Opacities of and light curves of kilonovae
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® Atomic and opacity calculations




“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
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Atomic structure calculations

HULLAC code (relativistic, local radial potential, Bar-Shalom+99)

Ton Configurations Number of levels

HULLAC

Se |-l Se 1
(z=34, p) o

4s24p?, 4524p3(4d,4f,5 — 8l), 4s4p®, 4s4p*(4d, 4f), 3076
45%4p? (4d?,4dAf, 4f?), 4s4p>(4d?, 4d4f,4f?)

4s24p3, 4524p?(4d,4f,5 — 8l), 4s4p*, 4s4p3(4d, 4f), 2181
45%4p(4d?, 4dAf, 4f?), 4s4p>(4d?, 4dAf, 4f?)

Se 111 4s24p?, 45%4p(4d,4f,5 — 8l), 4s4p3, 4s4p?(4d, 4f), 922

Ru I-lll

(2=44, d)

Te I-1li

VLY )

Nd I-11i
(Z=60, f)

Er I-11l
(Z=68, f)

452 (4d?,4dAf, 4f?), 4s4p(4d?, 4daf, 4f?)

4d75s, 4d®5s8, 4d8, 447 (5p, 5d, 65, 6p),
4d%5s(5p, 5d, 65)

4d7, 4d%(5s — 5d, 6s, 6p)

4dS8, 4d°(5s — 5d, 65)

5s25p4, 5s25p3(4f, 5d, 5f, 65 — 6f,7s — 7d, 8s),

5s5p°

5s25p3, 5s25p?(4f, 5d, 5f, 65 — 6f,7s — 7d, 8s),
5s5p?

5s25p2, 5s25p(5d, 6s — 6d, Ts), 5s5p3
4f46s2, 4f*6s(5d, 6p, 7s), 4f45d?, 4f*5d6p,
4f35d6s2, 4f35d?(6s,6p), 4f35d6s6p

4f46s, 4f45d, 4f%6p, 4f365s(5d, 6p),

4135d?, 4f35d6p

4f4, 4f3(5d, 6s,6p), 4f25d?, 4f25d(6s, 6p),
4126s6p

4f126s2, 4f126s(5d, 6p, 6d, 7s, 8s),
4f116s2(5d, 6p), 4f115d%6s, 4f115d65(6p, 75)
4f126s, 4f12(5d, 6p), 4f116s2, 4f116s(5d, 6p),
411542 4f115d6p

4f12 4f11(5d,6s, 6p)

1,545
818
728
329
253

57
31,358

6,888
2252
10,535
5,333

723

GRASP2K code (relativistic, e-e correlation, Jonsson+07)

Nd 1I-1l1, Er -1

Number of lines

973,168
511,911
92,132
250,476
76,592
49,066
14,482
9,167

419
70,366,259

3,951,882

458,161
9,247,777
2,432,665

42,671




Energy levels of Nd Il

Nd Il

HULLAC
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Line expansion opacity of Nd Il T=5,000K, p=10gcm?3,t=1day
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Opacities from two codes agree very well




Line expansion opacity of Nd Il T=5,000K, p=10gcm?3,t=1day
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Consistent with results by Kasen+13 (Autostruture code)
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Expansion opacity of Fontes+17 is higher by a factor of 3-5




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



| Dara InformaTion
ASD)| Lines Levels st Sooomdsnnt  Bitoguaphy Help

NIST Atomic Spectra Database Levels Form

E r (Z_ 68 ) Sest viewed with the latest versions of W/ed browsers and JavaScrigt enabled

E n e rgy I eve I S This form provides access to NIST critically evaluated data on etomic energy levels.

Spectrum: | eg.Fe IorMg Li-like orZ2=59 1II
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Spectroscopic experiments
for Er (Z=68)

Collaboration with
Nobuyuki Nakamura,
Hajime Tanuma,
Hiroyuki Sakaue, and
lzumi Murakami




® Atomic and opacity calculations




Dynamical ejecta (¥< 10 ms) Post-merger ejecta (~< 100 ms)
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3D Monte-Carlo frequency-dependent radiation transfer
(MT & Hotokezaka 13, MT+14, MT 16)

. 6,000,000 b-b transitions
—— | ~ (outof~70,000,000)
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Sobolev optical depth
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Fluorescence

When photons interact with line,
* Full treatment

Redistribute photon energy
according to branching ratios
(Lucy, Mazzali & Lucy, Kasen+06)

* Absorptive

Redistribute photon energy

according to thermal distribution j = aB(T)
(Kasen+13, Tanaka & Hotokezaka 13,
Fontes+17, Wollaeger+17)

* Scattering/resonance
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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)

o
(7))
O

=
&

=

S,
| -
e
D
&

9o
O

m

10 15
Days after the merger

Depends sensitively on Ye
K~ 0.5 cm? g for Lanthanide-free ejecta (Ye ~ 0.3)
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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
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Wide variety even for the same ejecta mass
=> Accurate estimate of Ye is crucial



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

Foucart+16

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)
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M ~ 0.06 Msun for GRB 130603B Barnes+16



r-band magnitude @ 100 Mpc Mej = 0.01 Msun
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r-band magnitude @ 200 Mpc Mej = 0.01 Msun
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Summary

® Guides from theory are important for observations
® New opacity calculations for Se, Ru, Te, Nd, and Er

® Opacity sensitively depends on compositions
® k~0.5cm?g*forYe~0.3(Lanthanide free)

® Kk~ 10cm? g for solar abundance

® Kilonova brightness depends on compositions




