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Overview

Testing GR — pre-detection proposals

Firsts tests of GR using GWs — GW150914
Testing GR with O1/02 BBHs and GW170817
GW observations and BH signatures
“‘No-hair” tests for inspiralling CBCs —
oroposal and the test on real data (aLIGO)

Beyond aLIGO: 3rd generation detectors, LISA



pre-detection
proposals



Consistency Test (PSR1913+16)

Measurement of two Keplerian
( ) and three post-Keplerian
parameters (all functions of

) provides three
constraints on the two unknown
masses.

1.41

1.40

1.39

1.38 |— GR passes the test if it provides a
consistent solution to these
constraints, within the
measurement errors.

1.37 =

MASS OF COMPANION (solar masses)
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MASS OF PULSAR (solar masses)- Clifford Will (2014)



Probing highly relativistic, highly
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In the post-Newtonian (PN) theory, various quantities are
expressed as a series expansion in a small parameter
v/c~ f1/3,

The PN inspiral waveform

B(F) = A(F) €O | [ w(f) = 37 [y + vy In £ FU97°
j=0

For a binary with nonspinning components, ¥; = ¥;(m1, my).
Measure each of the phasing coefficients (1), 1j), treating
them all as independent of one another.

Measurement of any two of these parameters can be used to
infer the binary's component masses (my, my).

Measurement of a third parameter would constitute a test of
the theory, by requiring a consistency of the component
masses In the mi-m> plane,



Parametrised tests of PN theory

GR non-GR (1%)
0.22 0.22

0183 2 21918 2 2.1
m,x10' (M) m,x10' (M)
GR is correct GR needs modifications
_ Mishra, Arun, lyer, Sathyaprakash,
non-GR: | PRD 82, 064010 (2010) ;
i — (14 0v;) for i > 5 Arun+, PRD (2006); Arun+, CQG

(2006)



Generalisations — model independent test
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Tests with GW150914

LVC, Phys. Rev. Lett. | 16,061102 (2016) — BBH Discovery Paper
LVC, Phys. Rev. Lett. | 16,221 101 (2016) — Testing GR Paper



Parameterised tests — IMR signals
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Frequency Evolution

Waveform regime Parameter  f dependence
Early-inspiral regime oQy F3/3
0P f—4/ 3
o) [
505 £-2/3
504 £-1/3
0ps) log(f)
0P fl/ 3
207 £ log(f)
54 £2/3
Intermediate regime 5}32 log f
5P [
Merger-ringdown regime o0 1
O3 f3 /4

50y tan~! (af + b)




Parameterised tests
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IMR consistency test
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Test of the least damped mode
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Tests with O1-0O2 data

LVC, PRD, 100, 104036 (2019)



Events (01-02) and tests of GR

Properties GR tests performed
Event Dy [Mpc] My IM5] My [Mg] ar  RT IMR PI PPI MDR
GWI150914" 4401120 66.1735  63.1555 06900, v vV VvV V V/
GWI51012" 10807350 37.213%¢ 35.65;%° 0.671)] v R4
GWI151226"" 4507180 215402 20504 074100 v oo/
GW170104 990175 51.07)7 48975 0665 v v V /
GW170608 320" 7 18.6757 17.8%)7 0.697)0 v /7
GW170729° 2840" 500 84.4713% 795110708150 v v - V'V
GW170809 1030755, 59.0037 56.3%2 0.70%05 v V -/
GWI170814 600110 55.9%¢ 53257 02500 v v/ / //
GWI170818 1060135 622722 594132 06700 v -+ V'
GWI170823 194075y 68.777° 654151 072705 v v o v/

LVC, PRD. 100, 104036 (2016)
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Combined posteriors (IMR consistency) O1-
02
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Parameterised tests with GW170817
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"No-hair” tests for
inspiralling CBCs



GW observations and BH
signatures

Waveform Reconstructions Waveform Consistency Tests
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22



s the final object a BH"

Observed quasi-normal mode
spectrum of the remnant
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What about the binary constituents”

