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WHAT ARE QNMS?
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Using background symmetries and fixing gauge:

Equatorial (reflection) symmetry:
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WHAT ARE QNMS?

A QNM is a solution with:

This is possible only if the frequency is quantised: 

The amplitude is arbitrary in this approach

<latexit sha1_base64="InMoPQZiOE3pyCDTfk+EQq0H9Ok="></latexit>

gµ⌫ = ḡµ⌫ + "h(1)
µ⌫

It MUST be fitted to NR
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A REMARKABLE FIT

Zertuche et al. (2022)

SXS:BBH:0305      GW150914⇔

≪ 1
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NONLINEARITIES?
<latexit sha1_base64="MVz2dJEeUF6mc5mnDG8B5I+jnFw="></latexit>
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Same operator! Source term
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« QUADRATIC » MODES:
• Frequency                    or

<latexit sha1_base64="SYCtl4U7zvyR+oOn6vX4qd1ynJY="></latexit>
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• Angular momentum                                                 and 
<latexit sha1_base64="pe8Rn8CEeLLPhG57K84z6CiYfBg="></latexit>
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m = m1 +m2

• Parity
<latexit sha1_base64="O8bSrcyHUUwirfEamK/gIqJr9wc="></latexit>

(�1)`+m

• Amplitude is quadratic in linear modes

Nakano&Ioka(2007), London&al(2017), Lagos&Hui(2023), Bucciotti AK&al (2024)….



NONLINEARITIES!

Mitman et al. (2023)
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Can we have a better understanding of these nonlinearities?

OBSERVABILITY
S. Yi, AK & al (2024)
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SECOND-ORDER RW
<latexit sha1_base64="00ZLC3AOgJ2WPJrYDR7z/jG4yI4="></latexit>
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A toy-model:
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A QNM is a solution with:
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HOMOGENEOUS SOLUTION: Renormalization of linear amplitudes

PARTICULAR SOLUTION: Amplitude fixed by          ! 
<latexit sha1_base64="FwTrK2CjIGtLfk1I/xaeu7Eo1bI="></latexit>
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LEAVER SOLUTION
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Bucciotti, Juliano, AK, Trincherini (2024)
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NONLINEAR RINGDOWN
GW190521-LIKE MERGER

(Neglecting spin and deviations from equatorial symmetry)

Bucciotti, Juliano, AK, Trincherini (2024)
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CONCLUSIONS

• Amplitude of quadratic modes is fully determined by:

- Improvement of ringdown waveforms for free

- Tests of GR

• As precision improves, we should aim to model nonlinearities in ringdown

• Quadratic modes will be observable by ET/CE/LISA

- Amplitudes of linear modes

- mass and spin of final BH

• Applications:

https://github.com/akuntz00/QuadraticQNM

Available at:

https://github.com/akuntz00/QuadraticQNM
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BACKUP
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DEVIATIONS TO REFLECTION SYMMETRY
Parity is not given by reflection symmetry

POLARIZATION PARAMETER:
<latexit sha1_base64="Jg3oEkNHZ3/LCsNzVY2PvDyxVIg="></latexit>
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15

DEVIATIONS TO REFLECTION SYMMETRY
Bourg&al (2024)
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SELECTIONS RULES
Bucciotti, Juliano, AK, Trincherini (2024)

Rule 1. Quadratic modes vanish if              ,                  and    is odd
<latexit sha1_base64="7Ttd8SXy2el39OSSr/Bm1vVLdPg="></latexit>

`1 = `2
<latexit sha1_base64="CZ4Q+c4NR56Lsq23gVdT0jftQ2A="></latexit>m1 = m2
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Rule 2. Quadratic modes vanish if               ,                 ,                 ,                   and    is odd
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`1 = `2
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<latexit sha1_base64="q+03J2etaMl9BM/ggFKilM6fjYc="></latexit>m1 = m2
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REGULARIZATION
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A QNM is a solution with:
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Issue with the asymptotics!

We want We have
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Gleiser&al (95,98,99)
Brizuela&al (06,07,09)

Nakano&Ioka (07)
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REGULARIZATION
<latexit sha1_base64="/GP5wOA081e3SgSAXhpHKtx9JPs="></latexit>
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The           cancels when going from RW gauge to TT gauge  
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Bucciotti, Juliano, AK, Trincherini (2024)


