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Fale grawitacyjne
- howe okno na Wszechswiat
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2017 Nobel Prize in Physics

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

‘

Rainer Weiss
1/2

Kip Thorne
1/4

Barry Barish
1/4




Gravitational waves detected 100 years after Einstein’s prediction

LIGO opens new window on the universe with
observation of gravitational waves from colliding

black holes ) | WJ!}
¥ I‘I"‘

|&d Selected for a Viewpoint in Physics

week ending

PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et 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 10~2!. 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 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 410718 Mpc corresponding to a redshift z = 0.09700;.
In the source frame, the initial black hole masses are 363 M, and 2977 M, , and the final black hole mass is
EZEM@, with 3.01‘{;§MC_)C3 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. 3

DOIL 10.1103/PhysRevLet. 116.061102



zglednosci (1915):

Rozktad materii (energii)
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Rownania Einsteina

Tensor Einsteina (G = 871G T Tensor energii-pedu
av T4 Ty
_ . c’ Formalna analogia
Zapisane w postaci 1, = 716 G,uv z prawem Hooke'a
dla o$rodkow
sprezystych
Tensor naprezen _ Tensor odksztatcef
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Whioski:

-Czasoprzestrzen jest osrodkiem sprezystym > fale grawitacyjne
*Jest osrodkiem o bardzo duzej

sprezystosci

‘Fale o matej amplitudzie maja duzq

gestosc¢ energii



Fale Grawitacyjne

Ogédlna Teoria Wzglednosci:  Metryka: odlegtoéé w
rownania Einsteina czasoprzestrzeni

ds’

g, dx"“ax’

U

guv e T huv

Przyblizenie stabego pola:
czasoprzestrzen jest
zaburzong przestrzeniq
Minkowskiego

w prozni

Réwnanie falowe dla
zaburzenia metryki 4,

A. Einstein, Sitzungsberichte der Kdniglich Preussischen Akademie der Wissenschaften
(Berlin,1916), 688696; Sitzungsberichte der Kniglich Preussischen Akademie der Wis- 6
senschaften (Berlin, 1918), 154167.



Fizyczny efekt fali grawitacyjnej

Fale:
*przestrzenne
*poprzeczne
‘rozchodzqce sie
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odksztatcenia



Realnos¢ fal grawitacyjnych ...

W 1936 Albert Einstein i Nathan Rosen wystali do Phys.Rev. artykut
.Do gravitational waves exist?" kwestionujacy istnienie fal grawitacyjnych.

Recenzent - Howard Percy Robertson - 10 stron recenzji wykazujacej btedy
w rozumowaniu

Odpowiedz Einsteina

"We (Mr. Rosen and I) had sent you our manuscript for publication and
had not authorized you to show it to specialists before it is printed. I see no
reason to address the — in any case erroneous — comments of your anonymous
expert. On the basis of this incident I prefer to publish the paper elsewhere."




Realnos¢ fal grawitacyjnych ...

Nigdy wiecej nie postat pracy do Phys. Rev.
Po przemysleniu argumentéw Robertsona w zmodyfikowanej wersji praca
ukazata sie w Journal of the Franklin Institute pod tytutem
.On gravitational wave"

fragment streszczenia

"The rigorous solution for cylindrical gravitational waves is given. For
the convenience of the reader the theory of gravitational waves and their
production, already known in principle, is given in the first part of this paper.
After encountering relationships which cast doubt on the existence of rigorous
solutions for undulatory gravitational fields, we investigate rigorously the case
of cylindrical gravitational waves. It turns out that rigorous solutions exist and
that the problem reduces to the usual cylindrical waves in Euclidean space."



Realnos¢ fal grawitacyjnych ...

Richard Feynman 1957

Konferencja relatywistéw w %
Chapel Hill N.C. ! _.J,

3

—

dowodzi, ze fala grawitacyjna
moze wykona¢ prace mechaniczng

.. Stato sie to inspiracjq dla
J. Webera

Felix Pirani, Herman Bondi ...

Andrzej Trautman + Ivor Robinson 1962

nowa klasa rozwiagzan r. Einsteina

sferyczne fale grawitacyjne;

dowodzi, ze fale grawitacyjne przenoszq energie

podat Scistg definicje fali grawitacyinej
w petnej (niezlinearyzowanei) wersii
OTW |

C.D.Hill, P. Nurowski arXiV: 1608.08673

10



B wyborcza.pl

A. Trautman - zapalit zielone $wiatto dla badania fal grawitacyjnych

Nauka

Nagroda Nobla dla profesora Andrzeja Trautmana za fale
gramtacyjne‘? Trzymamy keiuki!

