCBIBAIOT «SIIPO», U 5 METPUK ONMCHIBAIOT «BHEITHIO 00070UKy», Bcero 10 MeTpuk.
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10 metpuk Buaa (2.6.22) ¢ curHatypoir (—++—) — KpacHBIH ux -«aHTHKBApPK»;
10 meTpuk Buna (2.6.22) ¢ curHatypoii (—+—+) —3eleHbId Us -«aHTUKBAPK»; (2.9.18)

10 meTpuk Buna (2.6.22) c curnatypoii (——++) —romyO0ol  ur -«aHTUKBApK».
B srom ciiyuae TpU COCTOSIHHSI «IIPOTOHA» M TPU COCTOSIHHS «aHTHIIPOTOHA» MOTYT OBITh

OpeaACTaBJICHBI B BUIC

Pl =usurddt, pr=ucur dst, pyt = ous uc dit, (2.9.19)

pr =usurds’, p2=ux ur dst,  py = us ux di', (2.9.20)
CXOKEM C 3aIMCHI0 U COCTABOM IIPOTOHA M aHTHNPOTOHA B CTaHAapTHOU MOJEIM U B KBAHTOBOM XPO-
moauHamuke. OqHako B paMKax AIre6pbl CHTHATYD «IIPOTOH» M «AHTHIIPOTOH» COCTOST U3 «KBAp-
KOB» U «aHTHUKBAPKOB», YTO IO3BOJIACT HAMCTUTL IIYTU PCHICHUSA HpO6HeMI)I COCYHICCTBOBAHUSA «Ma-
TEPUM» M «aHTUMATEPUM». KpoMe TOro MeTpHKO-IAMHAMUYECKHE MOJEIH ANreOpsl CHTHATYD IMOJY-
YAIOTCA 3HAYMTENHLHO 0OJIee HAIJISAAHBIMA M MH(POPMATHBHBIMU Y€M MOJIENIU KBAHTOBOM XPOMOIMHA-
MHKH. JIJ1s npyMepa, pacCMOTPUM MHOTOCIIONHYIO0 METPHKO-IUHAMHYECKYIO MOJIENb «IPOTOHA» B CO-
crosiaue (2.9.9):

d(+ + + )
us (— + — 4

w (= — + 4

P+ + )

«IIPOTOH» (2.9.21)

B cpenHeM «BOTHYTOE» MHOTOCIOWHOE BaKyyMHOE 00pa3oBaHue
¢ o0meit (yepeTHeHHOW) CUTHATY PO

(—+++)

COCTOAIIECC U3:

di*- «kBapK»
(+++-)

Buemnsist 060/104Ka di'- «kBapkay» (+++-) (2.9.22)
B MHTEpBaJIE 75, 76] (puc. 2.9.1)
2 2
. roor :
ds{ % =| 1- L+ — |c%di® + +7°d@” —r*sin’ 0dg’,

2

rorn roor
5 l_i"'*z
ros
2 2
_ ror dr .
ds$ % = 142 - |c2dr? +—2+r2d(92 —r’sin’ 0dg’,
roor A
1+ ——
roor
2 2
_ . r dr ;
ds{™ " = 1-26 = \2de + ————< +77d0” —r*sin’ 0dg’,
roor re r
T2
ron
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2
dS4+++—)2 :(l_i_ri_i_r_Jchﬂ +L+ r2d02 —}"2 Sin20d¢2:

2 2
Ty r

I+ +—

res

ron

sinpo di*- «kBapka» (++ +-) (2.9.23)
B UHTEpBaE [76, 7] (puc. 2.9.1)
2 2
st =[ 1=+ D lear? +d;2 +72d0” —r*sin’ 0dg? s
g [ n J
roor
2 2
dsi 2 =| 1+ I _r_2 c2dt* + o ~+ r’d@* —r’sin® 0dg’,
roor L
oo
2 2
ds{ % =|1- L _r_2 cldt’ + Lz +7%d6* —r’sin’ 0dg’,
o _n_r
roor
(+++-)2 v r’ ) dr’ 2 112 2 52 2
ds, =|1+—+—|c’di"+ —————~+r'd0” —r’sin" 0dy",
I+—"—+—
roor
leawT di- «kBapka» (+++-) (2.9.24)
B uHTepBasie [0, o]
ds$ O =dt’ +dr’ +r*d@” —r*sin’ 0dg’
Us - KCAHTUKBapPK»
=+-7)
BHenss 000/104KA Us - KAHTHKBapKa» (—+ —+) (2.9.25)

B MHTEpBaJIE 75, 76] (puc. 2.9.1)

2 2
. I, 1 dr -
st = 1=+ |e2dt? + ———— ~r’d6” + r’sin’ 0dg?
roon BT
1—7+72
r 7/'5
2 2
e v, r dr .
s 2 = _[14_1__2)(;%’12 +—2—r2d6’2 +r’sin*0do’,
e 1406 L
roor
5
2 2
L 7, r dr .
ds{ T = 1= = %dt’ + ————<—17dO” +r7sin’ Odg’,
r }"5 (l l"6 l”j
)
r ¢
5
2 2
e ror dr .
ds{ 7 = 1+ 4 5 |dt? + —————< —?d0” + 1 sin” 0dg’,
roor r,oor
I+ +—
ron
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Anpo us - «<aHTHKBapKa» (—+ —+) (2.9.26)
B MHTEpBaJIE (76, 7] (puc. 2.9.1)

2 2
ds( 7 = —(1 gy ”—zj&dﬁ T ("';2 —r%d6 +r*sin’ 0dg*,
r, r ]
+

r 125 BT

2
ds{ 2 = - 1+__r_2 c2dtz+L—r2d02+r25in29d§02>
roor (1+19_7”2J

dl”z 2 12 2 .2 2
—r°dO” +r-sin"0do”,

2
D407 4 sin® 0do’,

e I- r
dsi" 7 = 1+ L+ — |Pdt* + ————<
r s r r
I+—=+—
ror

HleabT us - «<aHTHKBApPK» (—+ — 1) (2.9.27)
B uHTepBaiie [0, o]
ds$ 7 ==dt’ +dr’ —r’d@’ +r’sin’ 0dg’;

Ur - KAHTUKBAPK»

(——++)
(2.9.28)

BHemrnsisi 000/109Ka Ur - KAHTHUKBapKa» (——+ +)
B UHTEpBaE [75, r6] (puc. 2.9.1)
2 2

o 7 v dr .

dsC 7 = 1="0 4 A — T+ 77d0” + r’sin’ 0dg?
ron r, T
1-=>+—

rorn

2
dsi? = _[1 5 ”_2]0251;2 - Lz +7r°d0* +r’sin’ Odo’,
7, r
1+-° j

ron
)
r VS
2 2
- r,oor dr :
sy = 1-5 — 2 \Pd — ————< +17d@” +17sin’ 0d g’
r 7/'5 ]"6 r
T
ron
2 2
_ roor dr .
ds{ T = 1+ + 5 le2de? — ————< +7’d0" +r’sin’ 0dg’,
r 7"5 I"é r
I+-=+—
r 7"5
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SInpo ur - «KaHTHKBapKay» (—— + +)
B MHTepBale [rq, r7] (puc. 2.9.1)

2 2
- BT dr '
ds = 1= Dl - ~+77d0’ +r’sin’0dg’,
r 7, V- r
6 1.
2
r 7"6
2
o 7. r dl" .
s =1+ D2 - —~+r°d0 +r’sin’ 0dg’,
roor 12T
T
r 7"6
2 2
_ ror dr .
dse 2 = 1= 2L \e2ap - —~+7r°d6” +r’sin’0dy?,
r 7"6 }’7 r
D)
roor
2 2
- roor dr -
dsi 2 = - 1+L+— cdt? — 5 +7r°d@* +sin’ 0dy’,
r l"6 r r
I+—=+—
r 7"6

leabT ur - «KAHTHKBAPK» (—— + +)

B uHTepBasie [0

, ]

clsg__+J’)2 =—cdt’ —dr* +r’d@* +r’sin* Odo’ .

