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100+ elements
280 stable isotopes
6000+ isotopes including all unstable species
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Nuclear astrophysics goal = study how elements are made in stars
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Stellar yields*

• contributions to GCE
• astrophysics simulation
• astronomy observations
• nuclear physics

My job: 
1) calculate stellar yields *;
2) connect these subjects together 
and provide answers. 



  

SOHO satellite

Sun: 1 M
sun 

; 1 AU ; 1 R
sun

1 M
sun

 ~ 2*1030 Kg
1 AU =  1./63241,1 lyr

1 lyr = 9,461*1012 Km
 1 R

sun 
= 695700 Km

Hull-Chiang Mai = 8943 Km



  

Image: A. Dupree/CFA/R. Gilliland/STScI/NASA/ESA
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25M
sun

 – 7.2 milion years

20M
sun

 – 8.9 milion years
15M

sun
 – 13 milion years

5M
sun

 – 0.13 Gyrs

3M
sun

 – 0.53 Gyrs

2M
sun

 – 1.51 Gyrs

1.65M
sun

 – 2.6 Gyrs

Image: A. Dupree/CFA/R. Gilliland/STScI/NASA/ESA

Betelgeuse (α-Ori):
 - 19 M

sun

 - 650 lyr
 - 1180 R

sun

Tuthill et al. 2000, A&A, Keck Telescope

CWLeo 
(IRC+10216):
 
 - 400 lyr
 - 250 R

sun

HR diagram



> 10 solar masses
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Supernovae

● The term Supernova was introduced by 
Baade & Zwicky (1934) to describe 
extra-luminous novae;

● Following the discovery of neutrons in
1932, Zwicky (1938) proposed that 
supernovae are made by the collapse of 
a massive star to a star made of neutrons.

● Energy released: 1053 ergs, but most SNe
Are 1051 ergs, 1 foe = 1 Bethe 
 



Main Supernova engines
● Massive star collapsing to a neutron star 

(Baade & Zwicky 1934)
● Thermonuclear explosion of a star (Hoyle 

& Fowler 1960);
● Both exists in nature: CCSNe and SNIa



  

Massive stars can explode: 
Core Collapse SN explosion

Grefenstette et al. 2014, Nature (NuSTAR data)

Cas A
11000 ly

~ 300 years ago

Recent review:
Mueller B. 2016, PASA
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Smaller stars can explode too: 
Thermonuclear SN explosions

X-Ray, Chandra obs.

B Cas
~ 9000 ly

~ Nov  1572 

Recent review:
Hillebrandt W. et al. 2013, 
Frontiers of Physics
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Nucleosynthesis in stars: 
production of isotopes and elements



  

Stable elements are made of stable isotopes
For astronomers, usually C12 ~ C and O16 ~ O.
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What is the origin of the elements... nearby?

Soho image
of the Sun
(Extreme ultraviolet Imaging Telescope)

Allende
Meteorite
(1969)
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… or far away?

Spitzer telescope, via wikimedia commons

Omega Centauri stellar cluster:

Distance ~ 15800 lyr
Radius ~ 86 lyr
Mass ~ 4∙106 Msun
~20 times less metals than in the Sun
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...or even more far away?

Quasar PKS 1830-211: Courbin+A&A 2002

Absorption line from a spiral galaxy between the quasar and us: 
Quasar: redshift Z ~ 2.5
Galaxy Age/distance: z=0.89 corresponds to a look back time of 7.2 Gyr, 
                                  yielding an age ≤ 6 Gyr
C, N, O, S observed from integrated lines (Muller+06) 
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Outline and topics

● Definition: low-mass stars, intermediate-mass stars and 
massive stars;

● Nuclear physics in stars: how to make elements
● Low-mass stars and Asymptotic Giant Branch (AGB) Stars 
● The slow neutron capture process: s-process
● The intermediate neutron capture process: i-process
● Nucleosynthesis in massive stars
● The r-process
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Stars forming WD and NS

Karakas & Lattanzio 2014, PASA
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Stellar structure equations 
(a simpler version)

Mass conservation

Hydrostatic equilibrium 
(gravity in balance with pressure)

Energy conservation
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Structure evolution inside

Thielemann & Arnett 1985 ApJ
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Structure evolution outside

Ritter, MP+ 2018 MNRAS



Nuclear physics is crucial for stellar structure evolution and 
for making elements
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Binding energies: how nuclei stick together
The binding energy increases roughly with A. 
Binding energy per nucleon B/A:

