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EM counterparts: kilonovae

mini-supernova 
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r-process origins

Compact Object Mergers Core Collapse SNe 
(    -driven winds)

• naturally produce 
low-entropy, neutron 
rich conditions 

• rare (?), but prolific 
• time delay

• r-process abundance 
in old stars 

• skimpy r-process, but  
common 

• high-entropy, low 
dynamical time 
hinders production of 
seed nuclei

⌫
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Figure 4. Bolometric light curve of the radioactively-powered
transients from NS-NS/NS-BH mergers, calculated assuming a to-
tal ejecta mass Mtot = 10−2M⊙ with electron fraction Ye = 0.1
and mean outflow speed v ≃ 0.1 c, and for two values of the
thermalization efficiency (§3.2), ϵtherm = 1 (solid line) and
ϵtherm = 0.5 (dotted line). Also shown for comparison (dashed
line) is a one-zone calculation based on the LP98 model (as im-
plemented in Kulkarni 2005 and Metzger, Piro & Quataert 2008)
assuming f = 3× 10−6 (see §3.2.4) and the same values for Mtot

and v.

focused on aiding studies of r-process abundances in ultra
metal-poor halo stars, which generally make use of resonant
absorption lines at optical wavelengths (e.g. Cayrel 1996;
Sneden et al. 2003). However, the total opacity of most rel-
evance to merger transients results from densely-packed UV
lines, for which there is currently insufficient information in
either the Kurucz line list (Kurucz & Bell 1995) or the more
recent experimental studies. Nevertheless, the spectra of at
least some high-Z r-process elements are almost certainly as
complex as Fe peak elements, if not more (G. Wahlgren, pri-
vate communication); this is important because the Fe peak
elements cause UV “line-blanketing” in normal SN spectra.
We expect that the same effect is likely to be produced by
third r-process peak elements since they are largely transi-
tion metals.

Given this lack of spectral information, we attempt to
crudely account for the effects of the unknown r-process
element lines on the opacity by using the bound-bound lines
of Fe, but modified to include the correct ionization energies
of the r-process elements. Specifically, our calculations use
the ionization energies of Pb as a representative r-process
element. These uncertainties in the bound-bound transitions
obviously limit our ability to make detailed spectroscopic
predictions, but it does allow us to qualitatively address the
effects of line blanketing on the transients’ color evolution. In
addition, the overall lightcurve shape, the peak luminosity,
and the characteristic timescale of the event (∼ day) are
robust in spite of these uncertainties.

4.2 Results

Figure 4 shows our results for the bolometric light curve for
a fiducial model with Ye = 0.1, ejecta mass Mej = 10−2M⊙,
and outflow speed v = 0.1 c. We show two calculations per-
formed using different values for the assumed thermalization

Figure 5. Top Panel: νLν color light curves from the ϵtherm = 1
calculation in Figure 4. V−, U−, and R− band light curves are
shown with solid, dotted, and dashed lines, respectively. Bottom

Panel: Analogous color evolution predicted by the LP98 black-
body model.

efficiency, ϵtherm = 0.5 and ϵtherm = 1, which roughly bracket
our uncertainty in the γ−ray escape fraction (§3.2). Also
shown for comparison in Figure 4 is the toy model of LP98
(cf. Kulkarni 2005; §2.2), calculated assuming an electron
scattering opacity and an “f” value = 3×10−6 , as calibrated
to match the radioactive heating rate in §3.2.4. Figure 4
shows that the light curves predicted using the toy model
and our more detailed calculation are relatively similar near
the time of peak emission (tpeak ∼ 1 day), but their differ-
ences become more pronounced at earlier and later times.
The “bumps” in the light curve at t ∼ few days in our cal-
culation are due to recombination of the outer shell electrons
in our representative high-Z element Pb (and the resulting
opacity change) as the expanding photosphere cools.

