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Overview

I. Intro/Review

a) EM signals & GWs

b) Summary: compact binary mergers as producers of “heavy” r-process
= “macronovae”

II. Remnant evolution

a) What 1s new?

b) Inclusion of nuclear heating

c) Effect on dynamics and nucleosynthesis
d) Remnant structure
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I. Intro/Review

Direct gravitational wave (GW) detection

e LIGO & VIRGO detector upgrade => access. volume increased by > factor 1000
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I. Intro/Review

Direct gravitational wave (GW) detection

e LIGO & VIRGO detector upgrade => access. volume increased by > factor 1000

initial LIGO

e “multi-messenger” approach
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I. Intro/Review

Direct gravitational wave (GW) detection

e LIGO & VIRGO detector upgrade => access. volume increased by > factor 1000

initial LIGO

_~
l Advanced LIGO

* “multi-messenger” approach
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I. Intro/Review

Direct gravitational wave (GW) detection

e LIGO & VIRGO detector upgrade => access. volume increased by > factor 1000

initial LIGO

=
. l Advanced LIGO

Which additional signatures are produced
by compact object encounters?

= related to ejected mass

it
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Rapid neutron capture nucleosynthesis (“r-process”)

e Big Bang: elements up to 'Li/’Be
* hydrostatic stellar burning: up to “iron-group”
* beyond “iron group’: mainly neutron capture processes

<= Neutron reactions wmd

r process

main s process

p process
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Rapid neutron capture nucleosynthesis (“r-process™)

e Big Bang: elements up to 'Li/’Be
* hydrostatic stellar burning: up to “iron-group”
* beyond “iron group’: mainly neutron capture processes

<= Neutron reactions wmd

r process :
P = essentially

two neutron capture
p process processes 1n nature:

main s process

“r-process’)
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Rapid neutron capture nucleosynthesis (“r-process™)

e Big Bang: elements up to 'Li/’Be
* hydrostatic stellar burning: up to “iron-group”
* beyond “iron group’: mainly neutron capture processes

<= Neutron reactions wmd

r process -
. = essentially
stellar burning ‘ ‘

What 1s/are the astrophysical sources of
the r-process?

(“‘s-process’)

“Big Bang” “stellar burning”  “neutron captures”
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Neutron star mergers as r-process source?

e suggestion:
Lattimer &Schramm 1974
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Neutron star mergers as r-process source?

. . THE ASTROPHYSICAL JOURNAL, 192:L.145-L147, 1974 September 15
® Suggestlon. @ 1974. The American Astronomical Society. All rights reserved. Printed in US.A.

Lattimer &Schramm 1974

BLACK-HOLE-NEUTRON-STAR COLLISIONS

James M. LATTIMER AND DAvVID N. SCHRAMM

ics, The University of Texas at Austin
ised 1974 July 12

ABSTRACT

The tidal breakup of a neutron star near a black hole is examined. A simple model for the interaction is calculated
and the results show that the amount of neutron-star material ejected into the interstellar medium may be significant
Using reasonable stellar statistics, the estimated quantity of ejected material is found to be roughly comparable

abundance of r-process material.
Subject headings: black holes — hydrodynamics — mass loss — neutron stars

Departments g
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Neutron star mergers as r-process source?

. . THE ASTROPHYSICAL JOURNAL, 192:L.145-L147, 1974 September 15
® Suggestlon. @ 1974. The American Astronomical Society. All rights reserved. Printed in US.A.

Lattimer &Schramm 1974

e discussion: BLACK-HOLE-NEUTRON-STAR COLLISIONS
Eichler et al. 1989: James M. LATTIMER AND DAvID N. SCHRAMM
“NucleosynthesiS, neutl‘iIlO Departments g T i . | i T)_u;dU;l‘i’;:rjis;olszexas at Austin

bursts and gamma-rays from ABSTRACT

Coalescing neutron Stars” The tidal breakup of a neutron star near a black hole is examined. A simple model for the interaction is calculated
and the results show that the amount of neutron-star material ejected into the interstellar medium may be significant
Using reasonable stellar statistics, the estimated quantity of ejected material is found to be roughly comparable

abundance of r-process material.
Subject headings: black holes — hydrodynamics — mass loss — neutron stars
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Neutron star mergers as r-process source?

