B R a'a 0 e « '
e A - -\\
P

; > X\ -
" ) . . x ~ \\'\K G \"‘\"'— xl.")-\\/ \\"‘-\\,m

o

S AA’AJ’,- v

\

) NHATUAT 0BT A0
oS L



[11aH Ha npe3eHTauudTas:

1. OTKPUTUETO

2. CUTHaNuT

3. KakBo ca rpaButalMOHHUTE BbJIHU?

4. Kak paboTtn gpetekropa?

5. Kak ce cmAaTaTt Bb/IHOBUTE LLIAG/IOHN

5.1. NOCT-HIOTOHOBO NPUBNMKEHNE

5.2. HUucneHa rpaButauuns

5.3. Teopusa Ha nepTypobaunnTe

6. ACTpo(pn3nyHUTE pesynTtaru u obAeLleTo

}" |iI >
‘ :
T8
S - 7 1
( /
i p B )=
- L ;
N N




OTKPUTK!

|& Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

g‘}
Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 = 102!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than | event per 203 000 vears, equivalent to a significance greater

than 5.lo. The source lies at a luminosity distance of '41(13l 'E:,' Mpc corresponding to a redshift 7 = 0.09 f:,':";:' .

In the source frame, the initial black hole masses are Sﬁffﬂrf,:, and E‘FﬁﬂM’ o+ and the final black hole mass is

ﬁlﬂ M ., with 3.(1:!5'_-;?;‘:1’ ,;_1_,5'2 radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct

detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102
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688 Sitzung der physikalisch-mathematischen Klasse vom 22. Juni 1916

Néherungsweise Integration der Feldgleich
der Gravitation.

Von A. KiNSTEIN.

Bei der Behandlung der meisten speziellen (nicht prinzipiellen) Proble
auf dem Gebiete der Gravitationstheorie kann man sich damit begniige
die g,, in erster Niiherung zu berechnen. Dabei bedient man sich n
Vorteil der imaginéiren Zeitvariable x, = i¢ aus denselben Griinden wi
in der speziellen Relativitiitstheorie. Unter »erster Niherung« ist dal
verstanden, daB die durch die Gleichung

g“l’ = _8MV+'\/“” (I) 3

T N . . m

154  Gesamtsitzung vom 14. Februar 1918. — Mitteilung vom 31. Januar

Uber Gravitationswellen.

Von A. EINSTEIN.

(Vorgelegt am 31. Januar 1918 [s. oben S. 79].)

Die wichtige Frage, wie die Ausbreitung der Gravitationsfelder er-
folgt, ist schon vor anderthalb Jahren in einer Akademiearbeit von
mir behandelt worden’. Da aber meine damalige Darstellung des Gegen-

" standes nicht geniigend durchsichtig und auBerdem durch einen be-

dauerlichen Rechenfehler verunstaltet ist, muf ich hier nochmals auf
die Angelegenheit zuriickkommen.

Wie damals beschrinke ich mich auch hier auf den Fall, dal3
das betrachtete zeitriiumliche Kontinuum sich von einem »galileischen«
nur sehr wenig unterscheidet. Um fiir alle Indizes

Guy = =8, +",, (1)
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Pesyntatnte B Lnpn

EOBNR IMRPhenom Overall

Detector-frame total mass M /Mg 70.315-3 707155 70.575 8309
Detector-frame chirp mass M /M, 30.27%5 305711 30. ‘i+f‘$iﬂ:i

y Detector-frame primary mass m1 /Mg 39.4150 38.3+5:9 38.815 ?ig 9

| Detector-frame secondary mass mo /Mg, 30.917 % 32.2+20 316175 ﬁig 5
Detector-frame final mass M; /Mg 67.1fij2 67-4J_r%'_'é 67. 3+i (llig g
Source-frame total mass M 5" /M, 65.0759 64.673 64.813 gié 2
Source-frame chirp mass M5 ¢ /M 27.9723 279778 27.91% %ri?]‘%
Source-frame primary mass mi°""¢ /Mg iiﬁ.iifijg 35.14:2'_3 35.7f§‘§i$:$
Source-frame secondary mass m5"""““ /Mg 28.617573 29.5737 29.17% iig .
Source-fame final mass M ¢ /M, 62.07% 616757 61.8+42%0.9
Mass ratio g 0.79%515 0.8410-31 0.8210:3950.03
Effective inspiral spin parameter y,.g —0.0919-12 —0.0379:11 —0.06+0-17£0.01
Dimensionless primary spin magnitude a U.32J_rg'_3§ 0.31i3;3% 0. 31i3"5§i‘[};3"{
Dimensionless secondary spin magnitude az u.a?fg;gff 0.39“:8:?52 0. 4b+g igig gf
Final spin ay 0.6775 08 0.677503 0.670 071003
Luminosity distance Dy, /Mpc 390170 1407750 4107150530
Source redshift z 0.083F 035 0.093%036 0.0887 035 6:009
Upper bound on primary spin magnitude a, 0.65 0.71 0.69 £+ 0.05
Upper bound on secondary spin magnitude a2 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 ,, 288.7x£0.2 290.1 £ 0.2 —
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KakBO ca rpaBUTALMOHHUTE BbJTHN?

