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Motivation

Waveform models are intrinsically imperfect, due to: 

• Missing physics: spin-precession, eccentricity, higher modes, … 

• Truncation errors in perturbative schemes 

• Calibration inaccuracy with NR waveforms  

• Numerical errors in NR simulations

Credit: Kip Thorne
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Motivation

The signal-to-noise ratio of compact binary coalescences is increasing with the 
improvements in the sensitivity of current detectors and next generation detectors. 

Massive black hole binaries with LISA:

Abbott et al., Living Rev. Rel. 23, 3 (2020)

LISA Consortium Waveform Working Group, arXiv:2311.01300

Abbott et al., Living Rev. Rel. 23, 3 (2020)
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Motivation

Tests of general relativity could show false deviations of GR if the systematics is 
not negligible with respect to a putative GR deviation. Gupta et al., arXiv:2405.02197

Example: GW200129

The analysis with a parametrized plunge-
merger-ringdown test shows a violation of 
GR in the merger amplitude. 

Possible causes: 

• Spin precession 

• Glitch mitigation 

• Eccentricity

EM et al., PRD 108, 024043 (2023)

Hannam et al., Nature 610 (2022)

Payne et al., PRD 106, 104017 (2022) 
Macas et al., PRD 109, 062006 (2024)

Gupte et al., arXiv:2404.14286
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Motivation

•  Waveform systematics could dominate over statistical errors as we approach 
next-generation detectors. 

• Stringent accuracy requirements on waveform models: need to improve 
accuracy by two orders of magnitude for Einstein Telescope/Cosmic Explorer, 
possibly even more for LISA. 

Pürrer, Haster, Phys. Rev. Research 2, 023151 (2020)
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LISA collaborative projects

Goals:  

• Implement current tests of GR in the LISA tools 
• Study how waveform systematics can affect tests of GR with LISA 

Tests of general relativity: 

• Plunge-merger-ringdown test pSEOBNR 
 

• Flexible-Theory-Independent Method 
 

• TIGER

Brito et al., PRD 98, 084038 (2018); Ghosh et al., PRD 103, 124041 (2021); EM et al., PRD 108, 024043 (2023)

Mehta et al., PRD 107, 044020 (2023)

Li et al., PRD 85, 082003 (2012); Agathos et al., PRD 89, 082001 (2014)
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Plunge-merger-ringdown test pSEOBNR

The pSEOBNR analysis introduces fraction deviations to the frequency and the 
decay time of the fundamental quasi-normal modes in the ringdown:

<latexit sha1_base64="jEXceDkIGUYMJ1FRtF0pYhi1v6M=">AAACNXicbVDLSgMxFM3UV62vUZdugkWoCGVGRN0IRRe6cFHFPqBTSya9bUOTmSHJCGWYn3Ljf7jShQtF3PoLpo+Fth4IHM45l5t7/IgzpR3n1crMzS8sLmWXcyura+sb9uZWVYWxpFChIQ9l3ScKOAugopnmUI8kEOFzqPn9i6FfewCpWBjc6UEETUG6AeswSrSRWva1FwroklbiAedYYCfFZ3hGu088KZLL2zTFBffAawPXZDa137LzTtEZAc8Sd0LyaIJyy3722iGNBQSacqJUw3Ui3UyI1IxySHNerCAitE+60DA0IAJUMxldneI9o7RxJ5TmBRqP1N8TCRFKDYRvkoLonpr2huJ/XiPWndNmwoIo1hDQ8aJOzLEO8bBC3GYSqOYDQwiVzPwV0x6RhGpTdM6U4E6fPEuqh0X3uOjeHOVL55M6smgH7aICctEJKqErVEYVRNEjekHv6MN6st6sT+trHM1Yk5lt9AfW9w+/wqox</latexit>

!`m0 = !GR
`m0(1 + �!`m0)

