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- Gravitational waves physics
5 nature and sources
b detectors and instruments
b detection status
> analysis methods

> Propagation tests with multi messenger events
 gravitational waves friction
L gravitational waves lensing
b speed of gravity
L tests of Lorentz invariance violation

- Propagation tests with gravitational waves signals
b modified dispersion relation
1 mass of the graviton
L tests of Lorentz invariance & CPT breaking
b anisotropies and spacetime birefringence
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Outline: GW physics

- Gravitational waves physics
5 nature and sources
b detectors and instruments
b detection status
> analysis methods
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Gravitational waves primer

- A propagating space-time perturbation predicted by GR
Gravitational waves (GW) modify a spacetime interval as:

ds? = —c dt* +[1 + h(z £ ct)] dx* + [1 — h(z = ct)] dy? + dz*
/ AN / \

4

propagate at GW deformation transverse waves
speed of light

transverse gravitational wave

> Properties:
2 polarisation states, i, and h,
Tensor perturbation
Quadrupolar radiation

> Deformation:
Strain = fractional change in distance between

two points when a GW passes through:

AL 1
— =—h,(0,c1)
L 2

wavelength
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Gravitational waves sources

Early Universe quantum fluctuations

.Losmic Microwave

Background :
' | This talk focuses on
those sources

:Supermassive
Binaries

Stellar Mass
Compact Binaries
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Neutron Star and

+ pulsars  + supernovae

Frequency [HZ]

ePTA LISA  LIGO-Virgo-
nanoGRAV KAGRA
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CMB modes
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Gravitational waves observatories

Operational
Under Construction
Planned

LIGO Hanford
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Gravitational waves detection: a summary

3 GW detection during O1
 First direct detection of GW

- From coalescing binary systems
of black holes

- 8 GW detection during O2

+ 1 coalescing binary
system of neutron stars:
electromagnetic
counterpart detected

2015 2016 2017 2018 2019

o0
Yo

]

+ 79 GW detection during O3
+ 44 during O3a, including 1 confirmed

binary system of neutron stars

+ 35 during O3b, including 2 confirmed

systems of neutron stars - black holes

- No electromagnetic counterpart

2020 2021 2022

| :

90 GW Coalescence 1 multimessenger Mass range
detections of black holes event (GW + EM 1.2 = 107 Mo
reported and neutron stars observation) (stellar)
Leila Haegel CA18108 QG-MM
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1811.12907
2108.01045
2111.03606

+ O4 to start

in 2023

> Duration:

1 year

Distance range
40 Mpc = 8 Gpc
(z—1.14)




Matched filtering analysis

> Matched filtering: correlation between the signal template /& and the data s
most efficient way to find a very low amplitude signal

0.5F — Data r
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http://gravity.psu.edu/events/neutron_stars/talks/candonati.pdf

GW analysis with matched filtering

> Matched filtering: correlation between the signal template /& and the data s
most efficient way to find a very low amplitude signal

osk — Data
| — Time-shifted template

-0.5 . . . . .

0 50 100 150 200 250

Time

4k ' ' = Correlatlion vs. time shiftl )-
§°
2(1t) = 4[h*<f> s(f) exp(2rift) df
S, [\MM

00 5l0 1 (.)O 1 éO 2(I)O 2éo

Time offset
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http://gravity.psu.edu/events/neutron_stars/talks/candonati.pdf

GW analysis with matched filtering

> Matched filtering: correlation between the signal template /& and the data s

Lella Haegel

0.5F

— Data "

50

200 250

w

Correlation
N

—

— Correlatlon vs. time shift )-

o
o

Time offset

CAI18108 QG-MM

most efficient way to find a very low amplitude signal

25 = 4[h*<f> S(f) exp(2rift) df



http://gravity.psu.edu/events/neutron_stars/talks/candonati.pdf

GW parameter estimation

> Bayesian analyses: joint posterior probabilities of source parameters
Markov chains sampling methods (Nested sampling, MCMC)

> Binary systems of black holes and/or neutron stars:

15 parameters minimum

+ tidal parameters in neutron stars

Lella Haegel

2 masses

2 spin magnitudes

2 angles for each spin
Reference time

Orbital phase at reference time
Luminosity distance

Right ascension & declination
Inclination angle

Polarisation angle
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https://arxiv.org/pdf/1811.02042.pdf

Tests of general relativity

» Gravitational waves (GW) enable to test
fundamental physics in the gravitational sector
B complementary to tests with solar system,
pulsars, gravitational lensing...

