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Outline

= Compact Binary Coalescence (CBC) waveforms
nonspinning
precessing (amplitude modulation)
PN phase evolution
waveform models

= CBC data analysis

matched filter
efficiency of template bank: fitting factor
detection & parameter estimation

= Systematic error in parameter estimation
examples
impact of eccentricity (review on recent works)



Gravitational-Wave Sources

= 2G
hij(t,r) = prm Iij(t—r/c).  Ijis the mass quadrupole moment.

very weak, accelerating objects, speed of light

Short Duration to Long Duration Signals

Compact Binary Coalescences:
Neutron Stars / Black Holes e

Compact Binary
Coalesce Periodic

Burst sources: Supernovae
Large uncertainties on waveforms

Continuous sources: Pulsars

Stochastic background
from cosmological origin

Stochastic

Unknown Waveform to Known Waveform



CBC GW polarization

2G 2
— — 1 2
b 2R z(1 + cos” ©) cos 29
2G 1 :
hye = — R x(2 cos ©) sin 21




Radiation power
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GW polarization: non spinning
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Waveform: non spinning
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Waveform: non spinning
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Inclination (©)
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Dependence on inclination
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Non spinning GW polarizations (iota=0)
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Non spinning polarizations (iota=pi/3)

" reduced & different amplitudes o
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Non spinning polarizations (iota=pi/2)
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distance-inclination degeneracy
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GW polarization: non spinning
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Phase evolution from
post Newtonian (PN)



Post Newtonian Energy & Flux
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Phase evolution

Energy balance equation : orbital binding energy loss = GW emission energy
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TaylorT4, T1,2,3,.. : time domain models



TaylorF2

5/6 1x102 :

h( f—7/6 iY(f i L S
2 3 f’?‘-*'m«m

/ D eff -

stationary phase approx.

50 100 200 500
Frequency [Hz]

Figure 3.2: Fourier domain TaylorT4 and SPA waveforms from a

non-spinning binary. We assume the same binary model as in figure 3.1
TaylorT4 (red) and SPA (blue) waveforms coincide at 40 Hz.
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Precession of a spinning binary

Spin-Orbit coupling, Spin-Spin coupling
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Precession of a spinning binary
Spin-Orbit coupling, Spin-Spin coupling
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Precession of a spinning binary
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GW Polarization of spinning binary

non spinnin
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Precession equations

Spin-Orbit coupling, Spin-Spin coupling
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Waveform of spinning binary
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Modulation of Amplitude (on earth)
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Modulation magnitude

Variation of Ln depends on S, S dot Ln, S cross Ln
---> Precession effect depends on

1) Spin magnitude

2) Angle between Ln and S
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Amplitude modulation with Spin (Angle=pi/2, S2=0)
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Amplitude modulation with Angle (a1=0.9, S2=0)
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L aligned-spin: no precession




Detected wave strain (detector frame)

« The gravitational-wave signal is a combination of two polarizations:
hrcsp=F+h++F>(hX zT source

F, and F, : detector response functions

1
F. = 5(1+cos20)0052¢cos 2¢y—cos @sin2 ¢ sin2 ¢,

1
Fy= 5(1 +cos?0)cos 2 ¢ sin 2 ¢+ cos O sin 2 ¢ cos 2 4.

Depend on sky location (6, ¢) and polarization angle

4 hidden positions
for a single detector

Detector response versus sky location




Waveform modeling

@ Post-Newtonian (PN) approximation: slow motion approximation
(v/c << 1)

@ Perturbative theory: small mass ratio (m/M < 1)

@ Effective-One-Body approach: combination of PN, Perturbative approach
and NR

Binary parameter space

Separation —»

Perturbation theory,
self-force

Numerical Relativity

1 Mass ratio —» o0

[Leor Barack]



Waveform modeling: Effective-One-Body and
Phenomenological Model

EOB: mapping two body problem to a test mass moving in effective perturbed Kerr spacetime
" =

LI0p—-

!

Real problem — Effective problem

SKcrr

Si L
I Sa > L
iy . D ~ ~0EH
) .y’ —
Hio my | H Hy !

