Lecture at Hongo in May

« Jim Fuller (Caltech): Stellar evolution & Seismology

¢ 5/20, 21, 23

 Dan Kasen (Berkeley): Transient phenomena, Radiation
transfer

&

Let me know if you are interesting in attending the lectures.

+5/27, 28, 29




Nebular emission of r-process elements

Kenta Hotokezaka
(University of Tokyo)

Collaboration with M. Tanaka (Tohoku), D. Kato (NIFS),
G. Gaigalas (Vilnius), G. Ricigliano, A. Arcones (TU Darmstadt)



Nebular Emission of SN la at 250 day

SN 2021aefx (Kwok+23, see also DerKacy+23)
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* Apparently an iron explosion!



Kilonova in GW170817

VLT X-Shooter (Pian+ 2017, see also, Watson+19,Gillanders+22,24,Snheppen+24)
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Absorption lines at early times (Nanae Domoto, Albert Sneppen, Salma Rahmouni here)
Emission lines gradually appear at late times.




Kilonova Nebular Emission

AT2017gfo

M1 line + continuum (e lil] 2.10um
M1 line [Te 1] 2.10pum

continuum ® Emission line vexp ~ 0.1C,
probably Te lll

O
5

® Blackbody like continuum
£2{0]0[0]49

Hotokezaka+23
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Some remarks

R-process elements have fine-structure transitions (M1)
among the levels of J splits of ground levels at 1 - 100 um,
c.f, light & Fe-group elements > 10 pm

The number of relevant M1 lines iIs much less than E1 lines
that contribute to the opacity in the photospheric phase.

The number of M1 lines is large enough to cool the ejecta
down to the fine-structure energy scale < 2000 K.

R-process nebular emission radiates most energy in the IR
wavelengths. Each wavelength is experimentally known.



Out line

Kilonova Nebular Emission

Kilonova nebular emission lines in GW170817
Kilonova nebular emission in GRB 230307A
R-process emission from supernovae

Summary



Neutron Star Merger & Kilonova

Li & Paczynski 98, Kulkarni 05, Metzger + 10, Barnes & Kasen 13, Tanaka & KH 13

R-process Radioactive decay

Merger  Post-merger e
nucleosynthesis
Photospheric Nebular
O (optically thick) (thin)
W e i
a‘ed
‘\‘ ‘ e
(o
1£0) O<t<100ms ~<1s 1day > 10day
10km 10-100km < 0.1Rsun 10AU >100AU

Mass ejection:
A few % Msun
~0.1c - 0.8c

Absorption lines  Emission lines



Nebular phase

e Ejecta optical depth

KMej
41 R?

T Y




Nebular phase

e Ejecta optical depth

liMej
41 R?

T Y

 Nebular phase begins when

T~ 1
tN K:Mej
4dmwv?




Nebular phase

« Collisionally excited lines induced by free
electron impacts

« Collision strengths for allowed and
forbidden transitions are not very different
(both can be important)

e Temperature is set by balance between
the heating and line cooling.

Photon

‘ Thermal electron

Non-thermal electron from
radioactivity




Nebular phase

« Collisionally excited lines induced by free
Kawaguchi+2021 | electron impacts

U Collision strengths for allowed and
forbidden transitions are not very different

0.5 (both can be important)

04 G Temperature is set by balance between
G the heating and line cooling.

dynamical + v driven ‘ P

* Most abundant elements are
usually important

5 e dypamical i C .
o 4| sEET  Mass in emitting ions can be

0 0.1 02 03 04 05 06 07 measured

x/ct  Most density (lower velocities
< 0.1¢c)

« Making M1 line list is relatively
easy



Atomic structure

Orbit split  Spin split ﬁain-orbit SP'N
(fine structure)

1P

e.g., Tilll

Orbital
3d4d

3d4p v

E1A~03pum

A
3d4s I

E1A~01pum

From Cowan Textbook ' -

Forbidden transitions
(Pasternack 40, Shortley 40)

Allowed transitions => absorptions




M1 transition rate

Bahcall & Wolf 1968

This formula gives reasonably accurate values.



Fine-structure lines of heavy elements

Singly ionized, the first fine structure level
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Kilonova elements

40 50 60 70 80 90
Atomic number

Heavy elements have fine-structure lines at ~ 1 - 30 pm.

The energy scale of 1st, 2nd, and 3rd peak elements ~ 1 pm.

The fine structure lines can dominate the kilonova cooling.



Kilonova Nebular Spectrum (only M1 lines included

L,[erg/s/Hz]

L,[erg/s/Hz]

KH+ in prep, collision strengths are computed with HULLAC.

