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Abstract:

Neutron star mergers, referring to both binary neutron star and neutron star black hole mergers,

are the canonical multimessenger events. They have been detected across the electromagnetic spec-

trum, have recently been detected in gravitational waves, and are likely to produce neutrinos over

several decades in energy. The non-thermal prompt and afterglow emission of short gamma-ray

bursts and the quasi-thermal emission from the radioactively powered kilonovae provide distinct

insights into the physics of neutron star mergers. When combined with direct information on co-

alescence from gravitational waves and neutrinos these sources may become the best understood

astrophysical transients. Multimessenger observations of these cataclysmic events will determine

sources of gravitational waves and astrophysical neutrinos, enable precision cosmology, and unique

tests of fundamental physics, the origin of heavy elements, the behavior of relativistic jets, and the

equation of state of supranuclear matter. In this white paper we present a summary of the sci-

ence discoveries possible with multimessenger observations of neutron star mergers and provide

recommendations to enable them in the new era of time-domain, multimessenger astronomy.
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1 Introduction

The first multimessenger detection of a neutron star (NS) merger was jointly detected in gravita-

tional waves (GWs) and γ-rays [1, 5, 36, 91]. The aftermath was detected in follow-up observations

across the electromagnetic (EM) spectrum [e.g 21, 27, 39, 57, 74, 101, 105]. We describe the out-

standing science possible with observations of NS mergers, followed by the capabilities necessary

for discovery.

2 Science

This science is predicated on astrophysical observations of these phenomena; therefore, we first

discuss the astrophysics of NS mergers and follow with the broader science they enable.

2.1 Astrophysics

The detections and associations of GW170817, GRB 170817A and the kilonova, AT2017gfo, con-

firmed decades old predictions from theory, observation, and simulation on the nature of short

gamma-ray bursts (SGRBs) and the origin of heavy (r-process) elements [e.g. 16, 17, 26, 29, 32,

52, 55, 72, 76, 78, 86, 88]. We first discuss the (mostly) distinct SGRB and kilonovae transients,

followed by astrophysical highlights informed by studies of these sources.

2.1.1 Short Gamma-Ray Bursts

Gamma-Ray Bursts (GRBs) originate from collimated, relativistic outflows. Their prompt emis-

sion are the most luminous (EM) events in the universe, but we do not understand where or how the

γ-rays are produced [see, e.g. 12, 49, for reviews]. Prompt emission is followed by afterglow from

synchrotron radiation as the jet interacts with surrounding material [77], observations of which

enable studies of the local environment and energetic efficiencies [e.g. 29]. GRB 170817A was

underluminous compared to the existing sample of SGRBs, and the temporal behavior of its after-

glow had never been previously observed [e.g. 1, 36, 59, 101]. This led to significant debate on the

structure of the non-thermal emitting region [e.g. 7, 25, 27, 35, 59, 66, 67, 101] and the origin of

the prompt emission [e.g. 1, 45, 96, 113].

Multimessenger studies of NS mergers will determine the origin and implications of their non-

thermal emission (prompt, afterglow, and more) [e.g. 1, 70, 73, 87, 102, 102, 104, 113] and their

relation to the different possible central engines [e.g. 56, 61], the structure of SGRB jets and their

interaction with the kilonova material [e.g. 27], and how they relate to the intrinsic parameters

of the progenitor system. These studies may soon be augmented by TeV detections of SGRBs

[9, 10, 46, 48, 71, 99]. Well characterized events will uncover the fraction of SGRBs from binary

neutron star (BNS) and neutron star black hole (NSBH) mergers, and the differences between the

two. The merger time from GWs and the onset time of γ-rays in joint GW-GRB detections will

constrain the bulk Lorentz factor of the jet (which determines the observable region of the jet due to

Doppler beaming) and the size of the γ-ray emitting region [as in 1], and provide new information

to uncover the origin of the prompt emission [e.g. 1, 113].

