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Boutee 50 Jier Haza s u yyennkamu dkoa 3esbiaopuda, u CtuBeHOM XOKHUHIOM C KOJLJIEFAMU OBLJIO 3aMEUY€HO,
yPpaBHEHHUE 3aKOHa COXPAHEHUsI JJIsi Y€PHOIl JbIPhl MMEeT BUJ, AHAJOTUYHBIN [TI€PBOMY HAdYajly T€PMOJIMHAMUKN.
IIpomomkenne anasoruu TpUBEaO K UACHTAMDUKAIINN IJIOMAIAA TOPU30HTA YE€PHOM MBIPHI KAK SHTPOINH, a CO-
OTBETCTBYOIINIT KODDUIMEHT ObLJI MHTEPIPETUPOBAH KaK TeMIeparypa. Tak BO3HUKJIA WJiesi YEePHOI JIbIPbI C
HEeHysIeBOil Temiieparypoit. OHa COOTBETCTBYET IPEJJIOYKEHHON eIlle B Hadae XX BeKa MOJEJN abCOIIOTHO Yep-
HOTO TeJia, B KOTOPOIl HAPETOe TeJI0 OOMEHUBAECTCS C OKPYZKAIOIINM IIPOCTPAHCTBOM MTOTOKOM 3Hepruu. To ecTh
MTOSABJISETCS U3JIyIeHne YEePHON JBIPBI: TOTOK SHEPIUH OT «TEILIOTO» TeJIa B OKPYZKAIOIIEe XOJIOIHOE IIPOCTPAHCTBO.
B nayuHOil iuTepaType HaUaI0Ch aKTUBHOE 0OCY2KIIEHUE STOI UJIeH, [MOJIy IUBIeil Ha3BaHue UCIApEeHUs] XOKUHTA.
Mmuorue BakHbIE PAOOTHI 110 3TOI TeMaTuke ObLH orryosmKoBanbl B 2K9T®, B yacTHOCTH, 0CODOE 3HATUECHIE UMEET
pabora 5. B. 3eapmosuua u A. A. Crapobunckoro [1], B 3HauuTe bHOM Mepe CTUMYJIUPOBABINAs AKTUBHOCTD (DU~
3UKOB B TOM HalipasJieHuu. [IpeaBapuresibHble nTOrU BOLM B omybsmkoBanayto 50 jier Hasa B 2K9TD pabory
U. 1. Hoeukosa [2] .

Crenmasnbubiii pasmnes ganaoro Boirycka 2K9T® nocssmen ¢pusnke 9epHBIX JABIP, MPOIMECCY XOKWHTA U POJI-
CTBEHHBIM sABJIeHUAM. MbI OjlarogapumM BCeX aBTOPOB, KOTOPBIE IIPUHSIA yYIaCTHE B CO3JAHUN STOTO pa3Jesia.

A. . Cmupnos, 2aasuuti pedaxmop 2KIT D
C. 0. Aaexcees, svinycrkarowuli pedaxmop

N3JIVUHEHUWE YEPHBIX AbIP 11 POXKJIEHVNE YACTUIL B TPABUTAIIMOHHOM IIOJIE

B 70-e roge B CCCP B 06s1actu acTpodu3MKN U IpaBUTAIMN PAOOTAIN HAYYHbIE IPYIIIIbl U3BECTHBIX yUIEHBIX,
K IIyOJIMKAIIASIM U BBICTYILIEHASIM KOTOPBIX OTHOCHJIMCH ¢ OCOOBIM BHUMaHUEM. K UX 9uCily OTHOCHJIACH U TPYIIIIA,
. B. BespaoBuda, KOTOpasi COCTOsLIA U3 COBCEM €IIe MOJIOJIBIX YIE€HbIX, MHOIUM U3 KOTOPBIX He ObL10 emme u 30 jet.