» Several approaches to test for deviation from
General Relativity
> consistency tests
b search for phenomena impacting GW
generation
b search for exotic compact objects...

» New physics may affect the propagation of GW
b gravitational coupling
b overall effect on the signal (independent of
the source)
B cumulative effect
b dynamical regime at large distance due to
Universe expansion

Lella Haegel CAI8108 QG-MM
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https://arxiv.org/pdf/2112.06861.pdf

Outline: tests with multi messenger events
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> Propagation tests with multi messenger events

 gravitational waves friction

L gravitational waves lensing

b speed of gravity

L tests of Lorentz invariance violation
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Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hi + Q+v) H b+ (cjk*> + a®u®) by = a* Ty,

Amplitude
does not scale Speed of Non-0 graviton h. and h.
as 1/distance GW # ¢ mass
Can be probed with Can be probed from GW
multimessenger events signal (pattern & polarisation)
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https://arxiv.org/pdf/1710.04825.pdf
https://arxiv.org/pdf/1710.04825.pdf

Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hi + Q+v) H b+ (cik*> + a’u®) by = a* Ty,

Amplitude
does not scale
as 1/distance
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https://arxiv.org/pdf/1710.04825.pdf
https://arxiv.org/pdf/1710.04825.pdf

Gravitational waves friction

»GW friction: a dispersion impacting the amplitude of the waveform

»Observable: the luminosity distance is modified compared to GR

1 (% ay(2) .

GW _ JEM M / Running Planck mass example

d’"(2) =d; eXp[5J1+’dZ 1.000
0 <

> a;,(z) can be mapped to different
alternative theories of gravitation

»In GR, ay,(z) =0
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https://arxiv.org/pdf/1712.08108.pdf

Standard sirens

~Standard siren = simultaneous observation of electromagnetic and gravitational radiation from the

same event

»The distance (luminosity distance & redshift) can be separately inferred from the two signals,
enabling to measure cosmological and GW friction parameters

- GW190521:

o binary black holes merger

o potential location in AGN disk creating
electromagnetic signal (not confirmed)

oz=044

- GW170817:

o binary neutron star merger
oz=001

LIGO k
o Swope +10.9 h
O e > 4 . $190521g
Virgo 4 ;

N 30°

Fermi/ ‘ o
30 £

GBM
16h 12h 8h 0°

IPN Fermi /
INTEGRAL

-30° \ -30°
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https://arxiv.org/ftp/arxiv/papers/2009/2009.01075.pdf
https://arxiv.org/pdf/2006.14122.pdf
https://arxiv.org/pdf/1710.05832.pdf

From GW friction to scalar-tensor theories

» Scalar-tensor theories of gravitation parameterisation AV = dP() N 1 &
. . . ) = )| =
(Brans-Dicke, Horndeski, beyond-Horndeski, DHOST) L L (1 +2)n
Model =0—1 n Refs.
. 3(n Q'rn
° HS f(R) gravity L fro Y, [68]
a
Designer f(R) gravity —0.240%76 B, 3.100:24 [69]
. 3(n Q‘m.
Jordan—Brans-Dicke 3860 3&_?()2"[ [70]
. ; | Galileon cosmology 2’%‘;& 1%’(9 [71]
an = apa” SMo n [67]
! ay = apo Qﬁf\a) — S8 In Qyp, —lz?—ﬁ 67, 72]
WM Q=1+Q4a" 504 n [6]
c i
] Minimal self-acceleration A (ln Qace + %Xacc) m(;f% [66]
b‘o bQ Q)Q Vv ™ © 2
Holkm Mpc=ts1] Qm,o = n
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https://arxiv.org/pdf/1906.01593.pdf
https://arxiv.org/pdf/2010.04047.pdf
https://arxiv.org/pdf/2010.04047.pdf

GW friction and extra dimensions

» Extra dimensions i M n]
DGP gravity (4+1 dimensions), dVo =1+ (& (2)
quantum gravity models of large extra dimensions i R, |

» D=4 is on the edge on the contour
due to the luminosity distance posterior

skewed towards large values

2
o
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o> NRSur
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https://arxiv.org/pdf/2010.04047.pdf

