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The Evolution and Pulsation 
of White Dwarf Stars



Location of files for talk and problems 

�  Download file “wd_problems1.tar” from  
 
 mesastar.org -> FAQ -> MESA Summer School 2012 
lectures -> Mike Montgomery I 
 
Full web address: 
http://mesastar.org/documentation/mesa-summer-school-2012-
lectures/mike-montgomery-i/wd_problems1.tar/view 



Carbon and 
Oxygen core 

Thin helium layer 

Thinner hydrogen layer 

 White Dwarfs 

99% Carbon/Oxygen 

1% Helium 

0.01% Hydrogen 
DA= hydrogen atmosphere 
DB= helium atmosphere 
DQ= carbon atmosphere 



The Physics of White Dwarfs 

�  White dwarfs are supported by electron degeneracy pressure 
(the Pauli Exclusion Principle) 

�  Cooling is controlled by the heat capacity of the ions, and the 
surface temperature 

�  When hot ( > 25,000 K) they emit more energy in neutrinos 
than in photons 

�  As they get very cool (about 7000 K), the ions in the core settle 
into a crystalline lattice, i.e., they “freeze” or crystallize 

�  Gravity is high (g » 108 cm/s2), so heavy elements sink, 
producing nearly pure H and/or He layers 

�  “Normal” mass (» 0.6 M¯) white dwarfs have C/O cores 

 White Dwarfs 



�  Pulsating white dwarfs allow us to:  
¡  Constrain their core chemical profiles 
¡  Constrain the physics of crystallization  
¡  Probe the physics of convection  
¡  Test the properties of exotic particles such as plasmon neutrinos and 
axions 

¡  Look for extra-solar planets  

�  White dwarf evolution allows us to measure the ages of 
¡  Thin disk 
¡  Globular clusters 
¡  Open clusters 
¡  Thick disk 
¡  Halo 

 Science with White Dwarfs 



White Dwarf Evolution 

�  Fowler and Chandrasekhar provided the first 
mechanical description of white dwarf structure, 
with support due to degenerate electrons: 

�  Mestel (1952) provided first the thermal description 
of white dwarf evolution: 



The White Dwarf Luminosity Function (WDLF) 
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Winget et al. (1987) 
 
The downturn is due 
to the finite Galactic 
age: 9 ± 2 Gyr 



The WDLF (motivation for using MESA) 

Data of Harris et al. 
(2006) 
 
Low-mass C/O 
models of Salaris et 
al. (2010) 
 
High-mass O/Ne 
models of Althaus et 
al. (2007) 
 
Main sequence 
lifetimes from 
Dartmouth database 
 
 



Data of Harris et al. 
(2006) 
 
Low-mass C/O 
models of Salaris et 
al. (2010) 
 
High-mass O/Ne 
models of Althaus  
et al. (2007) 
 
The O/Ne models are 
entirely responsible 
for the low-luminosity 
tail of the WDLF 
 
 

The WDLF (motivation for using MESA) 



MESA Rapid Problem #1 

�  Download file “wd_problems1.tar” from  
 
 mesastar.org -> FAQ -> MESA Summer School 2012 
lectures -> Mike Montgomery I 
 
Full web address: 
http://mesastar.org/documentation/mesa-summer-school-2012-
lectures/mike-montgomery-i/wd_problems1.tar/view 



MESA Rapid Problem #1 

�  HRD diagram 



MESA Rapid Problem #1 

�  Luminosity versus 
age 

�  What percent of 
the time does the 
star spend in pre-
WD evolution? 

�  Where is all the 
“funny stuff” in 
this plot? (RGB, 
AGB,…) 



Various physical 
processes thought to 
be important in WD 
evolution: 
 
•  neutrino emission 
•  chemical diffusion 
•  crystallization 
•  convection 
•  C/O phase separation 
•  CIA opacities 
•  exotic physics? 