Piotr Cieslinski

List polskich fizykow do profesora Andrzeja Trautmana:

Szanowny Panie Profesorze,

Piszemy ten list w zwigzku z ogtoszonym w dniu 11 lutego 2016 roku
faktem detekcji fal grawitacyjnych. Korzystajgc z tej okazji, pragniemy
przypomniec Panski fundamentalny wktad w te, wlasnie teraz przezywajaca
swoy wielki tnumf, dziedzine wiedzy.

Chociaz detekcja fal grawitacyjnych jest osiggnieciem przede wszystkim
doswiadczalnym, nie bytaby ona mozliwa bez zdefiniowania, czym s3 fale
grawitacyjne w petnej teoni Einsteina. Panskie prace, z przefomu lat
piecdziesigtych i szescdziesigtych, lezg u samych podstaw teori

promieniowania grawitacyjnego i miedzy innymi podaja jego definicje.

-~ . C 11



Bohdan Paczynski Wspomnlenla (0] BOthmle

1940-2007

Paczynskim

ACTA ASTRONOMICA
http://www.nasonline.org/ Vol. 17, (1967) No 3
publications/
L biographical-memoirs/
o, PEFT E N memoir-pdfs/
paczynski-bohdan.pdf

@ NATIONAL ACADEMY OF SCIENCES

Gravitational Waves and the Evolution of Close Binaries
by

B. Paczynski

ABSTRACT

The rate of period changes and the time scale of collapse caused by the
gravitational radiation is tabulated as a function of orbital period of a binary.
It is shown that the time scale of collaps is of the same order of magnitude as
the time scale of the nuclear evolution for W UMa type binaries. The influence
of gravitational radiation on the evolution of novae, U Geminorum type stars,
and pairs of white dwarfs is discussed. It is shown that the evolution of WZ Sge
and HZ 29 might be considerably affected by this phenomenon.



Wielkie pytania:
Czy mozna na Ziemi wytworzy¢ fale grawitacyjne?

Czy mozna zarejestrowal fale grawitacyjne
w laboratorium?

Czy natura dostarcza nam zrédet fal grawitacy jnych?

13



Kwadrupolowa natura promieniowania grawitacyjnego

2 G d’

hl.j(x, t) = ;CTFQU(CZL — 7") Qy(t) = Id3x ,O(x,l‘)(xl.xj —%51.1.)(?2)

16
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G S
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>

e

w  rotujaca belka
hantle

M Clil;’}c.xnc.i“i:;odwéj ny
gwiazd

<

M=10%kg L=100m w=20rad/s

LGW - 10_26 W

Odpada idea eksperymentu typu ..Hertza"
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Kwadrupolowa natura promieniowania grawitacyjnego

2 G 4 | rotujaca belka
h;(x,t) = ;??Qij(ct—r) Q, ()= Id3x p(x, ) (x;x; —gé‘l.sz) ‘ W
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Moc promieniowania I _16 <d 0, d°0 >

GW — 5 3 3
5 . <M, 2 5c dt dt
%=3.6><10 W =2.x10 Tc M uktad podwdjny
G gwiazd
274 6 |
Joe Weber 1974 Ly o C_SM L'w / L T
bytoby dobrze gdyby '

czynnik (c®/6G) byt w liczniku ...
2
Podstawmy: M=2" ,_Y¢  L=2r

r022 NEANEANE r (v ¢
L SR 770 I B el gy IR Y B
e &S
Mechanizmy generacji fal grawitacyjnych sq efektywne w uktadach
o rozmiarach rzedu r, i predkosciach rzedu c
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Kwadrupolowa natura promieniowania grawitacyjnego

2G d’ 1
hy(x,0)="="20 (ct—r) Q) =[d’x p(x,0)(x,x, —=5,x") W
rc dt 3
5 2 L :l£<d3Qij d3Qij>
© Z3.6x10%W =2.x10° Yot Tose\ e dr
G S
. .o G 2 714 6 M
Mechanizmy generacji Loy «—=M"'L'w
fal grawitacyjnych C
sq efektywne w uktadach V) 8
o rozmiarach rzedu r Loocdl = 1| —| = / L
) T 9 r)\c) G
i predkosciach rzedu ¢
ITT prawo
Keplera

rotujaca belka
hantle
;'l;’;&.c.i.'i:;.odwéj ny

gwiazd

<

Jow = 2forp

1 [GM
@_27z\/ R’

