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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
! hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor !104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L" (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is !400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r # 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
!obs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with !obs ! !j , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ! days–weeks by observers with viewing angles
of !obs ! 2!j (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting !few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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Lanthanides Have Very High Opacities
2 Barnes and Kasen

Fig. 1.— Wavelength dependent expansion opacities for ejecta
with ! = 10!13 g cm!3, T = 5000 K, and texp = 1 day. The opac-
ity of iron is calculated using both the VALD and Autostructure

linelists to demonstrate the reliability of the latter approach. The
r-process opacity calculated using Autostructure data for Nd is
in fairly good agreement with that using the VALD linelist (which
only includes extensive line data for a few heavy elements). The
boosted r-process opacity takes into account the diversity of species
in an r-process mixture by assuming that all lanthanides have an
opacity comparable to Nd.

one day, with the colors rapidly reddening post-peak.
In this paper, we show that using more realistic opaci-

ties of r -process material has a dramatic e!ect on the pre-
dicted kilonova light curves. We use improved estimates
of the atomic data of heavy elements derived from ab ini-
tio atomic structure models (Kasen et al. 2013, hereafter
K13). The r -process opacities we find are orders of mag-
nitudes higher than the those of iron group elements; as
a consequence, we predict light curves that are longer,
dimmer, and redder than previously thought. Rather
than peaking sharply at t ! 1 day, the duration of the
bolometric light curves can last " 1 week. The spectral
energy distribution (SED) is highly suppressed in the op-
tical, with the bulk of the energy emitted in the infrared.
Such findings can inform observational searches for an
EM counterpart to a GW trigger by clarifying the tran-
sient timescales, the bands in which EM emission will be
strongest (or have the most distinct signature), and the
distances out to which we might expect a successful EM
detection.

2. OPACITY OF R-PROCESS EJECTA

Supernova calculations suggest that for complex ions
(e.g., the iron group) bound-bound transitions domi-
nate other forms of opacity, such as electron scatter-
ing, free-free, and photoionization (e.g. Pinto & Eastman
2000). Literally millions of lines, Doppler-broadened by
the remnant’s di!erential velocities, will contribute to a
psuedo-continuum bound-bound opacity. Photons trav-

eling through the ejecta are continually Doppler-shifted
with respect to the comoving frame, and come into res-
onance with multiple transitions one by one. The ve-
locity gradient of the remnant thus enhances the ef-
fective line opacity (Karp et al. 1977). We account for
this e!ect using the expansion opacity formalism intro-
duced by Karp et al. (1977) and further developed by
Eastman & Pinto (1993), where the extinction coe"cient
is given by

!exp("c) =
1

ctexp

!

i

"i

#"c
(1# e!!i). (1)

This formula represents an average over discrete wave-
length bins, where texp is the time since mass ejection,
"c is the central wavelength of the bin, #"c is the bin
width, #i is the Sobolev optical depth of a line (Sobolev
1960), and the sum runs over all lines in the bin. The
extinction coe"cient is related to the expansion opacity
by $exp = !exp/%, where % is the gas density.
To calculate Sobolev line optical depths, we assume

that the atomic level populations are set by local thermo-
dynamic equilibrium (LTE). This approximation should
be reasonable in the optically thick regions of ejecta,
where the radiation field tends towards a blackbody dis-
tribution. In applying the a Sobolev formalism, we
make two further assumptions: first, that the intrinsic
(Doppler) width of lines is small compared to the ve-
locity scale over which the ejecta properties vary, and
second, that the intrinsic profiles of strong lines do not
overlap with other lines. While the first condition is eas-
ily satisfied in rapidly expanding NSM ejecta, the second
may not be (see K13), and a non-Sobolev treatment may
ultimately be necessary for a fully rigorous treatment of
the radiation transport.
The expansion opacity takes a simplified form in atmo-

