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GWs (Inspiral)

Tide Free Inspiral

Waveform difference 

due to Λ

Courtesy of J. Read, adapted from  Read (2023) CQG, 40 135002 



Asteroseismology!

Modes probe the dynamics where their eigenfunctions are concentrated



From Fabian Gittins’ talk last week 



Fundamental modes (same EOS info as ) 

(non-resonant during inspiral)

Λ

Pratten, Schmidt, & Hinderer (2020) Nature Comm., 11, 2553



Other asteroseismic modes

(resonant during inspiral)

Compositional

(Core) g-modes

Ho & Andersson (2023), PRD 108, 043003 Gao et al (2025) arXiv:2509.00257v1




Pnigouras, Andersson, Gittins, & Counsell (2025), MNRAS, 542, 1375 

- 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….?



From Fabian Gittins’ talk last week 

Interface-mode from phase transition in inner core



From Hang Yu’s Talk last week
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GW “Spectroscopy” of a HMNS Remnant



Can we get early access (during the LVK era) to 
asteroseismology without needing direct detection of 

dynamical tides?


Perhaps…



Some SGRBs have precursors…
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DT, et al. (2012) PRL 108, 011102
DT (2013) ApJ 777, 103

Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4
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What are the prospects for detecting RSFs?





Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4



Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4
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Non-thermal emission from shell collisions
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Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4



Approximate Fermi/GBM detection limits

Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4
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Fields are long lived if 

they thread the core

Fields decay in < 106 years if 

anchored only in the crust 

H
o,

 A
nd

er
ss

on
 &

 G
ra

be
r (

20
17

) P
RC

, 9
6,

 0
65

80
1

Ko
ne

nk
ov

 &
 G

ep
pe

rt 
(2

00
0)

 M
N

RA
S,

 3
13

, 1
, 6

6



Up to ~25 per year Up to ~5 per year

Fermi detection lim
it

Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4
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Bsurf . 1013.5GNo detectable precursor implies

Neill, DT, Van Eerten, Ryan, & Newton (2022) MNRAS, 514, 4



Ra
st

in
ej

ad
+ 

(2
02

2)
 a

rX
iv

:2
20

4.
10

86
4 

<latexit sha1_base64="UoVJIapInsbD2e73OmY0BHJKJ4Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJ1sey6MaNUME+oAllMpm0Q2cmcWYilFA3/oobF4q49S/c+TdO2yy09cCFwzn3cu89QcKo0o7zbc3NLywuLRdWiqtr6xub9tZ2Q8WpxKSOYxbLVoAUYVSQuqaakVYiCeIBI82gfzXymw9EKhqLOz1IiM9RV9CIYqSN1LF3Q+gpysk9PDl1vCOYeZLDmwQPO3bJKTtjwFni5qQEctQ69pcXxjjlRGjMkFJt10m0nyGpKWZkWPRSRRKE+6hL2oYKxInys/EHQ3hglBBGsTQlNByrvycyxJUa8MB0cqR7atobif957VRHF35GRZJqIvBkUZQyqGM4igOGVBKs2cAQhCU1t0LcQxJhbUIrmhDc6ZdnSeO47J6VK7eVUvUyj6MA9sA+OAQuOAdVcA1qoA4weATP4BW8WU/Wi/VufUxa56x8Zgf8gfX5AzF5lXY=</latexit>

d ' 350Mpc

<latexit sha1_base64="N20Crxh8RllzIX5mOEMY8eRpt3E=">AAAB/nicbZDNSgMxFIXv1L9a/0bFlZtgEVyVmVpaN0LRjcsKthXaoWTStA3NZIYkI9Sh4Ku4caGIW5/DnW9jpp2Fth4IfJx7L/fm+BFnSjvOt5VbWV1b38hvFra2d3b37P2DlgpjSWiThDyU9z5WlDNBm5ppTu8jSXHgc9r2x9dpvf1ApWKhuNOTiHoBHgo2YARrY/Xso0d0iZySU6ueo24UpOg45Z5dnIERWgY3gyJkavTsr24/JHFAhSYcK9VxnUh7CZaaEU6nhW6saITJGA9px6DAAVVeMjt/ik6N00eDUJonNJq5vycSHCg1CXzTGWA9Uou11Pyv1on14MJLmIhiTQWZLxrEHOkQpVmgPpOUaD4xgIlk5lZERlhiok1iBROCu/jlZWiVS261VLmtFOtXWRx5OIYTOAMXalCHG2hAEwgk8Ayv8GY9WS/Wu/Uxb81Z2cwh/JH1+QPwN5JE</latexit>
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Associated Kilonova!
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2. Observations and Data Analysis

