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SN 2021aefx (Kwok+23, see also DerKacy+23)4 KWOK ET AL.

Figure 1. Combined optical + NIR + MIR spectrum of Type Ia SN 2021aefx in the nebular phase. The optical data are from SALT/RSS
and the NIR and MIR data were obtained with JWST/NIRSpec and JWST/MIRI, respectively. The optical flux is calibrated to ground-based
photometry and the MIRI flux is scaled to the MIRI F1000W photometry. The NIRSpec flux is unscaled from the JWST pipeline and matches
up well to the optical and MIR. The spectrum has been dereddened and corrected for the host-galaxy redshift. For presentation purposes, the
optical spectrum and the MIR spectrum past 12.5 µm have been rebinned to lower resolution. The flux axis uses a non-linear (arcsinh) scale to
better show all the features across a wide range of wavelength and F⌫ . All subsequent spectra presented in the paper use a linear flux scale.

Figure 2. JWST MIRI F1000W verification image showing
SN 2021aefx during target acquisition, before placement on the
LRS slit. Part of the central region of the host galaxy, NGC 1566,
can be seen in the bottom left corner; gas and dust features can be
seen in the image on the right. Cosmic rays have been removed
from the image.

bias and dark subtraction, background subtraction, flat field
correction, wavelength calibration, flux calibration, rectifica-
tion, outlier detection, resampling, and spectral extraction.
The final NIRSpec “stage 3” one-dimensional (1D) spectrum
extracted by the automated pipeline, available on the Mikul-
ski Archive for Space Telescopes (MAST)2, was of suffi-
ciently good quality that we did not rerun any portion of the
pipeline. Unfortunately, the MIRI stage 3 1D spectrum ex-
tracted by the automated pipeline, available on MAST, was
noisy and unsuitable because the automated extraction aper-
ture was not properly centered on the SN trace. Thus, we
re-extracted the spectrum by manually running stage 3 of the
pipeline (calwebb spec3) from the stage 2 (calwebb spec2)
data products, while forcing the correct extraction aperture.

We identified an issue with the original MIRI/LRS slit
wavelength calibration from the JWST pipeline that has been
noted and confirmed by others and is under investigation
(S. Kendrew & G. Sloan, private communication). Spectra of
the candidate Herbig B[e] star VFTS 822, which exhibits hy-
drogen emission lines (Kalari et al. 2014), were taken as part
of calibration programs JWST Cycle 0 COM/MIRI 12593

(PI: S. Kendrew) and JWST Cycle 1 CAL/MIRI 15304 (PI:
S. Kendrew). From the data publicly available on the MAST
archive, we measured wavelength centroids and uncertainties

2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
3 https://www.stsci.edu/jwst/phase2-public/1259.pdf
4 https://www.stsci.edu/jwst/phase2-public/1530.pdf
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Optical Iron Forest 
(Electric quadrupole: E2 & M1)

Iron Fine Structure  
(Magnetic dipole: M1)

Nebular Emission of SN Ia at 250 day

• Apparently an iron explosion!



Kilonova in GW170817
VLT X-Shooter (Pian+ 2017, see also, Watson+19,Gillanders+22,24,Sneppen+24)

1.4 day

5.4 day

6.4 day

10.4 day

Absorption lines at early times (Nanae Domoto, Albert Sneppen, Salma Rahmouni here) 
Emission lines gradually appear at late times.



Kilonova Nebular Emission
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• Emission line vexp ~ 0.1c, 
probably Te III

• Blackbody like continuum 
(<2000K)



Some remarks
• R-process elements have fine-structure transitions (M1) 

among the levels of J splits of ground levels at 1 - 100 μm, 
c.f, light & Fe-group elements > 10 μm 

• The number of relevant M1 lines is 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

Merger Post-merger R-process 
nucleosynthesis

Radioactive decay

Photospheric 
(optically thick)

Nebular 
(thin)

t=0            0<t<100ms               ~<1s                     1day              > 10day 
   
10km        10-100km                 < 0.1Rsun               10AU              >100AU

Absorption lines Emission lines 

Mass ejection: 
A few % Msun 

~0.1c - 0.8c



Nebular phase
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• Ejecta optical depth



Nebular phase
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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) 

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

Thermal electron

Photon

Non-thermal electron from 
radioactivity



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) 

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

•

• Most abundant elements are 
usually important 

• Mass in emitting ions can be 
measured 

• Most density (lower velocities 
< 0.1c) 

• Making M1 line list is relatively 
easy 

Kawaguchi+2021



Atomic structure

Eav

P

F

D

1D

3D

3F

1F

3P

1P J
1
3

0
1
2

4
3
2

3
2
1

2From Cowan Textbook

e.g., Ti III

3d4p

3d2

3d4s

3d4d
Orbital 

E1 λ ~ 0.1 μm

E1 λ ~ 0.3 μm

Orbit split Spin split Spin-orbit split 
(fine structure)

