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Consistency tests within GR

CONSISTENCY TESTS WITHIN GR
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Consistency tests within GR

The gravitational chirp of binary black holes
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Consistency tests within GR

The gravitational chirp of binary black holes
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Consistency tests within GR

The inspiral-merger-ringdown (IMR) model
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Effective methods that interpolate between the different phases play a crucial role
@ The effective-one-body (EOB) approach [Bucnanno & Damour 1999
@ The inspiral-merger-ringdown (IMR) [Ajith et al. 2008]
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Consistency tests within GR

PN parameters in the orbital phase evolution
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@ The PN parameters come from a mixture of conservative and dissipative
effects through the energy balance equation

conservative energy
d FE
- fGW
dt N~

dissipative energy flux

@ The orbital phase ¢ = [wdt is obtained as a function of x = (GMW)2/3 and
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Consistency tests withi

n GR

The kI’IOWﬂ 3.5PN parameters [see Blanchet 2014 for a review]
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Consistency tests within GR

The kI’IOWﬂ 3.5PN parameters [see Blanchet 2014 for a review]
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Consistency tests within GR

The knOWﬂ 3.5PN parameters [see Blanchet 2014 for a review]
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Consistency tests within GR

Measurement of PN parameters (uico viro 2017, 2
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Consistency tests within GR

Inspiral-Merger-Ringdown consistency test [1ico viro 2016]
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Tests of BHs and exotic compact objects

TESTS OF BHs AND EXOTIC COMPACT OBJECTS
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Tests of BHs and exotic compact objects

Testing the no-hair theorem with the ringdown

@ The merger of two black holes produces a distorted BH who emits ringdown
radiation to shed hair
@ The frequency modes of ringdown radiation are [e.s. Berti, Cardoso & Will 2006]

(n = overtone index)
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Tests of BHs and exotic compact objects

Test of the NS equation of state (Lico virgo 2017]
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Tests of BHs and exotic compact objects

Test of the NS equation of state (Lico virgo 2017]

o Contribution to the GW chirp
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Tests of BHs and exotic compact objects

Postmerger echoes (c.roso & pani 2016]

@ Suppose that the object formed by the merger of two BHs contains a
material surface between the horizon at 2M and the photon sphere at 3M,

Rmaterial = 2M + € with e< M

o In that case the ringdown radiation at frequency fringdown ~ /M should be
followed by a succession of echoes at frequency fecho ~ 7/ Techo With

€
reo = MJin (57)

@ Echos may reveal the existence of ultra compact exotic objects with radius
between the Buchdahl limit Rg = %M and the photon sphere 3M
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Tests of BHs and exotic compact objects

Postmerger echoes (c.roso & pani 2016]

@ Speculate that € is the Planck 1.0 N 010
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Luc Blanchet ( 2 Tests of GR Journée ET-France 16/



Tests of alternative theories

TESTS OF ALTERNATIVE THEORIES
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Tests of alternative theories

GW solutions in metric theories of gravity

@ Small perturbation of the metric around flat space-time
Guv = Muv + hyw with R, | <1

@ Restrict attention to theories admitting GW solutions propagating at the
speed of light: ¢, = 1. Far from the sources the waves are planar hence

Ohy =0 <= hyy =hu(t—=2)

© From the linearized Bianchi's identity obtain

‘ ORuvpe =0 <= Ruvpo = Ruvpo(t — 2) ‘

showing that GWs have an invariant, coordinate-independent meaning

@ The six components Ro;; (where i, j = z,y, z) represent six independent
components (polarization modes)
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Tests of alternative theories

GW polarization modes in metric theories of gravity
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Tests of alternative theories

GW polarization modes in metric theories of gravity

@ General Relativity
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Tests of alternative theories

GW polarization modes in metric theories of gravity
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Journée ET-France 19/28



Tests of alternative theories

GW polarization modes in metric theories of gravity

Luc Blanchet

Tests of GR

@ General Relativity

@ Scalar-Tensor theory
[e.g. Will 1993]

@ Massive Gravity theory
[e.g. de Rham 2014]

Journée ET-France 19/28



Tests of alternative theories

GW polarization modes in metric theories of gravity

@ General Relativity

Scalar-Tensor theory
[e.g. Will 1993]