(axion emission, 
dark matter heating) 

The DB 
“Gap” 

Summary of WD physics 
phase separation/ 



Crystallization and Atmospheres 

�  A one-component 
plasma (OCP) -- all the 
particles are identical 

�  ) regular lattice 
structure 

�  in 3D, ¡Crys = 178 



From our paper… 

summary: either these WDs have no significant Oxygen or 
¡Crys  of a C/O mixture » 220 

The Astrophysical Journal, 693:L6–L10, 2009 March 1 doi:10.1088/0004-637X/693/1/L6
c© 2009. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

THE PHYSICS OF CRYSTALLIZATION FROM GLOBULAR CLUSTER WHITE DWARF STARS IN NGC 6397

D. E. Winget1,2, S. O. Kepler2, Fabı́ola Campos2, M. H. Montgomery1,3, Leo Girardi4, P. Bergeron5,
and Kurtis Williams1,6

1 Department of Astronomy, University of Texas at Austin, Austin, TX, USA; dew@astro.as.utexas.edu
2 Instituto de Fı́sica, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil
3 Delaware Asteroseismic Research Center, Mt. Cuba Observatory, Greenville, DE, USA

4 INAF-Padova Astronomical Observatory, Padova, Italy
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ABSTRACT

We explore the physics of crystallization in the deep interiors of white dwarf (WD) stars using the color–magnitude
diagram and luminosity function constructed from proper-motion cleaned Hubble Space Telescope photometry of
the globular cluster NGC 6397. We demonstrate that the data are consistent with the theory of crystallization of
the ions in the interior of WD stars and provide the first empirical evidence that the phase transition is first order:
latent heat is released in the process of crystallization as predicted by van Horn. We outline how these data can be
used to observationally constrain the value of Γ ≡ ECoulomb/Ethermal near the onset of crystallization, the central
carbon/oxygen abundance, and the importance of phase separation.

Key words: dense matter – equation of state – globular clusters: individual (NGC 6397) – stars: luminosity
function, mass function – white dwarfs

1. STAR FORMATION HISTORY AND PHYSICS FROM
THE WHITE DWARF STARS

White dwarf (WD) stars are the inevitable progeny of nearly
all (#97%) stars (e.g., Fontaine et al. 2001, hereafter FBB).
Their distribution can be used to extract two things: age of
the stellar population and cooling physics of the WD stars.
The two are interrelated, but qualitatively different. Extracting
the age and history of star formation has become known as
WD cosmochronology. An excellent review emphasizing this
connection and the attendant uncertainties is given by FBB.

The techniques of WD cosmochronology have been success-
fully applied to the disk by a number of investigators (e.g.,
Winget et al. 1987; Wood 1992; Hansen & Liebert 2003, and
references therein) and are being continuously refined. They
have also been applied to a variety of open clusters and cali-
brated against main-sequence turnoff and related methods (e.g.,
Kalirai et al. 2007; DeGennaro et al. 2008, and references
therein). The Hubble Space Telescope (HST) photometry ob-
tained by Richer and Hansen and their collaborators (Hansen
et al. 2002, 2007; Richer et al. 2008) has yielded a new harvest
of information for WD populations. They have used the Ad-
vanced Camera on the HST to reach the terminus of the WD
cooling sequence, giving us a qualitatively different tool for an-
alyzing the WD population. Hansen et al. (2007) used Monte
Carlo techniques in conjunction with their cooling models to de-
termine the age of NGC 6397 from the WD stars, attempting to
account for uncertainties in the basic physical parameters of the
WD stars to determine an age for the cluster; using goodness-
of-fit criteria, they arrive at an age for the cluster, based on WD
cooling, of 11.47 ± 0.47 Gyr.

Finding the signature of the key physical properties of the WD
stars in the disk luminosity function (hereafter LF) has proven
more difficult than getting an age constraint. This is because the
disk population contains stars formed at different times and from
different main-sequence progenitors. This is greatly simplified
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in a cluster sample and, most of all, in an old globular cluster. In
this Letter, we focus on the HST photometry of NGC 6397 and
the distribution of WD stars in the color–magnitude diagram
(hereafter CMD). We report evidence for a “bump” in the LF
due to the release of the latent heat of crystallization and we
show how this can be refined to yield more accurate measures
of these processes.

2. ANCHORING THE WD EVOLUTIONARY SEQUENCES
IN THE COLOR–MAGNITUDE PLANE

We fit main-sequence, pre-WD, and WD evolutionary models
simultaneously. The main-sequence and pre-WD models we
used for this work were computed with the Padova stellar
evolution code (Marigo et al. 2008). We used a variety of
metallicities to determine the best fit to the main-sequence and
WD models.

Our WD evolutionary models have updated constitutive
physics (see, e.g., Bischoff-Kim et al. 2008). We place the
new generation of WD evolutionary models of DA and DB
WD stars in the observed F814W versus F606W CMD using
P. Bergeron’s model atmosphere grids7 (for a detailed descrip-
tion, see Bergeron et al. 1995; Holberg & Bergeron 2006;
Holberg et al. 2008) along with an analytical correction to the
Kowalski (2007) results for the effect of Lyα far red-wing ab-
sorption. This correction is small and will be discussed in a
forthcoming paper.

