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NS-BH Merger
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Figure 1. GW degeneracies, illustrated by the first principal component lines (red) in the MBH–MNS plane, for target systems with parameters defined in the title of
each panel; in the dark gray area no EM counterpart is possible, in the light gray area the presence of an EM counterpart depends on the NS EOS, while in the white
region the counterpart is guaranteed by all NS EOSs. Results for APR2 and for strange quark matter (SQM3) are shown in green dashed and blue dot-dashed lines,
respectively.
(A color version of this figure is available in the online journal.)

We will quote results for the WFF1 (Wiringa et al.
1988), PS (Pandharipande & Smith 1975), APR2 (Akmal &
Pandharipande 1997; Akmal et al. 1998), and SQM3 (Witten
1984; Farhi & Jaffe 1984; Alcock & Olinto 1988) EOSs. Al-
though superseded, the first two EOSs yield extremely compact
and extremely large NSs, respectively, generating results that
bracket the ones produced by all other EOSs. APR2, on the
other hand, is the most complete nuclear many-body EOS to
date and is supported by current nuclear physics and astrophys-
ical constraints: it may be thought of as a reference for our NS
EOS best guess. Finally, SQM3 is an exotic EOSs employed to
illustrate the case of strange quark stars; however, no strange-
star–BH merger numerical simulations are available, so this is
untested territory for the Mdisk fit.

Given an EOS, the techniques just described allow us to
(1) split the parameter space into an EM-silent region (where
Mdisk < MThreshold) and an EM-loud one (where Mdisk >
MThreshold), and to (2) study GW degeneracies throughout the
parameter space.

3. RESULTS

Given a set of NS–BH parameters, as the NS EOS is
softened and the NS radius decreases, Mdisk decreases due to
the increased difficulty in tidally disrupting the NS. The volume
of the (potentially) EM-loud parameter-space region decreases
consequently. Similarly, the stiffer the EOS, the higher the
chances of having an EM counterpart (Pannarale et al. 2011).

A second, less intuitive aspect is related to the BH spin.
All “GW parameters” (MNS,MBH,χL̂, BH) being fixed, a higher
BH spin magnitude yields a higher Mdisk, because increasing
χBH shrinks the innermost stable orbit more rapidly than the
tidal disruption orbit: the greater the difference between the
radii of these two orbits, the higher Mdisk. We remark that this

statement on the dependency of Mdisk on χBH is more general
than ones for aligned mergers, as we allow for the BH spin to
be tilted with respect to L̂. While we assume that systems with
equal values of MNS, MBH, and χL̂, BH emit similar GW signals,
the chances of having EM counterparts depend on χBH: setting
χBH = 0.998 (Thorne 1974) in our analysis therefore allows us
to make conservative statements about the EM counterpart. In
other words, if Mdisk < MThreshold for χBH = 0.998 and a given
set of MNS, MBH, and χL̂, BH values, no EM emission is expected
to be associated with NS–BH mergers with the same mass and
aligned-spin component values. Bearing this in mind, from here
onward we will consider χBH = 0.998 only.

Figures 1 and 2 are representative of our results. In Figure 1,
we pick a family of target systems with MNS = 1.35 M⊙ and
χL̂, BH = 0.33 (0.66) in the left (right) panel. We then span
the template MBH–MNS plane and illustrate the regions selected
by GW measurements as red solid curves. These are lines of
constant first principal component, essentially constant MChirp,
along which the template χL̂, BH varies. Along a given curve,
a lower (higher) template MBH requires a higher (lower) MNS
to preserve MChirp, and a lower (higher) χL̂, BH to ensure a high
match between the template and the target that lives on that same
curve.

The dark area in the background indicates that no EM
counterpart is available, because Mdisk < MThreshold for any
EOS. On the boundary between the two gray areas, Mdisk =
MThreshold for the PS EOS: any NS–BH binary below it is
expected to have an EM counterpart if we assume the PS
EOS to be valid. Notice that the maximum NS mass can also
contribute to shaping this curve: this is the case of the flattening
at MNS ≃ 2.66 M⊙ in the right panel.

On the boundary between the light gray and the white
areas Mdisk = MThreshold for the WFF1 EOS. Therefore, in
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No Remnant EoS dipendent Remnant for all EoS

(Pannarale & Ohme 2014)

We expect EM emission from an NS-
BH merger only if there is remnant 
material left from the NS tidal 
disruption.  

