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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. Magnification insets give a picture of the first 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 first 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 identification of spectral features in this band (for details McCully et al. 2017b).
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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From LIGO Scientific Collaboration and Virgo Collaboration, Fermi 
GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc 
Telluride Imager Team, IPN Collaboration, The Insight-Hxmt 
Collaboration, ANTARES Collaboration, The Swift Collaboration, 
AGILE Team, The 1M2H Team, The Dark Energy Camera GW-EM 
Collaboration and the DES Collaboration, The DLT40 
Collaboration, GRAWITA: GRAvitational Wave Inaf TeAm, The 
Fermi Large Area Telescope Collaboration, ATCA: Australia 
Telescope Compact Array, ASKAP: Australian SKA Pathfinder, Las 
Cumbres Observatory Group, OzGrav, DWF (Deeper, Wider, 
Faster Program), AST3, and CAASTRO Collaborations, The 
VINROUGE Collaboration, MASTER Collaboration, J-GEM, 
GROWTH, JAGWAR, Caltech- NRAO, TTU-NRAO, and NuSTAR 
Collaborations, Pan-STARRS, The MAXI Team, TZAC Consortium, 
KU Collaboration, Nordic Optical Telescope, ePESSTO, GROND, 
Texas Tech University, SALT Group, TOROS: Transient Robotic 
Observatory of the South Collaboration, The BOOTES 
Collaboration, MWA: Murchison Widefield Array, The CALET 
Collaboration, IKI-GW Follow-up Collaboration, H.E.S.S. 
Collaboration, LOFAR Collaboration, LWA: Long Wavelength 
Array, HAWC Collaboration, The Pierre Auger Collaboration, ALMA 
Collaboration, Euro VLBI Team, Pi of the Sky Collaboration, The 
Chandra Team at McGill University, DFN: Desert Fireball Network, 
ATLAS, High Time Resolution Universe Survey, RIMAS and 
RATIR, and SKA South Africa/MeerKAT ApJL 848:L12 (2017)



What happened?

From Metzger & Berger 2012

• Fate of the remnant 
unknown, but likely a BH

• A short gamma-ray burst 
was launched. How?

• Synchrotron emission at 
late times: radio to X-ray 
Cocoon? Structured jet?

• Radioactive of neutron 
rich ejecta powers 
(~0.05 M⊙ of ejecta)             
UV/optical/infrared



UVOIR

From Soares-Santos et al., ApJL 848:L16 (2017) 

synthesized in the merger ejecta (so-called kilonova; Li &
Paczyński 1998; Rosswog et al. 1999; Metzger et al. 2010;
Barnes & Kasen 2013), and radio emission produced by
interaction of the kilonova ejecta with the circumbinary medium
(Nakar & Piran 2011; Metzger & Berger 2012).

The search for optical counterparts is particularly attractive
due to the combination of emission that, unlike GRB emission,
is not highly beamed and wide-field optical telescope facilities;
a detection can then be followed up at other wavelengths with
narrow-field instruments. Over the last two years, we have used
the Dark Energy Camera (DECam; Flaugher et al. 2015), a 3
deg2 wide-field imager on the Blanco 4 m telescope at the
Cerro Tololo Inter-American Observatory (CTIO), to follow up
GW sources from the advanced Laser Interferometer Gravita-
tional-wave Observatory (aLIGO; Abbott et al. 2009) and
Virgo (Acernese et al. 2015) detectors (see, e.g., Abbott et al.
2016b; Dark Energy Survey Collaboration 2016). In particular,
we conducted rapid follow-up observations of the black hole
binary merger events GW150914 (Abbott et al. 2016c) and
GW151226 (Abbott et al. 2016a), using DECam (Annis et al.
2016; Cowperthwaite et al. 2016; Soares-Santos et al. 2016).
No optical counterpart was discovered in either case.

