lesting gravity with binary plack hole
coalescences: results ana prospects

Walter Del Pozzo
For the LIGO Scientitic Collaboration and Virgo Collaboration
University of Pisa

G1701003

Walter Del Pozzo 1 GWPAW 2017, Annecy, France



UNIVERSITA DI PISA

Why test general relativity”

e GR is non renormalisable

* higher order terms in the action S AR LAAAARAM) LMD RAARI 112

e Dark matter & dark energy : 1 .
e signature of modified gravity? ) 15
» GR is extremely well tested in E
between these regimes (Will, T :
arXiv:1403.7377, Psaltis, arXiv: 5 Nars o s, tam0 Toss w00 ©
0806.1531)
Weisberg & Taylor, arXiv:0407149
Kramer+,arXiv:0609417
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What to test for? VRS

* Alternative theories
* |ntroduce extra degrees of freedom:
* additional fields
* higher-curvature terms
* Challenge GR assumptions:

e | orentz Invariance

* Equivalence principle

Lovelock theorem: In 4D, the only divergence free
symmetric rank-2 tensor constructed only by the metric and
Its derivatives up to 2nd order and preserving
diffeomorphism invariance is the Einstein tensor plus a

constant.
| Higher dimensions I | WEP violations I

Extra fields Diff-invar. violations

| Nondynamical fields |

Dynamical fields
(SEP violations)

| Massive gravity I | Lorentz-violations |

Palatini f(R) dRGT theory Einstein-Aether
Eddington-Born-Infeld Massive bimetric Horava-Lifshitz
, , gravity n-DBI
* Need tests in the strong-field
Scalar-tensor, Metric f(R) Einstein-Aether TeVeS
Horndeski, galileons Horava-Lifshitz Bimetric gravity
drati ity, n-DBI .

Quadratic graviti 1 Berti+,1501.07274
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* Fleld strength
GM
2R

e Curvature (Kretschmann scalar)

€ —

g _ (RaﬁvéRaﬁ’ycS)l/Q

* (Gravitational waves from binary
black holes are the optimal probes
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Potential, © Baker+,arXiv:1412.3455
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Gravitational strong-fielo

* Fleld strength
GM
2R

e Curvature (Kretschmann scalar)

€ —

S _ (RaﬁfyéRaB’yé)l/Q

* (Gravitational waves from binary
black holes are the optimal probes

e Space-time is dynamic
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(Gravitational waves

* [n GR, gravitational waves (GW) are wave
solutions to Einstein’s equations generated from
time varying mass quadrupoles and propagating
at the speed of light

XS

Inspiral Merger Ring-

o

down

* The GW signal is a messenger carrying PR 1.0 ﬂ ” i
information about i, 05 |-
| | S00F —
e binary dynamics and component nature B.os | )
’ |
* non-linear dynamics of space-time -1.0 H—Numerical relativity “ .
N Reconstructed (template 1 1
* final object nature —_ ' &
L 0.6 =& =
. . . > | = Black hole separation 413 &
 Matching observed data with a solution to S gi === Black hole relative velocity 15 %
Cinstein’s equations allows inference of all of the $ 03 11 8
: I L 1o o
abOVe 0.30 0.35 0.40 045 ¥
Time (s)
LVC, arXiv:1602.03837
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(Gravitational wave solutions in GR

UNIVERSITA DI PISA

Quasi-circular Plunge Ringdown
inspiral and merger

* Binary black holes solutions are o
constructed combining:

BNes’,
* post-Newtonian theory In the weakly ' ~x / £ &/ " /A

non-linear inspiral regime
h(t)

* direct numerical solution Iin the | ‘“
highly non-linear merger regime i : o

y H””U'

e perturbation theory in the ringdown

regime _ Black hole
Post-Newtonian Numerical perturbation
techniques relativity =~ methods

Walter Del Pozzo 7 GWPAW 2017, Annecy, France
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UNIVERSITA DI PISA