This is not possible for every 
combination of masses, BH spin and 
NS EOS.
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Figure 1. Schematic diagram of the evolution of compact binary coalescences. The
frequency of the emitted GW is indicated for the di↵erent stages. NS-NS inspirals are
observable for a few seconds to minutes. Upon the merger of the NSs, a binary with
total mass Mbinary & 3M� promptly collapses into a BH. For non-equal-mass binaries,
the forming BH will be surrounded by an accretion disk. NS-NS binaries with total
mass MNS,max < Mbinary < 3M� (where MNS,max is the mass limit of non-rotating
NSs) form a hypermassive NS with strong di↵erential rotation, which assumes a non-
axisymmetric ellipsoid shape. The hypermassive NS survives for milliseconds to a
second, eventually collapsing into a BH, potentially with an accretion disk. Very low
mass NS-NS binaries (Mbinary < MNS,max) can leave a stable NS behind. For BH-NS

binaries, after an inspiral phase observable for seconds to minutes, the NS either gets
tidally disrupted (if tidal disruption at radius Rtidal occurs before the NS could reach
the ISCO at RISCO), or it plunges into the BH (if Rtidal < RISCO). Tidal disruption
results in a BH with an accretion disk, while no accretion disk forms upon plunge. This
merger phase, along with the ringdown of the BH after plunge, lasts for milliseconds.

location and inclination of the sources is ⇠ 4⇡(D
h

/2.26)3/3 [46]. Using the current best-

guess rates of mergers, this gives tens of NS-NS and a few NS-BH binaries detected with

advanced detectors each year [46]. Additional advanced detectors, such as KAGRA [6]

or LIGO India [64], can significantly increase this range [9]. Third generation detectors

are expected to reach an order of magnitude farther than advanced detectors, i.e. to

several Gpc, and hence will be able to observe tens of thousands of events a year (e.g.,

[65]).

2.1.2. Merger phase — Depending on the binary system, the merger can progress in

multiple distinct directions with qualitatively di↵erent GW and gamma-ray emission.

(Bartos 2012)

Optimal scenario for EM counterpart

• Low mass, highly spinning BH
• Large NS radius (stiff EoS)
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NS Radii and EoS
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Figure 4

The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from
(Left) all neutron stars in low-mass X-ray binaries during quiescence (Right) all neutron stars with
thermonuclear bursts. The light grey lines show mass-relations corresponding to a few representative
equations of state (see Section 4.1 and Fig. 7 for detailed descriptions.)

(Guillot et al. 2013; Guillot & Rutledge 2014; Lattimer & Steiner 2014; Özel et al. 2015). The most

recent results are displayed as correlated contours on the neutron-star mass-radius diagram4 (see
Fig. 4).

Several sources of systematic uncertainties that can affect the radius measurements have been

studied, which we discuss in some detail below.

Atmospheric Composition. The majority of qLMXBs for which optical spectra have been ob-
tained show evidence for Hα emission (Heinke et al. 2014), indicating a hydrogen rich companion.

Although none of these spectra have been obtained for globular cluster qLMXBs, assuming that
sources in globular clusters have similar companions to those in the field led to the use of hydrogen

atmospheres when modeling quiescent spectra. There is one source among the six that have been

analyzed in detail, for which there is evidence to the contrary. There is only an upper limit on the
Hα emission from the qLMXB in NGC 6397 using HST observations (Heinke et al. 2014). Because

of this, this source has been modeled with a helium atmosphere and the corresponding results are

displayed in Fig. 4.

Non-thermal Component. Assuming different spectral indices in modeling the none-thermal

spectral component also has a small effect on the inferred radii (Heinke et al. 2014). The low

counts in the spectra do not allow an accurate measurement of this parameter; however, a range of
values have been explored in fitting the data.