spheres where most lines are extremely optically thick
(# $ 1). As #i increases, the dependence of !exp on
optical depth is eliminated (1 # e!!i ! 1), and the ex-
pression for expansion opacity simplifies to a sum of op-
tically thick lines. The dependence on density and other
determinants of optical depth are concomitantly reduced.
Under these conditions, the number of distinct optically
thick lines in each bin becomes the most important pre-
dictor of ejecta opacity. An exhaustive tally of lines is
therefore essential to accurately modeling ejecta opacity.
Unfortunately, there is relatively little line data available
for the heavy elements (Z > 28) expected to be synthe-
sized in NSM ejecta. We compiled the line data pro-
vided in the VALD database (Heiter et al. 2008), which
includes fairly extensive data for a few heavy ions (e.g.
CeII, CeIII), but very little for most others species.
On theoretical grounds, we expect the lanthanides

(atomic numbers Z = 58#72) to contribute significantly
to ejecta opacity, due to the complicated structure of
their valence f-shells. This argument is illustrated with a
simple combinatorics heuristic. The number of substates
corresponding to a given electron orbital is roughly

C =
g!

n!(g # n)!
with g = 2(2l+ 1), (2)

where n is the number of valence electrons and l is the an-
gular momentum quantum number of the valence shell.
The number of lines should scale as C2, and will be much

e- Scattering

Kasen, Badnell, & Barnes 2013
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Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion !several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ! 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3"0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for !1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ! 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian

MNRAS 441, 3444–3453 (2014)
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a successful follow-up campaign that identified an electro-
magnetic counterpart [45].

The luminosity distance to the source is 40
+8
�14 Mpc, the

closest ever observed gravitational-wave source and, by as-
sociation, the closest short gamma-ray burst with a distance
measurement [44]. The distance measurement is correlated
with the inclination angle cos ✓JN = Ĵ · N̂ where Ĵ is
the unit vector in the direction of the total angular momen-
tum of the system and N̂ is that from the source towards
the observer [135]. We find that the data are consistent
with an anti-aligned source: cos ✓JN  �0.54, and the
viewing angle ⇥ ⌘ min(✓JN , 180

� � ✓JN) is ⇥  56
�.

Since the luminosity distance of this source can be inde-
pendently determined from the host galaxy identification,
we can use this information to break its degeneracy with
cos ✓JN . The independently measured recession velocity
3017 ± 166 km s

�1 of NGC 4993 [136] provides a red-
shift, which in a flat cosmology with H0 = 67.90 ±
0.55 km s

�1
Mpc

�1 [92], further constrains cos ✓JN <

�0.86 and ⇥  31
�. The constraint varies with the as-

sumptions made about the cosmological parameters [136].
From the gravitational-wave phase and the ⇠ 3000 cy-

cles in the frequency range considered, we constrain
the chirp mass in the detector frame to be Mdet

=

1.1977
+0.0008
�0.0003 M� [46]. The mass parameters in the de-

tector frame are related to the rest-frame masses of the
source by its redshift z as m

det
= m(1 + z) [137]. As-

suming the above cosmology [92], and correcting for the
motion of the Solar System Barycenter with respect to the
Cosmic Microwave Background [138], the gravitational-
wave distance measurement alone implies a cosmological
redshift of 0.008

+0.002
�0.003, which is consistent with that of

NGC 4993 [45, 136, 139, 140]. Without the host galaxy,
the uncertainty in the source’s chirp mass M is domi-
nated by the uncertainty in its luminosity distance. Inde-
pendent of the waveform model or the choice of priors,
described below, the source-frame chirp mass is M =

1.188
+0.004
�0.002 M�.

