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Playing with white dwarfs in MESA: 
Three test cases
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FIGURE 4. Main evolutionary channels resulting in candidate SN Ia systems.

Scenario B operates both in young and old populations, but gives a minor contribution
to νIa since typical total masses of the systems are well below MCh.

“Single-degenerate” (SD) scenario (C) is often considered as the most promising
one. Population synthesis estimates lend to it from 10% [46] to 50% [47] of the
observed νIa. The uncertainty in the estimates of νIa from this channel stems from still
poorly constrained efficiency of mass accumulation in the process of accretion that is
accompanied by hydrogen and helium burning flashes [48–50]. The estimates become
more favorable if mass transfer may be stabilized by mass and momentum loss from the
system. “Observational” problem with this scenario is the absence of hydrogen in the
spectra of SN Ia, while it is expected that 0 15 M of H-rich matter may be stripped
from the companion by the SN shell [51]. Recently discovered SN Ia 2001ic and similar
1997cy with signatures of H in the spectra [52] may belong to the so-called SN 1.5 type
or occur in symbiotic systems [53]. Also, under favorable for this scenario conditions, it
seems to overproduce supersoft X-ray sources [46]. However, SD-scenario got recently
support from discovery of a possible companion to Tycho SN [54].
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Figure 1. Snapshots of the merger of a 1.1 M⊙ and a 0.9 M⊙ carbon–oxygen
white dwarf and the subsequent thermonuclear explosion. At the start of the
simulation the binary system has an orbital period of ≈35 s. The black cross
indicates the position where the detonation is ignited. The black line shows the
position of the detonation front. Color coded is the logarithm of the density.
The last two panels have a different color scale ranging from 10−4 g cm−3 to
106 g cm−3 and 104 g cm−3, respectively.
(A color version of this figure is available in the online journal.)

2. MERGER AND EXPLOSION

The inspiral and merger is modeled using a modified version
of the gadget code (Springel 2005). Modifications include the
Helmholtz equation of state (Timmes & Swesty 2000) and a 13
isotope nuclear reaction network that contains all α-elements
from 4He to 56Ni. Radiative cooling effects are not included
in our simulation. A detailed description of the modifications
will be given in a forthcoming paper. In addition, the maximum
smoothing length of a particle was restricted to 108 cm. This
affects only particles ejected from the binary system during the
merger but leads to a significant speedup of the code. Since
these particles are at very low densities and contain only less
than 1% of the total mass, they have no noticeable influence on
the explosion dynamics and observables.

The initial binary system consists of a 1.1 M⊙ and a 0.9 M⊙
carbon–oxygen white dwarf constructed from a total of 1.8×106

equal-mass particles. Both white dwarfs are set up in isolation
and relaxed with an additional friction force for 100 s. We then
apply the method described in Dan et al. (2011) to slowly move
the two white dwarfs close together. When the first particle of
the less massive white dwarf crosses the inner Lagrange point,
we stop and start the actual simulation. At this time, the binary
system has an orbital period of about 35 s.

The evolution of the binary system is shown in Figure 1.
The mass transfer is stable for more than 15 orbits. After about
600 s the secondary white dwarf becomes dynamically unstable
and is disrupted on a timescale of one orbit. As the material of
the secondary is accreted violently onto the primary, material
is compressed and heated up on the surface of the primary
white dwarf. As a consequence hot spots form in which carbon
burning is ignited. When the first hot spot reaches a temperature

larger than 2.5 × 109 K at a density of about 2 × 106 g cm−3,
we assume that a detonation forms (Seitenzahl et al. 2009).
Note that despite the high resolution we use, we still tend to
underestimate the temperature in the hot spot compared to even
higher resolution simulations (Pakmor et al. 2011). Only future
detailed investigations might be able to decide whether or not
a detonation really forms but the conditions in our smoothed
particle hydrodynamic simulations suggest that it is plausible.

At this time we map the whole state of the simulation on
a uniform Cartesian grid with a resolution of 7683 grid cells
and a box size of 4 × 109 cm. About 0.03 M⊙ of material is
lost by the mapping as it is outside the box. Since this material
makes up less than 2% of the total mass and has a density too
low to contribute significantly to nuclear burning (i.e., it stays
unburned) it does not affect the dynamics of the ejecta or the
synthetic observables derived from the model.

