Gravitational waves:
Opening a new window on the
universe

Christopher Alléné
GraSPA summer school 2024

CLAPP oy e

Laboratoire d’Annecy-le-Vieux M O N T B LA N1C



4ot

688  Sitzung der ph sikalise!

Niherangsw der Gravitation.

Von A. EINSTEIN.

Bei der Behandiung 4

er Naher\mg_ Zu :

il der i:naginiren Zeltnx’la\{lz x{} <l
gy iellen Relmvnﬁmh.eon‘. L
o 83’:: daB die durch die {iled
verstanden,

die g,, in ers

definferten GroSen 7., tey besitzen,

e, e
handelt “”gze:mm igt werden ditefen.
Potenzen v

== x W v
e nachdem p=y ode T
8 Wir werden zeigen,
werden konnen wie die vetard

Daraus folgt i
gesehwindigheit &

i Jdisung ¢ 5
B*T:;““ihle: Igs hat sich
un

usbreiten. Wir we

lie Gravitationswel

Tiasse vom 22 Jani 1916

ise Tntegration der Feldgleichung
®

i inzipielien)
isten spezielien {nicht pn;;z;;:;:m“ :
er met i
iote der Gravitationstheorie \nm;;mmi o -
i e berﬁcime‘ll- it ans denselben Gris 3
s Jerster Nhesung. ist da

=% Y

G = o Transforms
welehe linearen °"t‘h’)g°:ﬁm;¢leiﬂe Groen
reharok B ond Produkte gogen dic e

gegentiber Tensd deen Quadrate ;:bei ist 4, =1 bew. & b

i er Weise
% m::logder Elektrodyna

i Potenti 1 e
wrt'e(:]l‘ die Gravilatlonsft‘;der mi
g Ay e rden im Anschlu

len und deven
gezeigt, daB die von

Gravitational Waves
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Observation of Gravitational Way

(LIGO Scientific Collabors

On September 14,2015 at 09:50:45 UTC the two
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es from a Binary Black Hole Merger

B.P. Abbott et a.*

ition and Virgo Collabaration)

(Received 2] January 2016; published [ [ February 2016)

detectors of the Lager Interferometer Gravitational-Waye
Observatory simulmncously observed a fransieng Sravitational-wave signal. The signal sweeps upwards in
frequency from 35 10 250 11, with a peak gravitational-waye strain of 1.0 > 1021y, matches the waveform
predicted by genery] 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 3 matched-filter signal-to-noise ratio of 24 and a

per 203000 years, equivalent to » significance greater

than 5.16. The source fies at 5 luminosity distance of 4105 Mpe cormespondin g0 a redshift z = ,09+093

3673M,, and 205 M 5, and the final black hole mass is

62¥{M . with 3.0%93M 6? radiated in gravitational waves, AJ] 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 ang the first observation of a binary black hole merger.

The discovery of the binary pulsar SystemPSR B1913+16
by Hulse and Taylor [20] and sy bsequent observations of
its energy [oss by Taylor and Weisberg [2 1 demonstrated
the existence of gravitational wavyes, This discover




Gravitational wave observatories

LSC : ~1400+ members Virgo : ~800+ membres KAGRA : ~400+ membres
~127 institutions 129 institution 110 institution
from ~19 countries from 16 countries from 15 countries
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Gravitational Wave Observatories




Michelson interferometer :
a “sensor” of gravitational waves
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Horizon distance

e “Horizon” distance;

o Distance at which a particular standard source emitted a signal which can be detected with a
Signal-to-Noise Ratio (SNR)=8
o  Standard source = binary Neutron Star (BNS) coalescence with 1.4 M _ for each component

Improving the sensitivity (or horizon)
by a factor 10

Increase the volume (or event rate)
by 1000

| w—
100 million light years
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Range distance

The “Range” is the horizon averaged over the antenna factor: R=H/2.264
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Past and future science runs
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CBC Analysis : The Matched Filtering

e Intime domain:

data stream The signal's position in the noise.
1.5 r T v r T

Y
s(t) =n h .
(t) /(t)+ ﬁ\)

Noise
Signal

=
noise GW signal B g
e In Frequency domain g5
Q
o  Fourier transform = 2.
Q

~

s(f) = n(f) + h(f) "

time /s



CBC Analysis: Power Spectral Density

e The PSD is the autocorrelation
of the noise S _(f):

< AN () == 35030 = 1)

e The Amplitude Spectral Density
(ASD) is 7 ( f )and PSD=ASD?

