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Resonant shattering flares as asteroseismic tests of chiral effective field theory
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Chiral effective field theory (χEFT) has proved to be a powerful microscopic framework for predicting the
properties of neutron-rich nuclear matter with quantified theoretical uncertainties up to about twice the nuclear
saturation density. Tests of χEFT predictions are typically performed at low densities using nuclear experiments,
with neutron star (NS) constraints only being considered at high densities. In this work, we discuss how
asteroseismic quasinormal modes within NSs could be used to constrain specific matter properties at particular
densities not just the integrated quantities to which bulk NS observables are sensitive. We focus on the crust-core
interface mode, showing that measuring this mode’s frequency would provide a meaningful test of χEFT at
densities around half the saturation density. Conversely, we use nuclear matter properties predicted by χEFT to
estimate that this mode’s frequency is around 185 ± 50 Hz. Asteroseismic observables such as resonant phase
shifts in gravitational-wave signals and multimessenger resonant shattering flare timings, therefore, have the
potential to provide useful tests of χEFT.
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I. INTRODUCTION

The nuclear matter equation of state (EOS) describes how
the binding energy per nucleon of bulk nuclear matter varies
with baryon number density, temperature (or equivalently
energy/momentum), and isospin asymmetry (or likewise the
proton fraction), making it a key component in modeling both
nuclei [1–3] and neutron stars (NSs) [4,5]. However, the non-
perturbative nature of the strong interaction at low energies
makes an ab initio derivation of the EOS at densities rele-
vant to nuclei and NSs very challenging, if not infeasible, at
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present. Various approaches have, therefore, been developed
to calculate properties of nuclear matter based on nuclear
forces fitted to two- and few-body observables.

Chiral effective field theory (χEFT), with Weinberg power
counting, has become the dominant approach to deriving mi-
croscopic nuclear forces consistent with the symmetries (and
symmetry-breaking pattern) of low-energy quantum chro-
modynamics (QCD). It involves writing the most general
Lagrangian consistent with the symmetries of low-energy
QCD and using pion and nucleon effective degrees of freedom
rather than QCD’s quarks and gluons. Combined with a com-
putational framework to solve the many-body Schrödinger
equation, χEFT can be used to calculate properties of nu-
clear matter with quantified uncertainties up to about twice
nuclear saturation density, nsat ≈ 0.16 fm−3 [6]. By ordering
the contributions to the nuclear potential in increasing powers
of the ratio of a typical momentum scale of the system and
the EFT breakdown scale, "b ≈ 600 MeV, using a power
counting scheme, one can obtain a high-fidelity description
of the nucleon-nucleon and higher-body nuclear forces whose
uncertainties due to omitted higher-order contributions can be
estimated by analyzing the convergence in the chiral expan-
sion. In recent years, there has been tremendous progress in
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applying χEFT to study the properties of atomic nuclei and
bulk nuclear matter with rigorously quantified uncertainties
[7–14].

As with any theory, testing whether χEFT accurately cal-
culates the properties of nuclear matter is important. Tests at
low densities (n ! 2nsat), where χEFT is predictive, can offer
insights into whether all the relevant low-energy physics has
been included and χEFT works as advertised. Meanwhile,
at high densities (n " 2nsat), where χEFT predicts its own
breakdown (momentum) scale, tests can help in identifying
the corresponding critical density and mechanism through
which χEFT (in a particular implementation) breaks down in
medium [15,16]. Testing the predictions of χEFT for nuclear
matter is therefore important over a wide range of densities,
but currently there are only limited ways to do this validation
[17].

At n ! 2nsat, the isospin-asymmetry dependence of the
nuclear matter EOS expanded about isospin-symmetric matter
is governed by the symmetry energy, the difference in binding
energy between pure neutron matter and symmetric nuclear
matter. Both the energy per particle of asymmetric matter and
the symmetry energy can be calculated from χEFT (see, e.g.,
Refs. [18–20] and references therein) through the use of a
many-body perturbation theory, and so constraints on them
can be used to test the theory. While atomic nuclei are much
closer to symmetric nuclear matter than pure neutron matter,
NSs primarily consist of extremely neutron-rich matter, mean-
ing that the symmetry energy holds particular importance for
NSs. Being concerned with NSs, this work will therefore
focus on the symmetry energy.