With these initial conditions we use the leafs code (Reinecke
et al. 1999a) that applies the level-set technique to model
detonation flames (Reinecke et al. 1999b; Fink et al. 2010).
We ignite the detonation at the cell with the highest temperature
and follow its propagation through the merged object until most
of the material is burned. Figure 1 shows that the primary
white dwarf and most parts of the secondary are already
burned 2 s after the detonation formed. The energy release from
nuclear burning unbinds the object. Using an expanding grid
(Röpke 2005), we follow the dynamic ejecta until they reach
homologous expansion about 100 s after the detonation was
ignited. They have an asymptotic kinetic energy of 1.7×1051 erg.

3. NUCLEOSYNTHESIS

In order to obtain detailed isotopic abundances of the ejecta,
we add 106 tracer particles to the simulation of the explosion that
record their local temperature and density. In a post-processing
step we run a detailed nuclear network containing 384 isotopes
on these trajectories (Travaglio et al. 2004). To mimic the effect
of solar metallicity, we choose the initial composition of the
tracer particles as 47.5% 12C, 50% 16O, and 2.5% 22Ne by mass.

In the explosion, a total of 0.7 M⊙ of iron-group elements are
synthesized. They consist predominantly of radioactive 56 Ni
(0.61 M⊙) with a small fraction of stable 58Ni (0.03 M⊙) and
stable 54Fe (0.02 M⊙). In addition, 0.5 M⊙ of intermediate-mass
elements are produced in the explosion. The ejecta contain about
0.5 M⊙ of oxygen and about 0.15 M⊙ of unburned carbon.

The spatial composition and density structure of the ejecta
in homologous expansion are shown in Figure 2. Its inherently
three-dimensional structure is a result of the state of the merged
object at the time the detonation forms. Since the detonation
propagates faster at higher densities, the primary white dwarf is
burned first and its ashes expand. As they expand they sweep
around the material of the partially intact secondary white
dwarf that is still being burned. Therefore, the ashes of the
primary have already expanded significantly before burning of
the secondary is completed (roughly 1 s later), meaning that the
ashes of the secondary completely dominate the center of the
ejecta. Hence, when the ejecta reach the homologous expansion
phase several 10 s later, the very inner parts of the ejecta do not
contain material from the primary white dwarf and therefore no
iron-group elements.

4. COMPARISON WITH OBSERVATIONS

Using the three-dimensional density structure from explosion
modeling and the corresponding spatial abundance distribution
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Download the materials!

Ken Shen

• http://mesastar.org/teaching-materials/2015-mesa-summer-school/	


!

• Lecture PDF, minilab #1, minilab #2, maxilab, and maxilab solutions



White dwarfs: Endpoints of stellar evolution for most stars

Ken Shen
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What are they?  Stars held up by electron degeneracy

Ken Shen

• Electrons are fermions, can’t pack them into the same states:	


!
!

• Hydrostatic equilibrium:	


!
!

• Order of magnitude scaling:	


!
!

• Substitute degenerate equation of state:	


!
!

• White dwarf mass-radius relation:
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• In this lab, we’ll specify a mass and composition, turn off nuclear burning, and let the 
resulting star cool down until it becomes a C/O white dwarf.  Then, we’ll see how our MESA 
models do vs. the simplistic mass-radius relation.	


!

• For various reasons, we can’t immediately change the composition of the starting star to C/O.  
The model star has to be fairly degenerate before we can do that.	


- So, we have to first let it cool down until it reaches some degeneracy criterion and save the 

model.  When we restart it, we can change the composition.

Ken Shen

Minilab #1: Test the WD mass-radius relation



• The first step is to read through inlist_makepurewd.  In its current state, it will start with a 
solar composition main sequence model of a mass you specify between 0.5 and 1.1 Msol, and 
cool with nuclear burning turned off until the center reaches η = 5, where η is the normalized 
electron chemical potential.  This is accomplished by the eta_center_limit flag.	


!

• So, choose a random mass, compile, and let it run!  When the run ends, it will save a 
degenerate solar composition star as intermediate.mod.

