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Outline

* How do we know kilonova ejecta are dominated by 
r-process species? 

* Constraints on kilonovae from GRBs + GW 
* GRB-discovered kilonovae - statistical properties and outliers 
* GW170817 and limits on BNS/NSBH from O3 

* The r-process during O4 with JWST
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Signatures of the r-process

* Opacity (talks by Mattia Bulla, Ryan Foley, and 
others) 

* Notably work by: Kasen+2013, ApJ 774, Kasen+2015, MNRAS 450, Metzger+2014, MNRAS 
441, Tanaka+2013, ApJ 775   

* Heating rate (talk by Matthew Mumpower - 254Cf!) 
* Wu+2019, PhRvL 122, Metzger+2010, MNRAS 406, Just+2015, MNRAS 448, Roberts+2011, 

ApJ 736 

* Spectral features (talk by John Ruan)
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Light curve properties of kilonovae: Arnett's law

L ∝
(vt

)2

Expanding fireball

Rest-frame days0.1 1 10
1041

1042
Lu

m
in

os
ity

 (e
rg

 s-
1 )



C. Kilpatrick                                            INT 20R-1b "r-process & nuclear EoS after O3"                  27 May 2022

Light curve properties of kilonovae: Arnett's law

Peak light
Emitted energy=injected energy

L ∝ ϵMradioactive
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Light curve properties of kilonovae: Arnett's law
Decline time gives opacity 

and velocity
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Evidence for the r-process: opacity
2 Barnes and Kasen

Fig. 1.— Wavelength dependent expansion opacities for ejecta
with ρ = 10−13 g cm−3, T = 5000 K, and texp = 1 day. The opac-
ity of iron is calculated using both the VALD and Autostructure

linelists to demonstrate the reliability of the latter approach. The
r-process opacity calculated using Autostructure data for Nd is
in fairly good agreement with that using the VALD linelist (which
only includes extensive line data for a few heavy elements). The
boosted r-process opacity takes into account the diversity of species
in an r-process mixture by assuming that all lanthanides have an
opacity comparable to Nd.

one day, with the colors rapidly reddening post-peak.
In this paper, we show that using more realistic opaci-

ties of r -process material has a dramatic effect on the pre-
dicted kilonova light curves. We use improved estimates
of the atomic data of heavy elements derived from ab ini-
tio atomic structure models (Kasen et al. 2013, hereafter
K13). The r -process opacities we find are orders of mag-
nitudes higher than the those of iron group elements; as
a consequence, we predict light curves that are longer,
dimmer, and redder than previously thought. Rather
than peaking sharply at t ! 1 day, the duration of the
bolometric light curves can last ∼ 1 week. The spectral
energy distribution (SED) is highly suppressed in the op-
tical, with the bulk of the energy emitted in the infrared.
Such findings can inform observational searches for an
EM counterpart to a GW trigger by clarifying the tran-
sient timescales, the bands in which EM emission will be
strongest (or have the most distinct signature), and the
distances out to which we might expect a successful EM
detection.

2. OPACITY OF R-PROCESS EJECTA

Supernova calculations suggest that for complex ions
(e.g., the iron group) bound-bound transitions domi-
nate other forms of opacity, such as electron scatter-
ing, free-free, and photoionization (e.g. Pinto & Eastman
2000). Literally millions of lines, Doppler-broadened by
the remnant’s differential velocities, will contribute to a
psuedo-continuum bound-bound opacity. Photons trav-

eling through the ejecta are continually Doppler-shifted
with respect to the comoving frame, and come into res-
onance with multiple transitions one by one. The ve-
locity gradient of the remnant thus enhances the ef-
fective line opacity (Karp et al. 1977). We account for
this effect using the expansion opacity formalism intro-
duced by Karp et al. (1977) and further developed by
Eastman & Pinto (1993), where the extinction coefficient
is given by

αexp(λc) =
1

ctexp

∑

i

λi

∆λc
(1− e−τi). (1)