I'maBHBIM 3KCIIepTOM B BOIpPOCAax TeOpwH rpasuTaruu B 31oit rpyie 6wt WM. /1. HoBuxkos. B Te rompr onu ¢
4. B. BenbaoBuyem ObLIN 3aHATH HanucanueM KHUru «CTpoeHue u 3BOJIIOLIMs BeeleHHOIT», KoTopast Ha J1ecsiTHIe-
THE CTaja yIeOHIKOM U CIIPABOYHUKOM IT0 KOCMOJIorud. B Te BpeMeHa He ObLI0 HHTEPHEeTa, 1 HOBOCTH HAYKH JIy 9Ille
BCEro MOXKHO OBLIO Y3HATH Ha HAY4YHOI KOH(MepeHImYN mwin Ha ceMuHape. IloyuacTBoBaTh B Takoil KOH(pepeHIun,
npoxojustieir B Mockse, npuexas u Cruen Xokuar. OHUM U3 JIOKJIAJI0B, HA KOTOPBIX OH IIPUCYTCTBOBAJI, ObLI
nokaa f. B. 3empaoBuda, B KOTOPOM TOT yTBEPXK/IaJl, YTO Y€PHAS JIbIPA MOXKET U3JIy9aTh SHEPIHUIO, HO TOJBKO B
TOM CJIydae, ecjii OHa Bpalaercs. IHTepecHO OTMETHUTH, UTO IIPeJICTaBJIEHNEe O TOM, YTO METPUKA UE€PHOI JIbIPHI
HeCTAIMOHAPHA I0J[ TOPU30HTOM COOBITHH, YKe CyIIeCTBOBaJO B 3T0 BpeMst [3] — nonsarus o T- u R-obmacrsx
y2ke ObLIn cHOPMYIUPOBAHBI, HO, TIO-BUINMOMY, IOHUMAHUE TOrO, 9YTO HECTAIIMOHAPHOCTH I'PABUTAIIMOHHOTO TIOJIS
Hen30eKHO MIPUBOJIUT K MeHEPAINN JACTHI, eIle He 0POPMUIOCH KAK IJI00aIbHas KOHIIEIIINs, BLUINBIIAICI Iy Th
[103/1Hee B OINMCAHNe MEeXaHU3Ma POXKJEHUsI KOCMOJIOTHYECKUX IPABUTAIIMOHHBIX BOJIH M BO3MYIIEHUIA IIJIOTHOCTH.

CobcTBEeHHOE M3JIydYeHre YePHBIX JbIPp — U 0e3MacCOBBIX, 1 MACCUBHBIX YaCTHUI[ — 3aHsJIO 0C000e MEeCTO B
coBpeMeHHOI usuke. OHO UMeET Cephe3HOe TeopeTHIeckoe 0O0OCHOBAHUE, HO JI0 CUX TOp HE OOHAPYIKEHO IKC-
[IEPUMEHTAJIbHO, & 0€3 9TOro HEKOTOpasi TeHb COMHEHUsI HEM30€KHO Oy/leT IMPUBOJIUTH K IOINBITKAM IIEPECMOTPA
BBIBOJIOB O BO3MOXKHOCTH TAKOT'O U3JIyYEHUSI.

Bamxke Bcex K OTKPBITHIO U3y YeHns YepHOit Ap1pbl moponum . B. 3enbnosua u 4. Bekenmreitn, Ho coBeprumt
ero C. Xokunr. 5. B. 3emnbuouy, 3anuMasich 1pobieMaTukoil poxkiaenus dacrul, ¢ pybexa 60-70-x rr. [4], 3uad,
YTO YACTHUIIBI HE POXKIAIOTCS U3 BAKYyMa B IIOCTOSIHHOM I'DABUTAIMOHHOM I10J1€ (M 9acTO TOBOPHJI 00 9TOM KakK O
TeopeMe), HO OJIaraJjl, YTO JaCTUIBl He POKIAIOTCA U B YE€PHOI JIBIPE, IIOCKOJIBLKY I'PABUTAIMOHHOE [OJI€ BJAJM OT
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YEpHOI JIbIPBI JIEHICTBUTEILHO CTATUYHO, KaK y IjIaHeThl. Z1. BekeHITeiiH yBuie1 3Ty CUTyalu ¢ IPyroil cropo-
HBI ¥ JIOKa3aJl, YTO YepHasl AbIpA UMEeET HEHYJIEBYIO SHTPOIMIO, KOTOPAas MPOMOPIHOHAIBHA IIOMAIN TOPU30HTA
cobbrTHii [5], HO KOaddunMenTa 310it cBsa3u He gau (oH 3Has OTO, HO He OIIEN 10 KBAHTOBOH MEXAHWUKH).