Ken Shen

Minilab #1: Test the WD mass-radius relation



• Now that we have a solar composition degenerate model, we can change its composition by 
turning on the relax_initial_to_xaccrete flag.  This relaxes to the composition given in 
the controls part of the inlist.	


!

• We no longer want to stop at an η limit, so turn off that flag.  But we do want to stop when the 
central temperature reaches 2 x 107 K, so turn on that flag.	


!

• Once the relevant flags are turned on and off, including the load_saved_model flag, restart 
with ./rn.  (The composition flag doesn’t work on a ./re from a photostep, which is why we 
have to ./rn from the intermediate saved model.)	


!

• Once the WD cools down and the run terminates, report your mass in Msol units and ending 
radius in Rsol units on the Google spreadsheet (available at http://cococubed.asu.edu/
mesa_summer_school_2015/agenda.html), and we’ll generate a real-time white dwarf mass-
radius relation.  (You can just read the radius off of the terminal or pgstar output, remembering 
that the reported quantity is log10(R/Rsol), not R/Rsol.)

Ken Shen

Minilab #1: Test the WD mass-radius relation



Pure composition white dwarf mass-radius relation with MESA

Ken Shen
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Creating white dwarfs in close binary systems
• Stars expand as they evolve onto the giant branch

Puffy convective 
hydrogen envelope

C/O core

Helium-
burning layer

Ken Shen

Hydrogen-
burning layer

[NOT TO SCALE!]



Creating white dwarfs in close binary systems
• Expansion causes giant to overflow Roche lobe (equipotential surface through L1), 

leading to mass transfer

Ken Shen

accurate to 1% for all qi (Eggleton 1983). Figure 1.1 shows equipotential surfaces

in the orbital plane of a binary with mass ratio q2 ≡ M2/M1 = 1/4. The Roche

lobe is shown as a thick line. When a star overflows its Roche lobe, matter is

transferred to the companion star at a rate that depends on the responses of the

binary and star to mass loss and orbital angular momentum transfer (Webbink

1985; Hjellming & Webbink 1987).
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Figure 1.1: Equipotential surfaces and Lagrange points Li (positions of stability
and quasi-stability) in the equatorial plane for a mass ratio of M2/M1 = 1/4. The
cross marked CM is the center of mass. Mass transfer begins when either star’s
volume reaches the thick equipotential that crosses L1.
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Creating white dwarfs in close binary systems

• Mass transfer from deep convective envelope 
tends to run away faster than companion can 
accrete → “common envelope” phase	


!
!
!

• Orbital binding energy used to eject this envelope 
→ orbital separation shrinks	


!
!
!

• Not well understood, but required to explain close 
WD systems (cataclysmic variables, double white 
dwarf binaries, etc.)

Ken Shen

FIGURE 4. Main evolutionary channels resulting in candidate SN Ia systems.

Scenario B operates both in young and old populations, but gives a minor contribution
to νIa since typical total masses of the systems are well below MCh.

“Single-degenerate” (SD) scenario (C) is often considered as the most promising
one. Population synthesis estimates lend to it from 10% [46] to 50% [47] of the
observed νIa. The uncertainty in the estimates of νIa from this channel stems from still
poorly constrained efficiency of mass accumulation in the process of accretion that is
accompanied by hydrogen and helium burning flashes [48–50]. The estimates become
more favorable if mass transfer may be stabilized by mass and momentum loss from the
system. “Observational” problem with this scenario is the absence of hydrogen in the
spectra of SN Ia, while it is expected that 0 15 M of H-rich matter may be stripped
from the companion by the SN shell [51]. Recently discovered SN Ia 2001ic and similar
1997cy with signatures of H in the spectra [52] may belong to the so-called SN 1.5 type
or occur in symbiotic systems [53]. Also, under favorable for this scenario conditions, it
seems to overproduce supersoft X-ray sources [46]. However, SD-scenario got recently
support from discovery of a possible companion to Tycho SN [54].
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• For this lab, we’ll make a more realistic C/O white dwarf by mimicking a star in a binary 
system that overflows its Roche lobe when it’s on the asymptotic giant branch and loses its 
hydrogen-rich envelope in a common envelope.	


!

