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So far GW data analysis use quasicircular waveforms

e About [Abbott et al,, 2021a] CBCs have been detected
— includes [Abbott et al., 2016], [Abbott et al., 2021b],

[Abbott et al., 2017] Systems.

e Analysed using waveform models —
e Binaries formed in —
ImageLlcO Ealteeh — as it inspirals

[Peters and Mathews, 1963, Peters, 1964] —



GW from eccentric binary require eccentric waveform models

e Dynamical formation — highly eccentric |
binary [Mapelli, 2020] R
e globular cluster via direct
capture [Rodriguez et al., 2019, Rodriguez et al., 2018, Rodriguez et al., 2016,
Samsing et al., 2014, Samsing et al., 2018]
e galactic center [Antonini and Rasio, 2016]
e Field triples via Kozai-Lidov

oscillation [Naoz 2016, Antonini et al., 2017] N

e Require eccentric model for detection and analysis of 4. Samsing (2017)

these signals.



Existing eccentric waveform models

e Post-Newtonian

o EccentricTD [Tanay et al., 2016]

o EccentricFD [Huerta et al., 2014]
e Effective One Body
e SEOBNRE [Cao and Han, 2017, Liu et al., 2020] SEOBNREHM [Liu et al., 2022]
o SEOBNRVAEHM [Ramos-Buades et al., 2022]
o TEOBResumS [Nagar et al., 2021, Chiaramello and Nagar, 2020, Nagar et al., 2018]
o Numerical Relativity
® SpPEC [SXS Collaboration, |
® RIT [Healy and Lousto, 2022]
e Numerical Relativity Surrogate — NRSur2dqlEcc [siam et al., 2021]
NRSur3dg4Ecc (ongoing)



A few issues with current models

e In GR, pericenter precesses — binary orbit is no longer closed — no unique
definition of eccentricity — gauge dependence [Mora and will, 2002]

e Incompatible definitions of eccentricity — model dependence [knee et al., 2022)

e Neglecting mean anomaly as a free parameter [siam et al., 2021, Clarke et al., 2022]

e Lack of a standardized definition — ambiguity in PE inference.
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Defining Eccentricity: required features

e Three parameters: eccentricity e and mean anomaly [ at given reference frequency
fref.

e Gauge independent and model independent

e Reduces to Keplerian eccentricity in Newtonian limit

e Applicable to full range of eccentricity (0 — 1) for bound orbits.

e Applicable to waveforms of different origins.

e Computationally cheap.



Defining eccentricity using gravitational waveform

Define eccentricity the oscillations in the frequency or amplitude of the gravitational

WaVeform. [Ramos-Buades et al., 2020, Islam et al., 2021, Ramos-Buades et al., 2022, Bonino et al., 2022]
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Implementation package:

https://pypi.org/project/gw-eccentricity/

e Public Python package gw_eccentricity to measure eccentricity and mean
anomaly from GW waveform.

e Implemented 6 different methods to compute eccentricity.

e Can measure ¢, € (0 — 1) from early inspiral to close to the merger.

e Very robust — works for waveforms of different origins.

e Can be applied in post-processing step of Parameter Estimation to rule out

ambiguity due to model definitions.


https://pypi.org/project/gw-eccentricity/
https://pypi.org/project/gw-eccentricity/
https://pypi.org/project/gw-eccentricity/

Application to different waveform models
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Thank you!



Advertisement

q¢ > arXiv:2302.11257

General Relativity and Quantum Cosmology
[Submitted on 22 Feb 2023]
Defining icity for i

wave

Md Arif Shaikh, Vijay Varma, Harald P. Pfeifter, Antoni Ramos-Buades, Maarten van de Meent

Eccentrc compact binary mergers are significant scientic targefs for current

To detect there s an imulations, and parameter
estmation frameworks for eccentic binaries. Unfortunately, curren ” absence of a unique which can result n incompativle
eccentricity measurements. In this paper, we prosenta ¥ ties, has the imit, and

s tophysical
predictions. We demonsirate the appiicabty of our Gefniton for waveforms of different orgins, "
but

inspirals, and numerical
We make our

gw_eccentricty.

We focus on

heary, y, ext

avallable through an easy-lo-use Pylhon package,
Comments: Pyihon mplomentaton avalabio a s s URL

Subjcts:

Cress:  anXvz30e.

forac

or V2302112571 [grag] for s version)
Submission history

From: Arf Shakh Md [view emai]

[¥1] Wed, 22 Feb 2023 10:10:45 UTC (3547 K8)

gw-eccentricity 1.0.0

pip install gu-eccentricity @

28,202

Defining eccentrictyfor gravitatonsl wave astronomy.

Navigation Project description

Jectd

D eeaseistory

fAr—prr AR A

& Download s gw_eccentricity
projectinks Delining eccentrcity fo gravitational wave astronomy
A Homepaze DT EEmeEm



Eccentricity measurement methods:

Each method is named after the data U(t) it uses for finding the pericenter/apocenter.

e Amplitude or Frequency uses U(t) = Ay or
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e Uses residual data
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e Works for full range of &g, € (0 — 1)



G=40, 1,206, )2:=-0.6, eccp, = 0.002 at 14=-20000 M

O Pericenters
0030 @ Apocenters OO
S 0029
£ s 0.0284
& o028 5
= 0.0282
0.027 §
00280
0.0001
= 0.0000
—0.0001 0.0278
f h L ! L . . . .
—9000 —8000 ~7000 —6000 8200 8000  —7800 7600  —7400
t[M] t[M]

It uses residual data U(t) = waa(t) — wg;p(t), where
fit,

W2;p(t; A, n, tmerg) - A(tmerg - t)n

Works for full range (0 — 1)

Less reliable than ResidualAmplitude or ResidualFrequency.



Applicable to full range of eccentricity

q=4.0, x1,=-0.6, x2,=-0.6

10° =
o Amplitude -
Elans ResidualAmplitude ,
1072 --- AmplitudeFits 7
53 o
2103k e
z JXad
50 v
LYy 10*4 - "1
v
-5 Rad
107 povesiewrs et
1076 E 1 1 1 1 1
1077 107 107 107* 1073 1072

€eob Al Ty

Shaikh+ (2023)

100

Residual /Fits Can measure eccentricity
egw ~ 107° to ez ~ 1.0

Amp/Freq fails for ez < 1073

Highlights that waveform model no longer
producing distinguishable waveforms below
€eob S 1075-



Measured eccentricity

vs model eccentricity
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Model eccentricity at £y

The models differs significantly at low
eccentricity.

TEOBResumS-DALI has a minimum eccentricity
107% — egw > 1073
EccentricTD has a minimum eccentricity 10~°

SEOBNRv4EHM and SEOBNRE has ey, = 10°



Evolution of measured eccentricity

e Using a set of ~ 20, 000M long
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Application in PE

Apply gw_eccentricity to measure eccentricity directly from waveforms at the
sample parameters and reconstruct the posterior on eccentricity.


https://pypi.org/project/gw-eccentricity/

Summary and Remarks




e We implement a standardized definition of eccentricity and mean anomaly.

e This definition is model-independent, gauge-independent.

e Reduces to the well known Keplerian definition of eccentricity in the Newtonian
limit.

e We provide public package gw_eccentricity with several methods to measure

eccentricity.

e QOur implementation is robust and applies to different waveform models.


https://pypi.org/project/gw-eccentricity/
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