Buenmaa obomouxa
«IIPOTOHA»

Anpeimkn
«KBapKa» H IBYX
«aHTHKABPKOBY
«TIPOTOHAY

(2.9.29)

(2.9.30)

Puc. 2.9.1. SIapo «11poToHa» COCTOUT U3 3-X MPAKTUUECKH COBMEIICHHBIX SIJIEP: A/Ipa OJHOTO BaJI€HTHOTO
di'-«KBapKa» ¥ JABYX BAJCHTHBIX Us - U Uy -«AHTUKBAPKOB». BHYTpEeHHHE SIPHIIIKH ATUX 3-X BAJICHTHBIX

«KBapKOB» HAXOAATCS B MOCTOSIHHOM XaOTUYECKOM ABUKCHHUU U NEPCTIIICTCHUU APYT C IPYTroM
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[Ipu ycpenHeHn#n OJHOPOIHBIX WICHOB B MeTpuKkax (2.9.22) — (2.9.30) mosrygaeTcsi COBOKYII-
HOCTh MeTpuK (2.6.32), omuchIBaroniasi METPUKO-TUHAMHYECKOE COCTOSIHHE «IO3UTpOoHay». OmaHaKo
CIIElyeT OXKHUJaTh, YTO PAIUYC AJpa IPOTOHA», COCTOSALIETO M3 slep 3-X «KBAapKOB», OKaKETCs
0oJbIlIE paauyca sSApa IO3UTPOHA», T.K. BHYTPEHHHE SIIPBILIKU TPEX «KBAPKOBY CIIOKHO B3aUMOJCH-
CTBYSI, OTTAJIKMBAIOT JIPYT Apyra oT obmiero nenrtpa » = 0 (puc. 2.9.1).

[IpoGnema koH(paltHMEHTa «KBapKa» U JBYX «aHTUKBAPKOBY» pelIaeTcs cama coOOM, T.K. KaxK-
JIBIA «KBapK» WM «AHTHKBapK» — 3TO HECTAOMJIbHBIE "BBIMYKJIO-BOTHYThIE” COCTOSHHS BaKyyMHOM
MPOTSXKEHHOCTU. [I0 OTAENBHOCTH «KBapKW» U «aHTUKBAPKW» JOJIT0 CYLIECTBOBAThH HE MOTYT, T.K.
OTHCHIBarONME UX METPHUKH (2.9.22) nnu (2.9.23) wnm (2.9.24) He ABISIOTCS PEIICHUSIMH BaKyyMHBIX
ypaBHeHu DitHIITelHA. TOIBKO BMEcTe, OHM 00pa3yroT CTaOUIFHOE B CPETHEM «BOTHYTOE» BAKyyM-
HOe oOpasoBaHue «mpoToH» (puc. 2.9.1).

YcpenHeHHass COBOKYITHOCTb METPUK (2.9.22) — (2.9.30) sBisieTcst 4acThlo pEeUIeHUs yIPOILEH-
HOTO TPEThETO BaKyyMHOT'O ypaBHEHUs DiHIITeHHA (2.6.21), KaKk 1 COBOKYITHOCTh METpHK (2.6.32).

LIeHTpbI «KBAPKOBY» s Ur dx" JTOJDKHBI TaK XaOTHYECKU OJIy)KIaTh OTHOCHTEIBHO OOIIETO IIEH-
Tpa » = 0 U OTHOCUTENBHO JpyT Apyra (puc. 2.9.1), 94To B cpeAHEM OHH JOJDKHBI COBMAIATh C OOIIMM
LIEHTPOM fiJIpa «IPOTOHaA): <rs> =r =10, <rr>=r =0, <> =r = 0. [looTOMy MBI BBIHYXICHBI TIPH-
MEHSTh HE TOJIBKO METPUKO-AMHAMUYECKOE, HO U CTATUCTUYECKOE ONMCaHNe BHYTPHUSACPHBIX MpOIeC-
COB, 4TO OyJIET OTYACTH PACCMOTPEHO B T1aBax 3 u 4.

CoBokynHocTh MeTpHK (2.9.22) — (2.9.30) npu HCHOJIB30BAHUM MATEMaTHUYECKUX MPHEMOB,
npuBeACHHBIX B [22] u otuactd B §§ 2.1 — 2.3 naHHO# I1aBbI, O3BOJIAET U3BJICUb MH(DOPMAIHIO O
MHO>KECTBE IPOLIECCOB M MOA-NPOLIECCOB, MPOUCXOA[IIMX KaK BHYTPU Spa «IIPOTOHA», TaK B €ro

"BHenIHENR 000J10UKe”.

2.10 «HeuTpon»

B coBpemeHHOM a/1epHON (hU3HKE CUMTAETCS, YTO HEUTPOH COCTOMUT U3 JABYX d-KBAapKOB C 3apsi-

oM (—1/3)e u omHOTO U-KBapKa ¢ 3apsiaoM (2/3)e (Tae e — 3apsia AIEKTPOHA)
n = ddu. (2.10.1)

B pesynbrare Takoro coueraHus HEUTPOH OKa3bIBACTCA DJIEKTPUUECKU HEUTPAIbHOW 4aCTULICH
C HyJICBBIM CyMMapHBIM 3apssioM (—1/3)e + (—1/3)e + (2/3)e = 0.

B Anrebpe curHaryp 3-«KBapKOBOI» YaCTHIIBI C HYJIEBBIM «JICKTPHUYECKUM» OKPYKCHHEM He
nojay4daercsi! [lockoibKy HET HM OJHOW aIAUTHUBHOW KOMOMHAIMK Tpex u3 16-u curnaryp (2.8.12),

npuBoasnmx K Hysieoi curnatype (0 0 0 0), o3Hauaromeld pakTudecku, 4To Bce CyOKOHT - aHTUCYO-
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KOHTHbIE BHYTpPU-BAaKyyMHbIE TOKM BO BHELIHEH 00OJOUYKE TAaKOM «YacCTHUIbD» MOJIHOCTHIO B3aUMHO
CKOMIICHCHUPOBAHBI.