Dark energy motivated friction

Dynamical dark energy models:

a,, is linked to the energy content of the Universe
ay = C G
M = Cu
QA 0)
la| 1l J
)
| "~ Gwisosz c 1 +z
N — Joint d°V(2) = dM(z) exp 2 In -
R ] 2QA,O Qm,o (1 + Z) + QA,O
B .
Q
D 1
5% g
2‘;\_” === ] ¢y = 0is the GR case
Holkm Mpc~1s™1] Qm, o Cm
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https://arxiv.org/pdf/2010.04047.pdf
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GW friction and lensing

le—19

»Quadruply lensed GW events 6-
event amplitude and arrival time modified
due to the presence of gravitational lensing

|

Strain (m)
(e

~Several images of same event

: : : —2 1
better sky localisation reconstruction
can be matched with host galaxy 4
_6_
T T T % A !
~3600.0 -3599.5 -3599.0 1735985 ~3598.00.5 0.0
X1 parameterization
100 ....................................................................................................... T ............. = o S . A .
10 '
_2 ....... GRValue
10770001 0003 0006 0016 004 01 0251 0631 1585 3981 ,
s Extra Dimension ~ Access to larger distance
| more accuracy on some parameters
4.0 + .............. + ............. + + ............. + ............. + + ............. + ............. + B
------- GR value
3.8
0.001 0.003 0.006 0.016 0.04 0.1 0.251 0.631 1.585 3.981 . .
ST S »Work with Nikhef group
of 1B ‘ ------- GR value see H. Narola talk at GR23 [C3]
.................................................................................................................. j’++++
0

0.001 0.003 0.006 0.016 0.04 0.1 0.1 0251 0.6 0631 1.1 1.585 1.6 2.1
Redshift
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http://gr23beijing.com/article/type/666-1.html

Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hi + Q+v) H b+ (cjk*> + a’u®) by = a* Ty,

Speed of
GW % ¢
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https://arxiv.org/pdf/1710.04825.pdf
https://arxiv.org/pdf/1710.04825.pdf

Speed of gravity

o aart
aers (P

25 — .
2500 1 Lightcurve from Fermi/GBM (10 — 50 keV)
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»>GW170817: binary neutron star merger

Event rate (counts/s)

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

»Time delay: between GW and GRB o

1250 +

mnn-mﬂgmhﬂﬂ ﬂ ﬂ[LHmUrq ol n)’l”il nﬂnl Mﬂm m
0 b R PR R

Lightcurve from INTEGRAL/SPI-ACS

At =1.74£0.05 s

Event rate (counts/s)

»Speed of gravity: can be measured from At Gl wuwu"v"ﬂL
Avy

VEM

120000 { (> 100 keV)
117500 |
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Event rate ((-oullt.\j,,v'"s)

112500

—16
< +7 X 10 INR Gravitational-wave time-frequency map

300

—3 x 107 K

200

Frequency (Hz)

100
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Time from merger (s)
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https://arxiv.org/ftp/arxiv/papers/1710/1710.05834.pdf

The Standard Model Extension (SME) framework

A framework to probe new physics:
Lagrangian description of new physics
New fields coupling know physics
Extensive constraints from the (astro)particle
physics sector

Lsye = Ly + Ler

+ Leproc + Leproy

24
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https://arxiv.org/pdf/0801.0287.pdf
https://arxiv.org/pdf/1603.07452.pdf

EFT for spacetime symmetry breaking

»Breaking of spacetime symmetries (CPT, Lorentz) can be studied with an effective field theory (EFT)
formalism (Standard Model Extension, or SME):

1 ) A A
Loe = Lor g h,, $HP7 4+ gHPe + kM%) b,

Tableau Operator K@wvpo | CPT d Number
| l | |

,U' V)| --- | s .
plo s(d) upovaoo even |even, > 4| (d—3)(d—2)(d+1) Impact GW velocity
Oo|0O

plvio \

ololo (@) ppovoooot= odd | odd, > 5 | 3(d —4)(d — 1)(d + 1)

(o)

'Z Z 5 Z - | () povopooood =6 even | even, > 6 g(d— 5)d(d + 1)

TABLE I: Gauge-invariant operators in the quadratic gravitational action.
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https://arxiv.org/pdf/1602.04782.pdf

Av=—)" Yc’m(ﬁ)(%(—l)HZ
{m

(<2

gravitational

— Cytm

EFT for spacetime symmetry breaking

- Lorentz-violating coefficients from SME can be constrained from speed of gravity

electromagnetic

sector sector
This Work Lower Coefficient This Work Upper
—2 x 1071 550 5x 107"
—3x 107" 5P 7x 107"
—1x 107" —Re 5 2 x 1071
-3 x 107" Im 57 7x 107"
—4 x 1071 —550) 8 x 1071
~1x 107" —Re &7 2 x 107"
—4 x 107" Im 57 8 x 107"
—1x 107 Re 53 3x 107"
—2x 107" —Im &3 4 x 107"

