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�  List of additional models people were able to run: 

 
             Input Model                     Final Teff        Diffusion 
0.150_from_1.5_z2m2.mod            0                      N 
0.200_from_1.5_z2m2.mod           0                      N 
0.300_from_1.5_z2m2.mod           0                      N 
0.350_from_1.5_z2m2.mod            0                     N 
0.400_from_1.5_z2m2.mod            0                     N 
0.496_from_0.8_z2m2.mod           0                     N 
0.513_from_0.9_z2m2.mod            0                     N 
0.522_from_1.0_z2m2.mod            0                     N 
0.544_from_1.3_z2m2.mod            0                     N 
0.567_from_2.0_z2m2.mod           0                     N 
0.604_from_2.3_z2m2.mod           0                     N 
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�  List of additional models people were able to run: 

 
             Input Model                              Teff           Diffusion 
0.611_from_2.5_z2m2.mod                  0                 N 
0.639_from_3.0_z2m2.mod                 0                N 
0.734_from_3.5_z2m2.mod                 0                 N 
0.819_from_4.0_z2m2.mod                 0                 N 
0.856_from_5.0_z2m2.mod                 0                 N 
0.927_from_6.0_z2m2.mod                 0                 N 
1.025_from_7.0_z2m2.mod                 0                 N 
1.259_from_8.0_z2m2.mod                 0                 N 
1.316_from_8.5_z2m2.mod                  0                 N 
1.376_from_8.7_z2m2.mod                  0                 N 
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Location of files for talk and problems 

�  Download file “wd_problems2.tar” from  
 mesastar.org -> FAQ ->  
MESA Summer School 2012 lectures -> Mike Montgomery II 
 
After detarring, you’ll find the lecture in Montgomery_lecture2.pdf 
and the instructions for the long and short problems in 
mesa_rapid_problem2.pdf and mesa_long2.pdf. You will also need 
the files you saved from the rapid problem.  
 
Full web address: 
http://mesastar.org/documentation/mesa-summer-school-2012-lectures/
mike-montgomery-ii/wd_problems2.tar/view 
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Figure 6. Histogram for the 150 DBs brighter than g = 19 and hotter than
Teff = 16 000 K in DR4.

C/O cores up to log g = 9.0, and O/Ne cores for higher gravities,
MHe = 10−2 M∗ and MH = 10−4 or 0 M∗, to estimate stellar radii
for DAs and DBs, respectively. We do not claim that the SDSS
spectroscopic sample is complete, but we do contend that in terms
of mass, there should be no preferential bias in the target selection.
Harris et al. (2006) report that spectra are obtained for essentially
all white dwarf stars hotter than 22 000 K. Additional white dwarf
stars down to Teff = 8000 K are also found, but few cooler than that
as these stars overlap in colour space with the F, G and K main-
sequence stars. Eisenstein et al. (2006) discuss the spectroscopic
sample completeness, which is around 60 per cent at 18 < g < 19.5
for stars hotter than Teff = 12 000 K and around 40 per cent for cooler
stars. Our analysis is restricted to the sample brighter than g = 19.

Once we had our calculated absolute magnitudes, we could esti-
mate each star’s distance as shown in Fig. 7, neglecting any effects
of interstellar extinction. The mean distance for our DA samples
are as follows: 474 ± 5 pc for the entire 7167 DA sample; 302 ±

5 pc for the stars brighter than g = 19 and 436 ± 7 pc for the stars
brighter than g = 19 and hotter than Teff # 12 000 K.