2.1.2 Kilonovae

Prior searches for kilonovae following well-localized SGRBs resulted in a few claims of detec-

tion [33, 43, 100, 103, 111] and interesting non-detections [e.g. 37]; the only unambiguous, well-

studied kilonova is the one that followed GW170817: AT2017gfo. This event met broad expecta-
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tions, and a general picture has emerged: a bright blue kilonova from the relatively lanthanide-poor

material in the polar regions followed by a transition to a fainter, progressively redder kilonova

from lanthanide-rich material in the planar region [e.g. 44]. However, the ultraviolet emission at

12 hours post merger was brighter than some expectations [e.g. 27, 60] and earlier optical and

ultraviolet observations are key to determining the origin of this emission [8].

Detections of kilonovae following GW triggers will reveal the relationship between kilonova

color and luminosity to properties of the progenitor, including merger type (BNS or NSBH), the

short-term remnant object (BH, metastable NS, stable NS), the mass and spin of the progenitors,

constrain the NS equation of state (EOS), and ultimately tie the observed diversity to specific

physical processes [see 63, for a review].

2.1.3 Neutron Star-Black Hole Systems

NSBH mergers are also predicted to result in both SGRBs and kilonova, so long as the NS is

disrupted outside of the innermost stable circular orbit. However, there is no known stellar sys-

tem that is definitely a NSBH binary. Since NSBH mergers have larger detectable volumes than

BNS mergers [e.g. 3] we should expect a detection in the next few years, unless they are signifi-

cantly less common. The first classification of a NSBH merger will likely require multimessenger

observations (unless the GW signal is particularly loud). The BH can be inferred from the GW

mass measures and the NS from an associated SGRB or predominantly red kilonova. Such an

observation would prove NSBH systems exist by observing one merge.

2.1.4 Stellar Formation and Evolution

Population synthesis studies bring together models of stellar formation, stellar evolution, binary

evolution, and supernovae to make predictions on the properties of compact binaries. The for-

mation channels of compact binary systems that merge in a Hubble time include the evolution of

field binaries [see 23, 28, for a review] or dynamical capture. Multimessenger observations can

classify GW triggers as NS mergers, measure mass and spin distributions, the offset from their

host galaxies, the local volumetric merger rates of these systems and the source evolution of those

rates. These observations with population synthesis studies can differentiate between formation

channels, constrain the fraction of stellar systems that result in NS mergers [see, e.g. 2, for results

from GW170817], the initial offset distribution for the compact objects, the fraction of supernovae

that result in NS or BH remnants and this relation to progenitor mass [see, e.g. 89].

2.2 Cosmology

H0 sets the age and size of the universe. It is one of six parameters in the base ΛCDM concordance

cosmological model. It can be measured directly in the nearby (late) universe from type Ia super-

novae studies [e.g. 82], or inferred from observations of the distant (early) universe from studies

using observations of the Cosmic Microwave Background (CMB), Baryon Acoustic Oscillations

(BAO), and an assumed cosmological model [e.g. 18]. Comparing H0 values from observations

of the early universe against those from observations of the late universe provides a stringent test

of cosmological models. These measures disagree with 3.8σ significance [83] with no obvious

systematic origin [18, 84].

Mergers of compact objects are standard sirens with an intrinsic luminosity predicted from GR

which can be combined with an associated redshift to measure H0 [92, 93]. The precision is limited

by the correlated inclination and distance determination from GW measures, which can be amelio-
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rated for events with an associated SGRB [e.g. 22, 38, 41, 66]. Over the next decade standard siren

cosmology could resolve the current H0 controversy and independently calibrate the cosmological

ladder [see 31, for a review]. Further, as the GW interferometers improve and detect NS mergers

deep into the universe, those with (EM-determined) redshift will create the most precise Hubble

Diagram spanning from the local universe to deep into the deceleration era [90]. Combining stan-

dard siren cosmology with CMB+BAO observations could resolve the neutrino mass hierarchy

question and improve constraints on the effective number of neutrino species and the EOS of dark

energy [18]. Further adding information from forthcoming transition era cosmology experiments

(e.g. LSST, EUCLID, WFIRST) gives sub-percent precision cosmology throughout the universe,

allowing studies on multi-parameter extensions to ΛCDM (e.g. Ωk, w0, and wa simultaneously).

