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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.

Key words: gravitational waves – stars: oscillations – black hole–neutron star mergers – gamma-ray bursts – neutron star merg-
ers.

1 INTRODUCTION

Short gamma-ray bursts (sGRBs) represent electromagnetic coun-
terparts to compact binary mergers (Narayan, Paczynski & Piran
1992; Abbott et al. 2017b, 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 & Paczyński 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 & Liebendörfer 2003; Cusinato et al.

� E-mail: ags2198@stanford.edu

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 associatedwith some

observed GRBs, including�1 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–
100 s prior to the main sGRB 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, Márka & 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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hattering and by extension electromagnetic emission (Tsang et al. 
012 ; Passamonti, Andersson & Pnigouras 2021 ; Neill et al. 2022 ;
ichiara et al. 2023 ). 
Lower frequency modes in the surface layers of a neutron star
ave the potential to generate early precursors when resonant with 
rbital motion. A possible site of early resonance is the fluid outer
ayer, the neutron star’s ocean. The ocean sustains its own set of
ow-frequency pulsational modes associated with its lower density 
nd separation from the rest of the neutron star by the elastic crust
Bildsten & Cutler 1995 ; Lattimer & Prakash 2001 ; Piro & Bildsten
005 ; Sulli v an et al. 2023 ). Tidal resonance should occur in neutron
tar ocean modes early in compact binary inspirals and may deposit 
arge amounts of energy into the modes (Sulli v an et al. 2023 ). In fact,
ulli v an et al. ( 2023 ) show that the energy deposited into the neutron
tar ocean during tidal resonance may be sufficient to produce a 
etectable electromagnetic flare. 
Moti v ated by the results of Sulli v an et al. ( 2023 ), we adv ance a
ew model for sGRB precursors in this paper. We propose that the
nterface pulsational mode associated with the crust–ocean boundary 
ay become resonant during the inspiral phase of a compact binary 
erger. The excited ocean consequently represents the site of an 
GRB precursor. This model can be applied to sGRBs from both 
inary neutron star (BNS) mergers and neutron star–black hole 
NSBH) mergers, thus admitting precursors from either scenario 
nd distinguishing between them through electromagnetic emission 
lone. 
In this paper, we develop analytical formulae for precursor sGRB 

bservables that can be used to estimate compact binary parameters 
n the context of this model. As a first application, we consider the
recursor associated with the recently detected GRB 211211A, an 
specially unique sGRB due to its long length (Rastinejad et al. 2022 )
s well as the possible identification of quasi-periodic oscillations 
QPOs) in its precursor emission (Xiao et al. 2022a ). In Section 2 ,
e re vie w tidal resonance in neutron star oceans and present the
heory rele v ant to our model. In Section 3 , we provide a detailed
iscussion of our precursor model. In Section 4 , we apply our
odel to GRB 211211A and constrain the parameters of the system.
e also e v aluate our model’s applicability to this system and its
otential consequences. In Section 5 , we consider future prospects 
nd conclude. 

 TIDAL  RESONANCES  IN  NEUTRON  STAR  

CEANS  

n this section, we re vie w the general properties of neutron star ocean
idal resonances (Sulli v an et al. 2023 ). Neutron stars, like main-
equence stars, possess a spectrum of excitable pulsational modes 
McDermott, van Horn & Hansen 1988 ; Lai 1994 ; Reisenegger &
oldreich 1994 ; Passamonti et al. 2006 ; Samuelsson, Andersson & 

aniopoulou 2007 ; Passamonti & Andersson 2012 ). A select few 

odes are localized almost entirely to the neutron star ocean, 
ncluding surface g-modes (Bildsten & Cutler 1995 ), as well as
he crust–ocean interface mode or i-mode (Piro & Bildsten 2005 ; 
ulli v an et al. 2023 ). The i-mode is the generalization of the
hallow ocean surface mode to the case where the ocean floor is not
ompletely rigid. Thus, it is associated with the discontinuity in shear 
odulus across the crust–ocean boundary. Tides in compact binary 
ystems represent a promising mechanism for exciting these modes 
Lai 1994 ; Tsang et al. 2012 ; Tsang 2013 ; Passamonti, Andersson &
nigouras 2021 ; Sulli v an et al. 2023 ). Tidal resonance, which occurs
n compact binary inspirals when a harmonic of the orbital frequency 
atches the mode frequency, can deposit significant energy into the 
rust–ocean i-mode, potentially sufficient to produce a flare (Sullivan 
t al. 2023 ). 

