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Lightcurve	of	XRBs	

Galloway	et	al.	2008,	ApJS	
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X-ray	Bursts	
•  Accre5on	onto	the	surface	of	neutron	star:	high	or	low	mass	X-ray	binaries	
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Nuclear	Reac5ons		
for	Type	I	X-ray	Bursts	

•  Hydrogen	burning	by	CNO-cycle	
•  3-alpha	reac5on	
•  alpha-p	reac5on	
•  p-gamma	reac5on	
•  weak	interac5ons	

CNO-I	Cycle	
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From	Schatz’s	Presenta5on	APCTP	Dense	MaGer	Workshop	 9	



Wai5ng	Points	Nuclei	

Woosley	et	al.,	2004,	ApJS	APCTP	Dense	MaGer	Workshop	 10	



Numerical	Simula5ons	of	XRBs	

•  1D	model	with	spherical	coordinates	
•  Modify	1D	stellar	evolu5on	code	

– Hydro-dynamic/sta5c	condi5ons	with	nuclear	
reac5ons	and	energy	transport	via	radia5on	and	
convec5on	

– Model	parameters:	accre5on	rates	and	
composi5on	of	accreted	material	

– Envelope	of	neutron	star	surface,	e.g.,	crust	and	
pycno-reac5on	at	crust	
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Equa5ons	for	Stellar	Evolu5on	

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. ୢ୔(୑)

ୢ୑ = − ୋ୑
ସ஠୰ర ୑   Hydrostatic equilibrium equation 

 2. ୢ୐(୑)
ୢ୑ = ɛ − T ୢୗ

ୢ୲   Thermal energy conservation equation 

 3.  ୢ୘ୢ୑ = − ଷ୩୐
ସୟୡ୘యଵ଺஠మ୰ర Energy transfer equation for radiative equilibrium condition 

 4 . ୢ୘ୢ୑ = ୻మିଵ
୻మ

୘
୔
ୢ୔
ୢ୑ Energy transfer equation for convective condition 

 
To calculate the composition of a star, we need to solve general composition change equation 
 5 . డே(஺,௓)డ௧ ௡௨௖௟௘௔௥  ௥௘௔௖௧௜௢௡

= 𝑟௚௘௡௘௥௔௧௜௢௡ 𝐴, 𝑍 − 𝑟௔௡௡௜௛௜௟௔௧௜௢௡ 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 𝐵𝑒ସ଼  has very short half life (6.7× 10ିଵ଻𝑠). 
- 𝐻𝑒ଶସ   +   𝐻𝑒ଶସ  →   𝐵𝑒ସ଼  (-93.7 KeV) 
  𝐻𝑒ସ଼   +    𝐻𝑒ଶସ  →   𝐶଺ଵଶ  (+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଺ଵଶ   +   𝐻𝑒ଶସ  →   𝑂଼ଵ଺  + 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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Numerical	Simula5ons	of	XRBs	
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Network	of	Nuclear	Reac5ons	

•  Various	websites	linked	from	
‘nucastrodata.org’	(e.g.,	JINA	REACLIB)	

•  Experiments	and	Theore5cal	Calcula5ons	
•  Which	reac5on	network	to	use?	
•  Any	opportunity	to	improve	the	current	
reac5on	rates?	

•  If	so,	how	does	a	new	reac5on	rate	affect	the	
astrophysical	phenomena?	
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Nuclear	Reac5ons	for	Type	I	X-ray	Bursts	

•  Rates	are	available	from	experiments,	shell-
model	calcula5ons,	and	sta5s5cal	model		(e.g.,	
Hauser-Feshbach	calcula5ons	such	as	NON-
SMOKER)	

•  LiGle	experimental	informa5on	for	the	
proton-rich	nuclei		

•  Shell-model	calcula5ons	can	provide	
experimentally	undetermined	p-gamma	rates	
for	A=44-63	
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1D	Mul5-Zone	Model	

•  Woosley	et	al.,	2004,	ApJS	
– Nuclear	reac5on	networks	of	~1300	isotopes	
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Evolu5on		
of		
zM	
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1st	Burst	of	zM	
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Composi5on	of	1st	Burst	of	zM	
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Composi5on	of	1st	Burst	of	zM	
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Composi5on	of	1st	Burst	of	zM	
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Effects	of	Reac5on	Rates	on	the	Shape	of	
the	Light	Curve	

•  Triple	alpha	
•  Two	reac5ons	for	HCNO	break-out	
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HCNO	Cycle	

CNO-I	

HCNO-I	
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CNO-II	

HCNO-II	
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HCNO-III	
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Triple	Alpha	I	
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Triple	Alpha	II	

53		
isotopes	

305		
isotopes	

Peak	Matched	

APCTP	Dense	MaGer	Workshop	 27	



Effect	of	Number	of	Isotopes	
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Peak	Matched	

53		
isotopes	

305		
isotopes	
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Peak	Matched	

53		
isotopes	

305		
isotopes	
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Experiments	
•  Example:	resonant	elas5c	scaGering	of	21Na+p	to	obtain	the	

22Mg	structure,	which	is	related	to	18Ne(α,p)21Na	and	
18Ne(α,γ)22Mg	(He	+	2013,	PRC)		
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Astrophysical	Inputs	
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From	Na5onal	Nuclear	Data	Center		

Structure	of	22Mg	
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Current	Experiments	@CRIB/CNS,	RIKEN	

Courtesy	of	Prof.	Chae	@SKKU	
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R-matrix	Calcula5on	with	Nuclear	Structure	
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HCNO	Cycle	

CNO-I	

HCNO-I	
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CNO-II	

HCNO-II	
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HCNO-III	
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RAON	

Courtesy	of	Dr.	Y.	K.	Kwon	@RISP	
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KOBRA	@RAON	
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Experiments	@KOBRA/RAON	
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Collabora5ve	Efforts	in	Korea	

•  Effects	of	two	reac5on	rates,	18Ne(a,p)21Na	and	
15O(a,g)18Ne,	on	the	light	curve	of	XRB	are	currently	
under	inves5ga5on.	

•  These	two	are	break-out	reac5ons	of	hot	CNO	cycle.		
•  They	are	now	being	measured	experimentally	by	
Korean	group	@SKKU	and	EWU.		

•  Experimental	simula5ons	are	being	prepared	now	by	
theory	group	at	RISP.	
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Photospheric	Radial	Expansion	(PRE)	
XRBs	
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M-R	Rela5ons	of	NS	
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1D	Radia5on	Hydrodynamic	Simula5ons	
with	SNEC	
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Summary	

•  XRB	is	a	good	example	of	nuclear	astrophysics	
that	requires	all	of	observa5on,	theory,	and	
experiment.		

•  Both	theore5cal	and	experimental	efforts	
from	nuclear	physics	are	essen5al.		

•  RAON	and	other	rare	isotope	accelerators	play	
an	important	role	in	understanding	XRBs.	

•  Close	collabora5on	across	many	
interdisciplinary	fields	is	also	essen5al.		
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Plasma Physics 
 Beam Physics 

Condensed Matter 
Physics 

Quantum Physics 

Soft Matter Physics 
Biological Physics 

Ø  Fusion and astrophysical plasmas 
Ø Beam physics 
Ø Advanced accelerators 

Ø Condensed matter physics 
Ø Quantum materials & devices 
Ø Quantum optics & information 

Ø Soft matter Physics 
Ø Complex systems 
Ø Biological physics 

Physics	Dept.	@UNIST	since	2014	
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