Interstellar Extinction. Because of the low temperature of the surface emission from qLMXBs,

the uncertainty in the interstellar extinction has a non-negligible effect on the spectral analyses. Dif-
ferent amounts of interstellar extinction have been assumed in different studies (Guillot et al. 2013;

Lattimer & Steiner 2014). A recent study explored different models for the interstellar extinction

4The full mass-radius likelihoods and tabular data for these sources can be found at
http://xtreme.as.arizona.edu/NeutronStars.

www.annualreviews.org • Masses, Radii, and Equation of State of Neutron Stars 17

(Lattimer & Prakash 2015)

(Ozel & Freire 2016)

Constraints on NS EoS due to mass and radii 
measurements of quiescent LMXB

NS Radii are poorly constrained! 
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✏jet
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✏ = ✏jet ⇥ ✏�

Gamma Ray Burst Energy

(Giacomazzo et al. 2013)
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REMNANT DISK

(Foucart 2012)

E�,ISO = ✏Mremc2
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Results
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MBH = 4.84M�

MNS = 1.35M�
�BH = 0.48M�



Comparison with other methods
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Conclusions 

Summary
• Coalescing NS-BH binaries are promising  LIGO-Virgo 

sources 
• They are also possible progenitors of  sGRB 
• We developed a method to measure NS radii using a 

sGRB-GW joint detection.

Pro

Cons
• Model dependent method (but this is a common 

drawback) 
• Low rate of joint detection with present facilities (but 

NOT with third generation interferometers!) 

• Radically different from other methods, enables 
cross-checks with other methods. 

• For realistic SNR we are below to 7% of accuracy
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Thank you for your attention! 



Prior/Posterior Distribution from GW Parameter estimation
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Prior Distribution for the free parameters
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Measuring NS Radii

ω

Figure 4

The combined constraints at the 68% confidence level over the neutron star mass and radius obtained from
(Left) all neutron stars in low-mass X-ray binaries during quiescence (Right) all neutron stars with
thermonuclear bursts. The light grey lines show mass-relations corresponding to a few representative
equations of state (see Section 4.1 and Fig. 7 for detailed descriptions.)

(Guillot et al. 2013; Guillot & Rutledge 2014; Lattimer & Steiner 2014; Özel et al. 2015). The most

recent results are displayed as correlated contours on the neutron-star mass-radius diagram4 (see
Fig. 4).

Several sources of systematic uncertainties that can affect the radius measurements have been

studied, which we discuss in some detail below.

Atmospheric Composition. The majority of qLMXBs for which optical spectra have been ob-
tained show evidence for Hα emission (Heinke et al. 2014), indicating a hydrogen rich companion.

Although none of these spectra have been obtained for globular cluster qLMXBs, assuming that
sources in globular clusters have similar companions to those in the field led to the use of hydrogen

atmospheres when modeling quiescent spectra. There is one source among the six that have been

analyzed in detail, for which there is evidence to the contrary. There is only an upper limit on the
Hα emission from the qLMXB in NGC 6397 using HST observations (Heinke et al. 2014). Because

of this, this source has been modeled with a helium atmosphere and the corresponding results are

displayed in Fig. 4.

Non-thermal Component. Assuming different spectral indices in modeling the none-thermal

spectral component also has a small effect on the inferred radii (Heinke et al. 2014). The low

counts in the spectra do not allow an accurate measurement of this parameter; however, a range of
values have been explored in fitting the data.

Interstellar Extinction. Because of the low temperature of the surface emission from qLMXBs,

the uncertainty in the interstellar extinction has a non-negligible effect on the spectral analyses. Dif-
ferent amounts of interstellar extinction have been assumed in different studies (Guillot et al. 2013;

Lattimer & Steiner 2014). A recent study explored different models for the interstellar extinction

4The full mass-radius likelihoods and tabular data for these sources can be found at
http://xtreme.as.arizona.edu/NeutronStars.
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Figure 6

The radii constraints obtained from analysis of the waveforms from accretion-powered
(Poutanen & Gierliński 2003; Leahy, Morsink & Cadeau 2008; Leahy et al. 2009; Leahy, Morsink & Chou
2011) and rotation-powered millisecond pulsars (Bogdanov 2013). Two different analyses of the SAX
J1808.4-3658 data by Poutanen et al. (2003, denoted by P) and Leahy et al. (2008, denoted by L) are
included.

the polar caps. The thermal component itself is typically modeled with two separate regions

with different temperatures, each emitting with a hydrogen atmosphere spectrum (Zavlin 2006;

