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Personal Journey toward Astrophysics 

• Was a master student to study nuclear theory, but ended up with 
leaving the field of nuclear physics for astrophysics

• Did not have any intention to use computers for my research career 
but ended up with spending the entire PhD years on the code 
development

• Finally came back to nuclear physics community

• Astrophysics with nuclear physics, computation, and more else

• Do not need to put any constraint on who I am or what I do: my limit 
is my imagination 
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Astrophysics that I have understood so far

Lattimer & Prakash (2004, Science, 304, 536) 3



What I have learned and thought to know so far

• Basic courses in physics 

• Quantum field theory: Lagrangian, Feynmann diagram, 
renormalization, etc.

• Computer codes: Fortran, python, etc.

• Algorithms: PDEs for hydrodynamics, solvers for rate equations, etc. 

• And more … 

• (Ideas and scientific writing) 
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Nuclear Astrophysics = 
Astronomy (Observation) 

+ Nuclear Physics (Theory)
+ Nuclear Physics (Experiment)
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Outline

• History of Nuclear Astrophysics

• Observations and Theory
• Stellar Evolution
• X-ray Burst

• Experiments
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Nobel Prizes I

Hans Bethe
1967

Stellar Nucleosynthesis
(1939)

William Alfred Fowler
1983

Discovery of 12C resonance 
(1952)

Subrahmanyan
Chandrasekhar

1983
Structure and evolution of 

stars (1939)
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Nobel Prizes II

Arthur B. McDonald
2015

Solar neutrino oscillation 
(2001)

Takaaki Kajita
2015

Atmospheric neutrino oscillation 
(1998)
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More Nobel Prizes I

1998

X-ray Astronomy starting from late 1950’s

1980’s & 1970-1994
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More Nobel Prizes II

1974

1967

1950
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Stellar Evolution
• Stars are building blocks of the universe.

http://museumvictoria.com.au/pages/2975/orion_constellation_small.jpg

File:CMB Timeline300 no WMAP.jpg

http://fc02.deviantart.net/fs70/i/2010/336/4/9/under_the_night_sky_by_ironmouse86-d342kkk.jpg
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http://www.google.com/url?sa=i&rct=j&q=constellation&source=images&cd=&cad=rja&docid=4f0xumeeK9-dBM&tbnid=XAioLPTP3njfkM:&ved=0CAUQjRw&url=http://museumvictoria.com.au/discoverycentre/infosheets/planets/constellations/&ei=yKG1UanjFYavkgX_r4HwCQ&bvm=bv.47534661,d.dGI&psig=AFQjCNGyWhysprFDcygNnjjvUbs1NKMJ-Q&ust=1370943681593738
file:///upload.wikimedia.org/wikipedia/commons/6/6f/CMB_Timeline300_no_WMAP.jpg
http://www.google.co.kr/url?sa=i&rct=j&q=night+sky&source=images&cd=&cad=rja&docid=fIsZPtBMD_q7AM&tbnid=YrTJ5p6unVippM:&ved=0CAUQjRw&url=http://ironmouse86.deviantart.com/art/Under-the-night-sky-188236964&ei=iQrdUf-BN8rDkwWxtoGgCQ&bvm=bv.48705608,d.dGI&psig=AFQjCNG7IJXwtnHdJNY4kUQCOxjfvEISaQ&ust=1373518022546236


Hertzsprung–Russell Diagram

http://teacherknowledge.wikispaces.com/file/view/H-R_Diagram_Star_Properties.jpg/30291529/592x444/H-R_Diagram_Star_Properties.jpg
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http://www.google.com/url?sa=i&rct=j&q=hr+diagram&source=images&cd=&cad=rja&docid=V75oRMhQHOLqSM&tbnid=mpxLaPJvkFGyyM:&ved=0CAUQjRw&url=http://teacherknowledge.wikispaces.com/Life+cycle+of+a+star&ei=y6K1UYzoDMOKlQW_3ICACA&bvm=bv.47534661,d.dGI&psig=AFQjCNGwBzYg9CR2yOSmBh9hZin57iFJFw&ust=1370944374213099


별의 진화: 관측

우리 주위 
80 pc 이내에 
있는 별들
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별의 진화: 이론
Hertzprung-Russell diagram
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별의 진화: 시뮬레이션
1. 별은 둥글다.
2. 별은 빛난다.
3. 별 내부의 중력을 
견디는 힘
4. 별 내부의 핵 융합 
반응
5. 에너지 전달: 빛 
또는 대류