1 1
e Total

BB, 2000K '

1 1
e Total

BB, 2000K '

|
4.0

1
e Total
BB, 2000K '

...

2.2 24

5

A lum]

1
e Total

BB, 2000K § E

1
e Total

BB, 2000K 3

- The solar abundance (2nd - 3rd r-process peaks) is assumed. X*? = X+2 = 0.5

- [Te lll] 2.1um is among the strongest M1 line.




Caveats

 We have included only M1 lines but E1 lines of lanthanides may also contribute.

KH+2021

total

NdIIL, n, =1.6-10*cm™3, T, = 4500 K NdIII, n. = 1.6-10*cm™3 NdIV, n,=1.6-10*cm™3 "

T, = 4500 K T, = 4500 K

I\

J\
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: Kilv Nebular Emission

. Kilonova nebular emission 7_.0817_I |
e Kilonova nebularsi-in GRB é30307A
« R-process emission from supernovae

e Summary



2.1pm line in kilonova spectra and modeling

AT 2017gfo (KH+23, data from Pian+17)
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Blackbody + M1 line analysis
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A strong line at 2.1um can be

ET T T T T T 111 | LB | LB [T T T T T 1111 T T T T T T 11T | ILLLLE
® Solar r-process 1

e QOur model

o
3

o
-
—
N -
-
-
-
—
b
-
—
=
-
-
0.4
-
-

F.[m]Jy] + offset

o
w
Abundance

Atomic Number

_ 'T‘;o;h“'
e . et VTR T T
1.0 15 2.0

A [pm]




2.1um line In kilonova spectra: GW170817

AT2017gfo (KH+23, data from Pian+17)

| LI L A D B B A A A B AL B

Blackbody + M1 line analysis

gaaycnry T
B = 11 line + continuum [Te lll] 2.10pm -

F ——= M1line [Te ]2.10um -

: ' : Tes ~ 2000K

E_ ;o'r?atinuum | .
TH—x2 Mej=0.05Msun, Vej =0.07c, the solar pattern A>88

A strong line at 2.1um can be [Te llI]

[Te lll] 2.1um is seen in planetary nebulae

(Madonna+18)
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Spitzer view of GW170817, very red at late times

Spitzer limit (3.6pm) and detection (4.5um) (KH+22 see also McCann+24,
data from Kasliwal+22 and Viller+18)
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Jut line
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 Kilonova nebularsi-in GRB 530307A
« R-process emission from supernovae

e« Summary



An extremely bright GRB 230307A

GRB 230307A Levan,..,KH+23

—— B1=8-25keV
—— B2=25-100 keV
—— B3=100-900 keV

one per decade
one per century
one per millenium

~One per month |
one per year

[E—
<

Probability density

|
[\S)

«—_GRB 230307A

r <« GRB 221009A

i)

=2
Time since trigger (s) log(Fluence) (erg cm™“)

® Too ~ 35 s : Typical long GRB.
® The 2nd brightest GRB.
e LIGO/Virgo/KAGRA were not in operation.




Remarks on GRB 230307A

e The 1st JWST observation for a kilonova candidate.
e One of the nearest GRBs.

 The 2nd long GRB associated with a kilonova
candidate.



GRB 230307A: JWST NIRCam Image

GRB 230307A
JWST/NIRCAM

Afterglow/kilonova

Host galaxy
z=10.065
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® The most probable host ~ 300Mpc, large off-set ~ 40 kpc
® The large off-set rules out the collapsar scenario.



GRB 230307A and JWST photometry

Levan,..KH+23
Afterglow+Kilonova light curve Afterglow+Kilonova SED

X-ray 1 keV 1 z X 0.09 F444W X 2.2
gx0.02 O F115W X 0.15 F277W X 0.86 O 5.5 GHz
o F150W X 0.25 F356W x 14 O 9 GHz

Kilonpva
JWST |

10" 10° 100 10”10

Post-trigger time [days]

® The light curve is somewhat similar to AT2017gfo (GW170817).
e Extremely red, see JWST data at 30 & 60 days.



JWST Spectrum of the KN candidate 230307A

Levan,..,KH+23, see also Gillanders+23

AT2017gfo, 10d @ Phot.29d |
— 29 d Model » Phot. 61d

[Te 111 [W III][Se 1]

I"h.]”bl J|

| UL, A 1 s -Luﬂﬁ'ﬂﬂ"b’ !
MR T
'!'Q:V |

2.5 3.0 3.5 4.0
Observed wavelength (micron)

* A line feature at 2.1uym is similar to that seen in GW170817.
M(Te Ill)=10-3Msun in the line forming region, vej =0.08c.