D

Goérna granica czestotliwosci
fali grawitacyjnej z uktadu R2R,
podwd jnego

_2GM

2
C

C

3

1
fGW(M)<4\/E GM

~10* HZ(

%)
M 16




Gorna granica czestotliwosci
fali grawitacyjnej z uktadu
podwd jnego

1 c’ M
M) < ~10* Hz | —~
Jow M) < o Gt Z(M)

1M, 104 Hz (10 kHz) gwiazdy neutronowe
NS

czarne dziury o masach gwiazdowych

10M, 103 Hz (1 kHz)
)} SMBH

100 M, 102 Hz (0.1 kHz

103 M, 10 Hz czarne dziury o masach posrednich
IMBH (w gromadach kulistych)

106 My 102 Hz (10 mHz)

10° M, 105 Hz (10 uHz)

supermasywne czarne dziury
SMBH (w centrach galaktyk)

LIGO pasmo czestotliwosci 10 Hz — 100 kHz
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Posredni dowdd istnienia fal grawitacyjnych

Uktad podwd jny gwiazd neutronowych
Hulse & Taylor - nagroda Nobla 1993

Comparison between observations of the binary pulsar

ZmIClnCl Okr'esu: 30 Sekund pl"Z@Z 25 IGT PSR1913+16, and the prediction of general relativity based on
loss of orbital energy via gravitational waves
6 Earth _I | T 1T | ' T 1T | I'TTT | T 1T | T 1T |_
AL 18
N 18
- E s 3
— 17 / sec e - g 2
;leutrnn“ e g _10:_ _: i
- «——|~8hr || %[ 18
= B 1 =
fo=35uHz| ¢ _F 15
GW Z _oo— ]
\ \ : “ - Przewidywanie 1/ - 1§
aves S : OTW : l_%-..
uktad podwd jny traci energie i moment = ] =
pedu przez wypromieniowanie fal B 4
. . —30 | | [ | ] O | | I | [ | L1 11 | =1
QPGWITGCYJHYCh, 1975 1980 1985 1990 1995 2000 T
. . U4 . . ear
w wyniku czego promien orbity maleje

o 3mm w czasie jednego obiegu >
kiedy$ (za 300 min. lat) sie zderzq !
(tzw. koalescencja)
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Ostatnie fazy ewolucji zwartego uktadu

podwojnego (NS-NS, NS-BH, BH-BH)

/ L]
/Insplral
Adiabatyczna

ewolucja - znana
(formalizm post-
newtonowski)

Merger

Ringdown

Drgania
kwazi-
normalne
znane

19



Relatywistyczny problem 2-ciat
Mozna tworzy¢ matryce

w |
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Poszukiwania koalescencji zwartych
uktadow podwd jnych

Zrodio: |
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il \| Metodg dopasowania
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=1.0 H
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| | |
Inspiral Merger Ring-

| — MNumerical relativity
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A 967%/3

B. Schutz 1986
B.Schutz, A. Krélak 1987

Mierzymy amplitude sygnatu h(t)
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Pionierzy budowy detektordéw fal grawitacyjnych

Vladimir Braginsky

Joseph Weber 1931 - 2016

1919 - 2000

Wczesniejsze detektory -

rezonansowe Weber, Braginski,

AURIGA, NAUTILUS,

TIGA (sferyczny) 23
mata czutos¢ h - 10-1° + waski zakres czestotliwosci
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Detektor interferometryczny 5.5 500

Rainer Weiss, Ronald Drever LIGO  ok. 2000r
VIRGO

laser ///////////j
iy i/r\ E
:?, Ill \\\.
i ) \
" rozdzielacz
lustra
fotodetektor

T
10 km (promieh protonu ~ 10-13 cm)
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Noise characterization related to GW150914

Kazdy detektor
wyposazony jest w sieé
czujnikéw monitorujacych
parametry otoczenia