XKenaemblil pe3ynbTaT JOCTHraeTcs B Clyyae PaH)KUPOB, COCTOSIILUX M3 YETBIPEX CHUTHATYD.
[TosToMy "smekTpuuecku” HeHTpanbHas «4acTUlay («HEHTPOH») MOXKET UMETh CIEAYIOIINE TOIOJIO-
rudeckue (y3/10Bbie) KOH(DUTYpALTHH:

(2.10.2)

is (- ) i - -9

n°@©0 0 0 0)+

i (++ + +)

ds" (+ + — +) i (+ -+ +)

dt (+ + + )

ur (= — + +)
2’0 00 0)+

is (++ + +)

n°0 0 0 0)+

i (++ + +)

us (—+ -+
" (+ -+
dd (++ + )
n® (0 0 0 0)+

i (++ + +)

d (- + - -) ds (——+-) d (- + - -) us" (+ =+ o)
ue (+ - — ) dv (——— 1) us" (+ — + o) & (- + - -)
di (= —+ ) ur (F + — ) di (———+) di (= — — 1)

n®(0 0 0 0)+ 10 00 0)+ n°0 00 0)+ n(0 0 0 0)+

rae (2.10.3)
10 merpuk Buaa (2.6.22) ¢ curnarypoii (++++) — Oenblil is - «KBApK»;
10 metpuk Buaa (2.6.22) c curHatypoii (————) — Oenblil i6 - «<AaHTUKBAPKY.
(i ot cnosa invisible — neuoumwiti). benbiMu TaHHBIE «KBAPKW» HA3BaHBI IOTOMY, YTO OHHU MpPAKTHYE-
CKM HEBHJHBI BHYTPH 1pa «HEUTPOHA», T.K. C TOUKHA 3PEHHS TOIIOJIOTUHU, OHH IMPEJICTABIISAIOT COOOH
TouKy (2.8.13) u anTHTOUKY (2.8.14). BUnmuMo, mo3ToMy WX IPHUCYTCTBHE B SIAPE KHEUTPOHA» HE OBLIO
00HaPYKEHO HKCIIEPUMEHTAIbHO, U HE YUUThIBAIOCh CTaHAAPTHON MOJIETIBIO.
Takum oOpa3om, B paMKkax Anredpbl CUTHATyp BOCEMb BO3MOXKHBIX COCTOSHHN «HEHTpOHa»
MOTYT OBITh ITPEJICTABIICHBI B BUJIE:
nm’=iscd’dstu, nl= isdd'dsur, m'=isdi'dius,

I
na® = is ditditus,

(2.10.4)

I’ZSO = l.6+dr7d37u1<+, n60 = l'6+d37dl<7ur+, l’l70 = l'6+dr7d1<71/l3+, n80 = l.6+d1"7dk7u3Jr
MPAKTUYECKH aHAIOTHYHOM HelTpoHy CrannaptHoi mogenu (2.10.1).

W3-3a ClOKHEHIINMX BHYTPUSICPHBIX TONOJOTMYECKUX MeTamopdos mobas agautuBHas 4 -
«kBapkoBas» koMOuHanus (2.10.2) MOXKET MepecTpOUThCS TaK, YTO BHYTPH JaHHOTO BaKyyMHOTO 00-

Ppa3soBaHUA MOJIYUUTCA KOM6I/IHaHI/ISI, COCTOAIIAA U3 KIIPOTOHA» U «IJICKTPOHAN:
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(2.10.5)

(- ——-) + -+ +

+ -+ +) ++ ) «TIPOTOH
C++) T2 +-

Ft+=-1 (= =% | (anekTpon»
000+ ©00 0)+

Ilo Bcell BUIMMOCTH, JaHHOE NepecTpoeHue ("pa3Bsi3biBaHUE ) TONOJOTMYECKOTO y3J1a BHYTPU

A5lpa «HEUTPOHA» U MPUBOAUT K PEAKLNU pacnaga

n—>p-tetve, (2.10.6)

IZie Ve— DIEKTPOHHOE «HEUTPUHOM.

2.11. «<ATom» BoaOpOAa
ITo cpaBHEHHIO ¢ «HEUTPOHOM» 3HAUMUTENIBHO OoJsiee CTAOMIIBHBIM HEUTpPaJIbHBIM BaKyyMHBIM
00pa30BaHUEM SIBIISIETCS «aTOM» BOAOPOAA.
AToM BopopoJa (TouHee NeiTepuii) COCTOUT U3 OJHOTO NMPOTOHA, OJTHOTO HEUTPOHA U OJTHOTO
1eKTpoHa. B pamkax AnreOpsl CUTHATYp TaKXkKe I0JIy4aeTcs, 4YTO «aTOM» IeHTepHst COCTOUT U3 IIPO-
TOHA», «HEUTPOHA» U «IJIEKTPOHA». PaHXXUPHBINA (TOMOJIOrMYECKU) SKBUBAJICHT Y3JI0BOH KOH(UIY-

panmu Takoi 00JIaCTH BaKyyMHOM MPOTSHKEHHOCTH UMEET CIIeTyOIINI B

+ + +9 + + -1
«rporon» 1 (— + — 1) - - ++
-+ -+ +-
+ - - - ) + + + 4
«aeurpon» | (+ - + + WIn + - +-) wm...
P E_ L _)) - __)) (2.11.1)
(=) ---9
«OIEKTPOH» { + - - - + ==
= TH(0 0 0 0)+ 'THOO 0 0 0)+

HanomHuM, 4TO Ka)kgasi CUTHaTypa B 9THX paH)KHpax cooTBeTrcTByeT 10-m MeTpukam Buia
(2.6.22).

MO03KHO COCTaBUTh MHOKECTBO KOMOWHAIIMIA CUTHATYP, OJA00HBIX (2.11.1), 9TO OTpakaeT BO3-
MO>KHOCTH «IIBETHOW» KOMOMHATOPUKH BHYTpUAAEPHBIX MeTamopdo3. Ho Tomonorunueckas KoHPUry-
parys TaHHOTO «y3JIa» BCET/Ia OCTASTCS MPEXKHEH: TPU U-«KBAPKa», TPU d-«KBApPKa», OJIUH i-«KKBAPK»
Y OJIVH € - «KBApK». Y CIOBUMCSI 0003HAUaTh TAKOW TOTIOJIOTMUECKHUH «y3€iD» CIIEyIONUM 00pa3oM:

'H = 3u3die, (2.11.2)
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YUHUTBIBAsI TOTIOJIOTUYECKHUE CBOMCTBA METPUK C COOTBETCTBYIOIIMMU curHaTypamu (2.8.13) — (2.8.16),
0oOHapy>XMBaeM, 4TO JaHHBIM "y3en” cOCTOMT U3 3-X MEePeIIeTeHHBIX "TOPOB”, 4-X OBaJIbHBIX TTOBEPX-
HOCTEH U oqHOH "Touku”.

AHaJIOTHYHBIM 00pa3oM MOTYT ObITh "CKOHCTpyHpoBaHbl” ("criieTeHbl”) Bce U3BECTHBIE XUMHU-
yeckue seMenTsl Tabmuibl .M. MenaeneeBa. [Ipu 3ToM ycpeaHeHHBIE pa3MepPBl SlIep «aTOMOBY 7y
JIOJKHBI 3aBUCETH OT KOJIMYECTBA KBAPKOB A, 00pa3yIonINX JAHHBIE «TOMOJIOTMUYECKHE Y3IIb»

ra = Yo Ars = 5 A3 1075 em. (2.11.3)

He uckirodeHo, 4To JaHHBIA AUCKPETHBIA pa3sMEpHBI Psill paAnyCOB Pa3IMUHBIX CTAOMIBHBIX

BAaKyyMHBIX 00pa3oBaHMii cOOTBETCTBYyeT unciaM PuboHayun w/mim yucnam Jloka. B atom ciydae

MOXET OKa3aThCsl 1eJIeCO00pa3HbIM MMPUMEHATh BaKyyMHOE ypaBHeHue (2.7.8) mipu 7« = re.