M1  

Allowed transitions => absorptions Forbidden transitions 
(Pasternack 40, Shortley 40)



M1 transition rate
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where X is the wavelength of the transition, Sz is the z-component of the total electron 
spin operator, and is the average number of photons present per available photon 
state in a small interval near X. The relevant values of X“1 are given in the fourth column 
of Table 1. If LS coupling is valid and /initiai = (/anal + 1), then (Pasternack 1940; 
Shortley 1940) 

(m\Sz\n) 
h 

{[P — (L — sn(L + s+iy- P]} 
12/(2/ + 1) 

If /initial = (/final then 

{m\Sz\n) 2 _ [(L + «S + l)2 — (/ + 1)2][(/ + l)2 - (L - S)2] 
h 12(/+ 1)(2/+ 1) 

(10a) 

(10b) 

Here S, /, and / are, respectively, the spin, orbital angular momentum, and total angular 
momentum of the initial state. For the transitions of interest in this paper, we estimate 
that equations (10), which assume LS coupling, are accurate to 10 per cent or better. 
Equations (10) correspond to an average over initial states and a sum over final states. 
The selection rules for magnetic dipole decay processes are A/ = 0, ±1, /' = /, and 
S' = 5, with no parity change. No A/ = 0 transitions occur among the cases we consider 
because we are concerned only with transitions among fine-structure states belonging to 
the same ground-state term. For the wavelengths of interest here, electric quadrupole 
transitions are much slower than magnetic dipole transitions. The photon occupation 
number per polarization state, n\, can be expressed in terms of X and the photon energy 
flux (ergs cm~2 sec-1), I(v)dv, in the frequency interval dv. Here I(v) is the energy flux 
integrated over all directions. One finds 

or 

ñ\ 
I (y) X3 

Sirhc (id 

MX = 2 x KF/Ci-XX-yiO cm"1)-3, (12) 

where I(v) is expressed in ergs cm-2 sec-1 (cps)-1. The photon absorption rates are also 
given by equations (9)-(12) if ^x + 1 is replaced by wx in equation (9). 

Near a strong infrared source (^x 1) the ground fine-structure states are populated 
according to their degeneracies (cf. discussion following eq. [3]). Equation (12) is used in 
§ VIg to relate the observed population of the higher fine-structure states to the distance 
between the infrared continuum source and the absorber in quasi-stellar sources. A similar 
relation is also derived in § VIg assuming the higher fine-structure states are populated 
by indirect ultraviolet transitions. 

V. COLLISION RATES 

a) Electron Cross-sections 
We first consider the cross-sections for fine-structure transitions caused by collisions 

between positively charged ions and electrons. Such cross-sections have been calculated 
or estimated by a number of authors (Seaton 1958; Osterbrock 1965 ; Delmer, Gould, and 
Ramsey 1967), and we use their results. The cross-section for transition from the fine- 
structure state i to the fine-structure state j is usually written in the form 

<7 
k* GJi ’ (13) 

where ki is the wavenumber of the incident electron, and is the multiplicity of state i. 
Since the collision strength fí(¿j) is approximately constant in the energy range of inter- 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Bahcall & Wolf 1968

This formula gives reasonably accurate values.



Fine-structure lines of heavy elements
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ABSTRACT

We present a line list of magnetic dipole (M1) transitions of heavy elements, which are
relevant to the nebular emission of kilonovae. The line list is constructed mostly from the
experimentally calibrated energy levels in the NIST database based on the selection rules
in LS coupling under the single configuration approximation. This method guarantees high
accuracy in line wavelengths. The list also includes M1 lines for ions, e.g, heavier than Th, of
which the energy levels are available in the literature but not in the NIST database.

1 INTRODUCTION

The origin of r-process elements is a long-standing problem in astro-
physics (Burbidge et al. 1957; Cameron 1957). Neutron star mergers
have been considered as promising sites of r-process nucleosynthe-
sis (Lattimer & Schramm 1974). A neutron star merger, GW170817,
was accompanied by an uv-optical-infrared counterpart referred to
as ‘kilonova’ or ‘macronova’ (Abbott et al. 2017). The light curve
and spectrum indicate that a large amount of r-process elements
is produced in this event (see, e.g., Metzger 2017; Nakar 2020;
Margutti & Chornock 2021, for reviews). The amount of the ejecta
together with the event rate of mergers suggests that neutron star
mergers can provide all the r-process elements in the Galaxy (e.g.
Hotokezaka et al. 2018; Rosswog et al. 2018).

2 FINE STRUCTURE TRANSITIONS

Atomic radiative transitions occur through electric dipole (E1),
magnetic dipole (M1), and higher-order electric and magnetic tran-
sitions. The transition rates are progressively lower for higher-order
transitions. Table 1 provides the selection rules for E1, M1, and E2
transitions in LS coupling. In the following, we discuss the proper-
ties of radiative transitions that satisfy the LS selection rules.

