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Why Study Outflows of NS-Mergers?

1) NS-mergers could be main / significant source of r-process
elements in the universe!

= the nucleosynthesis process is identified: rapid neutron capture process
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BUT: astrophysical site(s) not clearly identified so far!

7

winds from CCSNe are not neutron-rich enough and have too low entropies
(at least for strong r-process)




Why Study Outflows of NS-Mergers?

1) NS-mergers could be main / significant source of r-process

elements in the universe!

"typical" observed pattern
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= very robust for heavy, while larger
scatter for lighter elements

... but exceptions exist
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Why Study Outflows of NS-Mergers?

2) NS mergers could be visible in optical and infrared!

("K”Onova" / "Macronova" ) theoretical lightcurve (Barnes & Kasen 2013)
M/M = 1072

(Li&Paczynski, Kulkarni, Metzger) 1042
. . ) E — Feldlonova Behar = 0.2 E
= radioactive decay heats material o f. — Boar=01  — Puar=03 ]
— causes electromagnetic transient on T 1
. r 10
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Neutron-Star Mergers: Outflow Types
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Neutron-Star Mergers: Outflow Types

= prompt/dynamical ejecta

GW .
NS — ... €.0. Rosswog, Janka, Shibata
Inspiral gj§ ... almost exclusively studied so far
& - SR ... most studies find very low Ye - robust
production A>140 elements
NS-BH u NS-NS ... See Yuichiro's talk!
Merger @47 .
iad) = BH-torus ejecta
prompt .’ ' ... Surman, Wanajo, Fernandez&Metzger

collapse

... can be driven by neutrino heating, viscosity,
B-fields, recombination...

) L - 2 ¥ delayed collapse _
A< (D) |
>3 : = (H)MNS ejecta
Black Hole — (Hyper-) Massi}A ... Dessart, Perego, Metzger&Fernandez
Torus System Neutron Star ... mostly driven by neutrino heating
... see Albino's talk!




Study Overview

- N
NS-NS and NS-BH a )
. merger phase modeled Nucleosynthesis
Inspiral NS—\OC\.\\ with CFC relativistic 3D | e | analysis of prompt
@ SPH code (A.Bauswein, ejecta (S. Goriely)
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with 2D finite-volume Nucleosynthesis
neutrino-hydrodynamics sl | analysis of prompt
code, global parameters ejecta (S. Goriely)
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Dynamical Ejecta

NS-NS
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Dynamical Ejecta

\
Merger Mi Ma A BH,0 EO5 pe/de Mpy Apg Miorus | My yn Basy Y. = kg U Remnant
model Mg] [Mg] [Mg] [Mg] {j10% Mg [10%m/s] ] model
SFHO_1218 1.2 18 SFHO pc 278 076 0137 49 028 0.036 99 1.19 M3ASml...
SFHO 13518 135 1.8 SFHO pec 297 0.78 0.009 4.3 0.16 0.036 6.7 1.28 M3A8ml... > NS-NS
SFHX_1515 1.5 15 SFHX de 2.77 0.78 0.106 21.2 0.01 0.032 82 0.67 M3AS8ml...
SFHO_145145 145 1.45 SFHO de 268 0.79 0.001 14.3 002 0033 79 (.64 M3A8ml...
TM1175175 175 175 T™M1  pe 337 085 0.027 8.4 0.07 0.027 10.0 1.12 M3ABmO03. ..
TMA_1616 16 16 TMA de 3.04 083 0.037 5.2 007 0012 54 0.62 M3ABm03. ..
TM1_1123 1.1 229 054 TM1 304 081 030 79.8 093 0.056 0.64 (.66 M3ASm3...
SFHO_1123 1.1 23 053 SFHO 300 082 026 40.4 096 0.042 0.73 0.60 M3A8ma3...
DD2_14529 145 291 053 DD2 400 083 027 35.9 0.96 0.056 0.62 0.67 M4A8m3... NS-BH
TM1_1430 1.4 30 052 TMl 403 081 030 45.8 097 0.054 0.50 0.67 M4A8ma3. ..
TM1_14051 1.4 508 070 TM1 6.08 083 0.32 5.8 098 0.050 0.41 0.75 M6ASm3. ..
—P=

Typical properties: —

» outflow masses ~ 0.001 — 0.1 Msun
 electron fraction Ye < 0.1

* entropy per baryons ~ 1 - 10 kB

e velocityv~0.2-0.4c

Typical nucleosynthesis yields: /

» solar deficient for A < 140
« solar like for A > 140 (robust) sl

Mass fraction
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Physics of Post-Merger BH-Torus

(short after its formation)

@r-process?) nucleosynthesis‘a

subrelativistic winds?
(driven by neutrinos, magnetic

fields, recombination?)

neutrino
heating

n+ve—p+te
p—|—r.?€—>'n.—|—e+

neutrino
coolin
g\ _

short GRB

(at r~10"—10"°cm)
/ Role of neutrinos:
i 2 ... influence accretion dynamics!
relativistic / 2 ... determine/alter Ye in outflows!
B / 2> ... possibly launch/contribute to GRB jet!

