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I. Introduction

Binary neutron star system PSR 1913+16

Russel Hulse JOS@Ph Taylor

system parameters (Weisberg et al. 2010):

@ orbital period: Po= 775 h (v~10-3 ¢)
@ pulsar period: Ps= 59 ms
@ eccentricity: e = 0.62

@ periastron advance: (8D)psr= 4° yr
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system parameters (Weisberg et al. 2010):
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@ pulsar period: Ps= 59 ms

@ eccentricity: e = 0.62
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I. Introduction

Binary neutron star system PSR 1913+16

Russel Hulse Joseph Taylor
system parameters (Weisberg et al. 2010):

@ orbital period: Po= 775 h (v~10-3 ¢)
@ pulsar period: Ps= 59 ms

@ eccentricity: e = 0.62

® periastron advance:  (8®)psr= 4° yr!
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e 5 "certain” systems (= both masses accurately measured)

e 5 more “likely” systems (= mass function consistent with ns)

(see Lorimer, Living Reviews in Relativity (2008))
* NO observed ns-bh system!
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Observed binary systems

e 5 "certain” systems (= both masses accurately measured)

e 5 more “likely” systems (= mass function consistent with ns)

(see Lorimer, Living Reviews in Relativity (2008))
* NO observed ns-bh system!

e estimated ns-ns rates:

’ o
- & SRR S . "
Y A
"’.‘1“.4 .#". < M
)




II. Why are such systems interesting?




II. Why are such systems interesting?

a) Fundamental physics




II. Why are such systems interesting?

a) Fundamental physics

® Tests of theory of gravity




II. Why are such systems interesting?

a) Fundamental physics

® Tests of theory of gravity

® Direct detfection of gravitational waves (LIGO, VIRGO, GEO,...;




II. Why are such systems interesting?

a) Fundamental physics

® Tests of theory of gravity

® Direct detfection of gravitational waves (LIGO, VIRGO, GEO,...;
in advanced stages: detection out to z~0.1)




II. Why are such systems interesting?

a) Fundamental physics

® Tests of theory of gravity

® Direct detfection of gravitational waves (LIGO, VIRGO, GEO,...;
in advanced stages: detection out to z~0.1)

e Maximum neutron star mass: hadronic interaction at high
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a) Fundamental physics

® Tests of theory of gravity

® Direct detfection of gravitational waves (LIGO, VIRGO, GEO,...;
in advanced stages: detection out to z~0.1)
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a) Fundamental physics

® Tests of theory of gravity

® Direct detfection of gravitational waves (LIGO, VIRGO, GEO,...;
in advanced stages: detection out to z~0.1)
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II. Why are such systems interesting?

a) Fundamental physics

® Tests of theory of gravity

® Direct detfection of gravitational waves (LIGO, VIRGO, GEO,...;
in advanced stages: detection out to z~0.1)

e Maximum neutron star mass: hadronic interaction at high
- density (p > pruc® 2 x 10* g/em®)
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Direct gravitational wave (GW) detection

® LIGO & VIRGO detectors currently upgraded,
increase sensitivity by factor > 10 (to h~10-2?)

grav. wave amplitude h =« 1/r

= accessible volume enhanced by > factor 1000
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(at least) two sources:
a) “weak” (zZ<56): varying abundance patterns
b) "strong” (z>56): extremely robust abundance
patterns

Cowan & Sneden 2006
requirements on astrophysical scenario
a) high temperatures ~ 10° K

b) high neutron fo seed ratio, low Y.
c) short time scales

I\ . . . . 1/
explosion in neutron-rich environment

core-collapse supernovae seem seriously challenged

producing all the “r-process” material
(e.q. Roberts et al. 2010, Fischer et al. 2010, Arcones & Janka 2011)
g

interesting alternative: decompression of neutron star matfter, e.g. in a neutron star

merger (Lattimer & Schramm 1974, Eichler et al. 1989, Freiburghaus et al. 1999, Roberts et al. 2011, Goriely et al
2011, Korobkin et al. 2012...)
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Compact binary mergers: multi-physics events
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Compact binary mergers: multi-physics events

“unbound”
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Compact binary mergers: multi-physics events

“unbound”

“bound”

radio flares

,_ ._ = opt. transients
i black hole radioact. ejecta time
formation
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II1I. Recent results
Simulation ingredients:

® 3D, Lagrangian Hydrodynamics (SPH) & (Newtonian) Gravity

® cquation of state: density, temperature and composition
dependent nuclear equation of state (shen et al. 1998)

® neutrino emission: neutrino optical depths
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Ty ~ 1

t=10.4 ms

Tv = 0

S. Rosswog

log temperature [ MeV ]
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systematic exploration of parameter space:
[lO MSOI/ 2.0 Msol] X [lO Msol 2.0 Msol] in 21 simulations

1.8& 1.8 t= 14.0 ms

asymmetry in masses

4 leads to:

