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Chap 17 deals with stars of initial masses greater then 3 Msun

• A star’s life depends on mass and composition because the rates 
and types of fusion depend on the star’s mass. 

• Stars of different masses evolve differently. There are three 
categories of stars:  
• low-mass	stars	(Mass	<	3	MSun)	
• intermediate-mass	stars	(Mass	between	3	MSun	and	8	MSun)	
• high-mass	stars	(Mass	>	8	MSun)



Massive stars are rare, not only because of their short lifespan

• Initial	Mass	Function	shows	the	distribution	of	stellar	masses	at	birth	



The division at 3 Msun marks an rough transition in the shape of the 
computed evolutionary tracks



High-mass stars on the main sequence: 
 

CNO cycle and convective core



Massive MS stars have higher core temperature but lower core pressure

• Core	temperature	can	be	estimated	using	the	virial	theorem:	
																																																 	

• Core	pressure	can	be	estimated	from	a	force	balance:	
																												 	

• Main	sequence	stars	show	a	mass-radius	relation	of:		
																																																						 	

• Therefore,	

kTc ≈ GMμmH /R

4πR2Pc ≈ GM2/R2 ⇒ Pc ≈ GM2/(4πR4)

R ∝ M0.8

Tc ∝ M0.2 and Pc ∝ M−1.2



The CNO Cycle: step-by-step





Net reaction of the CNO cycle

• In	high-mass	stars	and	the	midlife	Sun,	hydrogen	burning	proceeds	in	the	CNO	cycle	
instead	of	the	pp	chain,	due	to	higher	core	temperatures.	

• The	net	result	is	the	same	as	the	pp	chain:	4	H	->	1	He



Net reaction of the Proton-Proton chain



Changes on the Main Sequence due to Fuel Exhaustion

•The	chemical	composition	inside	a	star	changes	over	time	as	
hydrogen	is	fused	into	helium.	

•The	Sun	started	with	70	percent	hydrogen	by	mass,	but	now	
contains	only	35	percent	hydrogen	in	the	core.	

•What	will	happen	when	the	hydrogen	is	exhausted	in	the	core?



Condition for Convection: Large Temperature Gradients

• When	adiabatic	expansion	of	a	gas	
pocket	causes	its	temperature	to	
drop	less	than	that	of	the	ambient	
gas,	convection	ensues:		

		

• Why?	P	=	nkT,	warmer	gas	at	the	
same	pressure	as	colder	gas	will	
have	lower	density.	So	the	pocket	
will	continue	to	rise	due	to	buoyancy		
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• High-mass	stars	have	large	
T	gradient,	so	convection	
mixes	the	core	effectively.	

• Increases	the	amount	
available	for	fusion,	but	
still	cannot	sustain	the	high	
luminosity	very	long	

• High-mass	stars	live	faster	
lives	(3	Myr	for	25	Msun).		

• Once	H	is	exhausted	from	
the	core,	the	star	leaves	the	
MS	and	expands	and	cools

Convective Cores



High-mass stars’ post-MS evolution: 
 

Onion layers of burning shells,  
nearly horizontal evolution on the HRD



Fusion Shells
▪ The	compression	of	the	core	ignite	
He-burning	before	it	becomes	
degenerate,	unlike	low-mass	stars.	

▪ The	fusion	shells	build	up	like	the	
layers	of	an	onion.	

▪ The	more	massive	the	star,	the	
heavier	the	elements	that	can	fuse.	

▪ Cores	of	high-mass	stars	will	fuse	
elements	up	until	iron	(Fe).





Evolution 
Tracks 
on H-R 
Diagram

Once leaving the 
main sequence, the 
star starts to expand 

to a supergiant, 
while keeping almost 
constant luminosity


The reason of the 
expansion is the 
same as the red 

giant stars — the 
fusion shell



The mirror principle of a fusion shell:  
when one side contracts, the other side expands

• While	the	gravitational	thermostat	works	well	to	control	the	burning	
core’s	temperature,	it	cannot	control	the	temperature	of	a	burning	shell	

• When	fusion	stops	in	the	core,	it	contracts.	Gravitational	potential	energy	
heats	up	the	core	and	it	conducts	its	heat	to	the	surrounding	shell.	

