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The solar composition can be decomposed into many processes
—> multiple nucleosynthesis sites enriched the solar system

The Origin of the Solar System Elements
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The solar composition can be decomposed into many processes
—>» multiple nucleosynthesis sites enriched the solar system

Solar heavy elements
= r-process (rapid neutron capture)
+ s-process (slow n capture)

+ i-process (intermediate n capture) Fission

Present-day Solar System Composition
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The solar composition can be decomposed into many processes
—>» multiple nucleosynthesis sites enriched the solar system

Solar heavy elements

= r-process (rapid neutron capture)
+ s-process (slow n capture)

+ i-process (intermediate n capture)
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Supernovae as the r-process source?
Simulations and neutrino-driven winds (NDWs)

Neutrinos set the

neutron to proton ratio
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Supernovae as the r-process source? 4
Simulations and neutrino-driven winds (NDWs)
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and the influence of
these reactions
depends on the
neutrino luminosities
and average energies

Conditions which synthesize A>130 are not found
by most modern core-collapse SNe simulations
(e.g. Arcones+07, Wanajo+09, Fischer+10,
Hidepohl+10)

In such events other processes such as (a,n) and
vp process could reach up to A~100
(e.g. Pruet+06, Frohlich+06, Bliss+18)

Recent simulations find some cases develop NDWs
but not standard feature for successful explosions

10~}

1073+

All exploding
15 M models

})\

105 F

107 +

Witt+21

Average Abundances

107°+ I

1011+

1013

L L L d L
10 20 30 40 50
Atomic Number Z



Some candidate sites for r-process element production

Collapsar disk Magneto-rotationally
winds driven (MHD) supernovae

Collapsar
SNe Ic BL Rate ~ 100 GpC'3 yr.l
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Siegel+18; see also Winteler+12; see also Mosta+17, Reichert+21

McLaughlin&Surman 05,
Miller+19

Dynamical ejecta

Post-merger
disk winds

Neutron star mergers

Owen&Blondin 05

yau-u AjSuiseauou|
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GW170817 & AT2017gfo:

Binary neutron star merger
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GW170817 & AT2017gfo:

Binary neutron star merger
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The first ever confirmation that neutron star

mergers make at least some heavy elements!

But...

* How representative is this one NSM event?

* Do mergers explain the r-process
enrichment of the Solar System and the

Milky Way? I =° | Blue
. B
* Do merger make elements heavier than WE , : e bands
. . 10 15 20 25 30
lanthanides such as gold and uranium? MJD - 57982.529

Villar+17
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r-process outcomes depend on nuclear physics
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Worldwide experimental campaigns to measure

the properties of neutron-rich nuclei:
masses, half-lives, reaction rates, neutron
emission probabilities...

NUBASE 2016 data
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M;—Mpppanges (MeV)

Theory developments:

Structure theory (masses, deformation, level densities...),
reaction theory (capture cross sections...), fission yields
and rates, and B-decay rates....

Modeling masses all the way to the dripline
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Spotlight on the impact of nuclear masses and statistical methods

Nuclear masses — MCMC > r-process abundances
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Spotlight on the impact of nuclear masses and statistical methods

Nuclear masses —

\
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Neutron star merger accretion disk winds (no fission):

Hot = extended (n,y)S(y,n) equilibrium
Cold = photodissociation falls out early

r-process abundances
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Spotlight on the impact of nuclear masses and statistical methods

Nuclear masses —

proposal (6 -v, 6 +v)
0000000000
i

MCMC

Ty initial sample .
rejected{sample

Dong+19

posterior

—

Abundance

e

® AME2012

1.0 + sm (Z=62) A CPT 2017

M - MDZ [MEV]

95 100 105 110 115 120
Neutron Number (N)

Neutron star merger accretion disk winds (no fission):
Hot = extended (n,y)S(y,n) equilibrium
Cold = photodissociation falls out early

*We have now applied our method to

astrophysical conditions which
synthesize fissioning nuclei!
Vassh+22 (to be submitted soon)
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Actinides in mergers? Spotlight on nuclear fission in astrophysics
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Actinides in mergers? Spotlight on nuclear fission in astrophysics