Strain [1~VHZ]

e Quantum noise

Gravity Gradients

= Suspension thermal noise
s Coating Brownian noise e e e
Coating Thermo-optic noise ’
Substrate Brownian noise
Excess Gas

Total noise

Frequency [Hz]



CBC Analysis: Filters

~

Optimal filter is : ~ o T(f) 2 fto
Q(f) = 205

Slgnal burled into noise h( ) X T(ZL) Template
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CBC Analysis: Filtering
. ‘e - 00 ~
The filtered stream of data is : _ / §(f)Q*(f)df

0@

+oo
The filtered noise is : N = / fldf =5S—< 8§ >

Similar to a scalar product :

The bigger S is, the more the stream fits to the filter
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CBC Analysis: Signal-to-Noise Ratio
e Let build a Signal-to-Noise Ratio (SNR) :

SNR:<S>

ON
e \With the filtered noise standard deviation :

oN=V< N2> — < N>2=1< N2>

e SNR =8 means signal times greater than the gaussian noise std

12



CBC Analysis: Signal-to-Noise Ratio

e With an optimal filter such that:  p( ) = oT(f)e2"/*

e The SNRis

+00 T 2 |
SNRQ(t) _ 2&2/ | (f)| 6—227rf(t0—t)d

f

o nlf)

60

SNR threshold at 5 (or 4.8)




Strain (10%)

Frequency (Hz)

Hanford, Washington (H1)

CBC Analysis: Combined SNR

e For multiple detector triggers:

Livingston, Louisiana (L1)

= L1 observed
H1 observed (shifted, inverted)
T

t t
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cSNR =

Time of Flight limits for coincidences:

e HL:15ms
e HV:35ms
e LV:35ms

Normalized amplitude

> SNRZ,
it f
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Fréquence (Hz) SNR

Amplitude caractéristique (x10°")

Hanford Livingston Virgo

CBC Analysis: Localization

Triangularization from SNR peaks:

] i i i i i H H i H i i i H i i H i
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First BNS : GW170817

== First and only multi-messenger detection

500

B o0 v T e

= 38| e Observed on August the 17th, 2017
351 S, Binary Neutron Star
R I Localized in NGC4993
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i t-t; (s) wavelength (nm)

GW

LIGO, Virgo

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

l I Imi i Il
X-ray PS

y-ray ©

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

Swift, HST

Optical
Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, \
TG TS Comat Sty W O SO S ol S AT AT, AT EALESERE Tomos, | mn | mi | auneonn oyl

IR

REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-V inata Telescope, HST

I\II IIIIIIIIIIIIl il

Radio m_
ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LW/ , OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg i)
WO\ U 10 0wl lII R
\
‘
\
‘
‘

-100 -50 50 1072 107 0° }6‘
2 (s) t-t, (days) 25 50 15



Neutron Stars internal structure

quark—hybrid traditional neutron star
star

hyperon
star

neutron star with
pion condensate
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Neutron Stars internal structure

Mass (Msun)

7 8 9 10 11 12 13 14 15 16 18
Radius (km)



p(Ho|x) [km~! s Mpc]

Hubble Constant Measurements
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Contribution des BBH
a la mesure de H0

Méthode d’association :
e Evt associé a sa galaxie hote
probable (catalogue GLADE+)
e Marginalise sur les redshifts des
hétes potentiels de chaque évt.

Hy = 6818 km.s . Mpc™
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Rate of events

Cumulative Count of Events/Candidates
01=3,02=8, 03a =44, 03b = 35, Total = 126

Cumulative #Events/Candidates

0 100 200 300 400 500 600 700 800

11GO-G2001862 Time (Days) Credit: LIGO-Virgo Colaboration

20



Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Sta . EM Neutron Stars

Solar Masses
o
o

20 ‘f
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern



End of the second part



Weber bars and Mass-resonant detectors

e Weber bars: e Explorer:
o  University of Maryland; o CERN;
e ALLEGRO: o  2-5K;
o Louisiana State University; @ NAUTILUS:
o 4.2K; o INFN;
e NIOBE: o 1.5K;
o  Western Australia; o GRAIL:
o 2-5K; o Leiden University;
o AURIGA: o 20mK;
o ltaly;

o 0.1K;




Pulsar Timing Array

NANOGrav ;
European Pulsar Timing Array;
Chinese Pulsar Timing Array;
Parkes Pulsar Timing Array;
e Sources:

o Stochastic background;

o Supermassive binaries;
e Evidence for gravitational wave

background (3 to 4.6 o);

o O O O

e International Pulsar Timing Array:
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Space-based interferometer: LISA

Frequency bandwidth : 0.1mHz - 1Hz;
2.5 millions of km;

Lagrange point L3;

Launched 2035 (?);

Sources:
o Massive binaries;
o Resolvable galactic binaries;
o Extreme Mass Ratio Inspirals;
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