The ratio of an M1 transition to an E1 transition rate is (Cowan
1981)

�M1

�E1
⇠ 1.3 · 10�5/2

2

✓
_E1

_M1

◆3
, (1)

where _E1 and _"1 are their transition wavelengths in units of cm.
Here /2 , which is the e�ective core charge for the jumping electron,
appears since the matrix element of E1 transitions is proportional
to /�1

2 .
The ratio of �M1 to an electric quadrupole transition rate is

�M1

�E2
⇠ 2.6 · 1011/�4

2

_5
E2

_3
M1

, (2)

Figure 1. Energy di�erence between the ground and first excited levels of
the ground term of -+1.

where _E2 is the E2 transition wavelength. At _M1 ⇠ _E2 ⇠ 1 `m,
M1 transitions are faster than E2 by ⇠ 103.

For M1 transitions, it is possible to calculate the transition
rates analytically in the pure LS coupling scheme (Pasternack 1940;
Shortley 1940; Bahcall & Wolf 1968). The transition rate from an
upper level D to a lower level ; is given by

�D; = 1.3 s�1
✓
_D;

4 `m

◆�3
5 (�D, !D, (D), (3)

where _D; is the line wavelength and 5 (�D, !D, (D) is an algebraic
factor:

5 (�, !, () =
(�2

� (! � ()2) ((! + ( + 1)2 � �2
)

12� (2� + 1)
, (4)

for �D = �; + 1 and

5 (� .!, () =
((� + 1)2 � (! � ()2) ((! + ( + 1)2 � (� + 1)2)

12(� + 1) (2� + 1)
, (5)

for �D = �; � 1. Figure 1 shows the excitation energy between the
ground and the first excited levels of the ground terms of singly
ionized ions, which is a proxy of the energy scale of fine structure

© 2022 The Authors

• Heavy elements have fine-structure lines at ~ 1 - 30 μm. 
• The energy scale of 1st, 2nd, and 3rd peak elements ~ 1 μm. 
• The fine structure lines can dominate the kilonova cooling.

Kilonova elements

Singly ionized, the first fine structure level

Ni II
Co II

2nd peak 3rd peak
1st peak



Kilonova Nebular Spectrum (only M1 lines included
KH+ in prep, collision strengths are computed with HULLAC.

- The solar abundance (2nd - 3rd r-process peaks) is assumed. X+1 = X+2 = 0.5 
- [Te III] 2.1μm is among the strongest M1 line. 



Caveats

Neutron Star Merger Nebula 9

Figure 8. Kinetic temperature evolution for the dynamical ejecta model (left: "ej = 0.02"� and E0 = 0.22) and slow wind model (right: "ej = 0.05"� and
E0 = 0.052). The fiducial model (wind) is also shown as a dash-dotted curve for comparison. The time scales on which the ejecta enters the nebular phase for
the dynamical ejecta and slow models are ⇡ 10 day and 70 day, respectively.
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Figure 9. Normalized spectra for Nd II, Nd III, and Nd IV. Here we use a kinetic temperature of )4 = 4500 K, an electron density of =4 = 1.6 · 104 cm�3, and
electron fraction of j = 1. These values roughly correspond to those around 40 day after merger in the fiducial model. Solid, dashed, and dash-dotted curves
depict the total spectrum, the contribution of E1 transitions, and the contribution of M1 transitions, respectively. Also shown as vertical lines are individual E1
(blue) and M1 (red) lines. The Doppler broadening of each line at a frequency a8 is incorporated by using a Gaussian distribution with a standard deviation of
⇡ (E0/2)a8 = 0.1a8 .

Figure 10. Spectra for the fiducial model at 40 day (left) and 80 day (right) after merger. The contributions of Nd II, Nd III, Nd IV are also shown. Filled
circle and triangle are the detection at 4.5 `m and 3f upper limit at 3.6 `m obtained by Spitzer telescope at 43 day (left) and 74 day (right) after GW170817
(Kasliwal et al. 2019).

MNRAS 000, 1–15 (2020)

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

KH+2021



Out line

• Kilonova Nebular Emission 

• Kilonova nebular emission lines in GW170817  

• Kilonova nebular emission in GRB 230307A 

• R-process emission from supernovae 

• Summary



2.1μm line in kilonova spectra and modeling

AT 2017gfo (KH+23, data from Pian+17)
• Blackbody + M1 line analysis 

• TBB ~ 2000K 

• Mej=0.05Msun, vej =0.07c, the solar pattern A>88 

• A strong line at 2.1μm can be [Te III]  

Fig. 12 Abundance used in the spectral modeling. The abundance is chosen based on the solar r-
process residuals. Here the abundance of the “light” elements (A < 85) is reduced relative to the
solar pattern.

