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gravitacni viny byly prokazany (2016)

tim byla overena posledni z klicovych
predpovedi obecne relativity (1916)

zacCala nova éra gravitacni astronomie
vesmir lze studovat skrz ,mnoho oken’

1

aktualné:  mnoho novych objevu
v budoucnu: mnoho novych detektoru



25. 11. 1915 v Berliné Albert Einstein piSe rovnice gravitacniho pole

V4
,1ed je to kompletni® 7. epizoda 24. minuta
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Einstein a gravitacni viny: 22. 6. 1916

688  Sitzung der physikalisch-mathematischen Klazse vom 22. Juni 1916

Aproximativni integrace rovnic gravitacniho pole

Néherungsweise Integration der Feldgleichungen
der Gravitation.

Von A. Einsten.

Bei der Behandlung der meisten speziellen (nicht prinzipiellen) Probleme
auf dem Gebiete der Gravitationstheorie kann man sich damit begniigen,
die g,, in erster Niherung zu berechnen. Dabei bedient man sich mit
Vorteil der imaginiren Zeitvarisble x, = i aus denselben Grimden wie
in der speziellen Relativitiitstheorie. Unter »erster Niherung« ist dabei
verstanden, daB die durch die Gleichung

G =—0,,+,, (1)

definierten GrdBen v,,, welche linearen orthogonalen Transformationen
gegeniiber Tensorcharakter besitzen, gegen 1 als kleine GrdB8en be-
handelt werden konnen, deren Quadrate und Produkte gegen die ersten
Potenzen vernachlissigt werden diirfen. Dabei ist 8,, =1 bzw. 3,, = o,
je nachdem p=v oder u % v.

Wir werden zeigen, daB diese vy,. in analoger Weise berechnet
werden konnen wie die retardierten Potentiale der Elektrodynamik.
Daraus folgt dann zunfichst, daB sich die Gravitationsfelder mit Licht-
geschwindigkeit ausbreiten. Wir werden im AnschiluB an diese all-
gemeine Lisung die Gravitationswellen und deren Entstehungsweise
untersuchen. Es hat sich gezeigt, daB die von mir vorgeschiagene
Wahl des Bezugssystems gemilS der Bedingung g =|g,, |= —1 fir
die Berechnung der Felder in erster N&lerung nicht vorteilhaft ist.
Ich wurde hiersuf aufmerksam durch cine briefliche Mitteilung des
Astronomen pe Strree, der fand, daB man dureh eine andere Wall
des Bezugssystems zu einem einfacheren Ausdruck des Gravitations-
feldes eines ruhenden Massenpunktes gelangen kann, als ich ibn frilher
gegeben lhatte'. Ich stitze mich daler im folgenden suf die allge
mein invarianten Feldgleichungen.

! Sitenngsber. XLVII, 1915, 8, 833.

Emsrzoe: Niherungaweise Intogration der Feldgleichungen der Gravitation 689

§ 1. Integration der Nahcrungsgleichungen des
Gravitationsfeldes.

Die Feldgleichungen lauten in ihrer kovarianten Form
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Dabei bedeuten die geschweiften Klammern die
schen Symbole, T,, den kovarianten Energiete
zugehdrigen Skalar. Die Gleichungen (1) liefern
den Niherung die durch Entwickeln unmittelba
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Das letzte Glied der linken Seite stammt von

der von mir bevorzugten Koordinatenwahl ¥
chungen (2) lassen sich durch den Ansatz

Yor = Yor+ V8,
1osen, wobei dic y,, der zusitzlichen Bedingu
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geniigen. Durch Einsetzen von (3) in (2) er
linken Seite
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Der Beitrag des zweciten, dritten und finften Gliedes verschwindet,
wenn  gemi8 der (leichung

21:.+2\P=0 (s)

gewdhlt wird, was wir festsetzen. Mit Riicksicht hierauf erhilt man
an Stelle von (2)




vinova rovnice pro slabé perturbace

detall treti strany nahore:

690  Sitzung der physikalisel-mathematischen Klasse vom 22. Juni 1916

a' ’ ’ ’
W(‘Yno-_;_anl ‘Y.l) — 2x( ne ; 8"2 T“)
oder

vinova rovnice se zdrojem !

