-

M. JI. (I)uaneHKOB
0. I1. Jlantes

KBAHTOBASI
PABUTAILIUSA

OT MHKPOMHPA

 YpoBHH KBAHTOBAHHS
B T€OPHH FPaBUTALNH

KBaHTOBas1 TEopus
IPaBHTAUHOHHO-

BSI33HH[>IX CHCTEM

: KBaHTOBaﬂ TEOpHst MoJIsi
> l/lCl\pllB.’leHHO\’l
HpOCTpaHCTBe-BpeMeHHU

URSS



M. J1. DunbueHkos, 0. . NNanTes

KBAHTOBAHA
'PABUTALNA

OT MUKPOMHPA
K MET'AMUPY

URSS
MOCKBA



BbK 22.312 22.314 22.315 22.6

OuabuyeHkoB Muxana Jleonugosny,
JlanreB IOpuii IlaBaosuy

Ksantosast rpaButamus: OT MAKpoMHpa K MeraMHupy.
M.: IEHAH/, 2016. — 304 c.

BrepBble Ha PYCCKOM SI3BIKE CHCTEMATHYECKH M3II0KESHB! Pa3M4HbIE TOMXOAB! K KBaH-
TOBAHMIO rpauTaniy. Kaura cofepkuT 0630p, B KOTOPOM 0XapaKTepH30BaHbl YPOBHH KBaH-
TOBaHHsA B TEOPHM I'PABHTAlMM (KBAHTOBaA MEXAaHHKA U KBAHTOBAas TEOPHSA IOJA B UCKDHUB-
JIEHHOM MPOCTPAHCTBe-BPEMCHH, KBAHTOBAHHE IDABHTALIMOHHOTO TOJA M reoMerTpHm). Oc-
HOBHOC BHHMaHHE YAEICHO KBAHTOBAHHIO TPABHTAI[MOHHO-CBA3AHHBIX CHCTEM — KOMIIaKT-
HBIX aCTPOdH3HUECKHX OOBEKTOB (IIEPBHYHBIC YEPHbIC IBIPDI, 3aXBATHBIINE MUKPOIACTHIIBL,
KBAHTOBbIE CHCTEMEI C HCHTPHHO, TPaBHTAIIHOHHBIH KOIANC) H KOCMOJIOTHIECKHX MOAencH
panHeit BeeneHHo# (M30TPONHELE, aHH30TPOTIHIE H MOTIEBbIC Moaem»x) Knnra Taioke comep-
KNT CIIPABOUHEIA MaTépHal NO OOMIeH TeOpUH OTHOCHTENBHOCTH W KBAHTOBOH TEODHH.
B 3aKTIOMMTENBHON TJI2Be NPOAHATH3HPOBAHE! ODIIMe CBOHCTBA TPABHTALHOHHO-CBI33HHBIX
CHCTEM Ha Pa3INYHKLIX YPOBHIX KBAaHTOBAHHUS. S

Kuura npensasHayeHa A CHCHHATHCTOB 110 IPABHTALMH, 3 TAKKE ZuIsl aCIHPAaHTOB
H CTYZCHTOB (PH3UIECKHX BY30B.

Penenzenrt:

BHIe-TIpe3usieHT POCCHiickoro rpaBuTallMOHHOTO OOIIECTBA,
I-p ¢us.-mat. Hayk, mpod. FO. C. Bradumupos

000 «JIEHAH[I». 117312, r. Mocksa, np-t llectugecarunerys Oxrabps, a. 11A, cp. 11.
Dopmar 60x90/16. Tleu. 1. 19. 3ak. Ne 853.

Orneyatano B 00O «Kyprauckuik JloMm nedatu».
640022, Kypras, yn. K. Mapkca, 106.

ISBN 978-5-9710-3641-8 © JIEHAHJ, 2016
HAYYHAS 1 YYEBHARA MUTEPATYPA
17908 ID 218057 E-mail: URSS@URSS.ru
Katanor uagarus B UHtepHeTe:
http://URSS.ru
Ten./hake (MHOroKaHarHbIR):
785971 03 URSS +7 (499) 724 25 45

Bce npasa saummensl. Hykakas 4acTh HAcTOseH KHHIKH HE MOXET ObiTh BOCIIPOM3BENCHA MIIH
nepeaana B Kakoi Ob TO HU 6b110 hopMe H KakuMH GBI TO HM ObUIO CpeacTBaMy, Oyab TO 3Mek-
TPOHHBIE HJIM MEXaHHYECKUe, BKIIOYas (QOTOKONHPOBAHHME M 3allMCh Ha MATHHTHBIH HOCHTENb,
a Takxke pasmemienne B MuTepHeTe, €ClTH Ha TO HeT MHCHMEHHOTO Pa3pelieH s BilaenbLa.