66



2.1μm line in kilonova spectra: GW170817

AT2017gfo (KH+23, data from Pian+17)
• Blackbody + M1 line analysis 

• TBB ~ 2000K 

• Mej=0.05Msun, vej =0.07c, the solar pattern A>88 

• A strong line at 2.1μm can be [Te III]  

• [Te III] 2.1μm is seen in planetary nebulae 
(Madonna+18) 

contaminant, but the IGRINS data demonstrate that it is not
present at a detectable intensity.

The good agreement between EMIR and IGRINS results and
the high resolution of IGRINS data, which eliminates the
possibility of blends, give us confidence that [Te III] and [Br V],
respectively, are the correct identifications for the 2.1019 μm
and 1.6429 μm lines.

4. A-values and Collision Strengths

The atomic structures, A-values, and radial wavefunctions
for Br V and Te III were computed with the AUTOSTRUCTURE
code Badnell (1986, 1997). We diagonalized the Breit–Pauli
Hamiltonian within a statistical Thomas–Fermi–Dirac–Amaldi
model potential V(λnl) (Badnell 1997). The potential for each
orbital was characterized by scaling the radial parameter by a
quantity λnl that is optimized variationally by minimizing a
weighted sum of the LS term energies. The LS terms are
represented by configuration-interaction (CI) wavefunctions.

The CI expansion for the Br V system that we used includes
the 3d104s24p, 3d104s4p2, 3d104s25s, 3d104s25p, 3d 4s 5d10 2 ,
3d 4s 4p9 2 2, 3d 4s 4p4d9 2 , and 3d 4s 4p5s9 2 configurations, while
that for Te III includes 4d 5s 5p10 2 2, 4d 5s5p10 3, 4d 5s 5p5d10 2 ,
and 4d 5s 5p9 2 3.

The quality of our atomic structure representations was
evaluated by comparing predicted term energies with the
experimental values of Riyaz et al. (2014) and Joshi et al.
(1992) for Br V and Te III, respectively. Our calculated
energies are found to differ from experimental values by less
than 5%. Additional small semi-empirical corrections to the
orbitals were calculated through the coupling of energy terms
that minimized the relative energy differences. Finally, the
level energies were shifted to the experimental values in order
to compute monopole, dipole, and quadrupole transition
probabilities.
The scattering calculations were done with the BP R-matrix

program (Berrington et al. 1997), using the orbitals from our
AUTOSTRUCTURE calculation, retaining CI from 39 LS terms
and 88 fine structure levels for Br V and 39 LS terms and 75
levels for Te III. The calculations explicitly include partial
waves from states with L� 9 and multiplicities 1, 3, and 5 for
Br V, and 2 and 4 for Te III. Contributions from the higher
partial waves were estimated using a top-up procedure.
Maxwellian-averaged collision strengths were computed for

both ions for selected temperatures between 5000 K and
30000 K. New atomic data files with the resulting values for
Br V and Te III were added to PyNeb. The A-values and

Figure 1. Plots of the newly detected lines from the EMIR (upper row) and IGRINS (lower row) data. While the EMIR line fluxes were measured from their 1D
spectra, the IGRINS fluxes were measured in 2D position–velocity space with an aperture drawn around the line profile (e.g., see Figure 1 of Sterling et al. 2016).

3

The Astrophysical Journal Letters, 861:L8 (7pp), 2018 July 1 Madonna et al.



Spitzer view of GW170817, very red at late times

Spitzer limit (3.6μm) and detection (4.5μm) (KH+22 see also McCann+24, 
data from Kasliwal+22 and Viller+18)

The 1st peak is abundant The 1st peak is less abundant



Out line

• Kilonova Nebular Emission 

• Kilonova nebular emission lines in GW170817  

• Kilonova nebular emission in GRB 230307A 

• R-process emission from supernovae 

• Summary



An extremely bright GRB 230307A

Fig. 1 The high energy properties of GRB 230307A. The left panel shows the light curve of the
GRB at 64 ms time resolution with the Fermi/GBM. The shaded region indicates the region where
saturation may be an issue. The burst begins very hard, with the count rate dominated by photons
in the hardest (100-900 keV) band, but rapidly softens, with the count rate in the hard band being
progressively overtaken by softer bands (e.g. 8-25 keV and 25-100 keV) beyond ⇠ 20s. This strong
hard-to-soft evolution is reminiscent of GRB 211211A [20] and is caused by the motion of two spectral
breaks through the �-ray regime (see Methods). The right panel shows the X-ray light curves of GRBs
from the Swift X-ray telescope. These have been divided by the prompt fluence of the burst, which
broadly scales with the X-ray light curve luminosity, resulting in a modest spread of afterglows. The
greyscale background represents the ensemble of long GRBs. GRB 230307A is an extreme outlier of
the > 1000 Swift-GRBs, with an extremely faint afterglow for the brightness of its prompt emission.
Other merger GRBs from long bursts occupy a similar region of parameter space. This suggests the
prompt to afterglow fluence could be a valuable tool in distinguishing long GRBs from mergers and
those from supernovae.

