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Introduction

» Gravitational waves (GW) enable to test
fundamental physics in the gravitational sector

b complementary to tests with solar system, nspital | | Merger Ring:
pulsars, gravitational lensing... [ down
» Several approaches to test for deviation from ‘ )
General Relativity P 1.0 ﬁ | 7
 consistency tests 05 -
. . —
b search for phenomena impacting GW — 0.0 /\/\»—-
generation §-0.5 u U _
. . n
b search for exotic compact objects... 1.0 L _ _ | _
: — Numerical relativity
I Reconstructed (template)
I I | |
. I I I | :E”
» New physics may affect the propagation of GW = 0.6 |- 14 2
T ) 2 0.5 || — Black hole separation 13 o
b gravitational coupling ‘G "~ [| == Black hole relative velocity 42 %
: : O 04 o
b overall effect on the signal (independent of g 11 8
>03 . | L 1o @
the source) 0.30 0.35 0.40 0.45
b cumulative effect Time (s)

b dynamical regime at large distance due to
Universe expansion
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Gravitational waves detection: a summary

» 3 GW detection during O1 » 39 GW detection during O3a
+ First direct detection of GW + O3b detections still under
+ From coalescing binary systems analysis

of black holes 2 coalescing systems of

neutron stars - black holes

+ 8 GW detection during O2 (no counterpart)

1 coalescing binary system of
neutron stars: electromagnetic
counterpart detected

P T A S

2015 2016 2017 2018 2019 2020 2021

-

o & &)

52 GW Coalescence of 1 multimessenger Mass range Distance range
detections compact objects event (GW + EM 1.4 = 95 Mo 40 Mpc — 4.4 Gpc
reported (black holes, observation) (stellar) (z — 0.45)

neutron stars)
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Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hii + 2+v) H b+ (k> + a’p®) hy = 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

hii + 2+v) H b+ (cik> + a’p’) hy = 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

»Breaking of Lorentz symmetry & massive

»GW from the coalescence of compact
graviton modifiy the energy relation:

binaries have a characteristic signal

h(t) = | h(f)| et @O +o0) E?=p%c* + mg2c4 + Ap“c?

with | hA(?) |, w(t) increasing until merger
> The extra term in A creates a frequency-
dependent dispersion of the GW

T T T T
Inspiral Merger Ring-

dowfn h(F) = |A(f)| e~ @arlh) +60(/)
—~ > The dispersion is:
‘?2 - anisotropic
< - polarisation independent
©
50> “ - possibly mapped to alternative theories
-1.0 7= Numerical relativity 7] Of gravitation
I Reconstructed (template)

Q0.6+

2 0.5 L — Black hole separation

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 Lorentz invariance violation

»Constraints on A from 31 GW events
detected during O1 + O2 + O3a (GWTC-2 catalog)

E? =p?c? + mgzc4 + Ap“%c?

1.5
4 4
01 + 02
- 1.0 7 constraints
S
W 05- 27 2"
= ' 01 + 02 + O3a
g constraints
e $ 0- 0- i
S
Ts —0.5 - 19 19
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144 144
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non commutative geometry
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https://arxiv.org/pdf/2010.14529.pdf
https://arxiv.org/pdf/2010.14529.pdf

Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hi + 2+v) H b+ (cik* + a’u) hy = 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):

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
'u, vio| :--- ‘
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.
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Impact GW momentum:
dispersion effect,
this study


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

Polarisation-dependent, anisotropic dispersion
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> The coupling of new fields with the metric modified the GW propagation in a frequency-dependent,

polarisation-dependent, anisotropic way:

SME _
h+ X

= ¢"(cos B F i sin 9 cos ¢ sin jf) hfﬁ

5.0.9.9 {1 *0 2 D 0 Y, (0.9) iy
dim
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Time ¢t
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https://arxiv.org/pdf/2108.06298.pdf
https://arxiv.org/pdf/1905.00409.pdf
https://arxiv.org/pdf/1905.00409.pdf

Polarisation-dependent, anisotropic dispersion

> Analysis of events from O1 + O2 + O3a ongoing

- Preliminary results with 28 events shows individual limit ~ ©(10713), joined limit ~ 6(107!°) at 90% Cl

x 1014
2.00 1
PRELIMINARY —— GWTC-2
1.751 GW190408_181802
GW190519_153544
1.50 1

GW190521 074359
1.25 1 GW190706 222641
—  GW190720_ 000836

1.00 — GW190828_065509
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0.501
0251 —
0.00 A ———
0.0 0.2 0.4 0.6 0.8 1.0
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Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hi + 2+v) H b+ (k> + a’u®) hy = a° Ty,

Speed of
GW % ¢
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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):

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

Tableau Operator K@wvpo | CPT d Number
| l
'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)
(@)
'Z Z g Z aal k(d) povopogood=F even | even, > 6 2(d—5)d(d + 1)

TABLE I: Gauge-invariant operators in the quadratic gravitational action.
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Impact GW velocity:
constrained with the
BNS event GW170817