Lella Haegel
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https://arxiv.org/ftp/arxiv/papers/1710/1710.05834.pdf

Outline: tests with gravitational waves signals

Lella Haegel

- Propagation tests with gravitational waves signals

b modified dispersion relation

1 mass of the graviton

L tests of Lorentz invariance & CPT breaking
b anisotropies and spacetime birefringence
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Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hi + Q+v) H b+ (cik> + a®u®) by = a* Ty,

Non-0 graviton
mass
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https://arxiv.org/pdf/1710.04825.pdf
https://arxiv.org/pdf/1710.04825.pdf

Lorentz invariance violation induced GW dispersion

»GW from the coalescence of compact »Breaking of Lorentz symmetry & massive
binaries have a characteristic signal graviton modify the energy relation:
: 2 2.2 2 .4
WD) = | h(f)| et @O +¢0) E* =pcm+mic” + Apc”®

with | hA(?) |, w(t) increasing until merger

> The extra term in A creates a frequency-
dependent dispersion of the GW

T T
Insp|ral Merger Ring-

down il(f) — | il(f) | e_i (¢GR(f) + 5¢(f))

f)(/ogg

> The dispersion is:
- Isotropic
- polarisation independent
- possibly mapped to alternative theories

| — Numerical relativity “ N Of graVitatiOﬂ

I Reconstructed (template)
1 1

L 06 i
2 0.5 L — Black hole separation i
ke; === Black hole relative velocity _
S 04 F

)
> 0.3 F ] ] ] ]
0.30 0.35 0.40 0.45

Time (s)

ORI NWAPL
Separation (Rg)
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https://arxiv.org/pdf/1110.2720.pdf
https://arxiv.org/pdf/1110.2720.pdf

Constraints on modified dispersion relation

»Constraints on A from GWTC-3:  E? = pc* + mc* + Ap“c®

1072 8 § - E § é
2 o s | §
I >

102! - _:g A GWTC-2

O GWTC-3 (41 events)
‘ GWTC-3 (43 events)

[peV>]

Ao
S

0 1 2 3 4 0 1 2 3 4
Q Q
- . . . extra dimensions /
degeneracy with Doubly Special massive graviton

Horava-Lifshitz /

coalescence time Relativity m, < 1.76 - 107%eV/c? .
& non commutative geometry
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https://arxiv.org/pdf/2112.06861.pdf

Constraints on modified dispersion relation

»Constraints on A from GWTC-3:  E? = pc* + mc* + Ap“c®

Lella Haegel
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—1.5
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| ]
1.5 2.0 2.5
(87

w/ GW200219_094415 & GW200225_060421 |
w/o GW200219 094415 & GW200225 060421 |
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2 events presenting a bias
with lowest p-value in residual tests



https://arxiv.org/pdf/2112.06861.pdf

Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hi + Q+v) H b+ (cik*> + a’u®) by = a* Ty,

hy and hx
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https://arxiv.org/pdf/1710.04825.pdf
https://arxiv.org/pdf/1710.04825.pdf

EFT for spacetime symmetry breaking

»Breaking of spacetime symmetries (CPT, Lorentz) can be studied with an effective field theory (EFT)

formalism (Standard Model Extension, or SME):

Lella Haegel

1 o AN o 7, vpo
L =L +Zh”’/ (PO 4 gHPo 4 kﬂp)hpa

Tableau Operator K@wvpo | CPT d Number
’LL v | d—4
plo s(d)upovaoo even |even, > 4| (d—3)(d—2)(d+1)
Oo|O
wlv|o \
plofo q(d) upovosoo®=? odd | odd, >5 |2(d—4)(d—1)(d + 1)
(@)
'l: Z g Z - () povopooood =6 even | even, > 6 g(d— 5)d(d + 1)

TABLE I: Gauge-invariant operators in the quadratic gravitational action.