This formula represents an average over discrete wave-
length bins, where texp is the time since mass ejection,
λc is the central wavelength of the bin, ∆λc is the bin
width, τi is the Sobolev optical depth of a line (Sobolev
1960), and the sum runs over all lines in the bin. The
extinction coefficient is related to the expansion opacity
by κexp = αexp/ρ, where ρ is the gas density.
To calculate Sobolev line optical depths, we assume

that the atomic level populations are set by local thermo-
dynamic equilibrium (LTE). This approximation should
be reasonable in the optically thick regions of ejecta,
where the radiation field tends towards a blackbody dis-
tribution. In applying the a Sobolev formalism, we
make two further assumptions: first, that the intrinsic
(Doppler) width of lines is small compared to the ve-
locity scale over which the ejecta properties vary, and
second, that the intrinsic profiles of strong lines do not
overlap with other lines. While the first condition is eas-
ily satisfied in rapidly expanding NSM ejecta, the second
may not be (see K13), and a non-Sobolev treatment may
ultimately be necessary for a fully rigorous treatment of
the radiation transport.
The expansion opacity takes a simplified form in atmo-

spheres where most lines are extremely optically thick
(τ $ 1). As τi increases, the dependence of αexp on
optical depth is eliminated (1 − e−τi ! 1), and the ex-
pression for expansion opacity simplifies to a sum of op-
tically thick lines. The dependence on density and other
determinants of optical depth are concomitantly reduced.
Under these conditions, the number of distinct optically
thick lines in each bin becomes the most important pre-
dictor of ejecta opacity. An exhaustive tally of lines is
therefore essential to accurately modeling ejecta opacity.
Unfortunately, there is relatively little line data available
for the heavy elements (Z > 28) expected to be synthe-
sized in NSM ejecta. We compiled the line data pro-
vided in the VALD database (Heiter et al. 2008), which
includes fairly extensive data for a few heavy ions (e.g.
CeII, CeIII), but very little for most others species.
On theoretical grounds, we expect the lanthanides

(atomic numbers Z = 58−72) to contribute significantly
to ejecta opacity, due to the complicated structure of
their valence f-shells. This argument is illustrated with a
simple combinatorics heuristic. The number of substates
corresponding to a given electron orbital is roughly

C =
g!

n!(g − n)!
with g = 2(2l+ 1), (2)

where n is the number of valence electrons and l is the an-
gular momentum quantum number of the valence shell.
The number of lines should scale as C2, and will be much

e- Scattering

r-process opacities (5-10 cm2 g-1)
Iron-like opacities (~1 cm2 g-1)

Barnes & Kasen (2013)

"Smoking gun" signature of 
kilonovae: they are red (except when 
they're not), short-lived transients
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Light curve properties of kilonovae: Arnett's law
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Villar+2017 (Arnett-like MCMC model)

Kilonovae match very closely 
the prescription implied by 
Arnett's law, enabling 
constraints on: 
* Mass 
* Velocity 
* Opacity 
* Viewing angle
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Evidence for the r-process: opacity

The kilonova needs to have 1) low ejecta mass, 2) near-relativistic, and 
3) an extremely high opacity component

Siebert+2017 
(inc. Kilpatrick)
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Kasen+2017

Evidence for the r-process: spectral profile
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NIR SPECTROSCOPY OF EM COUNTERPART TO GW170817 5
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Figure 2. The fiducial red kilonova model provides an excellent fit by itself to the day +4.5 NIR spectrum, with no adjustments to the flux
scale. The data are in black and the model is in red, with the values of the three main parameters listed on the figure.

sphere within the ejecta. This, in turn, results in variations
in the amount of line blending that shift the wavelengths of
the spectral peaks. Most notably, the 1.07 µm peak shifts
redward at lower ejecta mass.

The ejecta velocity also affects the degree of line blend-
ing and smoothness of the spectra. In the middle panel of
Figure 3, it is clear that raising the ejecta velocity rounds the
tops of the spectral peaks and at v = 0.2c, the features between
1.1–1.3 µm are unacceptably washed out relative to the data.
We note that some simulations of the tidal dynamical ejecta
find even higher ejecta velocities than this (e.g., Bauswein
et al. 2013). At the other extreme, lowering the ejection ve-
locity results in the major peaks breaking up into a forest of
smaller peaks. The v = 0.03c spectrum presented in this panel
shows several of these features starting to develop. Although
it is not plotted, by 7.5 d these narrower peaks are predicted
to get even more dominant, in contradiction to the smooth
broad peaks that we see at that time (Figure 1). This is rel-
evant because models invoking strong accretion disk winds

(e.g., Kasen et al. 2015; Siegel & Metzger 2017) predict a
range of ejection velocities from 0.03–0.1c. We do not see
narrow features expected from material moving as slowly as
v = 0.03c at any epoch. If the red kilonova ejecta result from
a disk wind, they must be accelerated above this value by,
for example, stronger magnetic fields than those previously
considered.

