
Low-Mass Stars and Getting 
Started with MESA!

• Review some simple physics of stars and their 
early phase of Kelvin-Helmholtz contraction 

• Focus will be on low masses (<0.3), both 
because its a focus for later lectures and 
because it is easy! 

• Will compare to analytics where possible,  and 
highlight some astronomical uses. 

Lars Bildsten (Lecturer), Evan Bauer (TA)



Stars 101! 
• Hydrostatic balance demands a certain 

required temperature in the interior. 
• That hot core leads to energy loss to the 

exterior at a rate fixed by the physics of the 
heat transfer (i.e. radiative diffusion or 
convection) 

• Until some other energy source can be 
tapped (e.g. nuclear fusion), that energy loss 
leads to slow gravitational contraction to 
smaller radii! 



Pleaides



Good Place to see Slow 
Gravitational Contraction in 

Action: Young Clusters
• Many stars are born together in clusters, with 

typical ‘birthday’ spreads of 1-10 Myrs
• Different mass stars cool at different rates, 

something we can hopefully observe and use to 
some astronomical end (e.g. determining 
masses, or, using theory, ages!) 

• Also provides tests of low-mass stellar 
evolution and contraction to the Main Sequence 



Hydrostatic Balance
Since sound waves travel around a young star on times of days 
to weeks, there is plenty of time for hydrostatic balance to apply:

We now cheat, and assume that at a typical place in the star, 
m=total mass M, r=radius R, then hydrostatic balance gives

Where mp=proton mass (everything is ionized). This allows us to 
find the relation between the central temperature, Tc, and the 
Mass and Radius as well as the central density 

Tc / M2/3⇢1/3



More on Hydrostatic Balance

As R shrinks (e.g. as the star contracts from the large cloud it 
started in), the core temperature rises! This is the same as what 
happens to a particle in orbit (the Kepler problem), as it loses 
energy (radiates!), it moves in (radius shrinks!), and moves faster 
(higher temperature!). Welcome to the world of negative heat 
capacities.



Be sure to generate your random number in log space!!!



What’s the “Real Answer” ?
• Stars in this mass range are convective 

from surface to core. 
• Convection is so efficient that the whole 

star has, more or less, one value of the 
entropy, implying that 

• Integrating hydrostatic balance and mass 
conservation over such a relation yields

PV �
= constant ! P / ⇢5/3

kBTc = 0.54
GMµmp

R
µ ⇡ 0.6 = mean molecular weight



A Paper from a Class 20 years ago!

Whats 
that?



Evan Show Results of Lab 1



What Went Wrong at Low Masses? 
• We assumed that the gas supplies a pressure 

set by the ideal gas EOS 

• As the density increases, the electrons 
become degenerate when 

P =
⇢kBT

µmp
! Tc / M2/3⇢1/3c

� ⇡ ~
p
⇡ ~

(mekBTc)1/2
> a ⇠ 1

n1/3
e

implying onset of degeneracy when Tc / ⇢2/3c





Generic Kelvin-Helmholtz 
Contraction

Prior to ignition of any nuclear energy source, the loss of energy 
(at luminosity L) leads to a slow contraction of the star. If the 
Sun were powered this way, it would change its radius on a time

What happens to a young star that is fully convective?



Contraction of a Fully Convective 
Pre-Main Sequence Star

• Hydrostatic balance always holds!
• Heat is internally transported via convective 

motions at << sound speed
• Constant entropy of efficient convection allows 

for a simple ‘connect the dots’ of surface to 
core. Need for creating photons at the surface 
to radiate => closed solution at nearly constant 
surface temperature (the Hayashi Track!).. 







Nuclear Burning
Quantum mechanics allowed for tunneling into the nucleus giving 
the fusion reactions for Hydrogen=>Helium:

This reaction rate is temperature sensitive, so once a certain Tc is 
reached, the energy generation rate can matche that lost. This 
fixes the stellar radius R (proportional to M), and lifetime set by 
the fuel available and stellar luminosity at that moment.





Evan Show Lab 2 Results





Paxton et al.  2010



???



What’s a Brown Dwarf??
• As evident, there is a critical mass defined by 

the bifurcation for a star that just gets hot 
enough to fuse and stay bright ‘forever’ vs. 
that which ‘misses’ and perpetually cools. 

• Brown dwarf is an object that cools 
forever….now a plethora of them known, but 
a big deal when finally found.





Time to pick a new mass





Talk First about Normal 
Helium Fraction Results





• Do we agree with the Burrows prediction??
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Deuterium “Burning”: A 
Coincidence & Lesson

• Deuterium is present in the ISM due to both 
production in the Big Bang + other processes 
at a value of D/H=2e-5. 

• At the time when burning lifetime equals 
contraction, the core is at 106 K. 

p + D ! 3He + � releases 5.5 MeV

Thermal Energy Density =
3⇢kBTc

2µmp



Nuclear Energy Release can 
Slow Contraction

• Remember, contraction is occurring so as to 
tap gravitational energy to match luminosity. 
Nuclear energy release per volume is 

Nuclear Energy Density = 2⇥ 10�5QnH

Enuclear

Ethermal
⇡ 2⇥ 10�5XQ

3kBTc/2µ
⇡ 0.35

T6

So, when at a temperature of 106 K, it appears to have 
35% more thermal energy. Slight slowing…





Show Results





Let’s Live on Deuterium!



Binaries as well! 