OrnaBsneHue

Ilpenucaosue

Tnapa 1. YpoBHN KBAHTOBAHMHA B TEOPHM IPaBHTALIUHU

1.1
1.2

14

1.5

Knaccndukauusa ¢pusHiecKux Teopui

KBanTOBasi MexXaHHKa B FPaBUTAIIMOHHOM I10J1€

1.2.1

1.2.2

1.2.3

HGPEJIHTHBHCTCKaﬂ KBaHTOBass M€XaHHKa
B 3aJaBHOM cJaboM rpaBUTallHOHHOM I10J1E

KBaHTOBasi MEXaHHKA C Y4ETOM
PeNSITUBHCTCKHX II0MPABOK .

Ypasuenus [pénuurepa~Helotona

KBanTtoBasi Teopus noJs
B MCKPHUBJIEHHOM MPOCTPaHCTBe-BpeMeHH

1.3.1
1.3.2

DdderTrBHAs TeMIepaTypa BaKyyMa H HacTHIL
Poxpenue yacTul B paHHeld BcesieHHOH . .

KBaHTOBaHHE I'PAaBUTALMOHHOTO TIOJAS
H MCKPUBJIBHHOTO MPOCTPAHCTBA-BPEMEHU

1.4.1 KpanToBaHHe cs1ab0r0 rpaBHTALHOHHOIO N0
1.4.2 CynepcuMmMeTpusi, cyneprpagHTaiHs

M CYOEPCTPYHBE . . o« o v v v o e e e e
1.4.3 KeaHroBas reomeTpoiHHaMHKa,

MeT/IEBAsi KBAHTOBasl IpaBUTALHA
BeiBombl . . .. .. S s nmEE

15
15
20

21

24
25

26
26
27

28
29

30

32
34



Ornassenue

I'nasa 2. O6mas TeOpHA OTHOCUTEJIBLHOCTH
2.1 OcHOBHbIE IPHHLHIIbI
oblnel TeOpUH OTHOCHTEJNBHOCTH . . . . . . . . . .
2.2 CB#3b 06le#l TEOPHH OTHOCHTEJIBHOCTH CO
cleuanbHOH U ¢ HIOTOHOBCKOH TeOpHeH rpaBUTaLlHU
2.3 YpaBHeHHs rpaBUTALMOHHOTO NOJS.
YpaBHeHUS reofe3H4ecKUX . . . . . . . . . . . ..
2.4 llenTpasbHO-CHMMETPHYHBIE
U aKCHaJbHO-CHMMETPHUHBIE DELIeHHS . .
2.41 llenTpa/bHO-CHMMETPHUHbBIE METDHKH . . . . .
2.4.2 ]IBuXeHHe 3apSKEHHBIX YACTHIL
B LIEHTPAJbHO-CHMMETPHYHOM I0JIe
2.4.3 AxcHanbHO-CHMMETPHYHBIE METPHKH . . . . . .
2.5 Kaaccuueckue rpaBHTaliioHHbIE 3¢ EKTHL.
['paBuTannoHHble MHH3L. [paBUTaLHOHHEIE BOJIHbI
2.5.1 Knaccuueckue acdextot OTO
2.5.2 T[paBUTallHOHHbLIE JIUH3bI
2.5.3 TpaBUTALHOHHLIE BOJHEI
2.6 Kocmosorpyeckue pewieHHs . . . . . . . . .
2.6.1 OgpHopoaHble H30TPONHBIE MOJENH
2.6.2 TIpoCcTpaHCTBO MOCTOSIHHOH KPHBU3HH . .
2.6.3 OnHoponHbie aHH3OTPOTHbIE MOMEJH . .
2.6.4 TlapameTpnl am:fsoTponnu
[IPOCTPAaHCTBA-BPEMEHH, BEIBEIEHHbBIE
13 HabaAaTeNbHOH KOCMOJIOTHH . . . . . . . .
2.7 BoiBogbhl

I'naea 3. KBanroBas teopus
3.1 Crapas kBaHTOBasl TeOpHs
3.1.1 Ksanter M. [lnanka. KanThl cBeta
A. D#tnwireiina. Arom H. bBopa . .
3.1.2  Bounum JI. ne bpo#ias. BonHoBo# naket .
3.2 OcHOBHble TIPHHLIUIB KBAaHTOBOH M@XaHHKH .

37

37

39

41

44
45

49
51

52
53
55
56
59
59
64
67

71
76

77
78

78
81
83



OrsaBaexne

3.3

34

3.5

3.6

3.7

3.2.1 Ypaeuenune Hlpénunrepa.

CraudoHapHble COCTOSHHS . . . . . . . . . . .
3.2.2 CgroiicTBa BOJHOBbLIX (QyHKLHH.