1. 별의 초기 질량
2. 별에 포함된 원소의 
구성비

별의 진화를 결정
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Theory of Stellar Evolution

Stellar Evolution with Different Nuclear Reaction Rate 

LEE, HUNN TAEK1 
1Ulsan National Institute of Science and Technology, South Korea 

Advisor: Kwak, Kyujin1 

Abstract 
In this presentation, we will show an example of how nuclear physics affects stellar evolution. Our choice of example is triple alpha reaction rate. By using 
MESA(Modules for Experiments in Stellar Astrophysics), we trace the evolutionary track of a sun-like star with various triple alpha reaction rates. We find that 
different triple alpha reaction rates changes not only the evolutionary track itself but also the composition of star. With the commonly used triple alpha reaction 
rate, the sun becomes an oxygen white dwarf. However, when the triple alpha reaction rate is increased from the common rate by a factor of 10, the evolution of 
the sun ends as a carbon white dwarf rather than an oxygen white dwarf. 

Introduction 
 By using MESA, we can simulate the evolution of a star. 
   - MESA can include different reaction rates and reaction networks. 
   - Some nuclear reaction rates are hard to measure in laboratory, therefore there exist some uncertainties for nuclear reaction rates.  
   - Comparing the observational data and the simulated result can narrow down the uncertainty of the nuclear reaction rates. 
   - Eventually we can get the more precise stellar evolution model by using the refined nuclear reaction rates. 

Theory 
 Basic equations to calculate stellar structure(Using Lagrangian coordinates) 

 1. 
( )

= −   Hydrostatic equilibrium equation 

 2. 
( )

= ɛ − T    Thermal energy conservation equation 

 3.  = −  Energy transfer equation for radiative equilibrium condition 

 4 . =  Energy transfer equation for convective condition 

 
To calculate the composition of a star, we need to solve general composition change equation 

 5 .
( , )

  
= 𝑟 𝐴, 𝑍 − 𝑟 𝐴, 𝑍  

 This equation should include all related isotopes. So it is generally represented by a matrix form. 

Simulation Tool : 
 Modules for Experiments in Stellar Astrophysics 
 - 1D stellar evolution code 
 - Openness: anyone can download sources from the website. 
 - Modularity: independent modules for physics and for numerical 
algorithms; the parts can be used stand-alone. 
 - Wide Applicability: capable of calculating the evolution of stars in 
a wide range of environments. 
 - Comprehensive Microphysics: up-to-date, wide-ranging, flexible, 
and independently useable microphysics modules. 
 - Modern Techniques: advanced AMR, fully coupled solution for 
composition and abundances, mass loss and gain, etc. 
 
  Simulation Result 

 - Sun-like star model.(1 solar mass, the metallicity is 2% of the total mass.) 
 - Simulation starts with pre-mainsequence model. 
 - Simulation terminates when the model evolves up to the white dwarf. 
 - These models include mass loss scheme during the RGB and AGB phase. 
 - It also includes rotation and convection scheme. 
 - The only difference between two is triple alpha reaction rate.  
   Right one’s reaction rate had multiplied by factor of 10.   

Figure 1 : Evolutionary path of the sun 
http://www4.nau.edu/meteorite/Meteorite/Book-
GlossaryS.html 

What is the Triple Alpha Reaction? 
 - The unique nuclear reaction which can make carbon from lighter material. 
 - This reaction rate is very hard to measure from the experiment, since the 
intermediate product 𝐵𝑒 has very short half life (6.7×10 𝑠). 
- 𝐻𝑒   +    𝐻𝑒 →   𝐵𝑒 (-93.7 KeV) 
  𝐻𝑒   +    𝐻𝑒 →   𝐶 (+7.367 MeV) 
 

Figure 2 : triple alpha reaction 
http://en.wikipedia.org/wiki/Triple-alpha_process  

Figure 3 : Evolutionary path with NACRE triple alpha reaction rates Figure 4 : Evolutionary path with 10 times larger triple alpha reaction rate 

Discussion 
Triple alpha reaction is very important for stellar evolution because carbon plays a role of catalyst in the CNO nuclear reaction cycle for the hydrogen burning. For 
this reason, the composition of the star can be severely affected by the triple alpha reaction rate. In Figures 3 and 4, right panels show the compositions of the 
white dwarfs resulting from two different triple alpha reaction rate. With the larger triple alpha reaction rate, major element in the white dwarf is  carbon instead 
of oxygen. This is because the triple alpha reaction competes with the reaction 𝐶   +    𝐻𝑒 →   𝑂 + γ (+7.162 MeV). If the triple alpha reaction dominates, then 
oxygen cannot be synthesized abundantly from the reaction of carbon absorbing helium since most of helium will become carbon by triple alpha reaction. 

