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YepHas AbIPA — OBAACTb B MPOCTPAHCTBE - BDEMEHM,
[OABUTALLMOHHOE MPUTIKEHUE KOTOPOM HACTOABKO BEAMKO, YTO
HUKOKOE TEAO HE MOXET €€ MOKMHYTb.



OH MUTHEAA, KHEPHbIE 3BE3AbIN

TpaexTopus
CBETOBBIX KOPITYCKY

3.1. IloBeneHue cBeTa, UCNYLICHHOIO 3BE3[00M, NMAMETP KOTOPOMN MEHbIUE KpPHUTHYEC-
KOro, corjiacHo pacyeram, caejaHHbIM [I>)koHoM Mutyennom B 1783 r. Ha ocHo-
BaHMM KOPINYCKYJISIPHOM MOJEJIM CBeTa M 3aKoHa TAroreHuss HploToHa




AQNAQC, (M3AOXKEHNE CUCTEMbBI MUPC» \ l

EXPOSITION

DU SYSTEME

DU MONDE,
S e [lepsoe (1796) n BTOpOE

Rihomn. o (1799) 3aaHMs —

S KOPMYCKYAIPHAN KAPTUHAO
MUPA. TpeTbe M3AQHME —
BOAHOBQOS TEOPUA CBETA,

4EPHbIX AbID TAOM HET.

TOME PREMIER,

A PARIS,

De I'lmprimeric da CeacrLr-SociaL, mee da
Thedtre Francals , N*. 4o

V ok La Rirgerigue Frawcans,

NHTEPdDEPEHLMS




M TOMITCOH, «|qu XIX BEKA HOA “
ANHOMMYECKOU TEOPUMENM TEMAOTbLI U CBETAN
1) HECOOTBETCTBUE MEXKAY MEXAHUKOM HbIOTOHA

1M TEOPUEN DAEKTPOMATHETM3IMA MAOKCBEAAQ.

2) «Y AbTDOAOMOAETOBAA KATACTROTD QM.

yibTpadguoneToBas
katacTpoa

[Tnauk

1967 — AXKOH YUAEP, TEPMMH (HEPHAT AbIPDOY.




OAEKTDOMATHETMIM .

CITVICO AU /1K l
(YoaBHEHMS (YoOBHEHMS

HblOTOHQ) MAKCBEAAQ)

OUHLUTEWNH,
[TyaHkape, AopeHL,

CneunaAbHAd TEOPUT OTHOCUTEABHOCTU
(CTO)
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CTO

[1pOCTPaHCTBO + BpeMs = NPOCTPAHCTBO-BPEMS

Cneactsus

CokpaleHune gNnHbI

» .

Z/ 5) l% v=56-10 Jh'/".'ez.f.

Puc. 1.133.




(OTO)

opPMa OTHOCHUMTEABHOCTH “

TeAd ABMXKYTCH MO
MHEPLMN B
MCKPUBAEHHOM
NPOCTPAHCTBE-
BOEMEHM.

REIHI
L
_;Il'

LE$£1E

1) Macca- aHeprmg «yKasbiBAET) MPOCTPAHCTBY-

BPEMEHM, KOK OHO DYAET UCKPMBAATLCS.
2) KpMBM3HA «yKA3bIBAET)Y MACCE-DHEPTMM, KAK e

ABUNTATbCA.



BAPLLLLIMABA, MEPBOE peLLIEeHnE ~

YOABHEHMMN DUHLLTEMHA, TPABUTUPRYIOLLMM LLIAP

M Cotininad Gl eeci

Fopu3oHT
cobbiTUA

benas nuHuA -
TpaeKkTopus Tena,
KOTOpoe nocne
nepecevyeHus
CMHrynsipHoCTb ropmMsoHTa cobbiTMi
McuesHer Ansa

-yepHas Aabipa
Ha6bnopaTens.




3apHKEHHA] YepHasd Ablpa — TAHC
PencHep (1916) v TyHHOP
HopACTpém (1918)

KOAAQMNC MbIAEBUAHOM CCOEPDI —
Pobept OnneHremmep n XapTAApPHA
CHamnaep (1939) «O 6BeCKoOHEYHOM
[POBUTALLMOHHOM CXATUMY)

BpoaLualoLmecs
YepHasa Ablpda
(1963) - Powm Kepp




HMKaKa4
MHJOOPMALMA HE
OYAET BbIXOAUTb U3-
30 TOPM30OHTA
CcOoObITUM . Bpemsd
HO 3TOM TPAHMLLE
OCTOHOBAMBAETCH.

o, . Jlyy ceeta Ry AAd COAHLLO =
4 3 KM.

