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Einstein develops new theory of relativity

Professor Albert Einstein of the
Kaiser Wilhelm Institute in Berlin
has proposed a theory about the na-
ture of time, space and gravity that

will dramatically alter mankind’s i - A
view of the universe if it 18 accepted. H O M a j-l b H O e
The new theory is an extension of

Einstein's Special Theory of Relativ- = : Iﬂl B M )‘Ke H M ﬂ rl e p M ren M ﬂ

ity, which he published in 19035, and

B o an abactute tiae oad _ ) Mepkypua 43”/100

absolute space. Instead, all motion

is relative, and the rate at which n eT (19 15)

time passes depends on the velocity

of a body in motion. ] o
The new General Theory of Relat- PY O

ivity alters the view of gravity pro- : TK[I O H e H M e fl yL‘I e M

posed by Sir Isaac Newton more ;

than two centuries ago. Newton : B6f| NM3IN MACCUUBHDbIX
viewed gravity as a force exerted by 8¢

one body on another. According to 1 9 1 9 9

Einstein, gravity 15 a ;J;L‘.lpert}' of Ten ( ) ,ﬂl,ﬂlm H rTOH
space that is induced by the pres-

ence of matter. Because the effects

predicted by Einstein are subtle and S _ - ¢ I-p a B VI Ta Lll I/I 0 H H bl e

occur only in intense gravitational

fields, scientists will not be able to é o BOJ/1HbI (1992; 2016)

[lpeacKa3saHuA

test relativity against Newtonian
physics until the war in Europe has
ended and peaceful research re-
sumes. Prafessor Einstein in Berlin.

18.08 22016
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Ha npakTuke — GPS-Hasuraums

18.08 22016



CBoncTBa rpaBUTAaLLMOHHbIX BOJIH

e Ob6blYHbIE@ BOJIHbI —
«psAbb» Ha
NOBEPXHOCTU

[PpaBUTALUNOHHbIE
BOJ/IHbl — «CKNAAKN»
2 NPOCTPAHCTBA-BpemMeHu




B «pabb» npocTpaHCTBa-BpeMeHMU

W /\/ + B S |

curved spacetime : (R\‘ background waves
\ I

\
v/
~
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JInHeapu3oBaHHAA rpaBuTauuna
gﬂ-l-" =1 JLv + ] ?',u..x.f: |; L ,u..x_.:| < 1.

|
R,u..r..f po — 5

)
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KannbpoBo4YHO-
nHBapuaHTeH!!!
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[paBUTALMOHHDbIE BOJIHbI

- i - i - _ . =
‘E; L — L (E-_.,I_.J _I_ ()1_; l{.:} L — 1 7 JLv () ﬂ&» f

* He HapylaeT BUAA NMHEAPU30BaAHHbIX
YPaBHEHUM N TapMOHUYeckKyto (JlopeHueBsy)
KaInbpoBKY

* MOXXHO MCnonb30BaTb 4 QYHKUUM & ANA
3aHyNeHUA 4 KOMMNOHEHT =» OCTaeTCH TO/bKO 2
He3aBMCUMble KOMMOHEHTbI (nonsapulaumnm)




TT-KannbposKa (nonepeuHo-6eccnenosan)
1) Véupaemcneo: £,(x):h =0 = i_zw =h,

2)/enaem nonepeunvimu .5 (x): hy, =0 8ihij =0




Mepexop K TT-KannbposKe

Yo = hm(f —1n - X)

1 _
m Im 7
P Pf ht'm _ ;P;LP h—-l'm.-

1 - _ 1 . _
-5 (Ngz + Dyy) = 5 (haw — hyy) . hx =h ITUT = Ny




[ewncrsue B Ha npobHbIe macchbl B
TT-Kanubposke

2t Y (,._1)(/? da”

72 PR dr dr
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'B co3paeT none NnpUAnNBHDLIX YCKOPEHUM




AmMmnantyaa BonHbl h = oTHOCcUTenbHOE
pacTa)xeHue/cxKatue

18.08 22016



Mone NnpUANBHDbIX YCKOPEHUN

+ Polarization
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[loTOK aHeprun s I'B

* [1NOTHOCTb 3HeprMn B I'B

* [10TOK 3Hepruu

3.2
dE W cr

= ——— [ d(hI +h,).
At~ 167G / HE A+ h)