Es ist hierzu zu bemerken, daB Gleichung (6) mit der Gleichung (4)
im Einklang ist. Denn es ist zundchst leicht zu zeigen, daB bei der
von uns erstrebten Genauigkeit der Impulsencrgiesatz fiir die Materie




44 3 Gravitational wave detectors

efekt gravitacni viny

Figure 3.1. The distortion of a ring of test particles by a gravitational wave.

princip detekce

(b)

Figure 3.2. (a) A pair of test particles joined by a spring to make a mass quadrupole
harmonic oscillator. (b) Two pairs of test particles connected via a laser interferometer.
One arm of the interferometer cxpands, the other arm contracts, while laser beam
fluctuations are balanced between the two arms, and cancel out.

periodické kvadrupolové deformace v pricne roviné



prvni pokusy o detekci gravitacnich vin

1960 — 2000: mechanické rezonancni detektory Josepha Webera a jeho nasledovniku

PHYSICAL REVIEW VOLUME 117, NUMBER 1 JANUARY 1, 1960

Detection and Generation of Gravitational Waves*

J. WEBER
land, College Park, Maryland
(Received February 9, 1959; revised manuscript received July 20, 1959)

re proposed for measurement of the Riemann tensor and detection of gravitational wav,

i i , Or strains in a cr}suI can be produced by
second derivatives of the gravitational fields, The strains in 1 result in electric polarization
in consequence of the piezoelectric effect. Measurement of voltages then e ertain components of the
Riemann tensor to be determined. Mathematical analysis of the limitations is given. Arrangements are

ted for h for gravitational radiation.

'he generation of gravitational waves in the laboratory is discussed. New methods are proposed which
employ electrically induced stresses in crystals. These give approximately & seventeen-order increase in
radiation over a spinning rod of the same length as the crystal. At the same frequency the crystal gives
radiation which is about thirty-nine orders greater than that of a spinning rod.

INTRODUCTION Riemann tensor. These will be dis ed f This will
then be followed by proposals for ;zcncnnon of gravita-
tional radiation which may give an increase of many
orders over the gravitational radiation from a spin-
ning rod,

HE question of gravitational radiation has always
been a central issue in the General Theory of
Relativity. Long ago, Einstein! and Eddington® studied
the problem and predicted that very small amounts of
energy would be radiated by ; spinning rod or a d'oublc DETECTION OF GRAVITATIONAL RADIATION
star, A great deal of theoretical work on the radiation :
problem has appeared, during the Suppose we have a system of masses which may
Experimental work along these lines now appears interact with each other. We start with the action
p . Two avenues of approach be cov ed? principle
First we should like to detect the presence of gravita- < 7 )
tional radiation incident on earth from either the sun : ¥
le the solar system, Secondly it would be highly
irablc to be able to generate and detect this radiation n (1) mi e TES it s the part of the action
in a small laboratory. function associated with forces arising from the motion
1 adiation operate csse of the mass relative to other masses with which it
transform of the interacts. The line element ds is given by
undation. Bud

. Berling K ath, .
& Ta (1916), pd&,q (mg, p. Berling Kl Math. o 5 we assume a function g
7 A, S. Eddington, Proc. Roy, Soc. (Lo !on) 1\10 268 (1923)

3 A number of the results discussed h hou
proof in the author’s Gravity Research Foundation Prize p
April 1958 and A il l‘):‘) and at the Royaumont Confere;
the Relativ heories of Gravitation, Royaumont, France, 5. 1 i 5 g e .
June, 1959 (Ullpdblbhcd) (3) identifies F, as the four-force. The Euler-Lagrange

N Detekce a generovani gravitacnich vin

Joseph Weber, fijen 1969 Physical Review 117, 306-313, 1.1.1960
Credit: University of Maryland Libraries



