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Outline

• Hydrogen Burning: “solar neutrino missing problem” and solar 
metallicity puzzle (pp Chain, CNO cycle)

• Helium Burning: Mass gap of black hole (3a reaction and 
12C(a,g)16O) 

• Carbon Burning: Production of 20Ne, 23Na in Pop-III

• S-process: Production of 59Fe 

• R-process: Origin of elements from Fe to U



up to Uranium

The first idea of instantaneous origin

.       

https://physics.columbian.gwu.edu/george-gamow

1948



Neutrons and protons in equilibrium

T = 10 MeV

T ~0.8 MeV                                                 ~ 1/5

After freezing out at T~0.8 MeV, neutron decays to 
proton until n+pd+g

~ 1/7



Origin of Elements
Other isotopes (2H,3He,6Li,7Li)<0.00001

3 mins

13.8 billion years
We are made of star-stuff.

Carl Sagan



Inter Stellar 

Matter

Chemical Element Enrichment

Nucleosynthetic products（C,O,Si,Fe,…Th, U)

Big Bang

H，
He，
Li

Low Mass

Star (<~10 

Solar Mass)

High Mass

Star (>~10 

Solar mass)

0.4 billion years later, first stars appear 

Type Ia,

NSM

Nova, 

XRB

resurrection
in binaries !



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

Optical 
Observation
(E&M)
James Webb 
Telescope

Radio Wave
(E&M)
FAST

Cosmic Ray
(strong)
DAMPE

“Progress in Nuclear Astrophysics of East and Southeast Asia”, AAPPS bulletin(2021) 31:18

X-Ray Observatory    
(E&M)    

Neutrino Observatory    
(Weak)    Optical Observatory    

(E&M)    Chandra,Insight



Francis Halzen

Nobel Prize in Physics 
2026:“for decisive 
contributions to the 
IceCube Neutrino 
Observatory and the 
discovery of high-
energy neutrinos of 
astrophysical origin” 

https://arxiv.org/pdf/2307.04427

Observation of high-energy neutrinos from the Galactic plane
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Nuclear Physics : Core of matter, Fuel of stars



• What is the origin of the elements in the cosmos?
• What are the nuclear reactions that drive the evolution of stars and stellar 

explosions?
“Progress in Nuclear Astrophysics of East and Southeast Asia”, AAPPS bulletin(2021) 31:18
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Nucleosynthesis in stars

1) Big bang

2) Stellar quiescent burning

(pp-chain, stellar fusion, s-process)

3) Stellar explosive burning

(r-, np-, n-, p-, rp-processes)

4) Cosmic Ray spallation



Nuclear 
Experiment

Nuclear 
Theory

Nuclear 
Uncertainty

Model 
Uncertainty

Multi-Messenger
(Visible light, X-ray, Neutrino, 

Gravitational wave etc.)

Precise knowledge of the critical nuclear physics inputs and reliable stellar models are
urgently needed to decipher the encoded messages correctly.



Group Activity 1: Given Nn/Np = 1/7=2/14, predict the mass ratio of proton 
to 4He after the Big Bang Nucleosynthesis

Other isotopes (2H,3He,6Li,7Li)<0.00001

3 mins



n

eeHeH n224
41 ++ +

(~ 25 MeV)

First success of Multi-messenger astronomy







J. Bahcall (1934-2005)
standard solar model



"for pioneering contributions to astrophysics, in 
particular for the detection of cosmic neutrinos“ 

2002 Nobel prize in physics

Homestake
C2Cl4 (Davies)

Experiment Detector 
medium

Observation

/prediction

Homestake 37Cl 0.33± 0.03

Kamiokande water 0.57± 0.07

KAMIOKANDE-II
H2O (Koshiba)

Solar Neutrino “Problem”
New discovery beyond standard model in particle physics 

J. Bahcall (1934-2005)
standard solar model



Solar Neutrino “Problem”
• Solar model

• Important cross sections: 3He(3He,2p)4He, 3He(4He,g)7Be, 
7Be(p,g)8B

• Unknown neutrino physics-neutrino oscillation???

"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 8B neutrinos to within a factor of
2 or 3...“

Howard Georgi and Michael Luke (1990)



S factor of 7Be(p,g)8B

8B(7Be+p)
p

7Be

Direct measurement (<MeV/u)

Coulomb Dissociation (~100 Mev/u) 

Asymptotic Normalization 
Coefficient (ANC) (<10MeV/u)

S17(0) = 20.5(7) eV b



Kamiokande Observatory, ICRR 
(Institute for Cosmic Ray Research), The University of Tokyo

Neutrino Oscillation

8B Fluxes at SNO (2001)

(106 cm-2 s-1)

ne: 1.75±0.15

nmt: 3.69±1.13

ntotal: 5.44±0.99

nSSM: 5.05+1.01/-0.81
The Sudbury Neutrino Observatory 

ne,nm,nt

ne

ne,nm,nt

0.32*Solar Model

0.57*Solar Model

0.32*Solar Model

0.57*Solar Model

Discovery of neutrino 
oscillations 

Nobel Prize(2015)



For three decades people had been pointing at this guy
and saying this is the guy who wrongly calculated the
flux of neutrinos from the sun, and suddenly that
wasn't so. It was like a person who had been
sentenced for some heinous crime, and then a DNA
test is made and it's found that he isn't guilty. That's
exactly the way I felt.

