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servations)
Collapse beh formation)
Torus formation (GRB, esis)
Initial conditions for secular evolution

Nucleosynthesis conditions (composition, expansion,
temperature)

Ejecta properties (e.g. masses)
Electromagnetic counterparts

Binary parameter dependence



, Kagra,
matter
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and r-process abu

Electromagnetic transients (also as follow up of GW
detections): Zwicky Transient Facility, BlackGEM, Large
Synoptic Survey Telescope, Ultrasat

Possibly radio telescopes (radio transients)

Gamma-ray, X-ray satellites: short gamma-ray bursts
(plausible to originate from NS mergers)

Related also to GSI/FAIR through high-density matter
properties and nucleosynthesis



Electromagnetic counterparts

Neutron-decay powered precursors
Merger rate estimates and nucleosynthesis
Summary
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3D relativistic Smoo ) code: Lagrangian

hydro formulation (com ents) (Oechslin et al.
2002, Oechslin et al. 2007, Bauswein et al. 2010, ...)

Conformal flatness condition for spatial part of the metric (simplifies
Einstein egs.; GW backreaction scheme; higher performance compared
to grid-based codes, but quantitatively accuarte)

13 microphysical, temperature-dependent EoSs, 50 microphysical, cold
EoSs with approximate treatment of thermal effects

Initial conditions: quasi-equilibrium
orbits a few orbits before merging;
cold, neutrinoless beta-equilibrium;
usually intrinsically non-rotating NSs
(because tidal locking unlikely and
rotation slow compared to orbital
motion)
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M. With circle:

rotating NS merger
remnant

Demorest
et al. 2010 SRR < M, .« With cross:
; NN direct BH formation
Antoniadis “ ‘?‘ ‘y‘
et al. 2013 - \ \}\ /
1N\ w

42 out of 47 models lead to the formation of
a differentially rotating NS

(for this binary setup only one accepted EoS leads to prompt collapse)



Rest-mass density evolution in equatorial plane: 1.35-1.35 M_ . Shen EoS






Ad. LIGO

h+ at 20 Mpc

inspiral
Pronounced peak in the kHz range as a robust feature of all models
forming a differentially rotating NS

Characteristic GW feature: fIoeak

Binary masses M,/M, are measurable from GW inspiral signal (most
of the inspiral not covered by simulation)
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Triangles: strange quark matter; red: temperature dependent EoS; others: ideal-gas for thermal effects

Bauswein et al. 2012



all 1.35-1.35 simulations

x

?§¢<x M_/M, known
X from inspiral

characterize EoS by radius of
nonrotating NS with 1.6 M

sun

Triangles: strange quark matter; red: temperature dependent EoS; others: ideal-gas for thermal effects

Bauswein et al. 2012
Note: R of 1.6 M, NS scales with fpeak from 1.35-

1.35 M_, mergers (density regimes comparable)



0 1.35-1.35 M_

n

x 1.5-15M_

n

Maximum deviation
determines error:

2.4 M_ :300m
2.7 M_ :200m
3.0M_ :300m

(can be further minimized)
(very similar relations for
unegual masses)

Strategy: — Measure binary masses from inspiral GW signal
— Choose relation depending on binary mass
— Invert relation to obtain NS radius



* Very ankfurt

* Maximum ma lons by an

extrapolation pro 14)
* Inspiral signal measures tidal deformability / radius (complementary)

* Collapse behavior (prompt BH formation vs NS remnant) depends in
particular way on EoS:

threshold binary mass M
2013)

-~ may be used to infer M __

=k*M_ with k=k(C ) (Bauswelin et al.

thres
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Jiarget [H] Proof-of-principle study

Clark et al. 2014 — improvements likely

(Binary mass measurable with sufficient
accuracy for such distances, e.g. Arun
et al. 2005, Hannam et al. 2013,
Rodriguez et al. 2014)



ectrum

aks: oscillation
ulges

Secon

Two distinct mec
mode coupling and o

Presence / strength depends on the exact binary system

— classification scheme of the postmerger dynamics and GW
emission (see Bauswein & Stergioulas 2015 — arXiv:1502.03176)

For fixed binary mass relations of secondary frequencies with radii
of inspiralling stars (Bauswein & Stergioulas 2015)

But for representative range of binary masses no universal mass-
iIndependent relation (as in Takami et al. 2014)

DD2 1.35-1.35 M
su

1.35-1.35 M
sun

10.135 0.14 0.145 0.15 0.155 0.16 0.165
M/R




for r-pr sis and
electromagnetic counterparts



1999, R
Roberts e

Bauswein et al. 2013

and from tips of spiral arms

Tendencies:
- typical masses 102 ... 102 M__

- asymmetric mergers eject more (tidal)

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



DD2 1.35-1.35 M__, representative ejecta particles (white unbound)



Prompt
collapse

~ impact v . 34 ~ impact v
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Different E0Ss characterized by radii of 1.35 M_ NSs (note importannce of
thermal effects)




Stiffness

understandable by different dynamics / impact velocity / postmerger oscillations

Central lapse a traces remnant compactness / oscillations / dynamics (dashed lines)



originates fro

Matter heated to N
reheated (see e.g. discussi

drip 4*10" g/cm’ and
al.)

Rather isotropic ejection

Ejecta expansion typically followed for several 10 ms by simulations,
then extrapolation (outcome insensitive)

Post-processing hydrodynamical trajectories with nuclear network —
r-process nucleosynthesis

400 5
(EEDERS Bauswein et al. 2013




Overall robust r- Ing heavy
elements

Good agreement between els (EoS, binary parameter,
prompt vs. delayed collapse) and groups (Freiburghaus et al. 1999,
Metzger et al. 2010, Roberts et al. 2011, Goriely et al. 2011, Korbokin
et al. 2012, Bausweln et al. 2013, Rossog et al. 2014, Wanajo et al.
2014, Just et al., Eichler et al. 2014, Mendoza-Temis et al. 2014, ...)