Kryogenni rezonancni detektory

80. a 90. leta

= Kkryogenni systéemy: T=4 K

» ultrakryogenni: az T = 0,1K

= supravodivé magnetometry SQUID

= EXPLORER CERN, Zeneva

= ALLEGRO Louisiana, USA
= NAUTILUS Frascati, Rim
= AURIGA Legnaro, Padova

= NIOBE Perth, Australie




umisténi detektord a méfeni kolem 2000 ||

detector ALLEGRO AURIGA EXPLORER NAUTILUS NIOBLE
Mode frequencies [Hz] 895, 920 912, 930 905, 921 908, 924 694, 713
Bar mass M [kg] 2296 2230 2270 2260
Bar length L [m] 3.0 2.9 3 3.0
Bar temperature [K] 4.2 2 2.6 0.1

Longitude 91°10'44" W °56'54" [ 3°12'L 12°40"21" 115°49'F
Latitude 30°27'45° N 45°21'12” N . N 41°49'26”" N 31°56'S
Azimuth 40°W 44° [ 39° [ 44° B (r

Upgrade I

Upgrade ‘
|
|

IR <] o |

} | ‘Upgradle

N EXPLORER
NIOBE 0

1997 1998 1999 2000. 2001 2002 2003

Louisiana Zeneva Padova Rim Perth



tyto uzasne
mechanicke rezonanchni detektory
ale neuspely...

duvod je dnes jasny

VvV principu jsou sice hodne citlive
ale pouze na urcitych frekvencich
a ve vesmiru neexistuji zdroje

které by na techto frekvencich
mely dostatecne velkou amplitudu



v 90. letech na scénu vstupuiji
Sirokopasmove
interferometricke detektory



44 3 Gravitational wave detectors

efekt gravitacni viny

Figure 3.1. The distortion of a ring of test particles by a gravitational wave.

princip detekce

(b)

Figure 3.2. (a) A pair of test particles joined by a spring to make a mass quadrupole
harmonic oscillator. (b) Two pairs of test particles connected via a laser interferometer.
One arm of the interferometer cxpands, the other arm contracts, while laser beam
fluctuations are balanced between the two arms, and cancel out.

periodické kvadrupolové deformace v pricne roviné



klicova studie: Weiss 1972

- Elawe NLE (PN = .-
s i ISApr.l 7

{V. GRAVITATION RESEARCH)

EB. ELECTROMAGNETICALLY COUPLED BROADBAND
GRAVITATIONAL ANTEXNNA

1. Introduction

The prediction of gravitational radiation that travels at the speed of light has been
an essential part of every gravitational theory since the discovery of special relativity.
In 1918, Einstein, using a weak-field approximation in his very successful geometrical
theory of gravity (the general theory of relativity), indicated the form that gravitational
waves would take in this theory and demonstrated that systems with time-variant mass
quadrupole moments would lose energy by gravitational radiation. It was evident to
Einstein that since gravitational radiation is extremely weak, the most likely measurable
radiation would come from astronomical sources. For many years the subject of
gravitational radiation remained the province of a few dedicated theorists; however,
the recent discovery of the pulsars and the pioneering and controversial experiments
of Weoerz’ 3 at the University of Marvland have engendered a new interest in the

field.




klicova studie: Weiss 1972
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schéma dnesniho interferometru

zvyseni citlivosti:
Fabryho-Pérotovy
rezonatory

Vv kazdéem rameni

T!‘

Q!

gravitacni vina

volné zavésena télesa
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konec 90. let Tokyo, Japonsko 300 m




G EO 600 konec 90. let Sarstedt u Hannoveru, Némecko 600 m




éra LIGO a Virgo 2002 — 2010 I.

americke LIGO: ramena 4 km Hanford a Livingston
evropske Virgo: ramena 3 km Cascina italska Pisa

Credit : Caltech/MIT/LIGO Lab/Virgo



pocatky LIGO Caltech 1990 |.
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Kip Thorne Ronald Drever Robbie Vogt 1. reditel projekiu LIGO



