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Stellar Physics
lecture 6: stellar evolution
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pre-main-sequence stars

http://adsabs.harvard.edu/abs/2004adjh.conf..521C

Calvet 2004

vertical: Hayashi track
H- opacity acts as a 
thermostat

horizontal: Henyey track,
radiative core develops

Stellar birth line:
corresponds to the upper
envelope of pre main
sequence stars on the
HR diagram, which also
corresonds to the D
burning phase
(Stahler 1988)
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Age of a young cluster
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depletion of depletion of 
protostellarprotostellar disks disks 
around sunaround sun--like like 

protoproto--starsstars

Near-Infrared excess 
comes from micron-
sized, hot (about 900K) 
dust grains.

This may imply that gas 
giant planets form in ~ a 
few million years.

cf. solar-type stars 
spend Gyrs on main
sequence.

Causes: accretion, 
photoevaporation, disk 
winds?
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radiative stars
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These M-L scaling laws, though oversimplified, are useful for 
main-sequence and horizontal tracks in the H-R disgram.
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main sequence
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Hertzprung-Russell diagram
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stellar types

ionized metals

molecules

HydrogenNeutral
Helium

ionized
Helium
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stellar spectra
http://frigg.physastro.mnsu.edu/~eskridge/astr101/dwarfs.gif
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interior of man-sequence stars

early-type star
(O, B, A) late-type star

(G, K, early M)

CNO cycles is extremely sensitive
to temperature
 energy generation concentrated
toward the center
  > ad

large opacity κ
due to partially ionized
H (b-f transition), also density
increases with decreasing
mass

http://en.wikipedia.org/wiki/Stellar_structure
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evolutionary track of a solar-mass star

Because of the large luminosities on the red giant and asymptotic 
giant branches, the exhaustion of the majority of the fuel takes only 
10% of the time that the main-sequence required to exhaust a 
minority amount.

horizontal
branch (HB)

asymptotic
giant branch
(AGB)

red giant
branch (RGB)

 ! enhancesfact in  and in  decrease  theofoffset  the
 scompensatein turn  which , and  increasing ,compressed then is core burning-H the
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from main sequence to subgiant
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Schönberg-Chandrasekhar limit
end of the main-sequence: core H exhaustion  a He core surrounded by a H-rich 
envelope
In what condition does the inner He core start to gravitationally contract? Ans: Schönberg & Chandrasekhar limit 

Assume that the He core is an ideal gas, radiative and almost in thermal and hydrostatic equilibrium.
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Core contraction & H burning shell
When an isothermal He core is built up to the Schönberg & Chandrasekhar limit 
(i.e. q > qsc ≈ 0.1M*), the core cannot maintain quasi-hydrostatic equilibrium but 
starts to contract. the star leaves the main-sequence

The He core contracts on the KH timescale. The weight of the envelope 
increases the pressure at the base of the envelope to maintain the quasi-
hydrostatic equilibrium. The increase of the pressure and temperature to ignite H 
burning in the shell at the base of the envelope. 

H burning shell drops He “ash” into core, which adds to its gravity and tendency 
to contract even more. Weight and therfore pressure of H burning shell becomes 
greater which makes H fusion occurs faster. The gain in heat by the envelope is 
larger than what is lost from the photosphere. The envelope expands (i.e. due to 
pdV work) even as the core contracts. The star evolves to a subgiant.

If this expansion occurs while the envelope is mostly radiative, then the star must 
follow a more-or-less horizontal track in the H-R diagram. It finally evolves to the 
Hayashi line. As stars ascend their Hayashi tracks to the red giant branch, their 
envelopes becomes increasing convective.
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evolutionary tracks on H-R diagam
Roughly speaking, evolutionary tracks of stars in the H-R diagram either go 
horizontal (if the envelopes are radiative) or they do vertical (if the envelopes 
are convective). Evolutionary tracks in the H-R diagram therefore never go, for 
example, at a diagonal (in either branch of an X).
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Ascent to red giant

finally encounter the 
Hayashi line (vertical 
tracks):
effect temperature almost 
const., luminosity 
increases and the red giant 
expands

subgiant phase (horizontal
tracks):
luminosity roughly const.
increase radius
decrease effect temperature,
He core mass exceeds qsc,
contracts on the KH timescale 
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Age of a stellar cluster

turn-off point from the 
main sequence
 cluster age
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age of globular clusters

isochrones

Vandenberg et al. 2002
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RGB & He flash at the tip
contracting radiative core becomes increasingly dense, eventually making 
electrons in it more degenerate. (He “white dwarf” inside a star) 
 the H burning shell deposits He “ash” into the core. 
 surface gravity of the core (GMc/Rc

2 Mc
5/3) increases with Mc, and therefore 

raises T and ρ of the H burning shell
 enhance nuclear-energy generation in the shell, raise T of the shell and core
 larger luminosity enters the base of the convective envelope
 star expands tremendously and approaches the “tip” of the RGB, some mass 
is lost from the stellar convective envelope
 core becomes hot enough (~108 K) to ignite He fusion into C in a flash (triple 
alpha reactions)
 He flash: the extra energy release raises the local temperature, but a slight 
increase in temperature adds little to the pressures that are already present in 
the form of the electron degenerate pressure. However, the rate of He burning 
near T ~108 K scales as T40. Thus, even a modest increase in T creates a vastly 
enhanced rate of nuclear burning. More nuclear burning means higher 
temperatures, which means more nuclear burning. 
 The He flash occurs on time scales that are still appreciably longer than the 
sound-crossing time scale in the inner regions of the star; thus, the helium
flash produces only relatively slow expansional motions. The expansion “lifts” the 
degeneracy of the core. In the H-R diagram, the star now descends to the 
horizontal branch.
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Electron degeneracy of the core
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He core flash:
He ignites under the conditions of partial electron degeneracy for solar-mass stars,
but not for stars 7-15 solar masses
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HB and AGB

• HB: He burning in the core, H burning in 
the shell around the core

• AGB: H and He burning shells above the 
inert C/O core.

• mass loss during AGB probably due to 
stellar pulsation and radiation pressure on 
condensed dust grains
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He shell flashes
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thermal instability of a shell burning
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25http://www.srl.caltech.edu/personnel/mseibert/galex/protected/mira/about_mira.html
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planetary nebulae and viewing angle

planetary nebula: C/O core 
contracts as the fusion has 
ceased. The stellar winds 
and radiation from the core 
sweep up the remnant 
ejecta ionizing it and leading 
to the formation of a 
planetary nebula
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evolution of high-mass stars
M*>8MŸ will not produce white dwarfs after mass loss

photospheres expand,
nuclear core sources
turn off and shell
sources switch on

photospheres contract,
new nuclear core sources
turn on and previous
shell sources weaken
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a pre-supernova of high mass star

the inert iron core that approaches the Chandrasekhar limit as 
nuclear ash continues to drop in from the burning layers above.
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sorry, I couldn’t finish the entire subject

• pulsating stars
• asteroseismology
• stellar atmospheres
• stellar rotation
• evolution of close binary systems
• and many many others!