In the top panel of Figure 5 we decompose the light
curve into luminosities νLν in several standard optical bands
(i.e. “colors”). The bottom panel of Figure 5 shows the anal-
ogous color evolution predicted with the LP98 model, which
assumes a perfect (single temperature) blackbody spectrum.
Both calculations predict that the light curve peaks earlier in
time at shorter wavelengths because the photospheric tem-
perature decreases with time as the ejecta expands. How-
ever, the LP98 model predicts an overall νLν peak in the
UV, while our calculation predicts an earlier peak at longer
wavelengths (i.e. in V-band) and a clear suppression in UV
emission at times t ∼> 1 day. This behavior results from
strong UV absorption due to dense bound-bound transitions
(“line blanketing”), which produces a much redder spectrum
than would be predicted by assuming a grey opacity. Indeed,
rapid reddening following the peak emission epoch is likely
a defining characteristic of kilonovae.

We have also explored the sensitivity of our results to
the mass of the ejecta by performing an otherwise identical
calculation, but with a lower ejecta mass Mej = 10−3M⊙.
Our results for the color evolution are shown in Figure 6.
Although the qualitative features of the light curve evolu-
tion are similar to the Mej = 10−2M⊙ case, the V band
light curve peaks somewhat earlier and at a lower lumi-
nosity, as expected from the analytic scaling relationships

c⃝ ???? RAS, MNRAS 000, 1–15

Emission peaks in V-band
rp = Fe
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Assumes line profiles widths are small and that strong 
lines do not overlap in wavelength space
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Kilonovae: opacity
bound-bound opacity (lines) is a function of atomic structure:

more valence e- more lines higher

open d-shell

open f-shell

Kasen, Badnell, & JB 2013
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Figure 11. Synthetic spectra (2.5 days after mass ejection) of the r-process SN
model described in the text, calculated using either Kurucz iron group opacities
(black line) or our Autostructure-derived r-process opacities (red line). For
comparison, we overplot blackbody curves of temperature T = 6000 K (black
dashed) and T = 2500 K (red dashed). The inset shows the corresponding
bolometric light curves assuming iron (black) or r-process (red) opacities.
For comparison, we also plot a light curve calculated with a gray opacity of
κ = 10 cm2 g−1 (blue dashed line).
(A color version of this figure is available in the online journal.)

The spectrum at 2.5 days after the merger is much redder, with
most of the flux emitted in the near infrared (∼1 µm). Due to the
extreme line blanketing at bluer wavelengths, the photons are
eventually redistributed (through lines) to the infrared, where
the opacities are lower and radiation can escape more readily.
As shown in Figure 11, the bolometric light curve from the full
multi-wavelength calculation resembles one calculated with an
effective gray opacity of κ = 10 cm2 g−1, which is two orders
of magnitude greater than values used in previous gray transport
models.

Other than the unusually red color, the r-process spectra
generally resemble those of ordinary SNe, and in particular
those with high expansion velocities (e.g., the hyper-energetic
Type Ic event, SN 1998bw; Galama et al. 1998). The continuum
flux, which is produced by emission in the Doppler-broadened
forest of lines, resembles a blackbody with a few broad (∼200 Å)
spectral features. It is not easy to associate these features with
either absorption or emission from a single line; instead they
arise from blends of many lines. Because our atomic structure
models do not accurately predict line wavelengths (and we only
include lines of Nd and Fe), the location of the features in our
synthetic spectra are not to be trusted. Nevertheless, the model
spectra are likely qualitatively correct. One can anticipate where
features are most likely to appear by examining the energy
spacing of the low lying levels of the lanthanides.