PenyKuyst BOTHOBOTO MaKeTa . . . . . . . . . .
3.2.3 CsoiicTBa onepaTopoB.

CoorTHotlleHHe HeolpeieNEHHOCTEH.

Teopema I1. dpendecra. . . . . .. ... ...
TouHble pellieHUs CTALHUOHAPHOTO
ypaBuenus Wlpémuurepa . . . .. . . .. .. .. ...
3.3.1 OpmHOMepHBIE DELWIEHHST . . . . . . . . . . .. .
3.3.2 TapMonuueckuil oOCUMAIATOD . . . . . . . . . .
3.3.3 IBuxeHHe MHKPOYACTHLBI B OAHOPOIHOM MOJe
3.3.4 KemsepoBa 3agaya . . . . .. ... ... ...
[TpubnuxEHHBIE METObI KBAHTOBOH MEXaHMKH . . . .
3.4.1 KsasukJaaccuyeckoe npubJaMXenue . . . . . . .
3.4.2 3osotoe npaBuso PepMu . . . .. ... L
PeasiTUBHCTCKAs KBAHTOBASt MEXAHHMKA . . . . . . . . .
3.5.1 [yanusM yactHua — none . . .. .. .. ...
3.5.2 Ypasuenme [lupaka . . . . .. .. .. ... ..
3.5.3 KsauroBas Teopust H3JyUEHHH . . . . . . . . .
CoBpeMeHHO® COCTOSIHHE KBAHTOBOH TEODHM . . . . . .
3.6.1 HHrepnperauvu U GOpMYIHPOBKH

KBAHTOBOH MEXaHHKH . . . . . . . . . .. ...
3.6.2 MbICneHHBI KCTIEPUMEHT

dinuwrediHa-Tlogonsekoro—Poszena . . . . . .
3.6.3 Hepasencrsa Benaa.

CKpBITBIE MAPAMETPEL . . . . . . . . o o o o . .
3.6.4 KpaHToBasi TenenopTauns . . . . . . ... ..
BBIBOHBL « + . v v oo aww o655 s s 553 5w

InaBa 4. I'paBnatom

41
42

KpauTtoBasi MexaHuka 3apsina B noJe llsapuimunabaa .
O6beKThl HOBOTO THIMA — I'PABHATOMBI . . . . . . . . .

83

85

87

90
9
91
92
94
98
98
103
103
104
108
113
119

120

123

125

126
127



OraaBienye

4.2.1 YcnoBua CylIleCTBOBaHHS rpaBHaToMoB . . . . 134
4.2.2 KsaHTOBaS aKKpeLHs GapHOHOB Ha MHHHABIDH 137
4.2.3 T'pasuatoMbt ¢ yuéToMm

DEJISITHBHCTCKMX MOMPaBOK . . . . . . . . . . . 141
4.2.4 HanyyeHue rpaBHaTOMOB . . . . . . . . . . . . 144
4.2.5 Arom BoROpoma ¢ y4éToM
IPaBHTALMOHHOTO B3aUMONEHCTBHS . . . . . . 149
4.3 TpaBHTaUMOHHO-CBA3aHHBIE CHCTEMBbI C HefiTpuHo . . . 151
4.3.1 TpaBHaTtoMbl ¢ HEUTPHHO . . . . . . . . . ... 152
4.3.2 Makporena, 3aXBaTsiBapoUle HeATPHHO
H2 KBAHTOBHIE YPOBHH . . . . . . . . . . ... 153
4.4 BBIBOABL . . v v v i i e e e 158
I'nasa 5. HeneprypOaTuBHasi KBAHTOBAs KOCMOJIOTHSA 161
5.1 KsanToBasi reomMeTpogMHaMHKa
B MUHHMCYMEPIPOCTPAHCTBE . . . . . . . . . « . . . . . 162
5.2 H3oTpomnHble KBAHTOBblE MOAEJH
C MOeANBHOH KHUAKOCTBIO . . . . . . . . . . . . . . .. 164
5.2.1 MHOrOKOMIIOHEHTHBIE MOJIEIH . . . . . . . . . 164
5.2.2 OcuuanatopHoe u BonoponononobHoe pemieHus 166
5.2.3 Poxnenie Beenenno#
W3 JECHTTEPOBCKOIO BaKyyMa . . . . . .. .. 170
5.2.4 OueHka napameTpoB ‘
KBaHTOBOH KOCMOJIOTHYECKOH MofesH . . . . . 171
5.2.5 HeunsapuanTtHoctb ypaBHeHust Yunepa—HeBurt-
Ta OTHOCHTEJIBHO BPeMeHHOH KaiubpoBku . . . 174
5.2.6 TlonpaBku K KBaHTOBOH reOMeTPOJHHAMHUKE, YUH-
ThIBalOLHEe AUCKPETHOCTb NPOCTpaHcTBa . . . . 176
5.3 AHuH30TpOMHbBIe KBAaHTOBbIE MOJEJH