Ry AAS 3eMAM = 9
MM,

- YepHas gblpa




EPDHOM AbIPbl HET BOAOC)

MOMEHT DAEKTPUMYECKNM
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NPOTO3BE3AA TOAYGOM CBEPXITUrAHT - CBEPXHOBAS
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NPOTO3BE3AA l'UﬁYEﬂH CBEPXI"HI'&HT HEPHAH AbIPA

NPOTO3BE3AA TIOAYGEOM CBEPXTUIAHT CBEPXHOBAS THI1 Il YEPHASA AbIPAu
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BEPXMCOCCUBHbIE YEPHbIE AbIDbI. .

CMHA HOXOAATCA B LLEHTPAX TAAQKTMK
[ QAAQKTMKO AHAPOMEADI

BMAMMBIM AMAMNA30H Y - AMAMNO30H PEeHTreHOoBCKMIA
AMAMNA30H

TymanHocTh AHApOMEbI : 4 TymaHHOCTE AHApOMEAk!

maz

CPI/ePO3ITA WKu PAH CPI/ePosura VK1 PAH

PEHTTEHOBCKOM COAHE4YHDbIX.
ANAMNA30OHE .

LLleHTPaAbHOS HYOCTb B . f’h Macca 10° - 10°
.



e AbIDbl MPOMEXYTOYHOM MACCHI. q

BO3MOXHO, OHU 9BASAMNCH
(CTPOUTEABHBIMM DAOKAMMY
AAS CMYA.

X O4EHb TPYAHO OOHAPYXMTb.

Macca 103 - 104 COAHEYHbIX

alactic Latitude [deg




EPBMYHbIE YEPHbIE AbIDbI. \

KaacTtep OHUM AOAKHbI ObIAU
NepBMARBIX 0BPA30BATHCH AOBOABHO
YEPHbIX AbIP

CKOPO NOCAE
BO3HMKHOBEHMS
BceAeHHOMW.
Macca 6oabLue 1011 kr.
TonoAormM4yeckme
AedoekTbl

NPOCTPAHCTBA




MMUKPOCKOMMYECKME YEPHBIE AbIDbI. .

MoryT o6pa30BATLCS MPW CTOAKHOBEHMUM
BbICOKODHEPTMYHbIX HOCTML, HO YCKOPMUTEASIX.
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Puc. 1.1. DnekTpomarduTHoe 1oJie MpeJiCTaBIsgeTCsd B BUJIE BOJIHDIL.
beicTpo ocumMpyroas BoJiHa IeTEKTUPYETC Kak rpymna GOTOHOB.




Tb YepHble AbIpbI (1) -

CAMM YEPHbIE AbIDbI HODAIDAOTH HEAB34!

HYepHas AbIPA MOXET MPOIBUTL CEDS Yepe3 B3AMMOAEMCTBME C FA30M M MbIAbIO,
KOTOPbIE €€ OKPYXAIOT.

1) OOpa30BAHME AKKPELIMOHHbBIX AMCKOB 3
bAaroaaps aTomy B3IAUMMOAENCTBMIO

2) Pe3koe M3MEHEHME dPKOCTU OKPYXAKOLLLETO BELLLECTBA OOPA3YIOTCs KBA3APS! — APHANLLINE
0BObeKTbl BO BCceAeHHOM.

3) BbIOpOCHI BELLLECTBA (AXKETHI)






L YepH 51““

PAcYeT MACChI «(KOHAMAQTO) HO OCHOBE TpOeKTOpMPI OKPYXXAKLWMNX €0 3BE3A.

Ha 3TOM CHUMKE NPUBEAEHbBI PE3YALTATHI
MHOTOAETHUX HOBAKAEHUI 30 MOAOXKEHMEM
3BE3A B LLEHTPE HaLLen [aAQKTUKM.

1995
® 1996
® 1997
® 1998
1999
® 2000
2001
® 2002
2003

' Genzel, Eisenhauer & Ghez et. al
Roger Penrose Reinhard  Andrea Gillessen (2010)
“for the discovery that Genzel Ghez o
black hole formation “for the discovery of a
is a robust prediction supermassive compact object
of the general theory at the centre of our galaxy”

of relativity”

THE ROYAL SWEDISH ACADEMY OF SCIENCES
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«PABUTALMOHHbIM KOAAQMNC M MPOCTPAHCTBEHHO-
BOPEMEHHbIE CUHTYAIPHOCTUY, [leHpoy3, 1965 T.