VIRG

* Accurate solutions obtained by direct GW — 87TTW
iIntegration
el e N NI PN e
- . . _ _ SN RS SN NN L i T e
 Formulation and implementation highly non- BT ————
trivial i o mBaaad
[

Computationally challenging

 Numerical solution used to inform and
complement analytical formulations:

\ M
e Effective one body (Buonanno & Damour, \ | A
arxXiv:9811091, Bohe+,arXiv:1611.03703) 5 o
VU
!
 Phenomenological (e.g. Khan+,arXiv: W
1508.07253) I I R (2.;85 PETRE
Walter Del Pozzo 8
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GW templates in GR

* Analytical, parametric description of

GW solution in

h(f;0)=A

GR

(f;6)e" i)

®(f;0) = ©(f; m1,ma, 51, 52)

e Suitable for de

estimation ana

‘ection and parameter

VSes
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GW in alternative gravity ey

* Alternative to GR can introduce extra-tields, curvature terms, challenge GR pillars, ...

 Almost no full solution in non-GR known

« GW phase is modified:

 non-GR action (extra fields, higher curvature, ...): no full non-linear description, only

post-Newtonian

e Propagation (Lorentz violations, gravir

on mass, ...): G

modified GW propagation (see Samajdar’s talk)

 non-GR BHs (extra-fields, exotic objects):

e tidal deformability

* ringdown spectrum (see London, Cabero and Ghosh’s talks)

» Echoes (see Nielsen and Abedi talks)

R-like

dynamics, but

Walter Del Pozzo
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* The detector output is linear 10

d(t) = h(t;0) +n(t)

+ where h(t; 0) s the gravitational wave strain and n(t) is the noise =
time series d

* [he noise is a zero-mean stationary Gaussian stochastic process

1
<n(f)n(f) >= 5S(H3(f — f) |
» The probability of a given noise realisation (ab) = 4Re / df a*(f)b(f) +a(f)b"(f)

p(n)
* The probability of a data realisation given a GW signal

p(d) N 6—(d—h|d—h)/2

SNR = +/(d|h)

Walter Del Pozzo 11 GWPAW 2017, Annecy, France
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Residuals pido

UNIVERSITA DI PISA

Hanford, Washington (H1) Livingston, Louisiana (L1)
« After subtraction of the best fit GR waveform, the | j :
residuals must be consistent with Gaussian gg
ﬂOISG (,:}’" -1:0 e {— Llobserved =
p(residuals) ~ p(n) 2 MR -
* Use un-modelled methods (Cornish & o= || —— :
Littenberg, arXiv:1410.3835) to search for .,y: ; e : =
coherent power in the residuals O-OWWVWWM/W/WWWMWMWW
-0.5 [[— Residual | [[— Residual] 7
e GW150914 residual SNR < 7 at 95% confidence 1.0 ,
0.8 — _
« Match between GW150914 and the best GR
template > 96% = 06 I -
© 04 - _
SN R?
FF = del . SNRy.: =25 SNR,..<T7 02- _
9 ) et 9 res =
SNR; , +SNRZ,_, . | |
FF > 0.96 4 > 6 7 8 LVO, arXivite02.03837

SNRos5 VC, arXiv:1602.03841
Walter Del Pozzo 12 GWPAW 2017, Annecy, France
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o

Coalescence analysis || pido

* The signal model h(t;0) depends on a set of
parameters 6

D=9 for non-spinning binaries: masses,
orientation, sky location, reference time and
phase, luminosity distance

« D=15In general: spin vectors

 More parameters for extra physics (e.g. BH
charges, tests of GR, tidal effects, etc...)

* |nference done via Bayes' theorem

* [he problem is tackled using stochastic samplers
(Veitch+,arXiv:1409.7215)

p(dw, H, I) likelihood
p(d‘Ha I) evidence

p(60]d, H, ) = p(6|H, I

posterior prior
ANl e\ 1w R N b 7
. 7S NN —-“L\a-\ 5 & !! ~?-‘/‘A_ l-d"-
' N TRt T — S Y —— T
R N VT s icr

b

few days later

= Qverall
— |IMRPhenom

20 - ! !

