
0 0  M o n t h  2 0 1 7  |  V o L  0 0 0  |  n A t U R E  |  1

LEttER
doi:10.1038/nature25136

A large oxygen-dominated core from the seismic 
cartography of a pulsating white dwarf
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White-dwarf stars are the end product of stellar evolution for 
most stars in the Universe1. Their interiors bear the imprint of 
fundamental mechanisms that occur during stellar evolution2,3. 
Moreover, they are important chronometers for dating galactic 
stellar populations, and their mergers with other white dwarfs now 
appear to be responsible for producing the type Ia supernovae that 
are used as standard cosmological candles4. However, the internal 
structure of white-dwarf stars—in particular their oxygen content 
and the stratification of their cores—is still poorly known, because of 
remaining uncertainties in the physics involved in stellar modelling 
codes5,6. Here we report a measurement of the radial chemical 
stratification (of oxygen, carbon and helium) in the hydrogen-
deficient white-dwarf star KIC08626021 (J192904.6+444708), 
independently of stellar-evolution calculations. We use archival 
data7,8 coupled with asteroseismic sounding techniques9,10 to 
determine the internal constitution of this star. We find that the 
oxygen content and extent of its core exceed the predictions of 
existing models of stellar evolution. The central homogeneous core 
has a mass of 0.45 solar masses, and is composed of about 86 per cent 
oxygen by mass. These values are respectively 40 per cent and 15 per 
cent greater than those expected from typical white-dwarf models. 
These findings challenge present theories of stellar evolution and 
their constitutive physics, and open up an avenue for calibrating 
white-dwarf cosmochronology11.

Hydrogen-deficient DB-type white dwarfs are dying stars that 
have effective temperatures ranging from about 12,000 K to upwards 
of 35,000 K (ref. 12). They have undergone a late final flash as post- 
asymptotic-giant-branch (post-AGB) stars, which freed them from 
their thin remaining hydrogen envelope13–15. Their deeper chemical 
stratification—as in any typical white dwarf—is otherwise determined 
by the rate of the nuclear reaction 12C(α ,γ )16O, which synthesizes 
 oxygen from the ashes of the core-helium-burning phase, by means 
of mixing processes associated with convection and rotation as well as 
the number of thermal pulses that occur in evolved AGB stars16. The 
descendant DB white dwarfs must bear the signature of such processes 
in their core, as well as the imprint of the still-ongoing settling of carbon 
and oxygen in the surrounding helium-rich envelope.

KIC08626021 (GALEX J192904.6+ 444708) is the first pulsating 
DB white dwarf (also known as the V777 Her class of variable stars) 
to be moni tored extensively by the Kepler spacecraft for its pulsation 
  properties8. This star shows an oscillation spectrum composed 
of non-radial g-modes, which are potentially sensitive to the deep 
interior of the star17. Using an analysis of 23 months of Kepler high- 
precision photo metric data18, we exploit the eight well secured independ-
ent modes, which have periods ranging from 143.2 s to 376.1 s (Fig. 1,  
Extended Data Table 1 and Methods). These relatively short pulsation 
periods are—according to the period–luminosity relation17—typical 
of the blue (hot) edge of the V777 Her instability strip, as confirmed 

by our spectroscopic determination of the atmospheric parameters 
Teff (effective temperature; 29,360 ±  780 K) and log(g) (7.89 ±  0.05)  
(see Methods and Extended Data Fig. 1).