.1 Neutron star ocean modes 

uantitatively, the modes are fluid perturbations on the background 
eutron star. The principal equation of motion is the perturbed Euler
quation 

 
2 
t ξ + 

∇δp 

ρ
− δρ

ρ2 ∇ p − 1 
ρ

∇ · σ = −∇ χ, (1) 

here ξ is the Lagrangian fluid displacement, ρ is the background 
luid density, p is the background fluid pressure, δρ is the Eulerian
erturbation of the density, δp is the Eulerian perturbation of the
ressure, σ = σij is the elastic stress tensor, and χ is an external
otential, which corresponds to the tidal potential in this case. The
ontinuity equation combined with the definition of the Lagrangian 
erturbation gives an additional governing equation (Friedman & 

chutz 1978 ) 

ρ = δρ + ξ · ∇ρ = −ρ∇ · ξ . (2) 

etting χ = 0, the mode solutions are ξ ∝ e iωt , where ω is the mode
requency. Equation ( 1 ) simplifies to the eigenvalue equation 

 L − ω 
2 ρ) ξ = 0 , (3) 

here L is the operator that contains the non-time deri v ati ve terms
n equation ( 1 ). 

.1.1 Mode frequency 

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

 
2 
t ξ + 

∇δp 

ρ
− δρ

ρ2 ∇p = 0 . (4) 

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

p = δp + ξ · ∇p = 0 (5) 

rom the definition of the Lagrangian displacement. Therefore, in a 
hallow ocean 

p ≈ −ξ · ∇p = ξr ρg, (6) 

here ξ r is radial component of ξ and g = 
GM � 

R 2 � 
is the magnitude

f the gravitational acceleration at the surface. The second equality 
rises from assuming the background ocean is in hydrostatic equilib- 
ium. In a shallow ocean, we expect δρ/ ρ � 1 (Gittins et al. 2023 ).
he Euler equation consequently simplifies to 

 
2 
t ξ + g∇ξr = 0 , (7) 

hile equation ( 2 ) simplifies to 

d ρ
d r 

ξr = −ρ∇ · ξ , (8) 

here we have assumed that the background ρ is purely radial. In
he ocean, we expect d ρd r ≈ ρ

h o 
, where h o is the ocean depth, so we

btain an expression for ξ r 

r = −h o ∇ · ξ . (9) 

ubstituting this value for ξ r into equation ( 7 ) gives 

 
2 
t ξ − gh o ∇( ∇ · ξ ) = 0 . (10) 
MNRAS 527, 7722–7730 (2024) 
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ssuming ξ is curl free by construction gives a wave equation 

 
2 
t ξ − gh o ∇ 

2 ξ = 0 . (11) 

estricting to the value of ξ at the ocean surface and expanding in
pherical harmonics yields the ordinary differential equation 

 
2 
t ξ + 

l( l + 1) gh o 

R 
2 
� 

ξ = 0 , (12) 

hose solution is a simple harmonic oscillator with frequency 

 = 

√ 

l( l + 1) 
GM � 

R 
3 
� 

h o 

R � 

. (13) 

herefore, the surface fluid layer of the neutron star naturally sustains
eriodic oscillations. 
In this analysis, we have assumed that the crust is completely

igid at the boundary between the neutron star ocean and crust. In
eneral, the crust should be elastic with a non-infinite shear modulus
˘ (Horowitz & Kadau 2009 ; Baiko 2011 ; Zemlyakov & Chugunov
023 ). Piro & Bildsten ( 2005 ) showed that when the neutron star
rust’s shear modulus is less than the pressure at the crust–ocean
oundary p o , the shallow ocean frequency given by equation ( 13 )
ust be corrected by a factor of 

√ 

μ̆/p o . Therefore, the mode
requency is 

 = 

√ 

μ̆

p o 
l( l + 1) 

GM � 

R 
3 
� 

h o 

R � 

. (14) 

vidently, the shallow ocean surface mode will pulsate with fre-
uenc y giv en by equation ( 14 ), which depends on the parameters of
he neutron star. 

.2 T idal r esonance 

he tidal potential χ induced by a companion object is (Press &
eukolsky 1977 ; Lai 1994 ) 

= −
∞ ∑ 

l= 2 

l ∑ 

m =−l 

GM r l 

D( t) l+ 1 W lm e −im� ( t) Y lm ( θ, φ) , (15) 

here M is the companion mass, D ( t ) is the binary separation, � ( t )
s the true anomaly, and W lm is the numerical coefficient (Press &
eukolsky 1977 ) 

 lm = ( −1) l+ m 2 

(( 4 π
2 l+ 1 

)
( l − m )!( l + m )! 

)1 / 2 
2 l 
(

l−m 

2 

)
! 
(

l+ m 

2 

)
! 

