
C. Kilpatrick                  5 March 2021

DECLINE IS SLOW 
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Uncovering neutron star mergers, heavy elements, and 
energetic explosions with multi-messenger astronomy
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Big bang + cosmic ray spallation
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Big bang + cosmic ray spallation
Intermediate-mass stellar winds
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Big bang + cosmic ray spallation

Massive star supernovae
Intermediate-mass stellar winds
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Big bang + cosmic ray spallation

Thermonuclear supernovae
Massive star supernovae
Intermediate-mass stellar winds
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Big bang + cosmic ray spallation
Low-mass stellar winds
Supernovae (type II from massive stars)
Supernovae (type I from white dwarfs)

Where and how are the heaviest elements in 
the Universe (silver, platinum, gold, lead, 

uranium) synthesized?
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Margaret Burbidge

r-process happens when neutron-rich 
cores of stars are torn apart 
What is the observational signature?

Synthesis of the Elements in Stars 
(1957; B2FH)
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Proto-neutron star 
core of massive star

Supernova 
explosion

A bare 
neutron star
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Discovery of pulsars with repeating, millisecond 
timescale, coherent radio emission confirms existence 

of neutron stars

Jocelyn Bell Burnell, 
1967

1 ms × c →
R < 300 km
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THE BIRTH, EVOLUTION, 
AND DEMISE OF 
SUPERNOVAE





Binary neutron stars
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What new surveys are needed to find these 
signatures, and how can they best be designed to 
understand r-process bearing transients? 

What is the prospect of isolating r-process 
production via large populations?

What are the observable signatures of r-process from 
neutron stars and how to distinguish them from other 
astrophysical phenomena? 

Major Science Questions
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What are the observable signatures of r-process from neutron stars 
and how to distinguish them from other astrophysical phenomena? 

Can they produce the 
heaviest elements?

Is there a distribution of yields from 
astrophysical sources of the r-process?



Metzger+2019
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Advanced LIGO Interferometer

Credit: Caltech/LIGO

LIGO enabled searches for black hole and neutron 
star mergers, for the first time triggered on the 
gravitational signature of two compact objects
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Template matching provides 
the source type by mass

Scale of the strain signal 
indicates the distance to the 
source

Time at which the signal peaks 
in frequency is the point of 
merger

Abbott+2016



TEXT
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ON AUGUST 17, 2017

A 1.5+1.3 M  neutron star merger at 40 Mpc
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CONTRIBUTIONS TO 
VIRGINIA TECH ASTRONOMY 
AND ASTROPHYSICS

Swope 1m telescope 

Las Campanas, Chile
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DECLINE IS SLOW Size of Swope 
camera
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DECLINE IS SLOW 

Difference Imaging

Digital image subtraction allows 
automatic identification of transients

Swope i-band

NGC 4993



TEXT

DECLINE IS SLOW 

Discovery of the optical counterpart to GW170817

Dave Coulter
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DECLINE IS SLOW 

How can we separate the gold from iron and rocks?
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5 days after merger

Light curve properties of kilonovae
What was the origin of this 
extremely blue component?

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

12 hours after mergerKilpatrick+2017
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Light curve properties of kilonovae: Arnett's law
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Light curve properties of kilonovae: Arnett's law
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Light curve properties of kilonovae: Arnett's law
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Spectral properties of r-process transients
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)

A cataclysmic explosion involving 
the neutron-rich core of a massive 

star will be extremely red

Iron-like opacities (~1 cm2 g-1)
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Light curve properties of kilonovae: Arnett's law

"Blue" kilonova:  
 , 0.025 M  

"Red" kilonova:  

 , 0.035 M

κ = 1 cm2 g−1

κ = 5 − 10 cm2 g−1

Kilpatrick et al. 2017
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Galactic Enrichment

RMW = 25 Myr−1

Mr−process ≈ 0.04 M⊙

tH ≈ 1010 yr
Xr−process ≈ 10−7

MG ≈ 1011 M⊙

Net r-Process Yield Galactic r-Process 
Mass Inventory

RMW × tH × Mr−process ≈ ≈ Xr−process × MG104 M⊙

Kilpatrick et al. 2017
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Remaining open questions...
What specific r-process elements were produced?  Is there a diversity in these 

abundances? Spectral "features" do not correspond to any one r-process species.  
Searches and spectral coverage in the infrared is essential!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 Kasen+2017
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Remaining open questions...

What gave rise to the blue emission 
and low opacity ejecta?   
Low r-process abundances, a shock, 
non-thermal emission, magnetar-
powered emission? 
Rapid observations and coverage in 
the ultraviolet are needed

Kilpatrick+2017
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What new surveys are needed to find these signatures, and how can 
they best be designed to understand r-process bearing transients? 