Fission yields

(how the nucleus splits)
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Predicted kilonova light curve with
and without late time Cf heating

Cf-254 has measured
half-life ~60 days
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The last r-process event in our solar system

Only 4 radioactive isotopes in meteorites linked to

r process with Ty, <1 Gyr:

129)

T]_/z =15.7 Myr 244PU T]_/z =80 Myr

247Cm

Ti,=15.6 Myr 25U Ty, =700 Myr

129| / 127|

247Cm / 235U

129| / 247Cm

10—4 i

N\

7.75

8.00 8.25 8.50 8.75 9.00 9.25 9.50
Time since the formation of the Galaxy [Gyr]

Coté+21 (including Vassh) (Science)

15



The last r-process event in our solar system

Only 4 radioactive isotopes in meteorites linked to

r process with Ty, <1 Gyr:

16

[ FRDM+ Panov [ FRDM(D3C*)+ Panov [0 DZz10+ Panov
129] T1/,=15.7 Myr 244py T1/,=80 Myr @® FRDM+K&T @ FRDM(D3CH+K&T © DZ10+K&T
FRDM+ ABLAO7 FRDM(D3C¥)+ ABLAO7 DZ10+ ABLAO7
247Cm  Typ=15.6Myr | 23U  Ty;,=700 Myr 1062 ¢ FROMIDSCY) 0 i}
§ 10 N\
~ Lodders
o 1031
R 107 £
O
..... ~
<
) o
M 1071 ~
(@)]
= N 1024
o 1073
E ------------------------------------
1.5 - -
E ]
= : 101
1.0 __h —— " N N Ié
= ] e e e
3 & S g S~ Sy Sm I
) 2 S S oy &2 ¢ &
o>y _ £&  §F  &F & & & F €&
750 775 800 825 850 875 9.00 925 9.50 L & oF (O,e"’f (O,e"’f (o,é”f
. . . I I I .{l) .{') .{')
Time since the formation of the Galaxy [Gyr] éobf é’%@ %"be s I I

Coté+21 (including Vassh) (Science)

Moderately
n-rich ejecta

Very n-rich
ejecta




Relative abundances

Impact of neutrino physics treatment in r-process sites

NSM Dynamical Ejecta

Rosswog+13
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Relative abundances

NSM Dynamical Ejecta
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Frequency (Hz)

Era of diverse observables and
multi-messenger observations

Our Sun and meteorites are key informants on Solar
System element origins

Stellar abundances of stars in our Milky Way and beyond
address the robustness of nucleosynthesis processes

GW170817 the first observed multi-messenger binary
neutron star merger: LIGO begins to provide NSM rates

Electromagnetic follow-up: AT2017gfo kilonova light curve
implied at least lanthanide elements produced

Neutrinos and light curve seen for multi-messenger event
SN1987A and we have bigger and better detectors now!

500 -

Gravitational Waves

Abbott+17
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Our Sun

" Thin disk

Stars in the Milky
Way disk and halo

Neutrinos
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Stars in galaxies near

the Mil y.Way

Elecromagnetic

transients
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Barnes 20 Light Curves
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*Now another confirmed NSNS
merger GW190425 as well as a June
2021 confirmation of two NSBH
mergers GW200105 and GW200115!
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Science g0d s . TRIUMF’S RESEARCH ACTIVITIES

Macro to micro: Accelerating discovery and
innovation by connecting the study of the vast
with the study of the very, very small .

er Space

* Investigate the origins of the heaviest elements

\

* Probe the properties of exotic, unstable nuclei

AP : Cosmology (EISEICRNERE! 0
* Motivate and support local and international nuclear s ‘
physics campaigns at ARIEL and FRIB . s :

* Capitalize on statistical methods and machine learning : g Parict
. . ' . ysics
techniques for nuclear astrophysics problems '

* Study the nature of the neutrino and its role in shaping
element production at explosive sites

Electronics & A o ‘ Nucl
Radiation )ata Sciences Miear
Toeting Physics

Interested? nvassh@triumf.ca | . R
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