Finally, the most important question for the purposes of r-
process nucleosynthesis is constraining the chemical abun-
dances of the dominant emission component. In the bot-
tom panel of Figure 3, we have adjusted the fractional lan-
thanide abundance. If the lanthanide abundance is as low as
Xlan=10-4, the peak near 1.1 µm disappears and the model
spectra are too blue. At abundances that are much higher
than our fiducial model, the peak near 1.1 µm is suppressed
relative to the one near 1.5 µm. Models with Xlan between
10-2 and 10-3 appear to match the overall appearance and ra-
tio of peak heights reasonably well. The overall flux scaling

Chornock+2017

Evidence for the r-process: spectral profile
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Comparing GW and GRB-targeted kilonovae
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Sources: GWTC 1-3; Fong in prep. 
(inc. Kilpatrick)

LIGO A+ BNS

LIGO A+ NSBH
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Viewing angle 

GRBs always viewed pole-on 

Viewing angle is arbitrary for GW, 
inclination effects favor ~30 deg

Veres+2019
Murguia-Berthier, 
Kilpatrick, +2017
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Coulter+2017

GRB060614A, Gehrels+2006

Localization 

GW require significant follow up for localization 
even in the best cases (few x10 deg2) 

Short GRBs are frequently localized 
immediately, enabling deep constraints on 
kilonova emission

1'
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Classification 

GW provides key information about the mass of the merger that can be used to predict 
the emergence and luminosity of a kilonova counterpart 

Short GRBs require neutron star matter, but can theoretically be produced by BNS and 
NSBH mergers (see Just+2015, Kyutoku+2015, Foucart+2018, Shibati+2019)

LIGO-Virgo-KAGRA / Aaron Geller / Northwestern Credit: NASA/Swift
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GRB-targeted kilonovae
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Kilonovae from GRBs: the "infrared excess"

GRB130603B - first clear example of a 
kilonova candidate.   

Dynamical ejecta mass of ~0.04 M☉

Tanvir+2013
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GRB 200522A: an extremely luminous kilonova

Optical and IR component on 
timescales of ~3 days are ~10x brighter 
than GW170817

One of the highest redshift kilonova 
candidate detections in a z=0.55 
galaxy.

Fong+2021 (inc. Kilpatrick)
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GRB-targeted kilonovae: populations

Rastinejad, Fong, 
Kilpatrick+2021

Significant population 
of sources with long-
lived, relatively blue 
emission at several 
days post-merger 

This is too luminous to 
be consistent with 
afterglow emission - 
population of high 
ejecta mass kilonovae?
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GRB-targeted kilonovae: populations
Rastinejad, Fong, 
Kilpatrick+2021

We are more sensitive to bluer emission, but some low Ye, 
high-lanthanide models are ruled out at ~0.05-0.1 M☉
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GRB 211211A: a kilonova associated with a long GRB?

Rastinejad+2022 
(inc. Kilpatrick)

GRB with duration 51s shows infrared excess consistent with kilonova in most likely 
host galaxy (z=0.076)
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GRB 211211A: a kilonova associated with a long GRB?

Association with a galaxy at z=0.076 - no clear background galaxy to high redshift

SDSS 
J140910.47+27532.8 

z=0.076

!t = 4.1 d  
Gemini-N/NIRI K

!t = 122 d  
HST/WFC3/IR/F140W

!t = 124 d 
HST/ACS/WFC/F606W

XRT

2’’
~3 kpc
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GRB 211211A: a kilonova associated with a long GRB?