• Binding energy roughly constant ~8 MeV
• Maximum near A=56 (iron)
• Energy gain by fusion of small nuclei or fission of large ones
• At low masses: binding energy large when A is a multiple of 4

Neutron captures



  

List of neutron capture processes

● The r process (neutrino-wind, NS mergers, jet-
SNe, etc) - Nn > 1020 n cm-3;

● The n process (explosive He-burning in CCSN) - 
1018 n cm-3 < Nn < 1020 n cm-3;

● The i process - 1014 n cm-3 < Nn < 1016 n cm-3;

● Neutron capture triggered by the Ne22(α,n)Mg25 
in massive AGB stars and super-AGB stars - Nn < 
1014 n cm-3;

● The s process (s process in AGB stars, s process 
in massive stars and fast rotators) –  Nn < few 
1012 n cm-3 .

N
n
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Paths of neutron capture processes

Cauldrons in the cosmos, 1988
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Neutron
Proton

Helium Beryllium

2 neutrons + 5 neutrons =     7 neutrons =      6 neutrons + 1 neutron
2 protons   + 4 protons  =     6  protons  =      6 protons

Nuclear reactions: 
Chadwick experiment (1932)

4 9 13 12 1
2 4 6 6 0He   Be      C       C + n  
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3α reaction: a nice story about 
how we are all here

● Step 1: Two alpha particles <- > ‐‐ 8Be:

– 8Be is unstable, and decays back to 2 alpha particles 
in ~ 10-16 seconds  1 → 8Be every 109 alpha particles.

● Step 2: 8Be + alpha <---> 12C:

– Low probability, high energies required

+

α α

+

α
C12
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● The 12C in nature should be orders of magnitudes 
lower than what we observe!

● But in 1957 Cook, Fowler, 
Lauritsen and Lauritsen 
at Kellogg Radiation 
Laboratory at Caltech 
discovered a state 
allowing to build 12C
in step 2 (at 7.654 MeV).

● Without this state, there would be
basically no metals, no carbon, 
no oxygen..

Iliadis et al. 
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Fred Hoyle's predicted the 
existence of the Hoyle state 

few years earlier...

...but no noble prize
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  From: Alex Heger

30 Low-mass stars
Intermediate-mass stars

High-mass stars

See also Jones et al. 2013, ApJ

0.2–0.4



  

Introduction to the evolutionary stages 
in stars:

H burning
Cold CNO cycle

Wiescher+ 2010, Annu. Rev. Nucl. Part. Sci.

pp chain

Adelberger+ 2011, RevMP
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He burning

Thielemann & Arnett 1985 ApJ
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C-burning

Chieffi+1998 ApJ
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Ne-burning

Chieffi+1998 ApJ
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O-burning

Chieffi+1998 ApJ
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Si-burning
Chieffi+1998 ApJ

Reactions network approaching QSE

Thielemann & Arnett 1985 ApJ
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Stellar nucleosynthesis:
Low mass stats



  

Low-mass stars: HR diagram

Herwig 2005, ARAA
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Low-mass stars: HR diagram

Herwig 2005, ARAA
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Zooming in the stellar structure: 
the Third Dredge-Up (TDU)

Ritter+2018 MNRAS
M=2Msun, Z=0.01

nth+1 TP

nth TP

Convective envelope

TDU
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Without zooming...

He-intershell

42

Ritter+2018 MNRAS
M=2Msun, Z=0.01



Nucleosynthesis in AGB stars

In the Sun, and in the ISM, there is more O than C... 
AGB stars make more C than O, so the AGB envelope 
becomes C-rich after few TPs, before loosing that C in 
the ISM.

Source of C: activation of 3α rate in the He intershell.
wikipedia

Battino, MP+ 2016

nth TP

nth+1 TP
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Nucleosynthesis in AGB stars II
44

Proton-capture nucleosynthesis
at the bottom of the AGB 
envelope, just above the H shell. 

Palmerini+2011, ApJ

CBP vs HBB: Lugaro+2017, Nat.Ast.