On 2023 March 7 at 15:44:06.67 UT, hereafter referred to as
a T0, the Fermi/GBM triggered on GRB 230307A (Fermi
GBM Team 2023). The burst was also observed by several
other missions including GECAM (Xiong et al. 2023), Konus/
WIND (Svinkin et al. 2023), AGILE (Casentini et al. 2023),
and the Solar Orbiter STIX (Xiao & Krucker 2023). These
detections confirmed the extremely bright nature of the
transient event and enabled the Interplanetary Gamma-Ray
Burst Timing Network (IPN) to provide a refined localization
(Kozyrev et al. 2023). A preliminary estimate of its broadband
(10–1000 keV) fluence reached a remarkable value of
approximately 3× 10−3 erg cm−2 (Dalessi et al. 2023; Svinkin
et al. 2023), marking the second highest value ever recorded
(Burns et al. 2023; O’Connor et al. 2023).

To conduct our analysis, we use Fermi/GBMs time-tagged
event (TTE) data obtained from three sodium iodide (NaI)
detectors (N6, N8, and Na) and the bismuth germanate (BGO)
detector B1. We processed the data using the HEASoft (version
6.30.1; Nasa High Energy Astrophysics Science Archive
Research Center (Heasarc) 2014) and the Fermitools software
packages (version 2.0.8; Fermi Science Support Development
Team 2019) following standard procedures.5 The spectral
analysis was conducted using RMFIT v.4.3.2 (Gamma-ray
astronomy Group 2014). Due to the extremely high flux of
GRB 230307A, the data suffers from losses caused by
electronic bandwidth limits (Dalessi & Fermi GBM

Team 2023). As a result, certain time intervals are affected
by pile-up effects (Dalessi & Fermi GBM Team 2023 from
T0+ 3 s to T0+ 7 s) and were excluded from the analysis.

2.1. Temporal Analysis

Figure 1 shows the GRB light curves extracted with a time
bin resolution of 16 ms. We compare the temporal profiles in
two energy bands, a soft energy band (7–99 keV) and a hard
energy band (>800 keV). From Figure 1 we note that most of
the emission in the hard energy band is concentrated within the
first 18 s, whereas the longer tail of emission, extending up to
∼45 s, consists of softer energy photons.
Using the standard BATSE energy range (50–300 keV), we

derive a duration T90 of ∼33 s. This value is defined as the time
interval over which the cumulative number counts increase
from 5% to 95% above background (Kouveliotou et al. 1993),
and may thus be slightly overestimated due to pile-up effects.
However, even assuming that the count rate is twice the
observed value during the bad time interval, the resulting T90
would shorten by only 3 s, and GRB 230307A would still be
classified as a long GRB. In this respect, it differs from the
standard case of short GRBs with extended emission, whose
spectrally hard pulse lasts less than 2 s, and resembles the long
GRB 211211A.
The inset of Figure 1 zooms in on the first 2.5 s of emission.

The first bright pulse that triggered Fermi/GBM is visible only
in the soft energy band, whereas the spectrally hard
(>800 keV) emission does not start until ≈T0+ 1 s. The first
pulse is characterized by a short duration, lasting from T0 to
T0+ 0.4 s, and a double-peaked structure. The two peaks are

Figure 1. Fermi/GBM Light Curves of GRB 230307A in two energy bands, soft (7–99 keV) and hard (883–38367 keV). The time bin is 16 ms. Bad time intervals
(BTIs) are indicated by a dashed horizontal line. The insert zooms in on the first 2.5 s (marked by the thick horizontal bar) to highlight the different spectral properties
of the first peak, identified as a possible precursor.