2.12. «@epMHOHBI» B AJiredpe CUTHATYP

Nmest Habop u3 16-u nBeTHBIX «KBapkoB» (2.9.15) — (2.9.18) u (2.10.3) (cBeacHHBIX B TabII.
2.12.1) ¥ mOHKMMas UX TOIOJIOTHYECKHE 0COOEHHOCTH, MOXKHO 1ocTpouTth ("crmectu”) Bee hepmuoHbI

(Me30HBI U 0apUOHBI), BXOAsIMIHUE B cocTaB CTaHIapTHOW MOJICIIH.
Tabmuma 2.12.1

«KBapku» «AHTUKBapKN»
10 meTpuk 10 meTpuk
Buaa (2.6.22) «KBapK» Buaa (2.6.22) «aHTHKBapPK»
i (2.12.1) i (2.12.1)
C CUTHATypoOil: C CUTHATypoOil:
I (+-——-) e’-«kBapK» (—+++) € -«aHTHUKBaPK» H
(«IEKTPOH») («11O3UTPOHY)
(+++-) di" -«KBapK» (——-71) dx -«aHTUKBapPK»
H (++-+) ds" -«xBapK» (——+-) ds -«aHTHUKBapK» I
(+—++) dr -«KBapK» (—+--) dr -«aHTHKBapK»
(+——1) Uk " ~«KBAPK» (-++-) Ux ~«QHTUKBapPK»
\4 (+-—+-) Us" ~«KBapK» (-+-+) Us ~«AHTUKBapPK» H'
++--) Ur ~KKBAPK» (——++) Ur ~«QHTUKBapK»
H’ (++++) i6' ~«KBapK» (———-) i6 -«aHTUKBapPK» A%
(«HEBUIUMKAY) («aHTUHEBUAUMKAY)
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rzie, HarpuMmep,

Ux - «AHTHKBApK» (2.12.1)
(=++-)
COCTOUT H3:
BHemnss 000/104KA Uy - KAHTUKBapKa» (—+ + —) (2.12.2)

B MHTEpBaE [75, r¢] (puc. 2.9.1)

2 2
e roor dr -
ds = - -8+ — cdr? +—2+r2d92 —r’sin’* 0dg’,
r s Ty r
1=+
ror
2 2
e roor dr -
dsSH = — 1+5-— c2dt + 5 +7r°d@* —r’sin’ 0dg®,
roor r, r
1+*—72
ror
2 2
e ror dr :
ds{ T = - —5- czdt2+—2+r2d6?2—r2 sin* @dg’,
r s I_FL_L
roor
2 2
e roor dr -
dsy " = 14+ 54— |Pdr’ + ————< +7°d0* —r’sin’ 0dg’ .
r 7 183 r
I+ +—
ror
Anpo ux - «<aHTUKBapKa» (—+ +—) (2.12.3)

B MHTEpBaJIe 76, 7] (Puc. 2.9.1)

2

dr

v
1_L+7
( r ”62]

2

dr
2
roor

2

dr
2
L
2
roor

- +7r’d@> —r’sin’ 0do’,
roor

2
e roor
ds{™" 7% = —(1 —i+—chdt2 +

- +7°d0* —r*sin’ 0dg’,
ror

2
. r- r
dsy % = —(1 +-L ——chalt2 +

2
e v r :
ds\ 2 = _[ _n_ _Zchd;Z + +7r°d@* —r’sin® 0dg’,
ror

2 2
A2 = 1e e T a1 2000 —sin 0dg?,
roor v
I+ +—
r s
MleabT ux - «KAaHTHKBapKa» (—+ + —) (2.12.4)

B uHTepBaiie [0, o]

ds % =—c*dt +dr’ +1°d@’ —r’sin* Ody’ .
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B xBanToBOI XpOMOAWHAMUKE MC30HBI COCTABJIAIOTCA M3 KBAapKa W aHTUKBApKa, U 3a4ar0TCA

hopmymoit
M=qq =q,q, - L (612612 +4.9, +q;q3*), (2.12.5)
NE)

1€ o — UBETHOU TPHUILIET KBapKa (& =T, 3, K); ¢, — IBETHON TPHUIUIET aHTHKBApKa.

Bapuons! coctosT u3 3-X KBapKOB, U 337at0TCsI POPMYIIOH

1
B = ﬁqaqﬂqﬁaﬂy, (2.12.6)

IJ1€ Eupy — MOTHOCTHIO AaHTUCUMMETPUYHBIN TEH30p.
[IpakTHdecky TOYHO TaK¥Ke COCTABISIOTCA «ME30HBI» U «0apHOHBDY B paMKax AJreOpbl CUTHa-
Typ. PaccMOTpUM KOHKPETHBIIN MpUMep: TPU Pa3HOBUIHOCTU 77 -ME30HOB B TE€OPUU CHJIBHBIX B3aUMO-

JIEUCTBUI UMEIOT CIICIYIONIYI0 KBAPKOBYIO CTPYKTYPY:
1
7" =ud", 7’ =—Wwu"-d*d ), x =u‘d . 2.12.7
YL ) (2.12.7)
+

B AnreOpe curHaryp, HanpuMmep, Me30H 77 = u d * Mpe[CTaBIsieTCs B BUIC

dit (++ +-) dm(+ +— ) dit(+—-+ +)
U (—+ —=4) ur (— — + + uxk (—+ + -)
m (02+00)+ (0 002+)+ w70 02+0)+

(2.12.8)

/1€ KaKJ0W CUTHATYype COOTBETCTBYET COBOKYNMHOCTh 10-u MeTpuk tumna (2.12.1).

Vike n3 caMuX 3THX PaHXHUPOB BHJHO, YTO TAKHE BBIMYKJIO-BOTHYThIE BaKyyMHble 00pa3oBa-
HUSL HE MOTYT ObITh CTaOMJIBHBIMU. OHU MOTYT CJIOKUTBCSI B JJAHHYIO TOIOJIOTHYECKYI0 KOH(pHUTypa-
LIMIO, HO YEPE3 MIHOBEHHWE OHU MCUE3aI0T (PACIUIBIBAIOTCS) WM NIEPECTAUBAIOTCA B IPYrod BUJ Y3JI0-
BOT'0 MEPEIUIETEHUS] BHYTPU-BAaKyyMHbBIX TOKOB M UCKPUBIIEHUS! BAKyYMHOM MPOTSHKEHHOCTH.

B cBoro ouepenb KBapKOBast KOHCTPYKIIUS

0 1

. :ﬁ(u-w—dnz-) (2.12.9)

MOKET UMETh CJIEAYIOINE CUTHATYpHBIE (TOMOJIOIMYECKHE) aHAJIOT U

(2.12.10)
u (+ -~ 4) w (5= +5) W (= )
Us (—+—+)+ Ur (——++)+ U (_—|—+_)+
de o) Ao 4+ )
dL(i}f dr_!—+——!+ dK_!___—i-!Jr
m®(0000) " (000 0) 7°(0 00 0)

To4HO Tak e B paMKax AJIreOpbl CUTHATYD MOI'YT OBITh 'CILUIETEHBI” BCE U3BECTHBIE ME3OHBI U
p p Yp Yy

O6apuonsl CTaHAapTHON MOAEIH.
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Anrebpa curnatyp omindaercs ot CTaHAapTHON MOJENH, TOJHKO HATMYUEM B HEW JOTOJHU-

TEJILHBIX KHEBUIAUMOKY: i6 ~«KBapKa» U 5 ~«aHTUKBAPKay.

