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ABSTRACT

Precursors have been observed seconds to minutes before some short gamma-ray bursts. While the precursor origins remain
unknown, one explanation relies on the resonance of neutron star pulsational modes with the tidal forces during the inspiral phase
of'a compact binary merger. In this paper, we present a model for short gamma-ray burst precursors that relies on tidally resonant
neutron star oceans. In this scenario, the onset of tidal resonance in the crust—ocean interface mode ignites the precursor flare,
possibly through the interaction between the excited neutron star ocean and the surface magnetic fields. From just the precursor
total energy, the time before the main event, and a detected quasi-periodic oscillation frequency, we may constrain the binary
parameters and neutron star ocean properties. Our model can immediately distinguish neutron star—black hole mergers from
binary neutron star mergers without gravitational wave detection. We apply our model to GRB 211211A, the recently detected
long duration short gamma-ray burst with a quasi-periodic precursor, and explore the parameters of this system. The precursor
of GRB 211211A is consistent with a tidally resonant neutron star ocean explanation that requires an extreme mass ratio neutron
star—black hole merger and a high-mass neutron star. While difficult to reconcile with the main gamma-ray burst and associated
kilonova, our results constrain the possible precursor mechanisms in this system. A systematic study of short gamma-ray burst
precursors with the model presented here can test precursor origin and probe the possible connection between gamma-ray bursts
and neutron star—black hole mergers.
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1 INTRODUCTION

Short gamma-ray bursts (SGRBs) represent electromagnetic coun-
terparts to compact binary mergers (Narayan, Paczynski & Piran
1992; Abbott et al. 2017, c). In these events, the powerful dynamics
in the binaries can form relativistic jets that produce gamma-ray
emission. While the exact gamma-ray burst (GRB) central engine —
whether a strongly magnetized proto-neutron star (e.g. Ciolfi 2020;
Suvorov & Kokkotas 2021) or a black hole (Sarin & Lasky 2021)
— is unknown, compact binary mergers should produce sGRBs if
they contain a neutron star and relativistic jets form at the time
of the merger (Sarin et al. 2022). Some sGRBs are followed by
kilonovae (e.g. Rossi et al. 2020), optical thermal emission from
the radioactive decay of heavy elements produced by the merger
(Li & Paczynski 1998; Metzger et al. 2010; Metzger & Berger
2012; Kasen, Badnell & Barnes 2013; Tanvir et al. 2013; Ciolfi
2018). With the additional detection of gravitational waves (GWs;
Cutler & Flanagan 1994; Abbott et al. 2017a) and possibly high-
energy neutrinos (Rosswog & Liebendorfer 2003; Cusinato et al.
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2021; Abbasi et al. 2023), multimessenger observations of compact
binary mergers reveal the properties of their progenitors as well as
the dynamical processes at work during the inspirals.

Precursor electromagnetic emission has been associated with some
observed GRBs, including 21 per cent of sGRBs (Troja, Rosswog &
Gehrels 2010; Zhong et al. 2019; Coppin, de Vries & van Eijndhoven
2020; Wang et al. 2020; Li et al. 2021). Such precursors can be ~1—
100s prior to the main sSGRB event (Troja, Rosswog & Gehrels
2010) and may indicate particular features of the systems from
which they originate. Proposed mechanisms for producing sGRB
precursors include an initial episode of the main GRB emission
(Charisi, Marka & Bartos 2015), the interaction between neutron
star magnetospheres (Ascenzi et al. 2021), the orbital motion of
a weakly magnetized companion and a highly magnetized neutron
star (Vietri 1996; Hansen & Lyutikov 2001; McWilliams & Levin
2011; Lai 2012; Piro 2012; Sridhar et al. 2021), and the tidally
induced shattering of a neutron star crust (Tsang et al. 2012;
Gittins, Andersson & Pereira 2020; Suvorov & Kokkotas 2020;
Kuan, Suvorov & Kokkotas 2021a, b; Passamonti, Andersson &
Pnigouras 2021; Neill et al. 2022). Particularly, resonant tides, in
which the binary orbital motion becomes resonant with internal
neutron star pulsational modes, represent promising causes of crustal
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shattering and by extension electromagnetic emission (Tsang et al.
2012; Passamonti, Andersson & Pnigouras 2021; Neill et al. 2022;
Dichiara et al. 2023).

Lower frequency modes in the surface layers of a neutron star
have the potential to generate early precursors when resonant with
orbital motion. A possible site of early resonance is the fluid outer
layer, the neutron star’s ocean. The ocean sustains its own set of
low-frequency pulsational modes associated with its lower density
and separation from the rest of the neutron star by the elastic crust
(Bildsten & Cutler 1995; Lattimer & Prakash 2001; Piro & Bildsten
2005; Sullivan et al. 2023). Tidal resonance should occur in neutron
star ocean modes early in compact binary inspirals and may deposit
large amounts of energy into the modes (Sullivan et al. 2023). In fact,
Sullivan et al. (2023) show that the energy deposited into the neutron
star ocean during tidal resonance may be sufficient to produce a
detectable electromagnetic flare.