* suggestion:
Lattimer &Schramm 1974

e discussion:
Eichler et al. 1989:
“Nucleosynthesis, neutrino
bursts and gamma-rays from
coalescing neutron stars”

e calculation:
- SR et al. 1999:
“Mass ejection in neutron star
mergers”

- Freiburghaus, SR, Thielemann 1999:

“R-Process in neutron star mergers”

THE ASTROPHYSICAL JOURNAL, 192:L145-L147, 1974 September 15
@ 1974. The American Astronomical Society. All rights reserved. Printed in US.A.

THE ASTROPHYSICAL JOURNAL, 525:L121-L124, 1999 November 10

© 1999, The Amernican Astrosomical Society, All rights seserved, Printed in US A

r-PROCESS IN NEUTRON STAR MERGERS

C. FREIBURGHAUS, S. Rossw0G, AND F.-K. THIELEMANN
Departement flr Physik und Astronomie, Universitit Basel, Klingelbergstrasse 82, Basel, 4058, Switzerland
Received 1999 July 20; accepred 1999 September 10; published 1999 October 6

ABSTRACT

The production site of the neutron-rich heavy elements that are formed by rapid neutron capture (the r-process)

is still unknown despite intensive research. Here we show detailed studies of a scenario that has been proposed
earlier by Lattimer & Schramm, Symbalisty & Schramm, Eichler et al., and Davies et al., namely the merger of
two neutron stars. The results of hydrodynamic and full network calculations are combined in order to investigate
the relevance of this scenario for r-process nucleosynthesis. Sufficient material is ejected to explain the amount
1 in the Galaxy by decompression of neutron star material. Provided that the ejecta consist of

matter with a proton-to-nucleon ratio of Y. = (.1, the calculated abundances fit the observed solar r-pattern

cxccllcntl' for nuclei that include and are heavier than the A = 130 peak.

Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: neutron
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Lattimer &Schramm 1974

e discussion: .
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“Nucleosynthesis, neutrino
bursts and gamma-rays from
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Departement flr Physik und Astronomie, Universitit Basel, Klingelbergstrasse 82, Basel, 4058, Switzerland
Received 1999 July 20; accepred 1999 September 10; published 1999 October 6

r-PROCESS IN NEUTRON STAR MERGERS

ABSTRACT

e calculation: The production site of the neutron-rich heavy elements that are formed by rapid neutron capture (the r-process)
’ is still unknown despite intensive research. Here we show detailed studies of a scenario that has been proposed
- SR et al- 1 999 . earlier by Lattimer & Schramm, Symbalisty & Schramm, Eichler et al., and Davies et al., namely the merger of
114 : ; : two neutron stars. The results of hydrodynamic and full network calculations are combined in order to investigate
MaSS eJeCthn 1n HGUtron Star the relevance of this scenario for f‘-proccss nucleosynthesis. Sufficient material is ejected to explain the amfunl
29 - lei in the Galaxy by decompression of neutron star material. Provided that the ejecta consist of
mergers matter with a proton-to-nucleon ratio of ¥, = 0.1, the calculated abundances fit the observed solar r-pattern

excellently for nuclei that include and are heavier than the A = 130 peak.

Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: neutron

- Freiburghaus, SR, Thielemann 1999:
“R-Process in neutron star mergers”

Ye =0.10

~ .' o

N

¢
e further refined in a number of recent studies, e.g.
- Goriely et al. 2011
- Roberts et al. 2011

- Korobkin et al. 2012
- Bauswein et al. 2013
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“Macro-"/"Kilonovae”

TRANSIENT EVENTS FROM NEUTRON STAR MERGERS

Li-XIN L1 AND BOHDAN PACZYNSKI
Princeton University Observatory, Princeton, NJ 08544-1001; Ix]@astro.princeton.edu, bp@astro princeton.edu
Received 1998 July 27, accepted 1998 August 26; published 1998 September 21

ABSTRACT

Mergers of neutron stars (NS +— NS) or neutron stars and stellar-mass black holes (NS + BH) eject a small
fraction of matter with a subrelativistic velocity. Upon rapid decompression, nuclear-density medium condenses
into neutron-rich nuclei, most of them radioactive. Radioactivity provides a long-term heat source for the expanding
envelope. A brief transient has a peak luminosity in the supernova range, and the bulk of radiation in the UV-
optical domain. We present a very crude model of the phenomenon, and simple analytical formulae that can be
used to estimate the parameters of a transient as a function of poorly known input parameters. The mergers may
be detected with high-redshift supernova searches as rapid transients, many of them far away from the parent
galaxies. It is possible that the mysterious optical transients detected by Schmidt et al. are related to neutron star
mergers, since they typically have no visible host galaxy.

