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Neutron star mergers are multimessenger events
NS66CH02-Fernandez-Metzger ARI 16 September 2016 11:57
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Figure 1
Phases of a neutron star (NS) merger as a function of time, showing the associated observational signatures
and underlying physical phenomena. Abbreviations: BH, black hole; GRB, γ -ray burst; GW, gravitational
wave; ISM, interstellar medium; n, neutron; UV, ultraviolet; Ye , electron fraction. Coalescence inset
courtesy of D. Price and S. Rosswog (see also Reference 15).

∼3–7 year−1 for aLIGO/AdV, consistent with the empirical estimates above. However, the full
range of rates provided in the literature varies by several orders of magnitude (e.g., 6, 23), due
to the large uncertainties in the physics of binary evolution, such as the treatment of common
envelope evolution, wind mass loss from high-mass stars, the evolution of metallicity with redshift,
and supernova NS and BH kicks.

NSNS rate calculations usually neglect the influence of external stellar interactions on the
evolution of binaries, as justified for the vast majority of stars. In dense stellar environments,
however, such as globular clusters or young stellar clusters, dynamical interactions may enhance
the assembly rate of tight NS binaries (e.g., 26, 27). Additional theoretical uncertainties arise
in estimating merger rates in this case due to the poorly constrained evolution of dense stellar
systems. A key aspect of dynamically captured binaries is their potential to merge while the binary
orbit still possesses high eccentricity (e.g., 28, 29). Although this channel likely represents a small
fraction of all mergers (27), even a subdominant population of such events could be of outsized
importance to r-process production and kilonova emission (Section 5.2), given the larger ejecta
mass from eccentric mergers (29).

2.2. Precursor Emission
Compared with the postmerger phase, little study has been dedicated to EM emission during
the late inspiral phase prior to coalescence. If at least one NS is magnetized, then the orbital
motion of the conducting companion NS or BH through its dipole magnetic field induces a
strong voltage and current along the magnetic field lines connecting the two objects (e.g., 30–
33). This voltage accelerates charged particles, potentially powering EM emission that increases
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GW170817 / GRB170817A / AT2017gfo

Figure S1: Absolute magnitude light curves and V � H color curves of SSS17a and the
tentative kilonova associated with GRB130603B. Vertical dashed lines indicate the time of
the merger. (A): Absolute magnitude light curves of SSS17a in the H, i, and V-bands (orange
circles, green squares and cyan diamonds, respectively). SSS17a reaches similar peak abso-
lute magnitudes to faint core-collapse SNe (shaded band). Also shown are observations of
the tentative kilonova associated with GRB130603B from (23, 24). These data correspond to
roughly rest-frame H-band (red star) and V-band (blue arrow; upper limit). At +7 rest frame
days, GRB130603B has a higher near-IR luminosity than SSS17a. (B): V �H color. SSS17a
undergoes rapid reddening in the first five days post merger. A lower limit on the color of
GRB130603B is indicated by the purple arrow.
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R-Process Nucleosynthesis
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Dynamical ejecta from tides and shocked NS matter
~10-3 M☉ over ~10 ms
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NS mergers produce multiple ejecta components

Kasen +’ 17



Kilonova consistent with multiple ejecta 
components
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GW170817 radio light curve indicates jet

Mooley + ‘18



What kind of diversity can we expect to see in subsequent 
kilonovae?

What next?



What are the effects of different viewing angles?

What next?



How Does Jet-Ejecta Interaction Affect Kilonova?

Focusing on shock-heating due to a prompt jet and changes to 
density structure



Two of the Possible Sources of Heating for the 
Optical Transient

Prompt shock heating 
(from jet?)