As illustrated in Fig. 1, much effort has been expended in
a variety of terrestrial experiments to constrain the symmetry
energy [21]. For example, the products of heavy-ion collision
(HIC) at various incident energies and impact parameters pro-
vide insight into the symmetry energy at different densities
through distributions of their products and inferred nuclear
matter transport dynamics [22–25]. Various projects to expand
our knowledge of nuclear binding energies and charge radii
also improve our understanding of the symmetry energy, as
models fit to large or magic nuclei (i.e., nuclei with closed
proton and neutron shells) display preferences for particular
symmetry energy ranges [26,27]. Recently, the 208Pb and 48Ca
Radius EXperiments, PREX–II and CREX, have garnered
particular interest as their results are difficult to reconcile
with each other. These experiments measured parity-violating
asymmetry in the elastic scattering of electrons from 208Pb
and 48Ca [28,29], which can be used to obtain constraints on
the thickness of the neutron skin of these nuclei—a property
with a strong correlation to the slope of the symmetry energy
around 0.1 fm−3 [30–33].

While these experiments provide symmetry energy con-
straints from various different phenomena, a commonality that
many of them share is that they are primarily sensitive to the
symmetry energy at densities below the saturation density.
This is naturally a consequence of the density in nuclei peak-
ing around saturation, meaning that nuclear matter must be
compressed to probe its properties at higher densities. How-
ever, such compression requires high energies (e.g., Ref. [22]),
and thus momentum/temperature will have a significant ef-

FIG. 1. A schematic illustration of the densities at which various
terrestrial experiments constrain the nuclear symmetry energy [21],
alongside broad bounds on what its value might be. The approximate
densities at which χEFT is expected to be predictive for properties
of nuclear matter are indicated by the blue line at the bottom. Labels
along the top and dashed lines roughly split the density range by
the regions of a NS, and the composition of NS matter in those
regions is illustrated within the symmetry energy bounds. Bulk NS
properties mainly inform us of the (possibly exotic) high-density
matter found in the NS inner core, while experiment allows us to
probe the symmetry energy at lower densities. Not shown here are
experiments that can be used to probe the slope of the symmetry
energy, such as the PREX and CREX experiments [28,29,31,32]

fect on the nuclear matter EOS in these experiments. This
means that terrestrial experiments leave high-density low-
temperature parameter space for dense matter unexplored.

Instead, NSs are often put forward as ideal environments
to probe the unexplored high-density and low-temperature
region of the QCD phase diagram. Their cores easily surpass
the densities explored in laboratory experiments, reaching
up to several times the saturation density, and old NSs will
have cooled sufficiently to approximately consist of cold beta-
equilibrium matter [34–36]. The use of NSs in studying high
densities is supported by current observables—such as x-
ray pulse-profiles [37–40], relativistic Shapiro delay [41,42],
and gravitational waves from coalescing binaries [43]—which
provide constraints on bulk NS properties such as radius, mass
(consequently constraining the maximum NS mass), and tidal
deformability. These properties depend on the NS EOS, with
particular sensitivity to the NS core and thus to the dense
matter found there. NSs with different masses will have dif-
ferent central densities, and so as the properties of more NSs
are measured we will learn about matter over an increasingly
broad high-density range.

When NSs are considered as sites to probe dense mat-
ter, it is therefore typically with focus on only the extreme
densities found within their cores. Of course, there is also
low-density matter in the outer layers of NSs, and the NS
inner crust and outer core maintain a high isospin-asymmetry
that is ideal for studying the symmetry energy. However, bulk
NS properties are largely insensitive to these outer layers or
have a dependence on them that is degenerate with the core,
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making it difficult to reliably constrain low-density matter
with sufficient precision to meaningfully aid experiment. In
this work, we will show that NS asteroseismic observables
can provide insights into the NS crust with sufficient strength
to aid terrestrial efforts to explore the subsaturation EOS and
test the predictions of χEFT.

