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A double neutron star merger is expected to produce:

1) a GW signal at ~1-1000 Hz (nearly isotropic)
2) a short GRB (highly directional and anisotropic)
3) r-process nucleosynthesis (nearly isotropic)

Lattimer & Schramm 1974; Eichler et al. 1989; Li & Paczynski 1998




Hardness-Duration Classification
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Cumulative fraction

Cumulative distribution of projected offsets of various
explosions with respect to their host centers
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Periodic table of elements

. Big . Dying ~ Exploding . Human synthesis
Bang ~ | low-mass massive " No stable isotopes
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https://en.wikipedia.org/wiki/R-process



Proton Number Z

s- and r-Process Nucleosynthesis
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Jet-Supernova Models as r-process Sites?

* MHD-driven polar ‘jets”could sweep
out n-rich matter.

* Requires extremely fast matter
ejection, extremely rapid rotation and
extremely strong magnetic fields in
pre-collapse stellar cores.

» Should be very rare event; maybe 1 of
1000 stellar core collapses?

ime: 0031446

Winteler et al., ApJL 750 (2012) L22
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Jet-Supernova Models as r-process Sites?

BUT:
e« MHD-driven polar ‘jets”in 3D develop kink instability.

« Assumed initial conditions not supported by stellar pre-collapse models.

 Dynamical scenario does not provide environment for robust r-process.

[—1,=67.8ms t—1t, =186.4ms

From Th. Janka, 2016

Mosta et al., ApJL 785 (2014) L29



Conditions during decompression of NS material
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Short GRB130603B
(z=0.356)

Kilonova:

Ejection of r-process material
from a NS merger (0.01-0.1 Mo)
(Barnes & Kasen 2013)

Mu = -15
Mr =-13

Tanvir etal. 2013;
Berger et al. 2013
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Search for GW170817 optical counterpart:
GW error regions and Swope 1m pointings
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Comparison of Swope discovery image with archival HST image

NGC 4993 (40 Mpc) SSS17a (AT2017gfo)

April 28, 2017 Hubble Space Telescope August 17, 2017 Swope Telescope

3; Coulteretal. 2017



Optical and near-infrared light curves of GW170817 / AT2017gfo
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Villar et al. 2018, and references therein
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AT2017gfo evolves much more rapidly than any supernova
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ESO VLT X-Shooter spectral sequence of kilonova GW170817
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Impact parometer [g}
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Log F,(erg s~' cm2 A-1) + const

Supernova spectral evolution: the photosphere (t~ 1)
recedes with time (SN1998bw, 35 Mpc)
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Typical spectra of Stripped-envelope core-collapse SNe
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Geometry of 3-component model for kilonova

line of sight

Post-merger ejecta high Ye  (v~0.05)

medium Ye
(v~ 0.05c)

Dynamical ejecta

low Ye
(v~0.2c)

Tanaka et al. 2017, PASJ
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Mass fraction

Element abundances at 1 day after merger
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Kilonova 3-component model for AT2017gfo

1.5 days -

Dynamical ejecta, lanthanide-rich (Ye = 0.1-0.4)
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Kilonova 3-component model for AT2017gfo:
ejecta mass is 0.03-0.05 solar masses

e 1 LC ]
X 1.56d 1 [ 3.5d _]
™ 1L §
>~ | 1 LC ]
~ m - - —
= 1C i
= o 1 [ ]
n 9
o] )]
S~
2L ©
. ™
:B\ _I I I | I I I I | I I_ _I I I | I I I I | I I_
§ 37 5 _ 5.5d _ _ 6.5d _
£ i 1T -
- u 4 L -
2 37 F - F .
= i 1 L i
S) i 1r i
36.5 [ | .
'{:I."lll L |

36 : : -
10000 20000 10000 20000

Wavelength (&)



F, [107"° erg/s/cm?/A]

F, [107"® erg/s/cm?/A]

An example of a _good_ spe

ctral fit (SN2004eo0)
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Conclusions

Optical/infrared emission from AT2017gfo is the first direct proof that
neutron star mergers are r-process factories.

The preliminary models require an ejecta mass of 0.03-0.05 Msun, and more
than one kilonova component, with different proportions of species
(lanthanide-rich vs lanthanide-free).

More realistic atomic models and opacities are necessary, to be used with
density structure profiles, nuclear reaction networks and radiative transport
codes.

Study of NS EoS can be addressed with joint GW and EM information:
dynamical ejecta should be larger for more asymmetric mergers

(i.e. with bigger mass ratios); moreover larger remnant mass implies lower
ejecta. On the other hand, it’s not clear how ejecta mass depends on EoS.