Motivated by the results of Sullivan et al. (2023), we advance a
new model for sGRB precursors in this paper. We propose that the
interface pulsational mode associated with the crust-ocean boundary
may become resonant during the inspiral phase of a compact binary
merger. The excited ocean consequently represents the site of an
sGRB precursor. This model can be applied to sGRBs from both
binary neutron star (BNS) mergers and neutron star—black hole
(NSBH) mergers, thus admitting precursors from either scenario
and distinguishing between them through electromagnetic emission
alone.

In this paper, we develop analytical formulae for precursor sGRB
observables that can be used to estimate compact binary parameters
in the context of this model. As a first application, we consider the
precursor associated with the recently detected GRB 211211A, an
especially unique sGRB due to its long length (Rastinejad et al. 2022)
as well as the possible identification of quasi-periodic oscillations
(QPOs) in its precursor emission (Xiao et al. 2022a). In Section 2,
we review tidal resonance in neutron star oceans and present the
theory relevant to our model. In Section 3, we provide a detailed
discussion of our precursor model. In Section 4, we apply our
model to GRB 211211A and constrain the parameters of the system.
We also evaluate our model’s applicability to this system and its
potential consequences. In Section 5, we consider future prospects
and conclude.

2 TIDAL RESONANCES IN NEUTRON STAR
OCEANS

In this section, we review the general properties of neutron star ocean
tidal resonances (Sullivan et al. 2023). Neutron stars, like main-
sequence stars, possess a spectrum of excitable pulsational modes
(McDermott, van Horn & Hansen 1988; Lai 1994; Reisenegger &
Goldreich 1994; Passamonti et al. 2006; Samuelsson, Andersson &
Maniopoulou 2007; Passamonti & Andersson 2012). A select few
modes are localized almost entirely to the neutron star ocean,
including surface g-modes (Bildsten & Cutler 1995), as well as
the crust—ocean interface mode or i-mode (Piro & Bildsten 2005;
Sullivan et al. 2023). The i-mode is the generalization of the
shallow ocean surface mode to the case where the ocean floor is not
completely rigid. Thus, it is associated with the discontinuity in shear
modulus across the crust-ocean boundary. Tides in compact binary
systems represent a promising mechanism for exciting these modes
(Lai 1994; Tsang et al. 2012; Tsang 2013; Passamonti, Andersson &
Pnigouras 2021; Sullivan et al. 2023). Tidal resonance, which occurs
in compact binary inspirals when a harmonic of the orbital frequency
matches the mode frequency, can deposit significant energy into the
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crust-ocean i-mode, potentially sufficient to produce a flare (Sullivan
et al. 2023).

2.1 Neutron star ocean modes

Quantitatively, the modes are fluid perturbations on the background
neutron star. The principal equation of motion is the perturbed Euler
equation

1
p——-V.o=-Vy, (1
0

where & is the Lagrangian fluid displacement, p is the background
fluid density, p is the background fluid pressure, 8o is the Eulerian
perturbation of the density, §p is the Eulerian perturbation of the
pressure, ¢ = o;; is the elastic stress tensor, and x is an external
potential, which corresponds to the tidal potential in this case. The
continuity equation combined with the definition of the Lagrangian
perturbation gives an additional governing equation (Friedman &
Schutz 1978)

Ap=6ép+§-Vp=—pV-E&. ()
Setting x = 0, the mode solutions are & o ¢/, where w is the mode
frequency. Equation (1) simplifies to the eigenvalue equation

(L — ?p)E =0, (3)

where L is the operator that contains the non-time derivative terms
in equation (1).

2.1.1 Mode frequency

The shallow ocean surface mode corresponds to an approximate
analytical solution to equations (1) and (2). The shear modulus is
it = 0 in the fluid ocean, so equation (1) reduces to

Vép dp
iE+———SVp=0. )
PP

At the surface of the star, the traction vanishes, so

Ap=38p+&-Vp=0 (5)

from the definition of the Lagrangian displacement. Therefore, in a
shallow ocean

dp~—§-Vp==E&pg, Q)
GM,
RY
of the gravitational acceleration at the surface. The second equality
arises from assuming the background ocean is in hydrostatic equilib-
rium. In a shallow ocean, we expect §p/p < 1 (Gittins et al. 2023).