—

, = 0

Guv = N + P + O ((P)*)

8%8, o + 0%, hye — 0a0%hyy — 8,8, h— 1y, (0°0P hog — 82 0,h) = 167T,,

- 1
e

—0° a;;l_lpu = oy 30:65}_7'&;3 + aaaﬂﬁl’a - 167TTPV ?




Bb/IHOBOTO ypPaBHEHME:!

T af 9 2\ 7a8

C pelueHus:

hap = Aeqpg exp(ik,z7),

LJONbAHNTENHN U3UCKBAHUA:

Oax ij [PpaBUTaLMOHN BBIHW: CMIVH (S=2)
e =0=e"k; =0 (transverse wave ), CKOpOCT Ha Pa3npocTpaHeHwe: ¢
' N\ N\
e'; = O(traceless wave). Amnautyaa 107(-21)-10%(-18)
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Kak ce oTpa3siBaT Ha NPOCTPAaHCTBO-BPEMETO:

e’ = e** = 0ffe™ = —e¥

ds® = —dt* + (1 + hy)dx? + (1 — hy)dy? + dz?l by = Ae™ exp[—iw(t — 2)]

L -1
h=10"% Eou ) . /
0.01 M c? 20 Mpc 1 kHz



KakBO MepAT AETEKTOPUTE:

00 0 0
)= 0 hy hyexp(id) 0

Py (T.T, exp [i(wt—kZ)] cos i cos ¢ —cos @sin @ sin i, —(sin i cos ¢p+cos #sin @ cos ),

0 heexp(id) —h. 0

00 0 0 ~ (AYx=| cosysing+cosfcospsiny, —sin ¥ sin ¢p+cos 6 cos ¢ cos ¥,

sin@siny, sin @ cos ¢,

Ol ly=—sin 2Q [(A% A% — A5 A% by + (A% A%+ A5 A%) exp (i0)hy].

81=sin 2Q[cos 2¢ sin 2y cos 8+ Y2 (1+cos® ) sin 2¢ cos 29 ] lph.

Sl=[Y2sin 2¢p(1+cos® §)+icos 2¢ cos 8] exp (—2iy ) hlysin (22).

D _g/3 p—11/3 ]
o™ 1

hi(t) = Acw(t) (1 + cos?t) cos daw(t),
hy(t) = —2Aqw(t) costsin paw(?),
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YpaBHeHusATa Ha ANHLLANH U TEXHUTE pPeLLeHns:

Ry = SR g + Mg = —— T

- Last stable arbat

e

Black Hole

sangukariny
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| Ergosphere Radius and two event horizons
. Re= GM/C? +V((GM/C?) 2 - a?/Clcos? (6))

UepHaTa aynka Ha Kep: R B/ AGM/C) 2/ Ccos

GM/C?-V((GM/C?) 2 - a%/C?)
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[1OCT-HIOTOHOBO pa3BUTUE:

A correction of order (v/c)™ to a Newtonian expression is said to
be of (n/2)PN order.

[
T T

16?TG
apfy o3 !3

F HOorBY — qoBguy _ qav gfu

(

- tff ~ 0g - dg = field energy-momentum

9| (—g) (TP +177)| =0

poB naﬁ _ G&ﬁlaﬁhaﬁ _ 0o 8ﬁT&ﬁ _ I

e ———

Dhﬂﬁ _ 16?TGT&.B

ct

0--12, 2 2.2
o c2ot2 02 Oy? 022
798 = (—g)(T°® + 27 + 7))

t27 ~ dh - Oh + hd*h



http://relativity.livingreviews.org/Articles/lrr-2014-2/

GM 1 GM "AB =TA—TB
G’A:_Z - BnABJrC— Z B[vAél(vA vg) ’

BzA | AB B#A rAB rap =|ra—rp|
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T"AB TAB
GM
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h+=M[g?[(1+2W53)H[0]+5H[1/2]+52H[1]+33H[3/2]+...]r/l