The seismic analysis performed here relies on a forward-modelling 
technique using parameterized static stellar models, which is indepen-
dent of stellar-evolution calculations. This independence is crucial for 
providing an objective determination of the chemical stratification in 
the core of white-dwarf stars. Our analysis differs fundamentally from 
several previous attempts to provide asteroseismic constraints on such 
stars that rely on evolutionary models19 and therefore carry with them 
the many uncertainties of such models. Here, we take advantage of our 
most recent developments in the definition of parameterized white-
dwarf models for asteroseismology9,10. This method allows a flexible 
and exhaustive exploration of the structural configuration (core and 
envelope) of white dwarfs that outperforms all comparable approaches 
that have been attempted in the past. A historical and critical review of 
all of these developments has been presented recently9. In particular, 
none of these attempts has succeeded in reproducing accurately the 
observed periods and in securely extracting an independent measure 
of the core stratification. In a nutshell (see Methods for more details and 
Extended Data Fig. 2), we use a shape-optimization technique based 
on Akima splines to produce smooth, adjustable oxygen profiles in the 
core. This profile is optimized simultaneously with other parameters 
that define the star’s full hydrostatic structure and the chemical strati-
fication in its envelope. With this technique, we can ultimately recover, 
along with global parameters, the optimal model chemical stratification 
for the main constituents (here carbon, oxygen and helium) that is 
best able to reproduce the seismic observables, as hare-and-hounds 
experiments have demonstrated10.

When applied to KIC08626021, the seismic solution is uniquely 
determined around a well defined minimum of the  fitted merit 
function in parameter space (see Methods, Extended Data  
Figs 3 and 4, and Extended Data Table 2). The optimal model is 
found to have Teff = 29,968 ±  200 K and log(g) = 7.917 ±  0.009, which 
match perfectly the independent measurements obtained from spec-
troscopy (within 0.8σ for the effective temperature and 0.5σ for the 
surface gravity). Other seismic inferences are provided in Table 1.  
The seismic values given in that table are derived from the optimal 
model solution, and the associated errors represent internal errors of 
the fit corrected with an estimation of external errors due to known 
potential systematics. These errors are evaluated from the likelihood 
function covering the full parameter space that is sampled during the 
optimization procedure20 (Methods).

We find that the seismic fit perfectly reproduces the measured 
 frequencies—that is, the seismic fit is well within the precision of the 
observations estimated at Δ ν=  0.6 nHz (or equivalently at Δ P =  38 μ s  
for the period measurements) for this dataset (Extended Data Table 1).  
Note that, with nearly two years of Kepler data, the precision of the 
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measured frequencies is extremely high. Consequently, this new 
 seismic solution outperforms, by orders of magnitude, any former 
analysis, including the most recent result obtained for the same star, 
which could match the frequencies only to an average precision of  
Δ ν =  7.8 μ Hz (ref. 21; see Fig. 1). This major improvement in the 
global precision of the fit allows for a precise derivation of the internal 
 stratification. The distribution of the oxygen mass fraction in the core 
of the star—which has remained mostly unconstrained thus far—can 
now be unambiguously derived, along with profiles for the other main 
chemical species (Fig. 2 and Extended Data Fig. 5).

We find that the central abundance of oxygen rises up to 86.2% 
(± 4%), that is, 15% more than is predicted from evolutionary 
 calculations2. The extent of the homogeneous central part of the core 
is nearly doubled, reaching a fractional mass depth of log(q) ≈  − 0.7  
(or 0.45 solar masses, M), instead of log(q) ≈  − 0.35 (0.32M). 
According to standard evolutionary calculations, this homogeneous 
region derives from the former convective, helium-burning core, which 
is possibly enlarged by a non-negligible region (up to 25% in mass) 
that is composed of the ashes of a rather thick, helium-burning shell 
across a predicted partially mixed zone (the former semi-convective 
layers), and is ultimately fully homogenized owing to Rayleigh–Taylor 
 instabilities22. Recently, however, models that match the average 
 spacing of pulsation periods observed in core-helium-burning red-
clump stars have favoured a treatment of the core boundary that is 
enlarged by substantial overshoot (the so-called maximal overshoot 
model); these models do not produce a partial mixing zone (there is 
no semi-convection)23. In that situation, the oxygen plateau in the 
white-dwarf core may entirely be associated with the final extent of the 
fully mixed helium-burning core. This suggests that the extent of the  
progenitor convective core during the core-helium-burning phase 
should have encompassed masses of between 0.34M and 0.45M—
larger by a factor of between 1.1 (in the case of the maximal semi- 
convection zone predicted) and 1.4 (in the absence of a semi- convection 
zone). Interestingly, similar trends involving a large convective 
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Figure 1 | Segments of the Lomb–Scargle periodogram for 
KIC08626021. This periodogram shows the pulsation amplitude  
(as a percentage) of the star’s mean brightness versus frequency around 
detected signals (in μ Hz), superimposed with the matched theoretical 
frequencies obtained from our optimal seismic model (red; eight gravity 
modes) and the latest published results for this star21 (blue; seven modes). 
Our asteroseismic modelling solution is able to reproduce the eight 

