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Bo3moxHO, craHmapTHble apryMeHTbl 3((EeKTHBHOH TeopuH MO BepHbI, a (GIyKTyanuu
BaKyymMa JA€HCTBHTENBHO TEHEPUPYIOT OIPOMHYI0 KOCMOJIOTHYECKYIO MOCTOsIHHYI0. OnHako s
MOKa3bIBAI0, YTO €CIM OTKA3aThCsl OT OJHOPOAHOCTH U CTPEJie BPEMEHU B MACIITa0e MJIaHKa, TO OYEHb
60JIBIION KTacC OOLIMX PENSTUBUCTCKUX MCXOJIHBIX IaHHBIX IEMOHCTPUPYET pPacHIMPEHHs, CIBUTH U
KPHUBU3HBI, KOTOPbIE OTPOMHBI B MallbIX MacIITabaX, HO MaKpPOCKONUYECKH OBICTPO YCPEAHSIOTCS 10
nyns. [locnenyromas sBomomnus 6ojiee CI0KHA, HO s YTBEPKAAI0, YTO KBAHTOBBIE (DIYKTyaI[ud MOTYT
COXpaHATh STH cBoHcTBa. [lomydeHHass KapTHHa SBISETCS BepcHed '"TPOCTpaHCTBEHHO-BPEMEHHOM
neHsl" Yuiepa, B KOTOpOH KOCMOJIOTHYECKast TIOCTOSTHHAS CO3aeT BEICOKYIO KPHBU3HY B INTAHKOBCKOM
MaciTabe, HO HOUTH HEBUIUMA B HAOJIIOJaeMBIX MacIITadax.
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Ilpobnema kocmonozuueckol nOCMOAHHOU.
¢aykTyanpm ~— BakyymMa  JIOJDKHBI
TEeHEPHPOBATh OYEHH BBICOKYIO IUIOTHOCTH SHEPTHH,
KOTOpas [OJDKHA TMpPOSBIATBECA KaK  OTPOMHAs
KOCMOJIOTHYECKass TOCTOsHHas. MBI HE 3HaeM, Kak

KBanTOBEBIE

TOYHO BBIYUCIIUTH 3Ty BEJIUYUHY, HO JOJIKHO OBITH,
OHA TIOJIABJIAETCS DKCIOHEHIMANLHO [1] min uHaue
[2]. CranpapTHble aprymeHThl 3G (GEKTHBHON TeopHn
IO TpeACKas3hiBaloT 3HaueHme A~ +1/¢2%, rue
napameTp orceueHuss £ OOBIYHO NPUHUMACTCS 32
IaHKoBCKyt0 miuHy €p [3,4]. 3Hak A 3aBHCHUT OT
TOYHOT'O COOTHOIICHMS YUCIIa YacTHL BO BceneHHO
— 0030HOB U ()epMHOHOB, BHOCSIIUX CBOW BKJIAJI C
NPOTHBOMOJOKHBIME ~ 3HakamMu. Ho ecnmu  He
OPOUCXOJIUT  KAaKOW-TUOO  3aMETHOW  OTMECHBI,
Npe/ICKa3aHHOE 3HAYCHHUE OTPOMHO.

Mpb1  JeicTBUTENHLHO HAOMIOMaeM  yCKOpe-
HHOE pacimpenue BceneHHoi, KOTopoe MOXKET OBITh
BBI3BAHO  KOCMOJIOrMueckoid  mocrosHHo. Ho
KOCMOJIOTMYECKasl TIOCTOSIHHASI TJIAHKOBCKOM IIIKAJIBI
cuikoM Benarka — Ha 120 mopsiakoB, 4To genaer ee
TaK  HA3bIBAEMBIM  “XYJIIUM  TEOPETUUYECKUM
npenckasanneM B uctopun ¢usuku’ [5]. Iupoko
pacrpocTpaHeHO NPEAIoIoKEHHEe, YTO BO3/CiCTBUE
A TOIDKHO OBITh OTMEHEHO JINOO HEBEPOSITHO TOUYHOM
TOHKOW HACTPOMKOW, IMOO YCTpPaHEHO KaKOW-TO
Ipyroit ¢opmoil crnenuaibHOro oTbopa — aHTpoIn-
HBIM  0TOOpOM  [6], HeNOKadbHBIMH  MOAU(H-
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Commons Attribution 4.QJansnetiwee pacnpocmpanenue
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KaIMsIMU TPABUTAIIMOHHOTO neWcTBus [7] u T. m.
IIpobaema cTaHOBHTCS 0COOCHHO HEpa3penIuMOn H3-
3a CMEIICHUs MacImTaboB: A TeHepupyeTcs BOIH3H
IUIAHKOBCKMX MacirraboB, a HaOmomaeTcss Ha
KOCMOJIOTHIECKHX MacImTadax.

3gece g mpemyiararo  IPOCTyI0,  HO
PaAMKaIbHYI anbTepPHATHUBY. Bo03MOXHO, Hama
BceneHnast  IGHUCTBUTEIBHO  uMeem  KOCMOIIOTH-
4ecKylo IOCTOSHHyIO Topsaaka 1/¢%, mpuuem ¥,
BO3MOJKHO, TaK K¢ Majo, kak u ¥p. B omHOpOmHOU
Bcenennoit 310 ObUI0 OBl HEMEVICHHO HCKIIOUEHO
HaOmonenueM. OpHako, ecnm A TOpoXKAaeTcs
(IyKkTyanus MU IJIAHKOBCKOTO MacIitaba, TO HeT
HUKAaKUX OCHOBAaHUH OXHUAAaTh B 3TOM MaciTabe
caMOd  ONHOPOJHOCTH. OTa  CUTyalus  Obuia
npeaBocxuieHa YunepoMm [8], koropelii HasBain
BO3HHUKAOIIYIO KapTHHY “IpOCTPaHCTBEHHO-
BpeMeHHOW meHol”. OOparure BHUMaHHUE, 4TO S HE
paccMaTpuBai0  (QIyKTyalmmu  CcaMOH  KOCMOJIIO-
TUYECKOH IIOCTOSIHHOM, XOTSI OHU TakXe MOTYT
urpath cBoo poib [9]. Ckopee, s mpeaonarar, 4ro
3 (EeKTHI KOCMOJIOTHYECKOW TOCTOSIHHOH MOTYT
KOJICOAThCS TaKMM O0pa3oM, 4TO B CPEJHEM OHHU
OPUOITMKAIOTCS K HYJIIO.

Jlns  mpocTpaHCTBa € MOJIOKUTEIBHO
OTPEJICICHHOM  METPUKOM  JIErKO  MPEACTaBUTH
BBICOKHC 3HAYCHUS KPUBU3HBI MPU MAaJBIX MAaCIII-
Tabax, YCPETHSIOUINXCS 0 HYJISI MaKPOCKOITHMYECKH.
OpmHako miIs TPOCTPAHCTBA-BPEMEHH KOCMOJOTH-
YyecKasi MOCTOSHHAS, MTO-BUANMOMY, BIIEUET 3a cO00M
9KCITOHEHIIMABHOE PACIIUPEHHE (€Cn aHM30TPOTIHS
He cioumkoM Benuka [10]), m HescHo, Kak Takoe
MOBEJICHUE MOXKET ObITh ycpenHeHo. Ho aTa kapTuHa
HA caMOM  Jlelie  M[pOCTa:  KOCMOJIOTHYECKAs
MOCTOSIHHASI MOXET BBI3BIBATh JIMOO pPACHIMPCHHE,
n0o CcKaThe, W, KaK Mbl YBHIHM, 3TO IOBCICHHE
MOXET W3MCHATHCS B IUIAHKOBCKHX MacmTabax.
Takum oOpazom, B Oomblield oOmacTu Oonbmas A
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MOXET OBbITh COIJlacOBaHAa C MallbIM CpEIHHM
pacuImpeHueM.

Jlanee s moscHIO 3Ty wHueto  Oosee
KoHKpeTHO. Ilpm  ¢opMyIHpOBKE  HAYaIBLHOTO
3HAYEHUST KOCMOJIOTHMYECKON IOCTOSHHOM ¢ OOIeH
TEOPUH OTHOCHTEIBHOCTH, 5 MTOKAa3BIBAIO, YTO OYCHb
OoJIBIIOM  KJacC ~ MCXOAHBIX  JAHHBIX  HMMEET
JIOKJIBHYIO TIOCTOSIHHYI0 Xa00ia, KoTopasi OorpoMHa
B IUIAHKOBCKMX MaciuTabax, HO Majla MaKpOCKO-
nuyeckd.  J{ns  OECKOHEYHOTo  ITOJMHOXKECTBA
obylacTeii MakpocKolMuecKkas IpOCTPaHCTBEHHAs
KPHBH3HA TAaK)Ke OYCHH Malla U UMEET MCUE3aI0NIyIo
MPOM3BOMHYIO TIEPBOTO TOpsSAKAa IO BPEMEHH.
PaccmaTpuBaemasi MakpOCKOIIIYECKast 00JIacTh 371eCh
He O00s3aTeNBPHO JOJDKHA OBITH OYEHb OONBIION:
Kybuueckuii cantumerp Brmodaer 10'°° mnankos-
CKUX 00JIaCTeH.

Opnako ast (GOPMYJIMPOBKH HEJOCTATOYHO
HAYAIBHBIX JAHHBIX — HEOOXOJMMO TAaKXKE MOKAa3aTh,
YTO 3TH (QYHKIMH COXPAHSIOTCS ITHHAMHYICCKH.
IIpon3BoaHBIE IO BpeMeHH 0oJiee BRICOKOTO MOPSIKa
3aBHCAT OT Oojiee MENKHX JeTaleil W Tpy;aHee
nopnarorcss  aHanuzy. OJHAKO €CiM  MCXOAHBIE
HEO/IHOPOJHOCTH TIOPOXKIAIOTCS KBaHTOBBIMU
GiaykTyanusMu, s yTBEPKAAK0, 4TO 3TH (QIayKTyamuu
TaKKe JOJDKHBI COXPaHSTh BaKHEWIINE CBOICTBa,
MaCKHPYIOIIHE KOCMOJIOTHYECKYIO IIOCTOSIHHYIO.

