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What is known about the physics of heavy-element nucleosynthesis?

are ineffective for heavy nuclei.

Charged-particle reactions + 9/ ’

Neutron-capture reactions @-
are effective for heavy nuclei. 6'




r-process nucleosynthesis

* rapid addition of neutrons

* explosive environment

*~10%22 -1028 n cm3

* produced most heavy elements
In the oldest stars

* produced about half of heavy
elements found in the Sun
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This is a high-resolution, high-S/N optical spectrum of a cool star.
Every line in this spectrum is real!
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spectra obtained using Magellan/MIKE, Sept. 2017 Roederer et al., in prep.
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Abundance patterns produced by different nucleosynthesis
processes are easily distinguishable.
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~ 5% of metal-poor stars  ~ 5% of metal-poor stars

Most other metal-poor stars show composite signatures of these processes.
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~10-° Me of r-process material

image: NASA/CXC



~10-2 Me of r-process material
1 event per few thousand supernovae

image: Carnegie Institution for Science
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UV spectra = 40% increase in number of elements detectable
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The R-Process Alliance:

a multi-stage, multi-year effort to provide
observational, theoretical, and laboratory
constraints on the nature and origin of the
astrophysical r-process

Tim Beers

Maddie Cane
Julio Chaname
Anna Frebel

Maud Gull

Terese Hansen
Erika Holmbeck
Honggeun Kim
Jennifer Marshall
Maria Paz Sepulveda
Vini Placco

Kaitlin Rasmussen
lan Roederer
Charli Sakari
Rafael Santucci
Chris Sneden
Sandro Villanova
Devin Whitten

(Notre Dame)
(MIT)

(P. U. Catdlica)
(MIT)

(MIT)
(Carnegie Obs.)
(Notre Dame)
(MIT)

(Texas A&M)
(P. U. Catdlica)
(Notre Dame)
(Notre Dame)
(Michigan)
(Washington)
(U. F. de Goias)
(Texas)
(Concepcion)
(Notre Dame)

This is a loose affiliation and will likely grow
as the project moves into later phases




Highly r-process enhanced stars
(R-Process Alliance, last 2 years)

The R-Process Alliance:

Highly r-process enhanced stars
(literature, last 24 years)

a multi-stage, multi-year effort to provide
observational, theoretical, and laboratory 7 g I e I e I e

constraints on the nature and origin of the ¢
astrophysical r-process
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Hubble Space Telescope

image: NASA



Habitable Exoplanet Imaging Mission
(HabEXx)

concept:

4m (6.5m considered) off-axis primary mirror
starshade, coronograph,

UVOIR imager, high-res UV spectrograph
(report ready for 2020 decadal) » '

artist’s rendition, credit NASA



Cosmic Evolution Through UV Spectroscopy
(CETUS)

proposed concept:
1.5m primary mirror
NUV+FUV cameras
wide FOV (17’ x 17°) NUV low-res multi-object spectrograph
NUV+FUV med- and high-res spectrograph

(Pl = W. Danchi)

< $1B

image: ClipartPanda.com




Facility for Rare Isotope Beams
(FRIB)
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How (cosmologically) representative is the Local Group of galaxies?

Boylan-Kochin et al., Mon. Not. Roy. Astron. Soc., 462, L51 (2016)
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Stellar fossil record

Local Group
progenitor at
z="T as seen by:

Suraowod ddy /

JWST = James Webb Space Telescope Boylan-Kochin et al., Mon. Not. Roy. Astron. Soc., 462, L51 (2016)
slices from the lllustris simulation



The Local Group spans a larger volume than the HUDF at z< 3.