10

Fig. 6 The distribution of measure fluence from the Fermi/GBM catalogue [105]. The solid line
shows an expected slope of �3/2 for a uniform distribution. The faint end deviates from this line
because of incompleteness. At the brighter end, there are three bursts which appear to be extremely
rare, GRB 130427A, GRB 221009A [52] and GRB 230307A. To indicate the apparent rarity we also
plot lines representing the expected frequency of events under the assumption of a �3/2 slope. We
would expect to observe bursts akin to GRB 230307A only once per several decades.

47

• T90 ~ 35 s : Typical long GRB. 
• The 2nd brightest GRB. 
• LIGO/Virgo/KAGRA were not in operation.

Levan,..,KH+23GRB 230307A



Remarks on GRB 230307A

• The 1st JWST observation for a kilonova candidate. 

• One of the nearest GRBs. 

• The 2nd long GRB associated with a kilonova 
candidate.



GRB 230307A: JWST NIRCam Image

Fig. 2 JWST images of GRB 230307A at 28.5 days post burst. The upper panel shows the wide field
image combining the F115W, F150W and F444W images. The putative host is the bright face-on
spiral galaxy, while the afterglow appears at a 30-arcsecond o↵set, within the white box. The lower
panel shows cut-outs of the NIRCAM data around the GRB afterglow location. The source is faint
and barely detected in the bluer bands but very bright and well detected in the red. In the red bands,
a faint galaxy is present northeast of the transient position. This galaxy has a redshift of z = 3.87,
but we consider it to be a background object unrelated to the GRB (see Supplementary Information).

11

Levan,..,KH+23

40 kpc

•The most probable host ~ 300Mpc, large off-set ~ 40 kpc 
•The large off-set rules out the collapsar scenario.



GRB 230307A and JWST photometry
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Fig. 13 Multi-wavelength light curves and model predictions. Markers in the figure show the
observed flux density at the position of GRB 230307A in various bands (see legend in the left-hand
panel) and at various times. Downward-facing triangles represent upper limits. The optical and near
infrared flux densities are multiplied by the numbers reported in the legend for presentation pur-
poses. The butterfly-shaped filled regions in the right-hand panel encompass flux densities consistent
at one, two and three sigma (progressively lighter shades) with the Swift/XRT and Chandra detec-
tions in the 0.3-10 keV band, according to our analysis and adopting a uniform prior on the flux.
Solid lines of the corresponding colours show the predicted light curves (left-hand panel) and spectra
(right-hand panel) of our afterglow (forward shock only) plus kilonova model at the central frequen-
cies of the bands. Dashed lines single out the contribution of the kilonova.
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Levan,..KH+23 

Kilonova 
JWST

Jet

Afterglow+Kilonova light curve Afterglow+Kilonova SED

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



JWST Spectrum of the KN candidate 230307A

Fig. 3 JWST/NIRSpec spectroscopy of the counterpart of GRB 230307A taken on 5 April 2023.
The top panel shows the 2-D spectrum rectified to a common wavelength scale. The transient is well
detected beyond 2 microns but not short ward, indicative of an extremely red source. Emission lines
from the nearby galaxy at z = 3.87 can also be seen o↵set from the afterglow trace. The lower panel
shows the 1D extraction of the spectrum in comparison with the latest (10-day) AT2017gfo epoch
and di↵erent kilonova models. A clear emission feature can be seen at ⇠ 2.15 microns at both 29
and 61 days. This feature is consistent with the expected location of [Te III], while redder features
are compatible with lines from [Se III] and [W III]. This line is also clearly visible in the late time
spectrum of AT2017gfo [37, 42]

12

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

• A line feature at 2.1μm is similar to that seen in GW170817. 
• M(Te III)=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 μm !!?

T~670K



What the IR bump means?
• GRB 230307A is not a neutron star merger. 

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

Consider other progenitors 
• If it is a neutron star merger 

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

SN 1987A (Wooden+1993)



What the IR bump means?
• GRB 230307A is not a neutron star merger. 

Consider other progenitors 
• If it is a neutron star merger 

• Actinide optical property, which we haven’t understood? 
• Dust?
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Out line

• Kilonova Nebular Emission 

• Kilonova nebular emission lines in GW170817  

• Kilonova nebular emission in GRB 230307A 

• R-process emission from supernovae 

• Summary



The r-process origin
Neutron star merger? Collapsar?

Something else?



The r-process origin
Neutron star merger? Collapsar?

• Kilonova in GW170817 
=> r-process occurs  
• Rare: ~1% of supernovae 
• Short GRB

• No evidence of r-process 
• 56Ni is produced 
• Rare: ~0.1-1% of supernovae 
• Long GRB, low-luminosity GRB



R-process: Rate and Mass
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In principle, neutron star mergers can provide 
all the r-process elements.