main observed pulsation periods in KIC08626021 at the precision of the 
observations (see Extended Data Table 1). That solution provides the 
mode identification shown here in terms of the degree index l and radial 
order k. The other statistically significant peaks are part of frequency 
multiplets best explained in terms of rotational splitting (see Methods and 
Extended Data Fig. 6).

Table 1 | Derived properties of KIC08626021
Quantity Estimated value

log[g (cm s−2)] 7.92 ±  0.01
Teff (K) 29,968 ±  198
X(He)env 0.18 ±  0.04
log(q1) − 7.63 ±  0.2
log(q2) − 3.23 ±  0.1
X(O)centre 0.86 ±  0.04
log(q3) − 0.72 ±  0.03
M(He)/M* 0.0113% ±  0.006%
M(C)/M* 21.96% ±  4.2%
M(O)/M* 78.03% ±  4.2%
M*/M 0.570 ±  0.005
R*/R 0.0138 ±  0.0001
L*/L 0.137 ±  0.005
Mr

* 10.28 ±  0.03
d (pc)† 422 ±  45
Prot (h) 46.3 ±  2.5
Veq (km s−1) 0.36 ±  0.02
J (kg m2 s−1)‡ (6.59 ±  0.38) ×  1038

J/J 1/291
dP/dt197 (s s−1)¶ 14.4 ×  10−14 or 2.8 ×  10−14

dP/dt232 (s s−1)¶ 15.1 ×  10−14 or 2.8 ×  10−14

dP/dt271 (s s−1)¶ 15.5 ×  10−14 or 3.0 ×  10−14

tcool (yr) (8.43 ±  0.05) ×  106

Along with primary quantities coming directly from our seismic analysis, several secondary 
properties are also derived as explained in Methods. X(He), mass fraction of helium; log(q1), 
the fractional mass depth where the local value of the He mass fraction equals (1 +  X(He)env)/2 
(where X(He)env is the mass fraction of He in the mixed zone of the star’s envelope); log(q2), 
the depth at which that mass fraction equals X(He)env/2; M(He), M(C) and M(O), mass of 
helium, carbon and oxygen, respectively; M*, R* and L*, mass, radius and luminosity of the star, 
correspondingly; Mr, absolute magnitude in the r-band; d, distance to Earth (in parsecs); Prot, 
rotation period; Veq, equatorial velocity; J, total angular momentum; dP/dtx, rate of period change 
of the mode with period x (in units of seconds per second), with (first number) or without (second 
number) neutrino emission; tcool, cooling time of the star. 
*Based on a model atmosphere with the seismic values of log(g), Teff and M*, coupled to the 
 uncertain value of the Sloan Digital Sky Survey magnitude r =  18.40 ±  0.20 for KIC08626021.
†Assuming no reddening. 
‡Assuming solid-body rotation throughout the star. 
¶With and without neutrino cooling.
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core were disclosed in a study of pulsating hot B subdwarf (sdB)  
stars24–26, in  particular because in these cases the probed cores may 
not yet have reached their maximal extent. These results will allow 
researchers to exclude mixing schemes that cannot produce enough 
oxygen or extended cores, and guide a better understanding of  
mixing processes.