• We’ll do this by starting with a main sequence model, rapidly removing mass once the star 
reaches a certain carbon core mass until the radius shrinks, and then letting the resulting hot 
core cool off.	


!

• The first step is to read through inlist_makewdviaRLO.  We’ll assign each table an initial 
main sequence mass and associated carbon core mass limit.  Within each table, you’ll perform 
a small convergence study by changing varcontrol_target and mesh_delta_coeff by 
factors of 2 or so.  Those with faster computers should make these values smaller and vice 
versa.	


!

• Remember to compile at the beginning!	


!

• When the star’s carbon-rich core runs into the c_core_mass_limit limit, the run ends, and 
MESA will save the file as AGB.mod.

Ken Shen

Minilab #2: Create a white dwarf by 
mimicking a common envelope phase



• Now we want to rapidly remove mass.  First, we have to turn off the c_core_mass_limit flag 
and turn on the Roche lobe overflow flags.  These remove mass with the given parameters 
until the photosphere shrinks within photosphere_r_lower_limit.	


!

• Then, restart from AGB.mod and save the model at the end of this phase as a different model, 
donewithRLO.mod. To do so, turn on and off the appropriate flags in star_job, and ./rn.

Ken Shen

Minilab #2: Create a white dwarf by 
mimicking a common envelope phase



• Now we have a hot exposed AGB core that is starting to cool.  Turn off the Roche lobe 
overflow flags, and turn on the last stopping condition so that the run will stop when the 
central temperature reaches 2 x 107 K.	


!

• Restart from donewithRLO.mod, and wait for the run to complete!	


!

• You’ll notice that the resulting C/O WD is not 50/50 C/O like the simple WDs we made in the 
first minilab.  The helium shell is not able to burn completely, so there is a remnant layer of 
helium on top.  Find the total_mass_he4 at the end of the run in LOGS/history.data.  
Report your total 4He mass and the final total WD mass on the Google spreadsheet.	


!

• (The terminal outputs masses for He_core and C_core, which denote the outer mass extent of 
the He- and C-rich cores, respectively.  Due to the shape of the helium abundance profile, the 
difference between the two is not the same as total_mass_he4.  If you’re waiting for others 
to finish, find out what MESA uses to determine the location of the He- and C-rich cores.)	


!

• (Another note: when you’re doing production research runs, turning flags on and off like this 
is probably not the best thing to do.  Instead, you can have different project inlists and 
reference them from your main inlist.)

Ken Shen

Minilab #2: Create a white dwarf by 
mimicking a common envelope phase



Remnant surface helium layer on C/O WDs

Ken Shen
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Double white dwarf merger evolution

Ken Shen

(Image credit: Strohmayer & Berry)

• Double white dwarf binaries emit gravitational 
waves, spiral closer

FIGURE 4. Main evolutionary channels resulting in candidate SN Ia systems.

Scenario B operates both in young and old populations, but gives a minor contribution
to νIa since typical total masses of the systems are well below MCh.

“Single-degenerate” (SD) scenario (C) is often considered as the most promising
one. Population synthesis estimates lend to it from 10% [46] to 50% [47] of the
observed νIa. The uncertainty in the estimates of νIa from this channel stems from still
poorly constrained efficiency of mass accumulation in the process of accretion that is
accompanied by hydrogen and helium burning flashes [48–50]. The estimates become
more favorable if mass transfer may be stabilized by mass and momentum loss from the
system. “Observational” problem with this scenario is the absence of hydrogen in the
spectra of SN Ia, while it is expected that 0 15 M of H-rich matter may be stripped
from the companion by the SN shell [51]. Recently discovered SN Ia 2001ic and similar
1997cy with signatures of H in the spectra [52] may belong to the so-called SN 1.5 type
or occur in symbiotic systems [53]. Also, under favorable for this scenario conditions, it
seems to overproduce supersoft X-ray sources [46]. However, SD-scenario got recently
support from discovery of a possible companion to Tycho SN [54].
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lobe is shown as a thick line. When a star overflows its Roche lobe, matter is

transferred to the companion star at a rate that depends on the responses of the

binary and star to mass loss and orbital angular momentum transfer (Webbink

1985; Hjellming & Webbink 1987).