, (16) 

here l + m must be even. When this potential is added, the Euler
quation can be expressed as (
L + ρ∂ 2 t 

)
ξ = −ρ∇χ, (17) 

here L is the same as in equation ( 3 ). We assume the solution 

= 

∑ 

n 

a n ( t) ξn , (18) 

here ξn is the eigenvector solution to equation ( 3 ). From equa-
ion ( 17 ) and the orthogonality condition 

∫ 
ρξ ∗

n · ξm d V = A 
2 
n δnm 

Sulli v an et al. 2023 ), we obtain an equation for a n ( t ) 

¨ n ( t) + ω 
2 
n a n ( t) = 

GMW lm 

D( t) l+ 1 e 
−im� ( t) Q nl 

A 
2 
n 

. (19) 

here Q nl is the o v erlap inte gral 

 nl = 

∫ 
ρξ ∗

n · ∇( r l Y lm ( θ, φ))d V . (20) 
NRAS 527, 7722–7730 (2024) 
he mode most likely to be tidally excited is the l = 2 mode because
he driving tidal force is lowest order in r / D . 

.2.1 Resonance time 

s is typical for driven harmonic oscillators, a resonant oscillation
ill occur when m ̇� ( t) = ω n . In the case of an inspiraling compact
inary, �̇ ( t) continuously increases, so the orbital tidal force will
ecome resonant with the i mode at some point before the merger.
he time before merger at which resonance occurs can be computed
y recalling 

˙
 ( t) = 

√ 

G ( M + M � ) 
D( t) 3 

, (21) 

or circular binaries. The orbital separation at the time of resonance
s 

 r = 

(
m 

2 G ( M + M � ) 
ω 
2 
n 

)1 / 3 

. (22) 

he time until merger due to GW emission for a given orbital
eparation D is (Peters 1964 ) 

 m = 

5 D 
4 c 5 

256 G 
3 MM � ( M + M � ) 

, (23) 

here c is the speed of light. Therefore, the merger time when D =
 r is 

 r = 

5 c 5 ( M + M � ) 1 / 3 m 
8 / 3 

256 G 
5 / 3 MM � ω 

8 / 3 
n 

. (24) 

his expression for the mode resonance time is general and does not
epend on which mode becomes resonant with the orbit. The time
efore merger when the crust–ocean i-mode resonance occurs can
e computed simply by substituting equation ( 14 ) for ω n . 

.2.2 Tidal energy 

hen resonance occurs, the amplitude of the oscillation should be
aximized. This is directly related to the amount of energy deposited
nto the ocean due to the tidal force. We can estimate the amplitude
t the resonance time by assuming a solution for a ( t ) of the form
( t) = GMW lm 

Q nl 

A 2 n 
c( t)e −i s ω n t (Lai 1994 ), where c ( t ) is a complex

alued function of a real variable and s = ±1. In terms of c ( t ),
quation ( 19 ) becomes (Lai 1994 ) 

¨ − 2 i s ω n ̇c = D( t) −( l+ 1) exp [ i ( s ωt − m� ( t))] . (25) 

ear resonance, numerical solutions have shown that the amplitude
ncreases approximately linearly with time (Lai 1994 ). Therefore,
e glecting c̈ and inte grating giv e an approximate e xpression for c ( t ) 

( t ) ≈ 1 
2 i s ω n 

∫ 
D( t ) −( l+ 1) exp [ i ( s ωt − m� ( t))] d t . (26) 

ssuming ω n 
 1/ t r (which should be the case as t r � 1 s and ω
 1 Hz for reasonable parameters; Sulli v an et al. 2023 ), the limits
n this integral may be taken as infinite. In this case, the stationary
hase approximation may be used to e v aluate c( t ) (Lai 1994 ). The
aximum value of c( t ) will be 

 c( t) | max � 

1 
2 ω n D 

l+ 1 
r 

√ 

2 π
m ̈� ( t r ) 

, (27) 
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here we have e v aluated the absolute v alue of equation ( 26 ), and
¨
 ( t r ) is e v aluated at the resonance time. �̈ at time of resonance is 

¨
 = 

3 
2 

√ 

G ( M + M � ) 
D 

3 
r 

Ḋ r 

D r 
= 

3 
8 m 

ω n 

t r 
. (28) 

his allows us to write | c ( t ) | max in terms of the parameters of the
ode resonance 

 c ( t) | max � 

2 
D 

l+ 1 
r 

√ 

πt r 

3 ω 
3 
n 

. (29) 

fter tidal resonance, the energy of the mode should be that of a
armonic oscillator with frequency ω n and amplitude | a ( t ) | max A n .
dditionally, for the l = 2 mode, both the m = 2 and m = −2 modes
ontribute to the energy equally. Therefore, the tidal interaction will 
eposit the energy 

 = ω 
2 
n | a( t) | 2 max A 

2 
n = ω 

2 
n G 

2 M 
2 W 

2 
lm 

Q 
2 
nl 

A 
2 
n 

| c( t) | 2 max (30) 

nto the mode (Lai 1994 ; Sulli v an et al. 2023 ). The normaliza-
ion A 

2 
n and the l = 2 o v erlap inte gral of crust–ocean i-modes

row proportionately with the square of the stellar radius and 
he ocean depth, respectively (Sullivan et al. 2023 ). Their ratio 
espects Q/A 