John Bahcall (1934-2005), Dancing with neutrinos

1964
2003



Cross section
cross section depends sensitively on:

 type of interaction (strong>electromagnetic>weak)

 properties of the nuclei involved

 reaction mechanism

and can vary by orders of magnitude, depending on the interaction

1 barn = 10-24 cm2 = 100 fm2

Reaction Force  (barn) Eproj (MeV)

15N(p,a)12C strong 0.5 2.0

3He(a,g)7Be electromagnetic 10-6 2.0

p(p,e+n)d weak 10-20 2.0

examples:

24Courtesy of M. Aliota



Behavior of cross section near threshold

~1/v

~1/v*exp(-2ph)

G.R. Satchler, Introduction to nuclear reactions
E. Segre, Nuclei and particles 

h is the Sommerfeld parameter 
E is the energy in MeV
Mi is in the unit of amu

25



Cross section (Charged particle induced Reaction)
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s-wave  !

Large Z,A, lower 
penetration factor



S factor: complication of nuclear structure

28



Resonance

Resonance above the threshold Sub-threshold Resonance 29



Resonance

Far from resonance

Closer to resonance

At resonance energy

30

Gt = 



Gamow-Range & Reaction Rate

∝ exp ( - E / kT )

GAMOW PEAK

σ ∝ exp ( - b / √E )

∝ exp ( - E / kT )

RESONANCE

σ ∝

ΓaΓg

( E - ER )2 + (Γ / 2)2

ωγ = ω
ΓaΓγ

Γ

Nonresonant Reaction Contributions

NA <σv> ∝ T-3/2 ∫ σ E exp ( - E / kT )  dE

Resonant Reaction Rate

NA <σv> ∝ T-3/2 ωγ  exp ( - ER / kT )

σ:    cross section

ωγ:  res. strength

ER:   res. energy



32T9=T/1E9 K

Homework: Gamow window for 14N(p,g)15O@T6=15.6
12C(a,g)16O at T9=0.2, 12C+12C at T9=1.0  
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l

Mass fraction (Xi)
and Abundance (Yi):
X(p)=0.71
Y(p)=Xp/A=0.72 
(A=1 for p)

X(4He)=0.27
Y(4He)=0.27/A~0.06 
(A=4 for 4He)

nA: number density
r：g/cm3
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CNO cycle: Why 14N Piles Up

① Each nucleus is destroyed at the rate λ

dnA/dt = − nA λ ,     λ = Yp ρ NA ⟨σv⟩

② Steady state: the same flow through every link

n12λ12 = n13λ13 = n14λ14 = n15λ15

⇒ ni ∝ 1/λi :  the slowest step holds the most nuclei

③ The N/C ratio measures the reaction-rate ratio

N/C =
n(14N)

n(12C)
=

λ12

λ14

=
NA⟨σv⟩ 12C(p,γ)

NA⟨σv⟩ 14N(p,γ)

Yp ρ is common to both captures and cancels: only the two (p,γ) 

rates remain.

(p,γ)

β+ 10 min

(p,γ)(p,γ)

β+ 2 min

(p,α)

12C

13N

13C

14N

15O

15N

🐇

🐢

Zoom! Carbon is 
gone in no time

Slow down… 
I'm the 

bottleneck! 14N traffic jam

400
N/C at the Sun's 

centre (15.7 MK), 

BS05 model

≈ 350
rate ratio from the 

Gamow peak, S(0) = 

1.34 / 1.66 keV b

0.25
N/C in unprocessed 

layers (original mix)



Group activity: compute the Reaction Rates using S factors 

37

 S* factors: https://www.astro.ulb.ac.be/nacreii/index.html
 Compute your rate using the formula in the page above and compare your results with Reaction Rates Library : 

https://reaclib.jinaweb.org/



Solar Spectrum by NOAO



• New 3D hydrodynamic models of the solar atmosphere
• Parameter free 
• significantly improving consistency of line analysis
• Makes sun more consistent with similar stars in local neighborhood

But abundances in the photosphere significantly reduced Z: 0.0169 ⇒ 0.0122

M. Asplund et al., Annu. Rev. Astro. Astrophys. 47 (2009) 481

solar metallicity puzzle

Z: mass fraction of any elements heavier than 4He
X: mass fraction of H
Y: mass fraction of He



Solar Metallicity Puzzle

Sound-speed profile

Serenelli, Haxton, Peñay-Garay (2011); E. Magg et al, Astron. Astrophys. 661, A140 (2022)

Sound speed – Precision 10-4

SSM with high-Z metallicity (MB22, GS98)

SSM with low-Z metallicity (AGSS09, AAG21..)