On 2017 August 17 at 12:41:06 UT the advanced LIGO/Virgo
(ALV) observatories detected a binary neutron star merger,
GW170817 (LIGO Scientific Collaboration & Virgo Collaboration
2017b, 2017d, 2017a). At 23:12:59 UT (10.53 hr after the GW
detection) we began to image a 70.4 deg2 region that covered 93%
of the localization probability in the map provided by the LVC at
the time (LIGO Scientific Collaboration & Virgo Collaboration
2017c). Immediately following the identification by one of us
(R. Chornock), we received a private communication from another
DECam team member (R. Foley) indicating that the source was
also discovered in an image taken 0.5 hr ahead of ours by the
Swope Telescope. We issued a circular to the Gamma-ray
Coordination Network (GCN) reporting the discovery at

01:15:01UT (Allam et al. 2017), including a reference to a GCN
from the 1M2H Collaboration at 01:05:23 UT (SSS17a; Coulter
et al. 2017), and subsequent to our GCN the DLT40 team also
announced an independent detection (DLT17ck; Yang et al. 2017
reported at 01:41:13 UT); see LIGO Scientific Collaboration &
Virgo Collaboration et al. (2017a) for an overview of the
observations carried out by the community. This transient has
received an IAU name of AT2017gfo.
Subsequent to our discovery of the optical transient, we

obtained follow-up observations with a wide range of telescopes,
spanning radio to X-rays, which are detailed in the associated
papers of this series: Cowperthwaite et al. (2017), Nicholl et al.
(2017), Chornock et al. (2017), Margutti et al. (2017), Alexander
et al. (2017), Blanchard et al. (2017), and Fong et al. (2017).
Here, in the first paper of the series, we present our DECam

observations, the discovery of the optical transient, and a search
for other potential counterparts across the 70.4 deg2 region. We
find no other potential optical counterpart within the GW
localization region, thus helping to significantly establish the
association between the detected optical transient and
GW170817. A measurement of the Hubble constant, the first
utilizing a gravitational-wave event as a standard siren
measurement of distance (Schutz 1986; Dalal et al. 2006), is
enabled by this work and is described in LIGO Scientific
Collaboration & Virgo Collaboration et al. (2017b).

2. DECam Counterpart Search

The alert for GW170817 was issued 40 minutes after the
trigger, on 2017 August 17 at 13:21 UT (Abbott et al. 2017;
LIGO Scientific Collaboration & Virgo Collaboration 2017b),
and was promptly received by our automated GCN listener
system. Two subsequent GCN circulars indicated that the high-
significance candidate was consistent with a binary neutron star
merger at »d 40 Mpc and coincident within 2 s with a short

Figure 1. NGC4993 grz color composites (1 5×1 5). Left: composite of detection images, including the discovery z image taken on 2017 August 18 00:05:23 UT
and the g and r images taken 1 day later; the optical counterpart of GW170817 is at R.A., decl. = -197.450374, 23.381495. Right: the same area two weeks later.
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k = 0.1 cm2 g−1 (see Villar et al. 2017). The model parameters
are the ejecta mass and velocity, and the 56Ni mass fraction in
the ejecta (as well as the temperature floor and scatter).
The best-fit model has » :M M0.01ej , »v 0.26 cej , and

»f 0.75Ni . The parameters are comparable to those we
inferred from blackbody fits to the flux and SEDs in the
previous section, but the overall fit is poor. In particular, this
model severely underestimates the NIR light curves, while the
high 56Ni fraction is inconsistent with the optical spectra
(Nicholl et al. 2017). We therefore conclude that the transient is
not powered by the radioactive decay of 56Ni.