2.13 «bo30oHbI» B AJiredpe CUTHATYP
JIoKanpHBIM y4aCTOK HEMCKPUBIECHHON BHEUIHEH CTOPOHBI BAKYyYMHOHM NPOTSKEHHOCTH OIU-
chIBaeTcst MeTpukoi (2.8.1)

dsO? = 2df — dx*— dy* — dz? = i Odxi dv ¢ curnatypoii (+——-),  (2.13.1)

Tac
I 0
7= 0 1 o (2.13.2)
0 o 0 -1

a TOT K€ y4aCTOK BHYTPEHHEH CTOPOHBI BAKYYMHOM MPOTSHKEHHOCTH OIMUCHIBACTCS METPUKOH (2.8.2)

ds™? = —2df + dx*+ dy*+ dz* = i/ Vdx d¥ ¢ curnatypoit (—+ + +)

rre (2.13.3)
~1.0 0 0
o _[0 1 00
y 0 0 1 0
0 0 0 1

B pamkax AnreOpbl curHaTyp ciaaboe BO3MYILIEHHE TaKOH JIBYXCTOPOHHEH BaKyyMHOM IpOTS-

YKEHHOCTH 3aJ1a€TCs 2-KTyTOM (YCPEITHEHHON METPHUKOH)

Ya(ds? + ds D) = (O + hi O + 5 — hif D) dxt d = Va(hif O — b)) dxl dv,  (2.13.4)
rae hi” u hi” — B3auMoOCBA3aHHBIE KOMIOHEHTHI TEH30POB, 3aaI0IIUX C1a00e OTKIOHEHHUE JBYX-
CTOpPOHHEW BaKyyMHOW NPOTSHKEHHOCTH OT UCXOIHOTO HEMCKPUBIICHHOTO COCTOSHHS.

[Ipu onpeneneHHOM BBIOOPE CUCTEMBI OTCUETA, T. €. MPU KAIUOPOBKE, aHAIOTUYHON JIOpEHLIe-
BOI KanubpoBke B »iekTpopuHamuke [34], va £y u A" HamaraioTcs HOMOTHUTENBbHBIE YCIOBHS,
IIPU KOTOPBIX IIEPBOE BaKyyMHOE ypaBHeHHE DiHIITEIHA (2.1.6) CBOIUTCS K BOJIHOBOMY YPaBHEHHIO

2
e [V‘c%%j%(hw ~H) =0 2.135)

B maroii o61actu Bakyyma BOJHOBOE BO3MYIIEHHE MOKHO CUMTATh IUIOCKOM BONHOUW. Eciu B
Ka4yecTBE OCH X BbIOpATh HANpaBJICHUE PACIIPOCTPAHEHHUS BOJIHBI, TO MOAXOAALIMM BBIOOPOM CHUCTEMBI
OTCUETa MOKHO 0OpPAaTUTh B HYJIb Bce KOMIOHEHTHI 4/ u hii™"), kpome KOMIOHEHT

hoO=—h3O =0 u  hO=hnO =hp0), (2.13.6)

ho®M=—h3D = w3 =hs® =0,
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Takoe BOJHOBOE BO3MYILEHHE SBISETCA KBAAPYNOJIBHOM INonepeyHor BoJHOM. [lonspusanus

9TO BOJIHBI B INIOCKOCTU )z OIpeAesseTcs CAeAyIOIUMU TeH30paMi BTOPOIO paHra:

) )
h) = h+ hx =0 h) =
ab A I A ’ ab
X +

(+) (+)
R

B =0, a,b=2,3. (2.13.7)

Kommounentst A+ u 77, b+ u A", o oTneapHOCTH, OMUCHIBAIOT 110 1BE HE3aBUCHMBIE TI0-
JNAPU3ALMHI KBAJPYIOILHOIO IIOCKOTO BOIHOBOTO BO3MYILEHHUS, KOTOPbIE OTJIMYAIOTCS JPYT OT Apyra
MIOBOPOTOM Ha yToJ 1/4.

YcpeHeHHBI TEH30p BTOPOTO paHra

=) _ () ) _ ()
L L (2.13.8)
a 2 h)g—) _ h:+) _ hi—) + hi+)

IpH ONpeAeTEHHBIX (H)a30BBIX COOTHOIIECHHUSIX MOYKET ONMHUCHIBATh HE TOJIBKO KBAAPYIIOJIbHBIC, HO U JH-
TOJIbHBIE: JTMHEHHbIE, JITUITHYECKUE U KPYTOBbIE MOISPU3ALMHA BOJHOBBIX BO3MYIICHHUH JBYCTOPOH-
HEW BaKyyMHOU MPOTSHKEHHOCTH.

Takum 06pa3om, mepBoe BakKyyMHOE ypaBHEeHHE DifHINTeHA (2.1.6) Mpu MaibIX BO3MYIIEHUSIX
METPUKH JIMHEAPU3YETCs, T.€. CTAHOBUTCS BOJHOBBIM (2.13.5), U momyckaeT pacnpoCTpaHEHHE pas-
JMYHBIX TUMIOB BOJHOBBIX BO3MYIICHUI MO IBYXCTOPOHHEHN BaKyyMHOM NMPOTSAKEHHOCTH.

[IpoGnemy pacnpocTpaHeHHUs BOJHOBBIX BO3MYIIEHHUI 10 BaKyyMHOH MPOTSYKEHHOCTH MOYKHO
paccMoTpeTh mo-Apyromy. M3nayansHo MeTpuka (2.13.1)

ds? = c2d? — dx*— dy*— dz?> =0 ¢ curHarypoit (+ — —-); (2.13.9)
ONpelensieT He TOJBKO METPUKO-AMHAMUYECKHE CBOMCTBA IUIOCKOM BHEHIHEH CTOPOHBI BAaKyyMHOM
MPOTSKEHHOCTH, HO M PAacIpOCTPaHEHUE JTyya CBETa B BAKyyMe CO CKOPOCTBIO ¢ B MPSIMOM HarmpanJie-
Huu cdt = (dx* + dy* + dz*)"2.

ITpu sTom meTpuka (2.13.3)
ds? = — cde + dx* + dy*+ dz* = 0 ¢ curHaTypoit (— + + +). (2.13.10)

OIpeeNsieT He TOJBKO METPUKO-IMHAMUYECKUE CBOMCTBA INIOCKOM BHYTPEHHEH CTOPOHBI BaKyyMHOM
MPOTSKEHHOCTH, HO U PACIIPOCTPaHEHHE JIyda CBETa B BaKyyMe CO CKOPOCTBIO ¢ B 0OpaTHOM HaIlpaB-
nenuu — cdt = — (dx* + dy* + dz*)"2.