The slow-neutron capture 
process in AGB stars

Observation of Tc in AGB stars: 
s-process ongoing!
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Basic vocabulary and quantities

● Neutron exposure: τ = ∫vT Nn(t) dt

● Neutron density: Nn = Xn• ρ • NA

● s-process seeds: Fe, Ne-Na
● s-process poisons: 14N, 25Mg, 20Ne, 22Ne,...
● s-process source: 13C → 13C(α,n)16O, 22Ne → 

 22Ne(α,n)25Mg

46



  

List of neutron capture processes

● The r process (neutrino-wind, NS mergers, jet-
SNe, etc) - Nn > 1020 n cm-3;

● The n process (explosive He-burning in CCSN) - 
1018 n cm-3 < Nn < 1020 n cm-3;

● The i process - 1014 n cm-3 < Nn < 1016 n cm-3;

● Neutron capture triggered by the Ne22(α,n)Mg25 
in massive AGB stars and super-AGB stars - Nn < 
1014 n cm-3;

● The s process (s process in AGB stars, s process 
in massive stars and fast rotators) –  Nn < few 
1012 n cm-3 .

N
n
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What is (are) the physics mechanism(s) driving 
the formation of the C13-pocket ?

Formation of the C13-pocket

~95% of the total neutron expsure



Battino et al. 2016
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Snapshot of the 13C-pocket once C13 is gone:
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n
N  peak > 1010 cm -3
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Super-AGB stars
52



  

Doherty+2014

53



  

Thermal Pulses and H ingestion
Jones, MP et al. 2016 MNRAS

Thermal Pulses in Super-AGB stars can trigger ingestion of fresh H from the envelope,
during the convective He burning. This is completely different from the low-mass case
we saw before.  

M=7Msun, Z=0.0001

M=2Msun, Z=0.01
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The i process

stellar/hydro

nuclear/stellar
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List of neutron capture processes

● The r process (neutrino-wind, NS mergers, jet-
SNe, etc) - Nn > 1020 n cm-3;

● The n process (explosive He-burning in CCSN) - 
1018 n cm-3 < Nn < 1020 n cm-3;

● The i process - 1014 n cm-3 < Nn < 1016 n cm-3;

● Neutron capture triggered by the Ne22(α,n)Mg25 
in massive AGB stars and super-AGB stars - Nn < 
1014 n cm-3;

● The s process (s process in AGB stars, s process 
in massive stars and fast rotators) –  Nn < few 
1012 n cm-3 .

N
n
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N13 and/or C13 are mixed for hours in regions with typical He-burning 
temperatures  (T9 ~ 0.25-0.3 GK), together with Fe-seed rich material.

57

Main source of neutrons: C13(α,n)O16
Neutron density: few 1014 – 1016 n cm-3
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Sr

Sr

Y

Y

Zr

Zr

Nucleosynthesis properties of the i process: Se­Nb  



  

Relevant nuclear reaction rates 
for the i process

● (n,γ) rates from the valley of stability up to ~10 
neutron-rich isotopes far from the valley of stability;

● β decay network;
● (β,n) delayed-neutron emission network.

59
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Most recent results for the hydrodynamics of H ingestion:
(Cost of a resolved simulation of H ingestion for 20 hr star time: ~ 500K $)

+ Herwig et al. 2014, ApJL 792
+ Woodward et al. 2015, ApJ 798, 49 

+ For other hydrodynamics simulations of H ingestion (at low metallicity): Mokak et a. 2011 A&A, Stancliffe et al. 2011 ApJ

Cost of adding one more virtual isotope or fluid 
in the simulations:

… +

Falk Herwig
UVIC



Examples of i-process abundance patterns

Artist conception of the WD
and the binary system

Why do we care?
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Stellar nucleosynthesis:
Massive stats



  

Stars forming WD and NS

Karakas & Lattanzio 2014, PASA
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Image: A. Dupree/CFA/R. Gilliland/STScI/NASA/ESA

Betelgeuse (α-Ori):
 ~ 19 M

sun

 ~ 650 ly
 ~ 1180 R

sun

Baking oxygen now...

1:2 atoms in the centre of α-Orionis is oxygen



Neutrino-driven SN mechanism

C. Fryer



SN light curve: how we “see” SNe first

Nadyozhin & Imshennik 2005



The CCSNe zoo

Nomoto et al. 2013 ARAA



  

Proof of an old CCSN with no Fe ejected

Keller+2014, Nature

Bessel+2015, ApJ
Nordlander+2017, A&A

68

The Keller star (SM0313-6708): 
✗ metal-poor 
✗ [C/Fe] >> Sun

~ C12?



  

Explosive nucleosynthesis in CCSNe

● Can we still divide in “burning stages”? Burning 
happening in the timescale of a second or less;

● Intermediate explosive conditions are crucial
● The progenitor preSN structure is crucial
● Possible classification 

of the SN ejecta?