Bermeamyto 8 1974 1. pabory C. Xoxkunra . B. Senbaopud Ha cemunape AN wassas omubouHoit. B 3ame
OBLIN JIIOJM, KOTOPbIE 3HAJIM, YTO BHYTPH TOPU30HTA COOLITUN METPUKA YEPHON JBIPHI 3aBUCUT OT BPEMEHU, HO
upomosrdasn (IIo-BUAUMOMY, aBTOPUTET 3esibioBuda paborat u B Hayke). A Bor P. Ilenpoys, koTopslil Torga To-
2Ke OBbLI B 3ajie M K KOTOPOMY 3e/IbJI0BUY 00paTHIICs HAIPsIMyt0, oTBeTu/I Tak: «Crarbio XOKUHIa YUTa] U OHA
upaswibHay. Ha caenyromem cemunape AN (vepes meneno) . B. BesbioBud «0ChIIIad roJIOBY HEIUIOM» U
UpuU3HAJ OPaBoTy XOKHMHIa. B HayKe 9TO HOPMAJBbHO (CJIydaercs) U JaeT UPABWILHBIE DENIeHUsd, Ha YeM HayKa
U CTOWUT.

Db derT poxkKIeHNsT YACTHI] B HECTAIIMOHAPHOM I'PDABUTAIMOHHOM I10JIe OCTAJICS KPACHOM JIMHUEH KOCMOJIOTHH.
Bravasie B KauecTBe IPUYIMHBL POKJICHUS YACTUL, PACCMATPUBAJIU AHU30TPOIIMIO IPABUTAIIMOHHOrO 101 [1]. Do
nanpasjenre B OTO cunraniocs B 70-e 1016l OCHOBHBIM, M OTKPBITHE U3JIy4eHUs] XOKUHIa YCUJIUIO €ro HO3UIUH,
[TOCKOJIbKY BHYTPEHHOCTBH YEPHOM JIbIPhI OMUCHIBAJIACH IIPOCTPAHCTBEHHO aHU30TPOIHON OJHOPOIHON KOCMOJIOTH-
qeckoit MoJiesibio. OHAKO HUKY/IA He YILIa TJIABHAsI IPUIUHA POXKJIEHUS YACTHUIL U3 BAKyyMa B HECTAIIMOHAPHOM
IPaBUTAIMOHHOM II0JIe: IMEHHO 3aBUCUMOCTD (DPUIMAHOBCKOI MOJIE/IN OT BPEMEHU IIPUBEJIA K HOSIBJIEHUIO KOCMO-
JIOTMYECKUX BO3MYIIEHMIT IJIOTHOCTU B PaHHel BcejleHHOIl, N3 KOTOPBIX 9BOJIIOIMOHHO BO3HUKJIM T'aJIaKTHKH U BCsI
HabJo1aTesIbHas KocMostorus [6].