SSM: standard solar model

http://en.wikipedia.org/wiki/File:Helioseismology_pmode1.png
http://en.wikipedia.org/wiki/File:Helioseismology_pmode1.png


HZ

LZ

Solar metallicity puzzle

G. D. O. Gann et al., Annu. Rev. Nucl. Part. Sci. 2021. 71:491–528



CNO cycles

16O

Haxton, Serenelli 2008
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Solar metallicity puzzle
Determination of the solar CNO neutrino source and test the predictions of the solar metallicity in the 

standard solar model. 

 BOREXINO results suggest a higher metallicity than predicted by CNO predictions. 

arXiv:2307.14636v1

Neutrino flux
metallicity of C+N

Nuclear Physics is the 
biggest uncertainty !
7Be(p,g)8B (5.5%3.4%) 
14N(p,g)15O (7.2%8.4%)

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

S. Appel et al, Phys. Rev. Letts. 129, 252701 (2022)



A new measurement of S114 of 14N(p,g)15O

New S114(0) is 15% higher than the SF-III 

recommendation, with a 40% better accuracy

X. Chen, J. Su*, Y. P. Chen*,…, W. P. Liu*, Phys. Rev. Letts 135, 232701 (2025) 

BNU team led by Prof. Jun SU
SF-III





Group Activity 3: Why is 14N(p,g)15O the lowest reaction in the CN cycle? 
Hint: Compare the Coulomb barrier for the charged induced reaction in the CN cycle, 
Identify the reaction with highest Coulomb barrier. 

Vcoul ~ Z1Z2 /r0

nuclear well

Coulomb potentialV

rr0







N/C: From Solar Core to Galaxies at High Redshift

SPURS-GN-2

Little Red Dot, z = 7.19  13.1 Gyr

N/C = 2.3 ≈ 10×solar

JWST/NIRCam F115W/F277W/F444W (via DJA); 

N/C: Tang et al. 2026

Supermassive-star (SMS) picture

12C→14N

① Hot core (~7×107 K): CN 

cycle turns C → N

② Convection over the whole 

star lifts N to the surface

③ Wind ejects N-rich gas in 

all directions

④ Mixing with pristine gas ⇒
N/C ≈ 1–10

 Observed N/C ≈ 0.7–6: ~3–25×above the solar surface (0.25) but ~100×below solar-core CN equilibrium (400) 

 Equilibrium would need T9 ≈ 0.15–0.25; otherwise partially processed gas mixed with unprocessed gas

Solar core

Solar surface



Why first stars burn CNO warm

Warm CNO in first stars  ·  after Zhang et al., Nature 610, 656 (2022) 2

1 No metals

Pop III gas from the Big Bang: 
H, He, trace Li — no CNO 
catalyst

2 Contract & heat

pp chains are too weak for 
massive stars; the core 
contracts until Tc ≈ 108 K

3 Self-made carbon

3α makes 12C at a mass 
fraction of only ∼10-10–10-9

4 Warm CNO

That trace carbon runs the 
CNO cycle at ≈ 0.1 GK —
hotter than in the Sun

The puzzle: calcium without iron

SMSS 0313-6708 (Keller et al. 2014), the most iron-poor star known, shows Ca but no detectable Fe. A supernova cannot easily make Ca 
without Fe, but hot H burning can — if enough material leaks out of the CNO cycle. Before 2022 this needed a 19F(p,γ)20Ne rate about 7–
10× larger than recommended.



The warm-CNO reaction network

Warm CNO in first stars  ·  after Zhang et al., Nature 610, 656 (2022) 4

12C 13C

13N 14N 15N

14O 15O 16O 17O 18O

17F 18F 19F

20Ne 21Ne 22Ne

21Na 22Na 23Na

24Mg

6 7 8 9 10 11 12 N →

C 6

N 7

O 8

F 9

Ne 10

Na 11

Mg 12 CNO-I: 12C → 13N → 13C → 14N → 15O → 15N

CNO-II: 15N(p,γ)16O … 17O(p,α)14N

CNO-III: 17O(p,γ)18F … 18O(p,α)15N

CNO-IV: 18O(p,γ)19F(p,α)16O

Breakout: 19F(p,γ)20Ne, 23Na(p,γ)24Mg

Ne–Na cycle

Hot CNO: 13N(p,γ)14O(β+)14N

How to read it

↑ (p,γ): Z+1   ↘ β+: Z−1, N+1   ↙ (p,α): back to a lighter cycle

Solid boxes stable, dashed boxes radioactive. Every (p,α) closes a 
cycle; the only exits are (p,γ) on 19F and 23Na.