decompression of nuclear-density matter. Not surprisingly, it
has been suggested this process is responsible for some exotic
elements (Lattimer & Schramm 1974, 1976; Rosswog et al.
1998 and references therein). As most nuclides are initially
very neutron rich, they will decay with various timescales.
Therefore, we expect a phenomenon somewhat similar to a
Type Ia supernova, in which the decay of *Ni first to **Co and
later to “"Fe is responsible for the observed luminosity. It is
therefore interesting to explore the likely light curves following
the NS + NS and/or NS ~ BH
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galaxies. It is possible that the mysterious optical transients detected by Schmidt et al. are related to neutron star
mergers, since they typically have no visible host galaxy.

decompression of nuclear-density matter. Not surprisingly, it
has been suggested this process is responsible for some exotic
elements (Lattimer & Schramm 1974, 1976; Rosswog et al.
1998 and references therein). As most nuclides are initially
very neutron rich, they will decay with various timescales.
Therefore, we expect a phenomenon somewhat similar to a
Type Ia supernova, in which the decay of *Ni first to **Co and
later to “"Fe is responsible for the observed luminosity. It is
therefore interesting to explore the likely light curves following
the NS + NS and/or NS ~ BH

e much recent work

- Kulkarni 2005

- SR 2005

- Metzger et al. 2010

- Roberts et al. 2011

- Goriely et al. 2011

- Metzger & Berger 2012
- Piran et al. 2013

- SR et al. 2013a
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TRANSIENT EVENTS FROM NEUTRON STAR MERGERS

Li-XIN L1 AND BOHDAN PACZYNSKI
Princeton University Observatory, Princeton, NJ 08544-1001; Ix]@astro.princeton.edu, bp@astro princeton.edu
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ABSTRACT

Mergers of neutron stars (NS +— NS) or neutron stars and stellar-mass black holes (NS + BH) eject a small
fraction of matter with a subrelativistic velocity. Upon rapid decompression, nuclear-density medium condenses
into neutron-rich nuclei, most of them radioactive. Radioactivity provides a long-term heat source for the expanding
envelope. A brief transient has a peak luminosity in the supernova range, and the bulk of radiation in the UV-
optical domain. We present a very crude model of the phenomenon, and simple analytical formulae that can be
used to estimate the parameters of a transient as a function of poorly known input parameters. The mergers may
be detected with high-redshift supernova searches as rapid transients, many of them far away from the parent
galaxies. It is possible that the mysterious optical transients detected by Schmidt et al. are related to neutron star
mergers, since they typically have no visible host galaxy.

decompression of nuclear-density matter. Not surprisingly, it
has been suggested this process is responsible for some exotic
elements (Lattimer & Schramm 1974, 1976; Rosswog et al.
1998 and references therein). As most nuclides are initially
very neutron rich, they will decay with various timescales.
Therefore, we expect a phenomenon somewhat similar to a
Type Ia supernova, in which the decay of *Ni first to **Co and
later to “"Fe is responsible for the observed luminosity. It is
therefore interesting to explore the likely light curves following
the NS + NS and/or NS ~ BH

e much recent work

- Kulkarni 2005 - Kasen et al. 2013 = “VERY large opacities™
- SR 2005 - Barnes & Kasen 2013 — IR, not opt./UV

- Metzger et al. 2010 - SR et al. 2013,

- Roberts et al. 2011 - Grossman et al. 2013

- Goriely et al. 2011 - Tanaka et al. 2013

- Metzger & Berger 2012 - Tanaka & Hotokezaka 2013

- Piran et al. 2013 - Hotokezaka et al. 2013

- SR et al. 2013a
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Channels to eject mass
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Channels to eject mass

! ...
ultra-relativistic

outtlow, I' > 100

interaction region
jet-wind, I' ~ few (?)

neutrino-driven winds
(V)=0.1c

= dynamic ¢jecta

(V)= 0.1c
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Channels to eject mass

! ...
ultra-relativistic

outtlow, I' > 100

interaction region
jet-wind, I ~ few (?)

dynamic ejecta

v)~0.lc
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Channels to eject mass

ultra-relativistic
outtlow, I' > 100

interaction region
jet-wind, I ~ few (?)
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-----------