Pozkierne 9acTuI] U3 BaKyyMa HeH30eKHO CBI3aHO ¢ mojspusarnmeii Bakyymal). [Ipuuamna y HIX OIHa — Ba-
KyyM BO BHEIIIHEM CHJIOBOM II0jie. B JJAaHHOM Cjlydae BHEIIHUM II0JIEM sIBJISIETCsl PABUTAIMS CAMOIO BAKyyMa, a
peakiys ero Ha BHENIHIO CUJLy JA€T IOJISIPU3anuio (HeHYJIEBble INIOTHOCTh U SHTPOIMIO BAKYYMA) U POXKJCHUE
yacTull (CKaJgpHble U TeH30pHbIe (hJIyKTyalun METPUKH, IPUBOILAIINE K KOCMOJIOTUYECKUM BO3MYIIEHUSAM ILJI0T-
HOCTH ¥ I'PDABUTAIMOHHBIM BOJIHAM). DTOT 3hMEKT CTOUT U CErOjHsI B OCHOBE KACKAJHON pPeslaKcaluy BaKyyMa
Kak reHeparopa Beeil HabsonaresbHoi Kocmoorun [7]. B Te 9BOJIOIMOHHBIE SIO0XH, KOTJA BAKYYM JOMUHUPYeT B
[IOJTHO¥ TTIOTHOCTH MATEPUN, MACIITAOHBIN (haKTOP PaCTeT ¢ YCKOPEHUEM BO BpEMEHHU, U 00JIACTh MPOCTPAHCTBA, B
KOTOPOIl ujer nHQJISIHS, pacTeT, Ipud/IMKasch K GPUIMAaHOBCKON cumMmerpun. [lapajiokcajibHO, HO caMo siBJie-
HU€e KOCMOJIOIUYIECKOI MH(JISIIIUN He eCTh IaHalles! JJIsl PellleHns] MHOTUX [IPO0JIeEM KOCMOJIOIHH, & JIUIIb CJIe/ICTBUE
MeJJIeHHO} pestakcanuu (pU3nIeckoro BakyyMma (OCHOBHOIO COCTOSIHUS BCeX MOJIei, |e 4+ p| < €).

B. H. Jlykaw, E. B. Muxeesa
Acmpoxocmuneckudi Iewmp ®PHAH um. II. H. Jlebedesa PAH
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BLACK HOLE EVAPORATION (HAWKING EVAPORATION)
SPECIAL SECTION

Editorial

More than 50 years ago, both Yakov Zel’dovich’s students and Stephen Hawking with his colleagues noticed that
the conservation law equation for a black hole has a form similar to the first law of thermodynamics. Pursuing the
analogy further led to the identification of the horizon area of a black hole with its entropy, while the corresponding
coefficient was interpreted as a temperature. Thus the idea of a black hole with a non-zero temperature arose.
It corresponds to the blackbody model, proposed at the beginning of the 20th century, in which a heated body
exchanges with an energy with the surrounding space. That is, black hole radiation appears: a flow of energy from
the «warm» body into the surrounding cold space. The idea, which came to be known as Hawking evaporation, was
actively discussed in the scientific literature. Many important papers on this subject were published in JETP; of
particular significance is the paper by Ya. B. Zel’dovich and A. A. Starobinsky [1], which to a large extent stimulated
the activity of physicists in this direction. Preliminary results were summarized in the paper by I. D. Novikov [2],
published in JETP 50 years ago.

The Special Section of this issue of JETP is devoted to the physics of black holes, the Hawking process, and
related phenomena. We are grateful to all the authors who contributed to this section.

A. I. Smirnov, Editor-in-Chief of JETP
S. 0. Alexeyev, Managing Editor

BLACK HOLE RADIATION AND PARTICLE CREATION IN A GRAVITATIONAL FIELD

In the 1970s, in the USSR research groups led by prominent scientists were working in astrophysics and
gravitation, and their publications and talks were followed with particular attention. Among them was the group
of Ya.B. Zel’dovich, made up of very young scientists, many of whom were not yet 30 years old.