* [B HeceT UMMNyANbC U 3HEPrno, KOTopble MOryT
BO3/1EeMCTBOBATb Ha NPOOHbIE Tena




B nokanbHou (nopeHueson) CO

* [MonHaA cnna, AencreyoLWan Ha cBoboaHbIe
Maccbl

Photodetector

18.03.201



UsnyueHue I'B

* Hu3wmm nopagoKk — KBaapynosibHoe
nsnydyenue. ina v/c<<1:
Lik G w!(ML*) G Eki,“ /¢’

T T

- o1 { Exin \ [ 100Mpc
B ( ﬂi{[z‘_: C: ) ( T )

18.03.2016




Actpodusnyeckme UCTOYHUKN

* HecummeTpu4Hble ®
ABUXEeHMA 6onbLLUMX MaccC C
60NbLLMMKN CKOPOCTAMM

 TecHble ABOWHbIE
KOMMNaKTHble 3Be34bl (benble
KapANKWN, HEUTPOHHbIE
3Be3/bl, YepHble Ablpbi)

* h~r,/D~102

18.03.2016



KeagpynonobHaa ¢oopmyna B
HbIOTOHOBCKOM NpubankeHmnm

Binary star: M,, M,, a.  Assume circular orbit.
M,a, =M,a,, a=a +a,=const in Newtonian case.

2_;;)2 _ G(M,+M,)

3

Kepler's 3d law:  o° z(

T a
Gravitational radiation is due to variable quadrupole moment
I B ) of the system. Q.m. is the same twice the orbital period =
2 T
(e g R
M, @

Wave zone: r>R ~ £ Field ~ 1/r for radiation
4

Inside W.z. (r<R,) the field is just variable tidal accelerations:

T

G
mass 1. ~ a, 3
r

mass 2:

MM, . :
where u = Tz is reduced mass, M =M, + M, is the total mass



BonHoBaA 30Ha

r>>A

A~1/r

Cratnyeckasn
30Ha

A~1/r?

Radiation of any field outside the wave zone:
Field: A~1/r
Energy flux:  S~A?
Energy loss:  dE/dt~ r*S

GW from a binary:  Ag,~A,-A,,
G po'a ju _ poo'a

A o § r
2

o

A =

e’ (tosew at R=R,!)

pi(20t-29)

, phase delay A¢ ~ (a, +a,)w ~ A
ﬂ’GW
Inthew.z. r>A4,, >a

2 3A2
AGW~/m)aA¢~ya)a

r r
dE 2 2 2 6.4 ,U2M3 G’ ,UzMs
—)  ~ NI~ pfetat ~ =—
<dt>GW Aowl™ = 1 a° ¢ a°

Exact expression reads:
<d_E> __3264 n°M°
dt /o,  5¢° @




ChvaHue H3

* [lpUBOAMUT K
MOLLLHOMY
BblaeneHuto M
3Heprmum
(Kocmunyeckue
raMMa-BCMaecKu)

18.03.2016
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CnmnaHune yepHbIX AbIP




Camoe mouiHoe usnyyeHue IB

* CBepxmaccusHble H/1 m@
B A4pax ranakTmk

- *h~r,/D~10%

HST



dopma curHana
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«lfopusoHT» ~200 Mnk ana NSNS

: &
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Actpodusnyeckme UCTOYHUKN
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— — — inflation

resolved Gu=10-3, a=0.1,
stationary n:u=1. p=0.1 (k=0.8)
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[‘[paBuUTaunMOHHbIEe BONHbI LIGO

Ob6baBneHmne o nepBom peructpauum konnabopaumeit LIGO 11/02/2016



HeTtekTopbl LIGO
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Strain (107%%)

Frequency (Hz)

CurHan

Hanford, Washington (H1)

= H1 observed

— Numerical relativity
Reconstructed (wavelet)
i Reconstructed (template)

0.35 0.40

Time (s)

0.45

Livingston, Louisiana (L1)

— Numerical relativity

econstructed (wavelet)
B Reconstructed (template)
ee——

0.30 0.35 0.40 0.45

Time (s)

Phys. Rev. Lett. 116, 061102 (2016)

Normalized amplitude
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BocctaHoBNAeHUe popmbl CUTHANA
pa3/IMYHbIMU MeToA4aMM