For each star in our sample, we calculate

Vmax = 4π

3 β
(

r 3
max − r 3

min

)

exp(−z/z0),

where β is the fraction of the sky covered, 0.1159 for the DR4 sam-
ple, rmin is due to the bright magnitude limit, g = 15, and z0 is the
disc scaleheight which we assume to be 250 pc, as Liebert et al.
(2005) and Harris et al. (2006), even though our height distribution
indicates z0 # 310 pc. Vennes et al. (2005) show that both the white
dwarf stars in the SDSS DR1, and the 1934 DAs found in the 2dF
(18.25 ! bJ ! 20.85) quasar surveys, belong to the thin disc of
our Galaxy. Using these data, they measured a scaleheight around
300 pc. Harris et al. (2006) calculate the white dwarf luminosity
function from photometric measurements of the white dwarf stars
discovered in the SDSS survey up to Data Release 3 (DR3). They
assume log g = 8.0 for all stars and use the change in number per
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Figure 7. Distribution of distances, d, and height above the Galactic plane,
z, for DAs in the SDSS DR4.
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Figure 8. Histogram for the 1733 DA stars brighter than g = 19 (V /Vmax !

0.45) and hotter than Teff = 12 000 K corrected by 1/Vmax.

magnitude bin to calculate the scaleheight of the disc, obtaining
340+100

−70 pc, but adopt 250 pc for better comparison with other stud-
ies. This volume includes the disc scaleheight as discussed by Green
(1980), Fleming, Liebert & Green (1986) and Liebert et al. (2005).
Each star contributes 1/Vmax to the local space density.

Figs 8 and 9 show the resulting corrected mass distribution for
our DA and DB sample, respectively. Fig. 8 contains 1733 bright,

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 375, 1315–1324

Mass distribution from 
the DR4 release of the 
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> 7000 white dwarfs 
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ABSTRACT

Helium core white dwarfs (WDs) with mass M ! 0.20 M" undergo several Gyr of stable hydrogen burning as they
evolve. We show that in a certain range of WD and hydrogen envelope masses, these WDs may exhibit g-mode
pulsations similar to their passively cooling, more massive carbon/oxygen core counterparts, the ZZ Cetis. Our
models with stably burning hydrogen envelopes on helium cores yield g-mode periods and period spacings longer
than the canonical ZZ Cetis by nearly a factor of 2. We show that core composition and structure can be probed
using seismology since the g-mode eigenfunctions predominantly reside in the helium core. Though we have not
carried out a fully nonadiabatic stability analysis, the scaling of the thermal time in the convective zone with surface
gravity highlights several low-mass helium WDs that should be observed in search of pulsations: NLTT 11748,
SDSS J0822+2753, and the companion to PSR J1012+5307. Seismological studies of these He core WDs may
prove especially fruitful, as their luminosity is related (via stable hydrogen burning) to the hydrogen envelope mass,
which eliminates one model parameter.

Key words: stars: oscillations – white dwarfs

1. INTRODUCTION

White dwarfs (WDs) are observed to pulsate in normal
modes of oscillation (g-modes) which are determined by the
structure of the stellar interior and atmosphere (Winget & Kepler
2008). Those with hydrogen atmospheres exhibit pulsations
when they enter the ZZ Ceti variable (DAV) instability region,
a discrete strip in the Teff–log g plane that spans 11,000 K
! Teff ! 12, 250 K at log g ≈ 8.0. The ZZ Ceti strip has
been investigated both theoretically (Brassard & Fontaine 1997;
Wu & Goldreich 1999; Fontaine et al. 2003) and empirically
(Wesemael et al. 1991; Mukadam et al. 2004; Castanheira
et al. 2007; Gianninas et al. 2007). To date, all known ZZ Ceti
pulsators have masses > 0.5 M", implying cores composed of
carbon, oxygen, and heavier elements.

