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Open questlons for the multl-
messenger era. |
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The r-process produces ~half of
elements heavier than Fe
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Mergers are natural S|tes of the
r-process N e
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Mergers are natural S|tes of the
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Mergers are natural S|tes of the
r-process
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The r-process assembles heavy
huclel in explosive environments

Nuclear Statistical Equilibrium
T >6x10°K

Composition depends on
state variables, not on
reaction rates



The r-process assembles heavy
huclel in explosive environments

Quasi-Statistical
Equilibrium

T <6 x 107 K
Start to build up

heavier nuclei: 12C
and beyond

Nuclea quilibrium

T >6x 10°K



The r-process assembles heavy
huclel in explosive environments

QSE Freeze-out and the
start of an r-process
T~2—4x10°K
Changes to the
composition are
driven by n-capture

Final composition set
by <A>, Rn/s

10° K



The r-process: a detailed |

— More protons
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The decay of r-process elements ,
powers a “kllonova” a0

.. MlIdIy relat|v1st|c neutron-
rich unbound materlal
. SyntheS|s of heavy
-elements -

An expandlng cloud heated
by radloactlve decays '

“Kilonova”

'_>

tidally disk
stripped outflows




See talk by M.
Tanaka
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Kilonova composition and opacity

In kilonovae, bound-bound opacity (cm2 g-1) sets the photon
mean free path.

_A_= A(’@) —> absorption if AE ~ %
| D) L |
A MU AL

v photon wavelength | | |
e’ 1 A .
T = ?foscnltexp)\o RGXP()‘C) - pCtexp ; A)\C (1 € )
Sobolev optical depth sets The expansion opacity
interaction probability with a determines the effective

particular line continuum opacity

Cross section
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Understanding kilonova emission
Opacity and composition

The r-process burns heavy elements with uniqgue atomic
structures and a high density of strong lines
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Kilonova composition and opacity

The opacity of certain r-process elements (lanthanides and
actinides) is very high
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Kilonova composition and opacity

higher opacities — longer,
diffusion time: tqig ~ k'/2  adiabatic losses: Eohot ~ 1
line blanketing at optical wavelengths
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Kilonova composition and opacity

higher opacities — longer, , redder light curves

diffusion time: tqig ~ r1/2 adiabatic losses: E ot ~ 1
line blanketing at optical wavelengths

Kasen, Metzger, JB+17
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Kilonova composition and opacity
Outcomes of the r-process

fewer free n per seed - > more free n per seed
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Kilonova composition and opacity
Outcomes of the r-process

fewer weak mteractlons < > more weak interactions
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Kilonova composition and opacity
Outcomes of the r-process

fewer weak interactic more weak interactions
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(Not shown: gamma-ray signal)
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(Not shown: gamma-ray signal)

X-ray

Radioactive
transient f
dynami
ejecta a
a disk

Villar+17

L

[0
T 101

=

c

o

©

(S

1=
O 24| ’ 8
trans| g . i
o o
SOou © 3
26 | P
d ete C X-ray f
N ga 08 F225W W1F'2‘75W , : F336W,u,U g
NGC / 0 5 10 15 20 25 30 | -
days since merger LA 2
’ D
)
- » —_
~

W |11.40h iz|11.57h w  16.4d Radio



Interpreting the GW170817 kilonova

Spectra and ejecta structure

NIR: wide absorption features
suggest slower velocmes ~0.1c

UV/optical: strong line-blending Age in days after GW170817
iIndicates high velocities ~0.3c
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Interpreting the GW170817 kilonova

Spectra and ejecta structure

NIR: wide absorption features
suggest slower velocities ~0.1 ¢

e

170817

UV/optical: stro
indicates high

A picture emerges:
A high-velocity, high-Ye

- Qho.rr.‘(.)?k+201.7 .

outflow alongside a low(er) L
velocity, low-Ye component
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‘Kilonova heating and luminosity

A Oth-order
model of a
radioactive

transient

Light curve is a
function of

Luminosity

time




Kilonova heating and luminosity

A Oth-order
model of a
radioactive

transient

Light curve is a
— function of

Luminosity




Kilonova héating and luminosity

Luminosity

Erad

Energy from

radioactivity
x M
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time
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.
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R-process radioactivity

iInvolves many decays

with different time and
energy scales




Kilonova heating and luminosity
The effect on light curves

lower luminosity (especially for less massive ejecta)
allows better estimate of mass from observations

1041,
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Kilonova heating and luminosity
The role of a given decay/channel IS hlghly
variable o

" R- -process .
radloactlwty depends -
on initial conditions
and on nuclear
physics far from
stability

fraction of energy

JB416  L1SsION | s l
S5 4 3 -2 -1 0 1 2 | -Varyingthese will
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»Kllonova heatlng and Iummosﬂy

Effect of decay channel -

Decay Channels with higher. characterlstlc energies have |
hlgher Cross- sectlans for energy Ioss SHgte,
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Kllonova heatlng and Iummosﬁy

The |mportance of |nd|V|duaI nuclel

Ensemble r-process

: . B —1/2
heating de  —2¢ e
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,. CaseStudy, - Californium..Dreaming‘.'

The roIe of f|SS|on in the
_r-process is ‘highly
uncertain, but Zhu+18
find Cf-254 |3produced
by 3- -feeders in the
A=254 isobaric chain on
timescales of ~0.1 days

Cf-254 fissions with a
half-life 7~60.5 days

releasing a tremendous !‘ ‘
amount of energy ;
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Case Study I: Californium Dreamlng

- Cf-254 can dominate heatmg and aﬁect
Iummosfcy e

Effective heating Broadband Light Curves
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‘Case Study II:

' -d'ecayiihg actinides

Can long-lived actlnldes |mpact the bolometrlc
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| Can we find the.IaSt galag.tic NSM?
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‘Can we find the Iast galactlc NSM’?

. Assumptlons of the model:" : -
- Binary NS birth places trace stellar mass ~
- Blnary NS systems acquire: substantlal kICk velocmes

. Rate: 10 Myr1 or 100 Myr1 '
Ilo-7

o ,Individual sou"rces

10°8

Wu, Bahnerjee.'....;lB+1‘9' .




‘Can we find the Iast galactlc NSM’?

Assumptlons of the model:" ; -
- Binary NS birth places trace stellar mass ~
- Blnary NS systems acquire substantlal kICk velocmes
. Rate: 10 Myr- or 100 Myr- |

o ,Individual sou"rces
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‘Can we find the Iast galactlc NSM’?

Assumptlons of the model:" . -
- Binary NS birth places trace stellar mass ~
- Blnary NS systems acquire substantlal kICk velocmes

. Rate: 10 Myr- or 100 Myr-

ol ,Diffuse,s‘ource's ('18_2Hf)
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Summary & Conclusions

e Kilonova observations can help us understand
merger-driven nucleosynthesis
e This can reveal the mechanics of mass
ejection and the fate of the central remnant
e (Can constrain sources of r-process material
* We need to develop more precise diagnostics of
composition
 Both spectra and light curves encode useful
information
* We can look forward to the next nearby
merger...but we can also look back to the last

one.