KH+15,18 with modification



Delay problem of NS mergers
Neutron star mergers (delay) Core collapse (no delay)

• 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.f., 1-10 Gyr delay for GW170817.

KH+18 



R-process: Rate and Mass
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The rates of mergers, llGRBs, long GRBs correspond to 0.01 - 0.1Msun. 
We’d like to test whether these events produce r-process elements or not.

KH+15,18 with modification
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R-process of 0.03Msun can dominate the heating t>2yr. 
However, it is likely difficult to distinguish from overproduction of 44Ti.



Set up
Thin Ejecta

Envelope  
• α-elements  
• no radioactivity  
• no emission

Radioactive Core  
• α-elements (~3Msun) 
• Iron group (0.3Msun) 
• R-process (0.1Msun) 
• vexp ~ 5000km/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 + 01, Maeda+06).



Abundance & Cooling function8 G. Ricigliano et al.

102 103 104101

102

103

104

105

106

107

108

109
Low Xiron

Xlights = 98%, Xiron = 1%, Xheavies = 1%

Xlights = 92%, Xiron = 1%, Xheavies = 7%

Xlights = 85%, Xiron = 1%, Xheavies = 14%

102 103 104

High Xiron

Xlights = 85%, Xiron = 14%, Xheavies = 1%

Xlights = 79%, Xiron = 14%, Xheavies = 7%

Xlights = 72%, Xiron = 14%, Xheavies = 14%

Z < 26, Z = 29, 30

Z = 26, 27, 28

Z > 30

20 40 60 80
Z

�6

�4

�2

0
lo

g 1
0
(Y

)

20 40 60 80
Z

�6

�4

�2

0

lo
g 1

0
(Y

)

Te [K]

� �
[e

rg
s�

1
g�

1
]

Figure 4. Contribution to the specific cooling coming from light elements (/ < 26, / = 29, 30), iron group elements (/ = 26, 27, 28) and heavy elements
(/ > 30), for different mixtures of such groups. The specific cooling rate is shown as a function of the kinetic temperature at a fixed density of 106 cm�3, and it
is obtained through an iterative computation of the thermal (and ionization) balance. Two sets of variations are considered, i.e. a case with low amount of iron
(left panel), and a case with high amount of iron (right panel). For each set, the amount of heavy elements is progressively increased at the expenses of light
elements. Each panel also shows the set of correspondent abundance patterns, with the abundance of light elements taken from the S25 model computed by
Rauscher et al. (2002) (right panel), and from the r0e2 model computed by Dessart et al. (2017) (left panel), while the abundance of heavy elements being the
solar r-process pattern derived by Prantzos et al. (2020).

Table 1. List of relevant quantities characterizing each of the zones in our
NLTE model, used to target the SN 1998bw spectra at 215.4 days post-
explosion. The values are informed on the r0e2 explosion model from Dessart
et al. (2017). From top to bottom, we list the zone total mass "tot, average
velocity 3a3g, atomic number density =, specific radioactive heating rate §n ,
and average atomic mass number �̄. We also report the kinetic temperature
)e and electron fraction je = =e

= , as obtained by running the ionization and
thermal balance in each zone.

Zone 1� 2� 3�

"tot ["�] 1.0 5.8 2.4
3a3g [2] 0.007 0.020 0.030
= [107 cm�3] 4.88 5.20 0.19
§n [107 erg s�1 g�1] 2.56 0.26 0.26
�̄ 23.1 17.3 14.7

)e [K] 4058 4861 5648
je 0.26 0.07 0.30

representative candidate of a scenario where heavy elements may be
synthesized.

7.1 Reproducing the late SN 1998bw emission

The nature of SN 1998bw, at a luminosity distance of 37.8 Mpc
(Patat et al. 2001), was long debated, due to the intrinsic characteris-
tics of its photometric and spectroscopic evolution. Initially, (Maeda
et al. 2003) proposed a stratified ejecta with a slow enough high
density core and a fast enough outer shell, each containing 56Ni, in
order to explain the emission brightness both at early and late times.
This structure has been found difficult to be achieved in spherical
symmetry, while it is consistent with more asymmetric explosions.

In fact, Dessart et al. (2017) argued that such stratification is not
even necessary, once the ejecta asymmetry is exploited. The early
phase of the emission could then be explained by a faster compo-
nent with a relatively higher 56Ni abundance in the polar region,
while the later phase would result from a slower component with
lower 56Ni concentration along the equator. In any case, the nebular
phase is well described by a slow and massive ejecta with a lim-
ited amount of 56Ni. The latter is likely more indicative of the true
element abundance, when compared to the incredibly highly ener-
getic and 56Ni-rich ejecta necessary to explain, in the spherically
symmetric scenario, the first days of emission. This conclusion from
Dessart et al. (2017) stems from the analysis of a series of synthetic
SN models, post-processed with the time-dependent 1D radiative
transfer code CMFGEN (Hillier & Dessart 2012). The models were
obtained by evolving a 40 "� ZAMS star with different metallicities
and rotation degrees using the stellar evolution code MESA (Paxton
et al. 2011, 2015). The resulting carbon-rich WR stars were pushed to
explosion with the radiation-hydrodynamics code V1D (Livne 1993;
Dessart et al. 2010), in order to obtain ejecta with different kinetic
energies.