+ late-time
dynamic ejectaN,

v)~0.lc
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a) “dynamic ejecta”
(grav. torques, hydrodyn. interaction;

movie from Rosswog et al. 2013)
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typical merger case:
1.3 & 1.4 Msol, no spin

a) “dynamic ejecta”
(grav. torques, hydrodyn. interaction;

movie from Rosswog et al. 2013)
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typical merger case:
1.3 & 1.4 Msol, no spin

a) “dynamic ejecta”
(grav. torques, hydrodyn. interaction;

movie from Rosswog et al. 2013)

— mej —~ 001 MSOI
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typical merger case:
1.3 & 1.4 Msol, no spin

a) “dynamic ejecta”
(grav. torques, hydrodyn. interaction;

movie from Rosswog et al. 2013)

— mej —~ 001 MSOI
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typical merger case:

a) “dynamic gjecta” , , 1.3 & 1.4 Mso1, nO spin
(grav. torques, hydrodyn. interaction;

movie from Rosswog et al. 2013)

= mej o 001 Mso]

S. Rosswog

b) “neutrino-driven wind”
(neutrinos deposit energy via
ge s e e iet s duss

.- - A » [
i S 3 . WY
= i it : 4 ._;;u-:'-.,. NN ¢
K %

e - l‘A‘
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typical merger case:

a) “dynamic gjecta” , , 1.3 & 1.4 Mso1, nO spin
(grav. torques, hydrodyn. interaction;

movie from Rosswog et al. 2013)

= mej o 001 Mso]

S. Rosswog

b) “neutrino-driven wind”
(neutrinos deposit energy via
ge s e e iet s duss
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c) “accretion disk dissolves”

» disks 1mitially very hot, several MeV,
matter dis-integrate into free nucleons

» as disk spreads, neutrino-cooling iyt II/ wansparent |
. . neutno
becomes inefficient for T < 1 MeV

(Beloborodov 2008)

* nucleons re-combine 1nto a-particles, this
happens at radii where Enyc/bar. ~ Egrav/bar.
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c) “accretion disk dissolves”

» disks 1mitially very hot, several MeV,
matter dis-integrate into free nucleons

» as disk spreads, neutrino-cooling ot 1/ teadp '|
M > neutrno L e
becomes inefficient for T < 1 MeV

(Beloborodov 2008)

* nucleons re-combine 1nto a-particles, this
happens at radii where Enyc/bar. ~ Egrav/bar.

= “evaporation” of ~ 0.1 Maisk(to)
(Beloborodov 2008, Metzger et al. 2008, Lee et al. 2009; Fernandez & Metzger 2013)
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c) “accretion disk dissolves”

» disks 1mitially very hot, several MeV,
matter dis-integrate into free nucleons

» as disk spreads, neutrino-cooling iyt II/ wansparent |
. . neutnno ”
becomes inefficient for T < 1 MeV

(Beloborodov 2008)

* nucleons re-combine 1nto a-particles, this
happens at radii where Enyc/bar. ~ Egrav/bar.

= “evaporation” of ~ 0.1 Maisk(to)
(Beloborodov 2008, Metzger et al. 2008, Lee et al. 2009; Fernandez & Metzger 2013)

— mej g 002 Msol
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Qualitative differences/tendencies

“dynamic ejecta”
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Qualitative differences/tendencies

L =7.03ms

“dynamic ejecta”

2 sources:
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Qualitative differences/tendencies

L =7.03ms

“dynamic ejecta”

2 sources: b
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“dynamic ejecta”

2 sources:

“Interaction
component”

>8980 -70 -60 -50 -40 -30 20 -10 0 10 20 30 40 50 60 70 8C -1 2120 -100 -80 -60 -40 20 O 20 40 60 80 100 120
x [km] x [km]
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Qualitative differences/tendencies

“dynamic ejecta” e om0
2 sources: S
“interaction : .
component” -

e “ejected fast”, T~ 1 ms
=> t00 cold/too fast for substantial Y. change via EC-/PC capture
=> bulk of matter at original, cold B-equilibrium Y.
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Qualitative differences/tendencies

“dynamic ejecta” 50 o e
2 sources:
“Interaction
component”

>8QSO -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 8C -1 -120 -100 -80 -60 -40 20 O 20 40 60 80 100 120
x [km] x [km]

e “ejected fast”, T~ 1 ms
=> t00 cold/too fast for substantial Y. change via EC-/PC capture
=> bulk of matter at original, cold B-equilibrium Y.

ejecta mass fraction

Y

(Rosswog et al. 2013) (Korobkin et al. 2013)
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Qualitative differences/tendencies