The Euler equation consequently simplifies to

32& +gVE =0, @)

where &, is radial component of & and g =

is the magnitude

while equation (2) simplifies to

do_
dTér =—pV-§, (®)

where we have assumed that the background p is purely radial. In
the ocean, we expect i—f ~ ﬁ, where 4, is the ocean depth, so we
obtain an expression for &,

& =—hoV-§. (9)
Substituting this value for &, into equation (7) gives
078 — ghoV(V-§) = 0. (10)
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Assuming & is curl free by construction gives a wave equation
0%& — ghyVE = 0. (11

Restricting to the value of & at the ocean surface and expanding in
spherical harmonics yields the ordinary differential equation

(Il +1)gh,

2
0, &+ R

£=0, (12)

whose solution is a simple harmonic oscillator with frequency

GM, h,
=4 /I0+1 —. 13
o=\ [l0+ DT R (13)

Therefore, the surface fluid layer of the neutron star naturally sustains
periodic oscillations.

In this analysis, we have assumed that the crust is completely
rigid at the boundary between the neutron star ocean and crust. In
general, the crust should be elastic with a non-infinite shear modulus
[ (Horowitz & Kadau 2009; Baiko 2011; Zemlyakov & Chugunov
2023). Piro & Bildsten (2005) showed that when the neutron star
crust’s shear modulus is less than the pressure at the crust—ocean
boundary p,, the shallow ocean frequency given by equation (13)
must be corrected by a factor of 4/ft/p,. Therefore, the mode
frequency is

iz GM, h,
=4/ —Ill+1 —.
15) \/Po +1 R R

(14

Evidently, the shallow ocean surface mode will pulsate with fre-
quency given by equation (14), which depends on the parameters of
the neutron star.

2.2 Tidal resonance

The tidal potential x induced by a companion object is (Press &
Teukolsky 1977; Lai 1994)

> N GMr!
_ —im®(t)
X==>. Dy Ve " Y. 9). (15)
=2 m=—I
where M is the companion mass, D(¢) is the binary separation, ®(7)
is the true anomaly, and W}, is the numerical coefficient (Press &
Teukolsky 1977)

Win = (=1)" %" ((555) € —m) +m))'?
Im 2[ (I—Tm)| (H—Tm)' 5

where / + m must be even. When this potential is added, the Euler
equation can be expressed as

(16)

(L+pd})E=—pVx, )
where L is the same as in equation (3). We assume the solution
E= a0k, (18)

where &, is the eigenvector solution to equation (3). From equa-
tion (17) and the orthogonality condition [ p&: - &,dV = A2,
(Sullivan et al. 2023), we obtain an equation for a,(?)

CMWin —ima Qnt

. 2 _
(1) + wan(t) = Lot A (19)
where O, is the overlap integral

O = / pEF V(' Y18, ¢))dV. (20)
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The mode most likely to be tidally excited is the / = 2 mode because
the driving tidal force is lowest order in #/D.

2.2.1 Resonance time

As is typical for driven harmonic oscillators, a resonant oscillation
will occur when m®() = w,. In the case of an inspiraling compact
binary, ®(¢) continuously increases, so the orbital tidal force will
become resonant with the i mode at some point before the merger.
The time before merger at which resonance occurs can be computed
by recalling

. [G(M + M,
O(r) = 7(13(;3 ), (1)

for circular binaries. The orbital separation at the time of resonance
is

26(M + M)\ "
Dr:(LM) .

2
@y

(22)
The time until merger due to GW emission for a given orbital
separation D is (Peters 1964)

A 5D*c3
" 256G3MM(M + M,)’

(23)

where c is the speed of light. Therefore, the merger time when D =
D, is
_ SCS(M + M*)1/3m8/3

= 256G5/3MM*60§/3 . (24)

This expression for the mode resonance time is general and does not
depend on which mode becomes resonant with the orbit. The time
before merger when the crust—ocean i-mode resonance occurs can
be computed simply by substituting equation (14) for w,.

2.2.2 Tidal energy

When resonance occurs, the amplitude of the oscillation should be
maximized. This is directly related to the amount of energy deposited
into the ocean due to the tidal force. We can estimate the amplitude
at the resonance time by assuming a solution for a(f) of the form
a(t)y=GM W,m%c(t)e_”“’”’ (Lai 1994), where c(¢) is a complex
valued function of a real variable and s = +1. In terms of (1),
equation (19) becomes (Lai 1994)

&= 2iswp¢ = D)V exp [i(swt — mP(1))]. (25)

Near resonance, numerical solutions have shown that the amplitude
increases approximately linearly with time (Lai 1994). Therefore,
neglecting ¢ and integrating give an approximate expression for c(¢)

1

2isw,

c(t) =~ / D) "D exp [i(swt — mP(r))]dr. (26)
Assuming w, >> 1/t, (which should be the case as # 2> 1s and w
2 1 Hz for reasonable parameters; Sullivan et al. 2023), the limits
on this integral may be taken as infinite. In this case, the stationary
phase approximation may be used to evaluate c(¢) (Lai 1994). The
maximum value of ¢(7) will be

1 2
~ | @7)
2w, DI\ m®(t,)

|c(?)Imax
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where we have evaluated the absolute value of equation (26), and
®(1,) is evaluated at the resonance time. @ at time of resonance is