As different families of normal modes within NSs have
properties determined by different facets of NS structure and
composition, asteroseismology could be used to probe various
properties of matter over a wider range of densities. Some,
such as the gravitational (g-) and fundamental ( f ) modes—
which may soon be probed through the resonant phase shifts
they cause in gravitational waves (GWs) [44–47]—are pri-
marily sensitive to properties of the NS core, with the f mode
in particular giving information similar to that obtained from
the tidal deformability [48,49]. Other modes, however, are
sensitive to details of the star’s composition in less-dense re-
gions. For example, shear modes are restored by shear forces
and therefore have little dependence on matter outside the
solid NS crust [50]. The challenge of asteroseismology is
not only in determining how different modes depend on the
properties of nuclear matter but also in identifying observables
that contain signatures of modes, which is not an easy task
given that the extreme mechanisms required for emissions
to be observable at astronomical distances will typically be
dominated by bulk NS properties.

A class of asteroseismic observables that may be detectable
with current instrumentation are resonant shattering flares
(RSFs). RSFs are brief γ -ray flares triggered when the res-
onant excitation of a NS normal mode by the tidal field of its
binary partner causes the NS crust to shatter [51,52]. As this
is most likely to occur shortly before a binary merger when
the tidal field is strongest, gravitational waves (GWs) could
be detected coincident with RSFs. Despite several steps sepa-
rating the dynamics of the resonant mode from the emission of
a flare, the multimessenger detection of GWs coincident with
a RSF would allow for a simple and reliable measurement of
that mode’s frequency [51,52]. The crust-core interface mode
(i mode) has been identified as a promising candidate for
triggering RSFs, and its frequency is sensitive to the com-
position of the NS crust—and thus to the EOS of nuclear
matter—near the crust-core transition [53,54], around half
the nuclear saturation density. Measurements of the i mode
frequency from multimessenger RSF and GW events would,
therefore, provide strong constraints on nuclear matter within
NSs at that density, allowing for a low-density astrophysical
test of χEFT.

RSFs and other asteroseismic observables may therefore
expand the scope of NSs to being laboratories where nuclear
matter can be probed at low densities as well as high densities,
allowing for more comprehensive in-medium tests of χEFT.
In this work, we will inject measurements of the i-mode fre-
quency into inferences of the nuclear symmetry energy via
an NS metamodel, which takes extended Skyrme models for
the nuclear matter EOS as inputs to construct models for the
NS EOS and composition. We will show that the resulting
posteriors indicate that such measurements would be useful as
tests of χEFT by comparing them to conservative χEFT pre-
dictions for the nuclear symmetry energy, and that when used

in conjunction with experimental constraints on the symmetry
energy they can improve tests to keep pace with optimistic
predictions for χEFT uncertainties.

II. CONSTRAINING THE SYMMETRY ENERGY

A. Neutron star metamodel and prior

We parameterize the equation of state (EOS) of bulk
nuclear matter using an extended Skyrme interaction [55]
that allows for independent variation of the first three pa-
rameters of the expansions of the symmetric matter EOS
(energy per particle E0, saturation density nsat, and incom-
pressibility K0) and symmetry energy (symmetry energy at
nsat J , slope parameter L, and the second-order coefficient
Ksym) around the nuclear saturation density. We will, however,
fix the symmetric matter parameters to E0 = −15.93 MeV,
nsat = 0.1562 fm−3, and K0 = 239.5 MeV [values based on
the Skχ450 parametrization of Ref. [55]], to focus on the
symmetry energy. We use this Skyrme model for simplicity,
as it has been extensively used in previous studies of the i
mode and its connection to the properties of nuclear matter.
More detailed work in the future might instead sample the
EOS from the predictions of χEFT to make the steps involved
in modeling NSs more consistent, but that is unnecessary for
this first investigation.

The extended Skyrme interaction is used with the com-
pressible liquid drop model to calculate the EOS and
composition of the solid NS crust and is used in the fluid outer
core to consistently calculate the properties of uniform matter.
At 1.5nsat, however, we switch to a polytropic model with a
piecewise transition at 2.7nsat, allowing the inner core to devi-
ate from nucleonic matter to represent our uncertainty in the
nature of matter there. The indices of these polytropes (γ1 and
γ2) can be varied alongside the symmetry energy parameters,
giving us a five-parameter NS metamodel (a model for con-
structing NS models). For further details of this metamodel,
see Refs. [53,56,57].