OTH apryMeHTHI He Al0T IOJIHOTO OTBETA Ha
mpoOJieMy  KOCMOJIOTHYECKOH TmocTossHHOW. OHH,
HaIpUMep, He OOBACHSIOT KaXyIleecs CYIIeCTBOBA-
HHE OYeHb Maloro A B MaKpOCKOIHMYECKHX
Macmrabax. B 6omnee obmiem miaHe HY>KHO ObLIO OB
MOKa3aTh, YTO JUIMHHOBOJIHOBBIE BO30YXICHHS Ha
9TOM MIEHOO0Opa3HOM ¢one TOYMHSIOTCS
MaKpOCKOIIMYECKOW  BEpCHM  ypaBHEHHMH  TOJIS
O#HmITeliHa, (OpMe XOpOoLIO M3Y4YEeHHOH, HO C
HepelueHHON “3amaueit  ycpemnenus' [11]. Ho
pe3yabTaThl 3/1€Ch MPEAIOIIAraoT, 0 KpailHel Mepe,
TO, 9YTO MBI, BO3MOXXHO, WCKalH OTBETH B
HETIpaBMJIBHBIX MacITabax.

DopmyIuposKka  HAYANLHO2O — 3HAYEHUS.
[TycTh ¥ — KOMIAKTHOE TpEeXMEpHOE MHOrooOpasue,
UHTEpIpPETHpYeMOEe  Kak  mnoBepxHocTts  Komm
NpOCTpaHCTBa-BpeMeHU. Vcxoanble paHHbIE —JUIst
o0Ieii  Teopud  OTHOCHUTEIBHOCTH  HAa X
TIPEJICTaBIAIOTCS IPOCTPAHCTBEHHON METPHKOH g;; 1
BHEIIHEW KpuBu3HOH K ij. OHU HE SBJSAIOTCS
NPOU3BOJILHBIMU, HO JOJDKHBI YJOBJIETBOPATH DALY
orpannuenuid. Ecnu Briiag MaTepun npeHeOpexumo
MaJl 110 CPaBHEHHIO ¢ KOCMOJIOTHYECKOH MOCTOSHHOH,
" R+K? - KK} - 24=0, (1a)

Di(KY — 64K) =0, (1b)

rae R —ckanspHas KpMBM3HA B MeTpuke g;;, D; —
KOBapHaHTHAs NPOM3BOJHAS, COBMECTHMAas C ITOH
Metpukoid 1 K =K ii. D10 (opmamusM, KOTOPHIi
HanOoJee eCTECTBEHHO IIEPEBOJUT B KAHOHWYECKYIO
KBaHTOBYIO TEOpHUIO; orpaHuveHue (1a) cTaHOBHTCS
ypaBHeHueM Yunepa-JeBurra (Wheeler-DeWitt),s
TO Bpems Kak (1b) HaknmagpiBaeT IPOCTPAHCTBEHHYIO
MHBapHaHTHOCTH tuddeomopdusma. MHoraa OsiBaet
HOJIC3HO OTHEJIHTH CJIe] OT BHEIIHEH KPHBH3HBI,
HaIcaB

. . 1 .
K= o'y +5 K8, 2)

3nece K — gokalbHasg nocTosiHHas —XaboOuia,

J'IOI‘apI/I(l)MI/I‘IeCKaH MMpou3BOAHAA 3JIEMCHTA 061,eMa, a

o'; — Tensop csuros. CKamip CIBHIOB Ompesers-
T
ercsa kak 02 = = gt.a’.
2 1T
JluHAMU4ecKass OSBOJIONMS OJTHX JaHHBIX

OIMMCBIBACTCA YPAaBHCHUSAMU

L9 = 294K, (3a)
) ) ) . D'D:N (3b)
— i
L,K'; = —R; — KK'; + A&, +T,
rae L, — mnpousBoaHas Jlu BIONb EIUHUYHON

HOpPMaJli K X, 10 CYHIECTBY KOBapHaHTHAsI MPOM3-
BOJHAasi MO0 BpeMeHH, a N — QYHKIHS OTKIOHEHHS,
oIpeeNsonas MO3UIMOHHO-3aBUCUMOE pa3/ieliCHHE
MOCJIEIOBATENIbHBIX ~ BPEMEHHBIX  cpe3oB (s
MPOCTOTHI 51 TIPHHST BEKTOP CIBHra PAaBHBIM HYJIIO).
N 1omxHO OBITH MOJOXHUTEIBHBIM, B MPOTHBHOM
cily4ae OHO — IPOU3BOJIBHO, YTO JIETAET IBOJIOLHUIO
HEO/IHOPOIHOW, HO PELICHUsI C Pa3IHuHbIM BHIOOPOM
N ceszansl muddeomopduzmMamu U, TaKuM 00pazom,
(hM3MYeCKH YKBUBAJICHTHEI.

DpoaonuonHele  ypaBHenus (3a)-(3b) wu
orpanndenus (la—(1b) uMeroT HECKOJBKO HHOU
cTaTyC B KBaHTOBOW rpaBurtanuu. llpenmonaras
TPaBUTAIIMOHHYIO BEpPCHI0 TeopeMbl OpeHpecra,
IBOJIIOLIMOHHBIC YPABHEHHS JIOJDKHBI BBITOJHSATHCS
JUIL  CpelHUX, HO  HaOIiojaeMble  3HAYCHHS
TCOMETPUYCCKUX BEIMYUH OYAYT IIOJBEPIKCHBI
KBAaHTOBBIM  (PIYKTyalMsM,  HPEANOIOKUTEIBHO
NEpBOTO MOpsJKa B IUIAHKOBCKHX —MacmTadax.
OrpaHuyeHUs pa3inuHbL. B TO BPEMsI KaK MX TOYHAs
dbopmMa MoxeT OBITh HW3MCHCHAa KBAaHTOBBIMHU
adpdexTamu, ogHa W3  BEepCUl  OrpaHHUYEHUH,
BEPOSTHO, OyAeT  TOYHO  BBINOJHATHCI. B
orepaTopHoM (opmanu3Me, HampuMmep, ypaBHEHHE
VYunepa-JleButra sBnsiercss yTBepkACHHEM, YTO B
OTpaHUYCHUSIX  (U3MYECKUE  COCTOSIHUSI  TOYHO
aHHUTWIUPYIOT [12], B TO BpeMsl KaK MpH THITHYHBIX
MOJXOaX WHTETPUPOBAHMS IO IMYTSAM TOJBKO TE
KOH(HTypaluy, KOTOPHIC YIOBICTBOPSIOT OrpPaHH-
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YECHUSIM, MOSBIISIOTCS B CyMME TI0 UCTOPHSM (XOTS U
C HeKOTOpoi nBycMbicieHHocThIO [13]). Orpanu-
YeHUsI, TaKMM 00pa3oM, 3axXBaTbIBAIOT KBAHTOBYIO
CTPYKTYpPY B IUIAHKOBCKMX MAacIITa0ax TaKUM
00pa3oM, 4TO IBOJIOLHOHHBIC YpaBHEHHS ITOTO HE
3aTparuBaoT.

Teneps HaM TOHATOOSATCS ABa CBOMCTBA JIJIS
(OpMYITUPOBKH HMCXOAHBIX ycinoBuii: 1) ypaBHeHus
WHBApUaHTHBI IpU oOpaieHnu Bpemenu: eciu (g, K)
JIOMTyCTUMbIC HAaYallbHBIC NAHHBIC JUIT MHOTOOOpasus
%, 10 u (g,—K) obnagarnT 5THM CBOWCTBOM. 2) aBa
MHOroo0Opa3ust X; M X, C HAaYaJIbHBIMU IaHHBIMHU
(9.K1) u (g,K,) wmoryr Obith “ckieeHsl” ¢
obpa3zoBanneM MHOTOOOpasus X;#X,, NI KOTOPOTO
UCXOIIHBIC JAHHBIC OCTAIOTCS HEU3MCHHBIMU BHE
CKOJIb YTOJHO MaJIbIX OKPECTHOCTEH TOYEK, TIJie
BBINOJIHAETCS ckiaenBanue [14,15]. Tounee, X, #X, —
STO TONOJIOTUYECKH CBA3HAs CyMMa X H X,
oOpa3zoBaHHasi BBIPE3aHMEM IIAPOB M3 KaXIOrO
MHOT000pa3us " OTpeeCHU rpaHuL.
leomeTpuueckn — OTO  OTKPBITbIE MHOXKECTBA
U, € £, ulU, C X,, orpaHNYCHHBIE TOJIHKO OOITIM
YCIIOBHEM, 4YTO HWCXOIHBIC JaHHBIC “HE CIMIIKOM
CUMMETPHYHBI', B TOM CMBICIIC, 4YTO 00OJacTu
3apucumoctd U; m U, He comepxaT BEKTOPOB
Kwinuara. Jlns 3Toro HeoOXoauMo BBIOpPATh TOYKH
p1 € Uy u p, € U,, pa3zpe3arb reoae3udeckue
mapsl By u B, Ipou3BOJIBHO MaJIOTO pajgnyca BOKPYT
KOKIOTO W COCOUWHUTH TpaHuipl. Torma X;#X,
JIOMTyCKAeT HCXOJHBIC JIAHHBIC, KOTOPBIE TOYHO
COBMAJAOT C WCXOJHBIMH JAaHHBIMH CHApYXU
UyUU, w ONM3KH K HCXOIHBIM JaHHBIM B
noaxonsuei Hopme BHyTpu U; U U, u BHe By U B,.