Lower mass (M < 0.5 M") WDs with nearly pure helium
cores are made on the red giant branch (RGB) when core growth
is truncated before reaching ≈0.45–0.47M" (log g ≈ 7.67 at
Teff ≈ 11,500 K), prior to the helium core flash (D’Cruz et al.
1996; Dominguez et al. 1999; Pietrinferni et al. 2004). Two
modes of envelope mass loss can cause this: strong winds or
binary interaction. Significant mass loss due to stellar winds in
high metallicity systems may strip the H envelope, preventing
the He core flash (D’Cruz et al. 1996; Hansen 2005). Common
envelopes induced by binary interactions also lead to significant
mass loss (Iben & Livio 1993; Marsh et al. 1995), and make very
low-mass He WDs (M < 0.2 M") when the binary interaction
occurs at the base of the RGB (van Kerkwijk et al. 1996;
Callanan et al. 1998; Bassa et al. 2006). Thus, He is the expected
core composition for WDs below ≈0.45–0.47 M". However,
very little direct evidence exists of He cores. The overbrightness
of old WDs (Hansen 2005) in the star cluster NGC 6791 (Bedin
et al. 2005) presents possible evidence. The detection of low
log g young WDs makes a plausible argument for the old WDs
to be He core (Kalirai et al. 2007); however, other possible
explanations remain (Deloye & Bildsten 2002; Bedin et al.
2008a, 2008b; Garcı́a-Berro et al. 2010).

Asteroseismology offers the possibility of directly constrain-
ing the He core composition in these low-mass WDs, as the

g-mode periods provide information on WD mass, mass of H
envelope, and core composition (Córsico & Benvenuto 2002;
Castanheira & Kepler 2008). Theoretically, these principles have
been applied to C/O versus O/Ne core WDs by Córsico et al.
(2004) and O versus He core WDs by Althaus et al. (2004).
However, to carry this out, we need to find pulsating He core
WDs, something that has yet to occur.

Past studies have illuminated a dichotomy in the evolution of
the He core WDs (Driebe et al. 1999; Serenelli et al. 2002;
Panei et al. 2007) that impacts their seismic properties and
prevalence as pulsators. For masses "0.2 M" (dependent upon
metallicity) the H envelope experiences a multitude of H shell
flashes that reduces its mass, eventually allowing the WD to
cool rapidly. Such objects traverse the extrapolated ZZ Ceti
instability strip in ∼10–100 Myr (Panei et al. 2007), allowing
for an investigation of their H layer mass, and confirmation
of pure helium core. However, there are presently no known
WDs in, or near, the extrapolated strip for masses in the
0.2 M" < M < 0.5 M" range (Steinfadt et al. 2008), inhibiting
such research. Less massive (< 0.2 M") helium WDs have a
different evolution, undergoing stable H burning for gigayears,
slowing their evolution to rates that may yield more in the
extrapolated instability strip. However, the presence of a thick,
actively burning hydrogen layer requires new seismic modeling,
especially for the eventual assessment of the instability strip for
these unusual WDs. The recent discovery of three such objects
(Kawka & Vennes 2009; Kilic et al. 2010) makes our work quite
timely.

Motivated by a desire to study the pulsational properties of
these long-lived systems, we begin in Section 2 by constructing
He core WD models with stable H burning shells flexible enough
for seismic investigations, and compare to the results from
evolutionary codes (Serenelli et al. 2002; Panei et al. 2007).
We discuss the unusual seismic properties of these objects in
Section 3, where we calculate their adiabatic mode structure and,
using an approximation for the instability criterion of Brickhill’s
theory (Brickhill 1991), highlight the potential location of the
He core WD instability strip. In Section 4, we suggest a few
intriguing pulsation candidates amongst the very lowest mass
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This motivated Steinfadt et al. (2010) to examine pulsations 
in these objects to test whether they have He cores… 



What we (think) we know about  
Extremely Low-Mass (ELM) WDs… 

�  M < 0.25 M¤"
�  He-core"

¡  Stripped of material before much He 
fusion to C/O can occur"

�  Identified spectroscopically 
(hydrogen-atmosphere WDs with 
narrower lines)"

�  Must form in binaries"
¡  Single-star evolution would take too long 

to form a 0.2 M¤ WD"
¡  So far, 18 of 18 WDs with masses < 0.25 

M¤ have detected RV companions (Kilic 
et al. 2011, ApJ 727 3)"