. 3 [GMM+M)D, 3 w,
b= GWM + M,) D: =2 % (28)
2 D} D, 8mt,

This allows us to write |c(f)|max in terms of the parameters of the
mode resonance

Tt

D\ 33 (29)

le(t)|max =
After tidal resonance, the energy of the mode should be that of a
harmonic oscillator with frequency w, and amplitude |a(?)|max4n-
Additionally, for the / = 2 mode, both the m = 2 and m = —2 modes
contribute to the energy equally. Therefore, the tidal interaction will
deposit the energy

Q0%
Al
into the mode (Lai 1994; Sullivan et al. 2023). The normaliza-
tion A2 and the / = 2 overlap integral of crust-ocean i-modes
grow proportionately with the square of the stellar radius and
the ocean depth, respectively (Sullivan et al. 2023). Their ratio
respects Q/A% ~ h,/R, (e.g. Passamonti, Andersson & Pnigouras
2021; Sullivan et al. 2023). Hence, the normalization factor can be
estimated as

E = wpla(t)[hyAr = 0, G MP Wi, S5 c(0)]7 00 (30)

A2 = MR, (31)
while the / = 2 overlap integral is
11 ho
~ MR =2, (32)
10 R,

where we infer the prefactor from the results in table 1 of Sullivan
et al. (2023). The exact value of the numerical factor is model
dependent, but should remain order unity. The energy in terms of
stellar and mode parameters is

12172 A Mhlo'?
T 6400 x 213 (G(M, + M))5/3’
where w, is given by equation (14). Like ¢, the energy deposited into

the mode by the tide directly depends on the masses of the objects
as well as the depth of the neutron star ocean.

(33)

3 TIDAL RESONANCE AS A SOURCE OF GRB
PRECURSOR FLARES

The model we outline in Section 2 explains how energy can be
deposited into a neutron star ocean through the tidal interaction
in the moments leading up to a compact binary merger. Sullivan
et al. (2023) found that if the energy of the i-mode tidal resonance
could be released electromagnetically, a detectable precursor could
result. We now extend this picture and apply it to sGRB precursor
events. We therefore suppose that gamma-ray precursors exhibiting
QPOs could result from this i-mode tidal resonance in a neutron
star ocean.

3.1 Model parameters

As we have shown, the ocean tidal resonance is principally described
by three quantities: the energy deposited into the mode Ei, given by
equation (33), the time of resonance #, given by equation (24), and the
mode frequency w, given by equation (14). In an sGRB precursor,
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these quantities correspond to emission properties. We propose that
the energy of the precursor corresponds to the energy deposited into
the mode, the time of ignition of the flare corresponds to the resonance
time of the i-mode, and the QPO frequency is the i-mode frequency.
In reality, the precursor energy is a lower limit on the actual energy
deposited into the mode, as the radiation efficiency of the emission
mechanism remains unknown. Nevertheless, the precursor energy
usefully constrains the total energy deposited. Using these three
observables, we may estimate the parameters of the astrophysical
sGRB source.

The three main quantities of our model depend on five system
parameters. Four of these parameters directly relate to the neutron
star in the binary, while the remaining relates to the companion. Our
model is sensitive to the neutron star mass M,, radius R,, ocean depth
ho, and crust shear modulus to ocean floor pressure ratio fi/p,, as
well as the mass of the companion M. Excitingly, from the precursor
alone, we may constrain parameters essential to understanding the
dynamics of the compact binary as well as the interior structure of
neutron stars.

3.2 Model implications

This model for sGRB precursors can describe both BNS and NSBH
mergers. In fact, these two scenarios can be directly distinguished
through the companion mass. The only requirement is that one of the
component masses in the system be a neutron star, which is already
required for sGRBs (Fong & Berger 2013; Rosswog 2015; Ascenzi
et al. 2021).

The properties of neutron star oceans have principally been probed
by observations of X-ray bursts on accreting neutron stars (Bildsten &
Cutler 1995; Strohmayer & Mahmoodifar 2014; Chambers & Watts
2020). The ocean forms at temperatures and densities where the
crust melts. To have sizable oceans, neutron star crusts must achieve
temperatures of T > 107 K, hotter than expected for old neutron
stars in compact binaries. The tides can heat neutron stars to
temperatures ~10% K during the inspiral (Lai 1994), and potentially
higher depending on the viscosity in the neutron star (Meszaros &
Rees 1992).

With this model, we directly probe the depth of the ocean 4, via
compact binary coalescence. /4, is very sensitive to the material that
composes the neutron star crust, the neutron star crust temperature 7,
as well as the equation of state at the neutron star surface (Farouki &
Hamaguchi 1993; Bildsten & Cutler 1995; Haensel, Potekhin &
Yakovlev 2007; Horowitz & Kadau 2009; Baiko & Chugunov 2018;
Gittins, Andersson & Pereira 2020; although there is degeneracy
between these three quantities). Constraints on the ocean depth for
neutron stars in compact binaries can inform whether there is a
difference in ocean structure between neutron stars in X-ray binaries
and in compact binaries.