Nuclear models impact (e.g. Eichler et al. 2014, Mendoza-Temis et al.
2014, ..., Friedel's and Dirk's talk)

Secular ejecta (not discussed here) contrlbutes significantly in

Blaclpgr e B Solar % —=—135-135M N§

observed I B S0M NS

solar r- g 3

process S k:

abundance [ g
= -
2

150 200 250 80 100 120 140 160 180 200 220 240

A
Goriely et al. 2011 Bauswein et al. 2013




NS mergers le
*Long-lived NS rem
* BH-torus system (also from NSBH binary)

— neutrino-driven, magnetically driven, viscosity-driven ejecta
on longer timescales

— neutron-rich outflow for r-process (light r-process elements)

— because of timescales neutrino effects are important

10°

e.g. Surman et al. 2008, Metzger et al. 2008, Lee et Nlm_l,uf(-] 03M

al. 2009, Metzger et al. 2009, Dessart et al. 2009, :M[ONS:O'_},MD
Lee et al. 2009, Wanajo & Janka 2012, Surman et al M[OI,USZO“’MD
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

Mass fraction

Dynamical and secular ejecta

80 100 120 140 160 180 200 220 240
(merger + remnant) Just et al. 2014 A



(Note: also other types o nterparts proposed, e.g.
radio transients, magnetic field effects, crust breaking, ..., short
GRBSs)



Radio ecta
— elec

optically t usion
timescale

Peak luminosity:

Peak timescale:

Effective : FNY v N8 M \TVE
temperature:  Lpeak & 0:29 X 107K (10_—6) (ﬁ) (—) (3)

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)

More advanced models available radiative transfer (Barnes & Kasen 2013, Kasen et al. 2013,
Tanaka & Hotokezaka 2013), long-term ejecta evolution (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
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Gemini and HST observations HST Tanvir et al.
Berger et al. 2013

0.01and 0.1 M___ ejecta

Prospects for existing and upcoming surveys and wide-field facilities (LSST,
BlackGEM, 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)
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Solid = Neutron Heating, Dashed = No Neutron Heating

10
time t since merger (hr)

Neutrons left about 10* \

n

Neutron decay leads to early,
bright, optical emission

— easier to detect, in particular
Interesting for GW follow up

Metzger et al. 2014



Very

-since b

- since dyna
“lanthanide/acti

(problem of

Neutron shell after r-process until now only seen in my
simulation — numerical robustness needs to be investigated
(work in progress) (may be hard by grid code, very small
amounts of matter)



Are
with

(similar
Metzger
Bauswein e

Consider observe — derive merger
rates from know ejecta nd NS-BH) — uncertainty
factor of a few (detailed 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 most r-
process matter was produced by mergers ( - GW and counterpart

detection rate : .
(keeping In mlna)that also other sources may contribute, e.g. MHD |ets,

see Friedel's talk)



Galactic
merger
rates

go network)

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

7 3

10 detections
per yr

RnseH [1/yr]

Blue: stiff E0S
Green: soft EoS

Rnsns [1/yr] “realistic” detection rate

Bauswein et al. 2014

_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)
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WORKSHOP ON BINARY NEUTRON STAR MERGERS
MAY 27-29, 2015 <=
THESSALONIKI, GREECE

The summer of 2015 will mark the onset of the first science run of 2nd-generation
interferometric gravitational wave detectors and over the next years several such
detectors will form a world-wide network. The most promising sources of
gravitational wawves for these instruments are mergers of compact binaries. in
particular, the coalescences of binary neutron star systems are considered to be the
maost probable events. Through grawvitational wawve observations, the equation of
state of high-density matter is expected to be significantly constrained. But the
merger ewvents also include a rich phenomenology, such as r-process
nucleosynthesis, magnetohydrodynamic processes and high-energy emission.
Litmately. merger events will be an ideal target for multi-messenger astronomy.

The workshop will bring together experts from various fields that are relevant to the
astrophysics of binary neutron star mergers, in order to foster interaction and a
better understanding of the phenomenology. The presentation and discussion of the
latest research results will allow for setting up new observational strategies and for devising new methods for arriving
at observational constraints. We encourage the participation of young researchers and for this reason several talks
will give a concise overview of particular aspects of binary neutron star astrophysics.

| The workshop will take place in the new building of the "Research Dissemination Center” at the Aristotle University of
| Thessaloniki. Partial funding to a limited number of participants is provided by the Virgo-Ego Scientific Forum (VESF) and

| by the ERC COST action "NewCompStar".
www.astro.auth.gr/~bns2015

| e e : e
nvited Review Speakers

nformation
» Registration 5. Bose (Washington State) *
» Participants J. Friedman {Milwaukee)
» Program T. lanka {(MPA Garching)

K. Kokkotas (Tuebingen)

Venue/Travel
; m J. Lattimer (5tony Brook)

L] f-". d t . + =
Jeowny s.meeger coumein)*— Dagdline 28/02/2015
L. Rezzolla (Frankfurt)

e B. sathyaprakash (Cardiff)
Organizing M. Shibata (Kyoto)




Detalls:

to PRC (2014)

Clark, Bauswein,
Bauswein, Stergioulas,
Bauswein, Baumgarte, Janka,
Bauswein, Goriely, Janka, ApJ 773, 78 (2013)

Bauswein, Janka, Hebeler, Schwenk, PRD 86, 063001 (2012)
Bauswein, Janka, PRL 108, 011101 (2012)

Goriely, Bauswein, Janka, ApJL 738, L32 (2011)

, 062004 (2014)
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