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Zakladni formule: Einstein 1915, 1916,1918
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Zleva: H. P. Robertson, E. Wigner, H. Weyl, K. Goedel, I. I. Rabi, A. Einstein,
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Feynman a gravitace
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Mozny zdroj gravitacnich vin

Gravitational waves
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Joseph Weber
kontroverzni pionyr méreni gravitacnich vin

(N

Zprovoznéno v roce 1966 a v roce 1972 byla namérena jedina koincidence, ktera se jiz

nikdy nezopakovala. Dnes se soudi, ze relativni citlivost byla mala. - ED 1075
L
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o THE ENERGY-HOMENTOM PSEUDOIERSORS AKD THZ QUADRUPOLE FORMULA

J.Rovotnf, J.Bereky
Department of Theorstical Physice, J.E.Purkynd University
511 37, Kotlabskd 2, Brmo, OSSR

Introduciion

The prdbltm of conservation laws (i.e, the correet dsfinition

_pf enorgy and n;wuantt.m of gravitational fiald) has J'been closaly
assoaistad with the genmeral thaory of relativiiy from ite origin
‘up to datell]. Ia 607thia probdiem was widely reexamiped and & num~
- por of new enory-mumentum pseudoienoors were i’oumi[E] EBJ This
' discussion led to the prci’ound understaniing of sssence of the
;probicm, but a generally acceptablé end d4erinite sclution was.
not resnhad[#].
In the connection with the new possibilities of teating the
f guadrupole Lormule for some binary &,ystemﬁ the correcinass of
eleasical darivetion of this formula snd “ts physicel meaning
were called in question 51 [&].

it is possible to ask, whether ths dats concerning the change
of motion of binary syalems can lead us to the choice of a correct

theory of conservatiion laws.

Superpoientials

A3 the mpost genersl pseudaienaor formulstion of couservatiion

.lhra in &8 we can eomndar thy eq:.stions
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After substitution of concrete valuaes 1,  aud £ f we have
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This is the generslization of the formuls (2%), which we are
aearched for. Lat us note that the result is  depsndent on
the functions ?’,y: from the 1. spproximstion only. By intro
cing the guadropole momenium tensor and celeulating tha midd

value we obtain the generalized gadrupele formula
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Concluaion

The essential zesult of our preceding calculstions shows
the multiplicative conatant in the formula (53) o be identi.

with that enme in the Fformulas (10)
}'—_"J:‘/E_{ “‘""_,’z""—"fﬂj} ',_-?

Hence, the conmcluoion follows that the directly observable
guantity ﬁ’;"“{/f-r"t‘.is indep'ndent of the eshoice ¢of congimnta

‘f; N t:;'! ' g and, :cnaaquently, indepandent of the choise of
ine concrete paewldtensor from the wide cless (6} containing
also the pseudotonsors with the necpna derivatives. Thia
means the negntive answar to our question menlioned in the
introductien. On the other hand, mere aprbitreriness in the
thoice of %hs pscudotensor does not give aufficient reasons

PFar the rejeckion of gumdrupole formuls,




BICEP2 B-mode signal
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Snaha o neprimou detekci reliktnich gravitacnich vin observator BICEP (2014) na Jizni polu

dy Planck vysledky nepotvrdilo

- srovhani s mérenim son




Laser Interferometry Gravitational-Wave Observator
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Advanced LIGO: 2015 [

stejné dlouha ramena 4 km, ale radove vylepSeni citlivosti:

seismicky Sum:

= platforma s aktivni
seismickou izolaci
Ctyrkyvadlo

tepelny Sum:
zavesy zrcadel z
kfemennych viaken
kfemenna zrcadia
hmotnosti 40 kg
dielektricke vrstvy
s nizkymi ztratami

ultravysoké vakuum:
= flak v trubicich
mensi nez 1 yPa
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zdrojem byla srazka velkych cernych der I.

zavérecné 4 obéhy ( = 8 cykll vin) spiralového pfiblizovani Eernych dér a jejich splynuti

2 objevy: prvni pfima detekce gravitacnich vin a prvni pozorované splynuti ¢ernych dér

hmotnosti Cernych dér
m, = 36 My 5
m, = 29 M, + 4
_+ hmotnost vysledne Cerne diry
: M=62 M, + 4
- jeji rotace
a =0,67 + 0,05
' rozdil hmoty-energie
E=3M,c? +0,5
~vyzaren gravitacnimi vinami
- maximalni amplituda
h!'-"'l'fl}i = A]Oil
vzdalenost zhruba
L= i@= 1.3 miliardy svételnych let
i ext tedy kosmologicka (z=0,1)

LS e

vykon 200 M,.c?/s: 10x vice nez svitily vSechny hvézdy ve vesmiru !!!




Odhad mista spojeni ¢ernych dér

Aldebaran Bulletin, inor 2016  Petr Kulhanek: http://www.aldebaran.cz/bulletin/2016_06_gra.php
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Vizualizace slou€eni &ernych dér.