Here, we use as benchmark for our calculations the r0e2 model
from Dessart et al. (2017), which derives from a ZAMS star with
no initial rotation and solar metallicity, eventually exploding with a
kinetic energy of 4.12⇥1051 erg, and resulting in the best fit of the late
observations. Our ejecta are constructed using three concentric zones,
with the first representing the innermost region of the outflow, and
the third the outermost. We find that increasing further the number of
zones does not lead to an improvement in the final prediction of the
spectra, while, conversely, less zones also fail in capturing some of
the emergent spectral features. We focus on the observational epochs
when we expect our model assumptions to be verified, around the
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Figure 4. Contribution to the specific cooling coming from light elements (/ < 26, / = 29, 30), iron group elements (/ = 26, 27, 28) and heavy elements
(/ > 30), for different mixtures of such groups. The specific cooling rate is shown as a function of the kinetic temperature at a fixed density of 106 cm�3, and it
is obtained through an iterative computation of the thermal (and ionization) balance. Two sets of variations are considered, i.e. a case with low amount of iron
(left panel), and a case with high amount of iron (right panel). For each set, the amount of heavy elements is progressively increased at the expenses of light
elements. Each panel also shows the set of correspondent abundance patterns, with the abundance of light elements taken from the S25 model computed by
Rauscher et al. (2002) (right panel), and from the r0e2 model computed by Dessart et al. (2017) (left panel), while the abundance of heavy elements being the
solar r-process pattern derived by Prantzos et al. (2020).

Table 1. List of relevant quantities characterizing each of the zones in our
NLTE model, used to target the SN 1998bw spectra at 215.4 days post-
explosion. The values are informed on the r0e2 explosion model from Dessart
et al. (2017). From top to bottom, we list the zone total mass "tot, average
velocity 3a3g, atomic number density =, specific radioactive heating rate §n ,
and average atomic mass number �̄. We also report the kinetic temperature
)e and electron fraction je = =e

= , as obtained by running the ionization and
thermal balance in each zone.

Zone 1� 2� 3�

"tot ["�] 1.0 5.8 2.4
3a3g [2] 0.007 0.020 0.030
= [107 cm�3] 4.88 5.20 0.19
§n [107 erg s�1 g�1] 2.56 0.26 0.26
�̄ 23.1 17.3 14.7

)e [K] 4058 4861 5648
je 0.26 0.07 0.30

representative candidate of a scenario where heavy elements may be
synthesized.

7.1 Reproducing the late SN 1998bw emission

The nature of SN 1998bw, at a luminosity distance of 37.8 Mpc
(Patat et al. 2001), was long debated, due to the intrinsic characteris-
tics of its photometric and spectroscopic evolution. Initially, (Maeda
et al. 2003) proposed a stratified ejecta with a slow enough high
density core and a fast enough outer shell, each containing 56Ni, in
order to explain the emission brightness both at early and late times.
This structure has been found difficult to be achieved in spherical
symmetry, while it is consistent with more asymmetric explosions.

In fact, Dessart et al. (2017) argued that such stratification is not
even necessary, once the ejecta asymmetry is exploited. The early
phase of the emission could then be explained by a faster compo-
nent with a relatively higher 56Ni abundance in the polar region,
while the later phase would result from a slower component with
lower 56Ni concentration along the equator. In any case, the nebular
phase is well described by a slow and massive ejecta with a lim-
ited amount of 56Ni. The latter is likely more indicative of the true
element abundance, when compared to the incredibly highly ener-
getic and 56Ni-rich ejecta necessary to explain, in the spherically
symmetric scenario, the first days of emission. This conclusion from
Dessart et al. (2017) stems from the analysis of a series of synthetic
SN models, post-processed with the time-dependent 1D radiative
transfer code CMFGEN (Hillier & Dessart 2012). The models were
obtained by evolving a 40 "� ZAMS star with different metallicities
and rotation degrees using the stellar evolution code MESA (Paxton
et al. 2011, 2015). The resulting carbon-rich WR stars were pushed to
explosion with the radiation-hydrodynamics code V1D (Livne 1993;
Dessart et al. 2010), in order to obtain ejecta with different kinetic
energies.

