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Stellar nucleosynthesis and the
r-processes

Burbidge et al. and Cameron realized in
1957 that approximately half of the
elements heavier than iron are synthesized
via the capture of neutrons onto lighter
seed nuclei like iron, in a dense neutron-
rich environment in which the timescale for
neutron capture is shorter than the B-decay
timescale.

This ‘rapid neutron-capture process’, or r-
process, occurs along a nuclear path which
resides far on the neutron-rich side of the
valley of stable isotopes. Despite these
works occurring over 70 years ago, the
astrophysical environments giving rise to
the r-process remains an enduring
mystery, among the greatest in nuclear
astrophysics.

Adapted from B. D. Metzger, Kilonovae, Living Reviews
in Relativity 23 (2020) 1
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From Diehl, R.: Introduction to Astronomy with Radioactivity. Lect. Notes Phys. 812 (2011) 3-23
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It has long been surmised that a suitable enviroment for r-processes could be created in collisions of neutron stars and the
formation of the so-called kilonovae. Kilonovae are thermal supernova-like transients lasting days to weeks, which are
powered by the radioactive decay of heavy neutron-rich elements synthesized in the expanding merger ejecta.

Table 1 Timeline of major developments in kilonova research

» 1974

1975
1982
1989
1994
||'>. 1998
1999
2005
2009
2010
2013
2013
2013
2014

» 2017

Lattimer and Schramm: r-process from BH-NS mergers

Hulse and Taylor: discovery of binary pulsar system PSR 1913+16

Symbalisty and Schramm: r-process from NS-NS mergers

Eichler et al.: GRBs from NS—NS mergers

Davies et al.: first numerical simulation of mass ejection from NS—NS mergers

Li and Paczynski: first kilonova model, with parametrized heating

Freiburghaus et al.: NS-NS dynamical ejecta = r-process abundances

Kulkarni: kilonova powered by free neutron-decay (“macronova”), central engine
Perley et al.: optical kilonova candidate following GRB 080503

Metzger et al., Roberts et al., Goriely et al.: “kilonova” powered by r-process heating
Barnes and Kasen, Tanaka and Hotokezaka: La/Ac opacities = NIR spectral peak
Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B

Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova’)

Metzger and Fernidndez: blue kilonova from post-merger remnant disk winds

Coulter et al.: kilonova detected from NS—-NS merger following GW-trigger

Table from B. D. Metzger, Kilonovae, Living Reviews in Relativity 23 (2020) 1



Wikipedia definitions:

Nova: a transient astronomical event that causes the sudden appearance of a bright, apparently "new" star that slowly fades over
weeks or months. Causes of the dramatic appearance of a nova vary, depending on the circumstances of the two progenitor stars.
All observed novae involve white dwarfs in close binary systems. The main sub-classes of novae are classical novae, recurrent novae
(RNe), and dwarf novae. They are all considered to be cataclysmic variable stars.

Classical nova eruptions are the most common type. They are likely created in a close binary star system consisting of a white dwarf
and either a main sequence, subgiant, or red giant star. When the orbital period falls in the range of several days to one day, the
white dwarf is close enough to its companion star to start drawing accreted matter onto the surface of the white dwarf, which
creates a dense but shallow atmosphere. This atmosphere, mostly consisting of hydrogen, is thermally heated by the hot white
dwarf and eventually reaches a critical temperature causing ignition of rapid runaway fusion.

The sudden increase in energy expels the atmosphere into interstellar space creating the envelope seen as visible light during the
nova event.

(List of recent galactic novae https://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html)

Kilonova: a transient astronomical event that occurs in a compact binary system when two neutron stars or a neutron star and a
black hole merge. Neutron-rich matter released from such events undergoes rapid neutron capture (r -process) nucleosynthesis as
it decompresses into space, enriching our universe with rare heavy elements like gold and platinum.


https://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html
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Summary of the electromagnetic

counterparts of NS—NS andBH—NS mergers

and their dependence on the viewing angle
Ejecta—ISM Shock with respect to the axis of the GRB jet.