Future Plan 
- Investigating the nuclear reaction chain during supernova explosion                 
- Simulation of binary star system’s evolution 
-  Simulation of low mass star’s evolution 
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Nuclear Reactions Inside a Star

http://ircamera.as.arizona.edu/astr_250/images/Pp-chain.gif

http://upload.wikimedia.org/wikipedia/commons/thumb/2/21/CNO_Cycle.svg/300px-CNO_Cycle.svg.png
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http://www.google.com/url?sa=i&rct=j&q=stellar+structure&source=images&cd=&cad=rja&docid=74DFemTFhwXIOM&tbnid=W3_y74F-_wvW5M:&ved=0CAUQjRw&url=http://ircamera.as.arizona.edu/astr_250/Lectures/Lec_16sml.htm&ei=u2a2UeW-N4q4kgXD9oGQCQ&bvm=bv.47534661,d.dGI&psig=AFQjCNFGMqPXMtXXT0135eEApKSZ29ZxOg&ust=1370994532410594
http://en.wikipedia.org/wiki/File:CNO_Cycle.svg


Nuclear Chart
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Star’s Life
http://web.hallym.ac.kr/~physics/course/a2u/star/img/sn2006gy_newline.jpg
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http://www.google.com/url?sa=i&rct=j&q=stellar+evolution&source=images&cd=&cad=rja&docid=6_TFPkVpv9PVcM&tbnid=kO4SGMCkXn4dLM:&ved=0CAUQjRw&url=http://web.hallym.ac.kr/~physics/course/a2u/evolution/stel.htm&ei=IKS1UYXEOYbMkAXd-4HABg&bvm=bv.47534661,d.dGI&psig=AFQjCNFf1OXWeo4aKW5p_bA5EF3NN7vtmg&ust=1370944821293992


Inside of Old Massive Star: Onion-like Structure
http://www.le.ac.uk/ph/faulkes/web/images/onion.jpg
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http://www.google.com/url?sa=i&rct=j&q=stellar+structure&source=images&cd=&cad=rja&docid=YjqLrYwo_VWZ6M&tbnid=4PumLQyIRD8PYM:&ved=0CAUQjRw&url=http://www.le.ac.uk/ph/faulkes/web/stars/r_st_structure.html&ei=bWa2Uc7_LsK_lQXnpoDYCA&bvm=bv.47534661,d.dGI&psig=AFQjCNFGMqPXMtXXT0135eEApKSZ29ZxOg&ust=1370994532410594
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• Now at 2 in C+O Fig 13. 

• Whole star contracts around “inert” He core on Kelvin-

Helmholtz timescale (change in grav. PE of star divided 
by its luminosity). These changes not due to fusion but 

gravitational contraction at this point!  Virial theorem 
applies: half of released gravitational PE goes into raising 

Teff, half into radiation, so L rises.  

• Reaches 3 in Fig 13.1. 

• Now region of envelope around inert core becomes hot 

enough for H to ignite – “shell H burning” phase starts.  

This is “mildly explosive”.  Most energy into expanding 
star.  R up, Teff down.   

• Reaches 4 in Fig 13.1. 

• H shell burning dumps He onto core, increasing its mass 

(Schönberg-Chandrasekhar limit; skip derivation in 13.1) 
22 

• An isothermal core can no longer support itself against envelope when: 
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Stellar Evolution with Different Nuclear Reaction Rate 

LEE, HUNN TAEK1 
1Ulsan National Institute of Science and Technology, South Korea 

Advisor: Kwak, Kyujin1 

Abstract 
In this presentation, we will show an example of how nuclear physics affects stellar evolution. Our choice of example is triple alpha reaction rate. By using 
MESA(Modules for Experiments in Stellar Astrophysics), we trace the evolutionary track of a sun-like star with various triple alpha reaction rates. We find that 
different triple alpha reaction rates changes not only the evolutionary track itself but also the composition of star. With the commonly used triple alpha reaction 
rate, the sun becomes an oxygen white dwarf. However, when the triple alpha reaction rate is increased from the common rate by a factor of 10, the evolution of 
the sun ends as a carbon white dwarf rather than an oxygen white dwarf. 