While this model is sensitive to five extremely interesting prop-
erties of neutron stars and compact binaries, its reliance on only
three main observables limits its parameter estimation ability. For
certain reasonable choices of neutron star mass and radius M, and
R,, one can solve for the other three parameters with this model,
and immediately distinguish an NSBH from a BNS based on the
companion mass results. An alternative approach might be to solve
for the neutron star mass and radius as well as the companion mass
as a function of 4, and [i/p,. Estimates of the neutron star mass
M, and R, are particularly exciting as they can directly be used to
constrain the neutron star equation of state.

The degeneracy in parameters can nevertheless be broken in
multiple ways. Most promising is a coincident GW detection from
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Figure 1. The crust-ocean i-mode frequency (left) and resonance time with companion mass M = 1.4 Mg (right) as a function of neutron star mass for the
ocean depths 4, shown in the legend. The dashed lines show the mode frequencies and resonance times for the M = 1.4 M companion with the same /,. These

results assume that both neutron stars have ji/p, = 0.01 and R, = 10 km.

the merger. Chirp mass and total mass measurements as well as tidal
deformability limits from GWs (e.g. Abbott et al. 2019) provide
additional constraints on the system that can completely disentangle
all parameters. In the case of a BNS merger, the oceans of the
two different neutron stars may become resonant at different times,
causing two precursors with QPOs. In Fig. 1, we show the mode
frequency f,, = w,/27 and resonance time #, as a function of neutron
star mass for different values of 4, with a 1.4 Mg companion. f,, and
t, are also shown for the companion neutron star with the same /4,
values. Both f, and ¢, can differ by at least order unity between the
two stars, so the two precursors can be distinguished if their durations
are <10 per cent of ¢, (Troja, Rosswog & Gehrels 2010). This then
provides six equations to disentangle eight parameters. Most inter-
estingly, if the degeneracy between M, and R, can be broken with a
GW detection, our model constrains the equation of state (Lattimer &
Prakash 2001; Abbott et al. 2018; Lattimer 2021) by providing
more data points to directly probe the neutron star mass—radius
relationship.

The precursors should be distinguishable from the main emission
for sources of interest. We take an NSBH merger with a 1.4 Mg
neutron star and a 5Mg black hole, which should be an sGRB
progenitor (Pannarale, Tonita & Rezzolla 2011), as an example. The
depth of a relativistic degenerate neutron star ocean is (Bildsten &
Cutler 1995)

ANV /zZNTVB T
By~ 12.8m | — -t ,
() (5) (=)

where Z and A4 are the atomic number and mass of the ions that
compose the crust, respectively. For fiducial ocean values of 7= 10’
K, 4 =12, and Z = 6 as well as neutron star properties R, = 10 km
and fi/p, = 0.01, the precursor parameters are f, = w,/27 =20 Hz,
t,=70s,and E,; =4 x 10%7 erg. For a BNS where the companion is
M = 1.4 Mg, the energy of the precursor would remain approximately
unchanged while the time before merger would increase to 3 min,
allowing the scenarios to be distinguished. The value inferred for the
companion mass M is most sensitive to ¢, while the inferred 4, value
is sensitive to E and w,. The other neutron star parameters may be
constrained by w,.

(34
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3.3 Electromagnetic emission mechanisms

In its current form, our model remains agnostic to how precursor
gamma-rays are generated. Our model also does not predict that the
expected emission will necessarily be in the form of gamma-rays. We
choose gamma-rays as the application of this model because Fermi-
GBM’s all-sky field of view makes the instrument particularly well
suited for detecting rapid gamma-ray transients (Meegan et al. 2009).
In principle, the resultant electromagnetic emission from a neutron
star ocean tidal resonance could be across the electromagnetic
spectrum. The connection between our model and electromagnetic
emission remains speculative at this stage.

To actually ignite an electromagnetic flare, we envision a scenario
in which the energy deposited into the neutron star ocean by the
tide excites particles on the neutron star surface to high energies.
The resultant high-energy electrons on the surface may synchrotron
radiate in the presence of the strong surface magnetic field. The ocean
Alfvén frequency wa ~ (I + 1)B?*/47 p,R> may be comparable to
the crust-ocean i-mode frequency for B ~ 10'> G. Consequently,
high magnetic field can modify the surface structure and i-mode
properties as well as complicate connecting tidal energy deposition
with emission.

