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LIGO: NS mergers

Abbott+ 2016c

LIGO will probe deeply into the predicted NS merger rate distributions by 
2018 (O3)

Fig.: Sensitivity of LIGO to BNS mergers (left) and sensitivity vs. predicted NS merger rates (right)

exciting discoveries expected soon
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Prospects for Observing and Localizing GW Transients with aLIGO and AdV 7

BNS ranges for the various stages of aLIGO and AdV expected evolution are also provided in
Figure 1.
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Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The binary
neutron-star (BNS) range, the average distance to which these signals could be detected, is given in
megaparsec. Current notions of the progression of sensitivity are given for early, mid and late commissioning
phases, as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current estimates.

The commissioning of aLIGO is well under way. The original plan called for three identical
4-km interferometers, two at Hanford (H1 and H2) and one at Livingston (L1). In 2011, the LIGO
Lab and IndIGO consortium in India proposed installing one of the aLIGO Hanford detectors (H2)
at a new observatory in India (LIGO-India) [64]. As of early 2015, LIGO Laboratory has placed
the H2 interferometer in long-term storage for possible use in India. Funding for the Indian portion
of LIGO-India is in the final stages of consideration by the Indian government.

Advanced LIGO detectors began taking sensitive data in August 2015 in preparation for the
first observing run. O1 formally began 18 September 2015 and ended 12 January 2016. It involved
the H1 and L1 detectors; the detectors were not at full design sensitivity. We aimed for a BNS
range of 40 – 80 Mpc for both instruments (see Figure 1), and both instruments were running with a
60 – 80 Mpc range. Subsequent observing runs will have increasing duration and sensitivity. We aim
for a BNS range of 80 – 170 Mpc over 2016 – 2018, with observing runs of several months. Assuming
that no unexpected obstacles are encountered, the aLIGO detectors are expected to achieve a
200 Mpc BNS range circa 2019. After the first observing runs, circa 2020, it might be desirable to
optimize the detector sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS
range may then become 215 Mpc. The sensitivity for each of these stages is shown in Figure 1.

As a consequence of the planning for the installation of one of the LIGO detectors in India, the
installation of the H2 detector has been deferred. This detector will be reconfigured to be identical
to H1 and L1 and will be installed in India once the LIGO-India Observatory is complete. The final
schedule will be adopted once final funding approvals are granted. If project approval comes soon,
site development could start in 2016, with installation of the detector beginning in 2020. Following
this scenario, the first observing runs could come circa 2022, and design sensitivity at the same
level as the H1 and L1 detectors is anticipated for no earlier than 2024.

The time-line for the AdV interferometer (V1) [23] is still being defined, but it is anticipated
that in 2016 AdV will join the aLIGO detectors in their second observing run (O2). Following an
early step with sensitivity corresponding to a BNS range of 20 – 60 Mpc, commissioning is expected

Living Reviews in Relativity
DOI 10.1007/lrr-2016-1

13

NS mass BH mass Spin hV T i (Gpc3 yr) Range (Mpc) R90% (Gpc�3 yr�1)
(M

�

) (M
�

) distribution PyCBC GstLAL PyCBC GstLAL PyCBC GstLAL

1.4 5 Isotropic 7.01⇥10�4 7.71⇥10�4 110 112 3,600 3,270
1.4 5 Aligned 7.87⇥10�4 8.96⇥10�4 114 117 3,210 2,820
1.4 10 Isotropic 1.00⇥10�3 1.01⇥10�3 123 122 2,530 2,490
1.4 10 Aligned 1.36⇥10�3 1.52⇥10�3 137 140 1,850 1,660
1.4 30 Isotropic 1.10⇥10�3 9.02⇥10�4 127 118 2,300 2,800
1.4 30 Aligned 1.98⇥10�3 1.99⇥10�3 155 153 1,280 1,270