Introduction 
 By using MESA, we can simulate the evolution of a star. 
   - MESA can include different reaction rates and reaction networks. 
   - Some nuclear reaction rates are hard to measure in laboratory, therefore there exist some uncertainties for nuclear reaction rates.  
   - Comparing the observational data and the simulated result can narrow down the uncertainty of the nuclear reaction rates. 
   - Eventually we can get the more precise stellar evolution model by using the refined nuclear reaction rates. 

Theory 
 Basic equations to calculate stellar structure(Using Lagrangian coordinates) 

 1. 
( )

= −   Hydrostatic equilibrium equation 

 2. 
( )

= ɛ − T    Thermal energy conservation equation 

 3.  = −  Energy transfer equation for radiative equilibrium condition 

 4 . =  Energy transfer equation for convective condition 

 
To calculate the composition of a star, we need to solve general composition change equation 

 5 .
( , )

  
= 𝑟 𝐴, 𝑍 − 𝑟 𝐴, 𝑍  

 This equation should include all related isotopes. So it is generally represented by a matrix form. 

Simulation Tool : 
 Modules for Experiments in Stellar Astrophysics 
 - 1D stellar evolution code 
 - Openness: anyone can download sources from the website. 
 - Modularity: independent modules for physics and for numerical 
algorithms; the parts can be used stand-alone. 
 - Wide Applicability: capable of calculating the evolution of stars in 
a wide range of environments. 
 - Comprehensive Microphysics: up-to-date, wide-ranging, flexible, 
and independently useable microphysics modules. 
 - Modern Techniques: advanced AMR, fully coupled solution for 
composition and abundances, mass loss and gain, etc. 
 
  Simulation Result 

 - Sun-like star model.(1 solar mass, the metallicity is 2% of the total mass.) 
 - Simulation starts with pre-mainsequence model. 
 - Simulation terminates when the model evolves up to the white dwarf. 
 - These models include mass loss scheme during the RGB and AGB phase. 
 - It also includes rotation and convection scheme. 
 - The only difference between two is triple alpha reaction rate.  
   Right one’s reaction rate had multiplied by factor of 10.   

Figure 1 : Evolutionary path of the sun 
http://www4.nau.edu/meteorite/Meteorite/Book-
GlossaryS.html 

What is the Triple Alpha Reaction? 
 - The unique nuclear reaction which can make carbon from lighter material. 
 - This reaction rate is very hard to measure from the experiment, since the 
intermediate product 𝐵𝑒 has very short half life (6.7×10 𝑠). 
- 𝐻𝑒   +    𝐻𝑒 →   𝐵𝑒 (-93.7 KeV) 
  𝐻𝑒   +    𝐻𝑒 →   𝐶 (+7.367 MeV) 
 

Figure 2 : triple alpha reaction 
http://en.wikipedia.org/wiki/Triple-alpha_process  

Figure 3 : Evolutionary path with NACRE triple alpha reaction rates Figure 4 : Evolutionary path with 10 times larger triple alpha reaction rate 

Discussion 
Triple alpha reaction is very important for stellar evolution because carbon plays a role of catalyst in the CNO nuclear reaction cycle for the hydrogen burning. For 
this reason, the composition of the star can be severely affected by the triple alpha reaction rate. In Figures 3 and 4, right panels show the compositions of the 
white dwarfs resulting from two different triple alpha reaction rate. With the larger triple alpha reaction rate, major element in the white dwarf is  carbon instead 
of oxygen. This is because the triple alpha reaction competes with the reaction 𝐶   +    𝐻𝑒 →   𝑂 + γ (+7.162 MeV). If the triple alpha reaction dominates, then 
oxygen cannot be synthesized abundantly from the reaction of carbon absorbing helium since most of helium will become carbon by triple alpha reaction. 

Future Plan 
- Investigating the nuclear reaction chain during supernova explosion                 
- Simulation of binary star system’s evolution 
-  Simulation of low mass star’s evolution 

Simulation Tool: MESA
Paxton et al. 2011, ApJS (MESA I)
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Evolution of the Sun Traced by MESA
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Nuclear Reactions inside the Sun
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Energy Generation
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Thermonuclear Reactions 
(for a dummy like me)
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☛

