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The r-process origin

Neutron star merger? Collapsar?

Something else?



The r-process origin

Neutron star merger? Collapsar?

Kilonova in GW 17081 7 :

- No evidence of r-process

=> -Process occurs £ 56N is producgi,

- Rare: ~1T% of supernovae - Rare: QO.TJ 20 Ol SUpernovae

- Short GRB - Long GRB, low-luminosity GRB

>

Shibata-san, Sekiguchi-san, Fujibayashi-san: numerical simulation
Tanaka-san, Hamid-san, Domoto-san, Rahmouni-san, Chibata-san, :
Modeling and Observation




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
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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.



Low-luminosity GRBs

Unified scenario
GRB 060218 (Campana+006) (Nakar 15, also, Irwin, KH submitting)

07 Prompt emission Low-Luminosity GRB Long GRE

Gamma-rays/Hard X.rays Gamma-rays
|low-luminasity, un-collimated, soft, non-variable) (luminous, collimated, hard, variable)
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GRB 0602 18-like [IGRBs: faint, soft, and smooth emission.

Bright supernova without H and He.

Einstein Probe and HiZ-GUNDAM will find many

(EP 2404143, Sun+24).

Closer distance and fainter afterglow compared to long GRBs =>
Excellent targets for r-process search.



- Energy gt consti

. Nebular lines of r-process elements

. Summary



Energy budget in SN 1987A

: : : : : LI -
Qs6, Mseni = 0.1M,
© Qri, My = 1.5 - 1074 Mg
Q7. Msrco = 3- 1072 Mg
Qp, M, =2-1073M
Bouchet+91

R-process (2e-3Msun) ) ~

\, Fransson+24 "~
, o\ Possible neutron star h‘,e@.t

10! 10?
Time since explosion [year]

- We can rule out the production of r-process >5e-3Msun from the energy budget.
- But, normal core-collapse SNe should not produce >1.0e-3Msun from the rate.




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

_ Qs6, Mseni = 0.3Mg
56N |+56C0 ser Qi Mygi = 4.5 - 1074 Mg,

* Qs7, Ms7co = 3- 1072 M,
Qg, 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.
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Atomic lines are directly observed.

The line intensity is roughly proportional to the mass of an emitting ion.



SN la Nebula seen by JWST

Kwok+23
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- IR lines are particularly useful because their strengths usually do not depend
excitation cross sections and depend weakly on the temperature and density.
- The °6NiI mass estimated only from IR lines is ~ 0.5 Msun, which agrees with the

light curve modeling.




SN la Nebula seen by JWST
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- IR lines are particularly useful because their strengths usually do not depend
excitation cross sections and depend weakly on the temperature and density.
- The °6NiI mass estimated only from IR lines is ~ 0.5 Msun, which agrees with the

light curve modeling (KH + Iin prep.).




Energy scales of atomic emission lines

2nd r-process peak
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- R-process elements have strong emission lines in the iron-a window.



Envelope

. a-elements
- NO radioactivity
. NO emission

Radioactive Core

. a-elements (~3Msun)

- Iron group (0.3Msun)

- R-process (0.1 Msun)

- Vexp ~ /000km/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 (see, Patat+01, Mazzalli + O1, Maeda+06).



Synthetic Nebular Spectrum

MO —_ 3M@, MNi —_ O.BMQ, Mr= O.lM@, t= 100 day, d= 200 MpC

Caveat: our model doesn't include optical lines of r-process elements.



Summary

- The production of r-process elements In SUpPernovae Is an open
question.

- Rare core collapse events can be the main r-process sources.

- Bolometric light curves at [ate times may hint the r-process production
but 44T1 can mimic r-process heating.

- Nebular spectrum has an iron-a window at 1 - 5 um. Importantly, r-
process elements have strong lines in the window. (CO vibration modes
might pollute the window)

- JWST follow-up of [IGRBs can tell us (1) the amount of 56Ni and
lonization stage (promising), (2) r-process production if Mr > 0.03Msun.



Nebular phase of GRB-SN 1998bw
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