10

16816 t=132ms [l 18&16  t=130ms - pronounced single fldCll
o - tail

- larger ejected masses

l4&1.4 t=13.4ms 1.6 & 1.4 t= 122 ms 1.8& 1.4 t=13.1 ms

- larger ejecta velocities

. o) c)

12&12  t=154ms |.4&|. t=|3.9ms I.6&I H t=|4.ms I.8I. t=|.4ms =>larger el’mag' Iumlnos’
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A. Double neutron star mergers

® masses close to 1.4 Mg
® small asymmetry: mi= 1.3 Mso, Mmz= 1.4 Mso, g= 0.929
® stellar spins negligible (ildsten et al. 1992, Kochanek 1992)
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® small asymmetry: mi= 1.3 Mso, Mmz= 1.4 Mso, g= 0.929
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® peak temperatures: ~ 40 MeV (= 4 x 10" K)
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A. Double neutron star mergers

® masses close to 1.4 Mg
® small asymmetry: mi= 1.3 Mso, Mmz= 1.4 Mso, g= 0.929
® stellar spins negligible (ildsten et al. 1992, Kochanek 1992)

® peak temperatures: ~ 40 MeV (= 4 x 10" K) e
(in vortices) few milliseconds!
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. M e S Ol e s e fifad sma Sl A s bt i s fomperatiine
L o B a-'-’ > : R s -'-. e b M “. Ent b “Piwe "\ 'y 'A\'A Vst ) ‘ % . o4 oy N -4 .'ﬁ - j‘_' !'-'._; “'. ’ i Py u
- . > - - - B . = - » - - T By -

) s

*._. L
1 T
-‘ Q;‘ -~




A. Double neutron star mergers

® masses close 1o 1.4 M
® small asymmetry: mi= 1.3 Mg, m2= 1.4 Mo, g= 0.929
® stellar spins negligible (ildsten et al. 1992, Kochanek 1992)

® peak temperatures: ~ 40 MeV (= 4 x 10! K)

(in vortices) t=0 ms ifew milliseconds!
0.5 %
3
g (visualized:
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A. Double neutron star mergers
® masses close to 1.4 Mg

® small asymmetry: mi= 1.3 Mso, Mmz= 1.4 My, g= 0.929
@ stellar spins negligible @ildsten et al. 1992, kochanek 1992)

® peak temperatures: ~ 40 MeV (= 4 x 10! K) .
(in vortices) t=0 ms %;.FQW milliseconds!

® neutrino emission:

(visualized:
temperature at
given optical
depth using)

log temperoture [ |

ns13, ns14, no spins

"O'|' {uminosity: = 10°° erg/s
L Eve® 8 MeV

- s Eve® 14 MeV
Evx® 26 MeV
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® compact binary mergers are thought to produce (short)
Gamma-ray Bursts

® observed radiation is produced in ultra-relativistic outflows (I'=300),
i.e. v=0.99998 ¢ (large energy + ms-variability + opt. thin)

very non-trivial problem “Baryonic Pollution”
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® compact binary mergers are thought to produce (short)
Gamma-ray Bursts

® observed radiation is produced in ultra-relativistic outflows (I'=300),
i.e. v=0.99998 ¢ (large energy + ms-variability + opt. thin)

very non-trivial problem “Baryonic Pollution”
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"Baryonic pollution” (S-R. 2006)

"baryon-free”: can ultra-relativistic
outflow be launched here???

temperatures: ~4 MeV ~20 MeV V-Luminosities: Ly~ 10°3 erg/s

(1 MeV= 100 K)



"Baryonic pollution” (S-R. 2006)

—

o
S~

—

neutrino-driven winds are
likely to be important !

"baryon-free”;
outflow be

temperatures: ~4 MeV ~20 MeV V-Luminosities: Ly ~ 10°3 erg/s

(1 MeV= 100 K)



Neutrino-driven winds (pessart et al. 2009)

e effects of neutrino-heating not accounted for in current SPH-code(s)
® approach:
i) 3D merger simulation (MAGMA-code; sR&Price (2007))
ii) mapping on 2D grid
iii) use 2D neutrino-radiation-hydrodynamics
calculation with VULCAN code

(Livne et al. '04,Burrows et al. '07)
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Neutrino-driven winds (pessart et al. 2009)

e effects of neutrino-heating not accounted for in current SPH-code(s)
® approach:

i) 3D merger simulation (MAGMA-code; sR&Price (2007))

ii) mapping on 2D grid

iii) use 2D neutrino-radiation-hydrodynamics

calculation with VULCAN code
(Livne et al. '04,Burrows et al. '07)
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Neutrino-driven winds (pessart et al. 2009)

e effects of neutrino-heating not accounted for in current SPH-code(s)
® approach:

i) 3D merger simulation (MAGMA-code; sR&Price (2007))

ii) mapping on 2D grid

iii) use 2D neutrino-radiation-hydrodynamics

calculation with VULCAN code
(Livne et al. '04,Burrows et al. '07)
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visualized:
Ye value at given
optical depth

0.15

Dynamical mass ejection

typical merger case:
1.3 & 1.4 M, no spin

t=0.025 ms

electron fraction (y_)
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total amount: 0.014 Mg - 4 0.05

extremely neutron rich: Ye= 0.03,
with small crust contaminations

S. Rosswog

velocity v= 0.1 ¢
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® final abundances
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® final abundances = all 23 cases produce practically

‘woshundance patterns;
properties

= every NSNS and NSBH merger produces  * binary

essentially the same abundance pattern!!
nuclear

o line (mass
. ula, fission distribution ...)