✡

✟

✠
B . Cross sect ions

measure of probability that a certain react ion occurs

→ much more difficult to obtain than Q-value

For Rp = project ile radius and Rt = target radius ⇒

• classical geometrical cross sect ion: σ = π(Rp + Rt )
2

• good approximat ion to nuclear radii: R = R0 · A1/ 3 with R0 = 1.3 · 10− 13 cm

⇒ p + p : σ = 0.2 · 10− 24 cm2

p + 238U : σ = 2.8 · 10− 24 cm2

238U + 238U : σ = 4.8 · 10− 24 cm2

new unit : 1 barn (b) := 10− 24 cm2

• quantum mechanics: de Broglie-wave of part icles

⇒ σ = πλ2 with λ =
mp + mt

mt

1/ 2

(2mpE)1/ 2

Figure 2.2: Nuclear potent ial for a charged part icle react ion, consist ing of the repulsive

Coulomb potent ial (V > 0) for r > Rn and the at t ract ive potent ial of the st rong nuclear

force (V < 0) for r < Rn .

11

Lange ‘Nucleosynthesis’ SS 2012
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• complicat ions:

- Coulomb-barrier may prevent react ion

- centrifugal barrier may prevent react ion

- nuclear st ructure effects may influence σ

- nature of the force determines st rength of interact ion:

st r ong force: 15N(p,α)12C σ ≃ 0.5 b at Ep = 2 MeV

el. mag. for ce: 3He(α, γ)7Be σ ≃ 10− 6 b at Eα = 2 MeV

weak force: p(p, e+ ν)D σ ≃ 10− 20 b at Ep = 2 MeV

☛

✡

✟

✠
C. N uclear react ion rat e

Definit ion: nuclear react ion rate r xy := Nx · Ny · v ·σ(v)

with: Nx , Ny number density of part icles x, y (i.e., part icles per cm3)

v relat ive velocity between x and y

σ(v) cross sect ion

[r ] = react ions per cm3 per s = cm− 3 s− 1

• in stellar gas: Maxwell-Boltzmann dist ribut ion of velocit ies Φ(v)

⇒ r xy = NxNy⟨σv⟩

with ⟨σv⟩ :=
∞

0

Φ(v)vσ(v)dv

Φ(v) = 4πv2 m

2πkT

3/ 2

exp −
mv2

2kT
= f (T)

with m =
mx my

mx + my
= “ reduced mass”

E = 1
2
mv2

⇒ ⟨σv⟩ =
8

πm

1
2 1

(kT)
3
2

∞

0

σ(E )E exp −
E

kT
dE

☛

✡

✟

✠
D . Tunnel effect

• at high T ⇒ nuclei ionized

⇒ repulsive Coulomb potent ial VC(r ) =
Zx Zye2

r

• classical physics: react ion only possible if

part icle energy > Coulomb threshold energy := VC(Rx + Ry)

H-burning would need T ≃ 6 · 109 K . . .
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✎

✍

☞

✌

E. A st rophysical S-fact or

Cross sect ion (B ) ⇒ σ(E ) ∼ πλ2 ∼ 1/ E

Tunnel effect (D ) ⇒ σ(E ) ∼ exp(− 2πη), η ∼ 1/
√

E

⇒ define S(E) such that

σ(E ) =
1

E
exp(− 2πη) · S(E)

⇒ ⟨σv⟩ =
8

πm

1/ 2
1

(kT)3/ 2

∞

0

S(E) exp −
E

kT
−

b
√

E
dE

with b := (2m)1/ 2πe2Zx Zy /

= 0.989Zx ZyA1/ 2 [(MeV)1/ 2]

(b2 = “ Gamow energy” )

• often: S(E) varies slowly with E

→ Gamow-peak at energy E0 > kT

→ for narrow T-range: S(E) ≃ S(E0) = const .

⇒ ⟨σv⟩ =
8

πm

1/ 2
1

(kT)3/ 2
S(E0)

∞

0

exp −
E

kT
−

b
√

E
dE

Figure 2.4: Dominant energy dependent factors in thermonuclear react ions. Most react ions

occur in the overlap between the high-E tail of the Maxwell-Boltzmann dist ribut ion, giving

a factor exp(− E/ kT), and the probablity of tunneling through the Coulomb barrier, giving

a factor exp(− b/
√

E). Their product gives a fairly sharp peak called the Gamow peak at

an energy E0 which is generally much larger than kT. Figure from Cl ay t on.
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✍
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Resonances

direct capture react ion : A(X , γ)B

nucleus A captures project ile X direct ly to the low-energy state of nucleus B (see Fig. 2.7)

→ σ varies smoothly with energy

→ all project ile energies above Q-value are possible

→ non-resonant react ion

Figure 2.7: I llust rat ion of a capture react ion A(X , γ)B where the entrance channel A + X

goes direct ly to states in the final compound nucleus B under emission of a photon. This

process is called a direct-capture react ion and can occur for all energies E of the project ile

X .
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resonant capture react ion : A(X , γ)B

A + X form excited compound nucleus B ∗, which later decays to low-energy state

B ∗ → B + γ (see Fig. 2.8)

→ 2 step process

→ possible only if project ile energy matches the energy level of the excited state B ∗!