Clear infrared excess observed in K-band 

Consistent with a kilonova nearly identical 
to GW170817 

At z=0.076 (~350 Mpc), this is near the 
limit of visibility for LIGO A+ and 
inclination is not favorable

Mej = 0.03 M☉ 

κ = 10 cm2 g −1
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GW-targeted kilonovae
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GW-targeted kilonovae: GW170817
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GW-targeted kilonovae: GW170817
Swope i-band

The kilonova to GW170817 discovered in i-band, but extremely blue
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5 days after merger

Extremely blue component 
confirms neutrino-driven outflow

The peak of the energy distribution 
shifted beyond 9000  in <5 daysÅ

12 hours after mergerKilpatrick+2017

GW-targeted kilonovae: GW170817
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"Blue" kilonova:  

 , 0.025 M☉ 

"Red" kilonova:  

 , 0.035 M☉

κ = 1 cm2 g−1

κ = 10 cm2 g−1

GW-targeted kilonovae: GW170817

Kilpatrick+2017
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"Blue" kilonova:  

 , 0.025 M☉ 

"Red" kilonova:  

 , 0.035 M☉

κ = 1 cm2 g−1

κ = 10 cm2 g−1

GW-targeted kilonovae: GW170817

Kilpatrick+2017
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GW-targeted kilonovae: GW170817

Large divergences in the spectral slope 
and observable features over time 

The statistical power for constraining r-
process abundances is large, but the 
theory is extremely challenging

Kilpatrick+2017
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GW-targeted kilonovae: GW170817

Drout+2017 (inc. Kilpatrick)
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GW-targeted kilonovae: O3 BNS and NSBH mergers
GW190425 (BNS), GW200105 (NSBH), GW200115 (NSBH) 

Coulter+in prep. for GW190425 from all follow up 
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Kilpatrick et al. 2021

A 23.2 + 2.6 M☉ black hole and neutron 
star(?) merger at ~250 Mpc 

Best localized GW event yet: extremely 
promising for search and follow up!

Black Hole/Neutron Star Merger GW190814
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rtidal ≈ ( MBH

MNS )
1/3

RNS

rISCO =
6GMBH

c2

rtidal

rISCO
∝ M−2/3

BH M−1/3
NS RNS > 1

Condition to produce a kilonova - requires a 
low-mass black hole or stiff equation of state 

BH larger than ~6-10 M☉ will produce no 
ejecta even for the most massive, largest NS

Kyutoku+2015

Black Hole/Neutron Star Merger GW190814
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Gravity Collective/GWO4 JWST Program

Significant triggered follow up with JWST is planned for kilonovae 
discovered from GRBs and GW events during O4

Credit: NASA/
ESA/JPL/Caltech
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Ji+2019

Do BNS and NSBH 
mergers produce a range 
of r-process yields? 

In what ways can we 
uniquely constrain the 
abundances of O4 
kilonovae with JWST?
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Late-time kilonova emission depends on heating rate from slowly-
decaying (t1/2 > 10 day) elements - but are we getting all of the flux?

Gravity Collective/GWO4 JWST Program
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Gravity Collective/GWO4 JWST Program
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Gravity Collective/GWO4 JWST Program

Kasen+2017

Few differences 
in abundance 
patterns in the 
optical
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Gravity Collective/GWO4 JWST Program

Kasen+2017

Most spectral 
features arise 
in near-infrared
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Gravity Collective/GWO4 JWST Program

Cassiopeia A  
Credit: ESA/NASA



C. Kilpatrick                                            INT 20R-1b "r-process & nuclear EoS after O3"                  27 May 2022

Gravity Collective/GWO4 JWST Program

Cassiopeia A  
Credit: ESA/NASA

Fesen+1996
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DECLINE IS SLOW 

We can directly measure the abundances of specific elements using JWST

Gravity Collective/GWO4 JWST Program
Based on 
models from 
Hotokezaka+



C. Kilpatrick                                            INT 20R-1b "r-process & nuclear EoS after O3"                  27 May 2022

Conclusions
Our constraints on the r-process are dominated by bulk indicators of r-
process material, especially opacity, but much more information could 
be obtained using the full range of spectral data we have 

GRB and GW kilonovae can provide complementary information - GRB 
samples larger, poorer sampling, at one viewing angle, larger 
distances and GW samples smaller, more detailed data, at a range of 
viewing angles, smaller distances 

New infrared facilities, especially JWST, will revolutionize discovery 
and follow up of both GRB and GW-discovered kilonovae