BO3HMKHOBEHME TOPM3OHTA CODbITMM MPU
KOAAQMCE TEAQ HEU3DEXHO MPUMBOAMT K

OOPA30BAHMIO CUHIYAIPHOCTM — Y4ACTKY C
OeCKOHEYHOU KPUBM3HOM MPOCTPAHCTBA
BOEMEHM O MAOTHOCTBIO MATEPUM.

30KOH BCEMMPHOIO 3akoH KyAoOHa
TArOTEHDLS 1684r. 1785r.

VoLUME 14, NUMBER 3

PHYSICAL REVIEW LETTERS 18 JANUARY 1965

Consider the time development of a Cauchy
hypersurface C* representing an initial matter
distribution. We may assume Einstein’s field
equations and suitable equations of state gov-
erning the matter. In fact, the only assump-
tion made here about these equations of state
will be the non-negative definiteness of Einstein’s
energy expression (with or without cosmologi-
cal term). Suppose this matter distribution
undergoes gravitational collapse in a way which,
at first, qualitatively resembles the spherical-
ly symmetrical case. It will be shown that,
after a certain critical condition has been ful-
filled, deviations from spherical symmetry
cannot prevent space-time singularities from
arising. If, as seems justifiable, actual phys-
ical singularities in space-time are not to be
permitted to occur, the conclusion would ap-
pear inescapable that inside such a collapsing
object at least one of the following holds:

(a) Negative local energy occurs.® (b) Ein-
stein’s equations are violated. (c) The space-
time manifold is incomplete.” (d) The concept
of space-time loses its meaning at very high
curvatures —possibly because of quantum phe-
nomena.® In fact (a), (b), (c), (d) are some-
what interrelated, the distinction being part-
ly one of attitude of mind.

Before examining the asymmetrical case,
consider a spherically symmetrical matter
distribution of finite radius in C® which col-
lapses symmetrically. The empty region sur-
rounding the matter will, in this case, be a
Schwarzschild field, and we can conveniently
use the metric ds? = -2drdv +dv*(1-2m/¥)
-r*(d6* + sin®*6d¢®), with an advanced time pa-
rameter v to describe it.? The situation is
depicted in Fig. 1. Note that an exterior ob-
server will always see matter outside »=2m,
the collapse through » =2m to the singularity
at » =0 being invisible to him.

After the matter has contracted within »=2m,
a spacelike sphere 5 (f=const, 2m >» = const)
can be found in the empty region surrounding
the matter. This sphere is an example of what
will be called here a trapped surface—defined
generally as a closed, spacelike, two-surface
T¢ with the property that the two systems of
null geodesics which meet T° orthogonally con-
verge locally in future directions at T¢. Clear-
ly trapped surfaces will still exist if the matter
region has no sharp boundary or if spherical
symmetry is dropped, provided that the devia-
tions from the above situation are not too great.

58

Indeed, the Kerr solutions with m >a (angular
momentum ma) all possess trapped surfaces,
whereas those for which m <a do not.! The
argument will be to show that the existence of
a trapped surface implies —irrespective of sym-
metry —that singularities necessarily develop.
The existence of a singularity can never be
inferred, however, without an assumption such
as completeness for the manifold under con-
sideration. It will be necessary, here, to sup-
pose that the manifold M,*% which is the future
time development of an initial Cauchy hyper-
surface C? (past boundary of the M,* region),
is in fact null complete into the future. The
various assumptions are, more precisely, as
follows: (i) M4* is a nonsingular (+---) Rie-
mannian manifold for which the null half-cones
form two separate systems (“past” and “future”).
(ii) Every null geodesic in M,* can be extended
into the future to arbitrarily large affine param-
eter values (null completeness). (iii) Every
timelike or null geodesic in M4* can be extended

FIG. 1. Spherically symmetrical collapse (one
space dimension surpressed). The diagram essen-
tially also serves for the discussion of the asymmet-
rical case.
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Cygnus X-1

First confirmed black hole

Distance: 7,200 light-years
Orbital period: 5.6 days
Black hole mass: 21 Suns
Companion mass: 40 Suns

. Sun
to scale

YepHas AbIPA «BOPYIOT) BELLLECTBO Y CBOETO
COCEAQ.

ble AbIPbI (3).