I."" I. hl'-; ; Elcctrons ron ,
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| | 3=axis magnetometer —--.—. building wall -:
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! B  mains voltage monitor  }
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D. Reitze The Next Detectors for Gravitational Wave Astronomy, Beijing, April 6, 2015



Czynniki ksztattujace czutosC detektoréw naziemnych
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Time Lapse:
LIGO Sensitivity Progressmn

Sensitivity Evolution of LIGO Detectors
iLIGO E
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LIGO ITI generacji

Catkowita przebudowa interferometréw
LIGO

- 10x wieksza czuto$¢, 1000x wieksza objetos¢ zasiegu

Tempo detekcji - O(10) zdarzen rocznie
przy nominalnej czutosci

Nowe okno na Wszechswiat - dostarczy
informacji, ktérych fale
elektromagnetyczne nie mogq dostarczy¢

Virgo Supercluster

Milky Way Galaxy

Initial LIGO

Slide: M. Evans

Poréwnanie:

« 0O(100) galaktyk w zasiegu
pierwszej fazy LIGO

« 0O(100,000) galaktyk w zasiegu
LIGO II generacji

Local Superclusters

Advanced LIGO




Fale grawitacyjne odkryte w 100 lat po sformutowaniu OTW

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

S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et 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 10~2!. 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 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 410718} Mpc corresponding to a redshift z = 0.0970%.
In the source frame, the initial black hole masses are 3673 M, and 297§ M, and the final black hole mass is
627} M ., with 3.0702 M, ¢? 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.

DOL 10.1103/PhysRevLett.116.061102
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Strain (1072%%)

Frequency (Hz)
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GW150914 na krzywej czutosci

Strain noise (Hz™'?)

(b) [

1674 |

10722 |
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— H1
— 11

100

Frequency (Hz)
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Biblioteka : 250 000 wzorcéw uktadow NS-NS, NS-BH i BH-BH o réznych

parametrach

(5} Equalmass

{b) 4:1 Mazs Ratlo

{c} Equal-mass, Spiming
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Whitened H1 Strain / 10!

Whitened L1 Strain / 102!

1.0 -

—1.0- Nl Wavelet
-1.5+ [ BBH Template

0.25 0.30 0.3 0.40
Time / s

Primary black hole mass 365M
Secondary black hole mass 291 M,
Final black hole mass 623 M

et s ] 0.05
Final black hole spin 067 53
Luminosity distance 410118 Mpc
Source redshift z 0.091003

Najlepiej dopasowany
wzorzec odpowiada
uktadowi BH-BH o

parametrach jak w tabelce
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Co ta detekcja oznaczata?
Pierwsza detekcja laboratoryjna - triumf nauki i techniki

‘Dowdd istnienia masywnych czarnych dziur tworzacych uktady
podwd jne

Potwierdzenie stusznosci OTW w procesach koalescencji BH

*Otwarcie nowego okna na Wszechswiat
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LIGO opens new window on the universe with
observation of gravitational waves from colliding
black holes

: |&d Selected for a Viewpoint in Physics
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS

S

week ending
12 FEBRUARY 2016

6W150914

Observation of Gravitational Waves from a Binary Black Hole Merger
+ LVT 151012 l | week ending
PRL 116, 241103 (2016) PHYSICAL REVIEW LETTERS 17 JUNE 2016

£

GW151226: Observation of Gravitational Waves from a 22-Solar-Mass Binary
Black Hole Coalescence

week ending

PRL 118, 221101 (2017) PHYSICAL REVIEW LETTERS 2 JUNE 2017

£

GW170104: Observation of a 50-Solar-Mass Binary Black Hole Coalescence
at Redshift 0.2

B.P. Abbott et al.” 36

(LIGO Scientific and Virgo Collaboration)
(Received 9 May 2017; published 1 June 2017)




Detektory LIGO miaty stabe mozliwosci lokalizacji zrodta

Niecierpliwie czekano
na uruchomienie
Virgo |

HV

» (GW150914

37



LIGO opens new window on the universe with
observation of gravitational waves from colliding
black holes

week ending

PRL 119, 141101 (2017) PHYSICAL REVIEW LETTERS 6 OCTOBER 2017

E’4
GW170814: A Three-Detector Observation of Gravitational Waves
from a Binary Black Hole Coalescence

B.P. Abbott e al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 23 September 2017; published 6 October 2017)