[Babak+ PRD, 2016]
IMRPhenom: phenomenological approach uses PN for inspiral and fit for the late IMR

LEp—-

(Dif/M) he

10° ' ' Region | Region Il
1
10 Region lla | Region lib
1“ \
1000 = < e ol »
® Intermediate
| ‘ 1} » >
100 P .
0.10} Marger-
10 ’
. ) ) o0 0.005 0.010 0.050 0.100
b 0.005 0.010 0.050 0.100 Mf

[Khan+ PRD, 2016]



Waveform modeling: Effective-One-Body and

— s
Family Short name Full name Precession Multipoles (7, |m|) Reference
EOBNR EOBNR SEOBNRv4 ROM X 2, 2) [57]
EOBNR HM SEOBNRv4HM_ROM X 2,2), 20D, 3,3), 4, 4,@5,5) [26,32]
EOBNR P SEOBNRV4E v 2,2), 2,1 [33,118,119]
H EOBNR PHM SEOBNRv4PHM v 2,2),2,1),3,3), 4,4, 5,5 [33,118,119]
X Phenom Phenom IMRPhenomD X 2, 2) [120,121]
Phenom HM IMRPhenomHM X (2,2), 2,1),3,3), (3, 2), 4,4),4,3) [22]
‘ Phenom P IMRPhenova2/v3a v 2, 2) [23,122]
Phenom PHM  IMRPhenomPy3HM v 2,2),(2,1),(3,3),(3,2), 4,4, 4 3) [24]
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. Short label (used in this work) Base model Corrections
IMRPhenom: | SEOBNRv4_ROM NRTidalv2 ia16] 7.1 [t for the late IMR
SEOBNR_T Region !
10’ SEOBNRv4_ROM _NRTidalv2_ NSBH [19] [14-16] [17,18, 20]
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Why full IMR waveforms ?
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Outline

= Compact Binary Coalescence (CBC) waveforms
nonspinning
precessing (amplitude modulation)
PN phase evolution
waveform models

s CBC data analysis
matched filter
efficiency of template bank: fitting factor
detection & parameter estimation

= Systematic error in parameter estimation
- examples
~ impact of eccentricity (review on recent works)



detection method: Matched filtering

= Matched filtering is the optimal filter for a signal of known
shape in the stationary Gaussian noise

= 1) Known signal ? CBC GW waveform models

= 2) Stationary Gaussian noise ? real noises often give
false alarms without a true signal



Matched filtering
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Matched filtering

We are searching for a signal of a specific shape buried in the noise:
matched filtering.
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“Detecting GWs” Stanislav (Stas) Babak 16-19 Jan. 2018, KISS 7/45



LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Matched filtering

We are searching for a signal of a specific shape buried in the noise:
matched filtering.
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Matched filtering

We are searching for a signal of a specific shape buried in the noise:
matched filtering.
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Matched filtering: GW150914
H1 L1

H1 matched filter SNR around event

L1 matched filter SNR around event
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[LOSC: https://losc.ligo.org/tutorials/]
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Template bank search

>0 5.(f)

ﬁOW

*Request Minimum Match = 0.97

=> Low Mass region is more densely populated
than high mass region

GW150914: 250000 templates
(mass1, mass2, spinl, spin2)

ff”f’d(f T (f)D s

Mass 2 [Mg]

af

1 =3 Ixal < 0.9895, [x2| < 0.05 7

i |x1,2| < 0.05 s

______

7/
1 C223 Ix1,2| <0.9895 s

Mass 1 [M]

==> needs many computers for fast search




Parameter estimation

= Detection pipeline identifies the GW event.
= \We want to know the physical parameters of the source.

= Once a detection is made, parameter estimation analysis
IS implemented.

= PE pipeline explores the whole parameter space.

= Number of parameters (BBH): 9 for nonspinning, 12 for
one spinning, 15 for two spinning.



Matched filtering and parameter estimation:
GW150914
H 1 HI whitened data 270 o L1

4 ind e d 4
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[LOSC: https://losc.ligo.org/tutorials/]



noise = data - signal
p(signal parameters)
= p(noise residuals)

...............................