C MeaJIbHOM XKHUIKOCTBIO . . . . o . v v v e e v v e v 178
5.3.1 TamuabTOHOBa CBHASH
nnisi ypaBHeHust Patwaynypy . . . . . . . . .. 180



OruaBaeHue

5.3.2 MHOroKOMIIOHEeHTHas
KBa3W(ppPHIMaHOBCKasA MOZedb . . . . . . . . .

181

5.3.3 JIByXKOMIOHEHTHasl BaKyyMHO-TIbJieBas Monesb 186

5.34 Cps3b MeXIy KJaCCHYECKHMMH M KBaHTOBBIMHU

KOCMOJIOFMYECKHUMH PELIeHH MU . . . . . . . .

5.4 TlojeBbie KBAHTOBBIE MOAEAH . . . . . . . . . . . . . .

5.4.1 Mogeau co cKanApHbIM NOJKEM . . . . . . . . .

5.4.2 Mopean co CIHHOPHBIM TIOJIEM . . . . . . L
5.4.3 MonedH ¢ B3aUMOLeHCTBYIOIMMH NOJAMH .

54.4 Mogeau ¢ razom Yanseirysa . . . .. .. L

55 BeBogbH . . . .. ....... e

I'nasa 6. KBaHTOBBI rpaBUTAIAOHHBIN KOJLIATIC
4 PoXKIeHHE HOBOH BCeJIEHHOH
6.1 YpasreHue Yusepa—[eBurra

nasi Metpuku Bapumumasga . . . . . . . L. L L
6.2 KBsaHTOBWI rpaBHTAllHOHHBIH KOJJIANC . . . . . . . . .
6.3 PoxkpeHue HOBOW BCeNEHHOH . . . . . . . . . .. ...
6.4 CospnaHue BceleHHOH B J1a00PATOPHHA . . . . . . . . .
6.5 BeBompl . .. ... ...

I'naBa 7. KBanroBas Teopus moas
B NCKPHBJIEHHOM NPOCTPAHCTBE-BpeMeHH
7.1 2DdodekTUBHAN TeMnepaTypa BaKyyMa ¥ yacTdl . . . .
7.1.1 Tloaspusauns Bakyyma B s¢pdekre Kasumupa
U B CTaTHyecKoM mpocTtpaHcTBe ne CHTTepa
7.1.2 Poxpenue 4acTui
B a(bdexkrax XoKuHra ¥ YHpY . . . . . . . ..
7.1.3 OddexTHBHAs TeMmnepaTypa AJs MeTPHK
Peficcnepa—-Hopactpéma u KotTiepa . . . . .
7.2 PoxneHue uacTun B paHHel Bcejenno#t . . . . . . ..
7.2.1 [IlpeobpasoBanus boroawbosa . . . ... . ..
7.2.2 PoxpeHue yacTHIL
B OAHOPOAHOH H30TponHol BeeneHHoH



OrnaBnenue

7.3

7.4

[Tonesnie ypaBHeHHS

B MCKPHBJIEHHOM MPOCTPAHCTBE-BPEMEHH . . . . . . .
7.3.1 YpaBHeHHWe CKaJADHOTO HOJS . . . . . . . . ..
7.3.2 YpaBHeHUe CITHHOPHOI'O MOJS . . . . . . . . . .
7.3.3 YpaBHeHHS JIEKTPOMarHUTHOTG IOJIA . . . . .
BBBOOEL : ¢ 2 ¢ wwmssssmmes::csmmmn i s

I'nasa 8. O6mue cBO¥MCTBAa rpaBHTallHOHHO-CBA3aHHBIX
CHCTeM Ha Pa3jHYHBIX YPOBHAX KBAHTOBAHUS

8.1 Duepruu rpaBuaToma

u atoMa JlemeTrpa (KBaHTOBOMH BCEJEHHOHM) . . . . . . .
8.2 Macchl MUHHIBIP H YacTHL

B rpaBHaToOMe U paHHeil BcesienHo#t . . . . .. .. ..
8.3 BepoATHOCTb POXKAEHHS HOBOH BCENGHHOM . . . . . . .
8.4 MHreprperalus MoJydYeHHBIX PE3YyJabTaTOB . . . . . .
85 BeBOmBL . . . . ...
3akmoueHnue
Jlnreparypa

IlpenmeTHbI yKa3aTeab

231

232

233
234
235
237

239

241

289