<latexit sha1_base64="niYs6+HxbKWlEeaCheMaddcPEUs=">AAACL3icbVBNSwMxFMzWr1q/qh69BItQEcquiHoRioJ6rGK10K0lm77WYLK7JG+Fsuw/8uJf6UVEEa/+C9Pag1YHAsPMPF7eBLEUBl33xclNTc/MzuXnCwuLS8srxdW1axMlmkOdRzLSjYAZkCKEOgqU0Ig1MBVIuAnuT4b+zQNoI6LwCvsxtBTrhaIrOEMrtYunPrKknfogJVXUzegRnVBuU1+r9Owyy2jZ2/E7IJFNZrbbxZJbcUegf4k3JiUyRq1dHPidiCcKQuSSGdP03BhbKdMouISs4CcGYsbvWQ+aloZMgWmlo3szumWVDu1G2r4Q6Uj9OZEyZUxfBTapGN6ZSW8o/uc1E+wetlIRxglCyL8XdRNJMaLD8mhHaOAo+5YwroX9K+V3TDOOtuKCLcGbPPkvud6tePsV72KvVD0e15EnG2STlIlHDkiVnJMaqRNOHsmAvJI358l5dt6dj+9ozhnPrJNfcD6/ANr0p7g=</latexit>

⌧`m0 = ⌧GR
`m0(1 + �⌧`m0)

where the GR values are predicted from estimates of the mass and spin of the 
remnant and fits with NR simulations.

Ghosh et al., PRD 103, 124041 (2021); Brito et al., PRD 98, 084038 (2018)



Amplitude

Frequency

We introduced fractional deviations to the plunge-merger:

EM, Silva, Buonanno, Ghosh, PRD 108, 024043 (2023)
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Plunge-merger-ringdown test pSEOBNR

at the peak time of the (2,2) mode.



We introduced parametrized inspiral deviations to the NR calibration 
parameters:
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Plunge-merger-ringdown test pSEOBNR

The baseline model is the SEOBNRv5 waveform.

Pompili+, PRD 108, 124035 (2023); Khalil+, PRD 108, 124036 (2023); Ramos-
Buades+, PRD 108, 124037 (2023); Van de Meent+, PRD 108, 124038 (2023); 
Mihaylov+, arXiv: 2303.18203 (2023)  

See Lorenzo Pompili’s talk 
on Thursday afternoon

They can be interpreted as nuisance parameters to absorb systematics by 
marginalizing over them with suitable priors.
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GWTC-3 analyses

Abbott+, arXiv: 2112.06861 (2021)

The ringdown observations are 
compatible with Kerr black hole 
remnants with:

<latexit sha1_base64="A4PgQHUcwfzP/S9ROQwEldAd934=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQxJIEsW6EohuXFewDmlom00k7dPJg5kYoId/gxl9x40IRt67c+TdO2yy0emE4h3Pu5c49Xiy4Asv6MgoLi0vLK8XV0tr6xuaWub3TVFEiKWvQSESy7RHFBA9ZAzgI1o4lI4EnWMsbXU381j2TikfhLYxj1g3IIOQ+pwS01DOP3D4TQLA7JJD6WS91HCu7sCqWc5cea6hq6WSGZlnjtPBfYuekjPKq98xPtx/RJGAhUEGU6thWDN2USOBUsKzkJorFhI7IgHU0DUnAVDednpThA630sR9J/ULAU/XnREoCpcaBpzsDAkM1703E/7xOAv55N+VhnAAL6WyRnwgMEZ7kg/tcMgpirAmhkuu/YjokklDQKZZ0CPb8yX9J06nYZxX75rRcu8zjKKI9tI8OkY2qqIauUR01EEUP6Am9oFfj0Xg23oz3WWvByGd20a8yPr4BMnybPw==</latexit>