2 
n ∼ h o /R � (e.g. Passamonti, Andersson & Pnigouras 

021 ; Sulli v an et al. 2023 ). Hence, the normalization factor can be
stimated as 

 
2 
n = M � R 

2 
� , (31) 

hile the l = 2 o v erlap inte gral is 

 ≈ 11 
10 

M � R 
2 
� 

(
h o 

R � 

)
, (32) 

here we infer the prefactor from the results in table 1 of Sulli v an
t al. ( 2023 ). The exact value of the numerical factor is model
ependent, but should remain order unity. The energy in terms of
tellar and mode parameters is 

 � 

121 π2 

6400 × 2 1 / 3 
c 5 Mh 

2 
o ω 

1 / 3 

( G ( M � + M)) 5 / 3 
, (33) 

here ω n is given by equation ( 14 ). Like t r , the energy deposited into
he mode by the tide directly depends on the masses of the objects
s well as the depth of the neutron star ocean. 

 TIDAL  RESONANCE  AS  A  SOURCE  OF  GRB  

RECURSOR  FLARES  

he model we outline in Section 2 explains how energy can be
eposited into a neutron star ocean through the tidal interaction 
n the moments leading up to a compact binary merger. Sulli v an
t al. ( 2023 ) found that if the energy of the i-mode tidal resonance
ould be released electromagnetically, a detectable precursor could 
esult. We now extend this picture and apply it to sGRB precursor
vents. We therefore suppose that gamma-ray precursors exhibiting 
POs could result from this i-mode tidal resonance in a neutron 
tar ocean. 

.1 Model parameters 

s we have shown, the ocean tidal resonance is principally described 
y three quantities: the energy deposited into the mode E tot given by
quation ( 33 ), the time of resonance t r given by equation ( 24 ), and the
ode frequenc y ω n giv en by equation ( 14 ). In an sGRB precursor,
hese quantities correspond to emission properties. We propose that 
he energy of the precursor corresponds to the energy deposited into
he mode, the time of ignition of the flare corresponds to the resonance
ime of the i-mode, and the QPO frequency is the i-mode frequency.
n reality, the precursor energy is a lower limit on the actual energy
eposited into the mode, as the radiation efficiency of the emission
echanism remains unkno wn. Ne vertheless, the precursor energy 
sefully constrains the total energy deposited. Using these three 
bservables, we may estimate the parameters of the astrophysical 
GRB source. 
The three main quantities of our model depend on five system
arameters. Four of these parameters directly relate to the neutron 
tar in the binary, while the remaining relates to the companion. Our
odel is sensitive to the neutron star mass M � , radius R � , ocean depth
 o , and crust shear modulus to ocean floor pressure ratio μ̆/p o , as
ell as the mass of the companion M . Excitingly, from the precursor
lone, we may constrain parameters essential to understanding the 
ynamics of the compact binary as well as the interior structure of
eutron stars. 

.2 Model implications 

his model for sGRB precursors can describe both BNS and NSBH
ergers. In fact, these two scenarios can be directly distinguished 
hrough the companion mass. The only requirement is that one of the
omponent masses in the system be a neutron star, which is already
equired for sGRBs (Fong & Berger 2013 ; Rosswog 2015 ; Ascenzi
t al. 2021 ). 
The properties of neutron star oceans have principally been probed 
y observations of X-ray bursts on accreting neutron stars (Bildsten & 

utler 1995 ; Strohmayer & Mahmoodifar 2014 ; Chambers & Watts
020 ). The ocean forms at temperatures and densities where the
rust melts. To have sizable oceans, neutron star crusts must achieve 
emperatures of T � 10 7 K, hotter than expected for old neutron
tars in compact binaries. The tides can heat neutron stars to
emperatures ∼10 8 K during the inspiral (Lai 1994 ), and potentially
igher depending on the viscosity in the neutron star (Meszaros &
ees 1992 ). 
With this model, we directly probe the depth of the ocean h o via
ompact binary coalescence. h o is v ery sensitiv e to the material that
omposes the neutron star crust, the neutron star crust temperature T ,
s well as the equation of state at the neutron star surface (Farouki &
amaguchi 1993 ; Bildsten & Cutler 1995 ; Haensel, Potekhin &
akovle v 2007 ; Horo witz & Kadau 2009 ; Baiko & Chugunov 2018 ;
ittins, Andersson & Pereira 2020 ; although there is de generac y
etween these three quantities). Constraints on the ocean depth for 
eutron stars in compact binaries can inform whether there is a
ifference in ocean structure between neutron stars in X-ray binaries 
nd in compact binaries. 
While this model is sensitive to five extremely interesting prop- 
rties of neutron stars and compact binaries, its reliance on only
hree main observables limits its parameter estimation ability. For 
ertain reasonable choices of neutron star mass and radius M � and
 � , one can solve for the other three parameters with this model,
nd immediately distinguish an NSBH from a BNS based on the
ompanion mass results. An alternative approach might be to solve 
or the neutron star mass and radius as well as the companion mass
s a function of h o and μ̆/p o . Estimates of the neutron star mass
 � and R � are particularly exciting as they can directly be used to
onstrain the neutron star equation of state. 
The de generac y in parameters can nev ertheless be broken in
ultiple ways. Most promising is a coincident GW detection from 
MNRAS 527, 7722–7730 (2024) 
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M