While the chirp mass is well constrained, our estimates
of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components �1z

and �2z [37, 141–145]. Therefore, the estimates of q and
the component masses depend on assumptions made about
the admissible values of the spins. While � < 1 for black
holes, and quark stars allow even larger spin values, real-
istic NS equations of state typically imply more stringent
limits. For the set of EOS studied in [146] � < 0.7, al-
though other EOS can exceed this bound. We began by
assuming |�|  0.89, a limit imposed by available rapid
waveform models, with an isotropic prior on spin direction.
With these priors we recover q 2 (0.4, 1.0) and a con-
straint on the effective aligned spin of the system [122, 147]
of �e↵ 2 (�0.01, 0.17). The aligned spin components
are consistent with zero, with stricter bounds than in previ-
ous BBH observations [26, 28, 29]. Analysis using the ef-
fective precessing phenomenological waveforms of [123],
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FIG. 4. Two-dimensional posterior distribution for the compo-
nent masses m1 and m2 in the rest frame of the source for the
low-spin scenario (|�| < 0.05, blue) and the high-spin scenario
(|�| < 0.89, red). The colored contours enclose 90% of the prob-
ability from the joint posterior probability density function for
m1 and m2. The shape of the two dimensional posterior is de-
termined by a line of constant M and its width is determined by
the uncertainty in M. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M�) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent
with the masses of all known binary neutron star systems.

which do not contain tidal effects, demonstrates that spin
components in the orbital plane are not constrained.

From M and q, we obtain a measure of the com-
ponent masses m1 2 (1.36, 2.26)M� and m2 2
(0.86, 1.36)M�, shown in Figure 4. As discussed in the
Introduction, these values are within the range of known
neutron-star masses and below those of known black holes.
In combination with electromagnetic observations, we re-
gard this as evidence of the BNS nature of GW170817.

The fastest-spinning known neutron star has a dimen-
sionless spin <⇠ 0.4 [154], and the possible BNS J1807-
2500B has spin <⇠ 0.2 [155], after allowing for a broad
range of equations of state. However, among BNS that
will merge within a Hubble time, PSR J0737-3039A [156]
has the most extreme spin, less than ⇠ 0.04 after spin-
down is extrapolated to merger. If we restrict the spin
magnitude in our analysis to |�|  0.05, consistent with
the observed population, we recover the mass ratio q 2
(0.7, 1.0) and component masses m1 2 (1.36, 1.60)M�
and m2 2 (1.17, 1.36)M� (see Figure 4). We also recover
�e↵ 2 (�0.01, 0.02), where the upper limit is consistent
with the low-spin prior.

Our first analysis allows the tidal deformabilities of the

m1 = 1.36 – 1.60 Msun 
m2 = 1.17 – 1.36 Msun 
Mtot = 2.74 Msun 
Mass ratio = 0.7 – 1.0 
Viewing angle ≤ 31 deg



Coulter et al. 2017







Coulter et al. 2017



Coulter et al. 2017













NGC 4993 and SSS17a

Coulter et al. 2017



First Image of a Gravitational Wave 

Coulter et al. 2017



Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magni!cation insets give a picture of the !rst detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5!!!1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc!+!1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc!+!1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc!+!1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc!+!2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the !rst X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below !4500!Å prevents the identi!cation of spectral features in this band (for details McCully et al. 2017b).
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SSS17a Quickly Turned Blue to Red
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Mass Ratio of ~0.75 from EM Data

Figure S1 Mass ratio of compact binary systems as a function of the mass and velocity of
the dynamical ejecta. These models are derived from compact binaries (BH-NS and BNS) in
merger simulations (39, 59, 60). The black stars represent BH-NS mergers, while the pentagon
is the estimated value of the dynamical ejecta of SSS17a with the shaded region indicating the
uncertainty of our estimates.

and consistently evolve the thermodynamical properties of the system. The predictions of
these models are plotted in Figure S1, which shows our estimates for the velocity and mass
of the ejecta as a shaded region. The properties of the dynamical ejecta from the simula-
tions (39, 59, 60) are shown as a function of the initial mass ratio. We approximate the mass
ratio of SSS17a to be ⇠ 0.75.

5

Kilpatrick et al. 2017



GW190425

12

Table 1. Source properties for GW190425: we give ranges encompassing the 90% credible intervals for the
PhenomPv2NRT model; in Appendix D we demonstrate these results are robust to systematic uncertainty
in the waveform. Mass values are quoted in the frame of the source, accounting for uncertainty in the source
redshift. For the primary mass we give the 0-90% interval, while for the secondary mass and mass ratio we
give the 10-100% interval: the uncertainty on the luminosity distance means that there is no well-defined
equal-mass bound for GW190425. The quoted 90% upper limits for !̃ are obtained by reweighting its
posterior distribution as detailed in Appendix E.1.