• As	the	shell’s	temperature	rises,	its	fusion	reaction	rate	increases	rapidly	
• To	avoid	a	thermonuclear	runaway,	the	shell	must	decrease	its	
temperature	by	dumping	its	energy	to	the	non-burning	envelope,	causing	
the	star	to	expand	to	a	giant.

Non-fusing helium core
Red Giant Star



Betelgeuse The familiar red star in Orion constellation. 
Betelgeuse is a red supergiant.

distance = 640 light years, M = 7.7 Msun, R = 1,200 Rsun  



Severe Mass Loss of High Mass Stars

• Stars	with	20	Msun	could	lose	>	50%	of	their	mass.		
• Mass	loss	rates	are	large:		10-7	to	10-5	Msun/yr	because	of	low	
gravity	and	radiation	pressure,	and	occasional	eruptions

Homunculus Nebula around Eta Carinae

The nebula was created in the 1843 eruption



• Eta	Carinae:	150	Msun	primary	+	80	Msun	secondary	
• The	primary	may	have	already	lost	30	Msun	by	now.



Recap: Massive Star Post-
Main-Sequence Evolution
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The mirror principle of a fusion shell:  
when one side contracts, the other side expands

• While	the	gravitational	thermostat	works	well	to	control	the	burning	
core’s	temperature,	it	cannot	control	the	temperature	of	a	burning	shell	

• When	fusion	stops	in	the	core,	it	contracts.	Gravitational	potential	energy	
heats	up	the	core	and	it	conducts	its	heat	to	the	surrounding	shell.	

• As	the	shell’s	temperature	rises,	its	fusion	reaction	rate	increases	rapidly	
• To	avoid	a	thermonuclear	runaway,	the	shell	must	decrease	its	
temperature	by	dumping	its	energy	to	the	non-burning	envelope,	causing	
the	star	to	expand	to	a	giant.

Non-fusing helium core
Red Giant Star





The End of Nuclear Fusion: 
 

Nuclear Binding Energy



Fusion Energy: the mass per nucleon decreases from H to Fe

• Nuclear	fusion	produces	energy	from	the	mass	loss	occurred	when	fusing	lighter	
elements	into	heavier	elements	( ).	This	works	from	Hydrogen	(H),	to	
Helium	(He-4),	up	to	Iron	(Fe-56),	which	has	the	lowest	mass	per	nucleon.	

E = Δm ⋅ c2



An alternative way to understand fusion energy: nuclear binding energy

• Binding	Energy	is	
the	minimum	energy	
required	to	
disassemble	the	
nucleus	of	an	atom	
into	its	constituent	
nucleons.	

• Fusion	energy	is	
produced	from	the	
difference	in	
binding	energy	
between	products	
and	reactants.	

• Fe-56	has	the	highest	
binding	energy	per	
nucleon,	so	it	marks	
the	end	of	both	
fusion	and	fission.	



Working It Out 17.1: Binding Energy of Atomic Nuclei

▪The net energy released by a nuclear reaction is the difference 
between the binding energy of the products and the binding 
energy of the reactants.  
▪For the triple-alpha process:

▪For the fusion of iron, the binding energy of the products is less 
than that of the reactants, so the net energy is negative.



Core-Collapse Supernovae 
 

Type II SNe



Core-Collapse SN
It reaches Chandrasekhar limit 

inverse beta decay

Why does the Fe core collapse?

How did iron become mostly neutrons?



Core Bounce and Explosion
leaving behind a blast nebula and a neutron star



Simulation of a Core-Collapse SN explosion
• e- degenerate iron core 

collapses 
• P surpasses e- degenerate 
• Fe -> He, 

photodisintegration 
• p+ + e- = n + 𝝂 
• core collapse accelerates 
• strong nuclear force 

becomes repulsive 
• core bounces and send 

shock waves outwards 
• trapped neutrinos further 

accelerate shock waves 
• 0.1c shocks reach surface 

and heat it to 500,000 K

https://www.youtube.com/watch?v=_ljcM4ftWnc








Light Curves & Energy Output: Type Ia vs. Type II Supernovae

(~1044 Joules in kinetic energy)

(~1043 Joules in kinetic energy)

Total Energy Release ~= Neutrino Energy ~= f Mchrandra c2 

Neutrino Energy  ~ 100x Kinetic Energy ~ 10,000x EM Energy 
f ~ 10% for core-collapse SNe, f ~ 1% for Type Ia SNe