Challenges of optical/infrared surveys Strategies for rapid follow up
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Operating during O3-O4: A worldwide network of 0.7-1.5m ground-based 
telescopes covering gamma-ray to radio wavelengths

A distributed, global and space-based network

JWST

Swift

Chandra

VLA
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Kilpatrick et al. 2021

A 23.2 + 2.6 M  black hole and neutron 
star(?) merger 

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

Black Hole/Neutron Star Merger GW190814
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BLACK HOLE/NEUTRON 
STAR MERGER S190814BV

GW190814 candidate vetting: follow-up data
2019nqr (II)

z = 0.083 +2.32

2019nqq (II)
z = 0.071 +2.39

2019ntn (Ia−CSM)
z = 0.101 +6.34

2019noq (II)
z = 0.070 +6.38

2019nte (?)
z = 0.070 +7.33

2019npw (II)
z = 0.149 +12.34

2019num (IIb)
z = 0.127 +12.39

2019ntr (II)
z = 0.218 +14.33

2019omx (?)
z = 0.164 +14.39

2019ntp (Ia)
z = 0.114 +17.36

Days from
GW190814

3000 4000 5000 6000 7000 8000 9000
Rest Wavelength (Å)

F λ
 +

 c
on

st
.

No valid candidates after vetting 189 transients discovered <2 weeks 
from merger, including 46 spectra of transients and their host galaxies

Kilpatrick+2020
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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

Ejecta spirals into black hole, Kyutoku et al. 2015

Black Hole/Neutron Star Merger GW190814



Hotokezaka+2018

Few NS mergers 
during O3-O4 

O2 rates: 320-4740 Gpc-3 yr-1 

(Abbott+2017)  

O3 rates: 13-1900 Gpc-3 yr-1 

(LVK/GWTC-3+2021)  

O4 rates: 7.6-250 Gpc-3 yr-1 

(LVK/GWTC-4+2025) - !!! 

Have we unsolved the r-process problem? 
We may need new sources of the r-process, 
particularly those that can produce elements 
quickly
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Where did all of the r-process go?

r-process in low-metallicity dwarf 
galaxies requires an early 
Universe source of material

Reticulum II, Ji+2018

Collapsars - massive star explosions that 
can form a low metallicity, Siegel+2019

Magnetar flares - eruptions from 
magnetized neutron stars, Patel+2025
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Where did all of the r-process go?

Normal supernova explosions: 

‣ We know they occur very early in 
the Universe (z=5; Coulter+2026) 

‣ They host neutron stars 
(Chakrabarty+2001) 

‣ They occur at >1,000x the rate of 
neutron star mergers (LVK+2025)

Milisavljevic+2024
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Where did all of the r-process go?
JWST [O IV] 25.89 
Si (2 keV)          
Ti-44 (68-78 keV)

Current MIRI/
NIRSpec IFU

N

E
30"Proposed Pointings

[O IV] outflow

Proposed observations to isolate a new site of r-process in Cas A
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What is the prospect of isolating r-process production via 
large populations?

Teglon

Multi-messenger infrastructure with:

TROVE
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Detection threshold for binary neutron star merger 
More detectors = better localization



Teglon
•Converts GLADE to a queryable 

database format 

•Calculates 3D spatially varying 
catalog completeness 

•Models HEALPix data format

•Supports ingesting a variety of value-
added geospatial data

Coulter, Kilpatrick et al., 2025

https://github.com/gw-commons

Kilpatrick, Coulter, et al. 2021

Darc, Bom, Kilpatrick et al., 2025



Darc, Bom, Kilpatrick et al., 2025

Any spatially-varying metric (in 2D or 3D) can be optimized 
on sky, crossmatched to other catalogs/maps, and used to 

generate an observing plan





THE TROVE COLLABORATION
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The Localization Process is HARD!

Credit: LIGO/Virgo; Abbott+2017

GW170817: ~30 deg2 S250818k: ~800 deg2
Credit: LVK; GraceDB

2D Localization: Multiple detector events - especially with Virgo - helps a lot
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GW170817: ~40 Mpc

The Localization Process is HARD!

Matching GW distance to galaxies gives us candidate hosts 
(assuming galaxy catalogs are complete)
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The Localization Process is HARD!
Distance Criterion: Are galaxies at the GW-predicted luminosity distance?

189 candidates (e.g. Kilpatrick+2021)

~50% ruled out using distance criteria

GW190814

~2/3 of O3 GW candidate counterparts 
ruled out using real-time information 

(Rastinejad+2022)
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Photometric Information: What do GW counterparts look like?

Villar+2017

GW170817 was surprisingly blue (Metzger+2014, 
Kasen+2015, Tanaka+2016 notwithstanding)

How much variance can there be as a function of 
GW-observable parameters?

Foley, Coulter, 
Kilpatrick+2020

The Localization Process is HARD!

We can find these transients with reasonable assumptions about NS mergers
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The Tool for Rapid Object Vetting and Examination (TROVE) v0.1 GW Vetting Algorithm

Franz+2025, ApJL
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TROVE v0.1 Web Interface
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Application to Transients in the S250818k Localization

Franz+2025
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Look out for TROVE v1.0 by this fall - we will need beta testers!

https://datatrove.as.arizona.edu 

https://datatrove.as.arizona.edu
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Summary
●In 2017, we isolated a source of the r-process, but many questions remain 

as to the exact elements, underlying physics, and exact rates of these 
events 

●More recent GW observations suggests other sources of the r-process are 
needed, with many candidates but so far no conclusive results - 
collapsars, magnetar flares, and core-collapse supernovae are all 
promising candidates 

●New tools and multi-messenger infrastructure are a promising way to 
optimize future follow up of all events, particular observing optimization 
with Teglon and analysis of electromagnetic counterparts with TROVE - 
expect to see TROVE v1.0 by this fall!