Low-spin prior (! < 0.05) High-spin prior (! < 0.89)

Primary mass m1 1.62 – 1.88M! 1.61 – 2.52M!

Secondary mass m2 1.45 – 1.69M! 1.12 – 1.68M!

Chirp mass M 1.44+0.02
"0.02 M! 1.44+0.02

"0.02 M!

Detector-frame chirp mass 1.4868+0.0003
"0.0003 M! 1.4873+0.0008

"0.0006 M!

Mass ratio m2/m1 0.8 – 1.0 0.4 – 1.0

Total mass mtot 3.3+0.1
"0.1 M! 3.4+0.3

"0.1 M!

E"ective inspiral spin parameter !e! 0.013+0.01
"0.01 0.058+0.11

"0.05

Luminosity distance DL 161+67
"73 Mpc 159+69

"71 Mpc

Combined dimensionless tidal deformability !̃ ! 600 ! 1100
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Figure 3. The posterior distribution of the component
masses m1 and m2 in the source frame for the low-spin
(! < 0.05; orange) and high-spin (! < 0.89; blue) analyses.
Vertical lines in the one-dimensional plots enclose 90% of the
probability and correspond to the ranges given in Table 1.
The one-dimensional distributions have been normalized to
have equal maxima. A dashed line marks the equal-mass
bound in the two-dimensional plot.

sar J0737!3039A/B, precise mass and spin-period mea-
surements are available for both components (Kramer
et al. 2006). With a mass ratio of 0.93, it is expected
to have !e! between 0.008 and 0.012 (90% credibility
interval) when marginalized over mass and equation of
state (EoS) uncertainties (see Appendix E.3 for details).
The fastest-spinning Galactic-field BNS, which contains

the 17ms pulsar J1946+2052 (Stovall et al. 2018), has
!e! in the range [0.012, 0.018] assuming aligned spin for
the pulsar and negligible spin for its companion, similar
to the Double Pulsar.
For the results reported herein we used the LALIn-

ference library’s nested sampling algorithm and val-
idated results using the LALInference MCMC sam-
pling algorithm and the Bilby (Ashton et al. 2019) li-
brary with the Dynesty (Speagle 2019) nested sam-
pling algorithm. When comparing the high-spin prior
results using the di!erent algorithms, we see ! 3% dif-
ferences in the median parameter values and the credible
intervals are consistent and reproducible. Meanwhile,
the runs using the low-spin priors show no such di!er-
ences.
We show the posteriors for a wider range of source

parameters in Appendix C.

4.1. Neutron star matter

Because of its large mass, the discovery of GW190425
suggests that gravitational-wave analyses can access
densities several times above nuclear saturation (see,
e.g., Figure 4 in Douchin & Haensel 2001) and probe
possible phase transitions inside the core of a neutron
star (Oertel et al. 2017; Tews et al. 2019; Essick et al.
2019). However, binaries comprised of more massive
stars are described, for a fixed EoS, by smaller values of
the leading-order tidal contribution to the gravitational-
wave phasing "̃ (Flanagan & Hinderer 2008). These are
intrinsically more di#cult to measure. For GW190425,
this is exacerbated by the fairly low SNR of the event
compared to GW170817. Overall, we find that con-

LVC 2020

Mtot = 3.4+0.3-0.1 Msun 
m1 = 1.61–2.52 Msun 
m2 = 1.12 – 1.68 Msun
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Table 1. Source properties for GW190425: we give ranges encompassing the 90% credible intervals for the
PhenomPv2NRT model; in Appendix D we demonstrate these results are robust to systematic uncertainty
in the waveform. Mass values are quoted in the frame of the source, accounting for uncertainty in the source
redshift. For the primary mass we give the 0-90% interval, while for the secondary mass and mass ratio we
give the 10-100% interval: the uncertainty on the luminosity distance means that there is no well-defined
equal-mass bound for GW190425. The quoted 90% upper limits for !̃ are obtained by reweighting its
posterior distribution as detailed in Appendix E.1.