CAI8108 QG-MM

Impact GW momentum:
dispersion effect



https://arxiv.org/pdf/1602.04782.pdf

Polarisation-dependent, anisotropic dispersion

> New fields coupling with the metric: dispersion impacting the GW signal

nME = e"(cos f Fisin9 cos g sin f) hS — e(cos d + isinIsing) sinf

5 = 0@ {0

=T

1,2,3 d—4 (d)
9.0 1= Y o BBk, ]
dim

v
frequency-dependent dispersion coefficients to constraint

anisotropic effect

polarisation-dependent dispersion: analogous to birefringence

Lella Haegel CAI8108 QG-MM
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https://arxiv.org/pdf/1905.00409.pdf

Measuring SME coefficients for d=>5

- Dispersion: starts at mass dimension d =5

(d=5)
k(V),iJ'

includes Lorentz invariance and CPT breaking

controlled by 16 coefficients

> Modified GW signal: i, = cos f} th —sin f th

— 2 (d=5)
ot T

=16
|5 1o =Tp = 50, non-spinning, D; = 2Gpc - 1M1 =My = 50, non-spinning, Dy, = 2Gpc - 1M1 =My = 50, non-spinning, Dy, = 2Gpc
— GR — GR
 1,d=5_14a. ‘ d=5 _
1.0 kw,j=1e-13 1.0 kv, y=1e-14 ﬁ ”
0.5 0.5 A
+ + +
= = =
g 00 g o00- | 1l =
© © aatat ©
2 +> ‘ I 1 ® ey
n N i n
-0.5 —0.5 A ’ V M Hr
~1.0- ~1.01 k
-1.5 T T T T T T -1.5 T T T T T T -1.5 T T T T T T
-0.10 —-0.08 —-0.06 -0.04 —-0.02 0.00 0.02 -0.10 —-0.08 —-0.06 -0.04 —-0.02 0.00 0.02 -0.10 —-0.08 —-0.06 -0.04 —0.02 0.00 0.02
Time t Time ¢t Time ¢t
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https://arxiv.org/pdf/2108.06298.pdf

Constraints from individual events

> Analysis: GWTC-3 (O1 + O2 + O3)
45 events with higher SNR chosen (FAR > 2 / year)
joint measurement of source and SME parameters

- Constraints: individual = 0(10713)
combined = 6(1071%)

x1014

PRELIMINARY  CWTC.3
3.0 GW170729
.- GW170814
GW190517 055101
2.0 —  GWI190519 153544
x GW190521 074359
1.5-§ ——  GW190706.222641

GW190720_000836
GW190828 065509
— GWI191129 134029
GW200225 060421

1.0

0.0 0.2 0.4 0.6 0.8 1.0
(d=5)
& v

x10~13

Lella Haegel CAI8108 QG-MM




Constraints from combined events

- Modified GW signal: i, = cos # hS" —sin g hSF

i=16

o 11
.| ®e F=wrTl gy koo
s 1 /3
ER \ | & @ b =/ —cosf kg

10 2\! "T
§ 9\ |@& @& / [3
_ — {/ =—sinf (cos ¢ Re(kyy) —sing Im(kyy)
:  o®o e e e \ Qﬂ_sm (cosd Re(kyy) —sing I'm(kiy))
o 1 /5
o @\ @©® e @ 9 + - —)(3(0s 0 —1) ko
£ 4\' (s
AN K Warar i [15 ‘ . A
¥ — \ 77 S sinf) cosf (cosp Re(ka1) — sing Im(ka1))
{ @@\ @® @ e @ 17'1"
; Z I\ & e e ® /e @& + ;\)—: sin? @ (cos2¢ Re(kas) — sin2¢ Im(kas))
s 1 [7
I @@\ @ ® @ ®@® /@ F oy | Z(5c0s® 6 — 3cosB) ks

,g ’Tr
£ 4/ @ ® \ |\ @ ® \ @ @@ 1 [21 [
o - \ — sinf (5 cos® @ — 1)(cos @ Re(ksy) — sing Im(ksy))
2Kk A X 0 N N A N AN AV 7
L 1 /105 | . .
g | @ ® @ ® ® L @ ® ® @ ® @ & 1 5\1' )__) Slll 0 cos ((‘()S 20 1])((1\;3) — sin 2¢ 1‘171(}\7;;2))
T Z Y 4T
g 1 35
g 0 e\ @ @ ¢ @oe /@7 0e 8 — 1\ 7) sin® @ (cos 3¢ Re(kss) — sin 3¢ Im(kz3z))|
YA W AR I AN A WA KA

—-25 0 25 -250025 —-10 0 10 —25 0 25 —-100 10 -2 0 2-2500 2520 0 20-10 0 10-2 0 2-2 0 2-5 0 5-2 0 22 0 25 0 55 0 5
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Robustness of the analysis