The behaviour of the two outward descents in the oxygen mass strati-
fication that bear the imprint of helium-shell-burning processes from 
earlier stages of evolution does not differ notably from the predictions 
of standard evolutionary calculations. The total oxygen content of the 
white-dwarf core reaches 78.0%±  4.2%, much higher than the expected 
value of around 64% for a standard evolutionary white-dwarf model of 
the same mass2. Remarkably, we note the absence in our solution of a 
triple transition in which carbon, oxygen and helium coexist—a feature 
usually expected from evolution calculations. Although puzzling at first 
sight, this issue could be explored in relation to the number of thermal 
pulses that occur to erode the bottom of the helium envelope during 
post-AGB evolution3, particularly given that KIC08626021’s envelope 
is found to be quite thin. Finally, our finding of a double-layered helium 
envelope fits with the presently accepted scenario involving ongoing  
settling of helium after the late thermal pulse that produced this DB white 
dwarf. Overall, these new seismic constraints offer opportunities for 
testing stellar-evolution models and their constitutive physics (particu-
larly processes that include convection, overshooting, semi-convection,  
and nuclear physics). The next step will be to explore late stages of 
stellar evolution, with the goal of reproducing the seismically derived 
chemical stratification of the white-dwarf core.

The chemical profile derived here from asteroseismology, applied 
to computations of white-dwarf cooling ages, leads to an estimate 
of (8.43 ±  0.05) ×  106 yr for the cooling age of KIC08626021, inde-
pendently of its pre-white-dwarf history. By comparison, uncertainties 
in the rates of nuclear reactions in the pre-white-dwarf phases alone 
lead to an uncertainty on that age that is ten times larger5 than the 
uncertainty calculated above. Hence, the asteroseismological approach 
described here provides a powerful calibration of the internal compo-
sition profile of white dwarfs, with direct benefit to cosmochronology.

Finally, the total carbon/oxygen ratio found here for KIC08626021—
which is lower than expected—has implications for studies of type Ia 
supernovae27. A smaller carbon/oxygen ratio leads to less 56Ni being 
produced during the supernova explosion. This has a direct impact on 
the light curve of a type Ia supernova (which is powered by the decay 

of 56Ni), with repercussions for cosmology, where these supernovae are 
widely used as standard candles and probes—notably for determining 
the cosmological equation of state.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Derived chemical stratification. The graph shows the 
distribution of oxygen (in red), carbon (in grey) and helium (in blue) 
obtained from the optimal seismic model. The estimated 1σ errors (shaded 
areas around each curve) are derived from the probability distributions 
calculated during the optimization process (Methods).The x axis shows the 
fractional mass depth (with log(q) =  0 corresponding to the centre  
of the star). The total mass fractions for each element are indicated at the 
bottom right.
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METhODs
Our method revolves around minimizing a merit function defined by the sum 
of the squared differences between theoretical and observed periods, in order to 
isolate an optimal self-consistent seismic model that best reproduces the oscil-
lation properties of the star under consideration20. The method and tools used 
here are essentially the same as those used in the recent successful test20 in the 
case of the pulsating ZZ Ceti stars GD 165 and Ross 548, except that we include 
the detailed parameterization of the chemical composition profile in the star’s 
core9. The method is inspired by work on pulsating hot subdwarf stars28, which 
has been developed further over the years29–31. Most recently, a discussion of our 
continuing quest for an objective approach to quantitative asteroseismology has 
been presented with application to white-dwarf stars in particular10,32. The forward 
approach used here consists of comparing the pulsation periods of large numbers 
of theoretical stellar models—defined by N free parameters—to the observed 
periods of the pulsating star of interest. By optimizing this process, it is possible 
to infer the structural parameters of the appropriate stellar model via the best fit 
to the observed period spectrum. Given that we have no preconceived idea of the 
mode identification (except for the fact that the observed periods are likely to 
have a degree index, l, of 1 or 2, in keeping with what is known about identified 
gravity modes in white dwarfs), the optimization process has to be twofold. The 
technique thus relies on a double-optimization scheme that, first, best matches 
the observed periods with the periods calculated from a theoretical spherical 
stellar model, using a χ2-type formalism viewed as a combinatorial optimization 
problem. The first optimization therefore consists of finding the combination (or 
mode identification) that leads to the best possible simultaneous match of all the 
observed periods for that given model. It is based on a stochastic method using 
an evolutionary approach to optimization problems32. The method allows for the 
automatic and objective identification of modes, without any prior knowledge of 
the mode identification and outputs from the best fit, the degree l and the radial 
order k for each mode. The second optimization uses a multimodal optimizer 
based on a massively  parallel hybrid genetic algorithm to find the best-fitting model 
in the N-dimensional parameter space, the quality of the fit being quantified by a 
merit function, S2 (an unweighted χ2):