LIGO Hanford 4 km a 2km

Credit : Caltech/MIT/LIGO Lab




LIGO Livingston 4 km

Credit : Caltech/MIT/LIGO Lab



LIGO Hanford a LIGO Livingston

Hanford |
Observatory 2

Livingston
Observatory




citlivost LIGO 2002 - 2010 |\

Best Strain Sensitivities for the LIGO Interferometers védecka mereni, tzv.
Comparisons among S1 - S5Runs  LIGO-G0600 . SCIenCG RunS

S1 8/2002 — 9/2002
S2 2/2003 — 4/2003
S3 10/2003 — 1/2004
S4  2/2005 — 3/2005
s S5 11/2005 — 9/2007
T S6 7/2009 — 10/2010

LT L e
1 ,.;MU L
A e

h[f]. 1/Sqrt[Hz]

5 max citlivost byla az 1022

narustajici citlivost

w ale zadny signal...
seismicky Sum fotonovy Sum

lepSi izolace vice fotonu

tepelny Sum hlavni zdroje Sumu

lepSi materialy, teplota

jejich mozné reSeni



Advanced LIGO: 2015 |

stejné dlouha ramena 4 km, ale radove vylepsSeni citlivosti:

seismicky Sum:

= platforma s aktivni
seismickou izolaci

= Ctyrkyvadlo

tepelny Sum:

= zaveésy zrcadel z
kfemennych vlaken

= kfemenna zrcadla
hmotnosti 40 kg

= dielektrické vrstvy
S nizkymi ztratami

ultravysoké vakuum:
= tlak v trubicich
mensi nez 1 yPa




Strain (10?%") Strain (10?%)

Strain (10%)

hned po spusteni v zari 2019
detekce gravitacni viny !

oznameno az 11. 2. 2016 na tiskové konferenci
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| LIGO Hanford Data Predicted

T T T

-1.0

LIGO Livingston Data
| |

| |
0.30 0.35 0.40 0.45

Time (sec)

Credit : LIGO

signal GW150914 zaznamenany
v pondéli 14. zari 2015 v 09:50:45 UTC
obéma observatoremi LIGO

= identicky signal
= trval 150 ms
= zpozdéno 7 ms: LapakH

Hanford
Observatory

Livingston
Observatory




zdrojem byla srazka velkych cernych der I.

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

2 objevy: prvni pfima detekce gravitaCnich vin a prvni pozorované splynuti Cernych dér

GW150914 . hmotnosti €ernych dér

. MO S ¥ m,=36My 5
, PR T S el M, =29 M,, +4
» 4 hmotnost vysledné cerné diry
%  jeji rotace
S 2 a =0,67 + 0,05
iy, YU (B - rozdil hmoty-energie
g E =3 M;c? £0,5
Pt vyzaren gravitacnimi vinami
s S . maximalni amplituda
.«‘ ‘ Ninax = 1 e

- vzdalenost zhruba
" 1,3 miliardy svételnych let
tedy kosmologicka (z=0,1)

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



Nobelova cena za fyziku 2017

hlavni predstavitelé LIGO/VIRGO Collaboration

Rainer Weiss Barry C. Barish Kip S. Thorne

,Za rozhodujici prispévky k detektoru LIGO a pozorovani gravitacnich vin®



Kip Thorne v Praze kveten 2019

tri krasné prednasky na Karlové univerzite
videozaznamy jsou na strankach
https://www.mff.cuni.cz/cs/verejnost/aktuality/
na-matfyzu-prednasel-nobelista-thorne

fotografie: Jifi Podolsky
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co dalsiho se stalo
od prvni detekce gravitacni vin

14. zari 2015



vysledky 12.9.2015 - 19. 1. 2016 [
orvni béh O1 Advanced LIGO 49 dni

September14,2015  October 12,2015 * S December 26, 2015
. CONFIRMED - CANDIDATE Yo o e CONFIRMED