Spectra: Type I (No Hydrogen lines) vs. Type II (Hydrogen lines)

Core 
collapse of 

massive 
stars

White dwarf 
thermonuclear 

runaway



Properties of Neutron Stars: 
 

Theoretical Models



Sirius B - the white dwarf companion of the Dog Star

•Inferred	properties	of	Sirius	B:	
•1	Solar	Mass	
•0.03	Solar	Luminosity	
•27,000	K	surface	temperature	
•5500	km	radius	(Earth-size)	

•Sirius	B	represent	a	class	of	objects		
called	White	Dwarfs	(WDs)	

•The	physical	conditions	of	WDs	
are	extreme:	
•extreme	density	( 3e9	kg/m3)		
(ne	~	1e36	/m3)	
•extreme	surface	gravity	(HW)	
•extreme	pressure	at	the	center	

ρ ≈



• packing a solar mass into 
a ball of ~10 km in 
radius results in a density 
of ~109 tons per teaspoon 
(compared to ~10 tons 
on a white dwarf) 

• surface gravitational field 
– 300,000 times that of 
Earth (g = GM/R2) 

•To escape from a neutron 
star, an object would 
have to reach 50% the 
speed of light! 

Neutron stars are extremely compact and dense, 
even compared to white dwarfs







X-ray hotspots rotate in two scenarios for the pulsar J0030+0451, based 
on analysis of NICER data (Neutron Star Interior Composition Explorer)



Observable Neutron Stars I: 
 

Pulsars



Neutron star has a size of a small city - How can we find them?



How can we tell if any of the 
objects in the image is a neutron 

star?

What are the unique observational properties of neutron stars?

• How can we tell if any of the objects in the image is a neutron star?



Contact (1997): Jodie Foster - Detecting the signal at the VLA

https://www.youtube.com/watch?v=NCkbekhUdw4


The Discovery of Pulsars in 1967
1967:	Jocelyn	Bell	Burnell	

PhD	student	of	Anthony	Hewish	
at	Cambridge	University,	England

Helped	build	a	radio	telescope	to	study	
the	solar	wind	by	looking	at	

“twinkling”	of	background	radio	
sources	as	their	emission	passes	

through	the	solar	wind

	In	Nov	1967,	she	discovered	a	
repeating	radio	signal	with	P	~	1s

Thought	it	could	be		
detection	of	ET	–	“LGM1”	
extraterrestrial	(ET)	
little	green	men	(LGM)	

Now	known	as	PSR	1919+21



▪Charged	
particles	
around	rapidly	
rotating,	highly	
magnetized	
object	produce	
beam	of	
synchrotron	
radiation	

▪The	beams	
sweep	by	Earth	
like	a	lighthouse	
beam.

Pulsars



Neutron stars are expected to spin very fast!
Angular momentum of a uniform sphere, and L is conserved during collapse

L = Iω =
2
5

Mr2ω ⇒ ω ∝ r−2 ⇒ P ∝ r2



When the Sun (R = 7e5 km) collapses into a neutron star (R = 10 km):

ω⊙ =
2π
P

= 14 deg/day for P = 25 daysWhat’s the current angular velocity? 
What will be the rotating period?

When it collapses to 
10 km radius, its 
rotation period will be  
P = 0.44 milliseconds. 



Conservation of magnetic flux:  
Neutron stars are expected to have strong magnetic fields

	The	collapse	of	a	star	concentrates	the	magnetic	lield	on	the	surface	
Similar	to	angular	velocity,	 	

	shrinking	to	a	radius	of	10	km,	the	Sun’s	magnetic	lield	would	be	1010	times	as	strong!	
B ∝ R−2

Magnetic	lield	for	normal	star	(e.g.	Sun):	a	few	Gauss	(G)	
Magnetic	lield	for	neutron	star:	up	to	1015	G	

Strongest	magnetic	lield	produced	in	a	laboratory	(for	a	few	seconds):	106	G



Optical Pulsars and Primary vs. Secondary Pulses

a slow-motion optical video

The pulsar near the center of the Crab Nebula



Pulsars animation

https://www.youtube.com/watch?v=gjLk_72V9Bw


Witnessing the formation of  
a Supernova Remnant (SNR) 

