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Overview:

Focus: ejecta po odels and

observations
Merger rates and nucleosynthesis

Summary and conclusions



n-capture: —

B-decay: =~

)served abundance of r-
process elements

proton number

1st peak

—_
o

2nd peak

10%]

3rd peak: Pt, ...

abundance [Si

fusion until iron

neutron number

mass number A

Astrophysical production site unknown

Search for explosive, neutron-rich environment, fast expansion

— Ejecta of compact binary mergers ??? Lattimer & Schram 1974, 1976,

Lattimer et al. 1977, Eichler et al. 1989,
Freiburghaus et al.1999




rapid neutron-caputre
(r-process)

n-capture timescale << beta-decay timescale

— high neutron densities required
— explosive event

eutron-capture process

(s-process)

n-capture >> beta-decay

— moderate neutron densities
— He burning in Red Giants
— terminates at Pb, Bi



* A nuclear physicist may n IS (many details unclear).



. Fischer et al.. 2010,
uedepohl et al. 2010

- most rece
- third peak ?
NS-NS or NS-BH mer
- robust r-process for heavy elements
- merger rate and ejecta masses?
- chemical evolution model?
... several other ideas: e.g. MHD |et, quark nova, He shells, ...

e.g. Winteler et al. 2012, Ouyed et al 2011, Banerjee et al 2011, ...

... different sources could contribute to the final abundance at different
mass ranges and different times



Mass fraction

Dynamical odynamical

al. 2007, Metzge aka et al. 2013,
Bauswein et al. 201 2014, ... (with and
' ophistication

oS BEE B2 38

~y [km]
B35

£ &

WL

38 %

Goriely et al. 2011

Korobkin et al 2012 Bauswein et al. 2013

Tendencies:

- typical masses 10° ... 10 M__

- asymmetric mergers eject more (tidal)
- Newtonian models favor ejection by tidal forces and produce more ejecta
- relativistic models ejecta mostly from contact interface

(also a number of NSBH simulations and excentric mergers available: typically higher
ejecta masses, but rates? )

999, Oechslin et
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NS-NS models

Prompt

0.01

collapse 0 } ' 13 ' ; 013 014 015 016 017 018 019 02

Migf2R; 35

Bauswein et al 2013 Hotokezaka et al. 2013

Note importance of thermal effects _
— » Stiffness —————»




Inve
merg

Typical
M, for ap

low spin — hig

Strong spin impact o endence on spin

orientation)

See e.g. Kyutoku et al. 2013, Rosswog et al. 2013, Foucart et al. 2013,
Deaton et al. 2013, Foucart et al. 2014, Just et al. 2014, Bauswein et al. 2014
(only recent results, see Living review by Shibata & Taniguchi)



ns

Originatin
Matter heated 4*10" g/cm’

Ejecta expansion typi ms by simulations,

then extrapolation (outcome insensitive)
Post-processing hydrodynamical trajectories with nuclear network
- Properties of ~5000 nuclei (mostly theoretical models)

- Theoretical and experimental reaction rates: beta-decays, neutron
captures, photodissosication, multiple-particle reactions (n,2n)

- Neutron-induced fission, spontaneous fission, beta-delayed fission,
photofission, beta-delayed neutron emission

- Heating due to beta-decays, fission, alpha decays
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Some recent res 2nt nuclear
network codes, C robust pattern

Mass fraction

Mass fraction
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ns1.2-ns1.0
ns1.4-ns1.0
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ns1.4-bh10
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Mass number A

Goriely et al 2011 Korobkin et al. 2012
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See also Freiburghaus et al 1999, Metzger et al. 2010, Roberts et al. 2011,...



Some re lear
network ca ISt pattern

Mass fraction

Mass fracthion
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See also Freiburghaus et al 1999, Metzger et al. 2010, Roberts et al. 2011,...



- neutri n ejecta
on longer ti

— neutron-rich o rocess elements)

— because of timescales neutrino effects are important

e.g. Surman et al. 2008, Metzger et al. 2008, Lee et al. 2009, Metzger et al. 2009, Dessart et
al. 2009, Lee et al. 2009, Wanajo & Janka 2012, Surman et al 2013, Fernandez & Metzger
2013, Rosswog et al. 2014, Grossmann et al. 2014, Metzger & Fernandez 2014, Siegel et al.
2014, Perego et al. 2014, Just et al 2014, Kasen et al. 2014
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Secular e

0 Disk Outflow Mass Histograms
M3ABmM3as
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Long-term torus evolution including detailed Just et al. 2014.
neutrino transport (connected with merger
simulations)
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Only secular ejecta Secular and dynamical ejecta
(merger and disk ejecta) | 2014

Mergers produce also the low A r-process elements



Ing the dominant
. 2014 for a detailed

Ejecta masses and
source of heavy r-proc
analysis)

R-process elements are observ robust abundance pattern (see

e.g. Sneden et al. 2008); with large star-
Formation of NS binary followed by inspiral time of 100...1000 Myrs => merger is delayed