2.3 Fundamental Physics

The ∼seconds difference in the arrival times of gravity and light across cosmological baselines

enable observations of NS mergers to probe some fundamental aspects of physics far greater than

any other method. Detections with GWs and GRBs in ∼keV-MeV energy (which do not undergo

significant extinction, dispersion, nor absorption) provide the best measure of the speed of gravity

[1], and relative violations of the Weak Equivalence Principle [e.g. 1, 96, 108, 109] and Lorentz

Invariance (LIV) [1, 19, 96]. GeV-TeV (EM) observations of SGRBs have the greatest discovery

space, and current best constraints, on general LIV [6]. These observations test the Special Theory

of Relativity which has been woven into all of modern physics, the Einstein Equivalence Principle

that all metric theories of gravity must obey, the quantization of spacetime itself (and therefore

quantum gravity), and measure fundamental constants of the universe [see e.g. 13].

2.4 The Origin of Heavy Elements

For many decades, astronomers have debated whether NS mergers or Core-Collapse Supernovae

(CCSN) are the site of heavy (above the iron peak), rapid neutron capture (r-process) elements [see

79, for a summary of the arguments]. Even with the well-sampled AT2017gfo we are unsure if all

three abundance peaks were synthesized. With a greater understanding of the r-process production

in NS mergers from future kilonovae observations and improved measures on the rates of such

events from GW observations, we can determine the total and relative heavy elemental abundances

produced from these events. This can be compared to the observed solar system abundances to

determine the fraction of heavy elements that come from NS mergers, as opposed to CCSN [see

e.g. 20, 24, 97]. CCSN are thought to track the cosmic stellar formation rate, as are BNS and

NSBH mergers modulo their inspiral times. An improved understanding of the source evolution of

NS mergers will determine the heavy element abundance through cosmic time.

2.5 Relativistic Jets and Particle Acceleration

Many astrophysical sources, such as blazars, microquasars, and protostars, arise from collimated

outflows referred to as jets; GRB jets are an ultrarelativistic version. Multimessenger observations

provide direct measures of the central engine, which when combined with EM observations of the

SGRB will uncover key information about jets. We will learn if SGRB jet formation requires an

event horizon [54] (i.e. a BH central engine), or if they can be created by magnetar central engines

[see, e.g. 34, 62]. Multimessenger observations can determine required energetics efficiencies that

may delineate between models of jet formation [e.g. 15, 48, 53, 88, 106]. The structure of GRB

jets can be studied from observations of the non-thermal emission, and move our understanding
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beyond the on-axis top-hat jet models rejected by GRB 170817A. Relativistic jets may be either

hadron or magnetically dominated, which could be determined from (non-)detections of neutrinos

[e.g. 46–48, 69, 107, 112] with sufficiently sensitive detectors. The origin of cosmic rays beyond

the knee or second knee energies is unknown, and neutron star mergers have been suggested among

the promising candidate sources [47, 85].

2.6 Neutron Star Equation of State

NSs are the densest known matter in the universe, far beyond anything achievable in terrestrial

laboratories. The NS EOS characterizes the density-pressure relationship [see 51, for a review].

From an assumed EOS, several observables can be predicted, such as a mass-radius relation [e.g.

75]. In BNS mergers the remnant object just after merger can be a stable NS, a metastable NS, or a

BH, with the NS EOS determining which case for a given merger. These options can be resolved by

observations of associated SGRBs or kilonovae with specific characteristics [e.g. 1, 58, 61, 64, 65,

70, 73, 80, 81, 87, 98] and eventually directly confirmed with GW or MeV neutrino observations

[50, 95]. Multimessenger observations of NSBH mergers provide additional constraints as the

orbital radius for NS disruption is a strong function of the mass and spin of the BH and the NS

radius [30]. Multimessenger observations of NS mergers will provide information, complementary

to EM-only or GW-only constraints, to determine the EOS of supranuclear matter, and possibly

constrain the phase diagram of quantum chromodynamics [e.g. 11, 68].