The energy deposited by the tide may nevertheless be comparable
to the breaking energy of neutron star crusts, which ranges from 10%
to 10% erg (Tsang et al. 2012; Baiko & Chugunov 2018), causing
the crust to crack or melt (Penner et al. 2012). While full crustal
failure may be difficult to achieve initially since only 0.1 per cent of
the crust-ocean i-mode energy is deposited into the crust (Piro &
Bildsten 2005), the back reaction of the strongly deformed or even
damaged crust may cause the crust—core i-mode frequency to increase
as the mode penetrates deeper into the star like the r-mode under
the influence of a strong magnetic field (Andersson et al. 2000;
Rezzolla et al. 2001a, b). This can allow for the extraction of more
tidal energy as the overlap integral grows. If the neutron star crust
breaks, subsequent reconnection of the liberated crustal magnetic
fields may induce large-scale particle acceleration and consequently
the emission of gamma-rays (e.g. Lander et al. 2015; Kaspi &
Beloborodov 2017). Each of these mechanisms likely has a different
radiation efficiency that can affect our energy estimate. We leave
the details including the effects of strong magnetic fields for future
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Figure 2. The parameters of the compact binary coalescence that produced GRB 211211A estimated by the precursor model presented in this paper. For the
range of plausible neutron star masses, 1-3 Mg, we determine the mass of the companion M (middle), the depth of the neutron star ocean /4, (right), and the
radius of the companion neutron star R, (left). Determining R, also requires choices of i/ p,, the ratio of the neutron star crust shear modulus to the pressure at
the crust-ocean boundary. The vertical dashed line on each panel corresponds to the neutron star mass M, = 1.8 Mg, below which the Schwarzschild radius of

the companion exceeds the resonance binary separation.

work. Whatever the mechanism, the energetics of the resonant tide
(Sullivan et al. 2023) coupled to the exotic conditions on neutron
star surfaces make electromagnetic emission a plausible result of
ocean-tidal resonances.

4 APPLICATION TO GRB 211211A

GRB 211211A is one of the longest sGRB events detected, with a
burst duration of 51.37 s (Rastinejad et al. 2022). The subsequent
detection of an associated kilonova located at distance of 350 Mpc
suggests that the cause of this burst was a compact binary coalescence
(Mei et al. 2022; Rastinejad et al. 2022; Troja et al. 2022; Yang
et al. 2022; Zhang et al. 2022a). A precursor flare 0.9 s prior to the
initiation of GRB 211211A was also detected, possibly exhibiting
QPOs with frequency 22 Hz (Xiao et al. 2022a). The precursor
flare had an isotropic equivalent energy of 7.7 x 10* erg while the
isotropic equivalent energy of the main event and extended emission
approached 102 erg (Xiao et al. 2022a).

Many questions about this system remain, as no model has conclu-
sively determined the source of this event. Suggested sources of GRB
211211A include an NSBH merger (Gao, Lei & Zhu 2022; Zhu et al.
2022; Gottlieb et al. 2023a), a BNS merger involving a magnetar
(Xiao et al. 2022a; Zhang et al. 2022b), a white dwarf-neutron star
merger (Zhong, Li & Dai 2023), and a collapsar (Barnes & Metzger
2023). BNS magnetar models invoke a shattering flare induced by
cracking the magnetar crust with tides (Suvorov, Kuan & Kokkotas
2022), while NSBH models invoke both the presence of a magnetar
(Gao, Lei & Zhu 2022) and the presence of a rapidly spinning BH
(Zhang et al. 2022b) to enhance energy release from tides. Zhou et al.
(2023) investigated the plausibility that the source of GRB 211211A
was a strangeon star and invoked tidally induced crust fracturing
to explain the energetics of the system. These models broadly rely
on large tidal forces and strong magnetization to explain both the
precursor and extended length of the main emission. As more events
like this one are observed (e.g. Dichiara et al. 2023), models will
likely converge on an explanation of GRB 211211A and other similar
sources (Gottlieb et al. 2023b).

As possibly the first SGRB observed with QPOs during its
precursor and without a conclusive description of this system, GRB
211211A represents an excellent test bed for our precursor model.

Within the context of our model, the GRB 211211A precursor would
be interpreted as a flare induced in a neutron star ocean by resonant
tides. The pulsating ocean gives rise to the QPOs in the gamma-
ray emission. This picture qualitatively agrees with that of Suvorov,
Kuan & Kokkotas (2022) in which tidal forces crack the neutron star
crust and release energy for a flare. Suvorov, Kuan & Kokkotas (2022)
associate the QPOs with resonant torsional g-modes of a highly
magnetized neutron star surface. High magnetization is required
to explain the non-thermal spectrum of the precursor and provide
sufficient energy to the flare. Suvorov, Kuan & Kokkotas (2022)
rely on the mass results of the kilonova modelling of Rastinejad et al.
(2022) and therefore consider tidal resonances in a BNS only, despite
ambiguity in the literature. Our model by contrast leaves open the
possibility that the system is an NSBH and assumes tidal resonance
of the crust-ocean i-mode.