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

Multimessenger event: GW | 7081/

»>GW170817: binary neutron star merger > Difference in time of arrival between
electromagnetic and gravitational radiation
enables to constrain the speed of gravity:

pe, aXe art
A\ev ¢ G \\\7’

Lightcurve from Fermi/GBM (10 — 50 keV) Av
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the SME:
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https://arxiv.org/ftp/arxiv/papers/1710/1710.05834.pdf

Gravitational waves propagation

General relativity (GR) case:

% 2 7,2 —
B +2 H hy+c2 K hy = 0

hii + 2+v) H b+ (cik* + a’u®) hy = 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

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 ;

Fermi/ ‘ o
GBM 30 E <—]
16h 12h 8h

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

Constraints on GW friction

> Large extra dimensions (DGP gravity and other non-
compactified extra dimensions quantum gravity theories)

d?"(z) =

Qm, 0

4 <d5M<z>>”
RC

B 68%

95%

S ® & O ™
S S o7 o o

Holkm Mpc~ts71] Qm.o

D-2
2n

Qm, 0

Holkm Mpc=1s71] Qm,o D

> Scalar-tensor theories of gravitation parameterisation
(Brans-Dicke, Horndeski, beyond-Horndeski, DHOST)

Lo |
1 — &
b

2+ —
(1+2)m

dV(2) = dM(z)
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https://arxiv.org/pdf/2010.04047.pdf
https://arxiv.org/pdf/2010.04047.pdf

Conclusion

T == Adv Virgo
d —=-~ET-B
) ET-D
1021y 3
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» GW enable to test several beyond-GR phenomenology: T R
. ‘T i \\
- speed of gravity L BN ;
. N\
- graviton mass £ .\,
. . » 1023 A
- spacetime symmetry breaking 5 N
- scalar-tensor theories of gravitation | R A
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> Multimessenger studies are complementary to GW-only quency [
tests . . 100 £ T Horizon ]
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50% detected -
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» The best is yet to come e
towards the advanced Virgo / Einstein Telescope era 3
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https://arxiv.org/pdf/1912.02622.pdfhttps://arxiv.org/pdf/1912.02622.pdf

Bonus
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Gravitational waves sources
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Leila Haegel, APC Laboratory
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Measuring SME coetfficients for d

=D

> In practice: look at each mass dimension separately
» Dispersion starts for mass dimensiond =5

. Itis controlled by 16 coefficients k‘¢=>)

(V)uij
» The modified GW signal is: , (11
[} =W T | 3 f A’()()
— \ "
h+ = COSﬂ th — Slnﬁ th : %\% 0s 0 kg
\ )i_ sinf (cos¢ Re(kyy) —sing Im(kq1y))
(d=>5) L
Constrain k(v) effwrch individual - 4 Beoo— 1) b
eventsl then relnterpret the constraint \ i: sinf cosf (cos¢ Re(k21) —sing I'm(k21))
as a single coefticient / all coefficients A
t . t : ;\ )— sin? @ (cos2¢ Re(kas) — sin2¢ Im(kas))
constrailn < ¥ &m
} i\z( 5c0s° 0 — 3cosf) kg
[«
4\ - sinf (5cos®f — 1)(cos ¢ Re(ksy) — sing Im(ksy))
(d=5) 1 ,v'l()’) o _ o _
k(V) 7 : ;\ . sin® 6 cos@ (cos2¢ Re(kso) — sin2¢ I'm(kss2))
e 2V 2
i\ ; sin® 0 (cos 3¢ Re(kaz) — sin3¢ Im(kaz))|
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GW friction and extra dimensions

» D=4 is on the edge on the contour
due to the luminosity distance posterior
skewed towards large values
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https://arxiv.org/pdf/2010.04047.pdf
https://arxiv.org/pdf/2010.04047.pdf

From GW friction to scalar-tensor theories

» Scalar-tensor theories of gravitation parameterisation AV = dEM() N 1 -2
. ) i <) = )| =
(Brans-Dicke, Horndeski, beyond-Horndeski, DHOST) L L (1 +2)n
Model =0—1 n Refs.
° HS f(R) gravity %fRO 3(47"21()227” [68]
c
Designer f(R) gravity —0.240%76 B, 3.100:24 [69]
Jordan-Brans-Dicke 3860 3(4531()253"” [70]
¢ 1 - . Beo bo
. | | Galileon cosmology M 15’7(;.) [71]
an = apa” SMo n [67]
! ay = apo Qﬁf\a) — S8 In Qyp, —lz?—ﬁ 67, 72]
WM Q=1+Q4a" 504 n [6]
< i
: Minimal self-acceleration (ln Qace + %Xacc) m(;f% [66]

Holkm Mpc=ts1]
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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

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
https://arxiv.org/pdf/hep-th/0005016
https://arxiv.org/pdf/0805.1726
https://arxiv.org/pdf/1901.07183

