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What Is the source of the r-process?

Long time emphasis on from Roederer et al. '14
CCSNe as the source of
the r-process, pretty easy
to make GCE work, but
problems getting required
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What Is the source of the r-process?
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Merger Mass Ejection

Dynamical Ejecta

Material is tidally
ejected through the
outer Lagrange points

GR -> matter ejected
from collision region

0

Disk winds (e.g. Surman et
al. '08, Wanajo et al. '11, Just et
al. ‘'14)

Disk outflows from
viscous heating and

alpha recombination
(Lee et al. '09, Fernandez &
Metzger '13)
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Nuclear Evolution of the
Dynamic Ejecta

Dynamical Timescale for the Ejected Material:

T, =10 ms

Ejected Material is neutron rich:
~ /
Ye ~0.05—-04
Tidal material has low initial entropy:
Initial distribution will be in NSE,
S ~Y ]_ - 30 <:I clustered around doubly magic
‘ nuclei

Which implies a neutron to seed ratio:

N Z _

Can they make r-process nuclei? easy!

see Lattimer & Schramm ’76 and Freiberghaus et al. '99



Courtesy of J. Lippuner
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¢ Pure r-process material
¢ Fission cycling

¢ Relatively small dependence on initial conditions



Number of Particles

The effect of weak

Interactions

BH-NS
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Relative abundance (arbitrary units)

The effect of weak
INnteractions

NS-NS
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Merger Rates

TABLE II: Compact binary coalescence rates per Milky Way Equivalent Galaxy per Myr Mergel’ I’ateS from bOth

0

Source Rlo\v Rm Rhlzh Rmu . .
NSNS (MWEG T Myr ) T 1o e 1T w0 16T population synthesis and
NS-BH (MWEG ™ Myr™?) 0.05 18] 318 100 [18]° )
BH-BH (MWEG ™" Myr™') 0.01 [14]* 0.4 [14) 30 [14) 4 extrapolation from known NS-
IMRI into IMBH (GC™! Gyr™') 3 [19] 20 [19) ' :
IMBH-IMBH (GC™* Gyr ') 0.007 [20]™  0.07 [20]" NS binary population are very

uncertain
Predicted Merger Rates (from Abadie et al. '11)

Table 1. Propetties of U observed pulsars i DNS bnaries. The table contaans samwes, spin period, spin period derivative, ortutal period, mons of observwed
peulron star, mass of e compranion, eccentricity of U orbdl and lme 10 menger. All gives digits are significeet. Envors, where given, are Lo ermoes. References
1 < Stades (2003), 2 < Jacoby et al. (2006 3 — Kasian (X0X), 4 ~ Wedsherp & Taylor (2005), S ~ Faukner of al. (20035) and 6 ~ Janssen ot al. (200%)

Name P (mn) P (s~ 007 Pon () Mere (M) Meme (M) e taey (GYT) Reference
6 Known NS JO737-3039A 27 1.74 2454 13375 08 1.250% s 0.06% 0.085 I
N S bl na ri es 073730098 21 88 x 16 2454 1250% s 133775 s 0.08% 0.085 [
B2127411C 0 83 19 808 1assty L ) 02 2
will me rge 119060746 1407 2008 x 10% 198 1 2487000 1365700 0.085 03 3
i ) HI9134 16 1.0 T 1782 14419000 (TR A 3ot 061y 0.3 4
W|th IN a J1756-2251 2846 102 767 1312%50)7 125875013 0,181 17 5
. BISM+12 3790 243 10,098 L3R LM 0274 27 1
Hubble time N811=1736 104.182 091 15120 162555 R v 0828 =10 I
JIS18+4904 10935 0027 27216 072500 200055 0249 =10 6
1182942456 41,0058 008 280 LS 13650 019 =10 1

Known pulsars in neutron star binaries (from Oslowski et al. "11)



M.N (solar mass)

EoS Dependence of Mass
Ejection
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Hotokezaka EoSs: APR4, ALF2, H4, and MS1

Bauswein EoSs: Finite temperature supernova EoSs
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Chemical Evolution Signal

M, yw ~ 10* Mg,

rns—ng ~ 107 yr™
Myjees ~ 107> My

1

4
— M, ns—ns ~ 10" Mg
but...
6-8
coalesce = 10 y r

Meject ~ 10_2M@

[

[ —u/Fe ]

from Argast et al. 2004




Dynamically formed binaries
IN dense stellar clusters
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Form binaries in dense stellar clusters at high-z, either through
dynamical capture or GW emission

Small initial separations, short in-spiral time

DM halos containing clusters eventually incorporated into the MW halo



Dynamically formed binaries
IN dense stellar clusters
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Similar r-process mass injection to what is expected from CCSNe
Possible solution one of the GCE problems for mergers

First step, more detailed GCE models required



Nuc\ear Hea’un'b Rate

20 T

107 ~log, [n(t=1 day)]
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LR, et al. ‘11

Day
Larger number of isotopes involved, sum of numerous individual decays

Power law heating rate (Metzger et al. "'10)
Beta-decays and fission

Fairly insensitive to initial conditions (for low Y_and S)



Optical/Infrared Signal

from Li & Paczynski '9
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Model tidal ejecta as decay heated

homologously expanding sphere ol T
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General properties of transients = | .
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Optical/Infrared Transients

from r-process decays
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LR, et al. ‘11



SGRB 130603B

SGRB detected at
z=0.356 by the Swift
BAT

Early optical detection
of afterglow

Point source seen at the
position of the GRB

Consistent with kilonova
with M~0.01 Msun and
v~0.1c
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Summary

BNS and BHNS currently seem more favorable
scenarios for r-process production

Some problems with details of GCE, but some ways
around this

Kilonovae provide opportunity to observe r-process
production in situ, already have possible first detection
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