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Waveforms



Phenom model with Higher modes
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PN signatures in the BBH mergers
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The amplitudes of most of
the non spinning modes,
except 32 and 43, follows a
PN-like scaling through
mergetr.

These modes, hence an be
argued to, capture the
strong-Peld, non-
perturbative dynamics of
BBHS.
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Modelling mode-mixing in gravitational waveforms

| Mode mixing introduces non-
monotonic behaviour in the
waveform amplitude and phase N
di#cult to model. "

*
S vmn = E I/—‘ma"n Yems
. : £
MiXing coe#cients

| Transform the basis into
spheroidal harmonics in Ohigh T T T T T T
frequencyQO" 10°

Mode-mixing
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Post-Newtonian Eccentric gravitational waveforms

3PN non-spinning gravitational modes/polarisations including

hereditary effects (small eccentricity approximation).
Y Boetzel, C K Mishra, G Faye, A Gopakumar, and B R Iyer 2019 (in preparation).

2PN non-precessing gravitational waveforms for
eccentric systems with Spin-orbit effects.

Srishti Tiwari, A Gopakumar 2019 (in preparation).
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Constraining the properties of “black hole mimickers”

| .. from constraints on tidal deformation

. 500
Tidally induced faal < 200
Field >,
quadrupole A=
\ / F‘g 300
Qij = Eij § 200
/ E
Tidal 3 100

deformability

05 07 09 1.1 13 15 17 19
Polytropic index n

Constraints from simulated GW150914-like simulated BBH
event. Analysis on LIGO-Virgo BBH events in progress.

[Johnson-McDaniel et al 2018]



Multipole moments of a Kerr BH

No-hair conjecture

Mass-type multipoles Mass
‘ | = |S|M *?

\\Ql + i?l = Ml+1(i! )l <— Dimensionless spin

Current type multipoles .
yP P BH mimickers

Mass quadrupole of a compact object [ w ! 2" 14
— 3 2 " n
Spin octupole of a compact object las | +/"

Ss = —AM*y® with Agg = 1

Measure these parameters Ins ! 47 3C

which are present in the spin-dependent || .| 10" 20C(

terms of the GW phasing. 5




RESULTS

Advanced LIGO design sensitivity

Signal to noise ratio is 10

] IZTEE C
| EE =2 ¥i
25 ( u 2) (O 9 08) - - .0
v Yq=5 /
m . ,
. \
<] " 2 oo
1.0--
4 -0.5 |
"0
| | | I
43 15 20 25 30 10l : i I |
Total mass (M.:;.) -1.0 -0.5 0.0 0.5 1.0

X1
! Nearly equal mass systems with aligned-spin orientation give better constraints

[N. V. Krishnendu, K. G. Arun, C. K. Mishra, PRL 119, 091101, 2017] 10



A “no-hair” test of binary black holes

-0.2 -0.1 0.0 0.1 0.2

[Dhanpal et
al 2018]

! Is the multipole structure of the
BBH signal is consistent with the
GR prediction”?

P(AM.)

1.5

! Test the consistency of the
parameters estimated from different

spherical harmonic modes of the % Los
BBH signal. X
< 0.0
| Analogous to the test of “no-hair” 05
theorem for stationary black holes 10
. AM. (Mo) P(Aq)
based on the consistency of
different quasi-normal modes. Posteriors of two parameters describing

the consistency of the chirp mass and mags
ratio estimated from quadrupole and non-
guadrupole modes



Jesting General Relativity
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Testing GR in the highly relativistic regime

! Test the consistency of the mass & spin T I S =
of the final BH estimated from the ol ST 9
inspiral & post-inspiral parts of the . Qoéfvf L
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) - 90% credible regions of the posterior
distributions of the mass & spin of the pnal

[Ghosh et al PRD 94, 021101 (R) (2016) B estimated from the inspira; & post:

’ ’ inspiral parts of the observed signal.