The observations of GRB 211211A provide a precursor ignition
time, oscillation frequency, and total energy (Xiao et al. 2022a),
the exact parameters our model requires. The 22Hz QPO fre-
quency resembles magnetar crustal shear mode frequencies, and
thus represents a plausible value for that of a surface ocean mode
(Samuelsson & Andersson 2007; Colaiuda & Kokkotas 2011). While
the QPO remains unconfirmed (Chirenti et al. 2023), we apply our
model to this system as an example of how it can be used and check
whether it reasonably explains phenomena of this sGRB. Without
any GW emission to unambiguously measure the source masses,
we cannot constrain all system parameters. Note, however, that ¢,
(equation 24) is only a function of the two companion masses.
Consequently, to obtain M, one only needs M,. With M and M,,
h, can immediately be solved for from the observed E. Therefore,
setting £ = 7.7 x 10¥ erg, t, = 0.93 s, and f;, = w,/27 = 22 Hz, we
solve equations (14), (24), and (33) for R,, M, and h, for M, € [1 Mg,
3 Mg] — viable masses for a neutron star — and choices of [t/ p,. We
neglect the effects of gravitational and cosmic redshift on ¢ and f,,.
This affects our results by no more than 30 per cent, exceeding the
precision needed to assess our model’s implications. We show our
parameter results in Fig. 2 as a function of M.

The main prediction of our model is that the source of GRB
211211A is an extreme mass ratio NSBH merger. This prediction
comes directly from associating the precursor to a tidal resonance,
particularly the resonance of a mode with the alleged QPO frequency,
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and is independent of the exact nature of the excited mode. Therefore,
if the resonant neutron star mode that ignites the precursor has
frequency ~20Hz (irrespective of which mode and how), the
companion mass must exceed ~500 Mg, simply by equation (24). For
an NSBH, resonance must occur before the neutron star crosses the
horizon of the companion black hole. This constrains the parameter
space to companions with mass below 1000 M and consequently
neutron stars with mass M, 2 1.8Mg. The viable regions of
parameter space are to the right of the vertical dashed line in Fig. 2.
Again, this constraint is independent of the nature of the mode, and
only relies on associating the QPO with the resonant mode that causes
the precursor.

Associating the precursor with the crust-ocean i-mode subse-
quently informs the neutron star structure. Our model predicts a
neutron star ocean with %, 2 200 m. Such a deep ocean ensures that
the tidal overlap integral of the crust—ocean mode is large enough
to garner sufficient energy for the precursor. This suggests that the
temperature inside the neutron star should be very high: 7> 2 x 108
K for a crust made of carbon and hotter for heavier elements (see
equation 34). This is comparable to surface temperatures reached
during accretion (Fujimoto et al. 1984; Haensel & Zdunik 1990,
2003, 2008), and would require extreme heating. Tidal heating by
core g-mode resonances can produce these temperatures (Lai 1994);
however, the core g-mode frequencies are likely >20 Hz and would
be resonant after the crust-ocean i-mode. Alternatively, accretion
onto the neutron star, if the binary is in a gaseous environment such
as an active galactic nucleus (AGN) accretion disc, may heat the
surface.

The mode frequency determines the neutron star radius (given
certain choices of [i/p,). We see that radii consistent with plausible
neutron star equations of state (Dietrich et al. 2020) must have
1/ po ~ 0.0005-0.002. These values imply a particularly weak crust
compared to the internal pressure of the neutron star, and are broadly
consistent with a deeper ocean whose ocean floor pressure is greater.
The weak shear modulus implies that the mode penetrates deeper into
the crust, which could account for the large value of 4, needed to
provide the flare energy. A lower value of & also decreases the energy
needed to fracture the crust (Baiko & Chugunov 2018), making a
shattering event much more likely. Such a large amount of energy
tidally deposited into the neutron star surface, along with a low
breaking energy, leaves a majority of the energy for the precursor,
again showing that the model is self-consistent.

If our model accurately describes the event, GRB 211211A would
represent the first ever detection of an extreme mass ratio compact
binary inspiral. Our model also suggests a high-mass neutron star
in the event, which has particular relevance to constraining the
neutron star equation of state (e.g. Lattimer & Prakash 2007; Steiner,
Lattimer & Brown 2013; Brandes, Weise & Kaiser 2023). For such
a heavy black hole and a neutron star to form in binary, a dynamical
environment such as an AGN or globular cluster would likely host
the source (e.g. Gayathri et al. 2021). This extremely exotic potential
origin could explain the peculiarity of this event. To account for such
a small fraction of GRBs, long sGRBs may require extreme tides
and unique neutron star parameters. Furthermore, previous work has
suggested this event has NSBH origin (Gao, Lei & Zhu 2022; Zhang
et al. 2022b; Gottlieb et al. 2023a), as the distinction between shorter
and longer sGRBs may correspond to the difference between BNS
and NSBH merger origin (Dimple, Misra & Arun 2023).