... = ∑ −
=

S a a a P P( , , ) ( ) (1)N
i

N
i i2

1 2
1

obs
( )

th
( ) 2

obs

where Nobs is the number of observed periods; a1, a2, …, aN are the parameters of 
the model; and each P P,i i

obs
( )

th
( ) is a pair of matched observed–theoretical periods for 

this model. The code used, named LUCY30, performs a complete and exhaustive 
exploration of the entire model parameter space and gives feedback on the unique-
ness (or not) of the solution. Some illustrations of the capabilities of the code and 
further details can be found in ref. 32.
Parameterized models. The evaluation of S2 requires computation of a large 
 number of theoretical stellar models from which we obtain the period spectra. 
This is best achieved through the use of static, parameterized equilibrium models20. 
Note that these are full stellar models (not envelope models), and that, for a cooling 
white dwarf, the well calibrated relation L(r) ∝  M(r) ensures a good description 
of the luminosity profile. To define a full, static V777 Her white-dwarf model, it is 
necessary to specify the surface gravity (or the mass via the mass–radius  relation; 
we prefer to use the surface gravity because it allows direct comparison with 
atmospheric parameters derived from spectroscopy), the effective temperature, 
the  envelope layering, the core composition and the convective efficiency. In the 
case of low-order, short-period g-modes such as those observed in KIC08626021, 
the periods are quite insensitive to the precise choice of the latter parameter (see, 
for example, figure 42 in ref. 17), so we fixed it to the ‘flavour’ ML2/α =  1.25, as 
calibrated through DB spectroscopy33.

For a DB star, the envelope layering must be defined by a minimum of five 
parameters. This is illustrated in Extended Data Fig. 2, which shows the gen-
eral shape to be expected for the helium profile in such a star. The envelope is 
characterized by two zones: first, an upper pure-helium layer with a thickness 
specified by log(q1), produced by the gravitational settling of carbon and oxy-
gen in earlier evolutionary phases; and second, a lower mixed zone with a base 
located at log(q2) and in which separation between helium, carbon and oxygen 
still goes on. The quantity X(He)env indicates the helium mass fraction in the 
mixed zone and represents the atmospheric helium content in the presumed 
PG 1159 ancestor. These quantities are related in such a way that log(q1) corre-
sponds to the fractional mass depth at which the local value of the helium mass  
fraction is equal to (1+ X(He)env)/2, while log(q2) corresponds to the depth where  
that mass fraction is equal to X(He)env/2. In addition to these three parameters, 
the stratification of helium in the envelope of a DB white dwarf must also be 
characterized by the actual shape of the profile in the composition transition 
zone between the pure-helium outermost layer and the flat portion of the curve 

in the mixed zone, as well as the shape of the corresponding transition profile 
between the mixed zone and the core, where X(He) goes to zero.