* banecoBcKkun metoa yepes ¢. MKC.
npasaonogobus, He npeanonaraa Gopmy

arXiv:1602.03840

0.38 0.40 0.42 0.44

Time (s)



http://arxiv.org/abs/1602.03840
http://arxiv.org/abs/1602.03840

* Metoa temnnenTtoB. Tpurrep npu SNR>4

 ONTUManbHoOe OTHOLWEeHMe curHan/wy
npu oNTUMaIbHON GUNBTPALUN

e 2 cobbiTna: GW150914 wn LVT151012

arXiv:1602.03840
—15 10° gz



http://arxiv.org/abs/1602.03840
http://arxiv.org/abs/1602.03840
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LVC: arXiv:1602.03839

Event Time (UTC)  FAR (yr1) F Mg) my (Mg) my (Mg) Xeff Dy, (Mpc)
14 September 7
GW150914 2015 <5x10-6 <2x10 28+2 36+ 29+ —0.06+017  410+160
09:50:45 (>3.10) |
12 October 0.02
LVT151012 2015 0.44 ' 15F] 23+18 1371 0.0793 11007309
09:54:43 (2.10) '




Jlokannsauma — nokKa naoxasn (2
AeteKrTopa, ~ 600 KB rpaa)




UcTOYHUK -- cnuBaroLWasaca ABOUHasA
yepHasa gbipa GW150914

* M,;=36 M,, M,=29 M,
* M_f=62 M,

* D=410 MnK

* dE/dt(GW)~200 M,c?/s

e HeT OTKNIOHEHUM oT
npeackasanunmn OTO

T
4 x
35
2 8
.
D'IJ'I'

Phys. Rev. Lett. 116, 061102 (2016
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Binary Black Hole Mergers

|

Inspiral Merger Ringdown

v

«——known——={supercomputer<——known———




Whitened H1 Strain/ 10!

Whitened L1 Strain/ 10 %

Cornacue tTemnaeuta A4 n
BeusBneTHoUu popmbl Ha YPOBHE

94(+2/-3)%

arXiv:1602.03840
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1) ®a3a npubaunxKeHunsa no cnmpanu

ho(t) = Agw(t) (1 + cos? .F) cos Oaw (1) .

2Agw (1) costsin oaw (1) ,

* 3aBUCUT TONIbKO OT YMpPM-Mmaccbl (B r1aBHOM
nopaake no v/c) (0.2-0.5 pna GW150914

(1m1m5)3/5

JM —

Onpeaenaem 4ynpn maccy



_11 6 Mchlrp
(mc) prp—
28M 1007y

—0.10 —0.05
Time (seconds)




2) Pa3a camaHuA
* I3 KOHEYHOM YACTOTbl onNpeaensiem MoJHYo
maccy: f lim~1/M
* /I3 N0ONHOW Maccbl M YUPN-MACCbl onpeaensiem
OTHOWEeHNne MacCC

* Amnautyaa I'B ~ Macce

h(f. M.r) = ((h2) + (h%))Y/?

* YacTtoTta curHana ~ 1/M ( 1.K. fGM/c”3) =»
KpacHoe cmelleHune (1+z) AnAa 4acTtoTbl &~
nepeLlKanpoBaHNIO MacCbl =

h~*m_s/d_m=m/(1+z)d_m=m/d | = d_|I!



arXiv:1602.03840
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3) ®a3a «3BOHa» (ring-down)

* CobcTBEHHbIE YACcTOTbl OCUMANALNN
ropusoHTa (CtapobuHcknit, YaHapacekap) =»
nHpopmauma o macce Y1 =» nposepka
cornacua c OTO

e OTKNoHeHua ot OTO <4%
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AHamunuyecKkme orpaHMYEHUA Ha maccy

rpaBMTOHA B peHOMEHO/10rM4ecKkoimn Teopum

¢(r) = (GM/r)[1 — exp(-r/1,)]

g | — —1_ - Z
R =1 2 =2 5 06 e
B 1PN npubauoscenuu — 2 047 2
@a3zosvlii cosue z
0.2k o
DcC
Dy =— 2 | | |
ﬂzg (1+ Z)f EI{{D';' ltj“:' ID” “]12 1[}]3 ]{:;1—1 16[5 I{:I']f:n “]1?