Bogdanov, Rybicki & Grindlay 2007). The pulse profiles have been modeled with two polar caps
but the waveforms have required a non-antipodal geometry and led to additional uncertainties from

introducing an additional offset parameter. The footprints of polar caps in the studies performed

to date have assumed circular caps but the effect of the shape of the polar cap on the waveforms
have not yet been explored (see, however, Bauböck et al. 2015 for the effect of the unknown shape

and size of the polar caps). Finally, the angles that specify the observer’s line-of-sight and the
colatitude of the polar caps with respect to the stellar spin axis have been assumed to be known

independently. The uncertainties introduced by the errors in these angles have not been factored

into the quoted radius constraints. Future work is needed to assess the effects of these assumptions
and to quantify the additional resulting uncertainties in the radius measurements.

3.2.2. Accretion Powered Pulsars. Thermal emission is observed in a number of accretion-powered

millisecond X-ray pulsars (AMSPs) in the soft X-rays. It originates from the base of the accretion

column, which is then Comptonized in that column (see section 3.3 of Poutanen & Gierlinski 2003).
A number of studies have modeled the emission from the X-ray emitting regions at the bases

of the accretion columns (Poutanen & Gierliński 2003; Lamb et al. 2009). The thermal photons
emitted from the surface are Compton scattered in the accretion column, affecting the observed

pulse amplitudes. Lamb et al. (2009) also explored the effect of the location of the X-ray emitting

regions and considered models where the base of the accretion column wobble around the spin
axes. These models help interpret the AMSP timing data but also explore uncertainties in the

22 Feryal Özel and Paulo Freire

(Ozel & Freire 2016)

Common Drawbacks

• Source distance required 
• ISM absorption required 
• Low (multipolar) source 

magnetic field required  
• Model dependency (spacetime 

geometry, stellar atmosphere, 
hot spots geometry) 

• Absolute X-ray flux calibration

NS with 
thermonuclear 

bursts

Accreting Pulsars



Efficiency-Radius degeneracy

Log (E (erg))

There is a degeneracy 
between the radii and the 
efficiency, but for “sufficiently 
low” energy this degeneracy in 
mitigated 

RNS =
2↵(3q)1/3MNS + �RISCO

↵(3q)1/3 � E�

✏Mb
NS

“Sufficiently low” means that 
this ratio has to be negligibleE� = 1050 erg

✏ � 10�3



More Results…
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Rates
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As we have discussed previously, there is already a tension
between the observed GRB rates and predicted NSBH rates.
Specifically, as is clear from Figure 1, for all short GRBs to
have an NSBH origin requires a merger rate at the high end of
the predicted range, a relatively large GRB opening angle, or
both. Additionally, numerical simulations indicate that for a
large fraction of NSBH mergers, there will not be sufficient
matter in the accretion disk to power a GRB, making the rates
even less compatible (Foucart 2012). Thus, the assumption that
all GRBs are due to NSBH mergers seems difficult to
accommodate, meaning that the highest rates in Table 2 are
not realistic. Nonetheless, even if 15% of GRBs have NSBH
progenitors, this would double the expected rate of joint
observations. Alternatively, the absence of a joint GW–GRB
observation could be used to limit the fraction of short GRBs
which have a NSBH progenitor.

To end this section, we compare our results with other
recently published works. Wanderman & Piran (2015)
calculate the rate of joint GRB–GW detections by simply
assuming a 300Mpc range for the advanced LIGO–Virgo
network. They obtain a rate of joint Fermi (Swift) observations
of 0.4 ± 0.2 (0.06 ± 0.03) assuming a minimum peak
luminosity of 5 1049´ erg s−1. This is entirely consistent with
the rates for BNS in the 2019+ epoch given in Table 1. The fact
that they have neglected the directional sensitivity of the GW
network has little impact as essentially all GRBs within the
advanced LIGO–Virgo range will be observable by Swift and
Fermi. By varying the luminosity threshold, they obtain rates
that span the same range as ours. For NSBH systems, they
assume a 1 Gpc range for the advanced GW detectors,
compared to our range of 660 Mpc, and consequently obtain
a significantly higher rate (5 ± 2 for Fermi and 0.7 ± 0.3 for
Swift). Regimbau et al. (2015) have also calculated joint
detection rates of GW–GRB signals. They predict rates of joint
observations with Swift of 0.01 0.5- year−1 for BNS and
0.004 0.16- year−1 for NSBH. The rates are broadly compar-
able to those presented here, although the range goes somewhat
higher for BNS and lower for NSBH. These differences arise
due to different choices of parameters in the Band function,
GRB luminosity distribution, and detector thresholds. Addi-
tionally, the authors choose a fixed BNS (NSBH) rate of
6 10 (3 10 ) Mpc yr8 9 3 1´ ´- - - - and a range of opening
angles between 5 and 30 . With these rates, NSBH signals
could only account for a fraction of GRBs. This explains why
their numbers are lower than the ones in Table 2 where we have
assumed that all GRBs have NSBH progenitors.