0.25	
  M¤ 

0.82	
  M¤ 



Carbon and 
Oxygen core 

Thin helium layer 

Thinner hydrogen layer 

“Normal” White Dwarfs… 

99% Carbon/Oxygen 

1% Helium 

0.01% Hydrogen 
DA= hydrogen atmosphere 
DB= helium atmosphere 



Helium 
core 

Thin hydrogen layer 

Extremely Low Mass White Dwarfs 

“Mostly” Helium 

0.1-1% Hydrogen 

For M < 0.2 Msun, 
residual nuclear burning 
still occurring at base of 
H envelope  

(Panei et al. 2007 , Steinfadt et al. 2010) 



In the last 9 years the 
number of known 
pulsators has gone 
from ~35 to ~160 
 
(e.g., Mukadam et al. 2004, 
ApJ, 607, 982; Gianninas, 
Bergeron, & Fontaine 2006, 
AJ, 132, 831; Castanheira et 
al. 2006, A&A, 450, 227; 
Mullally et al. 2005, ApJ, 625, 
966; Nitta et al. 2009, ApJ,  
690, 560) 

     The SDSS 
 
 
It’s good to be faint and 
blue! 
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ABSTRACT

We report the discovery of the first pulsating extremely low mass (ELM) white dwarf (WD),
SDSS J184037.78+642312.3 (hereafter J1840). This DA (hydrogen-atmosphere) WD is by far the coolest and
the lowest-mass pulsating WD, with Teff = 9100 ± 170 K and log g = 6.22 ± 0.06, which corresponds to a mass
of ∼0.17 M#. This low-mass pulsating WD greatly extends the DAV (or ZZ Ceti) instability strip, effectively
bridging the log g gap between WDs and main-sequence stars. We detect high-amplitude variability in J1840 on
timescales exceeding 4000 s, with a non-sinusoidal pulse shape. Our observations also suggest that the variability
is multi-periodic. The star is in a 4.6 hr binary with another compact object, most likely another WD. Future, more
extensive time-series photometry of this ELM WD offers the first opportunity to probe the interior of a low-mass,
presumably He-core WD using the tools of asteroseismology.

Key words: binaries: close – Galaxy: stellar content – stars: individual (SDSS J184037.78+642312.3) – stars:
variables: general – white dwarfs

Online-only material: color figures

1. INTRODUCTION

Asteroseismology allows us to probe below the photosphere
and into the interiors of stars. There are many pulsational insta-
bility strips on the Hertzsprung–Russell diagram, including the
DAV (or ZZ Ceti) instability strip, driven by a hydrogen partial
ionization zone in the hydrogen atmosphere (DA) white dwarfs
(WDs). Seismology using the non-radial g-mode pulsations of
DAVs enables us to constrain the mass, core and envelope com-
position, rotation rate, and the behavior of convection in these
objects (see reviews by Winget & Kepler 2008 and Fontaine &
Brassard 2008).

The mass distribution of DA WDs in the Sloan Digital
Sky Survey (SDSS) shows a strong peak at 0.6 M# with tails
toward higher and lower masses (Tremblay et al. 2011); masses
of individual WDs range from about 0.2 M# to 1.3 M#. The
roughly 150 DAVs known to date have masses 0.5–1.1 M#,
implying they all likely contain C/O-cores. Lower mass WDs
are likely to pulsate as well. However, previous searches have
failed to detect such pulsations (Steinfadt et al. 2012).

The galaxy is not old enough to produce low mass (<0.5 M#)
WDs through single-star evolution; these WDs are believed to be
the product of binary evolution. Indeed, radial velocity surveys
of low-mass WDs indicate that most form in binary systems
(Marsh et al. 1995; Brown et al. 2011a). Many short-period
binaries go through one or two common-envelope phases, which
may effectively remove enough mass to prevent ignition of He
to C/O. However, there is little direct evidence that low-mass
WDs have He-cores. But if they pulsate, as do their C/O-core
brethren, we may differentiate their interior structure.