Obihajici Cerné diry ztraceji energii vyzafovanim gravitacnich vin. Ty jsou znazornény jednak
zprohybanou plochou v okoli ¢ernych dér, jednak signalem v dolni ¢asti videa.

Pfi slouCeni dér ma signal vyrazné maximum, po slouCeni zcela mizi.

aldebaran
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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 x 1072!_ It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the nngdown 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 1 event per 203 000 years, equivalent to a significance greater
than 5.1e. The source lics at a luminosity distance 01“4101“,'53 Mpc corresponding to a redshift z = {}.09'_*3&'.
In the source frame, the initial black hole masses are 367 M, and 29§ M ,, and the final black hole mass is
62'{M, with 3.0 03 M, c? 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.

7 3 TR week ending
PHYSICAL REVIEW LETTERS o T

PRL 116, 061102 (2016)

For robustness and validation, we also use other generic TABLE 1. Source parameters for GWI150914. We repont
transient search algorithms [41]. A different search [73] and ~ median values with 90% credible intervals that include statistical
a parameter estimation follow-up [74] detected GW 150914  errors, and systematic errors from averaging the results of
with consistent significance and signal parameters. different waveform models. Masses are given in the source
frame: 1o convert to the detector frame multiply by (1 + z)
[90]. The source redshift assumes standard cosmology [91].

B. Binary coalescence search

: - ey - — 5
This search targets gravitational-wave emission from Primary black hole mass 365 Me
binary systems with individual masses from 1 to 99M_,  Secondary black hole mass 29+4M
total mass less than 100M ,, and dimensionless spins up 10 Final black hole mass 62+ M.,

2 4]. systems wi ass I : - '
0.99 [44]. To I'Ilﬂl.ff:"l ystem ith total mas larger Ihan Final Gladk: hole spin 0.67+003
4M ,, we use the effective-one-body formalism [75], which : A

Luminosity distance 4107 1% Mpe

combines results from the post-Newtonian approach
. e o : £0,03
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Detekce gravitacni viny spolu s gama zarenim
vzniklym pri splyvani 2 neutronovych hvezd.
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Dosavadni zachyty

https://en.wikipedia.org/wiki/List_of gravitational_wave_observations

shrnuti prvnich gravitacnich vin z ¢ernych déer

1. vina GW150914

hmotnosti éernych dér
m, = 36 My +5
m, =29 My, + 4

hmotnost vysledné diry
M=62 M, +4

jeji rotace
a =0,67 + 0,05

pozorovano 8 cykli

max amplituda
h . = 1021

vzdalenost
1,3 miliardy sveét. let
(z=0,1)

2. vina GW151226

hmotnosti éernych dér
m, = 14 M., +6
m,= 8M, + 2
hmotnost vysledné diry
M=21M, 4
jeji rotace
a =0,74 + 0,06
pozorovano 55 cyklu

max amplituda
hoax = 3 X 1022
vzdalenost
1,4 miliardy svét. let
(z=0,1)

3. vina GW170104

hmotnosti éernych dér
m, =31 M, +7
m, = 20 My, +5

hmotnost vysledné diry
M=49 M, +5

jeji rotace
a =0,64 +0,15

pozorovano 7 cykli

max amplituda
Npax = 7 X 1022

vzdalenost
2,9 miliardy svét. let
(z=0,2)

4. vina GW170814

hmotnosti éernych dér
m,; = 31 My +5
m, = 25 M, + 4

hmotnost vysledné diry
M =53 M, +3

jeji rotace
a =0,70 + 0,06

pozorovano 6 cykli

max amplituda
Nimax = 6 X 1022
vzdalenost
1,8 miliardy svét. let
(z=0,1)




uzasny objev LIGO a Virgo

detekce gravitacni viny GW170817
ze srazky dvou neutronovych hvézd !

navic koincidence s gama zableskem
SGRB170817A (Fermi, INTEGRAL)
prvni elmag identifikace zdroje !

v galaxii NGC 4993
Hydra, 130 mil svételnych let

nasledné 70 dalSich observatori
gama, X, UV, opt, IR, radio




LISA v kosmu

Laser Interferometer Space Antena

obri interferometry ESA
3 druZice

ve vrcholech trojuhelnika
strany 5 miliont km
obéh kolem Slunce 1 AU
za Zemi 20°

sklon roviny 60°

bezsilova trajektorie
testovaci krychle 46 mm
2kg, VaPt+%Au
korekcni trysky o tahu uN
lasery 2W

teleskopy @ 40 cm

1,5 miliardy EUR

‘extrémné nizké frekvence gravitagnichvin




Dékuji za pozornost
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Podolsky J.: Gravitacni viny a moZnosti jejich detekce , Pokroky mat. fyz. a astr. 40 (1995) 272.
LIGO — videa, MIT , Petr Kulhanek 2016

Novotny J., Horsky J.: Proceedings of Einstein Foundation International., Vol.1, No.2 (1983) 171-181,
On the energy-momentum pseudotensors and the quadrupole formulae




Zakladni formule: Einstein 1915, 1916, 1918
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