“dynamic ejecta” S e

2 sources: o

“interaction : .
component” '

e “ejected fast”, T~ 1 ms
=> t00 cold/too fast for substantial Y. change via EC-/PC capture
=> bulk of matter at original, cold B-equilibrium Y.

ejecta mass fraction

Ye
(Rosswog et al. 2013). (Korobkin et al. 2013)
=> large neutron-to-seed ratio

=> very heavy nuclel up to/beyond platinum peak (A ~ 195)
=> very large opacities (Kasen et al. 2013)
=> late, dim macronova peak, IR
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“v-wind and disk-dissolution”

e “cjected substantially slower”:  Ty-capture ~ Taccretion~ (1/H)? / (Q o) ~ 100 ms

Thursday, November 14, 2013



“v-wind and disk-dissolution”

e “cjected substantially slower”:  Ty-capture ~ Taccretion~ (1/H)? / (Q o) ~ 100 ms

= hot (~ 1 MeV) environment, can change
via EC-/PC capture for disk-disintegration — Ye ~0.2
(e.g. Fernandez & Metzger 2013)
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“v-wind and disk-dissolution”

e “cjected substantially slower’”:  Ty-capture ~ Taccretion~ (I/H)? / (Q o) ~ 100 ms

= hot (~ 1 MeV) environment, can change
via EC-/PC capture for disk-disintegration — Ye ~0.2
(e.g. Fernandez & Metzger 2013)
or
sequence of v/v capture for v-wind,
Ye set by ratio of v-v luminosities (Qiant 1996)
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“v-wind and disk-dissolution”

e “cjected substantially slower’”:  Ty-capture ~ Taccretion~ (I/H)? / (Q o) ~ 100 ms

= hot (~ 1 MeV) environment, can change
via EC-/PC capture for disk-disintegration — Ye~0.2

(e.g. Fernandez & Metzger 2013)
or
sequence of v/v capture for v-wind,
Ye set by ratio of v-v luminosities (Qiant 1996)

5. €5, — 20 + 1.2A% /e,
v, +2A +1.2A% /¢,

=> less heavy nuclel
=> lower opacities

f . 4 ol : » "
Skt s b 5 - it . d
oy, Ko Pl " Sl 4] = » » El TRy v ="
Tow wor v v 1o 1 O ."."' 1 a0 1 a¥s ‘r'";‘.\. o . oy )

s
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Thursday, November 14, 2013



“v-wind and disk-dissolution”

e “cjected substantially slower’”:  Ty-capture ~ Taccretion~ (I/H)? / (Q o) ~ 100 ms

= hot (~ 1 MeV) environment, can change
via EC-/PC capture for disk-disintegration — Ye~0.2

(e.g. Fernandez & Metzger 2013)

or
sequence of v/v capture for v-wind,

Ye set by ratio of v-v luminosities (Qiant 1996)

| wind ( Ly ex. —2A +1.2A% /e,
~ |1+ I

e Mg =8 = U

=> less heavy nuclel
= lower opacities

L]
- = earlier el.mag. peak | e |
\ S - L Taade ',;1 . v . e R y ;J' SRS ' o & - MR, < Rl Ll P Lt A g - 10 " 4 5 - ‘.:-‘ 1d% '_ L 3 i it &g §
ot 4 . M R v *-‘1& ol e S Sl K s - . RAE PV I LRIy & s ¥aN (R~ . Y . R g S L Y -
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all channels have different properties

Thursday, November 14, 2013



“v-wind and disk-dissolution”

e “cjected substantially slower”:  Ty-capture ~ Taceretion~ (1/H)? / (Q o) ~ 100 ms

= hot (~ 1 MeV) environment, can change
via EC-/PC capture for disk-disintegration — Ye ~0.2

(e.g. Fernandez & Metzger 2013)
or

sequence of v/v capture for v-wind,
Ye set by ratio of v-v luminosities (Qiant 1996) e DO A RS IEH O,

Lp': 6;—,’: — QA — 1.2A2/€pr !
L, €, +2A+12A%/¢,,

Y::fiu.win(i ~ (l +

=> less heavy nuclei

= lower opacities

=> carlier el.mag. peak

=> for quantitative answers multi-D neutrino-hydro required

all channels have different properties

all channels may be important for
1) nucleosynthesis
11) el.mag. transients
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“v-wind and disk-dissolution”

e “cjected substantially slower”:  Ty-capture ~ Taceretion~ (1/H)? / (Q o) ~ 100 ms

= hot (~ 1 MeV) environment, can change
via EC-/PC capture for disk-disintegration — Ye ~0.2