T T T T T
25 30 35 40 45 50

mi™e Mo LVC,arXiv:1602.03840
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Parametrised tests of GR VikS
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* GW waveforms are expressed in terms of effective series,

for the Phenom family: waveform regime
| parameter f—dependence
. _ . d(f;0
h(f;0)= A(f;0)e" (30) 560 F513
; (DN £(k 0P, f
L) — —5)/3 T
O(f;0) = Z(Sﬁk T P ) fU0)3 Z pig(f) 605 £ 2
k=0 | | i#k | 605 23 e
post-Newtonian series effective series L. . . 13 D
o early-inspiral regime 0Py f =
pj = y(mi,ma, 81, 8) 6ps  log(f) 2
* Modified theorips of gr.avity change the Sgries (e.g. PPE: 606 f13 5
TL1J8282§8|;I’6’[OI’IUS, arxiv:0909.3328, Cornish+,arXiv: 506/ 13 10g(f)
2089) 641 3
 Perturb the GW phase around GR (Li+,arXiv:1110.0530, it raos 6> log f
Agathos+,arXiv:1311.0420) HHCTICCIALE TEgme 5B -3 @
B3 f =
~ _  GR A A L e f 2
Yi=¥j (1 T 5903) 5903 =0 GR merger-ringdown regime |  §d; 34 5
 Bound violations by computing posterior distributions for 6ds  tan”'(af +b)
the (5@]- in concert with the physical parameters of the
system

LVC, arXiv:1602.03841
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Post-Newtonian constraints pido
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GW151226
‘ GW151226+GW 150914

— . . . . . . — 10! l l l l l l l l
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PN order
» Constraints not achievable by any other means

e Can be mapped to the space of specific theories (e.g. Yunes+,arXiv:
1603.08955) VC,arXiv:1602.0384

LVC,arXiv:1606.04855
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Constraints on space-time dynamics
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GW150914
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Reconstructed waveform consistency

e |f GR Is verified, the recovered GR
waveform must be self-consistent

* Numerical solution provide predictions for
spin and mass of remnant starting from the
parents ones (e.g. Healy+, arXiv:1406.7295)

* Verify selt-co
mass and sp

1

oredicted ft

nsistency by comparing final

'om the “inspiral”

with the ones |
inspiral” (Ghosh+,arXiv:1602.02453)
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Reconstructed waveform consistency v
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: : : 1.0
 Re-parametrise in terms of relative
differences
05 |
AM¢ /My =0 e R s ol
Aaf/af — 0 2
-0.5 |
* Final object has properties consistent with
Kerr BH 10 | | |
—1.0 —-0.5 0.0 0.5 1.0

Slat AM /M
» No violations of GR observed My

LVC,arXiv:1602.03841

Walter Del Pozzo 18 GWPAW 2017, Annecy, France



Tests on the nature of the final object

 Ringdown signal for GR BHs is well 3 l \
understood

022
020 ||
021

t—tg
h(t) = Z Apime  Tnim cos(Wnim (t — to) + ©nim)

nim

h(t) (arbitrary)

e Central frequencies wym, and decay

times Tnim are functions of BH mass
and spin only (the "no-hair” theorem,
Bert|+, arX|V051 21 60) 2 0.095 0.100 0.105 0.110 0.115 0.120

time (s)

Walter Del Pozzo 19 GWPAW 2017, Annecy, France



Tests on the nature of the final object
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e mmicncacol

N A

» Multiple modes detection allows tests of EN O L
BH nature and “no-hair” theorem (e.g. I s S
Gossan+, arXiv:1111.5819, R R W N,
Meidam+,arXiv:1406.3201, see also i A s S

Cabero and Ghosh talks) om0 w0 w0 a0

QNM frequency (Hz)
» Inference critically dependent on starting
time 1 > ';;f'f
» Single mode detection in GW150914, o S .
consistent with GR solution S A