Table 2. Sensitive space-time volume hV T i and 90% confidence upper limit R90% for NSBH systems with isotropic and aligned
spin distributions. The NS spin magnitudes are in the range [0,0.04] and the BH spin magnitudes are in the range [0,1]. Values
are shown for both the pycbc and gstlal pipelines. hV T i is calculated using a FAR threshold of 0.01 yr�1. The rate upper
limit is calculated using a uniform prior on L = RhV T i and an 18% uncertainty in hV T i from calibration errors.
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Figure 6. A comparison of the O1 90% upper limit on the
BNS merger rate to other rates discussed in the text (Abadie
et al. 2010; Kim et al. 2015; Fong et al. 2015; Siellez et al.
2014; Coward et al. 2012; Petrillo et al. 2013; Jin et al. 2015;
Vangioni et al. 2016; de Mink and Belczynski 2015; Do-
minik et al. 2015). The region excluded by the low-spin BNS
rate limit is shaded in blue. Continued non-detection in O2
(slash) and O3 (dot) with higher sensitivities and longer op-
eration time would imply stronger upper limits. The O2 and
O3 BNS ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

2010). We additionally include some more recent estimates
from population synthesis for both NSBH and BNS (Dominik
et al. 2015; Belczynski et al. 2016; de Mink and Belczyn-
ski 2015) and binary pulsar observations for BNS (Kim et al.
2015).

We also compare our upper limits for NSBH and BNS sys-
tems to beaming-corrected estimates of short GRB rates in
the local universe. Short GRBs are considered likely to be
produced by the merger of compact binaries that include NSs,
i.e. BNS or NSBH systems (Berger 2014). The rate of short
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Figure 7. A comparison of the O1 90% upper limit on the
NSBH merger rate to other rates discussed in the text (Abadie
et al. 2010; Fong et al. 2015; Coward et al. 2012; Petrillo
et al. 2013; Jin et al. 2015; Vangioni et al. 2016; de Mink and
Belczynski 2015; Dominik et al. 2015). The dark blue region
assumes a NSBH population with masses 5–1.4 M

�

and the
light blue region assumes a NSBH population with masses
10–1.4 M

�

. Both assume an isotropic spin distribution. Con-
tinued non-detection in O2 (slash) and O3 (dot) with higher
sensitivities and longer operation time would imply stronger
upper limits (shown for 10–1.4 M

�

NSBH systems). The
O2 and O3 ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

GRBs can predict the rate of progenitor mergers (Coward
et al. 2012; Petrillo et al. 2013; Siellez et al. 2014; Fong et al.
2015). For NSBH, systems with small BH masses are consid-
ered more likely to be able to produce short GRBs (e.g. (Duez
2010; Giacomazzo et al. 2013; Pannarale et al. 2015)), so we
compare to our 5M

�

–1.4M
�

NSBH rate constraint. The ob-
servation of a kilonova is also considered to be an indicator of
a binary merger (Metzger and Berger 2012), and an estimated
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NS post-merger accretion disks: formation

Daniel Siegel

Siegel & Metzger 2017a

courtesy D. RadiceMovie: long-term evolution of post-merger accretion 
disk, MBH=3Msun (spin: 0.8), Mdisk=0.02Msun

Movie:  BNS merger and formation of 
post-merger accretion disk
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• GRMHD: magnetic instabilities (MRI) mediating 
turbulence (transport of angular momentum) in 
the disk 

First self-consistent simulations modeling r-process 
nucleosynthesis from disk outflows from first principles:

• weak interactions in GRMHD

• realistic EOS (Helmholtz EOS) valid at low 
temperatures and densities, capturing nuclear 
binding energy release from alpha-particle 
formation

• full r-process network calculations on disk outflows 
using 104 tracer particles

NS post-merger accretion disks: numerical setup

• approximate neutrino transport (leakage scheme)

Previous Newtonian alpha-disk simulations:

Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: optical depth for 
electron neutrinos

Siegel & Metzger 2017a

4/13

(SkyNet; Lippuner & Roberts 2015)