We construct a broad prior for these five metamodel pa-
rameters, beginning by selecting ranges for the symmetry
energy parameters that are sufficient to confidently cover val-
ues inferred from a wide range of nuclear experiment and
theory (see, for example, Ref. [58] and references therein):
25 < J < 40 MeV, 0 < L < 160 MeV, and −500 < Ksym <
200 MeV. Aside from values outside these ranges, any values
within them that produce nonphysical EOSs when used in our
Skyrme model (e.g., by having stable pure neutron matter
below 1.5nsat) will also have zero probability in our prior.
Meanwhile, to ensure that we include all parameter values
for which NS matter remains stable and causal (0 ! cs ! 1,
where cs is sound speed in units of the speed of light), we
use 1 < γ1 < 7 and 1 < γ1 < 7. These ranges are extremely
broad, and so as part of our prior we also include a constraint
on the NS maximum mass, which is mainly determined by
these parameters. NSs have been identified with masses up
to ≈2.1 M$ [42,59], but to keep our prior broad and avoid
overly constraining the NS core due to the limited flexibility of
our two-piece poltropic core model, we use the conservative
constraint 1.9 ! Mmax ! 2.6 M$. Following the discussion in
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Ref. [60], we then use a prior weighting that varies with the
symmetry energy parameters to produce a probability dis-
tribution that is uniform in the 3D J-L-Ksym space obtained
when marginalising over γ1 and γ2, which avoids the bias in
the symmetry energy that a simpler uniform 5D prior would
produce due to our choice to use polytropes in the core.

For real multimessenger RSF and GW events, there will
also be uncertainty in the mass of the NS that produced the
RSF, which will affect the i-mode frequency. However, as
shown in Ref. [60], the i mode is only weakly dependent on
NS mass, and therefore we do not concern ourselves with
constructing a highly realistic mass prior for NS merging
binaries. Instead we simply use a broad uniform probability
distribution between 0.9 M$ and 1.9 M$.

B. Injecting i-mode frequency measurements
and comparison to χEFT

For simplicity, we shall assume that measurements of
the i-mode frequency give likelihood functions that are nor-
mal distributions with standard deviations of 15 Hz. We
will discuss the possibility of obtaining a measurement of
this strength from multimessenger RSF and GW events in
Sec. IV, but such precision is not unrealistic [53,54]. The
i-mode frequency for a chosen NS model and mass can
be calculated by solving the Tolman-Oppenheimer-Volkoff
equations and relativistic pulsation equations, the latter for
which we follow Refs. [61] (which applies the relativistic
Cowling approximation). This requires the NS EOS and in-
formation about the composition of the NS in the form of
the shear modulus and the adiabatic index for matter with
frozen composition. We choose to have the centers of our
injected likelihood functions be values close to the ends of
the i-mode frequency distribution of samples drawn from our
prior to emphasize the difference in constraints from different
frequency values: 140 and 410 Hz. For the NS mass mean-
while, we will always inject a value of 1.4 M$, multiplying
our likelihood functions by a normal distribution centered on
that value and with a deviation of 0.1 M$, roughly based
on the scale of mass uncertainties that can be obtained from
GWs [60].

In Fig. 2, we show contours for the symmetry energy as a
function of density containing 68% and 95% of our inferred
prior samples (in gray) and posterior samples for 140 and
410 Hz injected i-mode frequency measurements (in blue).
These posteriors clearly show that while the i mode provides
little information about the symmetry energy above saturation
density, it is informative below half saturation, as the posteri-
ors in the two plots prefer different values there.

