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Goal for this session

- cover some of the basic ideas in stellar 
structure and evolution

- how to make your own stellar models with the 
MESA stellar evolution code 

Thursday June 13 
9-10.20 am
10.40am-noon



HR diagram from Gaia

http://sci.esa.int/gaia/60198-gaia-hertzsprung-russell-diagram/

Stellar properties depend on a 
few parameters:
mass, age, composition

Understanding stellar structure 
and evolution tells us why stars 
look the way they do, and how 
they evolve through the HR 
diagram as they age



What is a star? 

hydrostatic balance
∂P
∂r

= − ρ
Gm
r2

Pressure

gravity
ball of gas (plasma)

internal pressure balances 
against the weight of the gas

if you know the mass and 
radius, then you can work 
out what the central 
pressure must be 



Stars shine because they are hot 

Pressure needed to 
support the star => 
central temperature 

L = − 4πr2 4acT3

3κρ
∂T
∂r

heat transport equation

Luminosity 
at radial 
coordinate r

Temperature
gradientThermal 

conductivity

A hot object will cool by 
emitting thermal radiation

In many cases, heat is 
transported internally by 
diffusion of photons

κ = opacity (proportional to the cross-section for 
scattering or absorption of photons)



The life of a star is a continual battle against gravity 

∂L
∂m

= ϵnuc − cP
∂T
∂t

+
δ
ρ

∂P
∂t

As energy is radiated away, the star will contract, unless there is an 
energy source inside the star

How luminosity 
changes with mass 
coordinate


Energy per gram per second 
from nuclear burning


Energy associated with 
time-changing 
temperature or pressure

energy equation


* Pre-main sequence: the star is too cold for nuclear burning; it contracts as it 
radiates away energy 


* Main sequence: the central temperature is large enough that the energy 
released from hydrogen burning balances the luminosity: contraction halts


* White dwarf: once the star becomes very dense, degenerate electrons provide 
the pressure. Degeneracy pressure is independent of temperature => 
contraction halts once again and the white dwarf cools at fixed radius



Tracks in central density and temperature

1M⊙



The equations of stellar structure

mass continuity


hydrostatic balance


energy equation


heat transport


composition 
changes




Timescales in stellar evolution

Following the evolution of a star is a challenging calculation because of 
the large range of timescales involved

dynamical time

thermal time

nuclear burning timescale tnuc ∼
0.007XM⊙c2

L⊙
∼ 70 Gyr

tKH ∼
GM2

⊙

R⊙L⊙
∼ 30 Myr

tdyn ∼ (
R3

⊙

GM⊙ )
1/2

∼ 20 mins

e.g. core collapse 

sets the evolution time when you run out of fuel

can be much shorter: e.g. hours at the end of the life of a 
massive star, or during a thin shell flash



Part 1 : Make a model of the Sun with 
MESA



Make a new work directory:
cp -r $MESA_DIR/star/work evolve 

If you do cd evolve 
./mk 
./rn 

MESA should run and pop up two windows 



Anatomy of a MESA work directory 

inlist

sets physics and numerical 
parameters for the runinlist_project

inlist_pgstar parameters for 
plotting

LOGS/
history.data

profiles.index 
profileN.data

this is where MESA puts 
output files 

photos/ model files that you can use to restart 
MESA, e.g.  

src/run_star_extras.f

./re x050 instead of ./rn

where you can extend MESA 
for more advanced use 

*.mod model files that you can use to initialize the run, 
save at the end, distribute etc.



inlist_pgstarCopy the file provided to your work directory
and run MESA again

MESA has many built 
in options for different 
types of plots

http://
mesa.sourceforge.net/
pgstar_defaults.html



inlist_projectNow look at



inlist_projectNow look at

Let’s make a model of 
the Sun 

First step is to change 
initial_mass to 1 
instead of 15



inlist_projectNow look at

Let’s make a model of 
the Sun 

First step is to change 
initial_mass to 1 
instead of 15

To make things faster for now (less accurate!)



We need a new stopping condition to stop when we get to 
the age of the Solar System  

http://mesa.sourceforge.net/controls_defaults.html#when_to_stop

Add this to your inlist_project in the controls section:

and change this one from .true. to .false. :



images_to_movie 'png/grid*.png' movie.mp4

We’ve set the flag Grid1_file_flag = .true. in 
inlist_pgstar so that MESA will output png files. 
Before running make sure the png directory is empty

Now run the code!

To make a movie use

\rm -r png/*

./rn

Take a look at the movie — does the star have the structure 
you expect for the Sun? 





The equations of stellar structure

mass continuity


hydrostatic balance


energy equation


heat transport


composition 
changes




Equation of state
P(ρ, T, Xi)

e.g.   ideal gas 
 P = nkBT

radiation P =
1
3

aT4

degenerate 
electrons P =

3
5

neEF = Kρ5/3

Fig 3.9 from Hansen & Kawaler




Heat transfer I:  photon diffusion

ℓ ≈
1

neσ
=

1
ρκ

mean free path

* electron scattering
(Thomson cross-section      )σT

κ = 0.2 cm2 g−1 (1 + X)

* free-free and bound-free 
absorption

κ ∝ ρT−7/2

Hayashi et al. (1962); reproduced in Fig 4.7 of Hansen & Kawaler

Contributions to 
the opacity:



Heat transfer II:  convection

Clarkson et al. (2018)