Meyer+1995, GeCoA
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Example of SN ejecta

M = 20M
sun

, Nomoto+2013 ARAA



  

The s-process in massive stars
71



Na

Ne

F

Na

Ne

F
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Pignatari, et al. 2010, ApJ



The n process
● The r process (neutrino-wind, NS mergers, 

jet-SNe, etc) - Nn > 1020 n cm-3;

● The n process (explosive He-burning in 
CCSN) - 1018 n cm-3 < Nn < 1020 n cm-3;

● The i process - 1014 n cm-3 < Nn < 1016 n cm-3;

● Neutron capture triggered by the 
Ne22(α,n)Mg25 in massive AGB stars and 
super-AGB stars - Nn < 1014 n cm-3;

● The s process (s process in AGB stars, s 
process in massive stars and fast rotators) –  
Nn < few 1012 n cm-3 .

N
n
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Nucleosynthesis properties of the n process: Se­Nb  

Sr

Y
Zr

Sr

Y

Zr

(Blake & Schramm 1976)



  

Presolar grains from meteorites



  

Presolar grains zoo (The Art Gallery)

F. Banhart (MPI for Metal Research, Stuttgart)

From Reto Trappitsch (Uni of Chicago)
Graphite (and a SiC 

in the center)

Croat et al. 2010, AJ 139

Hoppe 2010 PoS
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For a review:
Zinner 2014, Tr. Geo.

Nano-diamonds



  

MP+2018, GeCoA

SiC-X grain

From Reto Trappitsch (Uni of Chicago)

Signature of the n-process measured for heavy 
elements (Sr, Zr, Mo, Ru, Ba) in presolar
 SiC-X grains, found intact in meteorites 
- Review: Zinner 2014 TrGeo

CCSN models vs observations:

78

● Main neutron source: Ne22(α,n)Mg25



  

The γ-process
79

MP+2016, IJMPE
Zr-Cd mass region
γ-process trajectory from CCSN
T

peak
 = 2.95 GK

Relevant nuclear reactions:
 (γ,n), 
 (γ,p), 
 (γ,α)
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● The p-only distribution is quite different for different CCSN models. 
● The initial progenitor mass can be one of the relevant parameters to keep into 

account. 

● Models: M = 15M
sun

 and M = 25M
sun

 MP+2016 
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● The p-only distribution is quite different for different CCSN models. 
● The initial progenitor mass can be one of the relevant parameters to keep into 

account. 

● Models: M = 15M
sun

 and M = 25M
sun

 MP+2016



From Chao Sam Phraya National Museum in Ayutthaya

All the gold atoms in that cup were made in the same star?
What type of star?

83

Baking gold: the r process



Cassiopea A
11000 ly

~ 300 years ago

CCSN remnant

Grefenstette et al. 2014, Nature
(NuSTAR telescope data)
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Cassiopea A
11000 ly

~ 300 years ago

CCSN remnant

Grefenstette et al. 2014, Nature
(NuSTAR telescope data)
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The r-process sources: 
short summary

Anomalous Supernovae:
e.g., jetSNe  magnetars  →
0.2 ≤ protons/neutrons ≤ 0.4 

Neutron Star Mergers: 
protons/neutrons ≤ 0.1

86



  

Why making the r-process is so difficult?

● Today the most supported scenarios are neutron-star 
mergers and Magnetically Driven Jets from Supernovae 
(e.g., Thielemann+2011). 

● Neutrino-driven winds from CCSNe do not seem to have 
the conditions to host the r-process. Why?

2α(n,γ)9Be(α,n)12C.... from Woosley & Hoffman 1992 ApJ:

87



  

Silver

What is the main process that made that same silver in stars?

88



  

What to do to solve the mysteries of 
silver and gold? Some numbers..  

HST: 
● Total costs until now ~ 11 Bi USD
● Operation ~ 100mi USD/year
● Observational cost ~ 10-50K USD/hour

TRIUMF laboratory, Vancouver, Canada

Nuclear experiment to get better nuclear rates: 
● Operation cost ~ 2-10K GBP/hour
● Total cost depends on the length of 

the experiment.
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Resources
● Textbooks:

– Kippenhahn & Weigert, Clayton, Rolfs & Rodney, 
Kavalier & Hansen, Prialnik

● The most important resource:
– NASA-ADS: 

http://adsabs.harvard.edu/abstract_service.html
– ArXiv: https://arxiv.org/

90

http://adsabs.harvard.edu/abstract_service.html
https://arxiv.org/
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