→ σ(E) may have large local maxima

→ r esonant react ion

energy levels of nuclei often not accurately known . . .

Figure 2.8: I llust rat ion of a capture react ion A(X , γ)B where the entrance channel A + X

forms an excited state E r in the compound nucleus at an incident energy ER . The excited

state Er decays into lower-lying states with the emission of a γ photon. This process is called

a resonant capture react ion and can occur only at selected energies where Q + ER matches

Er . At these resonant energies ER the capture cross sect ion may exhibit large maxima.

19
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Complications

• Metallicity

• Convection

• Mass Loss

• Rotation

• Magnetic Field

• And More
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Convection: Mixing Length Theory 
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Mass Loss

MESA: Dutch Wind Scheme
A Combination of
Glebbeek et al. 2009
Vink et al. 2001
Nugis & Lamers 2000
Nieuwenhuijzen & de Jager 1990
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MESA: Updates

• Paxton et al. 2013, ApJS (MESA II)

• Rotation
• Affects mixing, angular momentum transport, and mass loss

• Effect of internal magnetic field through dynamo: mixing and 
angular momentum transport

• New Treatment of Convection 
• Reduces computing times in radiation-dominated convective regions

• Allows for the calculation down to core-collapse

38



Initial Mass Function
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Pre-supernova near the end of a 
massive star’s life
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Onion-like Structure of Pre-Supernova
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Paxton et al. 2011, ApJS (MESA I)



Where does the bounce begin?

42

Woosley & Heger, 2007 (from 20 M_sun )

Iron Core

Oxygen 
Core



25 M


with Solar Metallicity
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H Burning (p-p chain)
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• Hydrogen Burning through CNO cycle

• Helium Burning

Nuclear Reactions during MS
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• 14N(p,γ)15N

• 12C(p,γ)13C

• 25Mg(p,γ)26Al

• 16O(p,γ)17O

• 17O(p,γ)18F

• 17O(p,α)14N

Nuclear Synthesis during H Burning
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• 14N(α,γ)18F(e+,ν)18O

• 18O(α,γ)22Ne

• 15N(α,γ)19F

• 18O(p,α)15N

• 14N(n,p)14C

Nuclear Synthesis during He Burning
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• Mainly during He burning
• 22Ne(α,n)25Mg provides neutrons.

• 22Ne(α,γ)26Mg is also possible.

S-process
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Advanced  Nuclear Burning Stages
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C Burning

20Ne(p,γ)21Na(e+ ν)21Ne
21Ne(p,γ)22Na(e+ ν)22Ne
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Ne Burning

20Ne(γ,α)16O
20Ne(α,γ)24Mg

24Mg(α,γ)28Si
25Mg(α,n)28Si
26Mg(α,n)29Si
26Mg(p,n)26Al
……
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O Burning

Weak Interactions
30P(e+ ν)30S
33S(e- ν)33P
…..

Quasiequilibrium Clusters
28Si(n,γ)29Si
29Si(γ,n)28Si

53



• Not direct

• Under the quasiequilibrium clusters

• With the decay of Silicon

Si Burning
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X-ray Bursts (XRBs)
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X-ray Binary 

• X-ray binary - Wikipedia

• X-ray source first detected in the sky. 

• Named as such because it is bright in X-ray and in a binary.  

• Depending on the companion star (one of the binary)
• Low mass X-ray binary (LMXB): a low-mass (dim) companion
• High mass X-ray binary (HMXB): a high-mass (bright) companion

• Accretion disk around NS or BH is hot enough to emit thermal X-ray. 
<- This ideas was first proposed to explain the bright X-ray observed 
and then confirmed by following observations. <- observation of new 
phenomena followed by theoretical (or modeling) efforts.

56/46
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https://en.wikipedia.org/wiki/X-ray_binary


Schematic view of X-ray binary
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LMXB vs. HMXB
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Theoretical view of LMXB
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X-ray Bursts (XRBs)

60

Rossi X-Ray Timing Explorer (RXTE)
1995 - 2012



X-ray Burst (XRB)

• X-ray burster - Wikipedia

• XRBs are found only in LMXBs but much brighter than LMXBs.