The total mass ~ 0.05Msun if the solar r-process abundance.
 Most energy is radiated at > 5 pm !!?



What the IR bump means?

 GRB 230307A is not a neutron star merger.
Consider other progenitors



What the IR bump means?

 GRB 230307A is not a neutron star merger.
Consider other progenitors

e |If it IS a neutron star merger

« Actinide optical property, which we haven’t understood?



What the IR bump means?

 GRB 230307A is not a neutron star merger.
Consider other progenitors

e |If it IS a neutron star merger

« Actinide optical property, which we haven’t understood?
e Dust?

SN 1987A (Wooden+1993)
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e Kilonova nebularsi-in GRB é30307A
 R-process emission from supernovae

e« Summary



The r-process origin

Neutron star merger? Collapsar?

Something else?



The r-process origin

Neutron star merger? Collapsar?
. Kilonova in GW170817 " No evidence of r-process.
¢ . -
=> -ProCess OCCUrs -+ 50NI'IS p{oduy
- Rare: ~1T% of supernovae . Rare: ~0.1-19% of SUpPEernovae

- Short GRB - Long GRB, low-luminosity GRB

>




R-process: Rate and Mass

|
KH+15,18 with modification
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In principle, neutron star mergers can provide
all the r-process elements.




Delay problem of NS mergers

Neutron star mergers (delay) Core collapse (no delay)

cosmic SFR, t cosmic SFR

la delay = 40 Myr — - . | la delay = 40 Myr — -

R-process production rate follows the star formation

without delay at least in our Galaxy.
This fact challenges neutron star mergers as the dominant

production site, c.t., 1-10 Gyr delay for GW1/7081/.



R-process: Rate and Mass

Tnormal SINGEHI

KH+15,18 with modification

Broad-line SNe Ic

T
=,
=
s Low-luminosity
£ GRBs
=
S Long GRBs

Mass per event M|

The rates of mergers, [IGRBs, long GRBs correspond to 0.01 - O.1Msun.
We'd like to test whether these events produce r-process elements or not.



Energy budget in broad-lined SN Ic
iIncluding GRB/SNe

56N\|i1.56 Q567M56N1 = 0.3Mg
NI+ CO e momm QTi,M44Ti:4.5'1O_4M@

* Qs7, Ms7co = 3- 1072 M
Qp, M, = 0.03M

Time since explosion |year]

R-process of 0.03Msun can dominate the heating t>2yr.
However, it is likely difficult to distinguish from overproduction of 44Ti.



Envelope

. a-elements
- NO radioactivity
. NO emission

Radioactive Core

. a-elements (~3Msun)

- Iron group (0.3Msun)

- R-process (0.1 Msun)

- Vexp ~ D000km/s

- Solar r-process
abundance

- No molecules

- Collision excitation/deexcitation, radiative decay, escape probability are
Included. For r-process, only M1 lines are included.

- Temperature is set such that the optical spectrum agrees with SN
1998bw (Dessart+17, see also, Patat+01, Mazzalli + O1, Maeda+06).



Abundance & Cooling function
Low X;ron

Xlights — 98%7 Xiron = 1%7 Xheavies = 1%
Xlights — 92%7 Xiron = 1%7 Xheavies = 7%
I Xlights — 85%7 Xiron = 1%7 Xheavies = 14%

"

 —— 7 <26, Z=29.30
| —— Z =26,27,28
F —— 7> 30

104

Ricigliano, KH, Arcones in prep




SN Ic Nebular Emission with r-process

Ricigliano, KH, Arcones in prep

- Optical region Is dominated by light and Fe-group elements.

- Optical E1 & EZ lines of r-process elements may be missing.

- R-process elements appearin 1 - 10 um.

. O(10-3) Msun Of r-process elements can produce observable features.



Summary & Discussion

Forbidden (Fine structure, M1) lines appear in the kilonova nebular phase. It
IS relatively easy to construct an M1 line list. But, other atomic data are
needed.

2.1um line seen in GW170817 and GRB 230307A can be [Te lll] line.
The Spitzer detection (4.5um, GW170817) can be explained by W lll or Se lII.

The IR bump (peaking at 5pm, GRB 230307A) is unexplained. If GRB
230307A is a merger, unknown property of atoms or dust?

R-process production in SNe Ic with a mass of > 10-3 Msun can be
detectable through nebular spectra.