2R

HOY9 = —1 + ¢?)cos2v,
A
gl1/2 —ES[(5+C"2]CDSQF — 9(1 + CE}CDSSIII}

1
Y

1 8
- Euf;'[(l'r —40?) — (13 - 12:::2}@ sin 2 — —(1 - 31)S2C sin 40

A
[3/2] _ _ 2y _ 2 .
HB3/2 = %SC‘[(EH 5C2) — 2(23 — 5C )n} sin U

9A ) 5 625A .
_ a::’:r«':f[(uﬁ-'r — 15C%) — 2(19 — 15C7)n] sin 3 + —(1 — 2n)5*Csin 5w

My My My — M,
m = M; + Mo, n = . A= -
(M1 + Mg2)? My + M

Gmy 1/3
S = sin, C' = cost, 2 = angular velocity, 8 = ( = ) ~v/ec
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UncneHa rpasutayna:




3+1 dhopmMasIN3bM:

w = AQ, = AVt , Z=nfn, = —18n, = (- aOOU)

=~ (1,-5)

o \

Yuv = Guv I n,ny, ’Y‘uv = g"“’ + nfn”

Y, = 6" Yo = g%, + "1, N¥, = —nfn,,
H

Uk = 5 U” + Ney It = e, = 8, = on + BB — (0, 5')

s



http://luth.obspm.fr/IHP06/lectures/gourgoulhon/lectures_eg.pdf
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BbHLUIHATa KpUBUHA:

on = —K(69P)

K = —7"Van, = —(6, + n*n,)Van,

\\.‘
- parallel
n#a” = 0 a, = Dy In | transported

i i . - ¥
Vet —nua, = —Vun, —n,mn'Van,

1 P o
> Loy LT = V' 0,T% — T," 0,V + T4,05V"
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http://cds.cern.ch/record/354278/

1 Taka:

e B TR e, =

YpaBHeHuATa Ha ADM (1960-1970)
MbpBM onNnT 3a cumynauusa: Hanh, Lindquist (1964)
[MbpBa ycnewHa cumynauus Ha Y. Pretorius (2005)
NMpoGnemu:

« ADM ypaBHeHUsATa He ca Aobpe noctaBeHu

/IBSSNOK peluaBa 1031 npobnem AoHAkbAe/
» MaUiky rpeLuKkn ce yBennyasar B fnpoLeca Ha esooumnaTa
e UepHuUTe AYnKN UMaT CUHTYNSAPHOCTU -
Excision, moving puncture method
* /N360p Ha KOOpPANHATN HE AOCTUTaLLN CUHTYNAP-
HOCTTa 1 CnupaHe Ha eBouUnATa 40 XOpu3oHTa/
» Bcekn n3bop Ha koopanHaTK e oLu.
Kogoge: Einstein Toolkit, SpeC, LORENE, BAM
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N cnen 10 000 CPU/yaca Ha wabnoH

.

e
T Ixa| < 0.9895, [x2 < 0.05 75\
T Ixa,2] < 0.05 /7 : \\
-
-3 x|l <0989 7~ )

Mass 2 [M]

10° 10t 102
Mass 1 [M]

FIG. 1. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m; > my. The lines bound mass regions with
different limits on the dimensionless aligned-spin parameters ¥ and
X>. Each point indicates the position of a template in the bank. The
circle highlights the template that best matches GW150914. This
does not coincide with the best-fit parameters due to the discrete na-
ture of the template bank.

= (mimy)3/3 [(my +my)'/3

X12 =cSy2/Gmi,
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ACTPOMU3NYHIN pe3ynTaTu:
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Z/Z@ MZAMS (M)

‘ Figure 1. Left: dependence of maximum BH mass on metallicity Z, with Z, = 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; i.e., initial) progenitor mass for a set of different (absolute) metallicity values (Figure 6 from Spera et al. 2015). The

11 a1 1 - .1 1

el s &8 I FaVel I .

Merger Rate Density [yr_1Gpc‘3]

Figure2. Predictions of BBH merger rate in the comoving frame (Gpc > yr~!) 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 GW150914 is indicated by the vertical band; the range of the BBH rate
estimates and the redshift out to which a system like GW 150914 could have been detected in this observing period are indicated
bv an open blue rectaneular box.
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1G. 2. 90% credible regions for the waveform (upper panel) and
5W frequency (lower panel) of GW 150914 versus time as estimated
yy the LALINFERENCE analysis [3]. The solid lines in each panel in-
licate the most probable waveform from GW 150914 [3] and its GW
requency. We mark with a vertical line £ ™" = 132 Hz, which is
1sed in the IMR consistency test to delineate the boundary between
he inspiral and post-inspiral parts.
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— Overall 800 —— Overall
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The big picture of gravitational wave astronomy
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This is just the beginning,
we've discovered gravitational waves.
It's been a very long road,
but this is just the beginning.

It's the first of many to come...
now that we know binary black holes
are out there,
we'll begin listening to the Universe."
Gabriela Gonazalez, LIGO
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