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Known Galactic NS-NS binaries

Neutron Star Binaries

Hulse-Taylor	

 Pulsar	


B1913+16

Tmerge = 300 Myr

Orbit decays due to emission of gravitational waves
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Short-Hard !
Gamma Ray Bursts

Short GRBs: E ~ 1050 
- 1051 ergs!

 T90 < 2s!

Leading progenitor: 
NS-NS or NS-BH 
merger!

Swift/BAT, Fermi/
GBM, Suzaku
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Precursor Mechanisms

• Magnetic Field Interaction?	


•  	


• B-field needs to be > Magnetar Strength	


• Early Central Engine?	


• Hyper-massive Magnetar?	


• What about crust cracking?
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Hansen & Lyutikov (2001), MNRAS, 322, 695



Direct Tidal Crust Cracking

For tidal crust cracking we need �R/R ' ✏break ⇠ 0.1

Horowitz & Kadau (2009), PRL, 102, 191102



How much energy can you get out of the crust?

R ~ 12 km 

1014 g/cc 

109 g/cc 

Core 

Crust 

H ~ 1 km 

Energy stored in crust: 

Fracture when dR/R ~ 0.1:

Releasing energy:

When does this happen?

Direct Tidal Crust Cracking
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Direct crust cracking doesn’t happen until just before merger	

(if at all).  What else?

Direct Tidal Crust Cracking





Tidal Resonance

• NSs have normal modes	


• Tidal resonance can transfer huge amounts 
of energy	


• Need a mode that:	


• strains the crust	


• couples to the tidal field (l=2, spheroidal)	


• hits a resonance well before merger (f < 1 kHz)	


• We treat perturbations with McDermott et al (1988) 
and Reisenegger & Goldreich (1994), using modern 
backgrounds
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Tidal Resonance
•Need a mode that:!

•strains the crust!

•couples to the tidal field (l=2, spheroidal)!

•hits a resonance well before merger (f < 1 kHz)
2i2
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How does the i-mode couple to the tidal field?!

!

How much energy can be transferred tidally?!

!

How much energy does it take to break the crust?!

!

What happens next?
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Seismic

Seismic (shattered)

Flare

Cracking

Resonance
Eb ' 1047erg

Ecrack ' ✏2bµ�r3
crust

' 1043erg

Ėtidal ' 1050erg s�1

Eelastic =
I

dV ✏2bµ ⇠ 1046erg
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Figure 3. Schematic of the resonant shattering process. The gravitational
potential of the system is the ultimate source of the energy powering the
resonant flare. During close passage, or at resonance for circular orbits, tidal
resonance transfers energy from the orbit (A) to the i-mode (B) at a rate
!1050 erg s−1. The i-mode grows quickly until the maximum strain at the
base of the crust exceeds the breaking strain at mode energy ∼1047 erg. A
fracture occurs, releasing ∼1043 erg of low-frequency seismic energy (C) per
fracture, however, the mode continues to be driven by the resonance. As more
fractures occur, more energy is deposited into seismic energy in the crust.
When the total seismic energy in the NS crust exceeds the elastic limit of the
curst Eelastic ∼ 1046 erg, the crust shatters, scattering the mode energy and
elastic energy to high-frequency oscillations (D). High-frequency oscillations
can couple strongly to the magnetic field (Blaes et al. 1989; Thompson & Blaes
1998) by strongly vibrating their footprints (E). Strong perturbations of the
magnetic field at the neutron star surface drive strong electric fields, which can
accelerate charged particles, triggering pair production and a relativistic fireball
with luminosity 1047–1048 erg s−1.
(A color version of this figure is available in the online journal.)

are expected to be up to ∼1047–1048 erg s−1 (Tsang et al. 2012)
if the precursor flare timescales are assumed.

Troja et al. (2010) found precursors occurring in 3 of the 49
soft gamma repeaters analyzed, implying that not every binary
merger should result in a detectable shattering flare. We note that
the extraction of seismic energy from the crust by the magnetic
field is limited by the strength of the magnetic field at the surface
of the NS. The maximum luminosity that can be extracted from
the crust by the magnetic field can be estimated by

Lmax =
∫

surf
(v × B) × B · d A

∼ 1047erg s−1(v/c)(Bsurf/1013G)2(R/10 km)2, (9)

where v is the maximum velocity of the perturbation to the
field line, R is the NS radius, and Bsurf is the local surface
field strength, which can be significantly higher than the large
scale dipole field. Thus, only shattering flares from NSs with
sufficiently strong surface fields can be detected.