We next turn to r-process heating, using the model outlined
in Metzger (2017) and implemented in Villar et al. (2017).
This model includes the ejecta mass, ejecta velocity, and
opacity as fitted parameters (as well as the temperature floor
and scatter). Within this context we first assume an Fe-peak

opacity of κ=0.1cm2g−1 (our “blue” model; e.g., as
assumed historically in Li & Paczyński 1998) and fit for the
ejecta mass and velocity. This model, with » :M M0.03ej and

»v 0.18 cej , adequately describes the early light curves
(3 days), but again is a poor fit to the NIR light curves.
More recent calculations indicate that lanthanide-rich ejecta
are expected to have a much higher opacity of k = 10 cm2

g−1, leading to a “red” KN (e.g., Barnes & Kasen 2013).
However, such a model (our “red” model), with best-fit values

» :M M0.03ej and »v 0.27 cej , produces a poor fit to the data
as well. In particular, the model light curves exhibit an initial
rise for »4 days, in contrast to the observed rapid decline at
early times, especially in the UV and blue optical bands.
Finally, we allow the opacity to vary as a free parameter,
finding a best-fit value of k » 0.82 cm2 g−1, and an associated

» :M M0.04ej and »v 0.27 cej . However, this model again

Figure 3. Top left: fitting the data with a Type I b/c SN model powered by the radioactive decay of 56Ni. This model clearly fails to capture the late-time NIR behavior
and requires an unphysically large fraction of the ejecta to be synthesized into nickel (∼75%). Top right: fitting the data with a single-component “blue” KN model.
Like the SN model, this fit is unable to capture the late-time NIR behavior and overall spectra shape. Bottom left: fitting the data with a single-component “red” KN
model. This model clearly fails to capture any of the observed behavior. Bottom right: fitting the data with a single-component KN model with the opacity as a free
parameter. Again, this model fails to capture the late-time NIR behavior. This is suggestive of the fact that we need to model multiple ejecta components
simultaneously. Error bars are given at the s1 level in all panels, but may be smaller than the points.
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From Cowperthwaite et al., ApJL 848:L17 (2017)

Multiple components!



observations acquired at later times, when the UV emission
from the transient was no longer present in the images (Swift ID
07012979003). The systematic effect from the host light
contamination is ≈3% (see e.g., Brown et al. 2009).

3. Light Curves and Spectral Energy Distributions

3.1. Light Curves

Our UV/optical/NIR light curves are shown in Figure 1.
The data span from 0.47 to 18.5 days post-merger, with bluer
bands fading below the detection limits at earlier times. The
light curve coverage was truncated by the proximity of the
source to the Sun. We first note that the light curves are not
well described by a power law, indicating minimal contribution
from a GRB optical afterglow over the timescale of our
observations. This is consistent with modeling of the afterglow
based on X-ray and radio observations (Margutti et al. 2017;
Alexander et al. 2017).

The light curves exhibit a rapid decline in the bluest bands
(ug), an intermediate decline rate in the red optical bands (rizY),
and a shallow decline in the NIR (HKs). However, while the
u- and g-band light curves decline by ≈2 mag day−1 starting
with the earliest observations, the redder optical bands exhibit a
more complex behavior: they exhibit a comparatively slow
decline (≈0.3 mag day−1) over the first 1.5 days, develop a
shoulder at about 4 days, and subsequently begin to decline at
about 8 days.

We find a similar rapid evolution in the colors of the transient
(Figure 2). In particular, the u−g and g−r colors become
redder by about 1 mag between about 1.5 and 3.5 days. The
colors in the redder optical bands exhibit slower evolution, with
- » –r i 0.5 1 mag, - » –i z 0 0.5 mag, and - »z Y 0.3 mag.

These colors are significantly redder than those of known
supernovae near explosion (e.g., Folatelli et al. 2010; Bianco
et al. 2014; Galbany et al. 2016).