(e.g. Fernandez & Metzger 2013)
or

sequence of v/v capture for v-wind,
Ye set by ratio of v-v luminosities (Qiant 1996) e DO A RS IEH O,

Izp'l 6;—,’: — QA — 1.2A2/€,7e_ !
L, €, +2A+12A%/¢,,

Y::fin.v.'in(i ~ (l +

=> less heavy nuclei

= lower opacities

=> carlier el.mag. peak

=> for quantitative answers multi-D neutrino-hydro required

all channels have different properties

all channels may be important for
1) nucleosynthesis =
11) el.mag. transients

from now on:
dynamic ¢jecta
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Simulation ingredients:

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

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

* neutrino emission:
neutrino optical depths

t=10.4 ms

- opacity-dependent multi-flavour
- leakage scheme;

ha i
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visualized:

Dvnamical mass ejection Ye value at given
optical depth
typical merger case: 015 e
T t=0.025 ms —
1.3 & 1.4 Mso1, no spin 5
s
o
c
e
D
Lo,
i
0.1
- - 0.05
S. Rosswog [
0
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visualized:

Dynamical mass ejection Ye value at given
optical depth
typical merger case: 0 o e ‘ 0.15 "3
1.3 & 1.4 Mso1, nO spin ‘ 5
‘ :
| :
D
0.1
total amount: 0.014 Mol U0

extremely neutron rich: Y~ 0.03,
with small crust contaminations

'
‘qp“

S. Rosswog

velocity v=0.1c
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Disk formation: Y. and velocity
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“r-process 1n action” for dynamical ejecta (Korobkin, Rosswog, Arcones, Winteler 2012)
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“I’-pI’OCGSS 1n action” for dynamical ejecta (Korobkin, Rosswog, Arcones, Winteler 2012)
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“I’-pI’OCGSS 1n action” for dynamical ejecta (Korobkin, Rosswog, Arcones, Winteler 2012)
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II. Remnant evolution

“How are the properties of the ejected matter at the times that
are relevant for electromagnetic emission?”
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II. Remnant evolution

“How are the properties of the ejected matter at the times that
are relevant for electromagnetic emission?”

What’s new?

a) Inclusmn of heatmg from nuclear reactlons into 3D hydrodynamlcs
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II. Remnant evolution

“How are the properties of the ejected matter at the times that
are relevant for electromagnetic emission?”

What’s new?

a) Inclusion of heating from nuclear reactions into 3D hydrodynamics
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II. Remnant evolution

“How are the properties of the ejected matter at the times that
are relevant for electromagnetic emission?”

What’s new?

a) Inclusion of heating from nuclear reactions into 3D hydrodynamics
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II. Remnant evolution

“How are the properties of the ejected matter at the times that
are relevant for electromagnetic emission?”

What’s new?

a) Inclusion of heating from nuclear reactions into 3D hydrodynamics
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II. Remnant evolution

“How are the properties of the ejected matter at the times that
are relevant for electromagnetic emission?”

What’s new?

a) Inclusion of heating from nuclear reactions into 3D hydrodynamics
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II. Remnant evolution

“How are the properties of the ejected matter at the times that
are relevant for electromagnetic emission?”

What’s new?

a) Inclusion of heating from nuclear reactions into 3D hydrodynamics
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Time scales

Astrophysics
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Time scales

Astrophysics

® Taccretion ~ (I’/ H)2 / (Q (1) ~ 100 ms
e end of neutron captures: ~1s

* Macronovae: ~ days

e interaction with ambient medium: ~ months
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e time step restriction by Courant-Friedrichs-Lewy condition: At < Ax/cs
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Time scales

Astrophysics

® Taccretion ~ (I’/ H)2 / (Q (1) ~ 100 ms
e end of neutron captures: ~1s

* Macronovae: ~ days

e interaction with ambient medium: ~ months

Numerics

e time step restriction by Courant-Friedrichs-Lewy condition: At < Ax/cs
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Time scales

Astrophysics

® Taccretion ~ (I’/ H)2 / (Q (1) ~ 100 ms
e end of neutron captures: ~1s

* Macronovae: ~ days

e interaction with ambient medium: ~ months

Numerics

e time step restriction by Courant-Friedrichs-Lewy condition: At < Ax/cs
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Implementing heating from radioactive decay into hydrodynamics

time [days]
10 10 10° 10°
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3

averaged trajecto
B = O.ql
£y, = 0.5
[[ﬁ — 0.9
fit
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(figure from Korobkin et al. 2012)
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Implementing heating from radioactive decay into hydrodynamics

time [days]
10

=)
3

averaged trajecto
9 rtj = 0r¥

heating history for ejecta trajectory
i = 01 relatively simple:
‘n =02 “const. + power law”