.~ 0.01-03 M,
~10"-10" g/cm®
~1-10 MeV

~0.05-0.3

p+e —n4r,

n+€+—:~p+ﬂe




Neutrino Transport

Full Boltzmann equation too expensive!
Our approach:

2 Two-moment scheme with algebraic Eddington factor (aka "M1 scheme")

E = ] dQZ(x, n,e. t) — energy density
F' = / dQZ(xz, n, e, t)n' — momentum density
P = / dQZ(x . n, e, t)n'n’ «— pressure
QY = ] dQZ(xz, n, e, t)n'n'n"

5:5 + TJ-FJ" + Tj(?.rig} —|— (?J--e;.,;.)PJ'.“' — (?J--u;ﬁ.)&[ﬁf’_"“:*} o
OF" + fl‘EV.}-P” + V(v F') 4+ F'V v — (VJ"EJ;_-)E)E(E(L}”#} — b

ol evolution
equations

PY = PY(E,FY approximate algebraic
QU = QN(E,F" closure relations (e.g. "M1 closure™)

Computational save up of two degrees of freedom!




Neutrino Transport

Details of the algorithm:

e energy-dependent (multi-group), fully multidimensional

* O(v/c) effects advection, aberration and Doppler shift included

* IMEX scheme for time integration — efficiently scalable

* Implemented most important neutrino-interaction channels

» extensively tested in 1D and 2D (Just, Janka, Obergaulinger, to be submitted)

Shadow Test
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Setup of BH-Torus Models

 Initial models: j-constant equilibrium tori
e axisymmetry
e angular momentum transport: Shakura & Sunyaev a-viscosity

e most dominant interactions included:
v beta-processes

v neutrino-nucleon scattering
v neutrino-antineutrino annihilation

« pseudo-Newtonian gravitational potential (mimics the ISCO and BH spin)

- variation in Mi5r;s MpH, o (adapted to merger simulations)




Disk Properties
2 main evolutionary phases:
2 first few 100 ms: "Neutrino-dominated accretion flow" (NDAF)

= neutrino cooling balances viscous heating

Log {Q, [erg/cms]}
20 22 24 26 28 30 32 34 4

og p [g/cm’] Log {s [kg/nuc]} Yo
I |
05 1 15 2 25 3 0

time = 50 ms

z [10" cm]
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= ejecta (mainly) driven by neutrino-heating

2 Ye in ejecta determined by neutrino captures

n+ve—>p+e
p—!—ﬂe—>-n.—|—e+

Y. — Y’ =~ (1+Ly;Ey;+2an




Disk Properties

2 main evolutionary phases:

= subsequently: "Advection-dominated accretion flow" (ADAF)

= viscous heating dominates neutrino cooling

Y,

Log T [MeV] Log p [gu‘c:ma] Log {s [ke/nuc]}
= | [ s

rrrrrrrrrrrr

******** time=2s

__________

__________

z[10° cm]

--------
xxxxxxxx
\\\\\\\
\\\\\\
\\\\\\\\

R T,) M3ABm3a5,t=2s N
-10 -8 -6 -4 -2 0 2 4 6 8 10 -10
(c) x [10% em] (d)
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= ejecta (mainly) driven by viscous effects