To compare these posteriors to predictions of χEFT, we
consider the symmetry energy priors of Ref. [62]. These
are obtained by sampling two multivariate probability dis-
tributions for parameters in a nuclear matter energy density
functional—one for parameters describing the energy den-
sity of pure nuclear matter, and the other for symmetric
nuclear matter—to reproduce a range of χEFT calculations
using various resolution scales, chiral orders, and many-
body perturbation theory orders. This method is relatively
conservative in its quantification of uncertainties in χEFT

FIG. 2. Prior (gray) and posterior (blue) constraints on the nu-
clear symmetry energy over the range of densities used by our
metamodel, showing what could be learned from measurements of
the i-mode frequency. The top panel is for an injected i-mode fre-
quency measurement of 140 Hz, and the bottom panel for 410 Hz.
Also shown (in red) are conservative constraints from χEFT [62].
Solid (dashed) lines bound the central 68% (95%) credibility regions.
The vertical dashed line indicates the nuclear saturation density used
in our NS metamodel (and is unrelated to the χEFT constraints).

and therefore represents a conservative bound on the sym-
metry energy constraints that can currently be obtained
from χEFT.

We plot these χEFT constraints in red alongside our prior
and posteriors in Fig. 2. Our prior contains the range of
possibilities from χEFT reasonably well, and in particular
is much broader at the subsaturation densities to which the
i mode is sensitive. This indicates that it does not contain
significant information not also considered by χEFT, making
it a reasonable starting point from which to examine how the
i mode could be used to test χEFT. By examining the pos-
teriors for the different i-mode frequencies we see that such
tests are indeed promising, as at low densities the posteriors
are constrained significantly compared to the prior and have
uncertainties that are not large when compared to those in
χEFT′s predictions, meaning that there can be clear agree-
ment or conflict between the i-mode frequency measurements
and χEFT, depending on the measured frequency.
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FIG. 3. Similar to Fig. 2 but for posteriors informed by various
experimental nuclear data (see Table 2 of Ref. [60]). The gray con-
straints are for these data alone, while the blue ones also include
injected i-mode frequency measurements: at 120 Hz for the top panel
and at 275 Hz for the bottom panel. Even with the addition of exper-
imental data, i-mode frequency measurements clearly still improve
symmetry energy constraints below saturation and thus could help to
test χEFT there.

Measurements of the i-mode frequency could, therefore,
be useful in testing conservative χEFT predictions for the
symmetry energy below the saturation density. However, these
measurements would be even more useful if they could be
used to test less conservative predictions for χEFT uncer-
tainties in the symmetry energy at low density. Considering
the state-of-the-art χEFT symmetry energy predictions of
Ref. [63] (see also Refs. [15,64]) (shown in red in Fig. 3)—
which make use of correlations between the uncertainties
in the binding energies of pure neutron and symmetric
nuclear matter predicted by next-to-next-to-next-to-leading
order (N3LO) χEFT to obtain stronger symmetry energy
constraints—we see that they are much more tightly con-
strained than our posteriors. Therefore, a measurement of the
i-mode frequency with the precision assumed here will only
provide a very general test of these χEFT constraints.

However, constraints on the symmetry energy provided by
the i-mode frequency and terrestrial observables are comple-
mentary [54], meaning that by considering the consistency

of χEFT with measurements of the i-mode frequency and
other observables simultaneously, we may be able to test more
less conservative predictions. Examining current constraints
from experimental nuclear physics, some of the more well-
determined quantities are the binding energies [65] and charge
radii [66] of doubly magic nuclei, which are sensitive to the
symmetry energy at similar densities as the i mode [26,27,67].
Therefore, we use the Skyrme model underlying our NS meta-
model to calculate these properties for sampled J , L, and
Ksym values and construct a likelihood that compares them to
experimental values. The data we use are the same binding
energies and charge radii as listed in Table 2 of Ref. [60]
(excluding the neutron skins or dipole polarizabilities listed
there), and following that work, we construct Gaussian likeli-
hood functions for each observable, taking their product as
an overall experimental nuclear likelihood. Using only this
likelihood to infer the symmetry energy parameters, we obtain
the set of posteriors shown in gray in Fig. 3. These posteriors
are consistent with χEFT, and the symmetry energy is most
constrained around (2/3)nsat.