Low-spin prior (! < 0.05) High-spin prior (! < 0.89)

Primary mass m1 1.62 – 1.88M! 1.61 – 2.52M!

Secondary mass m2 1.45 – 1.69M! 1.12 – 1.68M!

Chirp mass M 1.44+0.02
"0.02 M! 1.44+0.02

"0.02 M!

Detector-frame chirp mass 1.4868+0.0003
"0.0003 M! 1.4873+0.0008

"0.0006 M!

Mass ratio m2/m1 0.8 – 1.0 0.4 – 1.0

Total mass mtot 3.3+0.1
"0.1 M! 3.4+0.3

"0.1 M!

E"ective inspiral spin parameter !e! 0.013+0.01
"0.01 0.058+0.11

"0.05

Luminosity distance DL 161+67
"73 Mpc 159+69

"71 Mpc

Combined dimensionless tidal deformability !̃ ! 600 ! 1100
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Figure 3. The posterior distribution of the component
masses m1 and m2 in the source frame for the low-spin
(! < 0.05; orange) and high-spin (! < 0.89; blue) analyses.
Vertical lines in the one-dimensional plots enclose 90% of the
probability and correspond to the ranges given in Table 1.
The one-dimensional distributions have been normalized to
have equal maxima. A dashed line marks the equal-mass
bound in the two-dimensional plot.

sar J0737!3039A/B, precise mass and spin-period mea-
surements are available for both components (Kramer
et al. 2006). With a mass ratio of 0.93, it is expected
to have !e! between 0.008 and 0.012 (90% credibility
interval) when marginalized over mass and equation of
state (EoS) uncertainties (see Appendix E.3 for details).
The fastest-spinning Galactic-field BNS, which contains

the 17ms pulsar J1946+2052 (Stovall et al. 2018), has
!e! in the range [0.012, 0.018] assuming aligned spin for
the pulsar and negligible spin for its companion, similar
to the Double Pulsar.
For the results reported herein we used the LALIn-

ference library’s nested sampling algorithm and val-
idated results using the LALInference MCMC sam-
pling algorithm and the Bilby (Ashton et al. 2019) li-
brary with the Dynesty (Speagle 2019) nested sam-
pling algorithm. When comparing the high-spin prior
results using the di!erent algorithms, we see ! 3% dif-
ferences in the median parameter values and the credible
intervals are consistent and reproducible. Meanwhile,
the runs using the low-spin priors show no such di!er-
ences.
We show the posteriors for a wider range of source

parameters in Appendix C.

4.1. Neutron star matter

Because of its large mass, the discovery of GW190425
suggests that gravitational-wave analyses can access
densities several times above nuclear saturation (see,
e.g., Figure 4 in Douchin & Haensel 2001) and probe
possible phase transitions inside the core of a neutron
star (Oertel et al. 2017; Tews et al. 2019; Essick et al.
2019). However, binaries comprised of more massive
stars are described, for a fixed EoS, by smaller values of
the leading-order tidal contribution to the gravitational-
wave phasing "̃ (Flanagan & Hinderer 2008). These are
intrinsically more di#cult to measure. For GW190425,
this is exacerbated by the fairly low SNR of the event
compared to GW170817. Overall, we find that con-

The mass distribution of double neutron stars 9

Figure 3. The natural logarithm of Bayes factor, ln(BF),
between the hypothesis B and A (blue), and between the
true subhypothesis and the next best subhypothesis within
hypothesis B (black), as a function of the number of mea-
surements. Solid curves and error regions/bars show median
predictions and 1�� confidence intervals, respectively, from
simulated observations. The stars are computed from exist-
ing observations.

hypotheses B and A. The solid black curve with er-
ror bars shows the BF between the true subhypothesis
(two-Gaussian mr, and uniform ms), and the second
best subhypothesis, or the best subhypothesis when the
true subhypothesis does not produce the highest evi-
dence5, within hypothesis B. The red horizontal line
marks the threshold of ln (BF) = 5 as required for confi-
dent model selection. One can see that, on average, ⇡ 20
measurements are required to tell that mr and ms fol-
low di↵erent distributions, and about 60 measurements
are required to confidently distinguish the true subhy-
pothesis from the other eight subhypotheses. The blue
and black stars show results from existing observations,
which are in good agreement with the simulations.