Ao (km)

LVC arXiv:1602.03841 _ _ -
arAly < 1.2 x 10722 eV/c?

m,




CeyeHUA NPOCTPAHCTBA NapaMeTpoB

— Qverall
w— Qverall

—— IMRPhenom = Overall
—— IMRPhenom EOBNR ¥ —— IMRPhenom
—— EOBNR

0® 30° 607 90° 1207 150° 180"

B.IN




LVC arXiv:1602.03840

EOBNR IMRPhenom Overall

Detector-frame total mass M /Mg 70.3175-3 70.713-3 70.5fjjgigjg
Detector-frame chirp mass M /Mg, SO.ZJ_F%'_;E’} BO.SJ_F%:é 3[].37:%%;8:3
Detector-frame primary mass mj /Mg 39.41@_;3 38.3J_rg:‘_r§ 38.8f2'§'$8:§
Detector-frame secondary mass mo /Mg SO.QJ_rj_Z 32.2J_r§:8 31.6ij‘§$3:é

: Al aee M /N +4.6 4 +3.4 — o +4.1+0.8
Detector-frame final mass My /Mg 67.1°5, 4 674756 6731 0%00
Source-frame total mass M=% /M, 65.0"_'3'_2 646"_"%}, 64.8f§jg$é:g
Source-frame chirp mass M= /M, 2?.9"_'%'_3 27.9"_'%:2 27.9“_"%%;3:%
Source-frame primary mass mi”"" /Mg 36.3175-2 35.173-2 35.77 34500
Source-frame secondary mass m35™""“" /Mg 28.6713 20.513-3 29.173-530-2

3 ~ .. A Source j +4.4 +3.7 +4.240.9
Source-fame final mass Mg /Mg 62.07,, 61.675 61.873 -1 04

nee rath +0.18 +0.14 +0.164+0.01

Mass ratio g 0.791519 0.84155; 0.8215 515003
Effective inspiral spin parameter y . —’D.Dﬂfgjig —D.Dng:}g —{}.OGfgj%gig:g%
Dimensionless primary spin magnitude aq 0 32'_"8:3; 0 31ig:3% D.Slig:jgig:?ﬁ
Dimensionless secondary spin magnitude a2 0.577030 0.39703% D.4Gfg:jgig:g§
Final spin a¢ 0.6775:0% 0.6775:08 D.STiE;*S}%S;?}E
Luminosity distance Dy, /Mpc SQDfigg 44Df}gg 41Df}§gjﬁg
Source redshift z 0.083"_'%‘_3%% [].[]93‘_"8:8%2 0.0881’3:83&3:383
Upper bound on primary spin magnitude ay 0.65 0.71 0.69 £ 0.05
Upper bound on secondary spin magnitude as 0.93 0.81 0.88 +0.10
Lower bound on mass ratio g 0.64 0.67 0.65 = 0.03
Log Bayes factor In B, /,, 288.7+£0.2 290.1 £0.2 —




BbigeneHune sHeprum B IB

Gm,m,
21

Ey=(m + mz)C2 ~

5G(m, +m,)
r'insp ~ C2
1 mm,
Ao insp = 10 m :m
1 2
AEGW total — AEGW,insp T AEGW,coaI T AEGW,ringd ~ S%MCZ

source source 2 +0.5 2
AEGW total — (Mi - M f )C = 3—0.5 M oC
D

—

~5%mc? ~ 2.5%Mc?




MakcumanbHaa CBeTUMOCTb

dE c’ c\2 e 0\2
dtdA 167G (h) +(h))

h  ~107,d ~400Mnx =

(d—Ej ~10®spz/c ~ 200M c* |
dt GW ,max

S|
(d—Ej <L, = "t~ 7x10> 9pz/ ¢
dt Jow max 167G

(Cp. apuatiwuii camma — écneck . 2x10> spz [ ¢)




Actpodunsunka

e 2 KaHana obpa3oBaHUA:

— 13 3BONOLMM MACCUBHbBIX ABOUHbBIX CUCTEM
(TytyKos, tOHrenbcoH 1973, JinnyHos. lK.
[Mpoxopos 1987...)