Fernandez & Metzger 2013
Metzger & Fernandez 2014
Fernandez+ 2015
Fernandez+ 2017
Just+ 2015

GRMHD simulations of remnant accretion disks from neutron star mergers



GRHydro: part of the Einstein Toolkit

Daniel Siegel

einsteintoolkit.org
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Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: optical depth for 
electron neutrinos

Siegel & Metzger 2017a

Onset of MHD turbulence

Fig.: Onset of the magnetorotational instability (MRI), 
showing exponential growth of the magnetic field

5/13GRMHD simulations of remnant accretion disks from neutron star mergers
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Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: optical depth for 
electron neutrinos

Siegel & Metzger 2017a

Onset of MHD turbulence

Fig.: Onset of the magnetorotational instability (MRI), 
showing exponential growth of the magnetic field

MRI
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Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: optical depth for 
electron neutrinos

Siegel & Metzger 2017a

Onset of MHD turbulence

Fig.: magnetic fields in the disk; contours: rest-mass density

magnetic properties very similar to Ciolfi+ 2017

5/13GRMHD simulations of remnant accretion disks from neutron star mergers
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B-field effect on EOS and neutrino emission rates

5/13GRMHD simulations of remnant accretion disks from neutron star mergers

assume magnetic field effects become 
important when cyclotron frequency of 
electrons and Fermi energy become 
comparable:

~!c

EF
& 1
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Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: optical depth for 
electron neutrinos

Siegel & Metzger 2017a

Fig.: magnetic fields in the disk; contours: rest-mass density

Onset of MHD turbulence
average radially for space-time diagram

magnetic properties very similar to Ciolfi+ 2017

5/13GRMHD simulations of remnant accretion disks from neutron star mergers
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Accretion disk dynamo: butterfly diagram

• migrates to higher latitudes

Siegel & Metzger 2017b, in prep.

magnetic energy is generated 
in the mid-plane

• dissipates into heat off the 
mid-plane

“hot corona”

hot corona launches 
thermal outflows 
(neutron-rich wind)

NS post-merger accretion disk 
are cooled from the mid-plane 
by neutrinos (rather than from 
the EM photosphere)!

6/13GRMHD simulations of remnant accretion disks from neutron star mergers
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• viscous heating via magnetic turbulence

Neutrino-cooled accretion disks self-regulate 
themselves to mild degeneracy (low Ye matter):

• neutrino cooling

NS post-merger accretion disks: self-regulation

Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: rest-mass density

Siegel & Metzger 2017a

neutrinos

charged-current processes:
e� + p ! n+ ⌫e

e+ + n ! p+ ⌫̄e

pair annihilation:

plasmon decay:

e� + e+ ! ⌫e + ⌫̄e

e� + e+ ! ⌫µ,⌧ + ⌫̄µ,⌧

� ! ⌫e + ⌫̄e

� ! ⌫µ,⌧ + ⌫̄µ,⌧

Beloborodov 2003, Chen & Beloborodov 2007, Metzger+ 2009
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• viscous heating via magnetic turbulence

Neutrino-cooled accretion disks self-regulate 
themselves to mild degeneracy (low Ye matter):

• neutrino cooling

NS post-merger accretion disks: self-regulation

Siegel & Metzger 2017b, in prep.

Fig.: disk properties; contours: rest-mass density

Siegel & Metzger 2017a

neutrinos

Beloborodov 2003, Chen & Beloborodov 2007, Metzger+ 2009

balance with feedback mechanism:

higher degeneracy µe/kT

fewer e-, e+ (lower Ye)

less neutrino emission, i.e., cooling

higher temperatures

lower degeneracy µe/kT

direct evidence of self-regulation

7/13GRMHD simulations of remnant accretion disks from neutron star mergers
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Movie: r-process nucleosynthesis from NS merger remnant disks

The origin of heavy nuclei: r-process nucleosynthesis

Siegel & Metzger 2017b, in prep.
Siegel & Metzger 2017a
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NS post-merger accr. disks: r-process nucleosynthesis
Siegel & Metzger 2017b, in prep.Siegel & Metzger 2017a
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FIG. 3. Mass distributions of the unbound disk outflow as measured by unbound tracer particles in terms of electron fraction,
specific entropy, expansion timescale (all at t = t5GK), and outflow velocity at r = 103 km.

neutrino emission, may raise Ye in part of the outflow
material [32, 33, 71].