* hot fluid elements can become 
buoyant and rise, transporting energy 

* an intrinsically multi-D process!
1D model: mixing length theory

Fconv ∼ ρvconvcPT(∇ − ∇ad)
v2

conv ∼ gℓ(∇ − ∇ad)

where the mixing length 

is a parameter calibrated to 
observations

ℓ

Convection turns on when the 
temperature gradient exceeds 
the adiabatic temperature 
gradient 

∇ ≡
d ln T
d ln P

> ∇ad ≡
∂ ln T
∂ ln P

S

In convecting region ∇ ∼ ∇ad

(effective upper limit on 
temperature gradient)



CNO cycle 

12C

13N

13C

14N

15O

15N

16O

17F

17O

* In the CNO cycle, p capture on 14N is rate 
limiting step => C,N,O evolve to 14N

τ (13N →13 C) = 863 s
τ (15O →15 N) = 176 s

(p, α)

β

(p, γ)

pp chains 

Two ways to burn hydrogen

* Much easier to fuse low Z nuclei than 
high Z (Coulomb barrier) => need higher 
temperatures for the CNO cycle



Part 2 : Properties of main sequence 
stars



We want to compare the properties of main sequence stars with 
different masses 

Define “main sequence” as the time when the central hydrogen 
abundance reaches X = 0.35   (you can use a stopping condition to 
stop the model at that point)

Choose a mass for the star, and run MESA until the star reaches 
X=0.35 at the centre.

Record your results in the google sheet. Fill in as many of the columns 
as you can:   (all evaluated when the star reaches X=0.35)

* The age of the star

* The luminosity (in solar luminosities)

* The central temperature

* The mass of the convective core

* The opacity at the centre

* The ratio of luminosity from pp burning to CNO burning

https://docs.google.com/spreadsheets/d/1gIyFBOLwJfaERpJhPoYSuVgFe_-3jwf0doFIAL0sY2Q/edit?usp=sharing



MESA output

LOGS/history.data
One line per model with information such as the age, 
luminosity, mass etc. so you can see how things change 
over time

LOGS/profileN.data

One file per model with the internal structure of each model, 
e.g. composition profile, temperature profile etc.



Adding columns

Let’s add opacity to the output for each model

cp $MESA_DIR/star/defaults/profile_columns.list .

If you look in the file, you will see many options for things to 
output. Uncomment this line:

First copy the file that tells MESA which columns to output 
into your work directory:

Rerun MESA and you should find the profile files have an extra 
column showing you the opacity at each location in the star

(To add columns to the history, use history_columns.list)



You can find my results for different masses here:

http://45.56.103.199/CRAQ_summer_school_2019/





Low mass vs high mass stars

Low mass (< solar mass) High mass (> solar mass)

free-free opacity electron scattering opacity

pp chain CNO cycle

radiative core,

surface convection zone

convective core, 

radiative envelope

A few different aspects of stellar physics change at about 
the mass of the Sun:



Part 3: Beyond the main sequence



Compact stars vs giants

H burning 
core

H burning
shell

inert 
He core

Moving the burning source off-centre drives the star into a giant 
configuration

main sequence 

red giant 



Compact stars vs giants

Core burning
(Compact star)

core fuel 
runs out

Shell burning
(Giant star)

core fuel 
gradually depletes

core 
contracts

burning ignites in a 
shell around the core

shell burning 
products add 
mass to the core

core heats up 
as it grows

main sequence (H)
horizontal branch (He) RGB (H shell, He core)

AGB (H and He shells, CO core)

often unstable=> shell flashes



Helium burning

Once we leave the main sequence, we need to worry about He burning 

• He burns by the triple alpha reaction 3α ⇒12 C

• Requires temperatures of ~108K

• Further alpha captures make 16O,20 Ne,22 Mg

More advanced burning beyond oxygen happens in massive stars (see 
lectures this afternoon)



To run your model beyond the main sequence, you just need 
to remove the stopping condition so that it keeps going

There is one more piece of physics to add to the 
inlist_project, which is mass loss 

(I copied these from the MESA test_suite 1M_pre_ms_to_wd)







Tracks in central density and temperature

1M⊙



Tracks in central density and temperature

3M⊙



Tracks in central density and temperature

0.8M⊙



Going further with MESA (what we didn’t talk about)

• The test suite as a resource
• Convergence studies
• Things you can change using the inlist

Examples are:   
- the metallicity of the star
- changing to a different nuclear network, e.g. more isotopes for 

advanced burning
- change the atmospheric boundary conditions
- turn on accretion, rotational mixing, diffusion, hydrodynamics
The MESA website is a good place to browse the different options

• Using run_star_extras to extend MESA
Examples are:   
- implementing a more precise stopping condition (e.g. you need 

to stop the code when X=0.35 precisely)
- adding your own opacity, mass loss prescription
- outputting custom information to the history or profile output files

When in doubt, email the user list!  You will get a quick answer..



ls $MESA_DIR/star/test_suite/



MESA resources

MESA Marketplace: 

MESA Summer schools: 

http://cococubed.asu.edu/mesa_market/

http://cococubed.asu.edu/mesa_summer_school_2019/index.html

https://jschwab.github.io/mesa-2018/

“Beyond inlists”

The mailing list

MESA webpage: http://mesa.sourceforge.net/index.html

The MESA “instrument papers”
Paxton et al. (2011,2013,2015,2018,2019)

https://ui.adsabs.harvard.edu/abs/2019arXiv190301426P/abstract

mesa-users@lists.mesastar.org