5 https://fermi.gsfc.nasa.gov/ssc/data/p7rep/analysis/scitools/gbm_grb_
analysis.html
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separated by ∼0.1 s. The gamma-ray flux decreases close to the
background level after this first short signal and it increases
again at ∼T0+0.8 s, when the main part of the emission starts.

The short duration of this initial pulse combined with the low
flux (in comparison with the extremely bright main emission),
the softer spectrum, and the delay with respect to the onset of
the main emission (∼0.4 s) are distinctive features typical of
GRB precursors. Previous studies of bright long GRBs show a
possible relation between the duration of the quiescent time and
that of the subsequent emission episode (Ramirez-Ruiz &
Merloni 2001). Neither GRB 230307A nor GRB 211211A
follow this relation for long GRBs, supporting their classifica-
tion as peculiar GRBs (Troja et al. 2022; Sun et al. 2023; Yang
et al. 2023). The short delay time of GRB 230307A (∼0.4 s) is
in the typical range of other short GRB precursors detected by
Fermi (e.g., <1.7 s; Coppin et al. 2020) and its flux follows the
observed relation between the precursor and the main emission
(Zhong et al. 2019).

Two quantities commonly used for GRB studies are the
spectral lag and minimum timescale variability. To derive the
spectral lag, we used the light curve extracted in the two
standard energy ranges: 25–50 keV and 100–300 keV. At first,
we focused our timing analysis only on the precursor event
(from T0+0 to T0+0.18 s). Using the same approach described
in Norris & Bonnell (2006) and a 4 ms binned light curve, we

derived a spectral lag of 1.5± 3.0 ms in this initial interval. To
investigate the possible evolution of the lag over the main
emission we also measured this valued in different intervals:
from T0+1.4 to T0+2.9 s, from T0+7.9 to T0+13.5 s, and from
T0+19.0 to T0+23.4 s. We found −6.6-

+
11.4
9.1 ms, -

+3.3 5.0
5.2 ms, and

2.8± 4.5 ms, respectively. Intervals were selected in such a
way that the count rates at the beginning and end points are
almost the same. This deliberate choice aimed to enhance the
efficacy of cross-correlation analysis and produce robust lag
results. We used the 8 ms binned light curve to study the main
part and the extended tail of the prompt emission. This was
done in order to ensure the minimum number of counts per bin
needed to perform a sensitive fit of the cross-correlation
function between the two channels.
These spectral lags are consistent with 0 and are similar to

the ones observed for short GRBs and short GRBs with
extended emission (Norris & Bonnell 2006).
We then derived the minimum timescale variability using the

method described in Golkhou & Butler (2014). The value was
calculated for different time intervals, representative of the
different parts of the prompt emission: the precursor (−0.064 to
0.32 s), the main hard peak (0.32–18 s, excluding the bad time
interval 3–7 s), and the extended tail (18-40 s). Two energy
bands were considered: the standard GBM broadband (8–
1000 keV) and the standard Swift band (15–350 keV) to allow
for direct comparison with GRB 211211A and the rest of the
Swift sample. Results are reported in Table 1 and Figure 2.
During the precursor episode, the minimum variability is

17± 2 ms (see Figure 2). As the prompt emission evolves, this
variability changes. A fast variability (<12 ms) characterizes
the signal between T0+0.4 and T0+3 s (after the first peak and
before the start of the bad time interval). The minimum
variability timescale stays below ∼20 ms during the main
emission (before T0+18 s) and it increases up to ∼60 ms
during the tail (see Table 1). Our values are slightly higher that
those reported by Camisasca et al. (2023), which were derived
using a different approach.
It is interesting to note that the minimum variability evolves

as observed for GRB 211211A (see Figure 2). It is also worth
noting that while the main signal seems to follow the typical
hard-to-soft trend observed for other long GRBs commonly
associated with a short-to-long variability, the precursor
appears to have a peculiar short variability and a soft spectra
(see the next Section 2.2). This distinct behavior deviates from
the general trend observed between the pulse width and the
energy (Fenimore 1995) and it is indicative of a different
physical process associated with the precursor.