> Correlation with source parameters

»Impact of waveform model How the SME posteriors depend on
How the K98 modelling the astrophysical parameters
+,X

impact the SME constraints

-0.3694217180149654
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Conclusion

IIII T T IIIIIII T T IIIIII_‘
s HoOrizon

10% detected]
50% detected -

100 F

- GW enable to test several beyond-GR 10 |
phenomenology: g
- speed of gravity é
- graviton mass 1
- spacetime symmetry breaking
- scalar-tensor theories of gravitation — ET
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> Current sensitivities are still relatively low o —
- next generation instruments will probe a larger ol
volume of the Universe ol
- 3G terrestrial detectors: Einstein Telescope / ol
Cosmic Explorer can detect up to z = 100 ol
- Spatial mission: LISA will have access to lower £ 0
frequencies & higher redshifts : sl
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https://arxiv.org/pdf/1806.00471.pdfhttps://arxiv.org/pdf/1912.02622.pdf

Supplementary material
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Alternatives theories of gravity

»Doubly special relativity:
Modification of special relativity with the addition of an observer-independent maximum energy ;
length scale (Planck length / energy). Motivation: same scale of quantum gravity effects for all observers

»Horava-Lifshitz gravity:
Quantisation of gravitation with a QFT approach, where ghosts are avoided by introducing
anisotropic scaling between space and time at high energies

»DGP gravity:
Extension of the Einstein-Hilbert action to a 4+1 Minkowski space. Motivation: acceleration of the
Universe expansion without A.

»Horndeski (and beyond) gravity:
General formulation of scalar-tensor theory of gravitation (includes Brans-Dicke, DHOST, linked to
Gauss-Bonet). Particularly used to study inflation, metric perturbation, cosmological effects.

~f(R) gravity:
Class of beyond-GR theory where the Ricci scalar R follows an arbitrary function. Presence of
equivalence with scalar-tensor theories for GW.
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https://arxiv.org/pdf/1003.3942.pdf
https://arxiv.org/pdf/1701.06087.pdf
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Gravitational waves detection with interferometry

> The variation of space-time interval

is measured with light interferometry.

> A light beam is divided in two beams

travelling along orthogonal arms.

> Mirrors in the end of the arms reflect
the beams back to a photodetector.

» If no gravitational wave passes through,

the arm length remains the same and
the interference pattern is the sum

of the splitted electromagnetic waves.
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https://www.economist.com/science-and-technology/2019/08/22/gravitational-astronomy-proves-its-maturity

Gravitational waves detection with interferometry

> The variation of space-time interval
is measured with light interferometry.

> A light beam is divided in two beams
travelling along orthogonal arms.

> Mirrors in the end of the arms reflect
the beams back to a photodetector.

» If a gravitational wave passes through,
the arm length is different and the
interference pattern is distorted.
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LIGO-Virgo sensitivities

> Ground-based light interferometers are sensitive to the frequency range 10 - 103 Hz

> Signals entering the detection range are coalescence of compact binaries (stellar-
mass black holes or neutron stars) and possibly pulsars

O3 sensitivity
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https://dcc.ligo.org/public/0166/P2000061/010/o3a_catalog.pdf
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>~ Database automatically updated:
- GraceDB contains low-latency
information about the event
- In case of possible neutron star,
alert sent to satellites and telescopes

to search for electromagnetic counterpart
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Detection range: during O3a run

Different type of searches:

- 4 modelled searches pipelines

- 2 unmodelled searches pipelines

ons |

Terrestrial | <1%
NSBH | 0%
MassGap | 0%
BBH | 0%

50% area: 423 deg?
90% area: 2589 deg?

60°
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Candidate identiﬂcation with modelled searehes

» Modelled search:
> algorithms comparing template banks signals with datastream

> calibrated to binary black holes templates with masses in [2 - 750 Mg]

» matched filtered correlation triggers detection
> 3 different pipelines: MBTA, pyCBC, GstLAL
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https://arxiv.org/abs/2111.03606

Candidate ident_iﬂcation with unmodelled searches

> Unmodelled search:
> Search for coherent excess power
> Target events not in template banks (supernovae, spacetime defects, etc)

> 1 pipeline: c(WB
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O3a event properties
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GW191103-012549
GW191105.143521
GW191109.010717
GW191113.071753
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Network observation plan

> 2 more observation runs planned (up to 2027)

> Post O5 plans under discussion
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