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• Quasi-normal modes: NS 
oscillatory modes


• Different kinds with different 
frequencies 

• Non-radial modes: GW emission 

• Example: i-modes
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Credit: D. Tsang et al. PRL 108, 011102 (2012)

Neutron star (NS) oscillatory modes



NS mode resonant excitation in a NS-NS or NS-BH binary

• Companion: exerts a tidal force over 
the NS


• The tidal force’s frequency can reach 
that of some NS modes, resonantly 
exciting them 

• Orbit -> mode energy transfers 
advance coalescence and leave 
phase imprints on GW waveforms

Credit: NASA / Goddard Space Flight Center
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1. Computing NS modes 

2. Quantifying the resonant excitation 
of NS modes


3. Estimating the detectability of NS 
mode resonances

Resonant excitation of NS modes: approach
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Newtonian formalism [D. Lai (1994)]



1. EOS and NS background model
Solve the TOV equations
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Choose an EOS



• Linear adiabatic perturbations of the continuity and momentum conservation 
equations 

• Cowling approximation: no metric perturbations


• Spectral collocation: solve an eigenvalue problem  


• Formalism described by D. Tseneklidou et al. PRD 112, 103032 (2025)                                      

1. Compute NS modes via spectral collocation

<latexit sha1_base64="uTs0Z7oKYdenbvBEJouEu1ZYdyQ="></latexit>

A2→2 · ω(2) = ω2B2→2 · ω(2)
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+              boundary conditions



1. Compute NS modes: obtain NS mode spectra
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• g-modes: 

• p-modes, i-modes…

(…)

resemble modes in                                                                
Counsell, A. R., et al. MNRAS 536.2, 1967-1979 (2025)            

(without spectral collocation)                             



2. Quantifying the excitation of NS modes
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Mode amplitudes Mode energies



• NS modes can be resonantly excited during NS-NS/NS-BH inspirals


• This happens when the frequency of the companion’s tidal force reaches that 
of a given mode 

• We have used spectral collocation methods to compute NS modes 

• We have computed numerically the time evolution of NS mode amplitudes 
following D. Lai (1994)


• Next steps: 3. detectability of resonances in GW waveforms following A. 
Revilla Peña et al. (2026)

Key points
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Thank you very much 
for your attention! :)
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Back-up slides
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• Linear adiabatic perturbations of the continuity and momentum conservation 
equations 

• Cowling approximation: no metric perturbations


• Solve the eigenvalue problem                                                  with

1. Spectral collocation methods

<latexit sha1_base64="uTs0Z7oKYdenbvBEJouEu1ZYdyQ="></latexit>

A2→2 · ω(2) = ω2B2→2 · ω(2)
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D. Tseneklidou et al. 
PRD 112, 103032 (2025)

+ boundary conditions



Example: i-modes and NS crust shattering

• The excitation of crust-core i-modes 
leading to NS crust shattering has 
been proposed as a mechanism driving 
precursor SGRBs 

• Multimessenger scenario


• D. Tsang et al. PRL 108, 011102 (2012) 

P. Haensel et al. 
Neutron Stars I

13



2. Quantifying the excitation of NS modes

• Formalism by D. Lai. MNRAS 270, 611-629 (1994)


• Companion: Newtonian gravitational potential


• Newtonian mode-sum expansion


• Time evolution of the amplitudes (solve numerically):


•          is mode and EOS-dependent: quantifies the orbit-mode coupling strength

<latexit sha1_base64="vpW7ALADmLNFTkaaXb+6evXt0O0="></latexit>

älm + ω2
lmalm =

GM →WlmQlm

Dl+1
e↑im!(t)

<latexit sha1_base64="jeWY1EVZn0XaeZT325kPx5n9B2g=">AAAB53icbZC7TgJBFIbP4g3xhlpqzERiYkV2LdCSaGMJiVwS2JDZ4SyMzF4yM2tCNpTWWhm18y14CF/AZ/AlHC6Fgn/1zfn/Sc5/vFhwpW37y8qsrK6tb2Q3c1vbO7t7+f2DuooSybDGIhHJpkcVCh5iTXMtsBlLpIEnsOENbiZ+4wGl4lF4p4cxugHthdznjGozqlc7qQhGnXzBLtpTkWVw5lAoH4+r348n40on/9nuRiwJMNRMUKVajh1rN6VScyZwlGsnCmPKBrSHLYMhDVC56XTbETnzI0l0H8n0/Tub0kCpYeCZTEB1Xy16k+F/XivR/pWb8jBONIbMRIznJ4LoiExKky6XyLQYGqBMcrMlYX0qKdPmNDlT31ksuwz1i6JTKpaq5g7XMFMWjuAUzsGBSyjDLVSgBgzu4Rne4N3i1pP1Yr3Oohlr/ucQ/sj6+AF9o5B+</latexit>

Qlm
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<latexit sha1_base64="rd8TFylyur3ZPSgLO5KbhInFyvY="></latexit>

ω(r, t) =
∑

lm

alm(t)ωlm(r)



2. D. Lai (1994) formalism
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2. D. Lai (1994) formalism
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2. D. Lai (1994) formalism
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2. D. Lai (1994) formalism
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2. D. Lai (1994) formalism
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2. D. Lai (1994) formalism
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• Phase transitions to 
deconfined quark matter can 
occur in extremely dense NS 
interiors


• Associated i-modes 

• Their resonant excitation: GW 
probes of quark matter phase 
transitions?

Example: i-modes and first-order phase transitions in NSs

A. R. Counsell et al. PRL 135, 081402 (2025)
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Recent work at the ICCUB:

2. Quantifying the excitation of NS modes

A. Revilla Peña et al. (2026) 
https://arxiv.org/abs/2601.21086 
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https://arxiv.org/abs/2601.21086


3. Detectability of NS mode resonances
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PRELIMINARY