Il ummmm Hn nlmn

Septembef 2015 ~ October 2015 November 2015 ~ December 2015 January 2016
prvni udalost  nejasny kandidat druha udalost
v zafi 2015 v Fijnu 2015 Vv prosinci 2015

potvrzen ve finalnim katalogu detekci GWTC-1 (1.12. 2018)



vysledky 30.11. 2016 - 25. 8. 2017 [
druhy béh O2 Advanced LIGO 117 dni

citlivost detektoru byla béhem roku 2016 vylepsena asi o 15% oproti O1

objevene viny:



shrnuti prvnich gravitacnich vin z cernych der

1. vina GW150914

hmotnosti Cernych dér
m, = 36 My +5
m2 =29 M{} +4

hmotnost vysledné diry

M =62 My + 4
jeji rotace
a =0,67 + 0,05

pozorovano 8 cyklu

max amplituda
h . = 1022

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

2. vina GW151226

hmotnosti Cernych dér
m; = 14 My + 6
m2 = 8 MQ 0 2

hmotnost vysledné diry

M =21 My + 4
jeji rotace
a =0,74 + 0,06

pozorovano 55 cyklu

max amplituda
hpax = 3 X 10-22

vzdalenost
1,4 miliardy svét. let
(z=0,1)

3. vina GW170104

hmotnosti Cernych dér
m, = 31 My +7
m, = 20 My +5

hmotnost vysledné diry

M =49 My +5
jeji rotace
a =0,64 + 0,15

pozorovano 7 cyklu

max amplituda
Ny = 7 X 1022

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

4. vina GW170814

hmotnosti Cernych dér
m, = 25 My +4

hmotnost vysledné diry

M =53 My +3
jeji rotace
a =0,70 + 0,06

pozorovano 6 cyklu

max amplituda
Npax = 6 X 10722

vzdalenost
1,8 miliardy svét. let
(z=0,1)



shrnuti prvnich objevu Cernych der

béh O1 a O2 Advanced LIGO plus Virgo

hmotnosti znamych cernych der

70
60
40 0 | /, -‘ \ |
[ \
\ ]
\ 4
GW150914 o
</
g i e

O GW170104 GW170814

Solar Masses

o 00009 -
c000009 LVT151012
00000909 GW151226

0

X-Ray Studies
LIGO/VIRGO




Jiz spoleCna detekce LIGO a Virgo |.

poprvé detekovany gravitacni viny pomoci tfi detektoru

Livingston
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Advanced Virgo spusten 1. 8. 2017

Liwdb ok .“ ..

Credit: Virgo Collaboration/Marco Meniero



delic svazku

Credit : Virgo Collaboration



lepsi lokalizace zdroju gravitacnich vin

GW170104

\ LVT151012

GW151226

A

\

GW170817

" GW150914

GW170814

T

obrovské zpresneni

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)



uzasny objev LIGO a Virgo 17. 8. 2017 |.

= 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 W
Hydra, 130 mil svetelnych let '

= npasledné 70 dalSich observatori . \.

\ +
NGC 4993

Jama, X, UV, opt, IR, radio ¥ ; [NGC 4994] .



gravitacni vina +1,7s gama zablesk |.

Lightcurve from Fermi/GBM (50 — 300 keV)

1 il L A L |..1.u|,r.n
‘H”’T"” e o Y T

LIGO Livingston

rozdil v rychlostech
gravitacni a elmag viny < 10-1°

gravitacni signal typu Cirp trval vice nez minutu



srazka a splynuti neutronovych hvezd

" 5. vina GW170817

hmotnosti hvézd
il m;=14-16 My
m,=12-1,4Mgy

celkova hmotnost
M=274My +0,02

pozorovano 3000 cyklu
SNR 32
lokalizace 28 deg?

maximalni amplituda
h . = 6 X 1022
vyzarena energie
> 0,03 M, c?

vzdalenost

Splynuti neutronovych hvézd: umélecké znazornéni I .
Ry v 130 milionu svét. let

Zdroj: ESA



produkce tezkych prvku r-procesem

rychly zachyt neutronu: tak vznika vétSina tézkych prvkd ve vesmiru

,ohnostroj“ radioaktivnich reakci ;
g e ~~.__ Technetium (52) radioaktivni rozpady

- : generuji kilonovu
Gold (79) . &

', Barium (56)

Platinum (78) : .
. Neodymium (60)

Selenium (34) b 4 Erbium (68)