�f̂220 = 0.02+0.07
�0.07

<latexit sha1_base64="ZdiqVgFsoHvcNW9ra7Ohi4PJnAM=">AAACFXicbVDJSgNBEO2Je9yiHr00BkFQh5lR1IsgevEYwcRAJoaaTidp0rPQXSOEYX7Ci7/ixYMiXgVv/o2d5eD2oKjHe1V01wsSKTQ6zqdVmJqemZ2bXyguLi2vrJbW1ms6ThXjVRbLWNUD0FyKiFdRoOT1RHEIA8lvgv7F0L+540qLOLrGQcKbIXQj0REM0Eit0p7f5hKB+j3AzEdI81bmeU5+6tjuwW2269iea6R90728VSo7tjMC/UvcCSmTCSqt0offjlka8giZBK0brpNgMwOFgkmeF/1U8wRYH7q8YWgEIdfNbHRVTreN0qadWJmKkI7U7xsZhFoPwsBMhoA9/dsbiv95jRQ7J81MREmKPGLjhzqppBjTYUS0LRRnKAeGAFPC/JWyHihgaIIsmhDc3yf/JTXPdo9s9+qwfHY+iWOebJItskNcckzOyCWpkCph5J48kmfyYj1YT9ar9TYeLViTnQ3yA9b7F7MunJg=</latexit>

�⌧̂220 = 0.13+0.21
�0.22

The fundamental quasinormal mode has been observed in the ringdown of   
           GW events.

<latexit sha1_base64="51kDpDiA4zVSsV+casRKKfS5pqA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1iEuimJFHVZdOPOCvYBbSiT6aQdOpmEmYlQQ7/EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9pxvq3C2vrG5lZx u7Szu7dftg8O2ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJzeZ33mkUrFIPOhpTL0QjwQLGMHaSAO73A+xHhPM07tZ1XXOBnbFqTlzoFXi5qQCOZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTWamfKBpjMsEj2jNU4JAqL50Hn6FTowxREEnzhEZz9fdGikOlpqFvJrOYatnLxP+8XqKDKy9lIk40FWRxKEg40hHKWkBDJinRfGoIJpKZrIiMscREm65KpgR3+curpH1ecy9q7n290rjO6yjCMZxAFVy4hAbcQhNaQCCBZ3iFN+vJerHerY/FaMHKd47gD6zPH7QRknY=</latexit>

O(10)
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Tests of the no-hair theorem

• The (2,2,0) and (3,3,0) modes can be inferred 
from NR injections with a total SNR of 70 in 
the detector network of LIGO Hanford, 
Livingston and Virgo.
Ghosh et al., PRD 103, 124041 (2021)

See Alexandre Toubiana’s 
talk later

• LISA will measure              events with at least 
3 independent QNMs at 1% error.  

• In some systems, the high SNR leads to 
erroneous deviations from GR due to 
waveform systematics.

Toubiana et al., PRD 109, 104019 (2024)

<latexit sha1_base64="Vu9Rbp78wYxH13nEBRV9Ittx+tA=">AAAB+XicbVBNS8NAFHypX7V+RT16WSxCvZRERD0WvXizgmkLbSib7aZdutmE3U2hhP4TLx4U8eo/8ea/cdPmoK0DC8PMe7zZCRLOlHacb6u0tr6xuVXeruzs7u0f2IdHLRWnklCPxDyWnQArypmgnmaa004iKY4CTtvB+C732xMqFYvFk54m1I/wULCQEayN1LftXoT1iGCePcxqruOc9+2qU3fmQKvELUgVCjT79ldvEJM0okITjpXquk6i/QxLzQins0ovVTTBZIyHtGuowBFVfjZPPkNnRhmgMJbmCY3m6u+NDEdKTaPATOY51bKXi/953VSHN37GRJJqKsjiUJhypGOU14AGTFKi+dQQTCQzWREZYYmJNmVVTAnu8pdXSeui7l7V3cfLauO2qKMMJ3AKNXDhGhpwD03wgMAEnuEV3qzMerHerY/FaMkqdo7hD6zPHyc1krA=</latexit>

O(100)

Bhagwat et al., PRD 105, 124063 (2022)



Implementation of pSEOBNR in the LISA tools
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Coordinators: Lorenzo Pompili, Sascha Husa 

Tasks:   Identification of the required LISA tool 
            Implementation of pSEOBNR in the identified LISA tool 
            Validation of the code with injections  
            Measurement of GR deviations with LISA 

2-day meeting in May to learn about currently available LISA tools. 