✚ ✚✚

✚

✚

L1L2 L3

L4

L5

M2 CM M1

M2

M1
=

1

4

−1 0 1

−
1

0
1

x/a

y/
a

Figure 1.1: Equipotential surfaces and Lagrange points Li (positions of stability
and quasi-stability) in the equatorial plane for a mass ratio of M2/M1 = 1/4. The
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• Inverse mass-radius relation means less massive WD fills its Roche lobe first	


!

• Mass transfer between WDs usually dynamically unstable

Double white dwarf merger evolution



tdynamical ~ 100 s

tviscous ~ 104 s

tthermal ~ 104 yr

(Dan+ ’11)

Ken Shen

Double white dwarf merger evolution



tdynamical ~ 100 s

tviscous ~ 104 s

tthermal ~ 104 yr

(Schwab+ ’12)

Ken Shen

Double white dwarf merger evolution



tdynamical ~ 100 s

tviscous ~ 104 s

tthermal ~ 104 yr

Ken Shen

Our maxilab!

Double white dwarf merger evolution



Maxilab: Constructing and evolving a 
double white dwarf merger remnant

• The goal of this lab is to construct the remnant of a double white dwarf merger after it has 
dissipated its rotational kinetic energy and become quasi-spherical.  This process converts the 
disrupted less massive WD into a hot extended envelope on top of the (more or less) 
undisturbed more massive WD.	


!

• We’ll begin by modeling a 0.2 + 0.3 Msol double helium WD merger, so we’ll need to construct 
a 0.5 Msol pure helium object, with a 0.3 Msol degenerate core and a 0.2 Msol puffy envelope 
that does not exert much pressure on the core.	


- We’ll relax the composition using flags in star_job and controls, similar to what we did in 

the first minilab.  Some of the flags in controls are missing, so you will have to fill them in.	


- Entropy relaxation is currently not a standard option in MESA, so we’ll have to write our 

own entropy relaxation routine in run_star_extras.f.

Ken Shen



• Open run_star_extras.f and read through the new energy routine.	


!

• Outside of Mtransition = 0.3 Msol, the target entropy is set to something high so that the outer 0.2 
Msol gets expanded out.	


!

• Inside of Mtransition, we want the inner material to approximate an isothermal degenerate WD 
core.  But we have to do this relaxation in two steps.  This is because of the negative specific 
heat of ideal gas stars.  When you add heat to a star like the Sun, it expands, and the 
temperature drops!  So cooling the inner core actually makes the temperature increase at first.	


- Instead, we first cool the inner material to a low entropy until it becomes degenerate.	


- When it becomes degenerate “enough”, the specific heat becomes what you’re used to in 

everyday life, and cooling makes the temperature drop.  We parametrize how degenerate is 
“enough” with ηtransition, where η measures the ratio of the electron chemical potential to the 
thermal energy.	



- Once the inner material becomes degenerate, we can set a target temperature instead of 
entropy.  This command is left blank for you to fill in.	



- (The exp_cr is the exponential function from crlib so that the answer is bit-for-bit.)

Ken Shen

Maxilab: Constructing and evolving a 
double white dwarf merger remnant



• The relaxation equation I’m using is not fundamental, but it has the spirit of an entropy 
equation
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• And something similar for the temperature part.  Not physically important, but it helps to use 
something with the right units to get a roughly correct order of magnitude for easier 
convergence.



• Once everything is in place, including filling in the missing inlist commands, ./mk and ./rn.	


!

• If everything goes smoothly, save the model when it is relaxed and restart from it with the 
appropriate flags turned on and off.  But how do you know when it is relaxed?	


- One thing to check is that the extra heat being added becomes very small.	


- So, make a new profile plot window with inlist_pgstar showing the extra heat being 

added vs. mass.	


- After the model reaches a relaxed state, you should see the extra heat being ~0, except for 

very near the boundary between the hot envelope and cold core.  That’s because the 
relaxation routine is counteracting thermal diffusion across this boundary, which is trying to 
smooth the sharp transition.	



!
• Once you’ve reached this state, the model should be relaxed.  Now you can set your inlist to 

save at a recent model number and ./re from a photostep just before this model so that MESA 
saves the relaxed model.	


!

