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Neutron star (NS) oscillatory modes

* Quasi-normal modes: NS 100
oscillatory modes . 3
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Credit: D. Tsang et al. PRL 108, 011102 (2012)
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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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Resonant excitation of NS modes: approach

1. Computing NS modes

M/My=M'/M,, Ryc*/(GMy)=5,1=2,m=2,Q,; =101
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1. EOS and NS background model
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Solve the TOV equations

My ~1.40 Mg, Ry~13.05 km, py~1.25 x 10*° g/cm?

M'r (r)/MO
P(r)/(poc?)
== p(r)/po
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1. Compute NS modes via spectral collocation

 Linear adiabatic perturbations of the continuity and momentum conservation
eqguations

 Cowling approximation: no metric perturbations

 Spectral collocation: solve an eigenvalue problem

A2 5(2) — g2 B*** . 5(2) + boundary conditions

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



0 Institut de Ciéncies del Cosmos 9 EXCELENCIA
DE MAEZTU

UNIVERSITAT pe BARCELONA

ICCUB e

1. Compute NS modes: obtain NS mode spectra

* g-modes:

g1: @=0.1811 (f=269.2 Hz) g>: @=0.1247 (f=185.5 Hz)
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resemble modes In
] Counsell, A. R., et al. MNRAS 536.2, 1967-1979 (2025)
* p-modes, i-modes... (without spectral collocation)
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2. Quantifying the excitation of NS modes

M/My=M'/My, Ryc?/(GMy) =5,1=2,m=2,Q,; =10"*

M/My=M'/My, Ryc”/(GMy)=5, 1=2, m=2

ledb

Mode amplitudes
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Key points

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 Pena et al. (2026)
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Thank you very much
for your attention! :)
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1. Spectral collocation methods

000000000000000

 Linear adiabatic perturbations of the continuity and momentum conservation
equations

 Cowling approximation: no metric perturbations

. Solve the eigenvalue problem A?*?.¢(2) = 52 B2%2 . ¢®2) yith

2
X a X
A%OZ — ?ng, B(2)02 =1,
) 1 Y I\ ]
B%id:—rd,,— 1—|—rg7;(1—_2>_|_r<,0 | | 4£> |
_ Cs p h v/ .
. , + boundary conditions
A2 = 73, — 2 — —Gp — 61—
o i D. Tseneklidou et al.
oy’ PRD 112, 103032 (2025)

AP =10+1), B =57
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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 mcmm ~
precursor SGRBs Q:’/

* Multimessenger scenario oaop e

- —
— —

. D. Tsang et al. PRL 108, 011102 (2012) m
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P Haensel et al.
& Neutron Stars |
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2. Quantifying the excitation of NS modes

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

Companion: Newtonian gravitational potential

Newtonian mode-sum expansion = §(r,t) = Z A ()& (1)

Time evolution of the amplitudes (solve numerically):

.. GM/Wllem —im
\' Al _|_ wlzmalm — Dl_|_1 e CID(t)

(1m is mode and EOS-dependent: quantifies the orbit-mode coupling strength

14
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2. D. Lai (1994) formalism

® (Consider:

® NS of mass M and radius R orbiting a (point-like) companion of mass M’

® Coord. system (r, 8, @) centered in M
® D(t): distance from the center of M to M’
® Assume: non-rotating M, no magnetic fields...

® Newtonian gravitational potential (companion):

/

r —im
U= —GM Z Win, D(t)/-|-1 € *t) Ylm(e? qb)
Im

® Focus on (dominant) / = 2 term, for which

7\ 1/2 37
W20 — (_) 9 W2::1 =0 and W2—:2 — (_

3
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2. D. Lai (1994) formalism

® Perturbations are described in terms of Lagrangian displacements § that satisfy

82
(p8t2 | E) &= —pVU

® [ contains information about restoring forces (depends on NS structure, EOS...)
® — oV U acts as a driving force
® We can expand & in terms ai-modes (NMs) with mode amplitudes a,,(t):

£(rt) = ) aa()€4(r)

(84

16
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2. D. Lai (1994) formalism

® The previous equation leads us to

. GM' W,,Q, _.
a0 + W2 an = DHET " g im® (1)

® Q,and <|>(t) are the so-called tidal coupling coefficients and the orbital phase:

Qn = /dsxpﬁ*nlm .V [rlY,m(H,qb)] . P(1) :/ dt Qo (1)

17



o Institut de Ciéencies del Cosmos EXCELENCIA
UNIVERSITAT pE BARCELONA

DE MAEZTU
iccuyle, o

2. D. Lai (1994) formalism

® Assume D(t) given by the quadrupole formula for the gravitational radiation of 2 point masses:

64G® MM (M + M)
5¢° D3(t)

D(t) =

with

Q2(r) = M) g () = — 200

D? 2D(t)

® The resonance occurs at a D = D,, for which w, = 2€2,,,; €2, is the orbital ang. freq.