5. BENEFITS OF JOINT OBSERVATIONS

Numerous previous papers have discussed the benefits of
joint GW–GRB observations, including: the potential to
confirm (or rule out) the binary merger progenitor model
(Eichler et al. 1989); measuring the time-delay between the
binary merber and the GRB signals to understand jet breakout;
the ability to probe GRB jet opening angles (Dietz 2011; Chen
& Holz 2013); the independent measurement of distance and
redshift used as a probe of cosmology (Schutz 1986; Nissanke
et al. 2010). We will not discuss all of these in detail, but will
focus on two issues. First, we discuss how the measurement of
a GRB redshift may actually assist in the detection of a GW
counterpart. Then, we discuss prospects for measuring or
constraining opening angles.

5.1. Detecting a GRB with Measured Redshift

The advanced detector network will, on average, be sensitive
to a BNS merger associated with a GRB within a distance of
400Mpc, or z 0.11 . The closest observed short GRB is
GRB 080905A with a measured redshift of z 0.12=
(Rowlinson et al. 2010). It is interesting to ask whether this
GRB could have been observed by the advanced LIGO–Virgo
network. While the GRB was at a distance of 550Mpc, it was
at a favorable sky location for the advanced LIGO and Virgo
network and a BNS merger associated with this GRB may have
been marginally detectable, but only once the redshift
information is folded in.
Let us consider the expected distribution of the observed

SNR in the GW search, under three distinct scenarios: no
observed GW signal; a BNS merger signal associated with a
short GRB at an unknown distance; a BNS merger signal at
550Mpc. To obtain the distribution in the absence of a signal,
we simply use the empirical estimate provided in Equation (3).
For a signal at 550Mpc in the direction of GRB 080905A, a
BNS merger will generate an expected network SNR of 7.7.
The expected, maximum SNR observed in the GW search then
follows a non-central 2c with four degrees of freedom (Harry
& Fairhurst 2011) overlaid on the noise background given in
Equation (3). Finally, for a GRB with unmeasured redshift, we
use the distance distribution as given in Equation (5), i.e.,
signals distributed uniformly in D3 at low redshift, with only a
small probability of the GRB occurring within the LIGO–Virgo
sensitive range.
In Figure 4, we show the probability distribution for the SNR

of the GW event under these three scenarios. The figure shows
both the probability distribution as well as the cumulative
probability of observing an event above a given SNR. In this

Table 2
The Expected Rate of Joint Gravitational Wave–GRB Observations in the Upcoming Science Runs,

Assuming That the Progenitor of Every Short GRB is a NSBH Merger

Epoch Run Duration BNS Range (Mpc) Number of NSBH Detections Number of GW–GRB Detections

LIGO Virgo All Sky Fermi GBM Swift BAT

2015 3 months 70–130 L 0.0001–1 3 10 4´ - –0.06 2 10 4´ - –0.03 4 10 5´ - –0.007
2016–17 6 months 130–200 30–100 0.002–10 0.005–0.5 0.003–0.3 7 10 4´ - –0.07
2017–18 9 months 200–280 100–140 0.01–40 0.03–2 0.02–1 0.004–0.3
2019+ (per year) 330 110–220 0.05–100 0.2–6 0.1–2 0.02–0.5
2022+ (per year) 330 220 0.1–200 0.4–10 0.2–3 0.03–0.7

Note. Sensitivities and run durations taken from (Aasi et al. 2013), we assume a fiducial NSBH with a neutron star mass of M1.4 : and a black hole mass of M5.0 :.
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located binary, i.e. overhead from the detector and with a face-on orbit. Sub-optimally located and oriented
sources are detected with an SNR of 8 at closer distances.