Terepp B KayecTBEe NPeABAPUTEIHHOU
KOHCTPYKIIMUA HEOOXOJAMMO TPEXKpPaTHO BHIOpaTh X C
(UKCHPOBaHHBIM OTKPBITBIM MHOXecTBoM U u
TouKoi p € U u ykasars HadanbHbie HaHHbe (g, K).
Ilycth ¥ — MAEHTUYHAS KOMHUS X, HO C HAYATbHBIMH
nanueiMu (g, —K). JIBa MHOr0o0oGpass MOTYT OBITH
CKJIECHBI CHMMETPUYHO B TOuke p (cM. pasaen V B
[15]) ans bopMHUpOBaHHS CBA3HOM CyMMEI & = L# X.
Ilo cummerpun, X OyaeT UMETh HU3OMETPHIO
otpaxkenust, npu koropoit (g,K) = (g, —K). Xors
ofpe/iejieHHe YCPEIHEHHOr0 TeH30pa HEOIHO3HAYHO
[11], mroGoe cpemHee, KOTOPOE MOMYMHSIETCS DTON
CHMMETPHH, IBHO aacT (K ij) = 0.

Jamee, paccmoTpuMm Oosiee  000OIIEHHO
OOJIBIIYI0 KOJUIEKIIMIO MHOTrooOpasuii Xq,X,, ..., Xy,
K&KJI0€ CO CBOMMHM HAYaJbHBIMHU JAAaHHBIMH (gq, K, ).
Cdopmupyem CKIIeeHHOe MHOTO00pasne

5= #HI,H# . H#E,. (4)

lo Tex mop, MOKa MbI HE TMPUMEM MHUKPOCKOIIH-
4ecKkyio crpeny Bpemenw, nauusie (g,K) u (g, —K)

IUIsT JII000TO  KOHKPETHOTO X, OyIyT OIWHAKOBO
BEpOSTHBI. TakuM 00pa3oM, OIATH XKe, Jr0oe
pasyMHOE CpeIHee 10 JOCTATOYHO OOJBIIOMY YHCITY
KOMIIOHEHTOB JOJKHO AaBaTh K j ~ 0. bonee Touno
0 TOM, Kak OBICTpO CpeaHee 3HAaueHUE JOCTHUTHET
HYJIS, 3aBHCHT OT KOJMYECTBA M PacHpeIeIICHUs
MHOT000pa3uii M1 UCXOAHBIX HAOOPOB MaHHBIX: JaKe
KyOWYeCKuii caHTHMETp coaepkuT okono 10100
o0acTeil MIaHKOBCKOTO pa3mepa.

W3 o3Tux pe3yibTaTOB  CIEAYeT, dTO
Ln\/g =0 u (O’i]-) = 0. Takxe JIerkOo NPOBEPUTS,
yro (L,R) = 0.TakuMm 06pa3soM, B MEPBOM TOPSIKE
yCpeaHeHHast MPOCTPAHCTBCHHAS reOMETPHs
SIBIISICTCS. CTallMOHApHOUW. UTOOBI COOTBETCTBOBATH
Hameill BceneHHOM, MBI TakXKe XOTeIUu Obl, YTOOBI
CpelHsis  NPOCTPAHCTBEHHAs  KpPHBH3HAa  ObLIa
HeOobIION. JIJIT MCXOAHBIX NAHHBIX €IMHCTBCHHBIM
OTpaHUUYCHUEM SIBIISIETCS yCPEAHEHHE OTPaHUYCHUS

(1A):
2
(R) = 2(0%) + 24 = 2 (K?) (s)

Taxum o6pa3oMm, oueBHAHO, uTo eciau (K2) Benuko
(ans monoxwurensuoro A) mmm (o?) Bemmko (s
OTPHUIATEFHOTO A), TO KOCMOJIOTHYECKast TOCTO-
SSHHAasE MOJKET OBITh “TorJiomeHa” QIIyKTyarusiMu
BHEIIIHEW KPUBU3HBI.

[To3BONBTE MOTYEPKHYTH, UTO ST HC HAUMHAIO
C TNPOCTPaHCTBA-BPEMEHH M HE HIIY CIECHHUAIBHYIO
THIEPIIOBEPXHOCTh, Ha KOTOpoH K i]- = 0. Oro ObuIa
Obl HCKyCCTBEHHas Tpouexypa ¥ He Obulo OBl
HUKAaKUX  OCHOBAaHUN  OXHWAaTh, 4YTO  Takas
THIIEPIIOBEPXHOCTh Oy/leT (U3MYECKU HHTEPECHOM.
Ckopee, 51 6epy NpOU3BOJIBLHYIO TUIIEPIIOBEPXHOCTD U
JIAI0 ¢ MCXOJHBIC NaHHBIC, BHIOPAHHBIC CIyYaiHBIM
obpa3zom u3 OoNBIION KoJUTeKIH. MOXKHO T00aBHUThH
JOTIONTHUTEIbHBIC TPeOOBaHUS, YTOOBI CHETATH ATH
naHHble "xopomumu'. Ho 1o Tex mop, Mmoka OHHU
JIOITyCKAfOT HEOJHOPOIHOCTH
MacmTaboB W HE OMPENeIIOT MHKPOCKOITHIECKYIO

INIAHKOBCKHX

CTPEJIKY BPEMEHH, BBIBOJIBI HE JIOJKHBI MEHSITHCSI.
DTa KOHCTPYKIHMS MO3BOIAET %  HMMETh

CKOJIb YTOJHO CIIOXKHYIO

JeiicTBUTENBHO, nmodoe

TOTIOJIOTHIO.
OpPHUEHTUPYEMOE
KOMIIAKTHOE ~TPEXMEPHOE MHOroo0pasue HMeeT
€IMHCTBEHHOE pAa3lOKEHHE B BHUIE CBA3AHHON
cyMMBI "mipocTeix” MHOroo6pasmii [16,17]. Ho X
TAKXKE MOMKET OBITh TONOJOTMYECKA TPUBHAIBHO!
eciaM Kakmas X, — OTO Tpu-cepa, a CBA3aHHAS
CYMMBI TaKxke ecTb Tpu-cepa. Takum o6pasom, Mbl
MOKEM  [OJYYUTH OOJBIIOW HAGOP HMCXOMHBIX
JaHHBIX, HauaB C JIOOBIX HAYAIbHBIX 3HAYECHHH,
BBIPE3aB KOJUICKIIMIO MIAPOB MIAHKOBCKUX Pa3sMeEpoB,
M3MEHHMB JIAHHBIE HA INAPaX M CKJIEUB MX OOPaTHO.
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Onnako reomerpusi "mieek" MeXIy KOMIOHEHTaMH
JOBOJIGHO ~CrielM(pUyHa ©  OCTACTCS OTKPBITHIM
BONPOC, KaK MHOTO MPOCTPAHCTBCHHBIX HMCXOIHBIX
JTAHHBIX MOXET OBITh TOCTUTHYTO TAKHUM O0pa3oM.
Jnst YaCTHOTO ciyvas
chepruyeckoil CHMMETPHH KOHCTPYKIIHIO MOYKHO
cmenath siBHOM [18]. DOrtor cnywair “ciumkom
CUMMETPHYCH", YTOOBI YJOBICTBOPUTH YCIOBHUIO
000O0IIEHHOCTH TEOPEMBbI CKJICHBAHHUS, HO MOXHO
MOCTPOUTH  TOYHBIC  HAyYalbHBIC JAHHBIC  Ha

JIOKAJIbHOH

IpocTpaHcTBe ¢ Tomonoruei S X S1, cocrosmem u3
YePEAYIOMIUXCS PACIIUPSIONIAXCS U CKUMAOIIAXCSI
000JI0YEK C pacIIUpeHHEeM, KOTOpOE B CpEIHEM
pagHo HyJr0 [19].

Deonoyusi. Mpl  yCTaHOBHJIM, 4YTO Ha
HAYaIbHON THUIEPIOBEPXHOCTH OONBIIONH — Kiacc
HCXOJIHBIX JIAHHBIX MOKET [POSBILSITH MaJioe CpeHee
paciiupeHue, CKpbIBasi MaKpOCKOMHUYECKH 3(hdeKT
KOCMOJIOTUYeCKOW mocTtosHHOW. Ho coxpanutcsa nm
9Ta OCOOCHHOCTH BO BpPEMCHH? ITO  CIOKHBIH
BOMPOC, OTBET HA KOTOPBIM IOYTH HABEPHSIKA
noTpedyer  JIydmiero  TOHHMAaHUS — KBaHTOBOM
rpaBuTaliii. B YAacTHOCTH,  3BOJIONHOHHBIC
ypaBuenus (3a)—(3b) sBastoTcs  knmaccuueckumu
OpUOJIMKCHUSIMH, HE BKJIIOYAIOMMMH KBAHTOBBIE
GbykTyann#, KOTOpbIe MPEANONI0KHTEIBHO CO3AAI0T
HUHTEPECYIONIYI0 HAC CIOKHYK MHKPOCKOMUYECKYIO
crpykrypy. IlompocTy, MbI MOMXEM  OXHIATh:
1) pacmmwmpstronirecst 00JacTH PacTyT BO BPEMEHH, B
TO BpEeMs KakK CKHMAIONIHECS O00JaCTH CRKUMAIOTCH,
nostomy mpu A > 0 pacmmpsromunecs 00iacTH
JNOJDKHBI B KOHEYHOM WTOTE JOMHHHPOBATH B
cpemHeM o0BeMe, XOTS 3TO MOXKET 3aHATH CKOJb
yrogao goinroe Bpems [20]. (Ecom A < 0,
paciupsiromecs 06J1acTu OyIyT peKOLIAIICUPOBATb,
TaK 4TO 3TO MeHbluas mpobyiema [21]). 2) Ho HUUTO B
9TOW KOHCTPYKUHMH HE BBIOMpAeT MPEANOYTH-
TENBHOTO HAYAIBHOTO BPEMEHH, TI09TOMY, €CITH
NEHHCTas CTPYKTypa TEHEPUPYETCS KBAHTOBBIMH
(baykTyanusmMu, oHa J0HKHA BOCIPOHM3BOJIUTE CEOS:
PACIITHPSIIOIIHECS obmactu JIOJTKHBI caMu
3aM0JTHATHCS HOBBIMH (IIYKTYAIUAMA KPUBHU3HBL.

be3s sydmiero HOHWUMAaHUS —TOrO, Kak

KBaHTOBBIC ¢dyxTyaunu HOPOXKAAIOT
IPOCTPAHCTBEHHO-BPEMEHHYIO HeHy (nmu
SBISIOTCS), MBI BPSAJ JIH CMOXEM MOJHOCTBIO

pEWUTh 3TOT BOMpoc. TeM He MeHee, MBI MOXKEM
UCKAaTh HAMEKH B TOM, YO Mbl 3HAeM 00 DBOJIOLHH.