Figure 1. The crust–ocean i-mode frequency (left) and resonance time with companion mass M = 1.4 M � (right) as a function of neutron star mass for the 
ocean depths h o shown in the legend. The dashed lines show the mode frequencies and resonance times for the M = 1.4 M � companion with the same h o . These 
results assume that both neutron stars have μ̆/p o = 0 . 01 and R � = 10 km. 
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he merger. Chirp mass and total mass measurements as well as tidal
eformability limits from GWs (e.g. Abbott et al. 2019 ) provide
dditional constraints on the system that can completely disentangle
ll parameters. In the case of a BNS merger, the oceans of the
wo different neutron stars may become resonant at different times,
ausing two precursors with QPOs. In Fig. 1 , we show the mode
requency f n = ω n /2 π and resonance time t r as a function of neutron
tar mass for different values of h o with a 1.4 M � companion. f n and
 r are also shown for the companion neutron star with the same h o 
alues. Both f n and t r can differ by at least order unity between the
wo stars, so the two precursors can be distinguished if their durations
re � 10 per cent of t r (Troja, Rosswog & Gehrels 2010 ). This then
rovides six equations to disentangle eight parameters. Most inter-
stingly, if the de generac y between M � and R � can be broken with a
W detection, our model constrains the equation of state (Lattimer &
rakash 2001 ; Abbott et al. 2018 ; Lattimer 2021 ) by providing
ore data points to directly probe the neutron star mass–radius
elationship. 
The precursors should be distinguishable from the main emission

or sources of interest. We take an NSBH merger with a 1.4 M �
eutron star and a 5 M � black hole, which should be an sGRB
rogenitor (Pannarale, Tonita & Rezzolla 2011 ), as an example. The
epth of a relativistic degenerate neutron star ocean is (Bildsten &
utler 1995 ) 

 o ≈ 12 . 8 m 

(
A 

12 

)−1 (
Z 

6 

)−1 / 3 (
T 

10 7 K 

)
, (34) 

here Z and A are the atomic number and mass of the ions that
ompose the crust, respectiv ely. F or fiducial ocean values of T = 10 7 
, A = 12, and Z = 6 as well as neutron star properties R � = 10 km
nd ˜ μ/p o = 0 . 01, the precursor parameters are f n = ω n /2 π = 20 Hz,
 r = 70 s, and E tot = 4 × 10 47 erg. For a BNS where the companion is
 = 1.4 M �, the energy of the precursor would remain approximately
nchanged while the time before merger would increase to 3 min,
llowing the scenarios to be distinguished. The value inferred for the
ompanion mass M is most sensitive to t r while the inferred h o value
s sensitive to E tot and ω n . The other neutron star parameters may be
onstrained by ω n . 
NRAS 527, 7722–7730 (2024) 
.3 Electromagnetic emission mechanisms 

n its current form, our model remains agnostic to how precursor
amma-rays are generated. Our model also does not predict that the
xpected emission will necessarily be in the form of gamma-rays. We
hoose gamma-rays as the application of this model because Fermi -
BM’s all-sky field of view makes the instrument particularly well
uited for detecting rapid gamma-ray transients (Meegan et al. 2009 ).
n principle, the resultant electromagnetic emission from a neutron
tar ocean tidal resonance could be across the electromagnetic
pectrum. The connection between our model and electromagnetic
mission remains speculative at this stage. 
To actually ignite an electromagnetic flare, we envision a scenario

n which the energy deposited into the neutron star ocean by the
ide excites particles on the neutron star surface to high energies.
he resultant high-energy electrons on the surface may synchrotron
adiate in the presence of the strong surface magnetic field. The ocean
lfv ́en frequency ω A ∼ l ( l + 1) B 2 /4 πρo R 2 may be comparable to
he crust–ocean i - mode frequency for B ∼ 10 12 G. Consequently,
igh magnetic field can modify the surface structure and i-mode
roperties as well as complicate connecting tidal energy deposition
ith emission. 
The energy deposited by the tide may nevertheless be comparable