® enough ejected to be a major r-process source?

? = excellent candidates for terval
By "robust” r-process component!!

(Even IF EOS- and/or GR-effects change the ction rate

ejecta masses by factors of a few)
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How good is the standard procedure
"run network along hydrodynamic trajectory”?

® standard procedure (freiburghaus et al. 1999):
a) run hydrodynamics without network
b) take trajectory, density “as is”, temperatures post-processed from
entropy production
c) run network with this density-temperature history

= strictly speaking inconsistent (impact on density evolution ignored)
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® now compare:

a) ignore heating in hydro = post-processing temperature & nucleosyn.

b) include heating in hydro = trajectories directly from hydro traject.

temperature from post-processing
hydro + nuclear heating —
hydro, heating ignored

10°

e temperature from post-processing
1077 ——— hydro + nuclear heating
hydro, heating ignored
- solar abundances

-8
10
120 130 140 150 160 170 180 190 200 210

Mass number A

= post-processing Yields acceptable results!
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"How does the heating from radioactive decays impact
on the further evolution of the remnant?”

® typical merger simulations are
short (~20 ms), numerical time

step restricted by CFL condition
At < Ax/cs ~ 107" s

® we cut out high-density part,
follow remnant evolution for
as long as 100 years
(at this point decel. by ambient
medium)

with radioactive heating

without radioactive heating

(from Korobkin, Rosswog, ... 2013)
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A variation of the theme:
B. Dvynamical compact object collisions

® recently (re-)suggested by Lee et al. (2010)
® e.g. in cores of Globular Clusters
® could contribute to observed sGRB rate

“Isnt the cross-section of such objects AR
way to small for an interesting rate?” ® -10° stars
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® centr. densities up

X (number density)? to 108 stars/pc3
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® e.g. in cores of Globular Clusters
® could contribute to observed sGRB rate
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A variation of the theme:
B. Dynamical compact object collisions

® recently (re-)suggested by Lee et al. (2010)
® e.g. in cores of Globular Clusters
® could contribute to observed sGRB rate

“Isnt the cross-section of such objects

way to small for an interesting rate?” ® -10¢ stars
i) collision rate ® 10% - 10* per galaxy
® centr. densities up
X (number density)? to 10® stars/pc’
ii) cross-section enhanced by >> 1 star/pc’

“gravitational focussing” \s2ldnneiohbothood)

surface escape velocity,
~03c

- 108 for a ns

in a globular cluster

velocity dispersion,
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Example 1: mi= 1.3 Msol, m2= 1.4 Mso, B=1 “grazing impact”
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® Example 2: slightly stronger than grazing impact (f=2)

internal flow structures: “chop off” upper half _; ..c

S. Rosswog

log temperature [ MeV ]
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Example 3:

neutron black hole collision mps= 1.3 Mo, Mbh= 5 Mso, P=1

"grazing impact”

" I 3rd pericenter
passage
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V-luminosity
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E
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tot. luminosity: 6x10°¢erg/s
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rate constraints from ejecta masses:

® typical nsbh collision ejects ~0.15 My,

typical nsns collision ~0.05 Mg on average:

0.135 M, ejected
® nsbh collisions should be 5 x more per collision !
common (Lee et al. 2010)
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rate constraints from ejecta masses:

® typical nsbh collision ejects ~0.15 My,
typical nsns collision ~0.05 Mg

on average:

0.135 M, ejected
® nsbh collisions should be 5 x more per collision !
common (Lee et al. 2010)
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Summary

® compact binary mergers are prime targets of advanced,
ground-based gravitational wave defectors, exp. operation ~2016

® additional signatures (apart from GWs) highly welcome:
» boost confidence in detection
» astrophysical environment (type of galaxy, redshift etc)
Do

® dynamic ejecta are excellent candidates for heavy r-process;
consistency with chem. evol. of Galaxies needs further studies
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Summary

® compact binary mergers are prime targets of advanced,
ground-based gravitational wave detectors, exp. operation ~2016

® additional signatures (apart from GWs) highly welcome:
» boost confidence in detection
» astrophysical environment (type of galaxy, redshift etc)
Do

® dynamic ejecta are excellent candidates for heavy r-process;
consistency with chem. evol. of Galaxies needs further studies
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consistency with chem. evol. of Galaxies needs further studies
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