The sky-position averaged distance up to which a 3-detector ET observatory would detect signals from coalescing
binaries with an SNR of 8 is shown in Fig. 18, for the ET-B sensitivity curve (see Box 1.3). The range is plotted
both as a function of the intrinsic (red lines) and observed (blue lines) total mass. The two are related by the
redshift function z(DL) as we will describe later. The binary systems are modeled by the phenomenological
waveforms of [24] which comprise the inspiral, merger and ringdown stages of the coalescence. Fig. 18 shows
the reach associated with two physical configurations of the binary: equal-mass, non-spinning and equal-mass,
spin-aligned configuration with spins �1 = �2 = � = 0.75.

A neutron star binary composed of two 1.4M� NSs would be observed by ET from a redshift of z ' 2. A NS-BH
system comprising a 1.4M� NS and a 10M� BH would be observed from z ' 4. Binaries formed by stellar-mass
BH will be visible at much larger distances, allowing ET to explore their populations at cosmological distances
of z ' 10 and further. ET is also sensitive to intermediate-mass BBHs of total mass in the range [102, 104]M�
over the redshift range z ⇠ 1–15. ET-D’s better sensitivity at lower frequencies compared to ET-B is important
in all cases, but particularly so for systems with total mass in the range 500–104 M�, for which the reach is a
factor 2–10 greater for ET-D than ET-B.

Table 2: Expected coalescence rates per Mpc3 per Myr in the local universe (z ' 0). Also shown are predicted event
rates in Advanced LIGO (aLIGO) and ET.

Source BNS NS-BH BBH
Rate (Mpc�1 Myr�1) 0.1–6 0.01–0.3 2 ⇥ 10�3–0.04
Event Rate (yr�1) in aLIGO 0.4–400 0.2–300 2–4000
Event Rate (yr�1) in ET O(103–107) O(103–107) O(104–108)

Expected coalescence rates Black holes and neutron stars are expected to form after Type II supernovae,
which occur roughly once a century in galaxies like our own. Most stars seem to form in binaries; a fraction
of compact binary progenitors will survive the kicks that supernovae impart, and roughly half of the remaining
low-mass binaries (NSBH, BNS) will inspiral and eventually merge through the gradual emission of radiation.
With roughly one Milky Way-like galaxy per 100Mpc3, we anticipate a rate per comoving volume ⇢c large
enough to permit many detections even for advanced detectors (see Table 2). For example, the binary pulsar

population in the Milky Way implies a local BNS merger rate ⇢(NS�NS)
c ' 0.2 � 6Myr�1 Mpc�3 [25–27]. With

its vastly greater sensitivity, ET will reach deep back into the universe. Due to an enhanced star formation rate
between z ' 1 � 3 [28], ET will probe a regime of possibly significantly enhanced compact object merger rates
[29–31]. We give an illustration of this for BNS systems in Appendix A.1.

Lacking direct observational input, predictions for BBH and NSBH merger rates rely entirely on theory. How-
ever, recent observational evidence for BBH progenitors (see below) have allowed, for the first time, an astro-
nomical estimate of BBH rates.

Studies of isolated binary evolution in the Milky Way [32–35] and local universe [30] lead to expected event
rates in the ranges shown in Table 2, depending on the assumptions adopted in the model. As with the BNS
rate, the NSBH merger rate is roughly proportional to the star formation rate [31] and therefore also increases
substantially with redshift; many detections are expected.

The BBH merger rate is even more uncertain. First, long expected delays between BBH birth and merger imply
BH born in the early universe could merge now [30]. Second, BH masses depend strongly on the metallicity of the
gas from which the progenitor star forms, low metallicity environments form both more binaries and binaries
that can be detected farther away [36, 37]. Even restricting attention to the local universe, low-metallicity
environments should be significantly over-represented in the present-day detection rate [38]. For example, the
nearby BBH progenitor binaries IC10 X-1 and NGC300 X1 lie in a low metallicity environment and suggest a
high BBH detection rate for initial LIGO of 1 per two years, strongly dependent on survey selection e↵ects (see

zmax,NSBH ' 4

ET
(ET design study                                            )
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More Results…
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BH spin…

Different GW parameters allows to 
probe different regions in the mass-

radius plane ! 