Knaccuueckas IBOJIIOLIHS. Cuauaia
CIIPOCHM, MOMKET JIM KJIACCHYECKas JBOJIOLHMSA
(3a)—(3b) coxpauuTh yCpeaHEHHYIO CTPYKTYpy. DTO

moxoxke Ha Bompoc byxepra (Buchert)s neckonbko

HHOM KOHTEKCTe [22], o TOM, MOXeT JH

HEPaBHOBECHOE “KocMHUecKoe ypaBHEHHE
COCTOSTHUSI” TIPUBECTH K CTAIlMOHAPHOW YCPETHEHHOU
KoH(HTyparuu.

Jt0, TO  KpadHeH  Mepe,  XOpOIIO
TIOCTaBIICHHBIN BOIPOC, XOTS BCE €Ie TPY/HBIN.
Bo-1iepBbIX, MBI MOXEM TOJBKO HAACAThCS Y3HATH O
KPaTKOBPEMEHHOW 3BONOIMK. HadanbHble TaHHEIE,
OMHCaHHbIC  371eCh,  OOBIYHO  MHPUBOAAT K
CHHTYJIAPHOCTSAM C MHHHMAaJbHBIMH cdepamMu B
COCIMHUTEIIBHBIX "'HIelKax", 00pa3ylonuxX 3axBaueH-
Hble TIOBEPXHOCTH, KOTOpble BeoyT ceds Kak
ropu3oHTel 4yepHoil awipel [20,23]. HesaBucumble
BBIYHCIICHHUS TAKXKE IOKAa3bIBAIOT, 4TO (IayKTyaruu
[UIAHKOBCKOTO ~ Macmraba  MOryT — HapyIIUTh
MIPUYHMHHYIO CTPYKTYPY IPOCTPAHCTBa-BpeMeHH [24].
OG6bIYHO npenrnoaraercs, 4TO KBaHTOBast
rpaBUTAlMs Pa3pelIaloT TaKHe CHHTYISIPHOCTH, HO
KJIACCHYECKH OHH CHTHAIM3HPYIOT O pa3phiBe
9BOJIOLIMH.

Bo-BTOpBIX, XOPOIIO H3BECTHBI HEOAHO-
3HAYHOCTH B orpe/ieIeHUr BPEMEHHBIX
MPOM3BOAHBIX  cpenHux.  UToObl  ompenesuTh
[pPOM3BOJHYIO OT cpenuero (e) 1o oGmactu U,
HEOOXOAMMO yKka3aTh, Kak U H3MEHseTcs BO
Bpemenu. Ecmm U ¢ukcmpoBaHO B TepMHUHAX
HEKOTOpOro Habopa KOOpAHMHAT, Pe3ysbTaT He Oynmer
WHBAapUAHTHBIM; €CJIH OH OMNpEACNICH B TEPMUHAX
reOMETPUYECKUX BEJIMYHMH, OH, KaK MPABHJIO, 3aBUCUT
ot BpemeHu. Kpome Toro, cpeHue 9acto (XOTs U He
Bcera [25]) onpenensrorcs B TEPMUHAX WHTErPAIOB
c JIMHAMHUYECKOM Mepoi WHTETPUPOBAHUS,
obecrieunBas JIOTIOJHUATEIbHBIN
BPEMEHHOM 3aBUCUMOCTH [26].

B-TpeTbux, gaxe ecid Mbl 3HAEM, YTO MBI
noapasymMeBaeM oA “cpeiHUM’, HE TaK SICHO, YTO
MBI HOZpasymMeBaeM 1o “BpemeHeM". Pasnenenue

HUCTOYHHUK

OpPOCTPAHCTBA-BPEMEHU HA MPOCTPAHCTBO U BpeMs He
SBJISIETCS YHUKAIbHBIM. B Hacrosiuem Qopmanuzme
3TO OTpa)kaeTcsi B MPOU3BONIBHOM BbiGope (lapse’)-
¢ynknuu N. B npunnune, ¢usuka MOXeET OBITh
3axBayeHa nupdeomophu3Mo-UHBAPHUAHTHBIMH,
(lapse)nesaBucuMBIME OT BpEMEHH HaOJIIOAaEMBIMH,
HO OHHM BCErJia HENOKalbHbl [27] ¥ MI0XO TMOHATHI.
Ha mpakTrke Mbl OOBIYHO CCBHUTAEMCS BMECTO 3TOTO
Ha “mpenmouTuTenbHbI’  BeIOOp  lapse. s

KOCMOJIOTUU ®punmana—Jlemerpa—Pobeprcona—

VYokepa (Friedmann—Lemaitre—Robertson—Walker,

FLRW) ¢  OIHOpDOIHBIMM M  H30TPOIHBIMH
MCXOAHBIMU JIaHHBIMH, HAINpPUMEpP, TOJBKO MAaJbIi
KJ1acc byHKI#i lapse  coxpansier ITH

XapaKTePUCTHKH; oOBrgHOE YTBEpIKICHHUE

1
) TC]’)MI/IH (bOpM'dHI/I'Sl\'Ia, CBS3aHHOI'O C PACHICIJICHUEM MHOTIO-

06}’)2131/15{ Ha MPOCTPAaHCTBCHHO-BPEMEHHBIC KOMIIOHEHTBI.
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OJHOPOJHOCTH M H30TPOIIMHM — 3TO CKPBITOE
YTBEP)KACHHE O CYLIECTBOBAHUM ITUX CIICLIMAJIBHBIX
dyukuwmii lapse.

[IpyHUMas BO BHUMaHHE STH HPOOIEMBI H
BroxHOBIsIsIch  FLRW-npumepom, ™Mbl MOXkeMm
CIIPOCHUTB, COXPAHAET M 1000l BHIOOD (GYHKIMH
lapse ycpenHeHHbIe CBOMCTBA HAIIUX HCXOAHBIX
nanubix. Haunem ¢ yenosus (K) =0. Cnenys [26],
ONpeZieIMM  IIPOCTPAHCTBEHHBIE  CPEIHHE  Kak
00BEMHBIC HHTETPAITBI

1 .
X =V—UfUX\/§d3x with 1 = L\/ECFX, (6)

rae obmacte U  ompexpenseTcs  HEKOTOPHIM
HE3aBHCHMBIM OT BpPEMEHH CHocoOoM. 3arteMm, u3

(3a)—(30)
d 1 s
_dt<K) = —VUfUNLn(K,/g)d x =

1

—_— j— 3 =
_VUfUN( R +34) /g d*x (7)

1 2
=— | NA+=-K?—-20%)d3x

Ecmm MBI BBIOCpEM OMHAKOBEIE BPEMEHHBIE

Hapesku N = 1, moimyanm % = —(R) + 3A, uT0 1O

CYIIECTBY SBJSICTCSA BTOPBIM ypaBHeHHEM Dpuamana
JUTS YCPEIHEHHBIX BeduH. HO yuuThIBas IEHUCTHIM
XapakTep MCXOAHOM TIE€OMETPHM, HET HHKaKUX
OCHOBaHHI BHIOUPATH MOCTOSHHYIO QYHKIHIO lapSes
IUIAHKOBCKOM MacmTabe. [loka monaeIHTErpaipHOe
BoipaxkeHue B (7) He UMEET OMpEIEIEHHOTO 3HAKa,
TO €CTh, MOKA CIBUT (JJIsI TOJIOKHUTEIHLHOTO A) wiau
pacumpenue (it OTPULATENHHOTO A) BEIHKH B
HEKOTOPBIX 00JaCTAX — CYIIECTBYET OECKOHEYHOE
yKcio BapuaHtoB N, JUis KOTOPBIX mpaBas yacthb (7)
ncyue3aer. Js
MHOr000pa3usi, B YaCTHOCTH, KPHBH3HA MPOCTHIX
(hakTOpoB OOBIYHO OTpUIATEIBHA, B TO BPEMs Kak
KpUBH3HA COCJMHHUTCIBHBIX "IIeeK' BeIWKa U

TOIIOJIOTHYCCKH CJIOKHOTO

MNOJOXUTENIbHA, IO3TOMY OTMEHAa HEe JIOJDKHA
HpPEeJCTaBIATh TPYAHOCTEN.

Jlanee MBI MOXEM BBIOpATH N
unBapuantHeiM - 1ipu - (g, K) = (g, —K), 4TO
rapaHtupyer, 4YTo  Jf000€  MOIBIHTErPANBHOE

BBIPAKEHUE C HEUETHOU cTeneHbio K Takke Oyner
YCPEIHEHO 110 HyIs. MOXHO OBUIO ObI OECIIOKOUTHCS
O TOM, UYTO HAallM YCJIOBUS MOTYT 3aCTaBHUTh
CpenHIO KpuBH3HY ObITh Oonbuioit. Ho moxa (7)
npeanojaraer (NR) ~ A(N), wia lapsedyukuus c
MacuTaboM MUIAHKOBCKOH CTPYKTYpBI €Ie MOXET
ObITE BepHO, uTo [(R)| < [(NR)/{N)| ~ A.
Bropast npon3Bo/Has TakxKe IpocTa:
dZ

= lfu [(N + NK) (A +§K2 - 202) +

Vy

+2N2KYR;;]\[gd3x (8)
ITocnenuuit 4neH COOEP>KUT HEUETHYIO cTeneHb K u
CTPEMHUTCS K HYJIIO Uil JOCTaTOYHO OOJIBIION
obmactu U. TlepBbiii 4ieH UMEET TOYHO TAKYH KE
dopmy kak u (7), a N MoxeT OBITH YyKa3aHO
HE3aBUCHMO, IO3TOMY, €CIIM IIepBas MPOWU3BOJHAS
MOXET OBITh oOOpalieHa B HyJIb, TO BTOpas
MPOMU3BOJIHAS TAKKE MOXKET OBITH OOpaIlieHa B HYJIb.

