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It takes a stare at the sky in a clear night away 
from the city to see…

• Thousands of stars of different colors, luminosities 
• Stars of different mass, different age (some young, some old)

JUST GET TO A DARK PLACE AND LOOK UP!



SMALL STARS, BIG STARS…
Our sun is quite small compared to some other stars



STAR FORMATION
THE ORION NEBULA

A star is born when hydrogen begins to 
fuse in its center



STELLAR DEMOGRAPHICS

Salpeter “IMF”

We call a star “massive” when M > 8 Msun

The vast majority of stars have masses close  
to that of the sun - small portion  

of stars “massive”



SUN-LIKE STARS EVOLVE DIFFERENTLY THAN 
MASSIVE STARS…



KEEPING A STAR SHINING



Thermal vs Quantum pressure

Quantum Pressure -- just depends on squeezing particles,  
            electrons for white dwarf, to very high density 
        -- depends on density only 
        -- does not depend on temperature

Important Implication:

Normal Radiate excess energy, pressure tries to drop, star contracts 
under gravity, and gets hotter (and higher pressure)

White Dwarf Radiate energy, temperature does not matter, 
 pressure, size, remain constant, star gets cooler

Opposite 
behavior 

put in energy, star expands, coolsNormal Star - 

White Dwarf - put in energy, hotter, more nuclear 
burning -- explosion!

Regulated 

Unregulated 

THE IMPORTANCE OF PRESSURE - I



THE IMPORTANCE OF PRESSURE - II

Stars with mass less than about 8 solar masses are supported by 
thermal pressure on the main sequence and during the 
thermonuclear burning of helium to make carbon and oxygen. 

By the time the carbon/oxygen core forms, it is dominated by the 
quantum pressure, independent of temperature, basically a 
white dwarf waiting to be born when the envelope is ejected as a 
planetary nebula. 

Stars with mass more than about 12 solar masses are always 
supported by the thermal pressure, not the quantum pressure, 
until they die. 

Between about 8 solar masses and about 12 solar masses, 
transition between thermal pressure and quantum pressure, 
complicated, won’t discuss in any detail.

Thermal vs Quantum pressure

from Cosmic Catastrophes, by J. Craig Wheeler



FUNDAMENTALS OF STELLAR EVOLUTION - I

Evolution of Stars - gravity vs. charge 
repulsion 

Discussion point: Why do you have to 
heat a fuel to burn it?

H → He → C → O   
more protons, more charge repulsion,  
must get ever hotter to burn ever 
“heavier” fuel

Just what massive stars do!   
Support by thermal pressure. 
When fuel runs out,  core loses energy, but 
gravity squeezes, core contracts and 
HEATS UP 
overcomes higher charge repulsion, burns 
new, heavier fuel, until get to iron

from Cosmic Catastrophes, by J. Craig Wheeler



FUNDAMENTALS OF STELLAR EVOLUTION - II
Massive stars make a succession of heavier elements

Special role of Iron - 26p, 30n, most tightly bound arrangement of protons 
and neutrons. 
Endothermic - must put energy in to break iron apart into lighter elements 
or to forge heavier elements. Irons absorbs energy, lowers pressure, core 
contracts, iron absorbs more energy, more contraction… 

=> The iron core quickly collapses! Catastrophic death of the star.

Sun, National 
Ignition Facility



MASSIVE STELLAR EVOLUTION: THE “ONION” 
STRUCTURE”

➢ The battle between pressure and gravity is determined by the nuclear fuel 
available in the cores of stars. 

➢ When a light fuel (hydrogen) is exhausted gravity temporarily wins, the stellar 
core contracts and heats up while the envelope expands (mirror principle). 

➢ The higher temperatures and densities in the core now allow burning of “heavier” 
fuel while the ashes of the lighter fuel quietly burn in shells. 

➢ The circle repeats up until the core is made up of iron. Iron is a special element 
prohibiting the extraction of energy. 



THE HERTZSPRUNG - RUSSEL (HR) DIAGRAM

Theoretical

Observational

Surface “effective” temperature vs luminosity plot that gives 
us a lot of information about the evolutionary state of stars



EVOLVING STARS WITH THE “MESA” CODE

http://mesa-web.asu.edu/

http://mesa.sourceforge.net/

http://mesastar.org/

Modules for Experiments in Stellar Astrophysics (MESA): 
Computational stellar evolution 1D code that solves for all complicated 

physics involved in the interiors of stars.

Work done at UC Santa Barbara, Kavli Institute for Theoretical 
Physics. Developed by a real programmer turned astrophysicist! 

Open source - you can download and run it on your own laptop!

Hundreds of users all over the world - leading stellar evolution 
code. Large number of publications on a variety of stellar 

astrophysics problems (low/high mass evolution, giant planets, SN 
explosions, asteroseismology, binary systems…) 

…or even run some simple models online!



MESA EVOLUTION OF SUN-LIKE STAR



MESA EVOLUTION OF MASSIVE STAR (15 MSUN)



COMPLICATIONS…ROTATION AND MAGNETIC 
FIELDS

Meridional circulation
➢ Real stars rotate - a rotating ‘plasma’ also creates magnetic fields.  

➢ Rotation and magnetic fields add new complications to stellar evolution. 

➢ Mixing of elements different - can affect stellar life-times 

➢ Rotation can also change the shape and mass-loss properties of massive 
stars as well as the properties of the resulting supernova… 



SOME IMPORTANT TIME-SCALES
We can derive simple, back of the envelope formulas that tell us a lot about how fast 

certain things occur in stars… 

Free-Fall time-scale

Thermal adjustment (a.k.a. “Kelvin - Helmholtz” time-scale)

Nuclear time-scale

Time-scale to collapse under the influence of gravity (example: core-
collapse prior to SN)

Time-scale to radiate away thermal energy by contraction (example: MS 
star evolving into giant, pre-MS) 

Time-scale to exhaust all nuclear fuel (example: life-time of a star spent 
in MS)



THE IMPORTANCE OF MASS-LOSS

“Steady-state” wind mass-loss Episodic mass-loss

During their evolution stars lose mass either in a steady-state wind or an episodic 
fashion. Mass-loss depends on a star’s “metallicity”, rotation rate, mass and if it’s a 

member of a binary system.

Eta Carinae by HST

During main evolution of all stars. 
Radiatively-driven and “smooth”

Result of binary or late-stage massive 
stellar evolution. Implications for 

supernova environment!



THE TURBULENT LAST FEW MOMENTS OF 
MASSIVE STARS

Couch, Chatzopoulos, Arnett & Timmes (2015)

Real stars are not spherical…



SO WHERE DO MOST SUPERNOVAE COME 
FROM?



SUMMARY
➢ Stars are born with different masses but majority of stars have 

masses close to that of the sun -> white dwarfs endpoints for 
majority of stellar evolution cases. 

➢ The constant battle between pressure and gravity keep stars 
shining. Once this balance is disturbed a star either contracts or 
expands. 

➢ Contraction of stellar cores leads to increase in temperature and 
pressure allowing for “heavier” fuel to burn and keep the star 
shining. 

➢ Massive stars live shorter lives and evolve differently that low-
mass stars -> supernova progenitors. 

➢ We employ modern computational codes like MESA to study 
the properties of stars. 

➢ Real stars are not perfectly spherical, and even more 
complicated: they rotate and have magnetic fields!