On August 14, 2017 at 10:30:43 UTC, the Advanced Virgo detector and the two Advanced LIGO

Hanford Livingston Virgo
detectors coherently observed a transient gravitational-w: ' "
; |

stellar mass black holes, with a false-alarm rate of <1 in _" i i

three-detector network matched-filter signal-to-noise ratic
holes are 30.53] M, and 25.3* 28 M (at the 90% credibl
5407, :S' Mpc, correspondmg to a redshift of z = 0.1 ljﬁﬂj z*
localization of the source, reducing the area of the 90% cre :
LIGO detectors to 60 deg® using all three detectors. | = i
gravitational-wave polarizations from the antenna respon:i

new class of phenomenological tests of gravity.
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Pierwszy model kilo-nowej (koalescencji dwéch gwiazd neutronowych)

THE ASTROPHYSICAL JOURNAL, 507:L59-L62, 1998 November 1
© 1998. The American Astronomical Society. All rights reserved. Printed in US A

wazny dla zrozumienia kosmicznej nukleosyntezy ...

TRANSIENT EVENTS FROM NEUTRON STAR MERGERS

L1-X1iN L1 AND BOHDAN PACZYNSKI
Princeton University Observatory, Princeton, NJ 08544-1001; Ixl(@astro.princeton.edu, bp(@astro.princeton.edu
Received 1998 July 27; accepted 1998 August 26; published 1998 September 21

ABSTRACT

Mergers of neutron stars (NS + NS) or neutron stars and stellar-mass black holes (NS + BH) e¢ject a small
fraction of matter with a subrelativistic velocity. Upon rapid decompression, nuclear-density medium condenses
into neutron-rich nuclei, most of them radioactive. Radioactivity provides a long-term heat source for the expanding
envelope. A brief transient has a peak luminosity in the supernova range, and the bulk of radiation in the UV-
optical domain. We present a very crude model of the phenomenon, and simple analytical formulae that can be
used to estimate the parameters of a transient as a function of poorly known input parameters. The mergers may
be detected with high-redshift supernova searches as rapid transients, many of them far away from the parent
galaxies. It is possible that the mysterious optical transients detected by Schmidt et al. are related to neutron star
mergers, since they typically have no visible host galaxy.

Subject headings: binaries: close — gamma rays: bursts — stars: neutron — supernovae: general
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GW 170817 — Nowa era astronomii wielu nosnikow informac;i
(multimessenger astronomy)

|&d Selected for a Viewpoint in Physics
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

£

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

week ending

B.P. Abbott et al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017: published 16 October 2017)

On August 17, 2017 at 12:41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW 170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per

8.0 x 10* years. We infer the component masses of the binary to be between 0.86 and 2.26 M, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in

binary neutron stars, we find the component masses to be in the range 1.17-1.60 M, with the total mass of

the system 2.?41“3‘3‘:’&1@. The source was localized within a sky region of 28 deg” (90% probability) and

had a luminosity distance of 40}, Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the y-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short y-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics, dense matter, gravitation, and cosmology.

DOI: 10.1103/PhysRevlett.119.161101
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GW170817 - narodziny astronomii
wielu nodnikéw informac;i

17 sierpnia 2017 o godz. 12:41:04 UTC
detektory LIGO/Virgo zarejestrowaty
pierwszy w historii sygnat grawitacyjny
z koalescencji uktadu dwéch gwiazd neutronowych (NS-NS)

Odpowiadajacy temu zdarzeniu sygnat elektromagnetyczny
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THE ASTROPHYSICAL JOURNAL LETTERS, 848:L13 (27pp), 2017 October 20
© 2017. The American Astronomical Socsety. All nghts reserved.

OPEN ACCESS

Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A

Joint
multi-messenger
detection of
GW170817

and
GRB170817A

hutps: / fdoi.org /10,3847 /2041-8213 f2a920¢

CrossMark

LIGO Scientific Collaboration and Virgo Collaboration, Fermi Gamma-ray Burst Monitor, and INTEGRAL

(See the end matter for the full list of authors.)
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LCO .
2017-08-18 00:15:23

Figure 2 | LCO discovery image of the kilonova AT 2017gfo in the galaxy
NGC 4993. The w-band LCO image (right), centered on NGC 4993, clearly
shows a new source (marked with white ticks) compared to an archival image
(left) taken on 1992 April 9 with the RG610 filter as part of the AAO-SES survey,

retrieved via the Digitized Sky Survey (DSS).