° ML

52)

~ maximum likelihood | _

lestimate . Cleastnoisy '




Overlap: Parameter estimation

(z|h) = 4Re /0 h i(gi](l;gf ) df, match (same as in detection)

p(8|z) o p(8)L(z|0). Bayesian

posterior  prior likelihood

L(z|0) x exp| — =(x — h(0)|z — h(0))] data - model waveform

N | = DN =

=exp| —

@+n—M®B+n—M®4.

L(8) o exp —%UQ@+4mmmw»—2@mw»4. high SNR limits

L(6) x exp[—p*{1 — (5|h(0))}], match (overlap) btw hidden signal and model wfs

p=+/(s|]s) SNR h=h/p, normalized wf



Overlap: Parameter estimation pipeline

SR2,

relimina

h
Strain h(f) (INHz)
4
2
a=l
<«

~

-0.05 -q
temps (s)

e [T

T(my,mo,a1,a2, D, RA, Dec,...) ==> 9~15 parameters

= Template bank-based analysis is not possible
= Over 10"6 overlaps varying parameters

= Very long computation time

= PE result is given by posterior PDFs




Posterior example : NS-NS binary
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FIG. 16. Parameter estimation result for the same BNS source as in Fig. 1 with p = 34. We use the entire 11 parameters including the 5
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Impact of prior (GW170817)

PhenomPNRT
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FIG. 6. Posterior PDF for the effective spin parameter y.
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—0.02 000 002 004 006 008 010 0.12 (bottom panel). The four waveform models used are TaylorF2,
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Parameter estimation study

= PE aims to find the parameters of the GW source quickly
and accurately when a real GW is detected.

= PE study using injection signals
= waveform models
» source parameters- mass, spin, NS tides, eccentricity, ..

= Two types of PE errors:
1) statistical uncertainty (measurement errors)

2) systematic error (systematic bias)



Measurement error
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FIG. 6. Posterior PDF for the effective spin parameter y.
using the high-spin prior (top panel) and low-spin prior
(bottom panel). The four waveform models used are TaylorF2,
PhenomDNRT, PhenomPNRT, and SEOBNRT.

confidence interval:
68%, 90%, 99%, ..

depends on
- prior
- SNR
- source distance
- detector sensitivity



Systematic bias

» |[f the template model is complete, recovered parameters
are the same as the true values.

» |[f inaccurate model, recovered parameters are biased from
the true values ==> systematic bias

= Ratio btw systematic bias and statistical error is important.

» Bias is independent of SNR, only depends on the model
accuracy

* |njection study using various models

50



Outline

= Compact Binary Coalescence (CBC) waveforms

nonspinning

precessing (amplitude modulation)
PN phase evolution

waveform models

CBC data analysis

matched filter

efficiency of template bank: fitting factor
detection & parameter estimation

m Systematic error in parameter estimation

</

</

examples
impact of eccentricity (review on recent works)



Example: spinning signal vs nonspinning template model
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Bias
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Spin effect vs mass effect

Binary dynamics

aligned-spin

spin-orbit coupling
=>phase evolution slower
=>longer waveform

Wave function

less massive binary
=>lower GW energy
=>longer waveform

anti-aligned-spin
spin-orbit coupling
=>phase evolution faster
=>shorter waveform

more massive binary
=>higher GW energy
=>shorter waveform

54



waveforms [fmin=30HZ]
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500 Effect of Spin for GW170608

= aligned spin
low spin
= anti-aligned spin

£

2 L arge anti- aligned spin: |

g Merge faster Large aligned spin;

- Merge slower
50

0.75 06 045 03 0.15 0 0.15 03
Time [seconds]

045

(see the pyCBC tutorial:
http://pycbc.org/pycbc/latest/html/waveform.html#plotting-frequency-evolution-of-td-waveform)

r 25

20

15

=
Normalised energy



Result: bias vs. statistical error

Cho, JKPS 70, 735 (2017) 1
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Result: bias vs. statistical error
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Bias due to eccentricity ?