We have been engaged in an ongoing search for low-mass
DAVs for many years at McDonald Observatory. The benefits
of a search for a low-mass (and putatively He-core) DAV were
recently emphasized by Steinfadt et al. (2010). Should they
pulsate in g-modes like the C/O-core DAVs, the eigenfunctions
of extremely low mass (ELM) WDs would globally sample the

interior, making the pulsations sensitive to core composition.
Seismology may also allow us to constrain the hydrogen
layer mass; this is vitally important since hydrogen burning
is expected to be a major or even dominant component of the
luminosity of these stars (e.g., Panei et al. 2007).

Steinfadt et al. (2012) outlined the null results of a search for
pulsations in 12 low-mass WDs. We have extended a similar,
systematic search for variable He-core WDs, armed with the
many dozens of new ELM (∼0.2 M#) WDs catalogued by the
ELM Survey (Brown et al. 2010, 2012; Kilic et al. 2011a, 2012).
That search has yielded its first success.

In this Letter, we report the discovery of pulsations in
the ELM WD SDSS J184037.78+642312.3, and show that the
photometric variations are likely multi-periodic. We have also
included our null results for another eight low-mass WDs that
were observed not to vary, to various detection limits.

2. OBSERVATIONS

Brown et al. (2012) present the spectroscopic discovery data
for J1840 from the Blue Channel spectrograph on the 6.5 m
MMT. They use 37 separate spectra over more than a year to
determine the system parameters. Brown et al. (2012) find that
J1840 is in a 4.5912 ± 0.0012 hr (16528.32 ± 4.32 s) orbital
period binary with a K = 272 ± 2 km s−1 radial velocity semi-
amplitude. However, a significant alias exists at 3.85 hr.

Model fits to the co-added spectra for J1840 yield Teff =
9140 ± 170 K and log g = 6.16 ± 0.06, which correspond to a
mass of roughly 0.17 M#. Given the mass function of the system,
f = 0.399 ± 0.009 M#, the minimum mass of the unseen
companion is 0.64 M#; if the orbital inclination is random, there
is a 70% probability that the companion is a WD with <1.4 M#.
We note, however, that the nature of the unseen companion has
no bearing on the impact of this Letter.

We obtained high speed photometric observations of J1840
at the McDonald Observatory over three consecutive nights in
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Figure 1. High-speed photometry of J1840 (in black) over three consecutive nights in 2011 October. The gap in the third night was caused by a passing cloud. The
bottom red light curve, offset by −15%, shows the brightest comparison star in the field over the same period. Average 2σ errors are shown offset with error bars.
(A color version of this figure is available in the online journal.)

2011 October, for a total of more than 5.5 hr of coverage. We
used the Argos instrument, a frame-transfer CCD mounted at
the prime focus of the 2.1 m Otto Struve telescope (Nather
& Mukadam 2004), to obtain many 15 s exposures on this
g0 = 18.8 mag WD. The seeing averaged 1.′′5 and transparency
variations were low, although our second and third nights were
cut short by clouds. Observations were obtained through a 1 mm
BG40 filter to reduce sky noise.

We performed weighted aperture photometry on the cali-
brated frames using the external IRAF package ccd hsp written
by Antonio Kanaan (the reduction method is outlined in Kanaan
et al. 2002). We divided the sky-subtracted light curves by five
brighter comparison stars in the field to allow for fluctuations
in seeing and cloud cover, and applied a timing correction to
each observation to account for the motion of the Earth around
the barycenter of the solar system (Stumpff 1980; Thompson &
Mullally 2009).

Figure 1 shows all 1365 Argos light curve points obtained
for J1840 from 2011 October 25 to 27. We also include
the light curve of the brightest comparison star in the field,
SDSS J184043.21+642351.8, for reference.

3. ANALYSIS

Our photometric data set is relatively short, as we caught
J1840 just before it went behind the Sun. This limits the
significance of the detected periods, and we eagerly anticipate
further observations. Still, we have sufficient data to show
convincingly that this low-mass WD is a multi-periodic variable
star.

