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OBSERVATION: STARS SEEM TO SHINE FOR ALONG TIME...

How can we reconcile this observation with what we know?



WHAT COULD BE POWERING STARS?

Gravitational contraction: first proposed by Mayer, Helmholtz and lord Kelvin
Involves converting gravitational potential energy into heat

This was the leading postulate in the 1800's

Question: How long would the sun radiate under this assumption?
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Gravitational contraction: first proposed by Mayer, Helmholtz and lord Kelvin
Involves converting gravitational potential energy into heat

This was the leading postulate in the 1800's

Question: How long would the sun radiate under this assumption?

LIFETIME ~ (ENERGY)/(HEAT OUTPUT)=E/Q
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LET'S TACKLE Q FIRST...

LIFETIME ~ (FUEL)/ (RATE OF FUEL USE)=E/Q

Let's assume the heat from the sun is radiation dominated

Q= 0T4A

0: Stefan-Boltzmann constant
T: Temperature

A: Surface area

8 2 2 26

Q ~ 5.67x 10 S x 58007 x 6.09 x 1012 x 10002 ~ 3.9 x 102° Watts
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Considering gravitational potential energy
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Considering gravitational potential energy

3GM?2
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G: gravitational constant

E

30k

M: mass of thesun ~ 2 x 107" kg

R: radius of the sun ~ 700 million meters

41

E ~ 2.3x10 " Joules

26)

So... lifetime ~ (2.3 x 1041)/(3.9 x 10 ~ 5.8 x lO14 seconds

18 million years

Nope...

Who came up with the idea of using nuclear physics?



EDDINGTON'S GREAT INSIGHT

Nuclear reactions release energy that power stars

"The internal constitution of the stars" (1920)

E = mc?

A little bit of mass can create a lot of energy

Question: What percentage of mass will generate enough energy for the sun to last billions of years?



EDDINGTON'S GREAT INSIGHT

Nuclear reactions release energy that power stars

"The internal constitution of the stars" (1920)

E = Mc?
A little bit of mass can create a lot of energy

Question: What percentage of mass will generate enough energy for the sun to last billions of years?

(only 0.07% is needed)



EDDINGTON'S GREAT INSIGHT

Nuclear reactions release energy that power stars

"The internal constitution of the stars" (1920)

E = Mc?
A little bit of mass can create a lot of energy

Question: What percentage of mass will generate enough energy for the sun to last billions of years?

(only 0.07% is needed)

This was the start of nuclear physics + astrophysics - nuclear astrophysics



EDDINGTON'S GREAT INSIGHT

Nuclear reactions release energy that power stars

"The internal constitution of the stars" (1920)

E = Mc?
A little bit of mass can create a lot of energy

Question: What percentage of mass will generate enough energy for the sun to last billions of years?

(only 0.07% is needed)
This was the start of nuclear physics + astrophysics - nuclear astrophysics

Question: How long would the sun last if it ran on fossil fuels?



NUCLEOSYNTHESIS

nu-cle-o-syn-the-sis The formation of new atomic nuclei by nuclear reactions, thought to occur in the interiors of
stars and in the early stages of development of the universe.

éﬁ‘g@ +

Nuclear Physics Astrophysics

"We are all made of star stuff"

— Carl Sagan




STUFF IN THE SOLAR SYSTEM

Abundance is a quantity denoting how much stuff

Heavier elements ‘
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Question: Where do we get this observational information?
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STUFF IN THE SOLAR SYSTEM
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Question: Where do we get this observational information?

Hint: The sun has 99% of the mass of the solar system



STUFF IN THE SOLAR SYSTEM

(Answer: meteorites and photospheric observations)

Iron Gold
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The formation of the heavy elements didn't occur all at the same time nor the same place



WHAT IS THE ORIGIN OF THE ELEMENTS?
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LIGHTEST ELEMENTS: BIG BANG

Hl BigBang
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THE BIG BANG

Created most of the hydrogen (H) and helium (He) in the universe.
Started within the first 3 minutes of the beginning of the universe.
Ended within about 20 minutes due to expanding and cooling.

Only 12 key reactions to take into account (easy!?)

n’ — pT e + 1. pT+n’ — 34D+~

D+pt — 3He 4+~ D+2D — 3He +n°
D+2D — 3T +p* T +2D — jHe +n"
iT + 3He — ILi 4+~ 5He +n" — 3T 4+ pT

sHe + 2D — JHe +p™ 3He + 5He — TBe + v
gLi +pt — %He - %He iBe +1n? — gLi +pT

Google: cosmic lithium problem



SPALLATION BY COSMIC RAYS
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STELLAR BURNING
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Recall Jinmi Yoon's talk



Average binding energy per nucleon (MeV)

STELLAR BURNING

Nuclear fuel for the existence of stars

Nuclear Fuel | Main Products | T (10° K) | Duration (yr)
H He 0.037 8 * 106
He C,O 0.19 1*106
C Ne, Mg 0.87 1*103
Ne O, Mg 1.6 0.60
O Si, S 2.0 0.25
Si Fe 3.3 0.03

Nonburning hydrogen

235
U

ool — U Hydrogen fusion
Helium fusion

Carbon fusion

Oxygen fusion

Neon fusion

Magnesium
fusion

1 fpH Silicon fusion

0 30 60 90 120 150 180 210 240 27! Iron ash
Number of nucleons in nucleus

Google: onion model of stars



HEAVY ELEMENTS: DYING STARS, COMPACT OBJECTS

B BigBang [0 CosmicRays [@ Stellar Burning [ p,s,rprocess

This is area is a hot topic of current research...