GW151226-like BBH, nonspinning case
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FIG. 7. Marginalized posterior probability distributions for the symmetric mass ratio # (top row) and the detector-frame chirp mass
M%! (bottom row), showing the systematic bias induced by the signal’s unmodeled eccentricity. Eccentric signals are injected with the
TaylorF2Ecc waveform, but recovered using circular TaylorF2 templates. As in Fig. 2, the vertical dotted lines indicate the

injected values of 77 and M (which are the same in each row). The injected eccentricity varies as el = [0.04,0.12,0.2] from left to
right. A growing systematic bias is clearly seen as the eccentricity increases.

PRD 105, 023003 (2022) Favata et al.




signal: inspiral, nonspinning, eccentric BBH

SEOBNRv4 ROM IMRPhenomD TaylorfF2
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FIG. 3. Estimated values of the chirp mass for signals at different eccentricities. Dashed lines indicate the value of the simulated
signal. The colors blue, green and purple correspond to the ¢ = 1,0.5,0.33 signals respectively. The bars represent the 90%
confidence intervals, with the diamond representing the median value. The shaded connects the ends of the error bars to
illustrate the upward trend. The labels on top specify which model was used in the parameter estimation, and the labels on

the right side of the figure specify which model was used to simulate the signal. Note the different scales between [0.,0.01] and
[0.01,0.3] on the z-axes.

arXiv:2107.07981



SEOBNRv4 ROM IMRPhenomD TaylorF2

0.25
0.24
0.23
0.22
0.21
0.20
0.19
0.18

0.25
0.24
0.23
0.22-
0.21
0.20
o199 | &% o ax
0.18

0.00

0.01 ' 0.01 0.1 0.2 03 0.00 001 0.1 0.2 0.3

JuiNsaygo3l

|jendsuyiWoOINI



NS-NS binary ?

error in In

T
Favata (2014)

Fisher-Cutler-Vallisneri (FCV) methods,

/- ‘ ET, statistical
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Fisher-Cutler-Vallisner1 (FCV) methods,

AO; = 07 — ;0 = Z,;;(0;hap|hr — hap),

hr - true waveform
har - approximate waveform
¥i; =T using hap

Analytic method so fast and easy to use
but

high SNR limit (FM based),
small difference (ht-har)
validity unknown



PHYSICAL REVIEW D 105, 124022 (2022)

Systematic bias due to eccentricity in parameter estimation
for merging binary neutron stars

eccentric signal vs. circular template ==> bias ?
Bayesian PE vs. FCV
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Bayesian posterior
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FIG. 1. Marginalized 1-d posterior PDF and 2-d confidence regions with the SNRs p = 17, 34, 68, and 114. The contours indicate
39, 86, and 99% confidence regions. Injection values are (my,my, [M.,n],21,%,[4,84]) = (2Mg, 1M, [1.21673M, 0.22222],
14.7,1744, 237, 101]) marked in orange.
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Probability density

Bayesian vs. FVC : bias
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Bayesian vs. FVC : bias

—— Bayesian
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Bayesian vs. FVC : bias

—— Bayesian
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Bimodal !
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Monte Carlo study : FVC

10* Monte Carlo samples 1 Mg <my5 <2 Mg(my < my)
4582 satisfy ™ < 0.25. 0 <ey <£0.025.

30 i 15
25 z: :
‘ )
. 20 10+ <
E —
D | -
3" | §
10 5! -0.3
’ -04 T ;
__________ ] 0.000 0.005 0.010 0.015 0.020 0.025
ey ep

0.000 0.005 0.010 0.015 0.020 0.025 09000 0.005 0.010 0.015 0.020 0.025
e €p

AM,/My = —160¢3.

— (2Mg, 1Mg)

-0.10! k
0.000 0.005 0.010 0.015 0.020 0.025
€

=))



Injection study

(7n2? ma, ;\: eO)injcction
—(2M, 1My, 237,0.0152)
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soft EOS with ecc. injection
but stiffer EOS PE result
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