-

N ’/
\\ ‘0 ’Il
Ruthenium (44) W e v ‘, - ’)
g "

zdroj: ESA
/ AR




shrnuti vin oznamenych do prosince 2018 I.

béh O1 a O2 Advanced LIGO plus Virgo

GW150914 \/\/\]W\]W*»

LVT151012 WAAAAAAAWWIE

GW170104

GW170814 MMM/WW}

GW170817

60 sekund

0] 1 é
délka pozorovaného signalu (v sekundach)

LIGO/University of Oregon/Ben Farr
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kompletni vysledky O1+02

katalog detekci GWTC-1 zverejneny 1.12. 2018

Gravitational-\Wave Transient Catalog 1 (kratkodobé, doCasné signaly)

10 srazek cernych der
1 srazka neutronovych hvezd

Event — m /My, m/M,  M/Ms Xeft M; /M, ar Epa/Moc®) Cpea/(ergs™) dp/Mpc z  AQ/deg’

GW150914 35672 306277 28611 -00IHZ 63137 06908 31PF  36:04x10% 430850 00928 179

GWI51012 2333140 1364 15229 opoad® 35722 06700 1.5 3.2H08 0 10% 106038 0210% 1555

“=1.1 -0.19 =0.11 -0.5 =480 -0.09

GWISIZ2é 1378 7P g gifeD 2050 074N 100 34 wi16% 440010 0000 1033

2.6 -0.3 =15 =0.05 =02 =190 -0.04

GWI70104 310772 201347 21521 0041007 491732 D668 22985  336x10% 96040 019297 9%

=17 -0.20 =0.10 -0.9 -0.08
GW170608 _10.9%32 7613 7902 00322 17832 06909 0ot  3504%10% 0.07:592 396

17 -02 -0.04 ) -1 -0.02
GW170729 oo & 3575 D32 gAY DRI ;; 4277 % 10® 20 948700 1033
GW170809 i B B0 0010 56477 07055 S aSuoxI0* OIS 0200, 340

e e K | -1.6 -0.16 -0.09 =7 =0.6 -0.07

GW170814 30.737 258727 24271% 0077)% 58477 092808  29%%F 3@Riwte® 58000 02 g7
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katalog detekci GWTC-1 prosinec 2018 |.

vSech 11 potvrzenych signalu:
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katalog detekci GWTC-1 prosinec 2018 I.

velikosti Cernych dér a prislusné signaly:

LiGo (MJVIRGO @

GW150914 GW151012 GW151226 GW170104 GW170608
L
- L - Al
. ’ \ » )

GW170729 GW170809 GW170814 GW170818 GW170823

animace https://www.youtube.com/watch?v=gmmD72cFOU4&feature=youtu.be



https://www.youtube.com/watch?v=gmmD72cFOU4&feature=youtu.be
https://www.youtube.com/watch?v=gmmD72cFOU4&feature=youtu.be

oravé nyni probiha treti beh méfeni 03 |l

zacal 1. 4. 2019 a potrva pres rok

kazdy muze prubézné sledovat vysledky diky strance

GraceDB

Gravitational-Wave Candidate Event Database

https://qracedb.ligo.org/



https://gracedb.ligo.org/
https://gracedb.ligo.org/

File Edit View History Bookmarks Tools Help = ] X
GraceDB |

& ¢ o ttp igo.org/s nt B e * ¢ GWTC-1 - i\ 50}

L¥ Most Visited [ info |G| Google M gmail By prekladac 9N FreeDict [ Relativita ¥ Author Hub [5]JiPo ORCID etc K GIS @ GraceDB | @ my papers 1 9 8 2 O 1 9
| n

GraceDB — Gravitational-Wave Candidate Event Database

PUBLIC ALERT LATEST DOCUMENTATION

LIGO/Virgo Public Alerts

A 23 kandidatu

EVENT ID (A-2)
Event ID Possible Source (Probability) Location
Aug. 16, 2019 Circulars

S190816i NSBH (83%), Terrestrial (17%) 1 per 2.2067 years
13:04:31 UTC Notices | VOE

Aug. 14, 2019 GCN Circulars 1 per 1.559e+25 V4
$190814bv NSBH (>99%) N S = B H O rve‘
21:10:39 UTC Notices | VOE years .