HEAVIEST ELEMENTS: MAN MADE

B BigBang [ CosmicRays [@ Stellar Burning [ p,s,rprocess [ Accelerators

Google: what is the heaviest man made element?
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In the isotopic abundances there were two bumps

This implies two different processes are happening

Google: Suess & Urey abundance curve



FURTHER EVIDENCE

of nuclear physics in astrophysics
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Question: What is causing the major bumps (peaks)?

Google: BBFH (Burbidge Burbidge Fowler and Hoyle)



FURTHER EVIDENCE

of nuclear physics in astrophysics
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Question: What is causing the major bumps (peaks)?

Nuclear structure!

Google: BBFH (Burbidge Burbidge Fowler and Hoyle)



THE SLOW NEUTRON CAPTURE PROCESS

neutron capture rates B-decay; T T8
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HOW DO WE FORM THE PEAKS?

neutron capture rates B-decay; T, T8
A

b

3 SEEEE

>

c

-

o

et

o

=t >

N

N (neutron number)

This process stays very close to the stable isotopes « most nuclear physics inputs are known



RADIATIVE NEUTRON CAPTURE

YSF
Sn+En » A

/[\ Upbend

X Scissors n
Ll > LIJ~

= >

o = o

L. S

v o [}

c O c
< 5 =

c

o > 2
= Y —
5 4 g
s S

Y
0 3
v \ 4 Giant dipole >
Ground state NLD, p

(Z,N)+n o (Z,N+1)+7

Key components: Optical potential « y-ray strength function (ySF) « Nuclear Level Density (NLD)

Google: R-matrix theory « Hauser-Feshbach theory



NUCLEAR B~ -DECAY
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Google: Quasi-particle Random Phase Approximation (QRPA)



NUCLEAR B -DECAY
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Key components: Fermi's Golden Rule « nuclear levels « binding energies « ySF / NLD

As we add neutrons: Q.+, © S, ¢ sowhathappens?

n

We release more neutrons!

Google: Quasi-particle Random Phase Approximation (QRPA)



WHAT HAPPENS WHEN 73, K737
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Z (proton number)

N (neutron number)
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THE »-PROCESS

.............................................................................................................

¢ Solar r-process
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Believed to be responsible for roughly half the elements above iron
All of the actinides are produced by this nucleosynthesis process;
Major problem: We only have hints of where this process occurs in nature
: we barely have any nuclear data in this region

Why?...



THE R-PROCESS

¢ Solar r-process

107% +*W
< 1073 ﬂ*”%

10—4_

110 120 130 140 150 160 170 180 190 200 210
Mass Number, A

Believed to be responsible for roughly half the elements above iron
All of the actinides are produced by this nucleosynthesis process;
Major problem: We only have hints of where this process occurs in nature
: we barely have any nuclear data in this region

Why?... nuclei are short-lived



ONE POSSIBLE CANDIDATE SITE: SUPERNOVA

End of the life of a massive star

Extremely luminous - burst of radiation that can outshine host galaxy for several weeks expelling the star's
material

Can it produce neutron-rich material? This is under debate... MHD jets?

Requires exascale computing to properly model in full 3D



ANOTHER CANDIDATE SITE: COMPACT OBJECT MERGERS

Very rare events « lots of neutrons! « different types of ejecta



NUCLEAR PHYSICS DIFFICULTIES OF THE -PROCESS

Every possible neutron-rich species that could exist in nature may be accessed (1000's)
Problem: we have some (incomplete) data for several hundred...

We need binding energies, decay rates, branching ratios, reaction rates, even fission information

There's no way around this... we require nuclear theory



NUCLEAR PHYSICS AS THE LANGUAGE OF THE -PROCESS

1st order: masses, 3-decay rates, capture rates & fission

Level density
Optical model

Branching ratios

Barrier heights

Fragmentyields| Nuclear masses

Fission half-lives Fission rates

Shell evolution

Shape coexistence
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WHAT DO WE KNOW?

All half-lives

Proton number (Z) g

FRIB 107> pps
B-decay

..... Neutron number (N)




L4

Proton number (Z)

Neutron number (N)

WHAT DO WE KNOW?

Nuclear masses

FRIB 10~* pps
2016 Atomic Mass Evaluation



WHAT DO WE KNOW?

Neutron capture rates

Proton number (Z)'

FRIB 10! pps (B-Oslo)
Neutron capture (Kadonis)

Neutron number (N)
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Proton number (Z)'

THE FUTURE

Neutron number (N)

FRIB 10~* pps (upgrade)



SCHEMATIC OF NUCLEAR FISSION

Nuclear fission
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Heavy nucleus Scission De-excitation Nucleon number
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Yield

Y

Heavy nucleus is unstable (naturally or via particle absorption) splitting into two lighter fragments
Breaking configuration is known as scission
Ensemble of events produces a fission yield

The high amount of energy released makes it interesting for observations



HOW DOES A NUCLEOSYNTHESIS CALCULATION WORK?

nuclear physics inputs
(Sn, B-rates, n-cap rates, ...)

PRISM

— > reaction network | » abundances

thermodynamic conditions

(temperature, density, ...)

combine nuclear physics inputs with astrophysical conditions



SUMMARY

Nuclear physics is intimately connected to astrophysics

Nucleosynthesis is one aspect of this connection
There are many different nucleosynthesis processes
A S-process A r-process
The formation of the heaviest elements still remains an unsolved problem

FRIB and other facilities will help in this endeavor by constraining nuclear theories used in calculations

More information @ MatthewMumpower.com

Do