o the breaking energy of neutron star crusts, which ranges from 10 44 
o 10 46 erg (Tsang et al. 2012 ; Baiko & Chugunov 2018 ), causing
he crust to crack or melt (Penner et al. 2012 ). While full crustal
ailure may be difficult to achieve initially since only 0 . 1 per cent of
he crust–ocean i-mode energy is deposited into the crust (Piro &
ildsten 2005 ), the back reaction of the strongly deformed or even
amaged crust may cause the crust–core i-mode frequency to increase
s the mode penetrates deeper into the star like the r-mode under
he influence of a strong magnetic field (Andersson et al. 2000 ;
ezzolla et al. 2001a , b ). This can allow for the extraction of more
idal energy as the o v erlap inte gral grows. If the neutron star crust
reaks, subsequent reconnection of the liberated crustal magnetic
ields may induce large-scale particle acceleration and consequently
he emission of gamma-rays (e.g. Lander et al. 2015 ; Kaspi &
eloborodov 2017 ). Each of these mechanisms likely has a different
adiation efficiency that can affect our energy estimate. We leave
he 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 M �, we determine the mass of the companion M (middle), the depth of the neutron star ocean h o (right), and the 
radius of the companion neutron star R � (left). Determining R � also requires choices of μ̆/p o , 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 M �, below which the Schwarzschild radius of 
the companion exceeds the resonance binary separation. 
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ork. Whatever the mechanism, the energetics of the resonant tide 
Sulli v an et al. 2023 ) coupled to the exotic conditions on neutron
tar surfaces make electromagnetic emission a plausible result of 
cean–tidal resonances. 

 APPLICATION  TO  GRB  211211A  

RB 211211A is one of the longest sGRB events detected, with a
urst duration of 51.37 s (Rastinejad et al. 2022 ). The subsequent
etection of an associated kilonova located at distance of 350 Mpc 
uggests that the cause of this burst was a compact binary coalescence 
Mei et al. 2022 ; Rastinejad et al. 2022 ; Troja et al. 2022 ; Yang
t al. 2022 ; Zhang et al. 2022a ). A precursor flare 0.9 s prior to the
nitiation of GRB 211211A was also detected, possibly exhibiting 
POs with frequency 22 Hz (Xiao et al. 2022a ). The precursor
lare had an isotropic equi v alent energy of 7.7 × 10 48 erg while the
sotropic equi v alent energy of the main event and extended emission
pproached 10 52 erg (Xiao et al. 2022a ). 
Many questions about this system remain, as no model has conclu- 

ively determined the source of this event. Suggested sources of GRB
11211A include an NSBH merger (Gao, Lei & Zhu 2022 ; Zhu et al.
022 ; Gottlieb et al. 2023a ), a BNS merger involving a magnetar
Xiao et al. 2022a ; Zhang et al. 2022b ), a white dwarf–neutron star
erger (Zhong, Li & Dai 2023 ), and a collapsar (Barnes & Metzger
023 ). BNS magnetar models invoke a shattering flare induced by 
racking the magnetar crust with tides (Suvoro v, K uan & Kokkotas
022 ), 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
as a strangeon star and invoked tidally induced crust fracturing 
o explain the energetics of the system. These models broadly rely 
n large tidal forces and strong magnetization to explain both the 
recursor and extended length of the main emission. As more events 
ike this one are observed (e.g. Dichiara et al. 2023 ), models will
ikely converge on an explanation of GRB 211211A and other similar
ources (Gottlieb et al. 2023b ). 
As possibly the first sGRB observed with QPOs during its 
recursor and without a conclusive description of this system, GRB 

11211A represents an excellent test bed for our precursor model. 
ithin the context of our model, the GRB 211211A precursor would
e interpreted as a flare induced in a neutron star ocean by resonant
ides. The pulsating ocean gives rise to the QPOs in the gamma-
ay emission. This picture qualitatively agrees with that of Suvorov, 
uan & Kokkotas ( 2022 ) in which tidal forces crack the neutron star
rust and release energy for a flare. Suvoro v, K uan & Kokkotas ( 2022 )
ssociate the QPOs with resonant torsional g-modes of a highly 
agnetized neutron star surface. High magnetization is required 
o explain the non-thermal spectrum of the precursor and provide 
ufficient energy to the flare. Suvoro v, K uan & Kokkotas ( 2022 )
ely on the mass results of the kilonova modelling of Rastinejad et al.
 2022 ) and therefore consider tidal resonances in a BNS only, despite
mbiguity in the literature. Our model by contrast leaves open the
ossibility that the system is an NSBH and assumes tidal resonance
f the crust–ocean i-mode. 
The observations of GRB 211211A provide a precursor ignition 