2.2. Spectral Analysis

The precursor spectra was obtained integrating the signal
between T0−0.064 and T0+0.320 s. The background was
derived using the time interval that goes from T0−89 to T0−7 s
before the burst trigger and from T0+162 to T0+273 s after the
end of the prompt emission. The background light curve was
modeled using a third-degree polynomial. The spectral best-fit
results are presented in Table 2 and in the bottom panel of
Figure 2. The spectral models used for the analysis are a simple
blackbody (BB), Comptonized model (e.g., a power-law with
an exponential cutoff, as described in Gruber et al. 2014), a
Band function (Band et al. 1993), and a combination between a
Band function and a BB. The best fit is obtained by a simple
Band function (see Figure 3). The combined Band+BB model

Table 1
Minimum Variability Time Scale

Time Interval Minimum Variability

(s) (s) (s)
8–1000 keV 15–350 keV

T0−0.064–T0+0.32 0.017 ± 0.002 0.014 ± 0.002
T0+0.320–T0+3 <0.012 0.010 ± 0.002
T0+7–T0+18 0.015 ± 0.002 0.017 ± 0.002
T0+18–T0+40 0.062 ± 0.004 0.063 ± 0.005

Note. All the reported times are observer frames.

Figure 2. Minimum variability timescale (top) and spectral peak energy
(bottom) as a function of time. Red and gray crosses mark the evolution
measured for GRB 230307A and 211211A, respectively. The shaded
renormalized light curves (8–1000 keV) are GRB 230307A (red) and GRB
211211A (gray) (from Troja et al. 2022).
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Dichiara, DT, Troja, Neill, Norris, & Yang (2023) ApJ, 954, L29



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

If we can determine the crust-core i-mode frequency through coincident 
timing of RSFs or GW dynamical tides…. 



Neill, Newton, Holt, Drischler, Margueron, & DT in prep
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Nuclear Matter  
Physics

Astrophysicists
My collider is the 
universe! 

(observable event rate 

is a bit low though)
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Experimental Constraints on J-L 208Pb/48Ca Neutron “Skin” thickness

Experimental constraints

of symmetry energy


and nucleonic physics

https://www.stonybrook.edu/commcms/physics/research/archive/2022/0217_neutronskin

Adapted by D. Neill (2023 Thesis) from Lattimer & Lim 2013 including (Skryme 
dependent) J-L constraints on PREX and CREX from Zhang & Chen (2023)  Phys 
Rev C, 108, 2, 024317




Theoretical models of

nuclear matter

Nuclear Effective Field Theories 
<latexit sha1_base64="rgn+0i66/cU7QSMgCN8sO58WtHU=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KomIeiyK4rFCv6AJYbPdtkt3N2F3opbYn+LFgyJe/SXe/Ddu2xy09cHA470ZZuZFCWcaXPfbWlpeWV1bL2wUN7e2d3bt0l5Tx6kitEFiHqt2hDXlTNIGMOC0nSiKRcRpKxpeTfzWPVWaxbIOo4QGAvcl6zGCwUihXfLJgIU+0EdQIru+qY9Du+xW3CmcReLlpIxy1EL7y+/GJBVUAuFY647nJhBkWAEjnI6LfqppgskQ92nHUIkF1UE2PX3sHBml6/RiZUqCM1V/T2RYaD0SkekUGAZ63puI/3mdFHoXQcZkkgKVZLaol3IHYmeSg9NlihLgI0MwUczc6pABVpiASatoQvDmX14kzZOKd1bx7k7L1cs8jgI6QIfoGHnoHFXRLaqhBiLoAT2jV/RmPVkv1rv1MWtdsvKZffQH1ucPdLKUIQ==</latexit>�EFT

Illustration from https://indico-tdli.sjtu.edu.cn/event/2821/attachments/5277/8738/20241210_SJTU_bnlu.pdf
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GW Bulk Observables

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



Adapted from Pang et al., (2023) Nature Comm, 14:8352 

Multi-messenger 
Precursors (RSFs)

GWs (Inspiral)

EM: Kilonovae/GRB
GW (post merger)
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Neill, Newton, & DT (2021), MNRAS 504, 1, 1129


Multi-messenger Precursors (RSFs)



Causality NICER GW Prior
250 Hz RSF Posterior

Outer Crust Inner Crust Outer 
Core

Inner Core
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Neill, Preston, Newton & DT (2023), PRL, 130, 112701



Neill, Preston, Newton & DT (2023), PRL, 130, 112701
See also Neill, DT, & Newton(2024) MNRAS 532, 1, 82

Multi-messenger Precursors (RSFs)



Neill, DT, Drischler, Holt, & Newton (2025) Phys Rev C, 111, 1, 015809

Testing Chiral Effective Field Theory with RSFs



What determines the spread of i-mode frequencies?
If we fix the crust/outer core physics…

But wait!