Our best fit of the CMD in the natural ACS color system gives
a metallicity of Z = 0.00012 ± 0.00001, E(F606W − F814W ) =
0.22±0.02, and (m−M) = 12.49±0.05 (Figure 1) and a main-
sequence turnoff age of 12+0.5

−1.0 Gyr. The age is consistent with
the values found by Richer et al. (2008) and Hansen et al. (2007),
even though they used the Dartmouth Evolutionary Sequence
(DES). The metallicity is a factor of two lower than Richer
et al. (2008) but is in agreement with the independent direct
spectroscopic determinations based on VLT data (Korn et al.
2007). The values of these parameters fix the WD cooling tracks

7 http://www.astro.umontreal.ca/∼bergeron/CoolingModels/.
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atmospheres is sensitive only to the mass–radius relationship
set by the degenerate electron pressure support. This is very
insensitive to the C/O relative abundances—these produce
differences of δF814W < 0.05. This implies that the value of
Γ in the center, at the peak of the LF for example, is sensitive
only to the interior composition. Therefore, we conclude that the
onset of crystallization is determined by the particular mixture
and the value of Γ for that mixture. Comparison of the theoretical
models and the data promises to provide important measures of
the onset and development of crystallization.

4. DISCUSSION, SUMMARY, AND FUTURES OF
EXPLORING WD PHYSICS WITH CMDS

Although we are not focused on uncertainties, it is reasonable
to examine how changing the distance modulus might affect the
results. Put another way, how much does the distance have to
change to reproduce the peak of the observed LF with oxygen
crystallization rather than carbon? The answer is contained in
Figure 5. Here we see that to make the location of the peak of
the LF consistent with oxygen crystallization we have to lower
the distance modulus by a little more than 0.5 mag—this pos-
sibility is excluded by the main-sequence fitting (Richer et al.
2008).

We have shown that simultaneously fitting the main sequence
and the WDs in a cluster gives the best possible constraint
on distance, metallicity, and reddening corrections. Physically
realistic atmosphere calculations then allow us to place evolu-
tionary tracks in the CMD. The number distribution of stars
contains important information on the internal physics of the
WD stars. This allows us to explore the physics of crystal-
lization. We present evidence that the data are most consistent
with a first-order phase transition, releasing latent heat dur-
ing crystallization, as proposed by van Horn (1968). The cur-
rent data place constraints on the onset of crystallization, the
central carbon/oxygen abundance, and the composition of the
envelope at the degeneracy boundary. We will improve these
constraints with a more complete Bayesian statistical analysis
in the near future. This work also points to the importance of
forthcoming data on additional clusters as well as increasing
the sample of stars through more HST fields on this cluster.
This work also underscores the essential nature of more proper-
motion data to get the most information out of these kinds of
studies.

Pulsations may also allow an asteroseismological determi-
nation of the crystallized mass fraction for massive pulsators,
as shown by Metcalfe et al. (2004) for the DAV BPM 37093,
although this claim has been challenged by Brassard & Fontaine
(2005). While certainly important, we note that asteroseismo-
logical analyses do not probe the latent heat of crystallization;
this quantity is accessible only through the WD LF, as demon-
strated in this Letter. To this end, we eagerly anticipate the
forthcoming HST observations of this cluster. These will pro-
vide a proper-motion screened sample over a larger area of the

cluster and to fainter magnitudes, providing an exacting test of
the ideas put forth in this Letter.

The authors thank A. Zabot for help computing the
isochrones, Ted von Hippel and Hugh van Horn for useful dis-
cussions, and Brad Hansen and referees for suggesting improve-
ments. D.E.W., S.O.K., and F.C. are fellows of CNPq-Brazil.
M.H.M. and K.A.W. are grateful for the financial support of
the National Science Foundation under awards AST-0507639
and AST-0602288, respectively, and M.H.M. acknowledges the
support of the Delaware Asteroseismic Research Center. This
work was supported in part by the NSERC Canada and by the
Fund FQRNT (Québec). P.B. is a Cottrell Scholar of Research
Corporation.
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WDs in Globular Cluster NGC 6397 

�  Showed that not only does 
crystallization occur, latent heat 
is also released 

�   ¡crys of C/O mixture would 
have to be & 220 

�  This possibility is reinforced by 
the calculations of Horowitz, 
Schneider, and Berry 

�  Weakness in our models was 
that grey atmospheres were 
used for low temperature WD 
evolution 

) we will explore this in the 
upcoming long problem 
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Figure 2. NGC 6397 WDs with DA and DB evolutionary sequences using the atmospheres of Holberg & Bergeron (2006). This includes an analytical adjustment for
the effects of Lyα red-wing opacity as computed by Kawalski (2007).