4.2. Posterior Predictive Distributions

In this section, we present PPDs for the subhypoth-
esis that best describes masses of all 17 Galactic DNS
systems (two-Gaussian mr and uniform ms). Figure 4
shows the PPDs for mr and ms. For comparison, we
also plot the conventional Gaussian distribution with a
mean of 1.33 M� and a width of 0.09 M�.

5 This is usually the case when there are fewer than 20 mea-
surements.

Figure 4. Posterior predictive distributions (PPD) of recy-
cled NS mass mr and slow NS mass ms. Thin curves are
the distributions for 100 independent posterior samples. In
comparison is the conventional Gaussian distribution with a
mean of 1.33 M� and a width of 0.09 M�.

Figure 5. Posterior predictive distributions (PPD) and
their cumulative distribution functions (CDF) for the binary
total mass (MT ) and mass ratio (q). Solid curves are for
the best subhypothesis found in this work, whereas dashed
black curves in the lower panels show the distributions de-
rived assuming both component NSs follow the conventional
Gaussian distribution N (1.33, 0.09)M�.

Distributions shown in Figure 4 can be converted to
that for total mass and mass ratio, both of which are
important for gravitational-wave data analysis. The dis-

LVC 2020

Farrow, Zhu, & Thrane, 2019
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Table 1. Source properties for GW190425: we give ranges encompassing the 90% credible intervals for the
PhenomPv2NRT model; in Appendix D we demonstrate these results are robust to systematic uncertainty
in the waveform. Mass values are quoted in the frame of the source, accounting for uncertainty in the source
redshift. For the primary mass we give the 0-90% interval, while for the secondary mass and mass ratio we
give the 10-100% interval: the uncertainty on the luminosity distance means that there is no well-defined
equal-mass bound for GW190425. The quoted 90% upper limits for !̃ are obtained by reweighting its
posterior distribution as detailed in Appendix E.1.

Low-spin prior (! < 0.05) High-spin prior (! < 0.89)

Primary mass m1 1.62 – 1.88M! 1.61 – 2.52M!

Secondary mass m2 1.45 – 1.69M! 1.12 – 1.68M!

Chirp mass M 1.44+0.02
"0.02 M! 1.44+0.02

"0.02 M!

Detector-frame chirp mass 1.4868+0.0003
"0.0003 M! 1.4873+0.0008

"0.0006 M!

Mass ratio m2/m1 0.8 – 1.0 0.4 – 1.0

Total mass mtot 3.3+0.1
"0.1 M! 3.4+0.3

"0.1 M!

E"ective inspiral spin parameter !e! 0.013+0.01
"0.01 0.058+0.11

"0.05

Luminosity distance DL 161+67
"73 Mpc 159+69

"71 Mpc

Combined dimensionless tidal deformability !̃ ! 600 ! 1100
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Figure 3. The posterior distribution of the component
masses m1 and m2 in the source frame for the low-spin
(! < 0.05; orange) and high-spin (! < 0.89; blue) analyses.
Vertical lines in the one-dimensional plots enclose 90% of the
probability and correspond to the ranges given in Table 1.
The one-dimensional distributions have been normalized to
have equal maxima. A dashed line marks the equal-mass
bound in the two-dimensional plot.