Aug. 8, 2019 GCN Circulars
S190808ae Terrestrial (57%), BNS (43%) 1.0622 per year
22:21:21 UTC Notices | VOE

July 28, 2019 GCN Circulars 1 per 1.2541e+15
S$190728q BBH (95%), MassGap (5%) B H - B H
06:45:10 UTC Notices | VOE years

R July 27, 2019 GCN Circulars
BBH (92%), Terrestrial (5%), MassGap (3%) 1 per 229.92 years
06:03:33 UTC Notices | VOE P

atd.



https://gracedb.ligo.org/
https://gracedb.ligo.org/

dnesni a budovane detektory

----

PLIGOJNdia

Operational ‘ ¥
Under Construction N s
Planned = o

Gravitational Wave Observatories




plany 3G (3. generace) detektoru I.

velke podzemni kryogenni interferometry

1. krok: 2.5G detektor v Japonsku
KAGRA (KAmioka GRAvitational wave detector) 3 km, citlivost 1022
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japonsky detektor KAGRA
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plany pozorovani LIGO, Virgo, KAGRA

= Mid mm|ate  =mDesign

60-80 120-170 190
Mpc Mpc Mpc

LIGO [ s -

65-85 65-115 125
Mpc Mpc Mpc

Virgo 3 I

25-40 40-140 140
Mpc  Mpc Mpc

KAGRA | 1 -

2015 2016 2017 2018 2019 2020 2021 2022 2023




3G plany tfeti generace detektoru I.

desetikilometrové podzemni kryogenni interferometry

= ET evropsky projekt Einstein Telescope
velikost 10 km, citlivost 1024

= CE americky projekt Cosmic Explorer
velikost 40 km, citlivost 10-2



evropsky projekt ET




evropsky projekt ET snad po roce 2025
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evropsky projekt ET
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trojuhelnikova konfigurace

3 interferometrické soustavy

[l
I L T
Blu-LF & )

LF laser nizSi frekvence
HF laser vysSi frekvence

optimalizovana detekce
gravitacnich vin
nizsich a vyssich frekvenci




ET superatenuatory 17 m




chysteme se ale take otevrit
zcela nové gravitacni okno:
v kosmu

spousta jinych zdroju gravitacnich vin

na mnohem mensich frekvencich



LISA v kosmu

Laser Interferometer Space Antena

= obfi interferometry ESA
= 3 druzice

= ve vrcholech trojuhelnika
= strany 5 miliond km

= obéh kolem Slunce 1 AU
= zaZemi 20°

= sklon roviny 60°

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

teleskopy @ 40 cm

1,5 miliardy EUR

extrémné nizké frekvence gravitacnich vin



LISA bude evropska

jiz schvaleno jako mise L3

programu ESA Cosmic Vision

realizace v roce 2035

v roce 2010 NASA
od projektu odstoupila

musel se prepracovat
a to v rezii ESA

nastesti prezil!




také diky Uspésné misi LISA Pathfinder |9
technologicky prukopnik ESA: Pfedvoj eLISY

Credit : ESA/ATG medialab

= opticka lavice
= testovaci krychle *
= korekcCni mikrotrysky




LISA Pathfinder - schéma

= opticka lavice
Credit : ESA/ATG medialab = testovaci krychle



mise LISA Pathfinder [

3.12. 2015 start z kosmodromu Kourou
22.1. 2016 v okoli libracniho bodu L1
16. 2. 2016 uvolnény testovaci krychle

» technologicka mise trvala rok
= ovérovalapikometrovou presnost
& meéreni vzdalenosti krychli

vSe probéhlo skvéle !

Credit : ESA/ATG medialab



plan pozadavky skuteCnost
Pathfinder  LISA Pathfinder
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Odstrediva sila

Otaceni sondy je potiebné kvili
tomu, aby solarni panely mifily ke
Slunci a anténa k Zemi. Spolecné s
Sumem ze sledovaci hvézd vznika
rusiva odstrediva sila.