Figure 3. Top panel: the observed WD LF (histogram) and completeness relation
(dotted line) of the Richer et al. (2008) sample for NGC 6397. Lower panel: the
same for the Hansen et al. (2007) sample. For both samples, we note that the
completeness changes fairly slowly over the region of the observed rapid falloff
of stars while remaining above 50%.

for the DB sequence. We adopt a carbon core model including
the effects of crystallization for this sequence.

Assuming a constant star formation rate, the theoretical LF is
proportional to the “cooling function” of an evolutionary model
sequence. This function is given by the derivative (dt/dm),
where m is the F814W magnitude of a given model and t is its

Figure 4. Observed WD LF of NGC 6397 (Richer et al. 2008, histogram)
with LFs from theoretical evolutionary sequences of 0.5 M! DA models with
pure carbon cores (lines): crystallization with (Pure_C_Xtal) and without
(Pure_C_Xtal_No_LH) the release of latent heat, and excluding the physics
of crystallization altogether (Pure_C_No_Xtal). The normalization of the
theoretical curves is chosen to minimize the rms residuals in the neighborhood of
the peak, between the magnitudes of 25.1 and 27.7, the faintest value calculated
for the no crystallization case. The value of the average residual for each curve
is listed in the legend, e.g., it is 4.77 for the “Pure_C_Xtal” case.

age. Since we will be comparing directly with the data, we also
multiply the theoretical LF by the completeness correction given
explicitly in Table 4 of Richer et al. (2008) and shown in the
top panel of our Figure 3. Finally, we normalize the resulting

Winget et al. (2009) 



Comparison of MESA with other Codes 



Comparison of MESA with other Codes 



“Cooling Function” 

�  The “Cooling Function” © of a 
given mass WD is a measure of 
its “discovery probability”  

�  ) proportional to the time it       
spends at a given luminosity 

 

�  You will use this in the long lab 

WHITE DWARF COSMOCHRONOLOGY 421

2001 PASP, 113:409–435

Fig. 5.—Evolutionary paths (solid curves) of 12 ( , 0.3, 0.4, 0.5,M p 0.2
0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, and 1.3 , from top to bottom) of our templateM,

models in a diagram showing the derivative of the cooling curve (to within a
constant) as a function of the luminosity. Only the 0.2 curve is on theM,

correct vertical scale; the other curves have been arbitrarily shifted downward
for visualization purposes. The first open circle (at higher luminosity) on each
curve corresponds to the onset of crystallization at the center of the evolving
model, and the second one indicates the epoch when 98% of the mass of the
star has solidified. For its part, the small filled circle indicates the onset of
convective coupling.

the cooling time and to consider as well the dependence on
the mass of the star. This time, we show, in Figure 5, not the
cooling curve itself, but its derivative, which is a more sensible
way to illustrate the effects of crystallization and convective
coupling on the cooling time. Actually, we plotted the deriv-
ative of with respect to the bolometric magnitude, , ast Mcool bol

a function of the luminosity. To within a constant, this is, of
course, equivalent to the derivative of the cooling curve. Our
choice is motivated by the fact that the derivative dt /dMcool bol

is used directly in the calculation of the theoretical luminosity
function (see eq. [4] below). We note that this quantity is the
inverse of the cooling rate. The curves in Figure 5 illustrate
the behavior of this quantity for 12 of our template models
spanning the full range of mass considered in our calculations,
from 0.2 (at the top) to 1.3 (at the bottom) in stepsM M, ,

of 0.1 . Only the 0.2 curve has the correct ordinate;M M, ,

the others have been shifted arbitrarily downward by 0.4 dex
for each increment of 0.1 in mass in order to facilitate theM,

visualization process. Along each curve, cooling proceeds from
left to right, and the general behavior with decreasing lumi-
nosity is an initial increase of , culminating at adt /dMcool bol