Neill, Newton, & DT (2021), MNRAS 504, 1, 1129


Neill, Newton, Holt, Drischler, Margueron, & DT in prep
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Neill, Newton, Holt, Drischler, Margueron, & DT in prep

What determines the spread of i-mode frequencies?



Fix a metamodel from Margueron et al (2017), add 
arbitrary phase transition to linear sound speed to 
vary the bulk core properties. Generate random 
samples of (nPT, ΔnPT, cs2, dcs2/dn ) for spread in   
M-R plane.

Sampled with 
uniform prior in M-R 
within masses 
between 1-3Msun

Inject mass data taken 
to be consistent with 
GW170817

Injected i-mode 
frequency with different 
uncertainties

Geometric radius 
measurement with 
precision down to ~

<latexit sha1_base64="shOS7Q84+7mCabKTGT+n+JWV+aI=">AAAB+3icjVDLSsNAFJ34rPUV69LNYBFchUR8LYtuXFawD2hCmUyn7dCZSZi5kZaQX3HjQhG3/og7/8bpY6Gi4IELh3Pu5R5OnApuwPc/nKXlldW19dJGeXNre2fX3as0TZJpyho0EYlux8QwwRVrAAfB2qlmRMaCteLR9dRv3TNteKLuYJKySJKB4n1OCVip61bCVGLfOwuBjUHLfCSLrlsNPH8G/DepogXqXfc97CU0k0wBFcSYTuCnEOVEA6eCFeUwMywldEQGrGOpIpKZKJ9lL/CRVXq4n2g7CvBM/XqRE2nMRMZ2UxIYmp/eVPzN62TQv4xyrtIMmKLzR/1MYEjwtAjc45pREBNLCNXcZsV0SDShYOsq/6+E5okXnHvB7Wm1drWoo4QO0CE6RgG6QDV0g+qogSgaowf0hJ6dwnl0XpzX+eqSs7jZR9/gvH0CjEOUJA==</latexit>

±0.5km
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Neill, Newton, Holt, Drischler, Margueron, & DT in prep



Sampled with 
uniform prior in M-R 
within masses 
between 1-3Msun

Inject mass data taken 
to be consistent with 
GW170817

Injected i-mode 
frequency with 1% 
uncertainty (mostly mass 
uncertainty dominated)

Radius precision 
improves with better 
theoretical constraints 
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Same as before, but allowing nucleonic model to 
vary with uncertainty range consistent with χEFT 
from Lim & Holt (2018), with with covariance 
matrix scaled by constant factor to get estimates 
for “improved” constraints. 

Neill, Newton, Holt, Drischler, Margueron, & DT in prep
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Using Newton & Crocombe (2021) isoscalar/
isovector parameters, into meta-model. 

Varying only δR neutron skin depth from 

experimental results (effected through Skyrme 
EDF).  

Sampled with 
uniform prior in M-R 
within masses 
between 1-3Msun

Inject mass data taken 
to be consistent with 
GW170817

Injected i-mode 
frequency with 1% 
uncertainty (mostly mass 
uncertainty dominated)

Radius precision 
improves with better 
experimental constraints 

Neill, Newton, Holt, Drischler, Margueron, & DT in prep
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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 signal to noise

• Our estimate of “experimental” uncertainty is not really properly modelled


• key take-away is to see improvement in RNS constraint from better δRn-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

• Different 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 δRNS


• 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

Geometric Radius from the i-mode
Prel

im
ina

ry



a

• 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, r-modes: rotation, core i-
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 χEFT

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

• Asteroseismic leverage: Improved nucleonic physics constraints at ~0.5 no improves 

radius and high density physics constraint!

Key Takeaways:
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