ime, oscillation frequency, and total energy (Xiao et al. 2022a ),
he exact parameters our model requires. The 22 Hz QPO fre-
uency resembles magnetar crustal shear mode frequencies, and 
hus represents a plausible value for that of a surface ocean mode
Samuelsson & Andersson 2007 ; Colaiuda & Kokkotas 2011 ). While
he QPO remains unconfirmed (Chirenti et al. 2023 ), we apply our
odel to this system as an example of how it can be used and check
hether it reasonably explains phenomena of this sGRB. Without 
ny GW emission to unambiguously measure the source masses, 
e cannot constrain all system parameters. Note, ho we ver, that t r 
equation 24 ) is only a function of the two companion masses.
onsequently, to obtain M , one only needs M � . With M and M � ,
 o can immediately be solved for from the observed E . Therefore,
etting E = 7.7 × 10 48 erg, t r = 0.93 s, and f n = ω n /2 π = 22 Hz, we
olve equations ( 14 ), ( 24 ), and ( 33 ) for R � , M , and h o for M � ∈ [1 M �,
 M �] – viable masses for a neutron star – and choices of μ̆/p o . We
eglect the effects of gravitational and cosmic redshift on t r and f n .
his affects our results by no more than 30 per cent , exceeding the
recision needed to assess our model’s implications. We show our 
arameter results in Fig. 2 as a function of M � . 
The main prediction of our model is that the source of GRB
11211A is an extreme mass ratio NSBH merger. This prediction 
omes directly from associating the precursor to a tidal resonance, 
articularly the resonance of a mode with the alleged QPO frequency,
MNRAS 527, 7722–7730 (2024) 
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nd is independent of the exact nature of the excited mode. Therefore,
f the resonant neutron star mode that ignites the precursor has
requenc y ∼20 Hz (irrespectiv e of which mode and how), the
ompanion mass must exceed ∼500 M � simply by equation ( 24 ). For
n NSBH, resonance must occur before the neutron star crosses the
orizon of the companion black hole. This constrains the parameter
pace to companions with mass below 1000 M � and consequently
eutron stars with mass M � � 1.8 M �. The viable regions of
arameter space are to the right of the vertical dashed line in Fig. 2 .
gain, this constraint is independent of the nature of the mode, and
nly relies on associating the QPO with the resonant mode that causes
he precursor. 
Associating the precursor with the crust–ocean i-mode subse-
uently informs the neutron star structure. Our model predicts a
eutron star ocean with h o � 200 m. Such a deep ocean ensures that
he tidal o v erlap inte gral of the crust–ocean mode is large enough
o garner sufficient energy for the precursor. This suggests that the
emperature inside the neutron star should be very high: T � 2 × 10 8 
 for a crust made of carbon and hotter for heavier elements (see
quation 34 ). This is comparable to surface temperatures reached
uring accretion (Fujimoto et al. 1984 ; Haensel & Zdunik 1990 ,
003 , 2008 ), and would require extreme heating. Tidal heating by
ore g-mode resonances can produce these temperatures (Lai 1994 );
o we ver, the core g-mode frequencies are likely > 20 Hz and would
e resonant after the crust–ocean i-mode. Alternatively, accretion
nto the neutron star, if the binary is in a gaseous environment such
s an active galactic nucleus (AGN) accretion disc, may heat the
urface. 
The mode frequency determines the neutron star radius (given
ertain choices of μ̆/p o ). We see that radii consistent with plausible
eutron star equations of state (Dietrich et al. 2020 ) must have
˘ /p o ≈ 0 . 0005 –0 . 002. These values imply a particularly weak crust
ompared to the internal pressure of the neutron star, and are broadly
onsistent with a deeper ocean whose ocean floor pressure is greater.
he weak shear modulus implies that the mode penetrates deeper into
he crust, which could account for the large value of h o needed to
rovide the flare energy. A lower value of μ̆ also decreases the energy
eeded to fracture the crust (Baiko & Chugunov 2018 ), making a
hattering event much more likely. Such a large amount of energy
idally deposited into the neutron star surface, along with a low
reaking energy, leaves a majority of the energy for the precursor,
gain showing that the model is self-consistent. 
If our model accurately describes the event, GRB 211211A would