maximum associated with a delay process (when the cooling
rate is at its minimal value), and followed by a decrease due
to Debye cooling. In this latter phase, and for the more massive
stars, the cooling rate can reach values as large as those obtained
during the high-luminosity, short-lived neutrino cooling phase.
The first open circle along an evolutionary track indicates the
onset of crystallization at the center of the model. The delay
in cooling due to the subsequent release of latent heat manifests
itself in terms of an obvious structure in each curve. By the
time 98% of the mass of the star has crystallized, an epoch
indicated by the second open circle along a curve, most of the
latent heat has been released. As already shown in Figure 2,
we again observe here that crystallization occurs at higher lu-
minosities for more massive stars. Moreover, we find that the
process of latent heat release covers a wide range of luminos-
ities over the mass spectrum considered in the present example.
In contrast, the delay in cooling associated with convection
breaking into the degenerate thermal reservoir arises at higher
luminosities for the less massive stars and, in addition, occurs
in a narrower range of luminosities. It also produces a structure
in the versus L curve that is generally larger thandt /dMcool bol

that caused by latent heat release. The actual epoch of the onset
of convective coupling is indicated on each curve by the small
filled circle preceeding immediately the structure associated
with the release of excess thermal energy. As above, the symbol
identifies the one model along a sequence for which the base
of the superficial H convection zone first reaches the upper
boundary of the degenerate core.
An unexpected result of our calculations is the realization that

the release of excess thermal energy associated with convective
coupling leaves a signature on the theoretical luminosity function
(via its effects on ) that is actually larger than thatdt /dMcool bol

caused by the release of latent heat upon crystallization. The

surprise comes from the fact that this very important finding has
been missed in all previous discussions of white dwarf cooling
theory. There are, however, historical reasons to explain, at least
in part, this state of affairs, and we now know that our result is
the direct consequence of having been able to model properly
the evolving envelope within our new evolutionary code, as op-
posed to the more standard use of static envelopes in the other
codes that have been used to address the white dwarf cooling
problem. In the original computations of Lamb & Van Horn
(1975), both the effects of crystallization and convection hap-
pened accidentally to overlap in time, causing a single delay
feature in the cooling curve of their 1 pure C model. Al-M,

though the overlap was recognized by the authors, they had no
way to untangle the individual effects of each mechanism. Fur-
thermore, because they used static envelopes, the magnitude of
the effects due to convective coupling was underestimated in
their calculations, and they concluded, actually correctly, that
the release of latent heat was the dominant retarding effect in
their calculations. Unfortunately, as if some cosmic conspiracy
were at work, this accidental overlap translates to more realistic

Fontaine et al. (2001) 
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Useful namelist variables for WD evolution… 

�  &star_job: 
¡  relax_tau_factor = .true 
¡  relax_to_this_tau_factor = 37.5 (or some other number) 

�  &controls: 
¡  min_dq = 1d-20 
¡  mesh_delta_coeff = 0.75 
¡  which_atm_option = 'grey_and_kap’ (or 'Paczynski_grey’ or 

'WD_tau_25_tables’) 
¡   pulse_info_format = 'OSC’ 
¡  add_atmosphere_to_pulse_info = .true. 
¡  use_Henyey_MLT = .true. 
¡  MLT_option = 'ML2’ 
¡  mixing_length_alpha = 1.0 
¡  do_element_diffusion = .true. 
¡   calculate_Brunt_N2 = .true. 



MESA Long Problem #1 

�  If you haven’t already done this, download the file 
wd_problems1.tar from  

 mesastar.org -> FAQ ->  
MESA Summer School 2012 lectures -> Mike Montgomery I 
 

After detarring, you’ll find the instructions are in 
mesa_long1.pdf. You will also need the files 
0.611_from_2.5_z2m2.mod  and inlist_cool  

 
Full web address: 
http://mesastar.org/documentation/mesa-summer-school-2012-lectures/
mike-montgomery-i/wd_problems1.tar/view 



MESA Long Problem #1 

After detarring, you’ll find the instructions are in mesalong1.pdf. You will 
also need the files 0.611from2.5z2m2.mod  and inlistcool  

 
After running the given model, randomly choose a model from ~/mesa/
data/stardata/whitedwarfmodels/ 
 
Choose from the models with the names matching the pattern *from*mod 
 
Let me know how successful you were with these models, what 
“compromises” you had to make (i.e., increase meshdeltacoeff, turn off 
diffusion…), and what the coolest Teff you evolved to 