We thank A. Beloborodov, R. Fernández, R. Haas,
W. Kastaun, J. Lippuner, P. Moesta, C. Ott, and
D. Radice for valuable discussions throughout the course
of this work. Resources supporting this work were
provided by the NASA High-End Computing (HEC)

FIG. 4. Top: Final elemental abundances from individ-
ual unbound tracer particles (gray lines) and their overall
mean (blue line), compared to the observed solar system
abundances [36] scaled to match the mean abundances at
A = 130. Bottom: Comparison of the mean abundances
to observed abundances in metal-poor halo stars [37–39] in
terms of log ✏ = log YZ/Y1 + 12. Abundances are scaled in
each case such that

P
(log YZ/YZ,CS22892�052)

2 is minimized
between 55  Z  75.

Program through the NASA Advanced Supercomputing
(NAS) Division at Ames Research Center. Support for
this work was provided by the National Aeronautics and
Space Administration through Einstein Postdoctoral Fel-
lowship Award Number PF6-170159 issued by the Chan-
dra X-ray Observatory Center, which is operated by the
Smithsonian Astrophysical Observatory for and on be-
half of the National Aeronautics Space Administration
under contract NAS8-03060. BDM and DMS acknowl-
edge support from NASA ATP grant NNX16AB30G and
NSF grant AST-1410950.
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M. Liebendörfer, T. Rauscher, C. Winteler, C. Fröhlich,
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under-production of light nuclei
absence of high-Ye tail robust 2nd and 3rd peak r-process

“low” outflow
velocities
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Influence of neutrino absorption

• robust 2nd and 3rd peak r-process

10/13

2nd peak 3rd peak

rare-earth peak

1st peak

Fig.: total disk neutrino luminosity (top) and neutrino 
emissivity averaged neutrino temperature at emission

Siegel & Metzger 2017b, in prep.

with neutrino absorption:

• also good fit to 1st — 2nd peak elements

production of all r-process elements

GRMHD simulations of remnant accretion disks from neutron star mergers
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BH accretion vs. disk outflows

steady wind!

accreted mass
converged 

By end of simulation: accreted mass converged but still steady outflows

Fig.: accretion rate onto the BH Fig.: number of tracer particles outside a given radius

remaining disk mass likely unbound

11/13GRMHD simulations of remnant accretion disks from neutron star mergers



Detectability of macronovae 3
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Figure 2. Summary of various rate constraints. The lines from the upper left to lower right indicate the typical ejecta mass required to explain all r-process/all
r-process with A > 80/all r-process with A > 130 for a given event rate (lower panel per year and Milky Way-type galaxy, upper panel per year and Gpc3). Also
marked is the compiled rate range from Abadie et al. (2010) for both double neutron stars and neutron star black hole systems and (expected) LIGO upper
limits for O1 to O3 (Abbott et al. 2016b). The dynamic ejecta results from some hydrodynamic simulations are also indicated.

where a few particles are ejected early on with a high velocity from
the shear interface between the two merging neutron stars. While
such a precursor is a possibility, we do not see it in our simula-
tions and neither do, e.g., Lehner et al. (2016) in their recent GR
simulations. Therefore, we will not consider this possibility in the
following discussion.
Our knowledge of the rates of compact binary mergers is still
plagued by large uncertainties. Simple constraints can be derived
by assuming that they are related to the production of r-process
elements. If we take the solar-system r-process abundance pat-
tern (Arnould et al. 2007) as representative and define a quan-
tity s(A) = ÂAi>A Xr

