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Outline

AThe Importance of precise nuclear astrophysics experiment in
the multi -messenger era

U '2C(a,0)°0: nucleosynthesis of massive star, black hole mass
distribution

0 t2C+°C: stellar evolution( M), superburst puzzle

U >°Fe stellar decay half life: gamma ray astronomy

U Opportunity with HIAF  : Origin of elements heavier than Fe
AOutlook



Origin of Elements

Other isotopes (°H2He?bLi,Li)<0.00001
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We are made of star
Carl Sagan
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Multi-Messenger Astronomy
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Multi -Messenger Astronomy probes nuclear processes via E&M, Weak, Strong, and Gravitational
Interactions, allowing us to see deeper into stars and further into space

Progress in Nuclear Astr ophyAAPEShulletin(2021 31118 a n
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urgently needed to decipher the encoded messagescorrectly .



The first success of multnessenger astronomy




Solar Neutrino oProblemod

New discovery beyond standard model in particle physics

J.Bahcal(19342005)
standard solar mode
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Experiment | Detector Observation

medium /prediction
Homestake |3/Cl 0.33c 0.03
Kamiokande | water 0.57a 0.07

2002 Nobel prize in physics

"for pioneering contributions to astrophysics, in
particul ar

for the detection



Sol ar Neutri no OProb

ASolar model

Almportant cross sections: 3He(3He,2p)4He, 3He(4He,q)"Be,
'Be(p,9)°B

AUnknown neutrino physics -neutrino oscillation???

g
-l

"Most likely, the solar neutrino problem has nothing to do with
particle physics. It is a great triumph that astrophysicists are
able to predict the number of B neutrinos to within a factor of
20r 3.0

Howard Georgi and Michael Luke (1990)



'Be(p,9)°B
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TEXAS A&M UNIVERSITY

Physics & Astronomy

HOME ABOUT ACADEMICS RESEARCH EVENTS DIRECTORY EMPLOYEES

OCTOBER 16, 2001

Physicists Count Subatomic Particles Release¢
By The Sun

COLLEGE STATION —

The sun not only radiates light all over the place, but it also emits millions of tiny invisible particles called
neutrinos. A team of Texas A&M University physicists has reported in the journal Physical Review C one of t
most precise results about the number of solar neutrinos by using an original approach starting a new sub-

discipline within nuclear astrophysics. a

Gagliardi saysBut at the same time we have started a new slikcipline within Be_TI ~_

e ——

nuclear astrophysics, which was not our gdials particularly rewarding to see —enf ;g_
other people pick up what you have been doing and emulate it —



Solar metallicity problem

U Determination of the solar CNO neutrino source and test the predictions of the solar metallicity
(abundance of elements heavier than 2) in the standard solar model.

U BOREXINO results suggest a higher metallicity than predicted by CNO predictions.
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"Be(p,g)8B (5.5%A 3.4%)
14N (p,0)150 (7.2%A 8.4%)
« [1 2 0.006(solar) £ 0.027(D) £ 0.099(nucl) =+ 0.032(612)]

Haxton, Roberson and Serenelli, arxiv: 1208.5723 v1 (2012)



Helium Burning

T ~ 0.2 billion Kelvin 12



Life of massive star™ ~20 solar mass

Fuel Primary Secondary  Approximate  Approximate
Products products temperature duration
(1 K)
Hydrogfn/“He 14N 0.02 10 million years
Helium C,0O 180 22Ne 0.2 1 million years
S-process
Carbon Ne,Mg Na 0.8 1000year

Neon /O,I\/Ig Al, P 1.5 3year
Oxygen Si, S Cl,Ar, K, Ca 20 0.8 year




Influences of the uncertainty in the

Nucleosynthesis

A uncertainty
of ~10% Is
needed!

Factor

Production

12C(a,0)1%0 reaction rate in
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Multiplier on "C(a,y)"0 Rate by Buchmann (1996)
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Black nhole mass gap
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A pair -instability
supernova is a type
of supernova predicted
to occur when pair
production. The
explosion is trigged by
the 160+1°0 fusion
reaction.
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A. Heger & S. Woosley, ApJ. 567(2002)532,
Woosley, Heger and Weaver, Rev. Mod. Phys.74, 1015 A slide from my Ph.D. defense

*1,] no remnant - complete disruption

black hole F————=



https://en.wikipedia.org/wiki/Supernova
https://en.wikipedia.org/wiki/Pair_production
https://en.wikipedia.org/wiki/Pair_production

Impact on Multi -Messenger Astronomy

A NEW ERA OF DISCOVERY

THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

203 | VERSION 1.3
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Farmer et al (Kunz et al 20[!'2),  This \Eiork (DeBoer etal 2017)  Upper limit of BH masses observed by Llﬁﬂ¥VIRGD;KAGRA L.