3 Recommendations

NS mergers emit across decades in energy in several messengers which enables greater under-

standing but requires vast observational resources. Prompt γ-ray, afterglow (TeV to radio), and

TeV-PeV neutrino observations will provide new insight into SGRBs, relativistic jets, and parti-

cle acceleration. Ultraviolet, optical, and infrared (UVOIR) observations uncover and characterize

kilonovae and the origin of heavy elements. Probing fundamental physics requires GW and prompt

GRB detections. Cosmological studies require GW distance and EM redshift determinations. All

observations help constrain the NS EOS. Much of this science is only possible with a population

of events. Information on the inspiral, coalescence, or jet before the coasting phase (obtained from

GW, γ-ray and neutrino detectors) can only be done from serendipitous observations, requiring

all-sky monitors with high duty cycles and large fields of view.

Some detections also enable other observations. Despite collimation, joint GW-GRB detections

are expected to be reasonably common because of preferential selection effects [combining infor-

mation from 29, 94] and the increase of GW detections from GRB observations [e.g. 14, 110]. Joint

GW-GRB detections further constrain the region of interest for follow-up. Arcsecond localizations

are necessary for host-galaxy identification and redshift determination and are only possible from

follow-up observations. The earliest follow-up signal that can be detected is the GRB afterglow;

however, based on the prompt vs afterglow brightness of GRB 170817A, we do not expect off-axis

afterglow detections (with no detectable prompt emission) to be common. When there is no de-

tectable SGRB, the first EM emission for a blue kilonova appears to be in the UV and in optical or

infrared for red kilonovae (on longer timescales).

Kilonovae will be the dominant EM counterpart for nearby NS mergers as they are omnidi-

rectional, but SGRBs will dominate for distant events as they can be significantly brighter. While

we split our recommendations between the next decade and beyond, regardless of time period, we
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recommend vigorous funding for upgraded GW interferometers.

3.1 The Next Ten Years

With the full design network of current GW detectors, localizations sufficient for existing optical

facilities will be relatively common [3]. The funded LIGO A+ upgrade (nominally available in

2024), will detect a NS merger roughly once a week. Follow-up ground observations with current

or expected missions (e.g. HAWC, CTA, VLA, SKA, ZTF, LSST) reliably cover TeV, optical,

near-IR, and radio. As kilonovae transition to redder emission over time, the IR-only emission is

sufficiently late (∼days) that these wavelengths can be covered by JWST and WFIRST observa-

tions. We endorse the allocation of appropriate observing time and target of opportunity programs

for pointed telescopes and directly recommend LSST follow-up of NS mergers. Megaton-class

MeV neutrino detectors could detect particularly nearby NS mergers. Initial upgrades to TeV-PeV

neutrino detectors are on-going; we endorse the full IceCube Gen-2 [42].

The critical wavelengths detectable only in space are keV-MeV γ-rays, X-rays, and UV. As

such, we recommend the extension of the Fermi mission (because it detects more prompt SGRBs

than all other active mission combined) and the Neil Gehrels Swift Observatory (primarily for fast-

response X-ray and UV coverage). To capture the full range of possible kilonova colors, we rec-

ommend wide-field UV (space-based) and NIR (ground-based) facilities. To enable time-domain

astronomy, we recommend improvements to real-time communication for space-based missions.

Beyond the required observational capabilities, we strongly recommend greater NSF-NASA

cooperation as both agencies have assets critical for multimessenger science. Specific recommen-

dations include the funding of beam studies to understand the nuclear processes that currently limit

kilonova models [e.g. 40, 63], robust funding of multimessenger simulation and theory studies via

the TCAN program (created in response to Astro2010), and the consideration of resolving grand

problems through NASA-NSF partnership (akin to the DRIVE initiative from the 2013 Solar and

Space Science Decadal). Technical improvements include improvements to real-time reporting,

automated multimission and multimessenger searches, and prompt reporting of initial parameter

estimation from GW detections (e.g. masses) to enable follow-up prioritization.