2 Ye in ejecta determined by electron/positron captures

p+e —n-4 v
-n.+e+%p+r.7€

Y. — YP = Y.p,T,p =0)




Ejecta Properties

Remnant Men Ay Mioruzs ongs  visc.  radio. neutr. Maut Mout,v Ye 5/kp ]
I'I'.I.'I:I'dE]. [.ﬂl'f.:lj] [.ﬂlff.:lj] t’:"'-.PE COIT. I'IL-‘E.L [ID_ 3 .ﬂlffw [.ﬂlfft.u]'ug )] [:I.ﬂ_3 .i'\ff.:lj (.ﬂlfft.nru-;:]] [lﬂg Cl'.l.'le]
M3ABm3a2 3 08 03 002 typel No  Yes 8 (22, i . .
M3A8m3a5 3 08 03 005 typel No Yes  78.3(26.1%) 3.51 [111%] 025 230 155
M3ASm1a2 3 08 01 002 typel No Yes 227 (22.7%) 0.00 (0.09%) 028 248  1.03
M3A8m1a5 3 08 01 005 typel No Yes 247 (20.7%) 0.35 (0.35%) 024 280 156
M3A8m03a2 3 08 003 002 typel No  Yes 7.0 (234%) 00005 (0.002%) 027 205 096
M3ASm03a5 3 08 003 005 typel No  Yes 7.3 (24.3%) 0.002 (0.007%) 025 327 170
M4ASm3a5 4 08 03 005 typel No Yes 662 (22.1%) 147 (049%) 026 281 166
M6A8m3a5 6 08 03 005 typel No Yes  56.3 (18.8%) 0.07 (0.02%) 027 204 145
M3ASm3a2+v2 3 08 03 002 type2 No Yes  64.2 (2L4%) 258 (0.86%) 020 193 097
M3ASm3a5v2 3 08 03 005 type2 No Yes  70.1 (23.4%) 2.63 (0.88%) 026 197  1.39
M4ABm3a5-rh 4 08 03 005 typel Yes Yes 67.3 (224 %) L51 (0.50%)  0.26 264 1.62
M3ASmla2th 3 08 0.1 002 typel Yes Yes  22.8 (22.8%) 0.00 (0.09%) 028 251 105
M3ASm3a2-noh 3 0.8 03 002 typel No No  56.6 (18.7%) 024 217 090
. - 0
Typical properties: — 10 —
« viscous ejecta dominant 1o s oM,
« total outflow mass Mout ~ 20% Mtorus - ﬂ;ﬂu
 electron fraction Ye ~ 0.2 - 0.3 2 107 %
0 )
 velocity v ~ 1079 cm/s -
~= 10~
Eﬂ o 0] [
Z
=

Typical nucleosynthesis yields:

e solar like for 90 < A< 140
» solar deficient for A > 140
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Combined Nucleosynthesis Yields

= DISK ejecta (mainly A ~ 90 - 140)

Mass fraction

2> DYNAMICAL ejecta (mainly A ~ 140 - 210)

Mass fraction

10°

107! Lo §9

102 b

10°

120

140

160

A

180

200 220 240

BD

—!—SFHD l -h 144

—o— SFHX 1.50-1.50
——TMA 160-160

IID(}

120

140

160

180

2 DISK + DYNAMICAL ejecta

10‘}5.,............,...I.. ......
g —=—M —00%11

10! —M" f‘ =0. 1M

E_ . —— — %

5 1 M =0. M

S

= 10"

”

g

> 10 o

107

P 111 1P P | I e by il iR
80 100 120 140 160 180 200 220 240
A

= nicely recovers the full mass range A > 90

= BH-torus ejecta could be significant
sources of intermediate mass elements
with 90 < A< 140

= observed scatter for 90 <A < 140 maybe
explained by variable ratios of disk and

prompt ejecta masses




Heavy-Element Deficient Stars

... could perhaps be explained by asymmetric
mass ejection in NS-BH mergers

[ —=—HD 38609 ]
0k ——HD 122563 .

E‘ i —+— Disk-dominated
-1 'i i\ + A | .

'.

log e
e
1

*

N g
'3; kfﬁiig v.‘r

*

stars located here are primarily
enriched by disk ejecta only




Summary

2 NS mergers could be main/significant sources of r-process elements
In the universe

= all outflow components potentially important and each could have
individual nucleosynthesis signatures

-2 we analyzed prompt ejecta from NS-NS / NS-BH mergers as well as
ejecta from relic BH-torus system

= prompt ejecta typically few % Msun and give solar-like yields for
A > 140

= disk ejecta typically few % Msun, subdominantly neutrino-driven and
dominantly viscously-driven, and give solar-like yields for
90 <A< 140

= combinations of dynamical + disk ejecta reproduce solar pattern
within 90 <A< 210




Conclusions

=2 dynamical ejecta from NS-BH mergers could be significant/main sources of
r-process elements in the range A > 140

= ejecta from BH-torus remnants could be significant/main sources of r-
process elements in the range 90 < A< 140

= observed star-to-star scatter for the lighter elements could be explained by
different ratios of dynamical-to-disk ejecta masses

2 heavy-element deficient stars possibly explained by asymmetric mass
ejection in NS-BH mergers

= several aspects of our study can still be improved, e.g.:

e add ejecta from (H)MNS

 Include neutrinos in merger-phase simulations

e take BH-torus configuration as resulting from merger model
 include relativity and MHD in BH-torus models

More details in arXiv:1406.2687




Supplementary Material




Emission Properties

Disk Neutrino Emission Properties
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Ejecta Properties

0 Disk Outflow Mass Hlsmgrams
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