Jet—ISM Shock (Afterglow)

Optical (hours—days)
Radio (weeks—months)

Radio (weeks—months)

The kilonova, in contrast to the GRB and its
afterglow, is relatively isotropic and thus

i represents the most promising counterpart
. for the majority of GW-detected mergers.

Kilonova
Optical (t ~ 1 day) ™.

Adapted from B. D. Metzger, Kilonovae, Living Reviews in
Relativity 23 (2020) 1
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TRANSIENT EVENTS FROM NEUTRON STAR MERGERS
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ABSTRACT

Mergers of neutron stars (NS + NS) or neutron stars and stellar-mass black holes (NS + BH) eject a small
fraction of matter with a subrelativistic velocity. Upon rapid decompression, nuclear-density medium condenses
into neutron-rich nuclei, most of them radioactive. Radioactivity provides a long-term heat source for the expanding
envelope. A brief transient has a peak luminosity in the supernova range, and the bulk of radiation in the UV-
optical domain. We present a very crude model of the phenomenon, and simple analytical formulae that can be
used to estimate the parameters of a transient as a function of poorly known input parameters. The mergers may
be detected with high-redshift supernova searches as rapid transients, many of them far away from the parent
galaxies. It is possible that the mysterious optical transients detected by Schmidt et al. are related to neutron star
mergers, since they typically have no visible host galaxy.

Subject headings: binaries: close — gamma rays: bursts — stars: neutron — supernovae: general

LP paper and
notes




LETTER

A ‘kilonova’ associated with the short-duration
y-ray burst GRB130603B

N. R. Tanvir!, A. J. Levan?®, A. S. Fruchter®, J. Hjorth“, R.A. Hounse113, K. Wiersema' & R. L. Tunnicliffe’

29 AUGUST 2013 | VOL 500 | NATURE | 547

womemwezs  ONOrt-duration y-ray bursts are intense flashes of cosmic y-rays,

lasting less than about two seconds, whose origin is unclear’>. The
favoured hypothesis is that they are produced by a relativistic jet
created by the merger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies®,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species*’, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst®®. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe™’.
Recent calculations suggest that much of the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements'’"'>. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration y-ray
burst GRB 130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-object mergers are the pro-
genitors of short-duration y-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.

9



HST imaging of the location of GRB 130603B. The position at which the SGRB occurred is marked as a red circle (right-hand panels), lying
slightly off a tidally distorted spiral arm. The left-hand panel shows the host and surrounding field from the higher-resolution optical image.
The right-hand panels show, from left to right, the epoch-1 and epoch-2 imaging and their difference (epoch 1 minus epoch 2; upper row,
F606W/ optical; lower row, F1I60W/NIR). The difference images have been smoothed with a Gaussian of width similar to the point-spread
function, to enhance any point-source emission. Although the resolution of the NIR image is inferior to that of the optical image, we clearly
detect a transient point source that is absent in the optical.
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Multi-messenger Observations of a Binary Neutron Star Merger”
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
~1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg” at a luminosity distance of 40f§ Mpc and with component masses consistent with neutron stars. The
component masses were later measured to be in the range 0.86 to 2.26 M. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the TAU identification of AT 2017gfo) in NGC 4993 (at ~40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (IM2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ~10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position ~9 and ~16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV /optical /near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.
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GW170817

Binary neutron star merger
A LIGO / Virgo gravitational wave detection with

associated electromagnetic events observed by over

; Distance
fDonesvmones = 130 million light years

@ Discovered
17 August 2017
12:41:04 UTC

. . Agravitational wave from a Q\ Type
binary neutron star merger is detected. \_® Neutron star merger
’ gravitational wave signal

Two neutron stars, each the size
of a city but with at least the

mass of the sun, collided with gamma ray burst

each other. A short gamma ray burst is an + 2 seconds
intense beam of gamma ray A gamma ray burst
radiation which is produced is detected.

just after the merger.

GW170817 allows us to
measure the expansion rate of
the universe directly using
gravitational waves for the first .
time.