Such a large mass ratio inspiral is nevertheless extremely difficult
to explain given the observed sGRB and kilonova. These transients
require full tidal disruption of the neutron star, which intermediate-
mass black holes should fail to cause (Neill et al. 2022). In fact,
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M ~ 10 Mg represents an upper limit on the companion mass that
can plausibly cause an sGRB (Pannarale, Tonita & Rezzolla 2011;
Neill et al. 2022). Moreover, sGRBs from NSBH mergers should
be rare, with event rates only as high as ~100 Gpc~> yr~! (Abbott
et al. 2023; Biscoveanu et al. 2023). Future numerical simulations of
extreme mass ratio inspirals (e.g. Boschini et al. 2023) of NSBHs will
hopefully provide further insight into the feasibility of the scenario
we consider.

Iftidal resonance actually ignites the precursor, a higher frequency
resonant mode would provide a more plausible companion mass
estimate. For example, a resonant mode with frequency ~50 Hz
(e.g. Suvorov, Kuan & Kokkotas 2022) would imply a companion
mass ~10 Mg, which could plausibly produce the sGRB. This leaves
open the possibility that the 22 Hz QPOs represent the decaying after
shocks of a previously excited mode. For instance, the QPO may
come from a previously excited crust-ocean / = 0 mode, so that the
| = 2 crust—ocean i-mode has frequency ~50 Hz. This would predict
an ocean depth of 4, ~ 60 m and a more modest crust temperature T’
< 108 K. Alternatively, the QPO could correspond to a much earlier
tidally excited / = 2 crust—ocean i-mode, while a resonant crustal
shear mode or the core—crust i-mode shatters the crust (Tsang et al.
2012). If this is the case, fainter precursors may have preceded the
observed event by 21 min (Sullivan et al. 2023). Searches for earlier
faint emission among Fermi-GBM, Swift, and Insight-HXMT sub-
threshold data may reveal further evidence of our model at work in
this system.

5 CONCLUSION

We have presented a new model for sGRB precursors, invoking
tidal resonance of the surface mode of a neutron star in a compact
binary coalescence. Our model posits that precursors to SGRBs can be
ignited by the resonance of the neutron star crust—ocean i-mode with
the orbitally modulated tidal forces from the inspiraling companion.
In this picture, the energy fuelling the flare is deposited by the tide
and QPOs emerge as a natural consequence of the excitation of the
mode. Thus, our model can be applied to any precursor with QPOs.

With three main observables, our model can provide constraints
on compact binary parameters solely from information about the
precursor. Companion mass constraints and by extension the type of
merger in question can be obtained from just the observed time prior
to the main sGRB and the frequency of the QPOs, which corresponds
to the resonance frequency of the mode in our model. By associating
the precursor with the crust-ocean i-mode specifically, we constrain
the neutron star ocean depth, neutron star radius, and even shear
modulus of the neutron star crust.

Our model provides an interesting, though likely inaccurate,
explanation for some of the observable properties of GRB 211211A.
If true, GRB 211211A would be associated with an NSBH merger
with an intermediate-mass black hole and a high-mass neutron star.
Such a system would be the firstofits kind, representing the discovery
of an intermediate-mass black hole as well as the largest black hole
involved in a compact binary merger (excluding those potentially
observed by pulsar timing arrays; Agazie et al. 2023). For the excited
i-mode to contain the energy, a deep neutron star ocean would
be needed, suggesting that the crust must be either composed of
lighter elements than previously considered or extremely hot (e.g.
Chamel & Haensel 2008). Such a deep ocean also necessitates a
small crustal shear modulus for reasonable neutron star radii. Some
distinctive features that our model identifies may help explain the
event’s extraordinary status as a very long sGRB.
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The predictions of our model nevertheless remain difficult to
reconcile with the sGRB main emission and the observed kilonova.
As we have discussed, such a large mass companion would have
difficulty tidally disrupting the neutron star and producing powerful
electromagnetic emission during the GW-driven merger. We have
found that the claimed QPOs are extremely unlikely to be the mode
that caused the precursor, although it remains possible that a different
resonant mode did. Because the emission mechanism is unknown,
however, it remains just as likely that the QPOs originate from intrin-
sic GRB properties rather than pulsational modes. Unfortunately, the
lack of observed GW emission keeps the origins of GRB 211211A
nebulous (Sarin, Lasky & Nathan 2023). The joint detection of
GWs with this sGRB could have more definitively constrained the
applicability of our model as well as other proposed models to this
unique system.

Applying our model to more sGRB precursors, especially those
with long durations and other distinctive features (Veres et al. 2023),
may yield interesting results. As detection techniques improve, more
sGRBs will be identified (Kerr et al. 2023), hopefully providing
more opportunities to test our model. Previous searches for QPOs in
sGRB precursors have yet to reveal any additional candidates with
>30 significance (Xiao et al. 2022b), but have been constrained by
photon statistics. Continued observations, particularly in coincidence
with detected GW events during the O4 run of LIGO—Virgo—Kagra
(Colombo et al. 2022), as well as improved targeted searches will
hopefully reveal more such candidates. If more sGRB precursor
QPOs can be identified, models of tidal resonance-induced precursor
emission like the one presented in this paper can immediately be
tested.
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