3.2. Spectral Energy Distribution

We construct SEDs from photometry at several epochs
from about 0.6 to 10 days post-merger (Figure 2). The SEDs
exhibit rapid evolution from an initial peak at ∼3500Å to a
final peak at 15000Å by 10 days. Moreover, the SED at 1.5
days appears to consist of two components, as indicated by
the changing slope in the NIR emission. The same rapid
evolution and structure are apparent in the optical and NIR
spectra at comparable epochs (Chornock et al. 2017; Nicholl
et al. 2017).
The SED at 0.6 days is well described by a blackbody with
~T 8300 K and ~ ´R 4.5 1014 cm, corresponding to an

expansion velocity of ~v c0.3 . This is somewhat larger than
the velocities observed in broad-lined SNe Ic (for which
»v c0.1 ; Modjaz et al. 2016), but is consistent with

expectations for ejecta resulting from a BNS merger (Metzger
2017). The SEDs at later times are not well described by a
blackbody curve, instead exhibiting strong flux suppression at

Figure 1. UV, optical, and NIR light curves of the counterpart of GW170817. The two-component model for r-process heating and opacities (Section 4) is shown as
solid lines. The right panels focus on the g (top), i (middle), and H-band photometry (bottom) over the first 10 nights. Triangles represent 3σ upper limits. Error bars
are given at the s1 level in all panels, but may be smaller than the points.
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Multiple components!

From Cowperthwaite et al., ApJL 848:L17 (2017)



Strong and weak r-process4 Lippuner and Roberts
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Figure 1. The final abundances of some selected nucleosynthesis calculations. Left: Ye = 0.01, 0.19, 0.25, 0.50, s = 10 kB baryon�1, and
⌧ = 7.1ms. The full r-process is made, with substantial amounts of lanthanides and actinides, for Ye = 0.01 and Ye = 0.19. The Ye = 0.25
trajectory is neutron-rich enough to make the second r-process peak, but not the third and not a significant amount of lanthanides. In
the symmetric case (Ye = 0.5), mostly 4He and iron-peak elements are produced. Right: Ye = 0.25, s = 1.0, 3.2, 10, 100 kB baryon�1, and
⌧ = 7.1ms. With s = 1 kB baryon�1 a jagged r-process is obtained because there are only few free neutrons per seed nucleus available and
nuclides with even neutron numbers are favored. Even though there are not many free neutrons available, there is still a significant amount
of lanthanides in the s = 1 kB baryon�1 case because the initial seed nuclei are very heavy. At higher entropies, the initial seeds become
lighter and the initial free neutron abundance increases. However, the increase in the initial free neutron abundance is not enough to o↵set
the decrease in the initial mass of the seeds and so we obtain a less complete r-process. The situation is reversed at s = 100 kB baryon�1,
where there is a very high neutron-to-seed ratio. In that case, a significant fraction of ↵ particles are also captured on the seed nuclei. This
leads to a full r-process in the s = 100 kB baryon�1 case.

Figure 2. A frame from the animation of the nucleosynthesis calculation for Ye = 0.01, s = 10 kB baryon�1, and ⌧ = 7.1ms. The frame
shows the full extent of the r-process just when free neutrons get exhausted. The plot in the upper left corner shows the temperature,
density, and heating rate as function of time. The colored bands in the chart of nuclides correspond to the mass bins in the histogram at
the bottom. The histogram shows the mass fractions on a linear scale while the blue curve shows the abundances as a function of mass on
a logarithmic scale. The full animations are available at http://stellarcollapse.org/lippunerroberts2015.

From Lippuner & Roberts, ApJ 815:82 (2015)



WhiskyTHC
http://www.astro.princeton.edu/~dradice/whiskythc.html

THC: Templated Hydrodynamics Code

! Full-GR, dynamical spacetime*

! Nuclear EOS
! Effective neutrino treatment

! High-order hydrodynamics

! Open source!