Hanmomuum, uro kBaapatuunbie Gopmsl (2.13.9) u (2.13.10) MOKHO MpeACTaBUTH B BUAE MPO-

u3BeeHNs TUHEHHBIX (apduuHbIX) Gopm (2.1.37) u (2.1.38)

ds©? = 2d? —dx*—dy*—d2? = cdt'cdt’— dx'dx'"— dy'dy"— dz'dz", (2.13.11)
dsM? = _ 2dR + dx2+ a’y2 +dP=— cdt' cdt'"+dx'dx""+dy'dy'"'+dz'dz"", (2.13.12)
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rae, coryacHo (2.1.39) — (2.1.42):

ds©" = cdt'—dx'-dy'—dz  — "muuuHa" BHeIIHel CTOPOHBI BAKYYMa; (2.13.13)
dsO" = cdt'—dx"—dy"—dz"' — "m3HaHKA" BHEIIHEH CTOPOHBI BAKYyMa; (2.13.14)
ds™" = —cdt' + dx'+ dy'+ dz - "muuuHA” BHYTpeHHeH cTOpoHbI Bakyyma; (2.13.15)
ds™" = — cdt'"+ dx"'+ dy''+ dz'' — "u3HaHKA" BHyTpeHHEH CTOpoHHI Bakyyma. (2.13.16)

[Tockonbky snemenThl AnuHbl (2.13.13) — (2.13.16) B3auMHO NMEepHEHAUKYISPHBI MO OTHOIIIE-
Huto Apyr K Apyry ds©'L dsO" L ds® 'L ds™", To sdpdexTuBHEil cpasy nepedTH Ha S3bIK KBATEPHHUO-
HOB.

B ToMm ciryuae BmMecto nuHelHOU dopmbl (2.13.13) Oynem ucronb30BaTh KBATEPHUOH

z= —xo+ix1+jx2 + kxs3, stign {++++} (2.13.17)

a BMecTO (2.13.15) — KOMIUIEKCHO CONPSKEHHBIN €My KBaTEpHUOH

z* = xo—xi3 — jx2 — kx1, stign {+———} (2.13.18)

B o0mem cnyuae Anrebpa curHaTyp JOIMyCKaeT CyLIECTBOBaHUE 16-U THUIIOB «IIBETHBIX» KBa-

TCPHUOHOB CO BCEMH BO3MOKXHBIMHA CTI/IFHaTypaMI/ISI

z1 =xo0 tix1+jx2 thxs  {++++} {————} z9=-x0 —ix1—jx2 —kx3
=-x0—ix1 —jx2t ke {———+} {+++-} zio=xo+ix1+jx2—kx3
z3 = X0—ix1— jx2 + kx3 {+——+} {—++-}  zn=-xo+ixi+jx2—kx3
z4 =—x0 — ix1+ jxo—kx3  {+——+} {H+—+}  ziz=x0+ ix1—jx2+ kx3
z5 = X0 +ix1— jx2— kx3 {++—--} {——++} ziz=—x0 —ix1+jx2 + kx3
z6=-X0 T ix1—jx2—kxs {—+——} {+—++}  zia=xo—ix1+ jx2 + kxs
z7 =X0— X1+ jx2 — kx3 {+-+-} {—+—"+}  zi5=—x0 + ix1—jx2t kx3
zg =—x0+ ix1+jx2 thxs {—+++} {+———}  zi6=x0—ix1—jx2— kx3

(2.13.19)

5 Lo .
B pamxax Anzebper cuenamyp nabop 3nakos aunelinou (agpdunnoii) popmul unu «Y8emMHoO20» K8AMEPHUOHA HAZBIBACMCS (CMU2-
Hamypouy, 6 onmiuuue om «CUSHAMYPbLY, AGIAIOWEILCS] XAPAKMEPUCMUKOU KGAOPAMUYHOU (Mempu4ecKoil) popmul.
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[IpsMBIM BBIYHCIICHUEM JIETKO YOCIUTHCS, 9TO CyMMa BCeX 16 THUITOB «IIBETHBIX» KBAaTEPHHO-
HOB (2.13.19) paBHa HyIO
zitmtzytzatzstzetzr+zs+zotziotzin+zintzistziat+zis+z16=0,  (2.13.20)
T. €. YIOBJIETBOPSET BAKYYMHOMY yCIIOBHIO.

DKBHUBaJICHTHAsl CTUTHATYypHAas 3anuch BeipaxeHus (2.13.20) umeet Bua:

F++H+ )+ )+ =
+ -+ttt +H}+ (2.13.21)
L e B e T S e N I B N I

F{——t++ + -+ + {—F—+} + {+———} = {0000}.

CruHraTypsl 00pa3yloT IrpyIily, aHaJOTHYHYIO IPYyIMIe CUTHATYP U aHTUCUMMETPUYHYIO MaTt-

puity
I T e
T R @122
A HOON I R

Boiiee moapoOHBIN aHAIM3 COBOKYIHOCTUA 16-M CTUTHATYD U "LBETHBIX " KBATEPHUOHOB IIPUBE-
y Yy

JIeH B ri1aBe 1.

2.13.1 «@omon» u «anmughomony
[Tockonbky, Hanpumep, JuHerHbie Gopmbl (2.13.13) u (2.13.14) B3auMHO NepHEeHAUKYISPHBI
[0 OTHOIICHHUIO APYr K JAPYTy, TO TapMOHMYECKOE BO3MYILEHHE, PACIPOCTpaHsIOIIeecss Mo oOuien

METPHUUYECKOHN NPOTSHKEHHOCTH (T.€. 110 BHEIIHEH CTOPOHE BaKyyMa) MOKHO NPEACTaBUTh B BUJIE:

cos{R/A)(ct—x—y—=z)} + isin{Ra/A)(ct-x—y—z)} = exp {i Q/A)(ct—x—y-=z)}=exp {{(wt—k-r)}. (2.13.23)

ByneM Ha3bpIBaTh Takoe rapMOHMYECKOE BO3MYIIECHHE METPHUYECKOH MPOTSHKEHHOCTH «(oTo-
HOM)» CO CTUTHATypo# {+———}.
AHaNOru4HO, /U B3aUMHO MEPHEeHIUKYISIPHBIX TUHEHHBIX hopm (2.13.15) u (2.13.16) umeem
rapMOHUYECKOE BO3MYIIIEHNE BHYTPEHHEH CTOPOHBI BAKYYMHOM MPOTSKEHHOCTH:
cos{(2r/A)(—cttx+y+z)} +isin{QRa/A)(—ct+x+y+z)} =exp {i QA/A)(—cttx+y+z)}=exp —{i(wt—k-r)}.
(2.13.24)
KOTOpPOE Ha30BEM «aHTH(POTOHOM» C CTUTHATYpOH {— + + +}, T.K. OH pacIpoCTpaHsICTCS B MPOTHUBO-

IIOJIO’KHOM HallpaBJICHUU 110 OTHOIICHHIO K ((q)OTOHy».
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2.13.2 «W =- 603011

---4 -+

COOTBETCTBYIOT TPH [[BETHBIX COCTOSTHUS « W'~ 6030HA»

Y TPH IBETHBIX COCTOSTHUS « W™ - 6030Ha»

AHaNoruyHble MOCTPOESHHUS MMOKA3bIBAIOT, YTO IIECTH CTUTHATYPHBIM PaHKHUpaMm:

(- +--)