(incl. Kasliwal+’17, Piro & Kollmeier‘17)

Radioactive decay of 
nucleosynthesis products

(incl. Metzger+’10)

~seconds to days

1050 erg

~seconds

1049 - 1050 erg



Approach

2D relativistic hydrodynamic 
simulation (in JET) of jet interacting 
with expanding outflow
(Duffell, Quataert, Kasen, Klion) ’18)

t ~ 10 ms to t ~ 100 s t ~15 min to t ~ 10 days

adiabatic expansion

2D Monte Carlo radiation transport 
simulations with Sedona
(Klion + in prep)

r-process heating
(Metzger+’10, Lippuner & Roberts ‘15)



Relativistic Hydrodynamic Calculations

◦ Initial conditions from numerical NS merger simulations 
(Hotokezaka +13, Nagakura + 14); ejecta slightly oblate

◦ Fiducial scales
◦ Mass 0.07 M⦿
◦ Engine duration T = 0.1s

◦ Using code JET (Duffell & MacFadyen 2011, 2013)
◦ Lagrangian spherical polar grid, cells can move radially with 

the flow
◦ Assume ejecta are homologously expanding. No delay 

between merger and engine turn on. Inject a jet with some 
luminosity, engine duration, and opening angle

◦ Evolve until 1000T ~ 100s, when mostly homologous



Jet + Ejecta Hydrodynamic Simulations



Four regimes of jet-ejecta interaction

Duffell, Quataert, Kasen, Klion ‘18
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Jet success depends only on energy scale & 
angle

wide
early

late

failed

Assumption: ejecta expand 
homologously – delay between merger 
and engine is small

Only timescale in the problem is the 
engine duration T, and success 
condition cannot independently depend 
on T. Only energy scale and geometry 
matter.

Success condition:

Ej > Ecrit

Ecrit / ✓2jEej

Duffell, Quataert, Kasen, Klion ‘18



Jets can break out on timescales longer than 
engine duration
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Higher energy jet does not guarantee more 
thermal energy

highest energy jet
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Jet thermalization efficiency is limited

wide

early

late

failed

Epe
ak
⇡
0.1
7E

j

Duffell, Quataert, Kasen, Klion ‘18



Approach

t ~ 10 ms to t ~ 100 s t ~15 min to t ~ 10 days

adiabatic expansion

r-process heating
(Metzger+’10, Lippuner & Roberts ‘15)

2D relativistic hydrodynamic 
simulation (in JET) of jet interacting 
with expanding outflow
(Duffell, Quataert, Kasen, Klion) ’18)

2D Monte Carlo radiation transport 
simulations with Sedona
(Klion + in prep)



Input Models

Klion +, in prep



r-process heating > jet shock heating @ 900s

Klion +, in prep



Thermal energy due to r-process heating exceeds 
jet shock heating throughout

light curves

Klion +, in prep



Light curves are brighter on pole than on equator

Time since explosion [d]
0.1                  1                  10

obs Lbol from Drout + ‘17 Klion +, in prep



obs Lbol from Drout + ‘17

Amount of brightening along jet correlates with 
how much jet affects density distribution

Time since explosion [d]
0.1                  1                  10 0.1                  1                  10 0.1                  1                  10

Klion +, in prep



Equatorial light curves match failed jet case 

Time since explosion [d]
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obs Lbol from Drout + ‘17 Klion +, in prep



Jet shock heating does not affect light curves

obs Lbol from Drout + ‘17 Klion +, in prep



More variation between models at pole than at 
equator

Klion +, in prep



Brighter on pole because greater photospheric
temperature

Klion +, in prep



Emission is bluer at poles

Klion +, in prep



Effect Apparent in Predicted Band Light Curves

Observed photometry from Kasliwal + ‘17



Early times: iron-like opacities push emission 
redwards at equator but not near pole

Klion +, in prep



Reddening more apparent at later times

Klion +, in prep



Summary

vJet thermalization efficiency is limited

vUnlikely that light curve is dominated by (prompt jet) shock heating 

vr-process heating greatly exceeds shock heating

vJet changes the structure of the ejecta, giving viewing-angle effects that depend on jet 
energy and opening angle

vJet-affected viewing angles are brighter and possibly somewhat bluer