 
SN 1987A



LMC 
d = 50 kpc 
Dec = -70d 

M* = 1e10 Msun

SN 1987A

BeforeAfter



Zoom in onto SN 1987A

https://www.youtube.com/watch?v=1Y7VA0Kmu1A


The firework aPer the explosion
 SN ejecta catching up with the mass loss from stellar winds



The firework aPer the explosion
 SN ejecta catching up with the mass loss from stellar winds



Neutrinos from SN 1987A

Detection	of	neutrinos	supports	
the	core-collapse	model:	

neutrinos	are	released	when	
protons	and	electrons	combine	

to	form	neutrons

19	neutrinos	were	detected	
(in	Japan	&	Ohio)		
the	day	before	the		

optical	explosion	was	seen



How to Measure the Age and Distance of a 
Supernova Remnant? 

 
e.g., the Crab SNR’s association w/ SN 1054



Zoom into Veil Nebula (a SN remnant formed 10,000 yrs ago) 



When you see a SN remnant, how would you measure the age of it 
and thus esXmate when the SN exploded?

Cassiopeia AVeil Nebula



The Crab SN remnant is still visibly expanding
How to associate a remnant with a supernova in the past?



Crab Nebula 
• age = angular size / angular expansion rate 
• assumes constant expansion rate 
• In 1928, Hubble estimated that the 
supernova exploded in the year of 1054 CE



•	The	supernova	was	seen	by	the	entire	world	in	July	1054	CE.	
•	Peak	magnitude	between	-7	and	-4.5	(brighter	than	Venus)	
•	The	event	was	documented	by	astronomers	in	Song	Dynasty	
•	There	is	also	some	drawing	evidence	in	Native	American	ruins	in		
New	Mexico,	Chaco	Canyon

SN 1054 
• 4x brighter than Venus 
• visible in daytime for 23 days!



The Sky in the morning of July 4, 1054

Location	of	the	SN



When you see a SN remnant, how would you measure its distance? So that 
we know how large it is in physical units (e.g., AU)?

Imagine the spherical expansion 
of a shell of gas



Chemical Abundances in the 
Solar System 

Data from meteorites and models of the Sun  
Asplund et al. 2009 



The Origin of Elements: from H to Fe 
 

Nucleosynthesis in the Big Bang,  
stellar cores, and supernovae explosions



• The	hydrogen	atoms	in	water	were	created	13.7	billion	years	ago	in	the	Big	
Bang	(t	=	3	min,	T	=	1e9	K,	density	=	1e5	kg/m3)	

• The	oxygen	atoms	in	the	air	you	breathe	and	the	water	you	drink	were	
created	by	nucleosynthesis	in	the	cores	of	high	mass	stars	and	released	into	
the	ISM	via	type	II	SNe.	

• The	carbon	atoms	were	formed	in	the	cores	of	low	mass	stars	and	released	
into	the	ISM	in	the	Post-AGB	phase.		

• The	iron	atoms	that	are	a	key	element	of	hemoglobin,	which	makes	up	the	
red	blood	cells	that	carry	oxygen	from	your	lungs	to	the	rest	of	your	body,	
formed	in	the	explosion	of	white	dwarfs	(type	Ia	SNe).

The Primary Origin of Each Element  
(up to two main contributors are shown for each element)



The Origin of Elements: Li, Be, and B 
 

Classical Nova, AGB stars, and  
Cosmic Ray Spallation



Notice the deficit of Li/Be/B



Lithium Production in AGB and Classical Nova (Cameron & Fowler 1971) 

‣ As part of the triple-alpha process in Helium burning, Beryllium forms: 
‣ 3He + 4He -> 7Be + photon


‣ if Be is transported to cooler regions (106 K) by convection, it can form Lithium: 
‣ 7Be + e- -> 7Li + neutrino


‣ Otherwise, Beryllium fuses with hydrogen to form Boron: 
‣ 7Be + p -> 8B + photon 

Illustration by David A. Hardy

Classical Novae are powered by 
thermonuclear runaway on the 
surface of C/O White Dwarfs.