-+ ++-- {+-—-+
(++ - -} {+ = — +} {+ =+ -}
- e ==
(++ + -} {++ -+ -+
—+ -+ —-++ =++-
(—— + +} e — =t =+
(— + + +) -+ + +}e =+ + +h
exp {i27n/A(—ct—x—y+z)Ix =--1
xexp {j2x/A( ct—x+y—z)}x S
x exp {k 272/ ( ct+x—y—2) i—}{If::}
exp {i27n/A(—ct—x+y—z)}x =-+-
xexp {j2x/A( cttx—y—2z)}x =
xexp {k2x/A( ct—x—y +z)} H
exp {i27n/A(—ct+x—y—z)}x =+--
xexp {j2x/A( ct—x—y+z)}x -
x exp {k272/4( ct—x+y—2)) 1—1{1 —
exp {i27/A( ct+x+y—z)}x {+++ -
X exp {27w/A(—ct+x—y+z)}x = N i}}
xexp {k2x/A(—ct—x+y+z)} {: J_r + o
exp {i27x/A( ct+x—y+2z)}x {++-+
xexp {j2x/A(—ct—x+y+z)}x {_J_r:ﬂ}
xexp {k2n/A(—ct+x+y—2z)} {: T 4 jr}+
exp {i27x/A( ct—x+y+z)}x -
xexp {j2x/A(—ct+x+y—z)}x =t
xexp {k2rn/A(—ct+x—y+2z)} iﬁ

i2=j2=k?=ijk=-1 n

rze i, j, k —~MHUMbIe eIMHUILIbI, 00pa3yIOT aHTUKOMMYTATUBHYIO airedpy:

ij +ji=0.

(2.13.25)

(2.13.26)

(2.13.27)

(2.13.28)
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2.13.3 «Z° - 6030nb1»

[IlecTn cTUTHATYPHBIM paHKUpaM

---- ----
{+—++} {++—+}
{—++—} {+++—}
0000} {0000
4+ 4+ +)
R N S
T I
-+ o4+
000 0)- 0 000}

----
(+ - + +}
=+-1
(+++ -}
{00 00}

+++ +}
-+
=+
(= — — +}
{0 00 0}

COOTBETCTBYIOT IECTh LIBETHBIX COCTOSIHUM «Z°- 6030Ha»

exp{ 2x/A(—ct—x—y—z)}x
xexp {i2n/A( ct—x+y+z)}x
xexp {j2n/A(—ct+x+y—z)}x
xexp {k2x/A( ct+x—y+z)}

exp{ 2z7/A(—ct—x—y—z)}x
xexp {i27z/A( ct+x—y+z)}x
xexp {j2z/A( ct+x+y—2z)}x
xexp {k2z/A(—ct—x+y+2z)}

exp{ 2x/A(—ct—x—y—z)}x
xexp {i27n/A( ct—x+y+z)}x
xexp {j2a/A(—ct+x—y+2z)}x
x exp {k27x/A( ct+x+y—2z)}

exp{ 27z/A( ct+x+y+z)}x
xexp {i2n/A(—ct+x—y—z)}x
xexp {j2x/A( ct—x—y +2z)}x
xexp {k2x/A(—ct—x+y—2)}

exp { 27/A( ct+tx+y+z)}x
xexp {i2zn/A(—ct—x+y—z)}x
xexp {j2x/A(—ct—x—y +z)}x
xexp {k2zx/A( ct+x—y—2z)}

exp{ 27/A( ct+x+ty+z)}x
xexp {i2zn/A(—ct+x—y—z)}x
xexp {j22a/A( ct—x+y—z)}x
xexp {k2z/A(—ct—x—y+z)}

C---)

(+ -+ 4}
=+ + -

++ -+
0000}

C---

{(+ + — +}
+++ -}

(= — + +}
000 0}

C---)

+ -+ +}
=+ -+

+ 4+ + =
{0 00 0}

(++ + +)
-+-
- — 4
——+
{000 0}

(++ + +}
- -+
- --4

++ - 2}
00 00}

{+ + + +}
-+-
-+

——— +
000 0

(2.13.29)

(2.13.30)
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2.13.4 «I'pasumony (unu «ranowagmony)

B AnreGpe curnatyp npucyTCTBYET eule OJUH «0030H», KOTOPBIM Ha3bIBAETCS «TPABUTOHY

(nnu «asAmadToH»)

exp {(i27x/A( ct+x+y+2z)}
xexp {G2x/A( ct—x—y +z)}x
x exp {&a2n/A(—ct —x+y—z)}x
xexp {G2n/A( ct +x—y—z)}x
x exp{l627m/A(—ct+x—y—2z)}x
xexp {727n/A( ct—x+y—z)}x
x exp {3 27w/A(—ct+x+y+z)}x
xexp {(1 2x/A(—ct—x—y—2z)}x
x exp{L27/A( ct+x+y—z)}x
x exp{2x/A(—ct+x+y—z)}x
x exp{lu27x/A( ct+x—y+z)}x
xexp (2n/A(—ct—x+y+z)}x
x exp{le27/A( ct—x+y+z)}x
xexp {G2n/A(—ct+x—y+z)}x
xexp {2x/A( ct—x—y—2)}

00 0 0}

(2.13.31)

rzie OObEKTbl {m YAOBJIETBOPAIOT aHTUKOMMYTATUBHBIM COOTHOIIEHUAM anreopsl Knuddopaa

CkaJerCm:O IIpu mik,Cm Cm: 1,

NN

(m Ck + (k Cm = 25km,

(2.13.32)

rze okm — cuMBosl Kponekepa (0xm= 0 ipu m # k v okm= 1 iput m = k). OiHa U3 BO3MOXKHOCTEH ompese-

JIEHUS] 00BEKTOB (m ¥ cuMBoOJIa KpoHekepa dxm MpeicTaBiIeHa HIKE:
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2.14 BeiBoabI 1O rjiaBse 2
Onupasice Ha 16-1ucTHBIN "aTiac” METpUYECKUX MPOCTPAHCTB C 16-10 BCEBO3MOKHBIMHU CUTHA-
Typamu (Tomnoiorusmu) (2.8.12) u 32-crpannusblii Habop adPUHHBIX TOA-TPOCTPAHCTB CO CTUTHATY-
pamu (2.13.21), B 31Ol paboTe MONMy4YEeHBl METPUKO-AMHAMUYECKHUE MOJIEIN MPAKTHUYECKU BCEX die-
MeHTOB CTaHAapTHON MOJIEIH.
He paccMoTpenHbIMM B 3TOM IJ1aBe OCTa- JlenToub Kapkn

e H T i, e, t
JIMCh: BCC COpTa ((HeﬁTpI/IHO)), «MIKOOHBD», «T - JICII- Vey Vs Vr d, s, b

TOHBI» U 0030HBI Xurrca. MeTpuko - ITuHaAMHYe-
CKHE MOJIEJIM JIaHHBIX BaKyyMHBIX 00pa3oBaHUI
(kpome 0030HOB XHWITCAa) M OMHCAHUE B3aWMOJICH-
CTBUM MeXIy chepHUuecKUMH BaKyyMHBIMH 0Opa- PoTonmr

I''oonsl
30BaHUSMHU («YaCTUI[AMU») MPUBEACHBI B TJaBax

3-8.
Bozon Xurrea
B npennaraemoii 3mech 0e3maccoBoil cTa-

XOCTHUYECKOW MeTpadu3uKe OTCYTCTBYET MOHSTHE Puc. 2.14.1. Snementst CrannapTHOH MoAein
«Maccay, I0TOMY OTMagaeT He0OOXOAMMOCTb BO BBEJCHUHU MPECTABICHUN O MOJe, 00eCIIeYMBAIOILEM
MEXaHHM3M CIIOHTAHHOT'O HapYILIEHUS JIEKTPOCIadoil CUMMETPUH, U COOTBETCTBEHHO O KBaHTax 3TOrO
moyst — 6030Hax Xwurrca. OgHaKO HE MCKIIOYEHO, YTO B IMOJHOCTHIO T€OMETPU3UPOBAHHON TEOpUHU
BO3HUKHYT METPUKO-JUHAMUYECKHE MOJIENIM BaKyyMHBIX 00pa30BaHUM C XapaKTEPUCTHKaMHM, aHAJIO-
TMYHBIMHU XapaKTEPUCTUKAM JIaHHBIX OO30HOB.