" B3OMMOAENCTBME C COCEAOM MO 3BE3AHOM CUCTEME.

4 H1705

GRS 1915

MAXI J1659

Fastest-known orbit of an
accreting black hole

Distance: 29,000 light-years
Orbital period: 2.4 hours
Black hole mass: 5 Suns
Companion mass: 0.2 Suns

Sun
to scale



ATb YEPHbBIE AbIDbI (4).

P FPEKT rPABUTALMOHHOTO AMH3NPOBAHMS.

Ceer o1 - IMuHaupyrowas Habniogatens BMANT
aseamet lqepnan
,{f./ Ablpa Rl e B
3“3,#\ . .1
\ R [OABUTALMOHHOE
[ —— MOAE HEPHbLIX AbIPO
e e MCKPUMBAAET AYHU

N

3“*“///’—\3 5 CBETA, UAYLLIME OT
\I_// / ACAEKMX 3BE3A.
Nunsupyemas % G (e E/\CIFO.A.CIDFI ITOMNY
e OAECK 3BE3AbI
KPATKOBPEMEHHO
BO3PACTAET.

[DaBUTAUMNOHHOE JINHSUDOBAHWNE FIPW
ADOXONOZHNN  YZDHOY IeokT
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' CIBI/ITCILLI/IOHHOG (MAKPO)AMH3MPOBAHME. KOAbLLO SMHLLUTEMHA

«HeLUmpCKM KO ABOMHOE KOAbLLO SUHLLITEMHA

. Double Einstein Ring SDSSJ0946+1006 Hubble Space Telescope = ACS/WFC
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» .

-
-
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‘ - MASA, ESA, R. Gavazzi and T. Treu (University of California, Santa Barbara), and the SLACS Team STScI-PRCOB-04



OOHAPYXUTb YHEPHbIE AbIPbI (5).

rpCIBl/ITCILLl/IOHHbIe BOAHDbI.

[PABUTALMOHHbIE BOAHbI — «P90b) MOOCTPAHCTBA — BPEMEHM. [1poLLE BCErO
MX MOXXHO 3AJOUKCHMPOBATL B PE3YALTATE CTOAKHOBEHMS ABYX YEPHbIX AbIP.

“For the greatest benefit to mankind”
W adet

/

y of St

2017 NOBEL PRIZE IN PHYSICS

o
—
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p
e

Rainer Weiss 3 “

Barry C. Barish e -
Kip S. Thorne <

“for decisive contributions to the LIGO detector and the observation of gravitational waves”

@ Nobelprize.org



— Numerical relativity
Reconstructed (template)

Separation (Rs)

gra\r'itr_—.ltic>r1e'1'|'"m'l vl
waves

Light ~10® m
detector - shift

Detector

S6bTe GW140915

B ranakTmKe,
YAQAEHHOM OT HOC HA
PACCTOAHME 1,3 MAPA.
CB. AET, NPOM3OLLAO
CTOAKHOBEHME ABYX HA
maccom 36 1 29
COAHEYHbIX.

B pe3yAbTaTE
OOPA30BAACCH HA
MACCOM B 62
COAHEYHbIX.

Strain (10721)

Hanford, Washington (H1)

Livingston, Louisiana (L1)

— Numerical relativity
Reconstructed (wavelet)
Recanstructed (template)

—




"KATAAOT rPABUTALLUOHHbBIX COObITUM. .

Masses in the Stellar Graveyard

in Solar Masses
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1 ——LIGO-Virgo Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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300 paXKEHMEN HEPHOM ABIPBI.

PENATHBMCTCKMA
AXET

CXeMATUYHAS CTPYKTYPA BELLLECTBA BOAM3M
HYEPHOM AbIPBbI

» D O O

KomMnbloTepHOE MOAEAMPOBAHME 1989 road —

XaH-Tbep AlomUHe (1979) AKKpPEeEUMOHHbIN AFM)ZEJSEOH;)M AblPbl C PA3HbIX



OObI TN LEE

HepHaa AblPA B LLEHTPE
FOAQKTUKM M87

o0 =

Il I Ih. L

HepHad Ablpa Sgr A* B LLEHTPE TAAQKTUKM
MAeYHbIN [TyTb.



[Tpouecc [NeHpoy3a

Heprmmm HEPHOM AbIPbI. \'

KBasap

[Mpouecc baeHAGOpPAQ — 3HOEKA.