Tento vliv byl od vysledku odecten a
zdroj tohoto sumu je stale
analyzovan odborniky.

Vypousténi plynu

Uvnitf méFicich dutin jsou
testovaci krychle vystaveny
narazdm molekul plynd, které
zUstaly uvnitf. Tento rusivy vliv se
podafilo postupem Casu snizit
vypusténim téchto zbytkl do
vesmiru.

Snimani Sumu

Tento Sum optického
metrologického systému se pouziva
k monitorovani pozice a orientace
krychli na Grovni 35 fm / /Hz. Jiz
nyni se podarilo prekonat troven
presnosti budouci observatore
gravitacnich vin vice nez 100x.

Spacecraft: ESA/ATG medialab; data: ESA/LISA Pathfinder Collaboration European Space Agency

technologicky je LISA uz dnes proveditelna ! ted se na ni pracuje,

bude vypadat asi takto:

a ESA se 20. 6. 2017 rozhodla ji realizovat !




LISA optické schéma

™ -T™M

S/C - SIC
(L/c~83s;Av~+8mls)

Figure 2: TM to TM measurement principle over a LISA link (top) and scheme of the

Figure 3: LISA constellation clock and ranging scheme. ! 1 ent
interferometric measurements within a MOSA (bottom).




LISA optické schéma

Interface to SC LCA structure

GRS supporting structure

Figure 4: CAD view of the two MOSAs mounted into the LCA structure.

Figure 5: Exploded CAD view of a MOSAs.




vakuova komora LISA

DDS
thermistors

DDS cail

Figure 19: Illustration of the GRS VC viewed along the +x axes (figure courtesy of OHB
Italia SpA). Visible in profile are the Y-face mechanical interfaces for mounting the GRS

head. D-type connectors for the electrical connections are seen in a “ring” configuration
near the -Z edge of the VC.




opticka lavice LISA: lic a rub

O Power
Monitor

LISA OB Concept Layout (A-Side) V0.2, Ewan Fitzsimons, 27/07/2017

Figure 12: Representative OB optical design - “A-side”

Inter-SC Read-out
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LISA OB Concept Layout (B-Side) V0.2, Ewan Fitzsimons, 27/07/2017

Figure 13: Representative OB optical design - “B-side”




opticka lavice LISA: lic a rub

Figure 14: Representative OB mechanical design - “A-side” Figure 15: Representative OB mechanical design - “B-side”




pouzdro elektrod

d,=3.5mm I
. Gap d,

EL3

d,=4mm
C,=1.15pF

Figure 17: Cartoon of the EH design, with gap dimensions and approximate capacitance
values (infinite parallel plate approximation).

EH X Face

Figure 18: Tllustration of the EH configuration (figure courtesy of OHB Italia SpA).




hodlame sledovat plné spektrum gravitacnich vin

THE GRAVITATIONAL WAVE SPECTRUM

quantum fluctuations in the very early Universe

uplné odliSna

§ merging binary graVitaéni Okna
8 neutron stars and
2 ot goit; do kosmu, tedy
binary stars in fast pulsars ® , .
G | ruzné zdroje
eyon
Wave Period ()R IRaETE HOURS SECONDS ~ MSEC
Frequency (Hz) 10716 101 108 106
. . IR LIGO a Virgo
g lNEFL{éTBIEN ml{rﬁg} A, BANBéGOBS vﬁc%%,LTlgr?\'A u Sréiky éerHS/Ch dér
& (NASA) millisecond (NASA) (2002-) . i ,
E polar]i‘zation (qglasgr-s) Igsertackingoff |agfer hveZdnyCh hmOtnOStl
ap of cosmic rag-free proof interfero- , -
s TR o " neutronovych hvezd
(also bar ,
detectors) = vybuchy supernov
polarizace reliktniho presné Casovani HISYAN
mikrovinného zareni pulsaru » srazky supermasivnich ¢ernych dér
kvantové fluktuace srazky galaktickych = bézné binarni systémy bilych trpasliku

raného vesmiru cernych deér