Ai
, where Xr

Ai
is the r-process mass fraction

with nucleon number Ai and use a baryonic mass of Mb,MW =
6⇥ 1011 M� (McMillan 2011), we find that the Milky Way con-
tains ⇡ 19000 M� of r-process material in total. About Mr,>130 =
s(130)Mb,MW = 2530 M� of this matter has A > 130 and about
500 M� are beyond the ”platinum peak” (A > 195). With an age of
the Galaxy of tMW ⇡ 1010 yrs, this yields average production rates
of Ṁr,all = 1.9⇥10�6 M� yr�1, Ṁr,A>130 = 2.5⇥10�7 M� yr�1

and Ṁr,A>195 = 5⇥10�8 M� yr�1. The product of average ejecta
mass and event rate is known but the individual factors are not. This
is shown as lines from the upper left to the lower right in Fig. 2 (e.g.

r-process with A > 130 in red). As an example, if an event that pro-
duces all r-process A > 130 occurs at a rate of 10�5 yr�1 it has to
eject 2.5⇥ 10�2 M� each time. For comparison, some represen-
tative simulation results for both NSNS (Hotokezaka et al. 2013;
Bauswein et al. 2013; Rosswog 2013) and NSBH (Kyutoku et al.
2013; Foucart et al. 2014) are also indicated. We also translated the
rates from yr�1 MWEG�1 (bottom axis) to yr�1 Gpc�3 (axis on
top) via a density of 1.16⇥ 10�2 MWEG Mpc�3 (Abadie et al.
2010). Here MWEG abbreviates ”Milky Way equivalent galaxy”.
Also indicated are the expected LIGO upper limits of science runs
O1-O3 (Abbott et al. 2016b). We have further marked the NSNS
merger rates from the population synthesis studies of Chruslinska
et al. (2016) and the range of sGRB rates estimated by Petrillo et al.
(2013).
The paper is organized as follows. In Sec. 2 we describe the
methodological elements that enter our study. We discuss in par-
ticular our hydrodynamic simulations, the used nuclear reaction
networks and our two macronova models. Section 3 presents our
results on nucleosynthesis and discusses the impact of different nu-
clear mass formulae on the resulting abundances, the thermaliza-
tion efficiency and the radioactive heating rates. We further present
optical and near-infrared lightcurves and we discuss the detection

c� 2016 RAS, MNRAS 000, 1–??
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NS post-merger accretion disks: 
r-process nucleosynthesis

Siegel & Metzger 2017a
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Rosswog+ 2017

Fig.: constraints on r-process enrichment rates vs. ejected mass

GRMHD disk simulations:

• significantly higher ejected mass 
than in previous Newtonian hydro 
simulations

• unbound outflows >0.2 Mdisk, 
likely ~0.4Mdisk

• for disk in present simulation: 
> 0.005 Msun, likely ~ 0.01 Msun

NS post-merger disk outflows are promising site for the r-process

• disk outflows alone are consistent with 
constraints on r-process enrichment 
observations

GRMHD simulations of remnant accretion disks from neutron star mergers



Conclusions

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

• suggest NS post-merger systems are robust site of the r-process

• first fully self-consistent study of its kind

can produce all r-process elements

• GRMHD with weak interactions and approx. neutrino transport

Wu+ 2016, Just+ 2015

underproduction of light elements compensated by high-Ye 
material from long-lived NS

low velocity outflows enable narrow-line spectroscopy to 
identify composition of r-process matter

• first identification of self-regulation in neutrino-cooled accretion 
disks

JWST

13/13

Simulations of NS post-merger accretion disks Siegel & Metzger 2017b, i. prep.Siegel & Metzger 2017a

• evidence for hot coronae that launch thermal outflows

• electromagnetic signature (kilonovae) potentially 
most promising EM counterpart to GWs

GRMHD simulations of remnant accretion disks from neutron star mergers