MaruuTHele
CUJIOBLIE NHHHH

InexTpueckui ToK
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Hepnas aupa
HacTima ¢ DOT0EHTSIEHOR YHEPTHEH VIeTaeT

HacTrma ¢ oTPHIATEIRHOA SHEPTHEH TOTI0MIASTCA

. I =
puc. 13

Y TOpmM30OHTA COObITMI
POXAQETCH MAPA HYACTULA —
AHTMYACTMLLA. 30TEM OAHA M3
HMX NMAAQET 3A TOPM3OHT, O

AAQMC, AQdpAMH . «[19Tb BO3PACTOB
BCEAEHHOM: B TAYOMHAOX COU3UKM

g BEYHOCTM)

APYraa yAetaer Or HepHOM OMoxa YePHbIX AblP : 1040 — 10100 aer.
AbIDbI, YHOCS €€ 3Hepruio.



KAQCCHYECKMM CAYHAM:

MHdbopmaLums (B BUAE
HACTULL MAM
M3AYHEHMS)
MOrAOLLLOETCS YEPHOM
AblIPOW.

KBOHTOBbIM CAYYHQAMU:

MHdbopmaLums (B BUAE
HACTULL MAM
M3AYHEHMS)
MOrAOLLLOETCS YEPHOM
AblPOW.

OPAAOKC noTep

U uHdbopmaumm B !

_ YepHOU Ablpe.

HepHas

AbIPG MHooOopPMaLMS
YyBEAMYUBAET ocraerca
CBOIO BHYTOU YEPHOU
MACCY. AbIPbI.
HepHad

I0a HYepHas Ablpa
AbIP YyMEHbLLAET
YBEAUMYMBAET Maccy
CBOIO oAaroaqps
MACCY. M3AYHEHMIO

XOKMHT Q.
- [0 ncnyuiLeHHoOMY en
OCHOBbI KBAHTOBOM M3AYHEHMIO HEBO3MOXHO
MEXAHUKH (¢22) BOCCTOHOBUTD

HapyLUuatoTCH! MCXOAHYIO MHADOPMALLMIO



A. COCCKMHA,
A.T10ECKUAA:
MHADOPMALMS
coxpaHaetc!

C.XokuHr , K.TopH (1983) :
MHCJDOPMALMA HE
coxpaHaetc4!

B 2004 roAy XOKMHI MPM3HAA CBOE MOPAXEHME,

BO3MOXXHbIM BOPUAHT pelLleHMe — B HOLLIEM BCEAEHHOU MOXET
OOPA30BATLCH TOABKO (KOXKYLLLAICA) YHEPHAT AbIPQA, HE
COAEPXALLAA CUHTYAAPHOCTb.



1 OEAbIE AbIDbI. “

| iByMepHas Mofe/ib «KPOTOBOW HOPbI»

O6kMHOE NPOCTPAHCTEO
CHApYXH
KPOTOBOM HOPbI»

Bx0A B *KpOTORYIO HOPYS

—— KpoTtosas Hopa —

” 5 TYHHEADb B

YHHENS MEXY O6NaCTAMM

npocTpaKcTea |_| pOCTpO HCTBe_
BPEMEHM.

: ~— = flyTs nyva ceeTa vepes

= AKPOTOBYID HOPY®

e -~ FlyTeny4a cseta
NOOOEMHOMY NPOCTPaKCTBY

AAA CO3AAHMA CTOOUMABHOM
MNPOXOAMMOU KPOTOBOM
HOPbI TPEDYETCH BELLLECTBO
C OTPULLAOTEABHbIM
AQBAEHMEM. (AU
KBOHTOBbIE MOAA?)




BeAas AbIPA — AHTUMOA YEPHOM AbIPbI.




TO XK€ BHYTPM YHEPHOMU AbIPble2e?

TOYHO Y3HATH OTBETHA 3TOT BOMPOC Mbl MOXEM, TOABKO MOMCB
BHYTPb YEPHOM AbIPbI...

COBPEMEHHbIE BO3MOXHO , Y4€PHAA AbIDA - MOPTAA B
NPEACTABASHMS — Apyrme obAQCTM BCEAEHHOM AU ACKE
CUHTYASIDHOCTb. B APYIME BCEeAEHHbIe!!

AAS TOTO, YTOObI 3TO MOHSATb, HY>)XHO OObEAMHUTD
OTO M KBAHTOBYIO MEXAHMKY. BO3MOXHO, 3TO
CAEAQET TEOPUS CTPYH. ..
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