18
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2. D. Lai (1994) formalism

® Define (for numerical purposes):

doy ( t) eim<|> ()

bolt) =
Oﬂ() GM/VVIanI

® Need to solve numerically:

b, — 2imSb, + (wfx — m° Q) — imQ)ba = D_(I+1)

(separating real and imaginary components)

19
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2. D. Lai (1994) formalism

Resonant excitations produce orbit-mode energy transfers:

® Kinetic energy:
1 , 1 .
E(t) = 5 ) laal" = ) (MWinQa)" [bo — imQbal* ,
87 87

® Potential energy:

1

E,(t) = ;ng 2 |? = EZ (M WinQa)” W2 |bal® .
(87

87
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Example: i-modes and first-order phase transitions in NSs

 Phase transitions to . >
deconfined quark matter can |
occur in extremely dense NS
Interiors G 1.5-
» Associated i-modes =
1.0 -
 Their resonant excitation: GW
probes of quark matter phase
transitions? Vo
10 11 12 13
R / km

A. R. Counsell et al. PRL 135, 081402 (2025)

21
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2. Quantifying the excitation of NS modes
Recent work at the ICCUB:

Rethinking Resonance Detectability during Binary Neutron Star Inspiral: Accurate o o o —3
Mismatch Computations for Low-lying Dynamical Tides 1ed’7 M 1 — M 2 — 1.4 MG); in =10

o)

Alberto Revilla Pefial2)*| Ruxandra Bondarescu'2,f| Andrew P. Lundgren®*/}|and Jordi Miralda-Escudé!»24
' Institut de Ciéncies del Cosmos (ICCUB), Universitat de Barcelona (UB),
c. Marti i Franquées, 1, 08028 Barcelona, Spain
2 Departament de Fisica Quantica i Astrofisica (FQA),
Universitat de Barcelona (UB), 08028 Barcelona, Spain
3 Institut de Fisica d’Altes Energies (IFAE), Universitat Autonoma de Barcelona, E-08193 Bellaterra (Barcelona), Spain and
 Institucié Catalana de Recerca i Estudis Avancats (ICREA), 08010 Barcelona, Spain
(Dated: February 3, 2026)

—— AF [Lai (1994)]
AFE [Revilla Pena et al. (2026)]
""" Jresonance = 100 Hz

o)
|

We compute deviations from observed gravitational wave signals, where the amplitude of the
signal is unchanged. As an example, we consider the detectability of low lying dynamical tides in
binary neutron star or neutron star black hole mergers. Tidal forces can excite oscillatory modes of
one or both of the stars in the binary when the orbital frequency of the binary system sweeps through
the resonant mode frequency dissipating energy into the vibrational mode. The orbital energy loss
to the vibrational mode extracts energy from the orbital motion, advancing the time to merger. The
inspiral then continues with an excess phase and a time advance. Both will cause a mismatch when
fitting to a system that has not gone through the resonance. To resolve this effect, we compute the
mismatch for current and planned detectors using both a quasi-analytical approach that relies on
the computation of moment integrals and an optimized version of the standard numerical match
function. We conclude that detectability can occur for time advances of the order of 1 ms with
advanced LVK detectors for an excess energy-flux that is a few percent of the gravitational wave
emission. Our results contrast with previous work, which model this effect solely as a phase shift of
the waveform or by using the difference in the number of cycles induced by the resonant behavior.
We show that tidal resonance effects primarily cause a time advance of the merger, rather than
a phase difference, and that the single-frequency approximation commonly used in the literature '

significantly overestimates the detectability of this effect. 5 O 7 5 ]_ O O ]_ 2 5 ]_ 5 O ]_ 7 5 2 O O 2 2 5 2 5 O

Frequency f [Hz]
A. Revilla Pena et al. (2026)
https://arxiv.org/abs/2601.21086
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3. Detectability of NS mode resonances
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