LCO - Las Cumbres Observatory; CTIO - Cerro Tololo Inter-American
Observatory
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The Rapid Reddening and Featureless Optical Spectra of the Optical Counterpart of

GW170817, AT 2017gfo, during the First Four Days

Curtis McCully'* @, Daichi Hiramatsu'Z®, D. Andrew Howell'*®?, Griffin Hosseinzadeh'~
. Petri Viisiinen
Encarni Romero-Colmenero™'”, Steven M. Crawford™' @, David A. H. Buckley™'"®, Jeffery Cooke'''*"'*, Igor Andreoni
. Mariusz Gromadzki'®, and Jamison Burke'”

Daniel Kasen™*, Jennifer Barnes®™'®, Michael M. Shara’*©, Ted B. Williams’

, Tyler A. Pritchard'", Jirong Mao'>'%"7
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Table 1: Key Properties of GW170817

Property Value Reference
Chirp mass, M (rest frame) L188T0 00T M, 1
First NS mass, M, 1.36 — 1.60M 5 (90%, low spin prior) 1
Second NS mass, Ms 1.17 = 1.36 M5 (90%, low spin prior) 1
Total binary mass, Mo = M; + M = 2.740.04 . Mg 1
Observer angle relative to binary axis, fape 11 — 33° (68.3%) 2
Blue KN ejecta (Amax < 140) == 0.01 — 0.02M e.g., 3.4.5
Red KN ejecta (Amax = 140) ~= 0.04 Mg e.g., 3,96
Light r-process yield (A < 140) == (.05 = 0.06 Mg,
Heavy r-process yield (A = 140) ~ 0.01M,
Gold yield ~ 100 = 200Mg, 8
Uranium yield ~ 30 — 60Mg 8
Kinetic energy of off-axis GRB jet 1049 — 10°° erg e.g., 9,10, 11, 12
ISM density 10~% - 10~2 em™3 e.g., 9,10, 11, 12

(1) LIGO Scientific Collaboration et al. 2017¢; (2) depends on Hubble Constant, LIGO Scientific Collabora-
tion et al. 2017d; (3) Cowperthwaite et al. 2017; (4) Nicholl et al. 2017; (5) Kasen et al. 2017; (6) Chornock
et al. 2017; (8) assuming heavy r-process (A > 140) yields distributed as solar abundances (Arnould et al.,
2007); (9)Margutti et al. 2017; (10) Troja et al. 2017; (11) Fong et al. 2017; (12) Hallinan et al. 2017
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Masses in the Stellar Graveyard
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Einstein gravitational wave Telescope

Conceptual Design Study

Uniwersytet Slaski jest cztonkiem
, Polskiego Konsorcjum

Teleskopu Eih_steina

Co dalej?

Teleskop Einsteina

Czutos¢ przewyzszajaca LIGO IT generaciji

Potezne katalogi zjawisk w skalach
kosmologicznych

‘Duze nadzieje

*Obecnie w fazie badan lokalizacyjnych
*Tysiace - setki tysiecy sygnatéw
grawitacyjnych od koalescencji NS-NS,
NS-BH, BH-BH

« dziesiqgtki - setki z nich mogq ulec
soczewkowaniu grawitacy jnemu
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WEEK énding

PRL 118, 091102 (2017) PHYSICAL REVIEW LETTERS 3 MARCH 2017

Speed of Gravitational Waves from Strongly Lensed Gravitational Waves
and Electromagnetic Signals

Xi-Long Fan,'*" Kai Liao,” Marek Biesiada,” Aleksandra Piérkowska—Kurpas.J' and Zong-Hong Zhu'>"
'School of Physics and Technology, Wuhan University, Wuhan 430072, China
:De,'}m‘mmm_'; of Physics and Mechanical & Electrical Engineering, Hubei University of Education, Wuhan 430205, China
School of Science, Wuhan University of Technology, Wuhan 430070, China
4.-Dr:‘,r:rr:rm:.s’m of Astrophysics and Cosmology, Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland
“Department of Astronomy, Beijing Normal University, Beijing 100875, China

Rdznice w opdznieniach
czasowych miedzy
soczewkowanymi
obrazami (w EM i GW)
umozliwiq

testowanie predkosci
propagac ji

fal grawitacyjnych
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Precision cosmology from future lensed
gravitational wave and electromagnetic signals

Kai Liao', Xi-Long Fan®, Xuheng Ding"*>, Marek Biesiada®*® & Zong-Hong Zhu'*

The standard siren approach of gravitational wave cosmology appeals to the direct luminosity
distance estimation through the waveform signals from inspiralling double compact binaries,
especially those with electromagnetic counterparts providing redshifts. It is limited by the

calibration uncertainties in strain amplitude and relies on the fine details of the waveform.