sar J0737!3039A/B, precise mass and spin-period mea-
surements are available for both components (Kramer
et al. 2006). With a mass ratio of 0.93, it is expected
to have !e! between 0.008 and 0.012 (90% credibility
interval) when marginalized over mass and equation of
state (EoS) uncertainties (see Appendix E.3 for details).
The fastest-spinning Galactic-field BNS, which contains

the 17ms pulsar J1946+2052 (Stovall et al. 2018), has
!e! in the range [0.012, 0.018] assuming aligned spin for
the pulsar and negligible spin for its companion, similar
to the Double Pulsar.
For the results reported herein we used the LALIn-

ference library’s nested sampling algorithm and val-
idated results using the LALInference MCMC sam-
pling algorithm and the Bilby (Ashton et al. 2019) li-
brary with the Dynesty (Speagle 2019) nested sam-
pling algorithm. When comparing the high-spin prior
results using the di!erent algorithms, we see ! 3% dif-
ferences in the median parameter values and the credible
intervals are consistent and reproducible. Meanwhile,
the runs using the low-spin priors show no such di!er-
ences.
We show the posteriors for a wider range of source

parameters in Appendix C.

4.1. Neutron star matter

Because of its large mass, the discovery of GW190425
suggests that gravitational-wave analyses can access
densities several times above nuclear saturation (see,
e.g., Figure 4 in Douchin & Haensel 2001) and probe
possible phase transitions inside the core of a neutron
star (Oertel et al. 2017; Tews et al. 2019; Essick et al.
2019). However, binaries comprised of more massive
stars are described, for a fixed EoS, by smaller values of
the leading-order tidal contribution to the gravitational-
wave phasing "̃ (Flanagan & Hinderer 2008). These are
intrinsically more di#cult to measure. For GW190425,
this is exacerbated by the fairly low SNR of the event
compared to GW170817. Overall, we find that con-

LVC 2020

Mtot ≈ 3.35 ± 0.07 Msun 
m1 ≈ 1.90 – 2.16 Msun 
m2 ≈ 1.26 – 1.38 Msun
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Table 1. Source properties for GW190425: we give ranges encompassing the 90% credible intervals for the
PhenomPv2NRT model; in Appendix D we demonstrate these results are robust to systematic uncertainty
in the waveform. Mass values are quoted in the frame of the source, accounting for uncertainty in the source
redshift. For the primary mass we give the 0-90% interval, while for the secondary mass and mass ratio we
give the 10-100% interval: the uncertainty on the luminosity distance means that there is no well-defined
equal-mass bound for GW190425. The quoted 90% upper limits for !̃ are obtained by reweighting its
posterior distribution as detailed in Appendix E.1.

Low-spin prior (! < 0.05) High-spin prior (! < 0.89)

Primary mass m1 1.62 – 1.88M! 1.61 – 2.52M!

Secondary mass m2 1.45 – 1.69M! 1.12 – 1.68M!

Chirp mass M 1.44+0.02
"0.02 M! 1.44+0.02

"0.02 M!

Detector-frame chirp mass 1.4868+0.0003
"0.0003 M! 1.4873+0.0008

"0.0006 M!

Mass ratio m2/m1 0.8 – 1.0 0.4 – 1.0

Total mass mtot 3.3+0.1
"0.1 M! 3.4+0.3

"0.1 M!

E"ective inspiral spin parameter !e! 0.013+0.01
"0.01 0.058+0.11

"0.05

Luminosity distance DL 161+67
"73 Mpc 159+69

"71 Mpc

Combined dimensionless tidal deformability !̃ ! 600 ! 1100
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Figure 3. The posterior distribution of the component
masses m1 and m2 in the source frame for the low-spin
(! < 0.05; orange) and high-spin (! < 0.89; blue) analyses.
Vertical lines in the one-dimensional plots enclose 90% of the
probability and correspond to the ranges given in Table 1.
The one-dimensional distributions have been normalized to
have equal maxima. A dashed line marks the equal-mass
bound in the two-dimensional plot.