Beicuie mpou3BOjHBIE 0OJiee  CIIOKHBI.
L3K, mampuMep, COIEPKMT MPOM3BOAHBIE UIEHBI,
takne kak KAK w xoppemsuun Oojiee BBICOKOTO
nopsagka, Takme kak (K*) — (K?)?, xortopsle
ONHUCHIBAIOT ~ CTPYKTYpY Ha 0ojiee  KOPOTKUX
paccrosnusx. Ho kaxmas HoBas mpoussoanas (K)
MPUXOJUT CO CBOEH MpOM3BOAHON 1Mo BpemeHu N,
KOTOpass MOXET OBITh ONpEACiICHa HE3aBUCUMO.
Takum  00pa3oM, HET HHKAKOIO OYECBHIHOTO
OPEISTCTBHS UIS BBIOOpPA BPEMEHHOTO Cpe3a, Uit
KOTOPOr0 BCE BpeMeHHble mpousBoausle (K)
UCYE3aloT.

DT0 CWIbHOE YTBEpXKICHHE, IMOApa3y-
MeBalolIee TO, YTO, HECMOTpsl Ha HAlIW4ue OYCHb
BBICOKOIl KpUBH3HBI B [UIAHKOBCKOM MaciiTade,
JIOJDKHO ~ CYIIECTBOBaTh, IO KpaliHeH Mepe Ha
KOPOTKOE BpeMsl, CIOCHHE IPOCTPAHCTBA-BPECMEHU
Cpe3aMd  HCYE3AIOUICTO CPEAHEr0  PACHIMPCHUS.
KoneuHo, Takoe pacciioeHne camo mo cebe Oyner
OBICTPO M3MCHSATHCS B IUTAHKOBCKOM MacmTabe, HO,
VYUTBIBAs  TICHUCTYIO  CTPYKTYPY  TPEXMEpPHOM
TCOMETPHUH, 3TO HE IOJDKHO YAUBIATE. MOXHO JH
OTHOBPEMEHHO  BBIOpaTh  lapsedyHkiuio s
KoTopoii (R) ocraercs HeOOJBIIMM — 3TO Golee
CJIOXHBIH BOTIPOC, TPEOYIONIHNI TanbHeHIel paboThI.

KBanroBas »sBomtoumsi. B orcyrctBHe
MOJTHOM KBAHTOBOW TEOPWUU TPAaBUTAIMU, TOPa3I0
MEHBIIIC MOXHO CKa3aThb O KBAaHTOBOW 3BOJOIIHU.
OmHako Kak OTMEYaloCh paHee, BO MHOTHUX
MOJXONaX K  KBAaHTOBOW  TEOpUH,  3JICIIHUE
OTPAaHUYCHUS HAXOJATCS IO TOpa3io JIy4dIIuM
KOHTPOJIEM, YeM OBOJIOLMOHHBIC YPaBHEHUS U
aBIsgroTcs  Gosnee  pyHmameHTanbHeME  [12,13].
HetictButenbHo, B moaxone tuna Ywunepa-deBurra
pellieHHe KBAHTOBBIX OTPaHHUYCHUN COCPENOTOYCHO
BOKPYT' HEKOTOPO#H CYNEpPIIO3HUIUHA CBS3aHHBIX CYMM
(4), uto macrt nonroe oNMUCaHUE COCTOSIHUSL.

KoHeuHO, BpeMCHHasI SBOJIOIMS BCE €IS
JIOJDKHA OBITh CKPBITA T/IC-TO B TaKOM pPCIICHUH.
UroObl wu3BJIEYL €€ MPOSBICHUE, MBI JIOJDKHBI
o0paTUTbCA K MpecioByToil "mpobieme BpemMeHH' B
KBaHTOBOM rpaBurtanuu [28]. HemaBHo ObLIO
OpEe/IOKEHO,  YTOOBl  peIleHHsT  OrpaHUYeHH
CoJIep>Kalli BCE BO3MOXKHBIC "KBAHTOBBIE CHCTEMBI
oTcueTa" B ONpPENEICHHBIX paMKaX, BHIOpAaHHBIMH C
MOMOIIBI0  KaJuOpoBoYHOM Qukcanuu [29]. Do
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npejaiaraeT HOBBIH CHOCOO ITIOCTAaHOBKM BOIIpOCA:
UMeeT JIM TUIHYHOE pelIeHHe ypaBHEHUS Yuiepa-
JleBurra neHOOOpa3HyIO0 CTPYKTYPY B IUIAHKOBCKOM
Macmrtabe B oOILIEdl KBAaHTOBOM CHCTEME OTCYeTa?
Bbonee KOHKpeTHO, MOXHO OBUIO OBl BBECTH
KOHKPETHBI BOTpoC O "dacax" s WCCIeIOBaHUS
spomormi  Bpemenn  [30,31]. Kopotko roBops,
HPOIIE BCETO 3TO MOXET OBITh PEIICHO B ChepHIECKU
CUMMETPHYHOH MOJIETIH
ocHOBaHHO# Ha [18,19].

MUHU-TIPOCTPAHCTBA,

Bbu10 OB HHTEPECHO CBSI3aTh 3TOT MOAXOJ C
YETHIPEXMEPHON  €BKJIHUIOBON  MPOCTPAHCTBEHHO-
BpeMeHHOU mneHoit Xokunra [32]. D10 morpedyer
Jy4UIero TMOHUMAHUS YETHIPEXMEPHON HBONIOLUH
HAIINX MCXOOHBIX MaHHBIX. Ho "medkn" B CBA3HOM
cymme (4) OyayT HAIOMHUHATH "TJIOTKH" YEPHBIX JBIP
HIpapummneaa [20,23], a8 KOTOPBIX EBKIUIOBO
MPOJIOJDKEHUE XOPOIIO MOHATHO, IOATOMY IIPOrpecc
BIOJIHE BO3MOKEH. Bbu1o OBl Takke LesecooOpasHo
OpOJOJDKUTE paccMoTpenue ciydas A < O B cBere
cooterctBusa ADS/CFT.3nech yxe Oblia npoBeaeHa
UHTEpecHass paboTa [0 BONPOCY O TOM, Kakue
TOIOJIOTUU BHOCSIT CBOW BKJIAJ] B KOHTEKCTE YEPHBIX
JBIp M OoJiee cina0bix u3Mepenui [33].

Ymo Oenaem u wueco He Oeiaem 95mo
npeonoscenue. Eme B 1957rony Yunep yrBepkaai,

4TO
...HeOOX00UMO  yuumvieamov — Qaykmyayuu
mMempudeckux u epasumayuOHHbLX 83auUMooel-
cmeusx npu 000U  MpaKmoske Npodiemvl
KOMRencayuy — —  npobiemvl  KOMneHcayuu
"Oeckoneunvix" oHepeutl, CmMob 6ANCHOU OIS
Guzuxu noreti u vacmuy [34).

To, 4TO 5 mpeayarar0 — 3TO KOHKpETHast
peanm3anus 3TOTO BHJICHUS. Heckompko
NPEIBIAYIIAX TOMBITOK OBUIM TPEIANPUHITHL IS
MOJICJIMPOBAHKS MPOCTPAHCTBEHHO-BPEMCHHON TICHBI
(cm., wmampumep, (32), (35) u (36)), HO nwMIIB
HEMHOTHEC OOpaTHiINCh K TpolieMe KOCMOJIO-
rudeckoii nocrossuao (37—40). HoBble KOMIIOHEHTBI
3IeCh — OTO CIOCOOHOCTh TMOCTPOUTH HOBBIH
OONBIION KJTacC WCXOAHBIX MAaHHBIX W pelaromiee
OCO3HaHHWE TOTO, YTO HHBAPHMAHTHOCTH OOpAIICHHUS
BPEMEHH TIO3BOJIIET ¥, BO3MOXKHO, Aaxe Tpedyer
PACIIUPEHUS U CABHUTA B CPSTHEM 0 HYJIS.

OTO mpeIoKeHHWe — KacaeTcs  ‘crapoi”
npoOIEMBI KOCMOJIOTHYECKON MTOCTOSIHHO,
npoOJIeMbl OONBIION dHEepruu Bakyyma. Ho 3To He
TOBOPHUT HaM, BHI3BAHO JIM HAOJIOaEMOE YCKOPCHHOE
pacmmpenre BceneHHONW HEOONBIIONW OCTATOYHOMN
KOCMOJIOTHYECKON TOCTOsSTHHOM. HemaBHo OBLIO
JIOKa3aHO, YTO KOppeIsiun O60iee BEICOKOTO MOPsIKa
(aykTyanuii BakyymMa MOTYT T€HEpHPOBATh MAIyIO
KOCMOJIOTHYECKYI0 mocTosHHy  [9,21,41]. Onum
MPEIIIOIOKUTEIIFHO MPOSBUINCH OBl 3/1eCh B Ooiiee

BBICOKUX KOPPEJSIUSAX METPUYECKOH W BHEIIHEH
KPUBH3HBI, KOTOPHIE TOSBIAIOTCS B 00Jee BBICOKHX
NPOM3BOMHBIX ~ YCPEAHEHHOTO  PACHIMPeHHS U
KPUBHU3HEI.