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

o e xplain giv en the observ ed sGRB and kilono va. These transients
equire full tidal disruption of the neutron star, which intermediate-
ass black holes should fail to cause (Neill et al. 2022 ). In fact,
NRAS 527, 7722–7730 (2024) 
 ∼ 10 M � represents an upper limit on the companion mass that
an plausibly cause an sGRB (Pannarale, Tonita & Rezzolla 2011 ;
eill et al. 2022 ). Moreo v er, sGRBs from NSBH mergers should
e rare, with event rates only as high as ∼100 Gpc −3 yr −1 (Abbott
t al. 2023 ; Bisco v eanu et al. 2023 ). Future numerical simulations of
xtreme mass ratio inspirals (e.g. Boschini et al. 2023 ) of NSBHs will
opefully provide further insight into the feasibility of the scenario
e consider. 
If tidal resonance actually ignites the precursor, a higher frequency

esonant mode would provide a more plausible companion mass
stimate. F or e xample, a resonant mode with frequenc y ∼50 Hz
e.g. Suvoro v, K uan & Kokkotas 2022 ) would imply a companion
ass ∼10 M �, which could plausibly produce the sGRB. This leaves
pen the possibility that the 22 Hz QPOs represent the decaying after
hocks of a previously excited mode. For instance, the QPO may
ome from a previously excited crust–ocean l = 0 mode, so that the
 = 2 crust–ocean i-mode has frequency ∼50 Hz. This would predict
n ocean depth of h o ∼ 60 m and a more modest crust temperature T
 10 8 K. Alternatively, the QPO could correspond to a much earlier
idally excited l = 2 crust–ocean i-mode, while a resonant crustal
hear mode or the core–crust i-mode shatters the crust (Tsang et al.
012 ). If this is the case, fainter precursors may have preceded the
bserv ed ev ent by � 1 min (Sulli v an et al. 2023 ). Searches for earlier
aint emission among Fermi -GBM, Swift , and Insight-HXMT sub-
hreshold data may reveal further evidence of our model at work in
his system. 

 CONCLUSION  

e have presented a new model for sGRB precursors, invoking
idal resonance of the surface mode of a neutron star in a compact
inary coalescence. Our model posits that precursors to sGRBs can be
gnited by the resonance of the neutron star crust–ocean i-mode with
he orbitally modulated tidal forces from the inspiraling companion.
n this picture, the energy fuelling the flare is deposited by the tide
nd QPOs emerge as a natural consequence of the excitation of the
ode. Thus, our model can be applied to any precursor with QPOs. 
With three main observables, our model can provide constraints
n compact binary parameters solely from information about the
recursor. Companion mass constraints and by extension the type of
erger in question can be obtained from just the observed time prior
o the main sGRB and the frequency of the QPOs, which corresponds
o the resonance frequency of the mode in our model. By associating
he precursor with the crust–ocean i-mode specifically, we constrain
he neutron star ocean depth, neutron star radius, and even shear
odulus of the neutron star crust. 
Our model provides an interesting, though likely inaccurate,

xplanation for some of the observable properties of GRB 211211A.
f true, GRB 211211A would be associated with an NSBH merger
ith an intermediate-mass black hole and a high-mass neutron star.
uch a system would be the first of its kind, representing the disco v ery
f an intermediate-mass black hole as well as the largest black hole
nvolved in a compact binary merger (excluding those potentially
bserved by pulsar timing arrays; Agazie et al. 2023 ). For the excited
-mode to contain the energy, a deep neutron star ocean would
e needed, suggesting that the crust must be either composed of
ighter elements than previously considered or extremely hot (e.g.
hamel & Haensel 2008 ). Such a deep ocean also necessitates a
mall crustal shear modulus for reasonable neutron star radii. Some
istinctive features that our model identifies may help explain the
v ent’s e xtraordinary status as a v ery long sGRB. 
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The predictions of our model nevertheless remain difficult to 
econcile with the sGRB main emission and the observed kilonova. 
s we have discussed, such a large mass companion would have 
ifficulty tidally disrupting the neutron star and producing powerful 
lectromagnetic emission during the GW-driven merger. We have 
ound that the claimed QPOs are extremely unlikely to be the mode
hat caused the precursor, although it remains possible that a different 
esonant mode did. Because the emission mechanism is unknown, 
o we ver, it remains just as likely that the QPOs originate from intrin-
ic GRB properties rather than pulsational modes. Unfortunately, the 
ack of observed GW emission keeps the origins of GRB 211211A 

ebulous (Sarin, Lasky & Nathan 2023 ). The joint detection of
Ws with this sGRB could have more definitively constrained the 
pplicability of our model as well as other proposed models to this
nique system. 
Applying our model to more sGRB precursors, especially those 
ith long durations and other distinctive features (Veres et al. 2023 ),
ay yield interesting results. As detection techniques impro v e, more 
GRBs will be identified (Kerr et al. 2023 ), hopefully providing 
ore opportunities to test our model. Previous searches for QPOs in 
GRB precursors have yet to reveal any additional candidates with 
 3 σ significance (Xiao et al. 2022b ), but have been constrained by
hoton statistics. Continued observations, particularly in coincidence 
ith detected GW events during the O4 run of LIGO–Virgo–Kagra 
Colombo et al. 2022 ), as well as impro v ed targeted searches will
opefully reveal more such candidates. If more sGRB precursor 
POs can be identified, models of tidal resonance-induced precursor 
mission like the one presented in this paper can immediately be 
ested. 
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