I'eomeTpr3MpOBaHHOE ONMCAHUE OCHOBHBIX CUJIOBBIX B3aUMOJACUCTBUM: DJIEKTPOCTATUYECKOTO,
ANEKTPOMAarHUTHOTO, ¢1a00T0 U sIIEpHOr0 OYIET MPEACTABIEHO B CIEAYIOLIUX IJIaBax.

MareMaTHuecKkue MpUEMbl, MMO3BOJIAIONINE HU3BJICYb PA3IMUHYI0 MH(OPMAIMIO O JIOKAIbHBIX
BAaKyyMHBIX 00pa30BaHMSIX W3 COBOKYIMHOCTH PELICHUH BaKyyMHBIX YpaBHEHUH OWHIITEIHA, ITpHUBeE-
JICHBI B HayaJie dTOM IJIaBkl, B TJ1aBax 5 — 9 u B [5, 22].

B crarbe [32] mokazano, uro ypaBHeHHs SIHra-Muica B 4-MEpHOM MPOCTPaHCTBE KOH(POPM-
HOM CBSI3HOCTH 0€3 Kpy4EeHHsI CBOJSTCSA K ypaBHCHHUSIM DWHIITEHHA, ypaBHCHHsIM MakcBemia u emé
onHoit rpynre u3 10 nuddepeHranbHbIX ypaBHEHUH 2-T0 opsAaka. B npyroii ctaTbe Tex ke aBTOpPOB
[33] mpuBeneHo oO11ee pelIeHrne JaHHBIX YPaBHEHHUH Ui HEHTPaTbHO-CUMMETPUYHON METPHUKH IMPH
OTCYTCTBHUHM 3JIEKTPOMArHUTHOTO MOJIsI, a TaK)K€ MOKa3aHO, YTO CPEIU YAaCTHBIX PELICHUM 3TUX ypaB-
HEHM, BBIPAKAIOLIMXCS Yyepe3 IeMeHTapHble (pyHKIUH, nmeercs peuienne Kormiepa.

B nannoii pabote pemenus Kortiepa nexar B OCHOBE MOJEIbHBIX MPEJICTABIECHUH O METPUKO-
JMHAMUYECKON oOpraHuzauu Bakyyma B 1enom (2.5.4) — (2.5.13), u okaipHbIX c(heprUeCKUX BaKy-

YMHBIX 00pa30BaHuii B 4acTHOCTH (2.6.22), (2.6.32) u (2.12.1). [TosToMy, nmonydeHHbIN B pamKax AJi-
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reOpbl CUTHATYP TIOJHBIA HA0Op METPUKO-AMHAMHYECKUX MOJCNeH «KBapkoBy» (Tadi. 2.12.1) u mpak-
TUYECKH BCeX «(HEepMUOHOBY» U «0030HOBY» (myHKTHI 2.13.1 — 2.13.4), BXomsamux B coctaB CTaHaapT-
HOM MOJienu, coracyeTcs ¢ BhIBoAamMu padot [33], u MOKeT OBITh MPEAOKEH B KaueCTBE COBOKYITHO-
CTU aHAJIMTUYECKUX pelIeHUN ypaBHeHUs SHra-Muuica.
OTMeTuM, 9TO €Clii B COBOKYITHOCTH METPUK Bua (2.6.22), (2.6.32) u (2.12.1) BmecTo:
rs~4,9'103 cM — panuyc «OHOJIOrMYECKOM KIETKI;
re~1,7-1013 cM — pamuyc sapa «oneKTpoHay;
r7~5,8102*cM — paamyc apa «IIpoTO-KBapKa,
MOJICTaBJISAITh, HATIPUMED,
r2~1,2'10% cM — paguyc sapa «MeTaralnakTUKI»;
r3~4-10%cM — paauyc sapa «ranakTUKm;
ra~1,4108cm — panuyc, sjipa «3Be3Abl» WIH «IUIaHEThD»,
TO MOJyYUM MNPAKTUYECKU AHAJIOTUYHOE MHOTOCIOWHOE METPUKO-IMHAMMUYECKOE U TOIMOJIOTUYECKOE
OIMCaHNE BaKyyMHON MPOTSHKEHHOCTH B FAJIAKTUYECKUX U METaraJlakTHYeCKUX MaciTadax.

Takum oOpa3om, Ha B3I aBTOPA, MOJTydYeHA YHUBEpPCAIbHAsI METPUKO-IMHAMUYECKAs MOJIENb
3aMKHYTOT'O U, BMECTE C TeM, B cpeiHeM Puuun-ruiockoro Mupo3aanusi, HACeJICHHOT0 0eCUrCIeHHBIM
MHOKECTBOM C(PepHUECKUX BaKyyMHBIX O0Opa30BaHHUN PAa3IMIHOTO MacIiTada.

BepositHocTHBIN hopmanu3m CTaHIapTHOM MOJIEIH OCTAE€TCS B CHIIE, TaK KaK SApa U SAPBIIIKA
CTaOUJIbHBIX BaKyyMHBIX OOpa30BaHHUI MOCTOSIHHO XAOTHYECKU MEPEeMEIIAIOTCs IMOJ BO3AEUCTBUEM
COCETHUX CTaOMJIbHBIX BaKyyMHBIX 00pa30BaHUN U MHOXECTBA APYTUX BaKyyMHbIX durykryaruii. Mc-
CJIeIOBaHNE Xa0THYECKOTO JIBMKCHHS pa BaKyyMHOT0o 00Opa30BaHUS MPUBEIO K BBIBOJY ypaBHEHUS
[penunrepa (cvompume enagy 3), a B raaBe 4 mokazaHa CBA3b AJIreOpbl CUTHATYp C KBAaHTOBBIMU
TEOPUSMHU.

[IpennoxxeHHble B qaHHOW paboTe 3JaeMeHThl ANreOpbhl CUTHATYp — 3TO HE allbTepHATHBHAS
Teopus 1o oTHomeHuo Kk OTO, kBaHTOBOM Te€OpUU 10JIA U TEOPUM CYNIEPCTPYH, a CKOPEe UX IPOIOJI-

KCHHE Ha ITyTH TIOJTHON reoMeTpu3aiui (pU3nIecKuX BO33PCHUH.
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