—
o—‘
(2}

= use fit formulae for €nuc, £, A
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= implement heating
in hydrodynamics

(figure from Korobkin et al. 2012)
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Implementing heating from radioactive decay into hydrodynamics

time [days]

R S L [ heating history for ejecta trajectory
averaged tilecty relatively simple:
'zth f 83 14 29
m =09 const. + power law

=)
3

—
o—‘
(2}

= use fit formulae for €nuc, £, A

-
0-4
N
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o
o
3,
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=
a
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c
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= implement heating
in hydrodynamics

(figure from Korobkin et al. 2012)

“When does matter start to be decelerated substantially?”
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Implementing heating from radioactive decay into hydrodynamics

time [days]

heating history for ejecta trajectory
averaged trigj;e(::tgq, :

n=01 ---- relatively simple:
fn =03 7 99
‘n=02 const. + power law

= use fit formulae for €nuc, £, A

@
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)
=
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g
@
@
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3
c

= implement heating

in hydrodynamics
(figure from Korobkin et al. 2012)

“When does matter start to be decelerated substantially?”

“swept up mass = e¢jected mass”
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Implementing heating from radioactive decay into hydrodynamics

time [days]

heating history for ejecta trajectory
averaged trigj;e(::tgq, :

n=01 ---- relatively simple:
fn =03 7 99
‘n=02 const. + power law

= use fit formulae for €nuc, £, A

@
oL
[
~—
9,
)
=
a
g
@
@
<
.
@
]
[2]
3
c

= implement heating

in hydrodynamics
(figure from Korobkin et al. 2012)

“When does matter start to be decelerated substantially?”

“swept up mass = e¢jected mass”

= deceleration radius:

Rdec = 0.5 pC (

Me;j 1cem—1/3 L/3
10_2M@ MNamb )
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Implementing heating from radioactive decay into hydrodynamics

time [days]
10?10 heating history for ejecta trajectory
averaged trajector¥ . . .
tn =01 relatively simple:

Ean =°',§ “const. + power law”

= use fit formulae for €nuc, £, A

@
oL
[
.
9,
)
=
a
g
@
@
<
.
@
2
4]
3
c

= implement heating

in hydrodynamics
(figure from Korobkin et al. 2012)

“When does matter start to be decelerated substantially?”

“swept up mass = e¢jected mass”

= deceleration radius:

Rdec = 0.5 pC (

Me;j 1cem—1/3 L/3
10_2M@ MNamb )

=> deceleration time:

. me;  1em™1/3 Y301 c
Tdee = IS
d Y 107°Ms  Mamb et
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Implementing heating from radioactive decay into hydrodynamics

time [days]

107 10° | heating history for ejecta trajectory
averaged trajector¥ . . .
i =03 relatively simple:

n =09 “const. + power law”

=)
3

—
o._.
o

= use fit formulae for €nuc, £, A

-
o
N

-t
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[+ 4]
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3
c

= implement heating
in hydrodynamics

(figure from Korobkin et al. 2012)

“When does matter start to be decelerated substantially?”

“swept up mass = e¢jected mass”

*x '
i => stop simulations after t = 100 years

(>> ~20 ms of usual merger simulation)
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“How does the heating from radioactive decays impact
on the further evolution of the remnant?”

[ ¥ .
J cm

.5] dz

log J p [g/cm

5x10 cm

P wn
0g f p [(‘,/;‘,!“5] dz [1()” cm |

with radioactive heating

t= 100 yrs

o’

without radioactive heating
(from SR et al. 2013)
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Effect of radioactive heating on density and temperature evolution
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Effect of radioactive heating on density and temperature evolution

density temperature

~+— Toeax With heating
<T> with heating
-=#--= Tpaay NO heating

<T> no heating

—— Ppeak with heating
<p> with heating

---#--= Ppoak NO heating
<p> no heating

ﬂ.—
=
°
=]
S
g
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Effect of radioactive heating on density and temperature evolution

density temperature

—+— Ppoak With heating

<p> with heating

~+— Toeax With heating

<T> with heating
---#--= Ppoak NO heating

-== Tpeax N0 heating
<p> no heating

<T> no heating

ﬂ.—
=
°
=]
S
g

=> at any time larger than ~1s:

density lower/temperature higher by > 1 order of magnitude
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Effect of radioactive heating on density and temperature evolution

density temperature

P —————

T

—+— Ppoak With heating

<p> with heating

~+— Toeax With heating

<T> with heating
---#-== Ppoak NO heating

#--- Treax NO heating
<p> no heating

<T> no heating

ﬂ'—
=
°
=]
S
g

=> at any time larger than ~1s:

density lower/temperature higher by > 1 order of magnitude

=> [s standard procedure for nucleosynthesis post-processing
a) hydrodynamics WITHOUT heating
b) post-process temperature, but not density

justified?
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temperature evolution resulting nuclear abundances

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

%
’4’ 3
-

-
_--—’

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

10°
10  10° 10° 10° 10" 10 10?0 120 130 140 150 160 170 180 190 200 210
o [g/em?] Mass number A

= differences seem acceptably small
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Longterm hydrodynamic evolution: “100 years, but still in shape”
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Longterm hydrodynamic evolution: “100 years, but still in shape”
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Longterm hydrodynamic evolution: “100 years, but still in shape”

after 1 day
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Longterm hydrodynamic evolution: “100 years, but still in shape”

after 1 day after 1 year
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Longterm hydrodynamic evolution: “100 years, but still in shape”

after 1 day after 1 year after 100 years

A 14M@

5x10* pc 0.15 pc 15 pc S
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Longterm hydrodynamic evolution: “100 years, but still in shape”

after 1 day after 1 year after 100 years

AR 14M@

5x10* pc 0.15 pc 15 pc S

1.3 & 1.4Mg
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Longterm hydrodynamic evolution: “100 years, but still in shape”

after 1 day after 1 year after 100 years

AR 14M@

0

1.3 & 1.4M,, B8
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Longterm hydrodynamic evolution: “100 years, but still in shape”

after 1 day after 1 year after 100 years

AR 14M@

0

1.3 & 1.4M,, BB

e self-similar solution, after 100 s: better than 1% homologous
» remnant does not become spherical in first 100 years
e still carries memory of initial mass ratio
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Density evolution:
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Density evolution:

from:
a) few times nucl. matter density (“neutron star’) => Shen-EOS
b) white dwart densities = Helmholtz EOS (Timmes 2000)

c) ISM-like densities => 1deal gas + rad.
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Density evolution:

from:
a) few times nucl. matter density (“neutron star”) => Shen-EOS
b) white dwarf densities = Helmholtz EOS (Timmes 2000)
c) ISM-like densities => ideal gas + rad.

nsl4 nsld
~nsl3nsld
nsl6nsl2
~nsl8nsl2
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100 years
R

| 11 12 13 14 15 16 17 18 19
log (r[em])

)
o0

= during first century densities drop by ~40 orders of magnitude

(few x 10 to ~10->° g/ccm)
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Extracting the radiative signature from expanding remnant

—

t=1doy t

o

C‘
R St
£ 0
'._;

S 1S & 1.2

.................

138 1.4 F, BN input/assumptions:

e opacities: k= 10 cm?/g
(Kasen et al. 2013;
Tanaka & Hotokezaka 2013)

e heating rate directly from
our network calculations

e radiation ~ BB

“trapped component”
T > Tdiff

“diffusion surface’:
Tdiff — Tdyn

“radiating volume”
Tdif < T < 2/3

“Photosphere”:
Tdiff = Tdyn
— “photons from escaping
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with energies set by nuclear
reactions; not considered”

T < Tdiff



. (r)<et/C(r)
/ k- é(t)p(r)d®r

(r)>2/3,k-n>0

rear -~ averaged
- side

Tendencies:

1) asymmetric systems
are brighter

b
o

ns14 ns14 \ nsi3 nsi4

4r dl/d2 [erg/s]
o o
28

11) ~ factor of 2

between “top” and
“front” view

o
absolute magnitude, M,

=
&

nsi6 nsi2 nsiB8 nsi2

“flat” peak at ~ 3days:

A (1.4-1.4)

g 8212 Ly~ 3x10% erg/s
D (1:8-1:2) Terr= 2500 K
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Summary

e compact binary mergers are likely sources of r-process
e they eject (at least) via three different channels:

a) dynamic ejecta
b) v-driven winds - = different properties

c) “accretion disk dissolutions”
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Summary

e compact binary mergers are likely sources of r-process
e they eject (at lea

a) dyna
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