Kilonova Emission from Compact Binary Mergers:
Opacities of Lanthanide-rich and Lanthanide-free Ejecta




Kilonova Emission from Compact Binary Mergers:
Opacities of Lanthanide-rich and Lanthanide-free Ejecta

® Introduction




r-process
nucleosynthesis

Radioactive decay
=> kilonova

Merger »

Dynamical Post-merger
ejection ejection

<10 ms ~< 100 ms <1sec

Rosswog+ 13




Radioactive heating (decay of many r-process nuclei)
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“Kilonova/Macronova"

Initial works: Li & Paczynski 98, Kulkarni 05, Metzger+10, Goriely+11, ...
High opacity: Kasen+13, Barnes & Kasen 13, MT & Hotokezaka 13, ...

Timescale

Luminosity

Ldep (tpeak)

0.35
1.3 x 10%° erg s~ 1 ( M. ) ( Y

*assuming 50% 0.1c

thermalization

0.01 Mg




High opacity of NS merger ejecta

Mixture of r-process

NSM-all
NSM-Fe
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Wavelength (A)

5000 10000 15000 20000 25000 30000
wavlength (angstroms)

Kasen, Badnell, & Barnes 13 MT & Hotokezaka 13

K~ 10 cm? gl
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Light curve see Barnes & Kasen 13, MT & Hotokezaka 13

Type la SN
NS merger
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Spectra See Eddie’s talk

Fe opacity
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Nd
r-process
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Kasen+13

Extremely red spectra




Spectra

Type la SN
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r-process mixture
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Much redder than supernovae




Dynamical ejecta (¥< 10 ms) Post-dynamical ejecta (~¥< 100 ms)
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ol Seklguchi+16 Siegel+17
Rosswog+99, Lee+07, Goriely+11, Fernandez+13,15, Perego+14, Kiuchi+14,15,
Hotokezaka+13, Bauswein+13, Radice+16... Martin+15, Just+15, Wu+16, Siegel & Metzger 17...
- Mej ~ 103 - 102 Msun - Mej >~ 103 Msun
-v~0.1-0.2 c _ -v~0.05c

N+Vve ->p+e

- wide Ye S e

- relatively high Ye



Ye =0.10-0.40
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@ 1 day
Atomic number (Wanajo+14)

Simulations with Fe opacity or gray opacity

(4 144 . ?
Blue kllonova ) Metzger+14, Kasen+15, Fernandez & Metzger 16, Metzger 16

New opacity calculations for
Se (Z=34), Ru (Z=44), Te (2=52), Nd (Z=60), Er (Z=68)
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Atomic structure calculations

HULLAC code (relativistic, local radial potential, Bar-Shalom+99)
Se I-1ll (Z=34, p), Ru I-lll (Z=44, d), Te I-lll (Z=52, p),
Nd I-1ll (Z=60, f), and Er I-Ill (Z=68, f)




Line expansion opacity (from two codes)

HULLAC
GRASP2K Layer 0
GRASP2K Layer 1
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Consistent within a factor of 2 even for the worst case (Er Il)
Consistent with results by Kasen+13 (Autostruture code)
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Line expansion opacity (for each element)

Se (p) Ru(d) Te (p) Nd (f) Er (f)
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MT+ in prep.
K (p shell) << k (d shell) << k (f shell)

see Kasen+13, Fontes+17
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3D Monte-Carlo time/frequency-dependent radiation transfer
(MT & Hotokezaka 13, MT+14, MT 16) ~6.000.000 b-b transitions

NN

| foutof~70 /000,000)




Ye =0.10-0.40

~ Ye =0.25 lanthanide
gray opacity Ye = 0.30 0.1-1%

0%

Simple model

- Mej = 0.01 Msun

-v=0.1c

- Heating rate ~ t13

“Constant
thermalization (0.25)
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Depends sensitively on Ye
K~ 0.5 cm? g for Lanthanide-free ejecta (Ye ~ 0.3)
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NS-NS (Ye = 0.10-0.40)
Wind (Ye = 0.25)

High therm. Wind (Ye = 0.30)
efficiency
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Hotokezaka+13, Sekiguchi+15,16

Wind
- Mej = 0.01 Msun
-v =0.05c

- Heating rate from
nucleosynthesis calc.

- Thermalization
(Barnes+16)



Optical (r-band) Mej = 0.01 Msun

NS-NS (Ye = 0.10-0.40)
Wind (Ye = 0.25)
Wind (Ye = 0.30)
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Observed magnitude (200 Mpc)

5 10 15
Days after the merger MT+ Iin prep.

Wide variety even for the same ejecta mass
See Francois’s, Oliver’s,

=> Accurate estimate of Ye is crucial .
Sasha’s, Albino’s talks



Blue component may be absorbed by dynamical ejecta?
e.g., Kasen+15, Metzger 17

Foucart+16 See Francois’s talk

High Ye in the polar region (< 30-45 deg)
=> Blue emission may be able to escape

Sekiguchi+16



NIR (J-band) Mej = 0.01 Msun

GRB 130603B
(Tanvir+13, Berger+13)

GRB 160821B
(Troja+16)
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see also Kasliwal+17

Observed magnitude (200 Mpc)

10
Days after the merger

M ~ 0.06 Msun for GRB 130603B Barnes+16



r-band magnitude @ 100 Mpc Mej = 0.01 Msun

Free n decay (Metzger+15)
Cocoon emission (Gottlieb+17) 20
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r-band magnitude @ 200 Mpc Mej = 0.01 Msun

16 71—

Free n decay (Metzger+15)
-15 Cocoon emission (Gottlieb+17)
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Can we “measure” mass of r-process elements?

Mej =0.01 Msun
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Days after the merger

. . Rosswog+17
We need (1) multi-color observations, and .

(2) good theoretical models
- mergers and nucleosynthesis (long-term simulations)
- heating rate (nuclear physics)
- radiative transfer (atomic data, opacity)



Summary
® New opacity calculations for Se, Ru, Te, Nd, and Er

® Opacity sensitively depends on compositions
=> Accurate estimate of Ye is critical

® kK~ 0.5cm?g?!forYe~0.3(Lanthanide free)

® k"~ 10 cm? g for solar abundance

® Wide variety depending on compositions
® Optical: 22-25 mag for ~3 days @ 200 Mpc (0.01 Msun)
® NIR: 22-24 mag for ~7 days @ 200 Mpc (0.01 Msun)

® Observational prospects

® How to select NS mergers?
Association w/ nearby galaxies, faintness, and rapid evolution
(possible diversity in color) ==> multi-visit observations

® Mass of r-process elements? ==> multi-color observations