Combining the experimental nuclear likelihood with likeli-
hoods for injected i-mode frequency measurements at 120 and
275 Hz (values chosen for being near the ends of the range
that is consistent with the experimental symmetry energy
posteriors), we obtain the posteriors show in blue in Fig. 3.
The symmetry energy constraints around half the saturation
density are significantly improved by the injections, and the
values each injection prefers are noticeably different, which
again indicates a correlation between the i-mode frequency
and the symmetry energy at these densities. Compared to the
χEFT uncertainties of Ref. [63], these combined posteriors
are not very broad, making this combination of data more
meaningful as a test of χEFT than the i-mode frequency
is alone. They also indicate that, even when accounting for
nuclear observables that constrain the symmetry energy at
similar densities, the i-mode frequency contains new informa-
tion useful for assessing χEFT predictions.

III. χEFT PREDICTIONS FOR THE i-MODE FREQUENCY

So far, we have taken χEFT predictions for the symmetry
energy and confronted them with values for the symmetry
energy inferred from the i-mode frequency. By instead exam-
ining how the symmetry energy is correlated with the i-mode
frequency, we can use χEFT predictions for the symmetry
energy to predict the i-mode frequency.

We begin by investigating the density at which the value
of the symmetry energy has the strongest correlation with the
i-mode frequency. To do this, we examine how the standard
deviations of the symmetry energies of our samples vary
with density. This examination is shown in Fig. 4, where
we have taken the ratio of the standard deviation and the
mean symmetry energy to account for the way in which our
model has the samples converge to zero symmetry energy
at zero density. We see that the posteriors informed only
by the i-mode frequency have the symmetry energy most
constrained around n ≈ 0.068 fm−3, while those informed
by nuclear masses primarily constrain the symmetry energy
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FIG. 4. The ratio of the standard deviation and the mean of the
symmetry energy of samples drawn from our priors and posteriors
for injected i mode measurements and nuclear masses. The marker
on a line at its minimum indicates the density at which the symmetry
energy is the most constrained in that inference and thus the density
where the quantity used as data are most sensitive to the symmetry
energy.

around n ≈ 0.105 fm−3. This finding indicates a sensitivity of
these quantities to those densities.

We now examine the relationship between the symmetry
energy and i-mode frequency. To display this relationship
and how it differs when considering the symmetry energy at
different densities, we bin the samples in our prior by their
symmetry energies at a given density and then calculate the
mean and standard deviation of the i-mode frequencies of the
samples in each bin. Repeating this over the nuclear matter
EOS density range used in our NS metamodel, and repeating
the whole process for our nuclear-informed posteriors, we
obtain Fig. 5. From this figure we see that the symmetry
energy below approximately half saturation density has a clear
linear correlation with the i-mode frequency, with a relatively
low standard deviation that indicates that the correlation is
strong. Following Fig. 4 and focusing more specifically on the
correlation around 0.068 fm−3, the range of i-mode frequen-
cies spanned by the χEFT symmetry energy predictions of
Ref. [63] shown in Fig. 3 suggests that the i-mode frequency
is around 185 ± 50 Hz, where the uncertainty almost entirely
comes from the standard deviation of the i-mode frequency
in the bins, not from the uncertainty in the χEFT symmetry
energy predictions. This is generally supported by Figs. 2 and
3, where the posteriors for frequency measurements injected
at 140 and 410 Hz, and at 120 and 275 Hz, bracket the χEFT
predictions.

IV. DISCUSSION

The values of the i-mode frequency given in this work—
including the prediction of 185 ± 50 Hz based on χEFT—
might change significantly if improvements are made to the
NS model, particularly if they affect the composition of the
NS crust. For example, we have used the compressible liquid
drop model to describe the clustering of nucleons in the crust,

but more complex models may result in different behaviors.
Of particular importance would be the inclusion of nuclear
pastas: exotic nuclear geometries that appear near the base of
the NS crust. Different phases of pasta could have very differ-
ent shear moduli [68–70], altering the main force that restores
the i mode and therefore changing the frequency calculated
for any given nuclear matter EOS. Therefore, a measurement
of the i-mode frequency being inconsistent with our prediction
does not necessarily mean that there is a problem in χEFT, as
the inconsistency could also be caused by inaccuracies in our
NS modeling. Improving our understanding of the structure
of nuclear matter in the NS crust is therefore required in order
for this asteroseismic test of χEFT to be reliable.