The leading expert on the theory of gravitation in this group was I.D. Novikov. At that time, he and
Ya.B. Zel’dovich were writing the book «The Structure and Evolution of the Universe», which for a decade
served as the textbook and reference book on cosmology. There was no internet in those days, and the best way
to learn about scientific news was at a conference or a seminar. Stephen Hawking also came to Moscow to take
part in such a conference. Among the talks he attended was one by Ya.B. Zel’dovich, who argued that a black
hole can radiate energy, but only if it rotates. It is interesting to note that the idea that the black hole metric is
nonstationary beneath the event horizon already existed at that time [3] — the concepts of T- and R-regions had
already been formulated. But, apparently the understanding that a nonstationary gravitational field inevitably
leads to particle production had not yet taken shape as a general concept, that somewhat later developed into a
description of the mechanism for generating cosmological gravitational waves and density perturbations.

The intrinsic radiation of black holes — of both massless and massive particles — has taken a special place in
modern physics. It has a serious theoretical foundation but has not yet been detected experimentally, and without
such a detection, some shadow of doubt will inevitably continue to prompt attempts to revise the conclusions
about the possibility of such radiation.

Ya.B. Zel’dovich and J. Bekenstein came closest to discovering black hole radiation, but it was S. Hawking
who discovered it. Ya.B. Zel’dovich, who had been working on particle production since the turn of the 1960s
and 1970s [4], knew that particles can not be created from the vacuum in a static gravitational field (and often
referred to this as a theorem), but he believed that particles can not be created in a black hole either, since the
gravitational field far from a black hole is indeed static, as it is for a planet. J. Bekenstein looked at the situation
from a different point of view and proved that a black hole has nonzero entropy proportional to the area of its
event horizon [5], but he did not derive the coefficient of this proportionality (he knew general relativity but did
not go as far as quantum mechanics).

At a seminar at the Sternberg Astronomical Institute (SAI), Ya.B. Zel’dovich called Hawking’s 1974 paper
erroneous. There were people in the audience who knew that inside the event horizon the black hole metric depends
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on time, but they kept silent (apparently, Zel’dovich’s authority worked in science as well). R. Penrose, however,
who was also in the audience and whom Zel’dovich addressed directly, replied: «I have read Hawking’s paper,
and it is correct.» At the next SAI seminar (a week later), Ya.B. Zel’dovich «put on sackcloth and ashes» and
acknowledged that Hawking was right. This is normal in science (it does happen), and it leads to correct answers
— which is what science rests upon.

The effect of particle creation in a nonstationary gravitational field has remained a common thread running
through cosmology. Initially, the anisotropy of the gravitational field was regarded as the cause of particle
creation [1]. In the 1970s, this way of research was considered the main one in general relativity, and the discovery
of Hawking radiation strengthened its position, since the interior of a black hole is described by a spatially
anisotropic homogeneous cosmological model. Yet the principal cause of particle creation from the vacuum in a
nonstationary gravitational field has not gone away: it is precisely the time dependence of the Friedmann model
that gave rise to the cosmological density perturbations in the early Universe, from which galaxies and all of
observational cosmology evolved [6].

Particle creation from the vacuum is inevitably associated with vacuum polarization?. They share a single
cause: the vacuum in an external force field. In the present case, the external field is the gravity of the vacuum
itself, and the response of the vacuum to the external force produces both polarization (nonzero vacuum density
and entropy) and particle creation (scalar and tensor metric fluctuations giving rise to cosmological density
perturbations and gravitational waves). Today, this effect underlies the cascade relaxation of the vacuum as a
generator of the whole of observational cosmology [7]. During the evolutionary epochs when the vacuum dominates
the total matter density, the scale factor grows with acceleration in time, and the region of space undergoing
inflation grows, approaching Friedmann symmetry. Paradoxically, cosmological inflation itself is not a panacea for
solving many problems of cosmology, but merely a consequence of the slow relaxation of the physical vacuum (the
ground state of all fields, |e + p| < €).

V. N. Lukash, E. V. Mikheeva
Astro Space Center, P. N. Lebedev Physical Institute, Russian Academy of Sciences
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2) The two can be separated only when the coupling constant is small. In the present case, such a constant exists: 10~°, the small
amplitude of primordial density perturbations.
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