3.2 Future Large-scale Missions

The proposed LIGO-Voyager upgrade has a nominal timeline of ∼2030 and it would detect several

NS mergers per week with some at cosmological distances (z > 0.1). Proposed large-scale mis-

sions in the Astro2020 Decadal must be designed for the 2030s, not the current era. Proposed third

generation GW interferometers [4, 90] with best-case timelines of mid-to-late 2030s could detect

dozens of NS mergers per day with some beyond the transition era. Fewer upgraded interferom-

eters will result in poorer GW localizations for distant events. To enable all NS merger science

we recommend future GW interferometers aim for broadband sensitivity improvements. With these

upgrades a significant fraction of SGRBs will have associated GW emission. Therefore, we rec-

ommend a large-scale γ-ray observatory that will detect far more SGRBs than any prior mission

(through improved ∼keV-MeV sensitivity and broad sky coverage) and localize them to sufficient

accuracy for sensitive follow-up observations. To enable a full study of these events, including

redshift determination, they need to be localized to arcsecond precision. With such a γ-ray in-

strument, we would need well-matched follow-up facilities such as a sensitive, fast-reponse, high

spatial resolution X-ray telescope and sensitive UVOIR and radio telescopes.
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[56] H.-J. Lü, B. Zhang, W.-H. Lei, Y. Li, and P. D. Lasky. The Millisecond Magnetar Central

Engine in Short GRBs. ApJ, 805:89, June 2015.

[57] J. Lyman, G. Lamb, A. Levan, I. Mandel, N. Tanvir, S. Kobayashi, B. Gompertz, J. Hjorth,

A. Fruchter, T. Kangas, et al. The optical afterglow of the short gamma-ray burst associated

with gw170817. arXiv preprint arXiv:1801.02669, 2018.

[58] B. Margalit and B. D. Metzger. Constraining the maximum mass of neutron stars from

multi-messenger observations of gw170817. The Astrophysical Journal Letters, 850(2):L19,

2017.

[59] R. Margutti, E. Berger, W. Fong, C. Guidorzi, K. Alexander, B. Metzger, P. Blanchard,

P. Cowperthwaite, R. Chornock, T. Eftekhari, et al. The electromagnetic counterpart of the

binary neutron star merger ligo/virgo gw170817. v. rising x-ray emission from an off-axis

jet. The Astrophysical Journal Letters, 848(2):L20, 2017.

[60] B. Metzger, G. Martı́nez-Pinedo, S. Darbha, E. Quataert, A. Arcones, D. Kasen, R. Thomas,

P. Nugent, I. Panov, and N. T. Zinner. Electromagnetic counterparts of compact object

mergers powered by the radioactive decay of r-process nuclei. Monthly Notices of the Royal

Astronomical Society, 406(4):2650–2662, 2010.

[61] B. Metzger, E. Quataert, and T. A. Thompson. Short-duration gamma-ray bursts with ex-

tended emission from protomagnetar spin-down. Monthly Notices of the Royal Astronomical

Society, 385(3):1455–1460, 2008.

[62] B. D. Metzger. Gamma-ray burst central engines: Black hole vs. magnetar. arXiv preprint

arXiv:1001.5046, 2010.

[63] B. D. Metzger. Kilonovae. Living Reviews in Relativity, 20(1):3, 2017.

[64] B. D. Metzger and R. Fernández. Red or blue? a potential kilonova imprint of the delay

until black hole formation following a neutron star merger. Monthly Notices of the Royal

Astronomical Society, 441(4):3444–3453, 2014.

[65] B. D. Metzger and A. L. Piro. Optical and x-ray emission from stable millisecond magnetars

formed from the merger of binary neutron stars. Monthly Notices of the Royal Astronomical

Society, 439(4):3916–3930, 2014.

Astro2020 White Paper — NS Mergers 11



[66] K. Mooley, A. Deller, O. Gottlieb, E. Nakar, G. Hallinan, S. Bourke, D. Frail, A. Horesh,

A. Corsi, and K. Hotokezaka. Superluminal motion of a relativistic jet in the neutron-star

merger gw170817. Nature, 561(7723):355, 2018.

[67] K. Mooley, E. Nakar, K. Hotokezaka, G. Hallinan, A. Corsi, D. Frail, A. Horesh, T. Murphy,

E. Lenc, D. Kaplan, et al. A mildly relativistic wide-angle outflow in the neutron-star merger

event gw170817. Nature, 554(7691):207, 2018.

[68] E. R. Most, L. J. Papenfort, V. Dexheimer, M. Hanauske, S. Schramm, H. Stöcker, and
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