CQG 35 014002 (2017) ]

$3



Testing the multipolar structure of GR

GW (Bux :
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Projected ¥ bounds for Adv. LIGO

Detector Sensitivity of Adv. LIGO,
Luminosity distance of 100 Mpc.
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Search for strongly lensed binary black hole signals

| A small fraction of BBH mergers could be [ 170104
. . . 4!
strongly lensed, producing multiple °
. 21
observable signals from the same merger. 150914
%? o
O/@ Bayesian model selection method to é | 170809 3
identify strongly lensed events in the GW = 1;8;3317.0814
data. [Haris et al, 2018] 29 .
o
170104 2
| Searched for strongly lensed BBH events 1 170809 |
| . . . Y !
in O1-0O2 data. No evidence of lensing .
[arXiv:1901.02674] 5 71 2 3

0 1
log Bayes factoR}

O/@ounter—claim by arxiv:1901.03190!
Bayesian likelihood ratio of the lensec
36 .
vs-not lensed hypotheses obtaine
from O1-O2 events
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Precision probes of physics and astrophysics require accurate

models of expected GW signals

! Inspiral, merger and ringdown
waveforms of non-spinning BBHS

iIncluding the effect of non-quadrupole

modes.
[Mehta et al 2017,

Mehta et al In prep]

le—-19

le—19
05 Hybrid ==+ Phenom-four modes —0.5
—— Phenom-six modes
0.0 0.0
-0.5 —1-0.5
I I I I I I I I I
—-3500 -3000 -2500 -2000 -—-1500 -—-1000 -500 -100 -50 0 50

t(M)

[Varma & Aiith. PRD!96.

Mass ratio ¢
10 8 6 4 2
300 [ I I I

Important for
parameter estimation
9 A
4
4

So200p 2

M

Total mass M

-
-
-
-
-
-

1e® ® e o

A 4 A 4 -\ Xt ~0.5
O e ~0
N~ Zett~—0.5
40 U l l |
0.08 0.12 0.15 0.19 0.22

Symmetric mass ratio 1

Neglecting the non-
guadrupole modes will cause
large systematic biases in the

parameter estimatign



Tic

Induced quadrupole moment

al deformabillity of the com

\‘ e
Qij = —A€ij

T

bact object

External tidal peld

Dimensionless tidal love number Tidal love number
— 3 ' 5 E
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Post-Newtonian waveforms

PN coefPcients (encode various non-linear interactions

PN phasing |_ in the binary dynamics)
3 IN L. [Spin-orbit, spin-spin, Tails,
L (T) = 108 V5 k V' Tails of Tails, Tail*2, Memory, E]

Spin terms at 2PN [v*4], 3PN [v*6] and 3.5PN [v"7] contain
guadratic in spin interactionkappa)and at 3.5PN the cubic
Interactions(lambda)

KGA, Blanchet, Bohe, Buonanno, Faye, Kidder, Marsat, Poisson, Porter,E(over the past several years)

and probe the nature of the compact objeqt?

: Can we estimate from GW observationé

L 20




Parametrized TaylorF2 Phasing formula

dE

Energy balance : pr =1 F

GW phasing in Frequency domain

wf(tf) — 27Tftref ¢ref + 2/ ) ( f | US)

PN Structure of TaylorF2 phasing formula

i ||N
11 3
L (t;)=2"ft.! #.! — + IRVASE

\ = 1/ 3
Symmetrlc mass ratio V= ( I mf )
| ) (")

21



Multipole structure for compact binary with aligned spin

PN order |frequency dependences| Multipole coefhicients
0 PN 2
1 PN Fe M2, 135 €
1.5PN f s Ua, €
2PN il 12, 143, U4, €2, €
2.5 PN log log f Uz, U3, €, €
3PN g fo, H3, Ha, [is, €, &, €
3 PN log 13 log f 7%
3.5 PN i Uz, U3, Ua, €2, €3, €4

Summary of the PN structure of the phasing formula N
Appearance of various multipole coe#cients

Kastha+ 2019, In preparation
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Testing the multipolar structure of GR

Conserved Energy :

c? 5 1 5 _
E=——vmu {1 — — 9 +rv)v }+ higher order terms

9 12

GW Rux :
_ G 1Ly, 1 1 o 0, 16,0,0"
F = - o guz‘j Uij T - 189Uijkuz’jk + 4_5Vij Vij
11 # 11 #%
1 1
+ — ... + — ...

o ct

Ur = M7+ Nonlinear terms Vi, = S, +Nonlinear terms

Mass type radiative moments Current-type radiative moments
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Projected Io bounds for 3G detectors

Detector Sensitivity of CE-wb and ET-D,
Luminosity distance of 100 Mpc.
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Projected I bounds for LISA

Detector Sensitivity of LISA,
Luminosity distance of 3 Gpc.
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Projected constraints

Measure chirp mass and mass

ratio from dominant and
subdominant modes.

P(AM,)

Construct posteriors on their
differences and ask how
consistent they are with zero.

Ag % 107

P(g>2!> 60deg)! 5%

Dhanpal, Mehta+ 2018

AM: (M) P(Ag)
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