• Finally, you can turn on and off the relevant flags to evolve your relaxed model without extra 
heating and with burning and neutrino-cooling back on, and ./rn the relaxed model.
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• Your model should redistribute entropy and start to contract as it cools.  The temperature and 
density of the material at the base of the hot envelope rise until burning is ignited.	


!

• Let’s get a better idea of the progress of the burning as it flashes inwards.	


- Specifically, let’s track the mass location where the maximum value of burning is taking 

place and add it to the pgstar history window.	


- First, find out if something like that exists in the default history_columns.list (search 

for “nuc” or “eps” using your favorite search method).	


- As it turns out, the variable we want is commented out by default, so we need to work with 

a non-default copy.  So, copy history_columns.list over to your work directory (MESA 
looks for this file in your work directory first before using the version in the defaults 
directory), and uncomment the variable back in.	



- Unfortunately, doing so changes the history.data file in the LOGS directory, so we have to 
get rid of it and start with a fresh history.data.  So stop the run and delete the old LOGS/
history.data.  To see the history of the new variable, add it to inlist_pgstar as the new 
History_Panels1_other_yaxis_name(3), and ./re from a recent photostep.  
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• How many flashes does it take before the burning wave reaches the center?  How long does it 
take?	


!

• After the burning wave reaches the center, what happens?  What does it look like (how bright, 
how hot), and how long does it live like this?	


!

• Eventually this phase ends, and it cools down as a C/O white dwarf.  Let’s compare the 
resulting WD to the WDs from our minilab.	


- Put in a condition to stop the WD when the central temperature reaches 2 x 107 K.  You 

can’t do this too early because the temperature is below 2 x 107 K during the burning phase.	


- What is the total 4He mass at the end of the day?  How does it compare to the results from 

the minilab?  Report your values on the Google spreadsheet.
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• Now that you’ve expertly modeled the evolution of a 0.2 + 0.3 Msol double helium WD 
merger, let’s try another set of parameters.  For simplicity, let’s stick with double helium WDs, 
so both initial components should be between 0.15 and 0.5 Msol or so, giving total masses 
between 0.3 and 1.0 Msol.	


- Warning: the higher the mass, the longer it will take to run!  If you decide to go above a 

total mass of 0.7 Msol, use coarser resolution controls.	


!

• Different masses will entail changing the various parameters in the extra energy routine, 
specifically Mtransition, ηtransition, highentropy, and lowentropy.  Getting the last 3 correct for your 
particular choice of masses will probably require some trial and error.  Since it’s annoying to 
change them in run_star_extras.f and recompile for each trial, let’s find a way to change 
them at run-time, without the need to recompile.	


- This is done by using x_ctrl(:), which you can change in your inlist at run-time.	


- You will need to decide which x_ctrl matches which variable (e.g., x_ctrl(1) might be 

your Mtransition), and use them in run_star_extras.f by accessing s%x_ctrl(1).	


- Remember to keep careful track of which x_ctrl changes which variable!	


- You may find it useful to look at a profile plot of η to pick a good ηtransition.  So add this 

profile to your profile plot of extra_heat to help you pick a winner.
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• If you’ve made a couple helium WD merger remnants and there’s still time, you can try and 
make a double C/O WD merger remnant in a similar manner.	


- Unlike with pure helium compositions, relaxing to a pure C/O composition is non-trivial.	


- You’ll have to do something similar to what we did in the first minilab.  Namely, let the 

material cool down until its degenerate, and only then relax the composition and entropy to 
what you desire.	



- Also, because of the slow speed of the inwardly moving burning wave, stick with low total 
masses < 1.2 Msol or so (e.g. 0.5 + 0.6 Msol).	



!
• As it turns out, the C/O WD merger remnant evolution is very similar to the lab yesterday.  

Alternatively, you can try to model the remnant of a helium + C/O WD merger (i.e., a puffy 
helium layer on a cold degenerate C/O core).	


- Relaxing a non-pure composition is a little different.  You will need the 

relax_initial_composition flag and its associated flags in star_job, and you’ll need to 
give it a file with a compositional profile.  This is more complicated, but the comments near 
the relevant flags in star_job.defaults will help explain things.	



!
• How do these remnants evolve differently from double helium WD merger remnants?  What 

different phases do they go through?  Are they longer or shorter?
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