• Named as bursts because LMXBs are already bright in X-ray

• After XRBs were discovered, an immediate question followed. What 
caused XRBs? An answer is due to the runaway nuclear reaction often 
called rapid-proton capture process (rp-process). 

• Photospheric radius expansion (PRE) occurs when the energy of XRB 
is large enough to be close to Eddington luminosity.

* Eddington luminosity 
• Force due to radiation = Gravitational Force 

61/46
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https://en.wikipedia.org/wiki/X-ray_burster
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X-ray Bursts (XRBs) in Low Mass X-ray Binary (LMXB)
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Light Curves of XRBs

Galloway et al. 2008, ApJS

• Burst duration: tens to hundreds of seconds 
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Modeling XRBs: in the context of X-ray Binary

Compact object 
(NS or BH)

Companion
Mns = 1.4 Msun

Rns = 10 km
Mcomp = 0.9 Msun
Rcomp = 1.7 Rsun

Teff = 5440 K

a (orbital separation) = 5.2 Rsun
Porb = 0.9 days

Roche Lobe radius = 1.78 Rsun

Candidate Configuration (Ferraro+ 2015) Rsun = 7x105 km
KeV = 1.2x107 K

Accretion Disk

Energy budget:
fraction of 
(G Mns m_p)/Rns
= 200 MeV
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Runaway nuclear 
reactions occurring on 
the surface of the 
neutron star
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From Schatz’s Presentation 67



Waiting Points Nuclei

Woosley et al., 2004, ApJS 68



Models for XRBs
Accretion onto the surface of neutron star

From Schatz’s Presentation 69



Modeling XRBs: In the perspective of the structure of the neutron star
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Nature 2014

71/46
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Nuclear Reactions for Type I X-ray Bursts

• Hydrogen burning by CNO-cycle

• 3-alpha reaction

• alpha-p reaction

• p-gamma reaction

• weak interactions
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1D Multi-Zone Model

• Woosley et al., 2004, ApJS
• Nuclear reaction networks of ~1300 isotopes
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Evolution of 
the zM-Model
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Composition of the 1st Burst of the zM-
Model
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RAON (Korean Rare Isotope Accelerator)
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Experiments of Nuclear Astrophysics @RAON
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Summary

• Nuclear physics provides key information to understand 
various astrophysical phenomena such as stars and X-ray 
bursts.

• Nuclear reactions in astrophysical environments are still 
uncertain requiring better theoretical modeling and more 
accurate experimental measurements. 

• RAON will be able to contribute to resolving some uncertain 
issues in nuclear astrophysics. 
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Searching for Undiscovered but Detectable 
Astrophysical Phenomena for the Multi-

Messenger Astronomy



Contents

• Multi-Messenger Astronomy
• Gravitational Wave (GW)

• Neutrino Astronomy 

• (Cosmic-ray)

• Hunting for New Phenomena
• Nearby massive evolved stars 

• Compact binaries: X-ray bursts (XRBs)

• Order estimation (Back-of-Envelope Calculation)

• Binary neutron stars in highly eccentric closed (elliptical) orbits

• Remaining issues (Devils are in details)
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Neutrino Astronomy and Astrophysics

• Neutrino astronomy
• Emerging as an important part of multi-messenger astronomy together 

with gravitational wave (GW)

• Many neutrino detectors/observatories are operating, under 
construction, and planned: ICECUBE, KM3NET, DUNE, Hyper-
Kamiokande, JUNO

• (Tentative) Korean Neutrino Observatory (KNO) is being pursued

• Neutrino astrophysics is not new at all!
• Various astrophysical sites and production mechanisms for neutrino emission 

have been studied for a long time

• But predicting detectability on operating/planned detectors is NEW!!
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Neutrino Astronomy/Detector
• Detected 

• Solar and atmospheric neutrinos: lead to neutrino oscillation

• Supernova explosion: 1987A

• Distant galaxy: blazar TXS 0506+056

ICECUBE
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Korean Neutrino Observatory
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18

KNO

Korean*Neutrino*Observatory*(KNO)*and*HyperLKamiokande (HK)
• KNO’s*longer*baseline*" oscillation*efficiency*increases*(But,*not*too*long*distance…)