The high-amplitude variability is easy to distinguish in the
raw light curve (Figure 1), with more than 25% peak-to-peak
variability. The highest peak in a Fourier transform (FT) of
the brightest companion star in the field yields only a small
signal (0.24% amplitude) at 7340 ± 15 s, consistent with low-
frequency noise from atmospheric variability. Our apertures and
sky annuli have been chosen to ensure there is no significant con-
tamination from the nearby star SDSS J184038.73+642315.6,
which is 7.′′0 away from our target. Thus, the signal we are ob-
serving is intrinsic to the WD. Without evidence for a companion
star or accretion from the spectra, the light curves, or existing

Table 1
Frequency Solutions for SDSS J1840+6423

Period Frequency Amplitude S/N
(s) (µHz) (%)

Multi-mode Solution I

4445.9 ± 1.4 224.926 ± 0.070 6.59 ± 0.19 8.0
2376 ± 57 420 ± 10 4.883 ± 0.83 6.3

1578.56 ± 0.37 633.49 ± 0.15 2.95 ± 0.25 4.4

Multi-mode Solution II

4445.3 ± 2.4 224.96 ± 0.12 7.6 ± 1.6 9.4
2376.07 ± 0.74 420.86 ± 0.13 4.817 ± 0.46 6.3
1578.70 ± 0.65 633.43 ± 0.26 2.831 ± 0.41 4.3

3930 ± 300 254 ± 19 2.7 ± 2.0 3.4
1164.15 ± 0.38 859.00 ± 0.29 1.78 ± 0.29 3.3

Single-mode Harmonic Solution

4443.77 ± 0.80 225.034 ± 0.041 7.35 ± 0.19 5.7
2221.89 ± 0.40 450.068 ± 0.081 4.03 ± 0.19 3.5
1481.26 ± 0.27 675.10 ± 0.12 1.53 ± 0.18 1.6

broadband photometry, we are confident that the photometric
variability are pulsations on the surface of the ELM WD.

The pulse shape appears non-sinusoidal, with a steep rise
and decline. We first test whether a single mode (f1) and its
harmonics (2f1 + 3f1 + . . .) could reproduce the observed light
curve. A nonlinear least squares fit with the highest peak in the
FT and its fixed harmonics converges on 225.03 µHz (4444 s)
as the best parent mode (see the bottom of Table 1 for a full
solution).

However, our data from multiple nights rule out this scenario.
The single-mode harmonic solution fits the two peaks during
the first night well, but it fails to match the peak in our second
night of data, predicting a maximum in the light curve more
than 500 s too soon.

A multi-mode solution (see the top panels of Table 1) where
the frequencies are determined from the highest amplitudes in
an FT of the entire data set (see Figure 2) improves the residuals
by more than 20%. For more realistic estimates, the cited errors
are not formal least-squares errors to the data but rather the
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Figure 3. Search parameter space for pulsations in low-mass WDs. Known DAVs are included as purple dots, and our new pulsator is labeled and marked as a magenta
dot. DA WDs observed not to vary to at least 1% are marked with an X; those from Steinfadt et al. (2012) are marked in gray and those from our search (see Table 2)
in black. To guide the eye, we have marked the rough boundaries of the observed DAV instability strips as dotted lines; the short, blue dotted line marks the blue-edge
of the theoretical Steinfadt et al. (2010) instability strip.
(A color version of this figure is available in the online journal.)

Table 2
Observed Low-mass DAV Candidates and Null Results

Object g′-SDSS Teff log g Reference Det. Limit
(mag) (K) (cm s−1) (%)