@ Massive Gravity theory
[e.g. de Rham 2014]

@ Scalar-Vector-Tensor
[Sagi 2010]
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Tests of alternative theories

Test on polarizations with GW170817 (Lico-vigo 2017

independent
polarizations

6 N —_——
h(t) =Y FA0,8,9) halp(t),i(t)] A= (+,%,2,,b,0)
A::l%/_/

detector response
functions

@ Coherent Bayesian analysis of the signal properties with the three
interferometer outputs LIGO-Virgo

@ The phase evolution of the GW is described by GR templates, but the
polarization content varies

@ The sky location of GW170817 is constrained to the host galaxy NGC4993
@ Overwhelming evidence in favor of pure tensor polarization modes in

comparison to pure vector and pure scalar modes with a (base ten) logarithm
of the Bayes factor

log,o By = +20.81+0.08  log,, BI = +23.09 +0.08
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Tests of alternative theories

Bounding the mass of the graviton wii 1o

@ Dispersion relation for a massive graviton

Ug2 1 mé ! ith By = hw
—_— = —_ WI =
c? E2 £ £

@ The frequency of GW sweeps from low to
high frequency during the inspiral

@ The constraint is [LIGO/Virgo 2016]

mg S1072eV| = A\ 20.02ly

@ But too low to be relevant to the problem of
the cosmological constant

2
mg

= mg ~3.7107%%eV
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Tests of alternative theories

Constraint on the number of space-time dimensions

@ Theories with non-compact extra-dimensions generically predict a deviation
from the law h®W  1/d;, due to gravitational leakage into extra dimensions

@ Those that admit a screening scale R, exhibit gravitational leakage above
this scale [Deffayet & Menou 2007; Pardo, Fishbach, Holz & Spergel 2018]
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Tests with the speed of GWs

TESTS WITH THE SPEED OF GWs
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Tests with the speed of GWs

The advent of multi-messenger astronomy
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Tests with the speed of GWs

Speed of gravitational waves versus speed of light
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Tests with the speed of GWs

Test of the strong equivalence principle pei & kahys 2016]

@ The test involves the cumulative Shapiro time delay due to
the gravitational potential of the dark matter distribution

@ The violation of the equivalence principle is quantified by a
PPN like parameter ~, depending on the type of radiation
a = GW, EM. For a spherical mass distribution

GM D
Atghapiro = (1 + A/a)cig In <b>

@ The main contributions come from the galaxy NGC4993
and our own Galaxy with mass Myw = 5.6 101 M,

@ Assuming an isothermal density profile for dark matter
this yields about 400 days delay in GR

@ The observed difference in arrival time At = 1.7 s yields observer

Ivew — Yem| S 1077 ‘
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Tests with the speed of GWs

Dal'k energy aftel‘ GWl 70817 [Bettoni et al. 2017; Creminelli & Vernizzi 2017]

o Consider models of dark energy and modified gravity characterized by a single
scalar degree of freedom (with X = ¢#¥0,,¢0, ¢) [Horndeski 1974]

L =Ga(p, X) + G3(¢, X)Og + Ga(, X)R
o 2G47X(¢’ X) (Ij('252 - ¢HV¢#V) + G5(¢a X)EP«V(b#U

+ éaww, X) (06 — 3066 ¢ + 2047 602

e Imposing the speed of GWs to be one (i.e. ¢g = ¢t = 1) drastically reduces
the space of allowed theories

conformal coupling cubic galileon

—— ——
Leg=1=Ga2(¢, X) + Bu(¢9)R + Gs(¢, X)0o

@ In beyond-Horndeski theory [Gleyzes, Langlois, Piazza & Vernizzi 2015] another type of
term is also allowed
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Tests with the speed of GWs

Mondian dark matter after GW170817 [woodard et 1 2015

In TeVeS [Bekenstein 2004] which is a specific version of relativistic MOND theory:

o Gravitational waves couple to the Einstein-frame metric g,,,, produced by GR
without dark matter

@ Ordinary matter couples to the Jordan-frame metric g,,,, which is a disformally
transformed metric that would be produced by GR with dark matter

G = € (g + ULU,) — e U, U,

@ This theory is excluded by the test of the speed of GWs
@ But other MOND-motivated theories (e.g. Khronon theory) survive the test
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