It is representative of matter density and
number of halos with Mvil(z=7) s 2 x 10° Me

JWST = James Webb Space Telescope Boylan-Kochin et al., Mon. Not. Roy. Astron. Soc., 462, L51 (2016)
slices from the lllustris simulation




ultra-faint dwarf (UFD) galaxies

* have low luminosity (Mv > -7 or so)

* are dark-matter dominated (mass-to-light ratios = 102—-103)
* contain no detectable gas

* contain only old stars (formed before reionization?)

e.g.
Simon & Geha, Astrophys. J., 670, 313 (2007
Brown et al., Astrophys. J., 796, 91 (2014

Westmeier et al., Mon. Not. Roy. Astron. Soc., 453, 338 (2015




All stars and background galaxies Stars in the Reticulum Il galaxy only

distance 30 kpc
stellar mass 2600 Me
absolute mag. (My) -2.7
. mass-to-light ratio 500
mean [Fe/H] -2.6
[Fe/H] dispersion ‘0.5

. “‘ [ ]
E‘RIDANUS

5 arcmin

° \ ~____ |HOROLOGIUM /
PICTOR o\ . N\

images:
Fermilab / Dark Energy Survey
IAU / Sky and Telescope

properties:

Koposov et al., Astrophys. J. 805, 130 (2015)
Bechtol et al., Astrophys. J. 807, 50 (2015)
Walker et al., Astrophys. J. 808, 108 (2015)



IS well-suited for this followup.

wide-field (30 arcmin diameter)
multi-object (up to 256 targets)

photo: C. Hull (Carnegie Obs.) and J. Bailey (Leiden)
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Something happened in Ret Il —an r-process event—that did not happen
in other dwarf galaxies.

Where? % of stars that are highly r-process enhanced

Ret Il ultra-faint dwarf galaxy 83 = 8%
Other ultra-faint dwarf galaxies 0%
Milky Way halo ~ 5%
Milky Way (all stars) < 0.05% (?)

* Roederer et al., in prep.
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frequency of
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per core-collapse SN
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Beniamini et al., Astrophys. J., 832, 149 (2016) [plus annotations




frequency of
r-process events
per core-collapse SN

One event per ~5000 CCSN.

PN Produces ~10-2 M. of r-process.
\ \
-3 \ \
10 ‘.
N\
<
\\ \\
\\ \\
104 \ \ 4
\\ T
\ “
\
N
\\
107 "\
103 102 10 100

mass of r-process produced per event (Me)

Beniamini et al., Astrophys. J., 832, 149 (2016) [plus annotations




Sub-arcsec loc.
Host-less Assigned

What are the host galaxies of
short gamma-ray bursts (GRBs)?

Sample: 25

Inconclusive
36%

-forming)

Fong et al., Astrophys. J., 769, 56 (2013) [plus annotations




This may indicate a “fast” tail of the delay-
time distribution of neutron star mergers.

Fong et al., Astrophys. J., 769, 56 (2013) [plus annotations
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Coté et al., Astophys. J., 836, 230 (2017
NS-NS rate measurement: Abbott et al. (LIGO & Virgo Collab.), Phys. Rev. L., 119, 161101 (2017)
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NS-NS rate measurement: Abbott et al. (LIGO & Virgo Collab.), Phys. Rev. L., 119, 161101 (2017)




CONCLUSIONS

Laboratory atomic spectroscopy from the Wisconsin group has effectively removed the atomic
data as a source of uncertainty in stellar abundance derivations for r-process elements.

Observations from dwarf galaxies and the EM counterpart of GW170817 indicate that neutron
star mergers are capable of hosting the r-process.

Answering the next level of questions will (continue to) require a wide variety of observational
and experimental data:
* surveys for highly r-process enhanced stars (R-Process Alliance)
* surveys for Local Group dwarf galaxies (DES, Gaia, LSST)
* access to high-quality UV spectra (HST, CETUS, HabEXx)
* gravitational wave detectors and telescopes for EM followup (Advanced LIGO, Virgo, ...)
* rare isotope accelerators (FRIB, FAIR, TRIUMF/ARIEL, RIKEN/RIBF, ...)