- LISA Data Challenge tools 
- new LVK waveform interface (gwsignal) 
- Fast EMRI Waveforms 
- lisabeta 
- bilby for LISA 
- pyCBC for LISA
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Hoy, Nuttall, arXiv:2312.13039

Weaving et al., arXiv:2306.16429



Flexible-Theory-Independent (FTI) Method
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During the inspiral, each GW mode can be written as  
where the phase can be obtained from the post-Newtonian theory using the 
stationary-phase approximation:

<latexit sha1_base64="Jdp9rnn7JZ72Tp8dXO1kMsvT29o=">AAACJXicbVDJSgNBEO2JW4xb1KOXxiDES5gRUQ8KUS8eI5gFMuPQ06lJmvQsdPcIYZif8eKvePFgEMGTv2JnOWTxQcHr96roqufFnEllmj9GbmV1bX0jv1nY2t7Z3SvuHzRklAgKdRrxSLQ8IoGzEOqKKQ6tWAAJPA5Nr38/8psvICSLwic1iMEJSDdkPqNEacktXtuK8Q6kvcxNbeAcB1nZP8U3+HbuDc8pw3Ys2ayaucWSWTHHwMvEmpISmqLmFod2J6JJAKGinEjZtsxYOSkRilEOWcFOJMSE9kkX2pqGJADppOMrM3yilQ72I6ErVHiszk6kJJByEHi6MyCqJxe9kfif106Uf+WkLIwTBSGdfOQnHKsIjyLDHSaAKj7QhFDB9K6Y9oggVOlgCzoEa/HkZdI4q1gXFevxvFS9m8aRR0foGJWRhS5RFT2gGqojil7RO/pEQ+PN+DC+jO9Ja86YzhyiORi/f9/8pD0=</latexit>

h̃`m(f) = A`m(f)ei `m(f)

In the FTI method, each deviation parameter is a fractional deviation to the 
corresponding PN coefficient in GR:

Mehta et al., PRD 107, 044020 (2023)



GWTC-3 analyses
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Abbott et al., arXiv: 2112.06861 (2021)

In the combined GWTC-3 results, all the post-Newtonian deformation 
coefficients are consistent with the predictions from general relativity. 



Implementation of FTI in the LISA tools
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Coordinator: Manuel Piarulli 

Tasks: 

See Sylvain Marsat’s talk and  
Manuel Piarulli’s discussion later

• Identification of the required LISA tool: lisabeta 

• Identification of the implementations needed in the waveform interface 
and the TGR pipeline for compatibility with the LISA tool

• Validation of the code with injections 

• Measurement of GR deviations with LISA



Implementation of FTI in the LISA tools
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With a Fisher information matrix, it is assessed that the parameter 
uncertainties the post-Newtonian deformation coefficients decrease by ~2 
orders of magnitude compared to the LVK analysis on GWTC-3.

Piarulli et al., in preparation



Collaborative projects: next steps
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• Implementation of other parametrized tests of GR (e.g. TIGER)
Li et al., PRD 85, 082003 (2012); Agathos et al., PRD 89, 082001 (2014)

• Effect of waveform modeling, eccentricity and spin-precession in tests of GR

Injection studies as a function of the binary parameters. Assessment of biases and false 
violations of general relativity in the recovery of the parameters.

• Injection studies with beyond-GR and beyond-Standard-Model waveforms

Short presentations of waveform models for future mock data challenge
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Conclusions

• There is an ongoing effort in the LISA Consortium to study the effect of 
systematics in parametrized tests of general relativity. 

• If you are interested in contributing to the projects, you can write to: 

fpwg-chairs@lisamission.org 

You will be added to the mailing list of the projects 

      fpwg-systematics@lisamission.org 
      fpwg-ringdown@lisamission.org 

Webpage:  
https://wiki-lisa.in2p3.fr/LSGFPWG/EffectOfSystematicsOnParametrizedIMRTests 

mailto:fpwg-chairs@lisamission.org
https://wiki-lisa.in2p3.fr/LSGFPWG/EffectOfSystematicsOnParametrizedIMRTests

