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Asteroseismology! :

Modes probe the dynamics where their eigenfunctions are co



Neutron-Star Mode Spectrum

* f-mode: scales with average density

e p-modes: sound waves in the star (overtones of the f-mode)

o o-modes: buoyancy waves from thermal/composition gradients  (I,m) = (3,0)
e inertial modes (including r-modes): associated with rotation

* /-modes: arise from phase transitions
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- w-modes, s-modes, Alfven modes, ...
= Modes provide unprecedented access to neutron-star physics (I,m) = (3,2)

From Fabian Gittins’ talk last week



HLV
3 A+
3 HF4S

ET-D (triangle)

CE (HP)

ET (triangle) + 2 CE(HP)
Fundamental modes (same EOS info as A)

(hon-resonant during inspiral)

Pratten, Schmidt, & Hinderer (2020) Nature Comm., 11, 2553
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Contribution to effective love number changes with frequency!

Static response includes zero frequency response of all dynamical modes!

At frequencies much greater than their resonances, modes stop contributing to dynamical tide

Effect on detectability quantitatively uncertain until waveform models can be developed (Nils says soon)

Almost all direct effects (besides f-mode) below LVK detectability) except maybe....?




I-mode Resonances

Interface-mode from phase transition in inner core

1000 1500 2000
f /[ Hz

[Counsell+, Phys. Rev. Lett. 135, 081402 (2025)]

. . Can we develop models of this resonant behaviour?

From Fabian Gittins’ talk last week
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Resonance locking of g-modes
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Linear case:
Decoupled with the orbit afterward.

Small phase shift < 0.01 rad (Lai 94; HY & Weinberg 17a, b)

Continuously amplified by resonance and
coupled with the orbit.
Significant phase correction ~ 3 rad!

From Hang Yu’s Talk last week
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GW “Spectroscopy” of a HMNS Remnant
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Can we get early access (during the LVK era) to
asteroseismology without needing direct detection of
dynamical tides?

Perhaps...



Some SGRBs have precursors...

GRB 0605028
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Resonant Shattering Flares
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DT (2013) ApJ 777, 103

Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4
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Resonant Shattering Flares ..
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Resonant Shattering Flares (RSFs)
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What are the prospects for detecting RSFs?
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*no afterglow; host galaxy within BAT error box

Q: Is there a local orphan RSF component in SGRBs population?



Progenitor

Post-Merger

Possible
EM Counterparts

NS + Disc/Ejecta

SGRB
kilonova
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magnetospheric flare

BH + Disc/Ejecta

SGRB
kilonova
RSF
magnetospheric flare

No Tidal Disruption No Matter

RSF None
magnetospheric flare

Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4
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Resonant Shattering Flares
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Average luminosity (1042 erg/s)
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Gourgouliatos, Wood, & Hollerbach (2016) PNAS, 113, 15, 3944



Fields are long lived if
they thread the core

Fields decay in < 106 years if
anchored only in the crust

Ho, Andersson & Graber (2017) PRC, 96, 065801

Konenkov & Geppert (2000) MNRAS, 313, 1, 66
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If we can determine the crust-core i-mode frequency through ceincident
timing of RSFs or GW dynamical tides....

How can we use the i-mode to constrain nuclear. physics?
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universe!

(observable event rate
is a bit low though)
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Experimental Constraints on J-L 208Pp/48Ca Neutron “Skin” thickness
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Adapted by D. Neill (2023 Thesis) from Lattimer & Lim 2013 including (Skryme e

dependent) J-L constraints on PREX and CREX from Zhang & Chen (2023) Phys

Rev C, 108, 2, 024317
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GW Bulk Observables
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lacovelli et ali(2023)'PRD, 108, 122006

If you assume the entire star is nucleonic then constraints can be placed on the radius
and isovector/isoscalar parameters from the GW tidal deformability, particularly with the
next gen observatories. However, this isn’t necessarily a good assumption.

See Legred et al (2025) arXiv:2505.07677, or Isaac’s entire talk on Monday
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Multi-messenger Precursors (RSFs)
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Multi-messenger Precursors (RSFs)
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If we fix the crust/outer core physics...
What determines the spread of i-mode frequencies?
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N What determines the spread of i-mode frequencies?
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Q;S

&8 Geometric Radius from the i-mode

Q@}n‘ferent observables probe different regions, inner core Is uncertain physics
I-mode probes crust-core transition region, nuclear physics ~ 0.5 nsat

 Geometric measure of Rns that does not depend on details of inner core!

* Improving uncertainties for low-density nucleonic physics will improve 6Rns

 Uses asteroseismology to leverage low-density physics to constrain high-
density physics

* |I-mode detectable with RSFs (this gen) or with next-gen dynamical tides

Caveats:

* Post phase-transition buoyancy is assumed to be zero (fast reactions compared to mode freq)
» Pasta effects not fully included (just CLDM in these calculations)
 Mass uncertainty will definitely improve with next gen GW observatories and higher signalto noise
* Our estimate of “experimental” uncertainty is not really properly modelled

» key take-away is to see improvement in Rns constraint from better 0Rn-skin constraint
 Mixing of i and first g-mode when compositional stratification becomes stronger

* |Included in the calculation, but can weaken geometric R dependence if it is very large




Key lakeaways:

Asteroseismology particularly in the inspiral is a great way to probe dense matter at
specific densities, dynamics and composition not just EOS

f-mode: similar to tidal deformability, g-modes: composition, -modes: rotation, core |-
modes: phase transition

core-crust i-mode can be obtained in LVK era through coincident RSF/GW timing
EM merger precursors are interesting, even if they don’t turn out to be RSFs
Core-crust i-mode provides strong constraints on matter at ~0.5 no

* J-L constraints complementary to terrestrial experiments, can provide higher isospin
assymmetry test of xEFT

Can use the i-mode frequency to determine the NS radius.geometrically during merger!

» Asteroseismic leverage: Improved nucleonic physics constraintstat ~0.5 no improves
radius and high density physics constraint!
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