sar J0737!3039A/B, precise mass and spin-period mea-
surements are available for both components (Kramer
et al. 2006). With a mass ratio of 0.93, it is expected
to have !e! between 0.008 and 0.012 (90% credibility
interval) when marginalized over mass and equation of
state (EoS) uncertainties (see Appendix E.3 for details).
The fastest-spinning Galactic-field BNS, which contains

the 17ms pulsar J1946+2052 (Stovall et al. 2018), has
!e! in the range [0.012, 0.018] assuming aligned spin for
the pulsar and negligible spin for its companion, similar
to the Double Pulsar.
For the results reported herein we used the LALIn-

ference library’s nested sampling algorithm and val-
idated results using the LALInference MCMC sam-
pling algorithm and the Bilby (Ashton et al. 2019) li-
brary with the Dynesty (Speagle 2019) nested sam-
pling algorithm. When comparing the high-spin prior
results using the di!erent algorithms, we see ! 3% dif-
ferences in the median parameter values and the credible
intervals are consistent and reproducible. Meanwhile,
the runs using the low-spin priors show no such di!er-
ences.
We show the posteriors for a wider range of source

parameters in Appendix C.

4.1. Neutron star matter

Because of its large mass, the discovery of GW190425
suggests that gravitational-wave analyses can access
densities several times above nuclear saturation (see,
e.g., Figure 4 in Douchin & Haensel 2001) and probe
possible phase transitions inside the core of a neutron
star (Oertel et al. 2017; Tews et al. 2019; Essick et al.
2019). However, binaries comprised of more massive
stars are described, for a fixed EoS, by smaller values of
the leading-order tidal contribution to the gravitational-
wave phasing "̃ (Flanagan & Hinderer 2008). These are
intrinsically more di#cult to measure. For GW190425,
this is exacerbated by the fairly low SNR of the event
compared to GW170817. Overall, we find that con-

LVC 2020

Mtot ≈ 3.54 ± 0.07 Msun 
m1 ≈ 2.15 – 2.44 Msun 
m2 ≈ 1.17 – 1.32 Msun
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Figure 16. The marginalized posterior distributions of the component masses (m1 in blue, m2 in orange) and radii, displayed
following the same disposition as Figure 15. Black (black dashed) lines represent 90% (50%) credible limits. Priors of both
quantities are shown through dashed lines, while vertical dotted lines indicate the 90% credible intervals. Example mass-radius
curves for selected EoSs are overplotted in gray.
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Figure 2: Neutron-star mass-radius curves and marginalized posterior distributions of the source
component masses m1,2 and radii R1,2, assuming a prior uniform in component masses, with
chiral effective field theory enforced up to nsat (left) and 2nsat (right) and all additional ob-
servational constraints enforced. The dashed, horizontal red lines indicate the range of masses
spanned by the prior. The top dotted red line indicates the maximum neutron-star mass con-
straint. Any equation of state that has support above that line is excised. Each gray-black line
represents a single equation of state, which we sample directly in our analysis. The shading
of the lines is proportional to the marginalized posterior probability of the equation of state;
the darker the line, the more probable it is. The contours show the 50th and 90th percentile
credible regions (blue for the more massive component, orange for the lighter component). The
1D marginal posteriors are shown in the top and side panels; the corresponding priors (without
electromagnetic constraints) are represented by the dotted blue and orange lines. Quoted values
are the median plus/minus 95th and 5th percentiles.
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Figure 16. The marginalized posterior distributions of the component masses (m1 in blue, m2 in orange) and radii, displayed
following the same disposition as Figure 15. Black (black dashed) lines represent 90% (50%) credible limits. Priors of both
quantities are shown through dashed lines, while vertical dotted lines indicate the 90% credible intervals. Example mass-radius
curves for selected EoSs are overplotted in gray.
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Some Thoughts

•We found the counterpart to a Gravitational Wave source! 

•Huge improvements in EOS studies, 
especially when combining EM and GW 

•There is a population of  high-mass BNS systems 
•GW190425 likely was a 1.3+2.0 BNS system, improving constraints 

•GW and Multi-messenger Astronomy is Taking Off  – 
Join the Revolution! 

•Images, Movies, and Papers at http://ziggy.ucolick.org/sss17a/
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