The Einstein telescope is expected to produce 109-10° gravitational wave detections per year,

S50-100 of which will be lensed. Here, we report a waveform-independent strategy to achieve
precise cosmography by combining the accurately measured time delays from strongly
lensed gravitational wave signals with the images and redshifts observed in the electro-
magnetic domain. We demonstrate that just 10 such systems can provide a Hubble constant
uncertainty of 0.68% for a flat lambda cold dark matter universe in the era of third-
generation ground-based detectors.

Table 2 The average constraining power of 10 lensad gravitational wave + electromagnetic systems

Flat ACDM Flat ACDM Flat sCDM Open ACDM

03y, fimed)

H.D Hﬂ _G..M- “‘b ﬂm W H.] Q.M- 'l'?k_
Uncertainty 037% D.68% 2% 2.2% 36% 25% 1% 38% +.18

W' concerns cosmological parameters in difierent scenanos: fiat bmbda cold dak matter (Flat ACDM) with or withoot dimensionless matter density £, faed, flat £CDM where the dak enengy
equation of state « is 3 free parameter, and open ACDM where cosmic orature (2, i 2 free parameter. For the same number of kensed quasars, the power is waaker by a factor af -4 acoording to the
uncertainty propagation using Eg (1) and Tabie 1
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Detektory w przestrzeni kosmicznej LISA
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Zrodta fal grawitacyjnych
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CO R E The Cosmic Origins Explorer

A proposal in response to the ESA call e
CNERS, Laboratoire APC. 10 Avenue Alice Domon €  for a Medium-Size space mission '

tel.: +33157276040, fax: +33157276071, mail: delab forlaunch in 2029-2030

AEEV .

Lead Proposer: Jacques Delabrouille

The Lead Proposer will support the study activities by ¢

Proposal co-leads: Paolo de Bernardis (Sapienza Univ
Proposers of the CORE space mission:

Austria: J. Alves: Belgium: . Arina, E. Cortina, B. Cr
Tytgat, B. Verknocke; Denmark: J. Ambjorn, P.H. Damg
E. Keihanen, H. Kurki-Suonio, J. Valiviita: France: M. Arn
Bernard, J. Bobin, F.R. Bouchet, F. Boulanger, M. Bucher, !
I. Charles, . Combet, B. Comis, . Debono, J. Delabrouille

Errard., 5. Galli. K. Ganga, A. Chribi, M. Giard. Y. Girand
(:. Lagache, (3. Lavaux, A. Le Brun, H. Le Sueur, J. Macias-
J-B. Melin, M-A. Miville-Deschénes, A. Monfardini, L. Mont
V. Poulin, . Pratt, D, Préle, 5. Renaux-Petel, V. Revéret, 1.
Triqueneaux, M. Tristram, B. Van Tent, . Vermeulen, F. Ver
Brinckmann, G. Chon, 8. Clesse, T. Ensslin, 5. Grandis, 5. H
K. Sunyaev, J. Weller; Ireland: A. Muorphy, C. O"Sullivan, I
Bartolo, P. Battaglia, E. Battistelli, M. Bersanelli, M. Biasott
(3. Castellano, F. Cavaliere, F. Cei, E. Coccia, 5. Colafran

K. van de Weygaert, J.P. van der Schaar, 5. Zaroubi: Norw
LK. Wehus; Poland: P. Bielewicz. M. Biesiada, M. Blicki.
P. Orleanski, W. Piechocki, A. Pollo, B. Houkema, B. Szczerh

CLIAP. Martins; Spain: E. Artal, R.B. Barreiro, E. Battane Co-Leads:
Paolo de Bernardis

Francois R. Bouchet

For ultimate CMB polarisation maps 57



Otwarte zostato nowe okno na Wszechswiat -
mozemy oczekiwac wielu nowych odkry¢
i fascynujacej przygody poznawczej
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