Induced quadrupole moment
\ External tidal field
Qij = y A €ij

Tidal love number

3 _5 kf
k __ = GA R NSs 210
2 2 Boson star 41.4
\ ECOs Wormbhole 5.(8+§1 Tog €)
Perfect mirror 5(7+§ Tog €)
Dimensionless tidal love number: 0 for BHs Gravastar 5(35—6Tog 519105 )

Damour & Nagar, 2009

Bennington & Poisson, 2009 Cardoso+ (2017)
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What about the binary constituents”

Tidal deformabillity of the compact object

Induced quadrupole moment
\ External tidal field
Qij = ) A €

Tidal love number

3

—5 -
ko = =G\ R Higher order effects
N 2 and hence difficult to
Dimensionless tidal love number: @ for BHs measure.
Damour & Nagar, 2009 Cardoso+, arXiv: |701.01116 (2017)
Bennington & Poisson, 2009 Maselli+, arXiv:1703.10612 (2017)
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Testing the BH nature
by measuring the spin-induced
multipole moments of
a compact binary system.

u, Arun, Mishra, PRL119,091101,2017
u, Mishra, Arun, PRD 99, 064008, 2019
u, Saleem, Samajdar, Arun, Del Pozzo, Mishra, PRD 100, 104019 (2019)
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The proposal

(- =/—'/4: M3X2 Sy :}A M4X3

. = 1 for BHs A = 1 for BHs

~ 2 — 14 for NS ~ 4 — 30 for NSs

~ 10 — 150 for Boson Stars ~ 10 — 200 for BSs
— / + for Gravstars

Poisson, PRD 57,5287 (1998);  F D.Ryan, PRD 55, 6081 (1997)
Laarakkers+,Ap] 512,282 (1999); Uchikata+, CQG 32,085008(2015)
Pappas+, PRL 108,231103 (2012);
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Waveforms and spin deformations

h(f) = — \ 8 Y72 O ik Psea s 0=

k
8]7 n=0 k=1 /

(3
Wepa(f) =2 ft. — ¢ + l[UNs + ¥so + Uss + %ﬁsss]}
v=V1(f)

128nv? \\ //
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Analysis Setup

Fisher Matrix approach to parameter estimation
— assumes Gaussian noise and high SNR
— gives a lower bound on errors / highly inexpensive

Parameter SpaCei {tca (bca DL7 Ly -/Ma 57 X1 X2 R1, 2, )‘17 )\2}
— alternatively,

Fosg = (“1 T "‘52)/23% — (/‘31 —Iiz)/Q Rs = 15 Rq = 0
As = (A1 +2A2)/250a =M1 —A2)/2 A;=1;2,=0

Large dimensionality and unreliable measurements
— We set Kq, As, Aq to their BBH values

29



Analysis Setup

New parameter space: {t¢, ¢c, Dr,t, M, 9, X1, X2, Ks }

Note that k, = 1 for BBH

— accuracies with which it can be measured gives
constrain on BBH nature

The choice k, =0

— The test may be viewed as a Null test of
the BBH nature of a compact binary

30



Effect of binary params
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Injection study (Bayesian)
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Constraints from observed events

Posterior Probability
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Effective spin
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Mishra, PRD 100, 104019 (2019)
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Corner plots

GW151226




Beyond aLIGO
Cosmic Explorer, ET &
LISA
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Simultaneous bounds (CE)
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Cosmic Explorer
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3G cases
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LISA
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Summary and outlook

o First tests of GR using GWSs probing the highly
dynamical, highly relativistic and strong gravity
regime performed — No evidence for departures
from ‘the theory’.

o lests further improved by combining the data
collected during the first two observations runs
—- 10 be aided by near future observations which

are expected to be routine.



Summary and outlook

o Diverse spinning configurations, inclusion of
contributions from the late stages of binary evolution
to Improve tests such as “No-hair” tests for BBHs.

¢ Synergy of tidal, spin-induced constraints in case of
mixed, strong constraints compact components
involving ECOs.

o lests of General relativity involving observations of
spinning-eccentric binaries in context of 2G/3G and

LISA observations — probing eccentric space-times.
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Combined posteriors (PI/PPI) O1-O2
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0.3

Parameterised tests with GW170817
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