XoTd 9TO  TpEUIOKEHHE  IpeaaracT
CCTECTBEHHOC OOBSCHCHHE  MaJloT0O  MaKPOCKO-
MUYECKOT0 pACIIUPEHHss H CIBHra, TpeOOBaHUE
MaJloil TPOCTPAaHCTBEHHOW KpPUBU3HBI — MEHEe
oueBuiHO. KOHEYHO, MOXKHO BBIOpATh TAHHBIC, IS
KOTOpHIX (R) Maja, M €CThb HaMEKH Ha TO, YTO 3TO
MOJXKET OBITH MIPEATIOYTEHO dbyHKIIHEH
TPaBUTAIIMOHHOTO pa3OWeHus, HO 31IeCh TpeOyeTcs
nydmee — moHmMaHue.  OTBEeT  MOXeT  OBITh
JIMHAMUYHBIM. B CTaHAapTHOU 3aMKHYTOH
KOCMOJIOTHH FLRW, B KOHIIE KOHIIOB,
NPOCTPAHCTBCHHAS KPWUBU3HA W3HAYAIBHO OYCHB
BBHICOKA ¥ YMCHBIIACTCS BO BpeMeHH. EcTh
HEKOTOpBIC JI0KA3aTEIBCTBA TOTO, YTO TO KE Camoe
BEPHO M 3/I€Ch. BTOpasl NMPOW3BOAHAS IO BPEMEHHU
ycpenHeHHo#i — KpuBu3HBI  (R)  MoOXeT  OBITH
BBIYUCIICHA, W XOTS PE3YyIbTAT 3aBUCUT OT (YHKIINU
lapse, OOJBIITMHCTBO YIICHOB SIBIISTFOTCSI
OTPHILIATEIILHO ONPEICIICHHBIMHU.

DTO NpPEUIOKCHHE TAKXKE HE IBITACTCS
OOBSICHUTH MOSIBIICHUE MAaKPOCKOIMUYECKON CTpPEbI
BPEMEHH — Ba)XXHBIH BOTIPOC, HO, BEPOSTHO, JTOTHIEC-
KM HE3aBUCUMBIH. Sl Takke He TIOKaszal, dYTO
JUTMHHOBOJIHOBBIE BO3MYIICHHUS, CHIAIINE IOBEPX
TJTAHKOBCKOM TIPOCTPAHCTBEHHO-BPEMEHHOW TICHBI,
OynyT omHMCaHbl KIacCHYeCcKol oOmeil Tteopuei
OTHOCUTEIILHOCTH. JTO TpeciioByTas 'TpolbiieMa
yepeanenus” [11, 25, 26] — npobnema TOro, kKak
HEJNIMHEHHOCTH OOIIed TEOPUHM OTHOCUTEIHHOCTH
B3aUMOJICHCTBYIOT ~C  HPOIECCOM  MOJYYCHHUS
CpenHHX. 31ecCh, OJHAKO, MOTYT TOMOYb 3(ddek-
TUBHBIE apryMeHThl Teopuu nons [3]. Hudro B 3T0i#
KOHCTPYKIIMM HE HApYIIWIO MPOCTPAHCTBEHHYIO
WHBApUAHTHOCTh  muddeomopduszma, TO3TOMY
3 dexTrBHOE ACHCTBHE TOMKHO BKIIOYATH TOJIBKO
TEPMUHBI, UHBAPHUAHTHBIC TIPH ATOH CHMMETPUH. DTO
nonpasymesaet neiicteue HoFava — Lifshitz'a [42],
YACTHBIM CJIy4aeM KOTOPOTO SIBJISICTCS O0INAst TCOPHs
OTHOCUTEIILHOCTH. Ecnm, Kak s yTBepKOan, HeET
TaKXKE HHUYCTO “HPEAINOYTUTECIHFHOrO” B HAYAILHOM
BPEMEHHOM  Cpe3e, TO HHBAapHAaHTHOCTh  pe-
mapaMeTpu3allid BPEMEHHM TakXkKe [OJDKHA OBITh
CUMMETPHYHOH, ¥ B O3TOM CIydae KpYIHO-
MacmrabHoe d(QekTuBHOE  JEHCTBHE  JTOJKHO
NMpUHUMATh  OOBIUHYIO  QopMy  DWHIITEHHA-
I'ms6epra.

Jlo cux mop s paccMaTpuBal KBaHTOBYIO
TPaBUTAIIMOHHYID  HPOOJEMY  MOJYKIACCHYCCKH,
aneyuMpys. K KBaHTOBOW MEXaHWKE JJIS CO3JaHUsS
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CTPYKTYPBI IDTAHKOBCKOTO MaciuTada, HO IMOJIarasch
Ha KJIACCHYECKYIO OOLIYIO TEOPUIO OTHOCHTEILHOCTH
JUISL OTIMCAHUSI OTPAHMYCHUI M 3BOJIIOLMU. 3aTeM MBI
MOy Obl PacCMOTPETh KOT'€PEHTHBIE COCTOSHHS,
COCPEIOTOYCHHBbIE Ha KOH(HUrypaumsx, OMUCAHHBIX
31ech, W TIOCTPOUTH Ooyiee O0OIIHME BOJHOBBIC
¢byHknmMu B Bujae cyneprnosunuii. Ho 3To 3acraBuio
OBl HAC CTOJIKHYTBHCSI C HEKOTOPHIMH CTaHIAPTHBIMHU
npoOJIeMaMu KBAHTOBOW TPaBUTALIMU: METpUYECKAs U
BHEIIHSST KPUBU3HBI HE SIBISIFOTCS MCTUHHBIMU
HAOJFOTaeMBIMU, M JIJISL ONPENCIICHUSI CPEIHEr0 HaM
MPUIIIOCH OBl BBISICHUTH, YTO O3HA4YaeT “B OJHOH H
TOM k€ TOouke" B pPa3HBIX KOMIIOHEHTaX BOJIHOBOM
dbyHKIINN.

OcTaloTcss W HWHTEPECHbIE TEXHUYECKHUE
Borpochl. KOHCTpYKIUsI CKJIEMBaHUS, KOTOPYIO s
UCIONIB30Ba, oOccrmeynBaeT  Oonpmol  Habop
MCXOJHBIX JIAHHBIX, HO HEU3BECTHO — CKOJIKO BCErO
MPOCTPAHCTB MCXOJHBIX NAHHBIX OyIeT MOKPBITO. B
Oonee oOmeM IUIaHe, CKICiKa, KOHEYHO, HE
eMHCTBEHHBIN Croco0 TIONydeHWs JaHHBIX 0e3
cTpenbl BpeMeHH B MaciuTabe [lnaHka, W mosiHOe
NOHMMaHWE Mepbl TaKWX [JaHHBIX BCE el
OTCYTCTBYET. BblIO OBl TakXkKe MOJIE3HO MPOIOIKHTH
UCCieI0BaHNe KOpPesiinii 6osiee BRICOKOTO MOPsiIKa
Wi, HAo0OpOT, VyBHUICTh, B KAaKOW CTCICHU
nanbHeiimue orpanmuenus (manpumep, (L3K) = 0)
JMMUTHPYIOT BO3MOXKHbIE HAYaIIbHbIC JaHHbIC.

HecMoTpst Ha Bce 3TH OrpaHHMYCHHs, HaIlle
NpeIoKeHHe MpeyiaraeT MpocToe M PajuKaibHOE
pemienne ryOokoi TpobOiembl. Ecmu  Gosbrmast
KOCMOJIOTYeCKast reHepUpyeTCs
(dyKkTyanusiMu BakyyMa B IUIAHKOBCKUX Maciitadax,

IMOCTOSHHAsA

TO, BO3MOXKHO, 3TO TaKXK€ €CTh MECTO I INOMCKa
oTBeTOB. S mMOKa3zan, 4To MmO, KpailHel Mepe, B
MPUHIUIE COKPBITUE KOCMOJOIMUYECKON MOCTOSHHOM
TUIAaHKOBCKOW MIKaJbl B (PIYKTyalHsxX KpHBU3HBI
IUITAHKOBCKOM INIKAaNbl HE TONBKO BO3MOXHO, HO H
MOXET OBITH BIOJIHE €CTECTBEHHBIM. BO3MOXKHO, MBI
MPOCTO MCKaJIN HE B TOM MECTE.

S xoren Obl moOmaromapute DHAM AnbOpexTa,
IMona Kappomna, Ilerpa Xpymesa, Mapkyca Jlrotu, ona
Ietimxka, dounena Ilommaka, Ansbepra IlIBapma u Boba
Bampna 3a monesnsle oOcyxnaenms. OT1a paborta ObLIa
YaCTHIHO HojJep’)kaHa  TPAaHTOM MunmncrepcTBa
Ouepreruku Ne. DE-FG02-91ER40674.
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Perhaps standard effective field theory argumemgsight, and vacuum fluctuations reatlg generate a
huge cosmological constant. | show that if one du#sassume homogeneity and an arrow of time at the
Planck scale, a very large class of general rédtitvinitial data exhibit expansions, shears, and
curvatures that are enormous at small scales, uioklyg average to zero macroscopically. Subsequent
evolution is more complex, but | argue that quanfumtuations may preserve these properties. The
resulting picture is a version of Wheeler's “spaoet foam,” in which the cosmological constant
produces high curvature at the Planck scale ngasly invisible at observable scales.

DOI: 10.1103/PhysRevLett.123.131302

The cosmological constant problem.
Quantum fluctuations of the vacuum are expected to
generate a very high energy density, which should
manifest itself as an enormous cosmological cohstan
We don't know how to calculate this quantity
exactly, and it remains possible that it is supgeds
exponentially [1] or otherwise [2]. But standard
effective field theory arguments predict a value
A~ +1/¢% where the cut-off lengt® is usually
taken to be the Planck lengfh [3,4]. The sign ofA
depends on the exact particle content of the
Universe—bosons and fermions contribute with
opposite signs—but unless a remarkable cancellation
occurs, the predicted value is huge.

We do, in fact, observe an accelerated
expansion of the Universe that could be due to a
cosmological constant. But a Planck-scale
cosmological constant is some 120 orders of
magnitude too large, making it what has been called
“the worst theoretical prediction in the history of
physics” [5]. It is widely assumed that must either
be canceled by incredibly precise fine tuning or
eliminated by some other form of special pleading—
anthropic selection [6], nonlocal modificationstbé
gravitational action [7], or the like. The problem
made especially intractable by the mixing of scafes
is generated near the Planck scale, but observed at
cosmological scales.