]

Farmer et al.ApJ902136(2020
NSAC LONG RANGE PRARJY 16




Holy grail for nuclear astrophysicists

The determination of the ratio C/O produced in helium burning is a problem of paramolr

Importance in Nuclear Astrophysics.
W. Fowler, Nobel lecture, 1983

We hope thatéwill keenly motivate expert
accurately measuring this rate.

Weaver &WoosleyPhys. Rep. 227 (1993) 65

The fusion offHe and“C nuclei to'®O is the most important nuclear reaction in the

development of massive stars.
NuPECCLong Range Plan




°0Fe from Supernova

Interior Moss

Interior hMaoss
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Galactic Radioactivity

E=1809.03 (+0.08)
FWHM,,,<1.3 (95%)
87 122,93 (0.15)

Flux 10™* ph cm2 s ' keV ™" rad™
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Energy (keV)

Diehl Ret al2006 Astron Astrophys449 1025831

E=0.07 (+0.30)
FWHM=2.76 (+0.00)
1=0.44 (+0.09)

Mean Intensity (10 ph cm™?s'rad'keV"')
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Energy offset from *°Fe line (keV)

Wang W et al2007 Astron. Astrophy$69 1005812
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°OFe found on Earth!

Simulation by B. Fields
2.80 million years log1a Density (q/crn®)
ago, a near - Earth
supernovae might
affect the climate

on Earth!

-1.3
g0 a3 a3 18 1.3 L7
r (M)

A. Wallners doi:10.1038/nature17196 Knie, K. et al. Phys. Rev. Lett. 93, 171103 (2004); Fimiani, L. et al., Phys.
Rev. Lett. 116, 151104 (2016); Breitschwerdt et al., Nature(2016); Wallner et
al., Nature(2016) 20



First humans lived 2.8 million
years ago, jawbone shows

5 March 2015 Last updated at 15:19 GMT BIBIC

Scientists have found a jawbone that they say proves the first
humans were alive much earlier than we thought.

21
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°OFe/ 25 Al abundance puzzle

Mode

Prediction E 9%Fe/2%Al = 0.45
Observation E %Fe/26Al = 0.15 o 0.04

/’ﬂ “\

Ingredients:

U Initial Mass Function and birth rate
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U Nuc
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Diehl,Lugarq Heger SieverdingTang et al., PASA (2021), 38, e062



Interior Moss

°0OFe nucleosynthesis

10

S i et e e e [ S L] Pt
Courtesy M. Limongi, Nov
2005

Carbon shell burning

T-0.20K

T~1GK

Interior Mass

10

Calculation using NUNET; Flux in log scale

Important nuclear reactions or decays

A Neutron sources:

22Ne(a,n)*Mg

A 12C(a,g'0e 2C+'2Ce 5°Fe(n,g), ®°Fe(n,g)

Diehl,Lugarq Heger SieverdingTang et al., PASA (2021), 38, e06



Typela X-ray burst

credits:NASA/CXC/M. WEISS
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Superburst: ignited by Carbon burning

Ashes from rp process (He burning)
deposit in the outer crust.

Outer crust: nuclei, e ® Crust processes
A" (EC )
3 A crust heating and cooling
S A crust conductivity #
S
Inner crust: nuclei, i

-
~=

Picture by E. Brown (MSU)

=D
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Superburst Puzzle: the crust is too cold to ignite the carbon burning!
How to ignite the carbon?

14 16
lgy(gecm™2)

Picture by Ed Brown (MSU)
Keek etal. ( 2007 ), Astron. &  Astrophys . 479 : 177
Cooper, Steiner and Brown, ApJ (2009 )




How to get precise reaction rates?

A 12 C(a,g) 160
A 12c+12C



Level Scheme of 190
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A fundamental challenges for nuclear astrophysics
Measure reaction rate at extremely low energies

?C(a,g*0o

NSAC Long Range Pla@23
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counts/channel

Difficulties in direct measurement: 12C(a,g)160 (1974 -)
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Kunz et al. PRL 86(2001)3244
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Recommended S factor

300 keV
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Anothert®N decay experiment is needed to resolve the tension!

10°E
- ANL red f-wave decays to
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New measurement of ANC of 100(g.s.) leads to larger S(E 2)

by HI-13 tandem

Self-supported C target

_ ‘ 2C(1B, TLi)"50,

Faraday Cup and AE-E Telescope

U S(E2) increases froab keVbto 707 keVbA Total S factor = 162Vb(err TBD)
U The updated? o "1%0 reaation rate decreases the lower and upper edges of the black

hole mass gap about 12% and 5%, respectively.
ShenX DeBoeK TanK et al, PRI2022, ApJ2023



Challenging the tiny cross -sections

JUNA@China
Jinping
Underground

Laboratory
(2400 m rock shielding)

LUNA @
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