SDSS J011210.25+183503.74 17.3 9690 ± 150 5.63 ± 0.06 Brown et al. (2012) 0.1
SDSS J082212.57+275307.4 18.3 8880 ± 60 6.44 ± 0.11 Kilic et al. (2010) 0.2
SDSS J091709.55+463821.8 18.7 11850 ± 170 5.55 ± 0.05 Kilic et al. (2007) 0.3
SDSS J122822.84+542752.92 19.6 9921 ± 143 7.25 ± 0.08 Eisenstein et al. (2006) 0.7
SDSS J123316.20+160204.6 19.8 10920 ± 160 5.12 ± 0.07 Brown et al. (2010) 0.9
SDSS J174140.49+652638.7 18.4 9790 ± 240 5.19 ± 0.06 Brown et al. (2012) 0.3
SDSS J210308.80−002748.89 18.5 9788 ± 59 5.72 ± 0.07 Kilic et al. (2012) 0.2
SDSS J211921.96−001825.8 20.0 10360 ± 230 5.36 ± 0.07 Brown et al. (2010) 0.6

Our newfound pulsator J1840 occupies a new, cooler region
of the DAV instability strip, which may be an extension of
the C/O-core region. The highest-amplitude period observed
(>4400 s) is the longest, to date, of any period observed in a
DAV (Mukadam et al. 2006). This makes sense qualitatively, as
we would expect the periods of pulsation modes to roughly scale
with the dynamical timescale for the whole star, P ∝ ρ−1/2.
Østensen et al. (2010) find longer pulsation periods in lower
temperature and surface gravity subdwarf B stars. A similar
trend would explain the relatively long pulsation period of
J1840. The period observed is a factor of four longer than
the models of Steinfadt et al. (2010) predict for an " = 1,
k = 10 mode of a 0.17 M$ ELM WD; in the context of these
models, this mode likely has an extremely high radial overtone,

higher than that of any dominant mode observed in a normal-
mass DAV.

We note, however, that the driving mechanism for pulsation
is largely unknown for this star. It is natural to assume that
the same mechanism of convective driving that operates in the
C/O-core DAVs (Brickhill 1991; Wu 1998; Goldreich & Wu
1999) is also responsible for the pulsations of low-mass WDs.
This mechanism is based on the assumption that the convective
turnover timescale for a fluid element, tto, is much smaller than
the oscillation periods, Pi. For the log g ∼ 8 DAVs, tto ∼ 0.1–1 s
and Pi ∼ 100–1000 s, so tto & Pi is satisfied.

To estimate how this timescale scales with g, we note that
tto ∼ l/v, where l is the mixing length and v is the velocity of
the convective fluid elements. Employing a simplified version
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What to know about WD pulsations 

�  White dwarfs have been observed to pulsate in non-
radial g-modes 
¡  g-modes are asymptotically evenly spaced in period, not 

frequency 



DBV and DAV driving 

Due to convective driving – the “Brickhill effect” 
       (Brickhill 1992, Wu & Goldreich) 
•  convection zone is associated with the partial 
ionization of either H or He 
•  predictions of instability are similar to those of · 
mechanism driving in white dwarfs:  
 
“Blue” (hot ) edge occurs when the n=1, l=1 mode 
satisfies !¿C ¼ 1, where ¿C ¼ 4 ¿thermal at the base of 
the convection zone (Wu & Goldreich, late 1990’s)  
 



Extension of ZZ instability strip to lower log g’s 



Its location in the log g-Teff plane 



White Dwarf Seismology: a propagaton diagram 

center surface center surface 



White Dwarf Seismology: a propagation diagram 
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Chemical Profiles produce bumps in N 

The composition 
transition zones 
produce bumps 
in N  
 
DBV model 
M = 0.6 M¯ 
Teff= 25000 K 
 

center surface 
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transition zones 
produce bumps 
in N  
 
DAV model 
M = 0.6 M¯ 
Teff= 12000 K 
 

center surface 

Chemical Profiles produce bumps in N 



The bumps can “trap” modes… 

Unequal sampling 
produces unequal 
period spacings 

 
DAV model 
M = 0.6 M¯ 
Teff= 12000 K 
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The bumps can “trap” modes… 

Unequal sampling 
produces unequal 
period spacings 
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The bumps can “trap” modes… 

Unequal sampling 
produces unequal 
period spacings 
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This information is encoded in the periods… 

Variations in the period spacing ¢Pn contain 
information about the structure of the model 
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