Courtesy*SeonLHee Seo

1,100*km 295*km

• Higher*matter*density*" Background*noise*↓,*
S/N*ratio*↑ (Tochibora*:*only*650*m)
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Astrophysical Sites for Neutrino Emission I

• Cosmic-ray: high energy neutrinos (> GeV,                 typically > 
TeV or even PeV)

• Anywhere high energy particles (protons) exist
• Strong acceleration processes such as shock waves, magnetic fields, 

and jets are required -> correlation among high        energy 
electromagnetic radiation like X-ray and gamma-ray, ultra-high 
cosmic-ray, and neutrino emission

• Atmospheric neutrino: detected
• Active galaxies (with active galactic nuclei: AGN/blazar):        detected
• Clusters of galaxies & nearby star-burst galaxies: predicted to have 

negligible detectability (recent work by Prof. Ryu and his students at 
UNST/CHEA)

• Other sites?
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Astrophysical Sites for Neutrino Emission II

• Anywhere in the universe where weak interaction occurs!

• Nuclear reactions: low energy neutrinos (< GeV, typically      a few 
tens of MeV)

• Inside stars -> Solar neutrinos (detected)

• Supernovae -> SN 1987A (detected)

• Compact binary mergers (NS-NS or NS-BH): only GW detected ->  many 
predictions (# of models >> # of observed events: very         common in 
astronomy/astrophysics)

• X-ray bursts: from rp-process. Did not get much attention thus/but worth 
investigating their potential contribution to detectability

• Other sites? Carbon-burning massive stars (Red SuperGiants)
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Detecting MeV neutrinos from evolved stars



Motivation

Neutrinos interact weaklywith baryonic matters

Cross sections of neutrinos with baryonic matter

Cross sections of Photons with baryonic matter

Neutrino astronomy, as a part of multi-messenger astronomy, has a great 
potential  for future astronomy

~ MeV ~ GeV



Sun Red supergiant
Supernova

X-ray burst

Neutron 
star merger

MotivationMeV Neutrino sources



=  𝑓 ×  𝑁 ×  𝜎 𝐸  ×  𝜙(𝐸)

Motivation

From what other sources can MeV neutrinos 

be detected? → Red supergiant?
        Detection MeV neutrinos: Only Sun, and SN1987A

How can MeV neutrinos be detected?

Event rate  
Trigger rate

Number of targets (Detector size)

Neutrino 
flux
→1) Stellar evolution + Neu.

spectrum   
→ 2) Detector simulation

Cross-
section

+ energy



Neutrino from stars

01 Nuclear reactions (electron and positron capture, and nuclear decays)

02 Thermal processes

Plasmon decay

Photoneutrino production

Pair annihilation

Bremsstrahlung 

Recombination

pp chain (solar neutrino)



Single star models 

Performed by MESA(Modules for Experiments in Stellar Astrophysics)
Z = 0.01, 0.015, and 0.02

Cf) Sun : ~1031erg/s

~1040~42 erg/s

main 
sequence

He-burning C-burning

C-burning

C-burning

main 
sequence

Nu. reactions

Thermal processes

He-burning

He-burning

main 
sequence



RSG neutrino spectrum (pair-annihilation)

center

boundary

– function of T, ρe



for ~ MeV neutrinos Motivation

발표 내용에 관한 내용만. 머무르는 시간 좀 줄이기 

Super KamiokandeBorexino

Liquid scintillator Cherenkov detector
NO



Hybrid detector (Water based liquid scintillator) – Theia, Askin et al. (2020)

Cherenkov

Scintillation

PMT → LAPPD 
(Large Area Picosecond Photo-Detectors)

→ Time resolution ~ 100ps
Theia, Askins et al. (2020)



Detector simulations (NuWro + Geant4)

Theia, Askins et al. 2020

Scintillation

• 50kT 𝒓 = 𝟐𝟑 𝒎 , Sphere

• 100% LAPPD coverage

1.   Water + LAB (Liquid Argon Benzene)

1 - 10%

2.   Selection-cut  1 - 10%, 7%



Detector performance

Optimal model



RSG’s neutrinos (C-burn) with HD
RSG at 200 pc

Noise



Summary  

1. Neutrino luminosity of RSGs, especially carbon burning stars, is about

~1046~48 MeV/s, and each neutrino has energy of ~ 0.7 MeV

2. It is currently implausible to observe these neutrinos however, if future

detectors based on new technologies such as LAPPD and WbLs were

designed to target these low-energy neutrinos, detecting these would

be possible in the future.

3. The most challenging task remaining will be to define and reduce

noise signals.
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