Helium burning shell in  
an AGB star



Cosmic Ray Spallation (x-process): Be and B

• Cosmic	rays	are	high	energy	particles	emitted	by	astrophysical	sources	
like	our	Sun,	supernovae,	and	active	galactic	nuclei	(1936	Nobel	Prize)	

• Cosmic	rays	can	hit	other	nuclei	and	cause	them	to	split.	This	process	is	
called	Cosmic	Ray	Spallation	or	x-process	

• Lithium,	Beryllium,	and	Boron	are	destroyed	in	stars,	the	x-process	is	
responsible	for	their	abundances:	
e.g.,	n	+	14N	->	p	+	4He	+	10Be,	then	10Be	->	10B	+	e-	(beta	decay)



The Origin of Elements: beyond Fe 
 

Neutron star mergers and AGB Stars



Rapid and Slow Neutron Capture Processes (r- / s-process)
• Rapid	neutron	capture:	the	nuclei	can	capture	multiple	neutrons	before	the	beta	
decay	(emission	of	an	electron)	
• Important	in	neutron	star	mergers	(short	GRB),	given	the	high	neutron	fluxes	
• Makes	half	of	the	nuclei	heavier	than	iron	(mostly	neutron-rich	isotopes)	

• Slow	neutron	capture:	the	nuclei	undergo	beta	decay	before	another	neutron	can	
be	captured.		
• Important	in	AGB	stars,	neutron	flux	comes	from	13C(α	,	n)16O	&	22Ne(α	,	n)25Mg	
• Together	with	proton	capture	(p-process),	makes	the	other	half	of	the	nuclei	
heavier	than	iron



Neutron Star Merger: Gravitational Wave & Gamma-Ray Burst

https://youtu.be/y8VDwGi0r0E


The Proton Capture Process (p-process)

• makes	neutron-deficit	isotopes	from	selenium	(Se-34)	to	mercury	(Hg-80)



Summary: The Six Astrophysical Sources of Elements 

(top two/three main contributors are shown foreach element)













The Instability Strip on the H-R Diagram: 
 

Pulsating Variable Stars and P-L Relations



Pulsating Variable Stars

• A	star	can	evolve	into	a	pulsating	variable	star	when	its	interior	fails	
to	achieve	a	steady	balance	between	pressure	and	gravity	(i.e.,	it	
overshoots).		

• The	star’s	luminosity	changes	as	their	radius	and	temperature	changes	
at	a	regular	period.	Note	that	although	the	amount	of	emitted	light	
changes,	the	nuclear	fusion	rate	is	unaffected.



Pulsation Caused by Gas Ionization and Recombination

Peter Wysocki

• Pulsations	are	caused	by	the	atmosphere	oscillating	between	ionized	
(more	opaque)	and	neutral	(more	transparent)	phases.	



GAIA data release 2: Variable Stars on the HR Diagram

https://www.youtube.com/watch?v=xRPvLm9NCGg&t=9s




The Instability Strip on the HR Diagram

• Pulsating	variables	populate	the	instability	strip	on	the	HR	diagram.



Delta Cephei - the Prototype Cepheid Variable Star



Period-Luminosity Relations (Leavitt 1912)

•  (Classical Cepheids, Fritz et al. 2007) 

• This period-luminosity relationship is important for determining distances to 
other galaxies: Measuring period gives luminosity (absolute magnitude), 
which combined with apparent magnitude, gives the distance modulus 
(thus distance): 

MV = − 2.43 log(Pday) − 1.62

m − M = 5 log(dpc) − 5





How to Tell Apart the Different Types of Pulsating Variable Stars?

• Type	I	Cepheid	variables	
• Cepheid	variables	are	
high-mass	stars	becoming	
supergiants.	

• They	have	periods	from		
1	to	100	days.	

• More	luminous	stars	have	
longer	periods.	

• RR	Lyrae	variables	and	Type	
II	Cepheid	variables	
• These	are	low-mass	stars	
on	the	horizontal	branch.	

• They	are	less	luminous	
than	Cepheid	variables.



Cepheids Light Curves - Type I vs. Type II Cepheids
Classical (or Type I) Cepheids

Type II Cepheids

https://arxiv.org/abs/1112.1406



RR Lyrae - Shorter Periods 

• RR	Lyrae	variables	have	periods	
shorter	than	one	day.		

• Like	Cepheids,	their	light	curves	
show	a	variety	shapes.	

• They	are	low-mass	stars	in	the	
horizontal	branch	phase.

https://astronomy.com/magazine/news/2020/07/how-pulsating-stars-unlock-our-universe
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