In this work, we have examined whether the i-mode fre-
quency would be useful as a test of χEFT if it were measured
with an uncertainty on the order of 15 Hz. While we have
found that this is the case, since we currently have no i-mode
frequency measurements, there is a question of whether this
uncertainty is reasonable. The uncertainty in a measurement
of the i-mode frequency from multimessenger GW and RSF
events primarily comes from the range of frequencies the
GWs sweep through over the duration of the RSF [53]. As the
rate at which GW frequency changes increases with frequency
and during resonance the GW frequency equals the i-mode
frequency, the uncertainty in the i-mode frequency will be
larger the higher its real value is. Following Ref. [53], the
uncertainty in i-mode frequency measurements will be 15 Hz
if the i-mode frequency is around 200 Hz, meaning that for
frequencies consistent with χEFT the uncertainty we have
used here is reasonable.

If the i mode actually has a higher frequency, then an
uncertainty of 15 Hz could still be achieved by combining
measurements of the i-mode frequency from different RSFs
[60]. Whether this is possible will, however, depend on the
rate at which multimessenger RSF and GW detections occur.
On the GW side, current interferometers are pushing out the
detection threshold for binary NS mergers to distances similar
to those at which RSFs might be detectable with current
telescopes [51]. With aLIGO reaching design sensitivity in
the near future and new interferometers being planned, we
may soon be in a position to detect the majority of nearby
mergers. The rate at which RSFs occur and are close enough
to be observed is, however, uncertain, as no observed EM
transients have yet been confirmed as RSFs. However, short
γ -ray burst precursor flares might be RSFs [52], and around
∼1 of these are detected each year [71–75]. If a significant
fraction of these precursors are RSFs, then we might expect to
observe multiple multimessenger events in the near future.

RSFs are not the only asteroseismic observable that could
provide insight into the composition of the NS crust. For
example, quasiperiodic oscillations (QPOs) in giant flares
from soft γ repeaters may be signatures of torsional shear
mode oscillations [76–79], in which case matching the QPO
frequencies to those modes in NS models could provide a
probe of the crust. Also, as next-generation GW interferom-
eters will significantly improve the signal-to-noise in detected
GW transients, the need for an EM flare to indicate the
timing of i-mode resonance could fade away, as the GW
phase shifts caused by mode resonances may be detectable
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FIG. 5. The mean (top panels) and standard deviation (bottom panels) i-mode frequency of sampled EOSs that fall into bins in symmetry
energy at various densities. The plots on the left use samples are taken from our prior, and the ones on the right use samples from our
nuclear-informed posteriors. There is a correlation between the mean i-mode frequency and the symmetry energy below ∼0.1 fm−3, and the
relatively low standard deviation there indicates that it is a strong correlation.

and thus allow for f , g, and i modes to be detected from
GWs alone [44–46]. Even if detectable RSFs are extremely
rare, we may, therefore, eventually be able to sufficiently
constrain the i-mode frequency from GWs alone to provide
a test of χEFT. Finally, we note that low-order g modes
with similar eigenfunctions to the i mode [80,81] have also
been suggested as candidates for triggering RSFs [82,83] but
that will depend on whether these modes are strongly sup-
pressed within a solid and stratified NS crust [50]. Overall,
as new techniques are developed and instruments constructed,
asteroseismic probes may become more commonplace and
give more detailed insight into NS composition, greatly en-
hancing our ability to probe dense matter in these compact
objects.

A. Caveats and model dependencies

The EOS of symmetric nuclear matter being fixed in our
inferences creates some ambiguity in how to compare the

resulting posteriors to χEFT predictions, as it means that our
posteriors for the EOS of pure neutron matter and the sym-
metry energy contain the same information, which is not the
case for those from χEFT [particularly for those in Ref. [63]].
However, for a model with more freedom in the symmetric
matter EOS, we would expect measurements of the i-mode
frequency to mainly inform us of the symmetry energy and not
the EOS of pure neutron matter. This is because the i mode is
sensitive to the EOS of nuclear matter via the proton fraction
of the crust (through how it affects the shear modulus [53]),
and the proton fraction is determined by the symmetry energy,
not the EOS of pure neutron matter. It is more appropriate to
compare to χEFT′s predictions for symmetry energy rather
than for pure neutron matter. If the parameters of symmetric
matter were allowed to vary, then we would expect the sym-
metry energy posteriors shown in Figs. 2 and 3 to be largely
unchanged, while the posteriors on pure neutron matter would
shift by an amount strongly correlated with the uncertainty in
symmetric matter.