Here | propose a simple but radical
alternative. Perhaps our universe realbeshave a
cosmological constant of ord&y£2, with £ possibly
as small agp. In a homogeneous universe this would
be immediately ruled out by observation. But il

“Published by the American Physical Society under th
terms of the Creative Commons Attribution 4.0
International license. Further distribution of thigork must
maintain attribution to the author(s) and the psbied
article’s title, journal citation, and DOI. Funded by
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generated by Planck scale fluctuations, there is no
reason to expect homogeneity at that scale. This
notion was anticipated by Wheeler [8], who called
the resulting picture “spacetime foam.” Note that |
am not considering fluctuations of the cosmological
constant itself, though they may also matter [9].
Rather, | am proposing that theffects of the
cosmological constant may fluctuate in a way that
averages to near zero.

For a space with a positive definite metric, it
is easy to imagine high curvature at small scales
averaging to zero macroscopically. For a spacetime,
though, a cosmological constant would seem to lentai
exponential expansion (if the anisotropy is notlap
[10]), and it is not clear how such behavior can be
averaged away. But this picture is too simple: a
cosmological constant can produce either expansion
or contraction, and as we shall see, this behaaar
vary at the Planck scale. Over a larger regioaygel
A may thus be consistent with small average
expansion.

In what follows, | make this idea more
concrete. Starting with the initial value formudatiof
general relativity with an arbitrary cosmological
constant, | show that a very large class of inttiafa
has a local Hubble constant that is huge at thecRla
scale but tiny macroscopically. For an infinite seib
of data, the macroscopic spatial curvature is e¢sg
small, and has a vanishing first time derivative. A
“macroscopic” region here need not be very large: a
cubic centimeter already contains soh@&°° Planck-
size regions.

An initial value formulation is not enough—
one must also show that these features are prekserve
dynamically. Higher order time derivatives depend
on finer details, and are harder to analyze. If the
initial inhomogeneities are generated by quantum
fluctuations, though, | argue that these fluctuatio

Published by the American Physical Society



should also preserve the crucial properties that
camouflage the cosmological constant.

These arguments do not provide a complete
answer to the cosmological constant problem. They
do not, e.g., explain the apparent existence ofrgt v
small A at macroscopic scales. More generally, one
would have toshow that long wavelength excitations
on this foamlike background obey a macroscopic
version of the Einstein field equations, a formtloé
much-studied but unresolved “averaging problem”
[11]. But the results here suggest, at least, tmt
may have been looking for answers at the wrong
scales.

The initial value formulatior—Let £ be a
compact threedimensional manifold, interpreted as a
Cauchy surface of a spacetime. The initial data for
general relativity ort consist of a spatial metrig;;
and an extrinsic curvatureKij. These are not
arbitrary, but must satisfy a set of constraintghé
contribution of matter is negligible compared te th
cosmological constant, these are

R+K? — KiK', — 24 =0, (1a)

Di(KY — 6%K) = 0, (1b)
whereR is the scalar curvature of the metgig, D; is
the covariant derivative compatible with that metri
and K = K. This is the formalism that translates
most natural into canonical quantum theory; the
constraint Eq. (1a) becomes the Wheeler-DeWitt
equation, while Eq. (1b) imposes spatial
diffeomorphism invariance. It is sometimes usetul t
split off the trace of the extrinsic curvature jtimg

K'Y = dY +% Ké&';. (2)
K is the expansion—it is the local Hubble constant,
the logarithmic derivative of the volume element—
while ai]- is the shear tensor. The shear scalar is
defined asr? =% olol.

The dynamical evolution of this data is

described by the equations

L,g5 = 29%K", (3a)

L
L,K' =—RY — KK, + A8 +#, (36)
where L, is the Lie derivative along the unit normal
to X, essentially a covariant time derivative, athis
the lapse function, which determines the position-
dependent separation of successive time slices. (Fo
simplicity, | have taken the shift vector to beagN
must be positive, but it is otherwise arbitrary king
the evolution appear nonunique, but solutions with
different choices of N are related by

diffeomorphisms, and are thus physically equivalent

The evolution equations [Egs. (3a)—(3b)] and
the constraints [Egs. (1a)—(1b)] have rather cffer
status in quantum gravity. Assuming a gravitational
version of Ehrenfest's theorem, the evolution
equations should hold for averages, but observed
values of geometric quantities will be subject to
guantum fluctuations, presumably of order one at th
Planck scale. The constraints are different: wihisr
precise form may be modified by quantum effects,
some version of the constraints is likely to hold
exactly. In an operator formalism, for instanceg th
Wheeler-DeWitt equation is the statement that the
constraints exactly annihilate physical states ,[12]
while in typical path integral approaches, only
configurations that satisfy the constraints appear
the sum over histories (though with some ambiguity
[13]). The constraints thus capture the quantum
structure at the Planck scale in a way the evaiutio
equations do not.

We will nhow need two properties of the
initial value formulation: 1) The equations are ¢im
reversal invariant: i g, K) is allowed initial data for
a manifoldz, so is(g, —K). 2) Two manifoldsZ; and
%, with initial data(g, K;)and (g, K;)can be “glued”
to form a manifoldz; #2, for which the initial data
are unchanged  outside arbitrarily ~ small
neighborhoods of the points where the gluing is
performed [14,15].

More precisely,X; #Z, is topologically the
connected sum dt, andZ,, formed by cutting balls
out of each manifold and identifying the boundaries
Geometrically, pick open setsU; c Z; and
U, c I,, restricted only by the generic condition
that the initial data is “not too symmetric,” ineth
sense that the domains of dependencel pfand
U, contain no Killing vectors. Pick points
p, € U; andp, € U,, cut geodesic ballB, andB,
of arbitrarily small radius around each, and jdie t
boundaries. Therk, # £, admits initial data that
exactly coincides with the original data outside
U, U U, and is close to the original data, in a suitable
norm, insidel/; U U, but outsideB, U B,.

Now, as a preliminary construction, pick a
threemanifold £ with a fixed open sd/ and a point
p € U, and specify initial datdg,K). Let £ be an
identical copy o, but with initial data(g, —K). The
two manifolds can be glued symmetricallypa{see
Sec. Vof Ref. [15]) to form a connected sum
£ = z#Z. By symmetry,£ will have a reflection
isometry, under whiclig, K) » (g,—K). While the
definition of an averaged tensor is ambiguous [11],
any average that respects this symmetry will cjearl
give (K';) = 0.
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Next, much more generally, consider a large
collection of manifoldsz,,X,, ...,Zy, each with its
own initial data(g,, K, ). Form the glued manifold

5= #I,# . H#E,. (4)

As long as we do not assume a microscopic arrow of
time, the data(g, K) and (g, —K)for any particular
X, will be equally likely. Thus, again, any sensible
average over a large enough number of components
should giveKij ~ 0. Exactly how fast the average
will go to zero depends on the number and
distribution of manifolds and initial data sets,tbu
even a cubic centimeter contains sohdé’® Planck-
size regions.

These results imply thatn\/g =0 and
(ai]-) = 0. It is also easy to check th@gt,R) = 0. To
first order, the averaged spatial geometry is thus
stationary. To match our universe, we would alke li
the average spatial curvature to be small. For the
initial data, the only restriction comes from avgng
the constraint Eq. (1a):

(R) = 2(02)+2/1—§(K2> (5)

It is thus evident that ifK?2) is large (for positive\)

or (c?) is large (for negative\), the cosmological
constant can be “absorbed” in fluctuations of
extrinsic curvature.

Let me stress that | am not starting with a
spacetime and searching for a special hypersudiace
which K"j = 0. That would be an artificial procedure,
and there would be no reason to expect such a
hypersurface to be physically interesting. Rather,
am taking an arbitrary hypersurface and giving it
initial data chosen randomly from a large collectio
Further requirements may be added to make this data
“nice,” but as long as these allow Planck-scale
inhomogeneity and do not pick out a microscopic
arrow of time, the conclusions should not change.

This construction allowsE to have an
arbitrarily complicated topology. Indeed, any
orientable compact threemanifold has a unique
decomposition as a connected sum of “prime”
manifolds [16,17]. BUE may also be topologically
trivial: if each X, is a three-sphere, the connected
sum is also a three-sphere. We can thus reaclya lar
set of initial data by starting with any initial luas,
cutting out a collection of Planck-size balls, chiag
the data on the balls, and gluing them back. The
geometry of the “necks” between components is
rather special, though, and it is an open questaw
much of the space of initial data can be reach&d th
way.

For the special case of local spherical
symmetry, the construction can be made explici}.[18
This case is “too symmetric” to meet the genericity
condition for the gluing theorem, but it is possild
construct exact initial data on a space with togglo
S?2xS! made up of alternating expanding and
contracting shells with an expansion that averages
zero [19].

Evolution—We have established that on an
initial hypersurface, a large class of initial datn
exhibit small average expansion, hiding the
macroscopic effect of a cosmological constant. iBut
this feature preserved in time? This is a hard
question, whose answer almost certainly requires a
better understanding of quantum gravity. In
particular, the evolution equations, Egs. (3a)-(3b)
are classical approximations, which do not include
the quantum fluctuations that presumably create the
complex microscopic structure we are interested in.
Naively, we might have two expectations: 1)
Expanding regions grow in time, while contracting
regions shrink, so i\ > 0 the expanding regions
should eventually dominate in a volume average,
although this may take an arbitrarily long time J[20
(If A < 0, expanding regions will recollapse, so this
is less of an issue [21]). 2) But nothing in this
construction picks out a preferred initial time, i§o
the foamy structure is generated by quantum
fluctuations, it should replicate itself: expanding
regions should themselves fill up with new curvatur
fluctuations.

Without a better understanding of how (or
whether) quantum fluctuations generate spacetime
foam, it is unlikely that we can fully resolve this
question. Still, we can look for hints from what de
know of the evolution.