* using the Einstein Toolkit metric solvers







Neutron rich outflows

DR, Galeazzi+ MRAS 460:3255 (2016)
See also Wanajo+ 2014,
Sekiguchi+ 2015, 2016, Foucart+ 2016



Neutron rich outflows: model

Perego, DR, Bernuzzi, ApJL 850:37 (2017)

• Geometry and 
composition of the 
outflows from 
simulations

• Multiple ejecta 
components

• Ejecta masses from 
fitting AT2017gfo



Kilonova modeling

Perego, DR, Bernuzzi, arXiv:1711.03982

See also: Chornock et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Nicholl et al. 2017; Rosswog et al. 2017; 
Tanaka et al. 2017; Tanvir et al. 2017; Villar et al. 2017



Kilonova modeling

• ~0.05 M⊙ of ejecta

• Final disk mass ≳ 0.08 M⊙

• Mergers could explain all of the r-process 
elements in the Universe

• However exact nucleosynthetic yields are 
unknown; more data/theory needed

See also: Chornock et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Nicholl et al. 2017; Rosswog et al. 2017; 
Tanaka et al. 2017; Tanvir et al. 2017; Villar et al. 2017 Perego, DR, Bernuzzi, arXiv:1711.03982



Fate of the remnant
2

Fig. 1.— The strength of the red and blue KN signatures of a BNS merger depends on the compact remnant which forms immediately
after the merger; the latter in turn depends on the total mass of the original binary or its remnant, Mtot, relative to the maximum NS
mass, Mmax. A massive binary (Mtot & 1.3� 1.6Mmax) results in a prompt collapse to a BH; in such cases, the polar shock-heated ejecta
is negligible and the accretion disk outflows are weakly irradiated by neutrinos, resulting in a primarily red KN powered by the tidal ejecta
(left panel). By contrast, a very low mass binary Mtot . 1.2Mmax creates a long-lived SMNS, which imparts its large rotational energy
& 1052 erg to the surrounding ejecta, imparting relativistic expansion speeds to the KN ejecta or producing an abnormally powerful GRB
jet (right panel). In the intermediate case, 1.2Mmax . Mtot . 1.3 � 1.6Mmax a HMNS or short-lived SMNS forms, which produces both
blue and red KN ejecta expanding at mildly relativistic velocities, consistent with observations of GW170817.

ral (Hinderer et al. 2010; Damour & Nagar 2010; Damour
et al. 2012; Favata 2014; Read et al. 2013; Del Pozzo
et al. 2013; Agathos et al. 2015; Lackey & Wade 2015;
Chatziioannou et al. 2015) and for quasi-periodic oscilla-
tions of the post-merger remnant (e.g. Bauswein & Janka
2012; Bauswein et al. 2012; Clark et al. 2014; Bauswein
& Stergioulas 2015; Bauswein et al. 2016). Searches on
timescales of tens of ms to . 500 s post-merger revealed
no evidence for such quasi-periodic oscillations in the
GW170817(LIGO Scientific Collaboration & Virgo Col-
laboration 2017).
While the radii of NS are controlled by the properties of

the EOS near and below nuclear saturation density, the
maximum stable mass, Mmax, instead depends on the
very high density EOS. Observations of two pulsars with
gravitational masses of 1.93 ± 0.07M� (Demorest et al.
2010; Özel & Freire 2016) or 2.01± 0.04M� (Antoniadis
et al. 2013) place the best current lower bounds . How-
ever, other than the relatively unconstraining limit set
by causality, no firm theoretical or observational upper
limits exist on Mmax. Indirect, assumption-dependent
limits on Mmax exist from observations of short GRBs
(e.g. Lasky et al. 2014; Lawrence et al. 2015; Fryer et al.
2015; Piro et al. 2017) and by modeling the mass distri-
bution of NSs (e.g. Alsing et al. 2017).
Despite the large uncertainties on Mmax, it remains

one of the most important properties a↵ecting the out-
come of a BNS merger and its subsequent EM signal
(Fig. 1). If the total binary mass Mtot exceeds a criti-
cal threshold of Mth ⇡ kMmax, then the merger prod-
uct undergoes “prompt” dynamical-timescale collapse
to a black hole (BH) (e.g. Shibata 2005; Shibata &
Taniguchi 2006; Baiotti et al. 2008; Hotokezaka et al.