— Do mergers occur sufficiently “early” to explain the Galactic enrichment - chemogalactical
models Qian 2000, Argast et al. 2004, Ishimaru & Wanajo 1999, Cescultti et al 2006, Mennekens & Vanbeveren 2014,
Matteucci et al. 2014, Shen et al 2014, van de Voort et al 2014. ... (different models available currently no
consensus whether the early enrichment could be due to mergers)

Eu pure r-process
element

Based on galaxy
simulation, Shen et al.
2014

Argast et al. 2004
(one-zone mdoel)






* Radio transi . 2013, Piran et

al. 2013)
* Pulsar revival (Lipun

* Magnetospheric interaction g [ , Hansen & Lyutikov 2001, Piro
2012, Lai 2012, Palenzuela et al. 2013, Paschalidis et al. 2013, Ponce et al. 2014)

* Remnant magnetic fields x-ray, optical, radio (Shibata et al. 2011, Zhang 2013, Gao et
al. 2013, Rezzolla & Kumar 2014, Siegel & Ciolfi 2014)

* Crust shattering (Tsang et al. 2012)
* Ultrarelativistic shock breakout — synchrotron x-rays .. radio (Kyutoku et al. 2012)

* See also Bruno's talk

Only grouping the models (partially different mechanisms and phenomena); some work
also with NSBH
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Metzger et al. 2010 Goriely et al. 2011

Heating by beta-decays, fission and alpha-decays: about 3 — 4 MeV per
nucleon

Most energy released within seconds

hydro models with nucleosynthesis (mostly dynamical ejecta): Freiburghaus et al. 1999,
Metzger et al. 2010, Roberts et al. 2011, Goriely et al. 2011, Korobkin et al. 2012, Bauswein et
al. 2013, Rosswog et al. 2013, Grossmann et al. 2013, Wanajo et al. 2014, Just et al. 2014



optically th iffusion

timescale

Peak luminosity:

Peak timescale:

Effective Y w \1s 0 My T
b 4 ej
temperature: Tpeal SAUSEEEEEEIE (10—6) (E) (10—2M@) 8)

Formulae adopted from Metzger et al. 2010 with high r-process opacities of r-process elements
10 cm?/g (see Kasen et al. 2013,Barnes & Kasen 2013, Tanaka & Hotokezaka 2013)

Key parameters: ejecta mass, ejecta velocity, (heating efficiency)



MMy =102

2r with r-process
) and later than

Kasen et al. 2013 Tanaka & Hotokezaka 2013)

Luminosity (ergss—!)

* for a delayed remnant collapse secular ejecta may lead to early blue bump (~ 6 hr)

because of Lanthanide-free polar region (weak interactions) Metzger & Fernandez
2013, see also Perego et al. 2014, Kasen et al. 2014

* long-term hydrodynamical expansion models — homologous expansion
(Grossmann et al. 2013, Rosswog et al. 2013)



Prompt
collapse

Bauswein et al. 2013

— potential constraint for NS radius from observations

(similar findings for asymmetric binaries; also effective temperature shows
characteristic behavior)

(derived from scaling models with updated opacities)

See also Hotokezaka et al. 2013, also for an interpretation in the context of GRB130603B; see
Kyutoku et al. 2013, Tanaka et al. 2014 for NS-BH mergers



A possib 5soclated
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Gemini and HST observations HST Tanvir et al. 2013
Berger et al. 2013

0.01 and 0.1 M, ejecta

Prospects for existing and upcoming surveys and wide-field facilities (Pan-
STARRS, DECam, Subaru, LSST, ZTF, ...




e.g. Metzger & Berger 2012, Nissanke et al. 2013, Kasliwal & Nissanke 2014,
Singer et al. Clark et al. 2014, ...



AB Mag (D = 200 Mpc)

Solid = Neutron Heating, Dashed = No Neutron Heating

M, = 107 M ¢
2,1

10

time t since merger (hr)

Neutrons left about 10-4 Msun

Neutron decay leads to early,
bright, optical emission

— easler to detect, interesting for
GW follow up

Metzger et al. 2014



erger rates
from know ejecta etailed analysis,

Bauswein et al. 2014

— mergers are compatible with being the dominant source of r-process
elements

— In turn one can estimate merger rates assuming that all r-process matter
was produced by mergers ( = GW and counterpart detection rates)



Galactic
merger
rates

go network)

Optimistic detection
rate (ruled out by our
study, but compatible
with constraints from
recent science runs)

<«+—— 10 detections
per yr

RnseH [1/yr]

1e-05 0.0001
Rnsns [1/yr]

Bauswein et al. 2014

“realistic” detection rate

_PeSS|_rr_"St|C detection rate (only Symbols taken from Abadie et al. (2010)
If additional r-process source) (complied mostly from pop. synthesis studies)



Compatible
elements

r-process

Merger remnants pr I processes
Different types of counterparts
Radioactively powered em counterparts are expected
Emission properties encode bin. para, EoS

Possible detection of a counterpart (GRB130603B)
early, bright, optical emission by neutron decay
Perspective for multimessenger astronomy

... and
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