Classical evolution: Let us first ask whether
the classical evolution Eqgs. (3a)—(3b) can preserve
the averaged structure. This is similar to Buckert’
question, in a somewhat different context [22], of
whether a nonequilibrium “cosmic equation of state”
can lead to a stationary averaged configuration.

This is at least a well posed question, althoughast
difficult one. First, we can only hope to learn abo
shorttime evolution. The initial data describedeher
typically develop singularities, with minimal splsr

in the connecting necks forming trapped surfaces th
behave like black hole horizons [20,23]. Independen
computations also indicate that Planck-scale
fluctuations can disrupt the causal structure of
spacetime [24]. It is generally assumed that quantu
gravity will resolve such singularities, but clasdly
they signal a breakdown of evolution.
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Second, there are well known ambiguities in
defining time derivatives of averages. To determine
the derivative of an averag@) over a region0,
wemust specify how) changes in time. 10 is fixed
in terms of some set of coordinates, the resultrvait
be invariant; if it is defined in terms of geometri
quantities, it will typically be time dependent.
Further, averages are often (although not alwa§y} [2
defined in term of integrals with a dynamical
integration measure, providing an added source of
time dependence [26].

Third, even if we know what we mean by
“average,” it's not so clear what we mean by “titne.
The splitting of spacetime into space and timeads n
unique. In the present formalism, this is reflected
the arbitrary choice of lapse functidh In principle,
the physics can be captured by diffeomorphism-
invariant, lapse-independent observables, but these
are necessarily nonlocal [27], and are poorly
understood. In practice, we usually refer instaad t
“preferred” choice of lapse. For a Friedmann—
Lemaitre—Robertson-Walker (FLRW) cosmology
with homogeneous and isotropic initial data, for
instance, only a tiny class of lapse functions @mnes
these characteristics; the usual claim of homoggnei
and isotropy is secretly a statement about the
existence of these special lapse functions.

In view of these problems, and taking
inspiration from the FLRWexample, we can ask
whetherany choice of lapse function preserves the
averaged properties of our initial data. Let ugtsta
with the condition(K) = 0. Following Ref. [26],
define spatial averages as volume integrals,

1 .
(X =V—ULX\/§d3x with Vy = J:)\/Ed%c,

where the regionU is defined in some time-
independent way. Then, from Egs. (3a)—(3b),

d 1
E(K) = V—UfUNLn(K\/g) d3x =

(6)

1
= —f N(-R +34)[gd*x = (7)
Vo ly
2
=— | N(A+=K?-20%)d3
Vo Jy 3

If we choose a uniform time-slicing} = 1,
this becomeéi% = —(R) + 3A, which is essentially

the second Friedmann equation for averaged
quantities. But given the foamy nature of the atiti
geometry, there is no reason to choose a constant
lapse function at the Planck scale. As long as the
integrand in EqQ. (7) doesn’'t have a definite sighatt

is, as long as the shear (for positivg or expansion

(for negativeA) is large in some regions—there will

be an infinite number of choices &ffor which the
right-hand side of Eq. (7) vanishes. For a
topologically complicated manifold, in particuldnge
curvature of the prime factors is typically negativ
while that of the connecting necks is large and
positive, so cancellation should not be hard to
achieve.

We can further choos& to be invariant
under (g,K) = (g,—K), which will guarantee that
any integrand with an odd power @& will also
average to zero. One might worry that our condgion
could force the average curvature to be large. But
while Eqg. (7) implies(NR) ~ A(N), for a lapse
function with Planck scale structure it can stél toue
that|(R)| «< |[{NR)/(N)| ~ A.

The second derivative is also simple:
d—22<1<) = if [(N + NK) (/1 +EK2 - 202) +
dt Vy Jy 3

(8)
+2N2KYR;]\[gd3x
The last term contains an odd powerKaofand goes
to zero for a large enough regionThe first term has
exactly the same form as Eq. (7), aNdcan be
specified independently, so if the first derivatizan
be made to vanish, the second derivative can ds wel

Higher derivatives are more complicated.
L3K, for instance, contains derivative terms like
KAK and higher order correlations likg*) — (K?)?,
which probe structure at shorter distances. Buheac
new derivative of(K) also comes with a new time
derivative of N, which can be specified
independently. Hence there is thus no obvious
obstruction to choosing a time-slicing for whichda
the time derivatives ofK) vanish.

This is a strong claim, implying that despite
the presence of very high curvature at the Planck
scale, there should exist—at least for short timas—
foliation of spacetime by slices of vanishing agera
expansion. Of course, such a foliation would itself
vary rapidly at the Planck scale, but given therfga
structure of the three-geometry, that should come a
no surprise. Whether one can simultaneously choose
a lapse function for whicR) remains small is a
more difficult question, requiring future work.

Quantum evolution: In the absence of a full
quantum theory of gravity, much less can be said
about quantum evolution. As noted earlier, though,
many approaches to the quantum theory, the
constraints—which are under much better control
here than the evolution equations—are the
fundamental objects [12,13]. Indeed, in a Wheeler-
DeWitt-type approach, a solution of the quantum
constraints centered around some superposition of
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connected sums [EqQ. (4)] would give camplete
description of the state.

Of course, time evolution must still be
hidden somewhere in such a solution. To extrast thi
behavior, we must address the notorious “problem of
time” in quantum gravity [28]. It has recently been
proposed that solutions to the constraints coradin
possible “guantum reference systems,” with
particular frames selected by the choice of gauge-
fixing [29]. This suggests a new way to pose our
question: Does a typical solution of the Wheeler-
DeWitt equation have a foamlike structure at the
Planck scale in a generic quantum reference
system?More concretely, it may be possible to
introduce a particular matter “clock” to investigat
the time evolution [30,31]. For the short term,sthi
might be easiest in a spherically symmetric
minisuperspace model based on Refs. [18,19].

It might be interesting to connect this
approach to Hawking’s four-dimensional Euclidean
spacetime foam [32]. This would require a better
understanding of the four-dimensional evolution of
our initial data. But the necks in the connectethsu
[Eg. (4)] resemble throats of Schwarzschild black
holes [20,23], for which the Euclidean continuatisn
well understood, so progress may be possible. It
would also be worth looking further at the< 0 case
in light of the AdAS/CFT correspondence. Here, there
has been interesting work on the question of which
topologies contribute, although mainly in the catte
of black holes and lower dimensions [33].

What this proposal does, and does not—do
As early as 1957, Wheeler argued that

... it is essential to allow for fluctuations in theetric

and gravitational interactions in any proper
treatment of the compensation problem—the problem
of compensation of “infinite” energies that is so
central to the physics of fields and particles [34]

What | am proposing is a concrete realization ¢f th
vision. Several previous attempts have been made to
model spacetime foam—see, for instance, Refs.
[32,35,36]—but only a few have addressed the
cosmological constant problem [37—40]. The new
ingredients here are the ability to construct gydar
new class of initial data and the crucial realizati
that time reversal invariance allows, and perhaps
even requires, the expansion and shear to aveoage t
Zero.

This proposal addresses the “old”
cosmological constant problem, the problem of large
vacuum energy. It does not tell us whether the
observed accelerated expansion of the Universe is

caused by a small residual cosmological constant. |
has recently been argued that higher order
correlations of vacuum fluctuations might generate
small cosmological constant [9,21,41]. These would
presumably show up here in higher correlationef t
metric and extrinsic curvature, which appear in

higher derivatives of averaged expansion and
curvature.
While this proposal offers a natural

explanation for small macroscopic expansion and
shear, the requirement of small spatial curvatsre i
less obvious. It is certainly possible to choosa diar
which (R) is small, and there are hints that this may
be preferred by the gravitational partition funatio
but a better understanding is needed. The answer ma
be dynamical. In a standard closed FLRW
cosmology, after all, the spatial curvature isiatly
very high and decreases in time. There is some
evidence that the same is true here: the secoral tim
derivative of the averaged curvatuf®) can be
calculated, and while the result depends on theelap
function, most of the terms are negative definite.

The proposal also does not attempt to
explain the emergence of a macroscopic arrow of
time, an important question but one that is propabl
logically independent. Nor have | shown that long
wavelength disturbances sitting on top of Planck-
scale spacetime foam will be described by classical
general relativity. This is the notorious “averagin
problem” [11,25,26], the problem of how the
nonlinearities of general relativity interact withe
process of taking averages. Here, though, effective
field theory arguments may help [3]. Nothing insthi
construction has broken spatial diffeomorphism
invariance, so the effective action should involve
only terms invariant under that symmetry. This
implies a Horava — Lifshitz action [42], of which
general relativity is a special case. If, as | have
argued, there is also nothing “preferred” about the
initial time slice, then time reparametrization
invariance should also be a symmetry, in which case
the large scale effective action should take theals
Einstein-Hilbert form.

So far, | have treated a quantum
gravitational problem semiclassically, appealing to
quantum mechanics to generate Planck-scale
structure but relying on classical general relativo
describe constraints and evolution. We might next
consider coherent states centered on the
configurations described here, and construct more
general wave functions as superpositions. But this
would force us to confront some of the standard
problems of quantum gravity: the metric and extdns
curvature are not true observables, and to define a
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average we would have to figure out what “at the
same point” means in different components of the
wave function.

Interesting technical questions remain as
well. The gluing construction | have used provides
large set of initial data, but it is not known jusiw
much of the total space of initial data is covered.
More generally, gluing is certainly not the only ywa
to produce data with no arrow of time at the Planck
scale, and a full understanding of the measuredi s
data is still lacking. It would also be useful tather
investigate higher order correlations, or, conJgrse
to see to what extent further restrictions
(e.g.,{L3K) = 0) limit the possible initial data.

For all these limitations, though, this
proposal suggests a simple and radical solutioa to
deep problem. If a large cosmological constant is
generated by vacuum fluctuations at the Planclescal
then perhaps that is also the place to look for
answers. | have shown that at least in principle,
hiding a Planck scale cosmological constant in
Planck scale curvature fluctuations is not only
possible, but can be quite natural. We may have
simply been looking in the wrong place.
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