4. ELECTROMAGNETIC COUNTERPARTS TO
GRAVITATIONAL WAVE BURSTS

To calculate the expected GW S/N due to parabolic encoun-
ters, we follow the procedure outlined in Kocsis et al. (2006).
The strain caused by a GW burst due to a parabolic encounter
is given by (Flanagan & Hughes 1998)

h(f ) =
√

3
2π

G1/2

c3/2

1 + z

dL

1
f

√
dE

df
[(1 + z)f ], (10)

where z is the redshift, dL is the luminosity distance, and dE/df
is the total GW energy emitted by encounter per unit frequency,
which is given for a parabolic (e = 1) encounter in the non-
relativistic limit by Equation (46) from Turner (1977). The S/N
for a sky- and orientation-averaged signal on a single detector
is given by (Dalal et al. 2006; Nissanke et al. 2010)

S/N = 8
5

√∫ ∞

0

|h(f )|2
Sn(f )2

df , (11)

where Sn(f ) is the spectral noise density for a given detector. In
Figures 1 and 2, the S/N is shown for the NS–NS and BH–NS
encounters assuming a single encounter at 50 Mpc (z ≃ 0.011)
for advanced LIGO, with spectral noise density given by Harry
et al. (2010).

Blind detection (S/N ! 6 coincident at each detector; see,
e.g., Aasi et al. 2013) of a single GW burst from a NS close
encounter would be extremely challenging at reasonable dis-
tances, with fairly low S/N even for close passages, in particular
for NS–NS encounters. Using X-ray or gamma-ray detections of
resonant shattering flares as electromagnetic counterparts, trig-
gered GW searches could be performed, significantly lowering
the S/N threshold for GW burst detection (Kochanek & Piran
1993; Nissanke et al. 2010; Kelley et al. 2013; Dietz et al. 2013).
Networks of detectors can also be used to enhance burst detec-
tion through coincident and coherent methods (Schutz 2011;
Nissanke et al. 2013; Aasi et al. 2013).

Kocsis & Levin (2012) also show that repeated GW bursts
from eccentric captures can be combined with the final chirp to
boost the integrated S/N by roughly an order of magnitude, and
would optimistically allow detection of bursts from BH–NS
eccentric captures out to ∼300 Mpc, and NS–NS encounters
to ∼150 Mpc. The pattern of these repeated bursts can be
modeled for given orbital parameters. Resonant shattering flares
can be seen significantly farther than the GW bursts. If they
occur for a given system, then they will happen for sufficiently
close passages, which are also those that contribute the largest
component of the GW burst signal. If repeated flares are seen,
then these could also be used to characterize the orbit and
target a burst search to accumulate S/N over multiple passages.
However, significant changes to the current GW templates may
be necessary to detect eccentric captures and mergers (East et al.
2013; Huerta & Brown 2013).

5. EVENT RATES

Close encounters of NSs with other compact objects are much
more likely to occur in dense stellar environments, such as
globular clusters and galactic nuclei. While it is beyond the
scope of this paper to perform an extremely detailed evaluation
of the event rates for close encounters of compact objects, we
will briefly discuss the event rates for such encounters in both
of these environments and provide updated estimates for some
of the rates in the literature.

5.1. Globular Clusters

Kocsis et al. (2006) calculated the parabolic encounter rate for
compact objects in globular clusters using simplified globular
cluster models, predicting a rate of !1 detection per year
for advanced LIGO in optimistic scenarios. However, their
detection rates are dominated by rare distant events involving
close encounters of !20 M⊙ BHs.

3
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What can we tell from shattering?
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Nuclear Symmetry Energy

Astronomical Observations

J. M. Lattimer Have We Converged on an Understanding of the Dense Matter Equation of State?

Experimental constraints on 
S(ρ), L(ρ) at nuclear saturation 

density
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Magnetar Flares and Shear Modes

Steiner & Watts (2009)!
constrained equation!
of state based using!
QPOs from 2004 giant!
flare

Steiner & Watts, (2009), PRL, 103, 181101 

observed precursor times reported in [5]. Although this
comparison assumes that the main flare is nearly coinci-
dent with the binary coalescence, certain constraints can
already be inferred. The relatively high frequency of the i
mode for the SLy4 EOS means that the resonance only
occurs at late times, close to merger. Only if M & 1M!
can such a model give time scales similar to the shortest
precursors and the longer precursors may be especially
difficult for this model to replicate. Other EOS models,
such as Gs, Rs, SkI6, and SkO, are largely consistent with
the time scale of precursors, but as a larger sample of

precursor observations are made, diagrams such as this
will be useful for constraining EOSs.
A binary with unequal mass NSs may excite two pre-

cursor flares separated by a small time delay, due to the
slight difference in the imode frequency. However, the two
precursors (13 s, 0.55 s) observed in GRB 090510, are too
far separated to both be explained by our resonant shatter-
ing model of precursors, using two NSs with the same
EOS. The 0.55 s flare may alternatively be evidence of
direct crust cracking [10] and a delayed main GRB, the
formation of a hyper-massive magnetar before collapse
into a black hole [31], or some other flare mechanism.
Discussion.—We explored the resonant excitation by