+10 hours 52 minutes
A new bright source of optical

Detecting gravitational waves kilonova light is detected in a galaxy
from a neutron star merger Decaying neutron-rich called NGC 4993, in the
allows us to find out more about material creates a glowing constellation of Hydra.
the structure of these unusual kilonova, producing heavy
objects. metals like gold and +11 hours 36 minutes
platinum. Infrared emission observed.
This multimessenger event +15 hours
Bright ultraviolet emission
detected.
+9 days

the merger it produces a X-ray emission detected.
The observation of a kilonova shockwave in the interstellar

allowed us to show that neutron medium - the tenuous material

star mergers could be
responsible for the production of
most of the heavy elements, like
gold, in the universe.

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.

‘r, provides confirmation that
neutron star mergers can .
4 produce short gamma ray bursts. radio remnant
8 As material moves away from

between stars. This produces
emission which can last for

ioat? +16 days
Radio emission
detected.
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Video of GW170817 discovery and observations:

https://www.youtube.com/watch?v=EtlIkOjg0 50&list=PLmX6l
7z51PlfpkHUzyGZ6d66Wu5k-AiZ0

Artist’s illustration of two merging neutron stars. The rippling space-
time grid represents gravitational waves that travel out from the
collision, while the narrow beams show the bursts of gamma rays
that are shot out just seconds after the gravitational waves. Swirling
clouds of material ejected from the merging stars are also depicted.
The clouds glow with visible and other wavelengths of light.

Image credit: NSF/LIGO/Sonoma State University/A. Simonnet



https://www.youtube.com/watch?v=EtIkOjq0_50&list=PLmX6l7z5IPlfpkHUzyGZ6d66Wu5k-AiZ0
https://www.youtube.com/watch?v=EtIkOjq0_50&list=PLmX6l7z5IPlfpkHUzyGZ6d66Wu5k-AiZ0

RIPPLES OF GRAVITY,
FLASHES OF LIGHT:

WORLD'S OBSERVATORIES
WITNESS A COSMIC CATACLYSM


https://www.youtube.com/watch?v=EtIkOjq0_50&list=PLmX6l7z5IPlfpkHUzyGZ6d66Wu5k-AiZ0
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in Hydra constellation
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62 to 107 km s Mpc!

Images: time frequency traces (top), GW sky map
(left, HL = light blue, HLV = dark blue,
improved HLV = green,
optical source location = cross-hair)

GW-=gravitational wave, EM = electromagnetic,
M,=1 solar mass=2x10% kg,
H/L=LIGO Hanford/Livingston, V=Virgo

Parameter ranges are 90% credible intervals.
*referenced to the time of merger
**maximum likelihood estimate
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Evolution of Kilonova Models

Parameterized Heating:
Li & Paczynski 98 I nfra red

Visual

Ultra-Violet

Neutron Heating:
Kulkarni 05 GW170817
Metzger et al. 15

R-process Heating:
Metzger et al. 10

Roberts et. 11
GW170817

red kN Lanthanide Opacities:
Barnes & Kasen 13
Tanaka & Hotokezaka 13

Peak Luminosity (erg s™')

0.1 1 10
Peak Timescale (day)

Fig. 2 Schematic timeline of the development kilonova models in the space of peak luminosity and peak
timescale. The wavelength of the predicted spectral peak are indicated by color as marked in the figure.
Shown for comparison are the approximate properties of the “red” and “blue” kilonova emission components
observed following GW170817 (e.g., Cowperthwaite et al. 2017; Villar et al. 2017)
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..AND WE NEED TO CORRECT
FOR OUR ELLIPTICAL ORBIT.
ON JANUARY 1T EARTH WILL
BE APPROACHING THE SUN
AT A RATE OF...LETS SEE...

I
65 MILES PER HOUR.

WEIRD. OKAY.
WEIRD?

I GET SUSPICIoUS
WHENEVER T SEE A
NORMAL NUMBER IN
ASTRONOMY. WE'RE NOT
SUPPOSED TO HAVE
THOSE. FEE\:LS WRONG.

SCALES SHOULD ALL
BE INCOMPREHENSIBLE.

i1

EARLIER, AT THE VET:
YOUR CAT WEIGHS |2 LBS.

RDICULOUS, NOTHING
WEIGHS 12. You MUST
MEAN [020? OR |040?

FINE. YOUR CAT WEIGHS
3xI0 SOLAR MASSES.
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