015809-7



DUNCAN NEILL et al. PHYSICAL REVIEW C 111, 015809 (2025)

All of the i-mode-frequency-informed posteriors in Figs. 2
and 3 show improvement in symmetry energy constraints
above the saturation density, as well as below it. However,
this is a model-dependent feature, resulting from the extended
Skyrme model used in our NS metamodel having only three
free parameters with which to vary the symmetry energy,
which limits the flexibility of how the symmetry energy can
vary with density. We identify the change in the posteriors
below saturation as a direct consequence of the i-mode fre-
quency data and the change above it as model dependent
because the i mode is restored by shear forces (which, as
mentioned above, are dependent on the symmetry energy)
and exists due to the discontinuous transition between the NS
crust and core. As the crust-core transition occurs around n ≈
0.08 − 0.10 fm−3 and the fluid core does not support shear,
there is therefore a clear reason for the i mode to be sensitive
to the symmetry energy at and below that density. There is,
however, no such physical explanation for a dependence on
the symmetry energy above saturation density, which is far
into the fluid core.

Another spurious correlation in this work is between the
curvature of the symmetry energy below the saturation density
and the i-mode frequency, which can be seen in Fig. 5 from
how the curvature of the red and blue regions differ. However,
as justified above, the dynamics of the i mode are connected to
the symmetry energy and not its curvature, so the correlation
with the latter is not physical. Instead, this correlation appears
in our prior due to our choice to restrict the symmetry energy
at the saturation density to the range 25 < J < 40 MeV. EOSs
with high symmetry energies below the saturation density
must, therefore, have more negative curvature to pass between
these bounds while keeping the symmetry energy fixed to zero
at zero density and vice versa for EOSs with low symmetry
energy. The dependence of the i-mode frequency on symmetry
energy then combines with the correlation between symme-
try energy and its curvature to correlate the frequency and
curvature. A similar correlation also appears in our nuclear-
informed posteriors due to the nuclear data “pinching” the
symmetry energy around n ≈ 0.10 fm−3. As with the other
model-dependent correlations discussed here, we expect that
this would disappear if we were to use a model which allowed
more freedom in how the symmetry energy varies with den-
sity.

The details of this work are therefore model dependent,
and caution must be taken when analyzing our results. When
real i-mode frequency data are obtained and quantitatively
meaningful results are needed, the modeling described in this
work could be improved, such as by using EOSs sampled

from χEFT predictions in a NS metamodel rather than the
Skyrme model, which could help reduce spurious correlations
along the EOS. However, for the purpose of this work, the
methods we have used are sufficient to obtain a reasonable
qualitative conclusion: asteroseismic quantities such as the
i-mode frequency can provide insight into the properties of
low-density neutron star matter that is sufficient to be used
alongside experimental constraints in tests of χEFT.

V. CONCLUSIONS

In this work, we have examined how measurements of
the neutron star crust-core interface mode’s frequency, which
could be obtained from coincident resonant shattering flare
and gravitational wave detection, can be used to probe the
nuclear matter equation of state at subsaturation densities.
We have shown that the i-mode frequency is sensitive to the
symmetry energy below half the saturation density, and that
measurements of it with realistic uncertainties constrain the
symmetry energy sufficiently to provide useful tests of chiral
effective field theory. Within the limitations of our neutron star
metamodel, we found that χEFT predicts i-mode frequencies
of around 185 ± 50 Hz.

Neutron stars are, therefore, not only laboratories in which
the nuclear matter EOS can be studied at high densities
but also at densities below saturation. Combined with con-
straints already available from nuclear experiment, the i mode
provides new insights that can help assess the validity of
predictions made using χEFT. More broadly, constraints on
the i mode through resonant shattering flares are an example
of how asteroseismic observables can offer powerful probes
of neutron star matter that allow for targeted study of specific
properties and densities of nuclear matter.
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