2011), where the proportionality factor k ⇡ 1.3 � 1.6
is greater for smaller values of the NS “compactness”,
Cmax = (GMmax/c2R1.6), where R1.6 is the radius of a
1.6M� NS (e.g. Bauswein et al. 2013). For slightly less
massive binaries with Mtot . Mth, the merger instead
produces a hyper-massive neutron star (HMNS), which
is supported from collapse by di↵erential rotation (and,
potentially, by thermal support). For lower values of
Mtot . 1.2Mmax, the merger instead produces a supra-
massive neutron star (SMNS), which remains stable even
once its di↵erential rotation is removed, as is expected to
occur . 10 � 100 ms following the merger (Baumgarte
et al. 2000; Paschalidis et al. 2012; Kaplan et al. 2014).
A SMNS can survive for several seconds, or potentially
much longer, until its rigid body angular momentum is
removed through comparatively slow processes, such as
magnetic spin-down. Finally, for an extremely low binary
mass, Mtot . Mmax, the BNS merger produces an indef-
initely stable NS remnant (e.g. Bucciantini et al. 2012;
Giacomazzo & Perna 2013). Figure 2 shows the baryonic
mass thresholds of these possible BNS merger outcomes
(prompt collapse, HMNS, SMNS, stable) for an example
EOS as vertical dashed lines.
The di↵erent types of merger outcomes are predicted to

create qualitatively di↵erent electromagnetic (EM) sig-
nals (e.g. Bauswein et al. 2013; Metzger & Fernández
2014). In this Letter, we combine EM constraints on
the type of remnant that formed in GW170817 with GW
data on the binary mass in order to constrain the radii
and maximum mass of NSs.

2. CONSTRAINTS FROM EM COUNTERPARTS

This section reviews what constraints can be placed
from EM observations on the energy imparted by a long-

From Margalit & Metzger 2017

See also Bauswein+, Rezzolla+, Shibata+, Ruiz+ (2017)  



Prompt collapse?
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GW170817: not a prompt collapse



What About 
Magnetic Fields?



Magneto-turbulence effects

From Siegel+ 2013

• MHD instabilities are known operate 
at a scale of few meters or less

• Resolution in global simulations is 
orders of magnitude too low

• Previous approach: neglect these 
effects or use unrealistically large B-
fields, and/or idealized configurations

• Our approach: explicit subgrid-scale 
modeling with large-eddy simulations

See also: Shibata & Kiuchi 2017, Kiuchi, Kyutoku+ 2017



Angular momentum transport
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Angular momentum transport
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Angular momentum transport

Delayed collapse!

DR ApJL:838 L2 (2017)See also: Shibata & Kiuchi 2017; Kiuchi, Kyotoku+ 2017

tvisc ⇠ 15mstvisc = 1
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• How large is the turbulent viscosity?
• How do merger remnants evolve over many 

viscous timescales?

DR ApJL:838 L2 (2017)



Future prospectives:
long-lived remnants



Long-lived remnants (I)
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See also Fujibayashi, Kiuchi+ (2017) DR, Perego, Bernuzzi, Zhang, arXiv:1803.10865



Long-lived remnants (II)

• Low-mass NS binaries exist* and likely form stable remnants
• Long-lived remnants are found to be unstable over the 

viscous timescale
• Smoking gun: a very bright kilonova with a blue component

* PSR J1411+2551; PSR J1946+2052
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Conclusions

• GW170817 probably made a BH, but not immediately

• Using numerical relativity to bridge the gap between EM 
and GW observations: starting to constrain the NS EOS

• The postmerger evolution of NS mergers is affected by 
turbulent angular momentum transport

• The next GW event might look very differently!