Figure 12 shows the time evolution of the synthetic spectra.
At the earliest times (!0.25 days after ejection) some flux
emerges at optical wavelengths, but this phase is short lived.
By day 0.5, the optical emission has faded, and the spectra
evolve relatively slowly thereafter, with effective blackbody
temperatures steady in the range T ≈ 2000–3000 K. The
temporal evolution can be understood by considering the mean
opacity curves (e.g., Figure 6). At early times, the ejecta is
relatively hot ("4000 K) throughout, and the opacity is roughly
constant with radius. By day ∼0.3, however, the outermost
layers have cooled below !3000 K, and the r-process opacities

Figure 12. Synthetic spectra time series of the r-process SN model described
in the text. The times since mass ejection are marked on the figure.

drop sharply due to lanthanide recombination. The ejecta
photosphere forms near the recombination front (as overlying
neutral layers are essentially transparent) which regulates the
effective temperature to be near the recombination temperature.
This behavior is similar to the plateau phase of the (hydrogen-
rich) Type IIP SNe, although in this case the opacity is due to
line blanketing, not electron-scattering. More importantly, the
temperature at the recombination front (TI ∼ 2500 K) is a factor
of ∼2 lower for r-process ejecta, as the ionization potentials
of the lanthanides (∼6 eV) are lower than that of hydrogen
(∼13.6 eV).

Our calculated SEDs are somewhat sensitive to the atomic
structure model used to generate the line data. Figure 13
compares calculations using line data from the different
Autostructure optimization runs (opt1, opt2, and opt3). The
observed differences can be taken as some measure of the un-
certainty resulting from inaccuracies in our atomic structure
calculations. Notably, the spectrum calculated using the opt2
linelist has significantly higher flux in the optical (∼6000 Å).
This is presumably due to the lower overall opacity of the opt 2
model (Figure 8). Given the superior match of the opt3 model to
the experimental level data, we consider the spectral predictions
using this line data to be the most realistic; however, it is clear
that some significant uncertainties remain.

Another concern for the spectrum predictions is the potential
breakdown of the Sobolev approximation. At bluer wavelengths,
the mean spacing of strong lines can become less than the
intrinsic (presumed thermal) width of the lines, which violates
the assumptions used to derive an expansion opacity. It is not

11

r-process
T ~ 2500K

Iron
T ~ 6000K

Kasen, Badnell & JB 2013

JB & Kasen 2013



opacity: multi-component light curves
r-process yields are not guaranteed!

Lippuner & Roberts 2015

I.G.E.s r-process



opacity: multi-component light curves
different ejection mechanisms +    -interactions ⌫
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Kilonovae: interactions
wind + dynamical ejecta
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radioactive decay

Thermalization in kilonova



radioactive decay transfer to the 
thermal pool

Thermalization in kilonova



radioactive decay re-radiated as 
thermal emission

wavelength

flu
x

sn2001b

transfer to the 
thermal pool

Thermalization in kilonova



radioactive decay re-radiated as 
thermal emission

wavelength

flu
x

sn2001b

transfer to the 
thermal pool

Thermalization in kilonova

Challenges:
1. Exotic composition with unknown cross-sections 
2. Multiple decay chains generating              - and x-

rays, and fission fragments, each at distinct, often 
unknown, rates and energies 

3. Uncertainties in ejecta parameters

�, ↵, �



Thermalization: methods

nuclear reaction networks to 
determine r-process yields
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Thermalization: methods

nuclear reaction networks to 
determine r-process yields

ejecta 
parameters+cross sections 

for energy loss
decay modes 
and spectra

transport code thermalization efficiency 
(per particle)

+
energy generation 
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Case study:    -particles

Energy-loss 
channels:

• Bethe-Bloch 
• Plasma losses 
• Bremsstrahlung

Time-dependent 
spectra

• from r-process 
yields and 
nuclear data

Time-dependent

• for a range of 
ejecta 
parameters
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Energy-generation rates
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Thermalization: effect on light curves
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• lower luminosity (especially for less massive ejecta) 
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Footnote: the role of    -decay
Not all decay modes thermalize equally: thermalization is 
more efficient for compositions where   -decay and fission 
are important
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Footnote: the role of    -decay

Luminosity (especially at late times) could indicate the 
importance of   -decay (or of fission!)
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