Final mass M (M) |
LVC,arXiv:1602.03841
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Propagation tests: massive gravity

* Families of alternative theories modity the
propagation of GW (see Samajdar’s talk)

* Massive gravity (e.g. Will, arXiv:9709011)

E? = pQUg - m304

h?c? h

’02/02 ~ 1 )\3E2 )\gzm—gc

 GW phase affected
2
Ad = >\72T(1D f—wz)
g

 GW constrains gravitons Compton

wavelength

1.0
0.8 5
"Bi
L
-
kS
206 =
oy Q
= S
E: s
@)\
2 0.4 <
-2 2N
-
0
=
0.2 L O
0.0 ' ' ' ' ' '
10° 1019 10t 10?2 103 10 10 1010 10V

Ay (km)

A, > 10%km (90%)

my, < 1.2 x 10722eV /c” (90%)
LVC, arXiv:1602.03841
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Near future
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Projected sensitivities

100%
» Measured rate grants several more = so%
BBH detections e
2 60%
» Rate of BBH mergers 9-260 Gpc-3 =
yr = o
° ' /\
High SNR sources S
R,
 More detectors
0%
1 10
VT) /(VT)on

LVC,arXiv:1606.04856
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Additional polarisation states

AG
VIRG

* The presence of additional polarisation states is a
general feature in extensions of general relativity

* Detection of non-tensor polarisations is a
smoking gun for violations of GR

 More than 2 detectors or EM counterpart
necessary

-
o' s
’ -
¢’ s
’ A )
’ !
' I

(a) (b) (c)

(e) (f)

Will. arXiv:1403.7377
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Improved constraints

Improved constraints on space-time
dynamics

Improved constraints from waveform
consistency test (Ghosh+,arXiv:
1602.02453)

Improved constraints from
propagation of GW on graviton
Compton wavelength (Del
Pozzo+,arXiv:1101.1391)
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Prospects for detection of GR violations

* Detection of small GR violations using Bayesian odds ratio (Li+,arXiv:1110.0530,

Agathos+,arXiv:1311.0420)

0.08 ' . , , 0.045 ' ‘ r
_ R individual sources | —— GR 1 catalogs of 15 sources GR
0.07 N (3202 sources) |1 0.040 (213 catalogs)
: ¥ ., Ox3=0.1 0.035 oy 0X3 = 0.1
0.00 B (1471 sources) (98 catalogs)
S 0.05 : g 0030
350 0 3e2().025
~ }:ﬂ =\
2 7 9 (.020
— .03} ? =
~ V.03 L 0.015 o
0.02 0010}
0.01 /L 0.005| 10
A 77 ¢ : .o o 1% ,
V. oL Dy P
000 ——"500——=200 300 400 500 .00 0 00 200 300 400 500
In Op2icH In O "
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"NO hair’ theorem

G
VIRG

* Detection of more than one ringdown
quasi-normal mode (QNM) allows
independent determinations of the

remnant mass and sp

N

e Constrain variations around expected

GR solutions

e “no-hair theorem” test

e Second law of BH dynamics
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Walter Del Pozzo

20

GWPAW 2017, Annecy, France



UNIVERSITA DI PISA

Far future

104

. LISA will observe O(100) of BBH o
systems 100

$ 10

 Synergy LIGO+LISA 5 1
 Improved GR tests (e.qg. Vitale, arXiv: g v
1605.01037) 5 10
100

e Strong dipole radiation constraints (e.g. 10
Barausse+, arXiv:1603.04075) 1
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summary VRS

 The era of GW astrophysics is officially open
e First glimpse at space-time extreme regimes:
BBHs behave just like GR predicts
* Just the beginning:
* many more detections in the future
* Improved sensitivities

 multi-wavelength studies

* Look forward to a prolific season in gravitational
oNysSICS

Walter Del Pozzo 28 GWPAW 2017, Annecy, France



