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Abstract: We present EMRISurldgle6, a reduced-order multi-mode time-domain surrogate model of gravitational waveforms for non-spinning
black hole binary systems with comparable- to extreme mass-ratio configurations. This surrogate model is trained on waveform data generated by a
point-particle black hole perturbation theory (ppBHPT) framework computed from a high-performance Teukolsky equation solver code. In the
comparable mass-ratio regime, the gravitational waveforms generated through ppBHPT agree surprisingly well with those from full numerical
relativity after scaling of the ppBHPT&E™s total mass parameter. This model extends the EMRISurldgle4 waveform model, which spans 13,500M
in duration and includes modes only up to (I,m)=(5,5). EMRISurldqgle6, on the other hand, covers mass ratios from 3 to 1,00,000, can generate
waveforms of duration up to 350,000M, and includes several spherical harmonic modes up to (I,m)=(10,10). The accuracy of training data is further
improved by employing an updated plunge model in the ppBHPT framework. EMRISurldgle6 surrogate model has been extended to enable data
analysis studies in the high-mass ratio regime, including potential intermediate mass-ratio signals from LIGO/Virgo and events of interest to the
future observatories such as Einstein Telescope, Voyager and Cosmic Explorer.

Pirsa: 21060009 Page 1/14



Pirsa: 21060009

A multi-mode time-domain

. . . Tousif Islam (UMass)
for gravitational wave signals

Scott Field (UMass)

from comparable to extreme mass- Gaurav Khanna
ratio black hole binaries (URI/UMass)
Email =¥ tislam@umassd.edu
F
/A
UMass

Dartmouth
June 7, 2021

24th CAPRA Meeting on Radiation Reaction in General Relativity

Page 2/14



EMRISurldqgle4 1

Rifat, Field, Khanna & Varma; arXiv.1910.10473
* Surrogate Model [ |
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* Data Analysis of Intermediate Mass Ratio Inspiralsin AdvLIGO

gw-surrogate Black-ho.le
Perturbation

[ Field, Islam, Khanna, Rifat, Varma] Toolkit

| Tousif Islam | CAPRA 2021 |
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NextGen EMRISurrogate : An 2
Overview
* Mass Ratio :q=3 to g=10°%

* Improved training data : [ Lim, Khanna, Apte & Hughes; arXiv.1901.05902 ]
- updated plunge modelin the ppBHPT framework

- (2,1),(2,2)

- (3,1),(3,2),(3,3)
- (4,2),(4,3),(4,4)
- (5,3),(5,4),(5,5)
- (6,4),(6,5),(6,6)
- (7,5),(7,6),(7,7)
- (8,6),(8,7),(8,8)
- (9,7),(9,8),(9,9)
- (10,8),(10,9)

¢ Better match to NR in the small mass ratio regime :
- HMs are calibrated too

[ Relevant for LIGO, Cosmic Explorer, Einstein Telescope ]

-35000M | Tousif Islam | CAPRA 2021 |
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Which Modes to Choose ? 3
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Building the Surrogate 4

* DataPieces:
1. Amplitude and Phase ofthe 22 Mode [ Blackman et al 2017 ]
2. RealandImaginary Part i Higher Modes in the co-orbital frame [Varmaetal2018]

* Foreach data piece, we constructa compact Reduced Basisfunctions

i 2S¢

* We then constructa Emperical Interpolantin time using a Greedy
Algorithm which picks the most representative time-nodes

: 2S¢

¢ We construct parametricfits of each data piece at each timenode
across 1d parameter space using Splines / Gaussian Process
Regression
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Time Domain Errors

L, Errors
betweep Surrogateand Training Data

1 S o Vem(t) = Fem (£) Pl
. Z(.m .”:‘2 ‘ﬁlm(’)‘z(”

Elh, h) =
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| Tousif Islam | CAPRA 2021 |
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Time Domain Errors

L2 error
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| Tousif Islam | CAPRA 2021 |
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Time Domain Errors
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| Tousif Islam | CAPRA 2021 |
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Time Domain Errors
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Small Mass Ratio Regime : 9
Comparison to NRHybSur3dg8

Mass Scaling
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| Tousif Islam | CAPRA 2021 |
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Small Mass Ratio Regime : 10
Comparison to NRHybSur3dg8
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| Tousif Islam | CAPRA 2021 |
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Small Mass Ratio Regime :

11
Comparison to NRHybSur3dg8
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Conclusion ‘ 12

The Model will eventually be extended up to
=108

We will model modes up to [=10

We show that ppBHPT waveforms can be
matched to NR with a simple mass scaling

Our model will help data analsyis in both
comparable to intermediate mass ratios in the
context of current detectors

| Tousif Islam | CAPRA 2021 |
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