tides of a mode that is concentrated at the crust-core
boundary of NSs. We demonstrated that the resonance
occurs between "0:1–20 s prior to merger in NS-NS or
BH-NS binaries. Further work remains to be done explor-
ing the details of this model, including the effects of damp-
ing on the mode excitation, the effect of more realistic NS
structure, and the detailed physics of the magnetospheric
emission. However, we have shown that the energetics of
the release of mode and elastic energy and the time scale at
which the resonance occurs are suggestive of the precur-
sors of SGRBs. Using this theoretical framework we dem-
onstrated that interesting constraints can be placed on the
NS crust EOS with comparisons to precursor observations.
The direct phase change of the gravitational waveform

due to the resonant excitation of the mode, !!"
ðtgwEbÞ=ðtorbitEorbitÞ " 10%3 rad, is too small to be directly
measured for a signal to noise ratio & 1000. However,
coincident timing between the "-ray burst detectors and
the GW detector would allow precise determination of the
mode frequency, coalescence time, main burst delay time,
and chirp mass. With parameter extraction from the GW
inspiral at the detection threshold with a signal to noise
ratio "10, the dominant error in determining the resonant
frequency is due to the uncertainty in the timing of the
precursor flare, which is of the order of the precursor
duration. This implies that the mode frequency can be

determined to fractional accuracy !f=f" 0:1 s=tgw "
2%ðM=1:2Þ5=3f8=3100. Such a measurement would allow us
to tightly constrain the NS physics and parameters that
determine the mode frequency. This is complementary to
the constraints given by GW coalescence measurement
alone, which are sensitive primarily to the core EOS
(e.g., [32,33]).
Resonant shattering precursor flares are likely to be

fairly isotropic, and thus may be observable even for
SGRBs where the main flare is beamed away from the
Earth. Such flares may also be a source of electromagnetic
emission for higher mass ratio, lower spin NS-BH mergers
where the neutron star does not disrupt to produce a torus
and main SGRB flare [34,35].
D. T., T. H., and A. L. P. were supported by the Sherman

Fairchild Foundation at Caltech; J. S. R. by NSF Grants

TABLE I. Resonant mode properties for the l ¼ 2 i mode. The
background star is taken to be a 1:4M! NS, with various
equations of state given in [15]. The crust-core transition baryon
density is fixed to be nt ¼ 0:065 fm%3 for each model.

EOS fmode [Hz] Q !Emax [erg] Eb [erg] _Etidal [erg=s]

SLy4 188 0.041 5' 1050 5' 1046 1' 1050

APR 170 0.061 1' 1051 2' 1046 9' 1049

SkI6 67.3 0.017 8' 1049 3' 1045 1' 1048

SkO 69.1 0.053 7' 1050 1' 1046 1' 1049

Rs 32.0 0.059 7' 1050 1' 1046 3' 1048

Gs 28.8 0.060 8' 1050 1' 1046 3' 1048
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FIG. 2 (color online). The time until PN coalescence (tc % t)
as a function of gravitational wave frequency. The dashed lines
show the frequency evolution of inspiraling binaries for different
chirp massesM as labeled in units ofM!. A given binary moves
from left to right in time. The colored columns show the
resonance frequencies fmode ¼ fgw of a set of crust EOSs from

[15], over a neutron star mass range of 1:2M! (higher frequency)
to 1:7M! (lower frequency). We take 1:2M! as the smallest
plausible companion mass, giving an upper bound on the pre-
cursor times for each EOS. NS-NS systems will have chirp
masses of 1:0–1:5M!, and NS-BH systems with 10–20M! BH
have chirp masses of 2:7–4:5M!. The precursor times for the
GRBs reported in [5] are plotted as horizontal dotted lines.
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Parabolic/Eccentric Encounters
• If encounter is close 

enough shattering 
flare can occur	


• Emission similar to 
circular case	


• Eccentric captures 
may lead to multiple 
bursts	


• Possible EM/GW 
signal!	


• Rates are not very 
good…(~100x less than 
Lee et al, 2010; O’Leary, 
Kocsis & Loeb, 2009)
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Parabolic/Eccentric Encounters



• Precursor flares are seen before 
some SGRBs	


• Shattering flare caused by tidal 
resonant excitation of the i-mode	


• Coincident timing of precursor w/ 
GW inspiral determine mode freq.	


• Can provide constraints on shear 
speed/nuclear physics at base of 
crust	


• Total fluence can constrain 
breaking strain

Summary/Future Work
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• Details of EM coupling/Emission 
mech.	


• More realistic EOS	

• Better oscillation/elasticity 

model	

• Pasta??	

• Elastic vs Plastic	
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The End