— InHammnyecKune 3axBaTbl B MIOTHbIX 3BE€34HbIX
CKOMNEHMAX C NOC/ieayoWwmm BbiIbpocom 13
ckonneHun (Sigurdsson, Hernquist 1993)

e Kak pasnnuntb? = Ecam KUK HebonbLlOM, TO
no opueHTauum cnmuHos Y/ (B caydae
3aXBaTOB Yros1 MOXeT ObITb MPON3BOIbHbLIM



MI

50.00
48.49
46.03
28.50

28.50

23.91

10.76

1076

10.76

10.76

10.76

1076

tapae .

l,-"-._ - T

fe W el
W{Z‘m{]cscenc&

@ BH

M2

36.00
34.25
34.09
47.50

47.50

52.09

32.00

51.91

49.26

4488

25.32

11.40

190.00

197.50

203.90

235.60

235.60

278.40

347.80

348.80

36d.30

21.60

* [lapameTpbl
obpa3zoBaHua Y/1: macca
3ge3abl [T1, HaYMHaA
KoTopou obpasyetca Y/

* JlonAa macchl,
Konnancupytowaa s Y

I‘TBH = 1‘1_{BH//J_[*

* BO3MOMHbIN KUK

WpH B ﬂf* — ﬂfBH o 1— -'If'BH

wysg - ﬂf* — ﬂfQV N 1— ﬂfgv/ﬂf*

NlunyHos, MK, NMpoxopos 1987 MNRAS)



dddeKT 60nbLLOUN UMPN-MACCHI:

dN __ oax
~ 1M (M /M) =
arang el /Me)
N(M > 80M) 8OM .\~ 135 1
" — = ( — ) ~ (.06.

£

L (5/6 A(5/6

_9/3GTT IV —1/6 /1 (4
P 7 e (f)
L |I A FE

5/2

Dpu (B[ﬁl Mg, ) —135 ( 8.5M¢, )

Dns 10M ¢, 1.40M ¢
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0.1 ! | ! | | | | | I nass” for merging binary black holes for M, = 35M;, and
0.0 0.2 0.4 0.6 0.8 1.0 == 20% E:lds{? a Lyne-Lorimer velocity distribution with

JinnyHos, K. MNMpoxopos, 1997 MNAX 23, 563



Bonee nosaHue pabortbl (rpynna

Kalogera-Belczinsky)
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Figure 1. Left: dependence of maximum BH mass on metallicity Z, with Z5 = 0.02 for the old (strong) and new (weak) massive-star winds (Figure 3 from Belczynski
et al. 2010a). Right: compact-remnant mass as a function of zero-age main-sequence (ZAMS; Le., initial) progenitor mass for a set of different (absolute) metallicity
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Figure 2. Predictions of BBH merger rate in the comoving frame liv‘.I]pm:_3 }'r_l} from isolated binary evolution as a function of redshift for different metallicity values
(adopted from Figure 4 in Dominik et al. 2013). At a given redshift, the total merger rate is the sum over metallicity. The redshift range of GW130914 is indicated by
the vertical band; the range of the BBH rate estimates and the redshift out to which a system like GW15(9 14 could have been detected in this observing period are
indicated by an open blue rectangular box.
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Figure 3. Allowed initial BBH semimajor axis and eccentricity in order to

merge within 10 Gyr (left of the thick solid blue line) for a BBH with the
GW 150914 masses. The thin solid lines with circles represent the evolutionary
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Fig. 6. Mass-ratios of BH+BH systems resulting from our modelled
systems for g; = 0.9 and ¢; = 0.8 and a metallicity Z = Z;/50 under
the assumption that no mass is lost during collapse. The shaded region
indicates the limits for the occurrence of PISNe.



BbiBOoAbI

[NoaTBeprKOaeTca CylWwecTBOBaHUE ABOMHbIX YEPHbIX
abip (A44). Otanumim ot OTO He obHapyXKeHO

Ecnn pabotaeT KaHan M30AMPOBAHHbIX ABONHbIX
3Be3/, TO Tpebyetca (1) meHbllasa He meHee Yyem B 2
pa3a MeTa/INIMYHOCTb U cnabbi 3Be3aHbIN BeTep (2)
6onbliaa gona maccol B Y/ npu Konnance

HaHHble no GW150914 He no3BOAAKOT Pa3/IN4nUTb
acTpodusnyeckme KaHanbl obpasosaHua A4/

B pamKax KaHana n3on1MpoBaHHOM ABOMHOW CUCTEMDbI
NOKa Henb3A pa3nnynTb, obpasosanacb am A4/l nasHo
NN HeJaBHO