Here, we use as benchmark for our calculations the r0e2 model
from Dessart et al. (2017), which derives from a ZAMS star with
no initial rotation and solar metallicity, eventually exploding with a
kinetic energy of 4.12⇥1051 erg, and resulting in the best fit of the late
observations. Our ejecta are constructed using three concentric zones,
with the first representing the innermost region of the outflow, and
the third the outermost. We find that increasing further the number of
zones does not lead to an improvement in the final prediction of the
spectra, while, conversely, less zones also fail in capturing some of
the emergent spectral features. We focus on the observational epochs
when we expect our model assumptions to be verified, around the
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Figure 4. Contribution to the specific cooling coming from light elements (/ < 26, / = 29, 30), iron group elements (/ = 26, 27, 28) and heavy elements
(/ > 30), for different mixtures of such groups. The specific cooling rate is shown as a function of the kinetic temperature at a fixed density of 106 cm�3, and it
is obtained through an iterative computation of the thermal (and ionization) balance. Two sets of variations are considered, i.e. a case with low amount of iron
(left panel), and a case with high amount of iron (right panel). For each set, the amount of heavy elements is progressively increased at the expenses of light
elements. Each panel also shows the set of correspondent abundance patterns, with the abundance of light elements taken from the S25 model computed by
Rauscher et al. (2002) (right panel), and from the r0e2 model computed by Dessart et al. (2017) (left panel), while the abundance of heavy elements being the
solar r-process pattern derived by Prantzos et al. (2020).

Table 1. List of relevant quantities characterizing each of the zones in our
NLTE model, used to target the SN 1998bw spectra at 215.4 days post-
explosion. The values are informed on the r0e2 explosion model from Dessart
et al. (2017). From top to bottom, we list the zone total mass "tot, average
velocity 3a3g, atomic number density =, specific radioactive heating rate §n ,
and average atomic mass number �̄. We also report the kinetic temperature
)e and electron fraction je = =e

= , as obtained by running the ionization and
thermal balance in each zone.

Zone 1� 2� 3�

"tot ["�] 1.0 5.8 2.4
3a3g [2] 0.007 0.020 0.030
= [107 cm�3] 4.88 5.20 0.19
§n [107 erg s�1 g�1] 2.56 0.26 0.26
�̄ 23.1 17.3 14.7

)e [K] 4058 4861 5648
je 0.26 0.07 0.30

representative candidate of a scenario where heavy elements may be
synthesized.

7.1 Reproducing the late SN 1998bw emission

The nature of SN 1998bw, at a luminosity distance of 37.8 Mpc
(Patat et al. 2001), was long debated, due to the intrinsic characteris-
tics of its photometric and spectroscopic evolution. Initially, (Maeda
et al. 2003) proposed a stratified ejecta with a slow enough high
density core and a fast enough outer shell, each containing 56Ni, in
order to explain the emission brightness both at early and late times.
This structure has been found difficult to be achieved in spherical
symmetry, while it is consistent with more asymmetric explosions.

In fact, Dessart et al. (2017) argued that such stratification is not
even necessary, once the ejecta asymmetry is exploited. The early
phase of the emission could then be explained by a faster compo-
nent with a relatively higher 56Ni abundance in the polar region,
while the later phase would result from a slower component with
lower 56Ni concentration along the equator. In any case, the nebular
phase is well described by a slow and massive ejecta with a lim-
ited amount of 56Ni. The latter is likely more indicative of the true
element abundance, when compared to the incredibly highly ener-
getic and 56Ni-rich ejecta necessary to explain, in the spherically
symmetric scenario, the first days of emission. This conclusion from
Dessart et al. (2017) stems from the analysis of a series of synthetic
SN models, post-processed with the time-dependent 1D radiative
transfer code CMFGEN (Hillier & Dessart 2012). The models were
obtained by evolving a 40 "� ZAMS star with different metallicities
and rotation degrees using the stellar evolution code MESA (Paxton
et al. 2011, 2015). The resulting carbon-rich WR stars were pushed to
explosion with the radiation-hydrodynamics code V1D (Livne 1993;
Dessart et al. 2010), in order to obtain ejecta with different kinetic
energies.

Here, we use as benchmark for our calculations the r0e2 model
from Dessart et al. (2017), which derives from a ZAMS star with
no initial rotation and solar metallicity, eventually exploding with a
kinetic energy of 4.12⇥1051 erg, and resulting in the best fit of the late
observations. Our ejecta are constructed using three concentric zones,
with the first representing the innermost region of the outflow, and
the third the outermost. We find that increasing further the number of
zones does not lead to an improvement in the final prediction of the
spectra, while, conversely, less zones also fail in capturing some of
the emergent spectral features. We focus on the observational epochs
when we expect our model assumptions to be verified, around the
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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 & E2 lines of r-process elements may be missing. 
• R-process elements appear in 1 - 10 μm. 
• 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.  

• 2.1μm line seen in GW170817 and GRB 230307A can be [Te III] line. 

• The Spitzer detection (4.5μm, GW170817) can be explained by W III or Se III.  

• The IR bump (peaking at 5μm, 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.