To handle this problem, we first compute, for each transition zone, the actual 
profile obtained from the strict condition of diffusive equilibrium between  ordinary 
diffusion and gravitational settling (we neglect the contribution of  thermal diffusion 
here), which depends on the local conditions of density,  temperature, and average 
charge of each ionic species of interest. Recognizing next that diffusive equilibrium 
cannot have been reached over the cooling lifetimes of DB white dwarfs, especially 
in the deeper regions of the star, we introduce a free parameter that acts as a multi-
plicative factor applied to the equilibrium profile. Varying that parameter—named 
P1 for the upper transition zone and P2 for the lower one—leads to a profile that may 
be steeper or shallower than the equilibrium one. The actual functional form used 
in this approach belongs to the so-called family of sigmoid functions. The implicit 
expression governing the chemical profile in such a  transition zone is given by 
equation (1) of ref. 9.The parameters P1 and P2 have no  particular physical meaning 
themselves. To summarize this, the envelope layering in a DB white dwarf model is 
defined by the specification of X(He)env, log(q1), log(q2), P1 and P2.

To describe the complicated chemical stratification expected in the core of 
a  carbon–oxygen white dwarf, we adopt a seven-parameter description9. This 
follows from the realization that g-modes can sometimes be confined in the deep 
core of a cool white dwarf20 (this was the case for Ross 548, but not for GD 165), 
and thus could serve as probes of that core. In ref. 20, it was crudely assumed for 
simplicity that the carbon–oxygen core is homogeneous in composition, so that 
it could be characterized by a single free parameter, the carbon/oxygen ratio. 
Although the chemical composition of the core of a carbon–oxygen white dwarf is 
not expected to be homogeneous according to stellar evolution theory, this simple 
approach at least leads to an estimate of the bulk composition in a case, such as 
that of Ross 548, where there are detected modes with non-negligible amplitudes 
and weight functions extending into the core. The lesson here is that we should 
be prepared a priori to exploit potentially confined modes of this sort.

Figure 1 of ref. 9 illustrates in a schematic way the proposed parameterization 
for the carbon–oxygen core of a typical white dwarf. Strictly speaking, that para-
meterization applies to the cores of hydrogen-atmosphere, or DA, white dwarfs. 
For a DB star, an eighth parameter should be added; that is, the value of Xenv(O) at 
the outer boundary of the core should not be set to zero as is the case for a DA star, 
but to some value, variable from one object to another, that reflects the atmospheric 
oxygen content in the previous PG 1159 evolutionary phase. This atmospheric 
pollution is the direct consequence of the violent mixing event that is associated 
with the born-again scenario at the origin of helium-atmosphere white dwarfs. 
As discussed in detail in ref. 9, eight control points are necessary to fully define 
a two-transition chemical profile in the core of a DB white dwarf. These control 
points correspond to the following parameters: core O, t1, Δ t1, t1(O), t2, Δ t2, 
t2(O) and Xenv(O) (see figure 1 of ref. 9). The flexibility of our parameterization 
allows us to also test different structural configurations during the same process; 
for example, we can obtain and test a single-layered envelope when q1 =  q2, or a 
single-transition chemical profile in the core by only using the subset of core O, t1 
and Δ t1, and by setting t1(O) and t2(O) to 0.

In the end, we carry out our search in parameter space by optimizing a total of 15 
parameters: the surface gravity, the effective temperature, the five quantities defining  
the helium-rich envelope, and the eight parameters characterizing the carbon– 
oxygen core. Once the structure is fully defined, the following step is to evaluate the 
adiabatic pulsation properties of the model—assumed to be purely spherical—using 
an efficient and robust code based on finite-element techniques34,35.
Pulsation properties. To carry out our seismic study, we use a recent thorough 
analysis18 , which has shed new light on the 23 months of Kepler photometric data 
gathered for KIC08626021. In particular, even if the 13 retained frequencies are 
consistent with previous analyses21, interpretation of one of the structures leads to 
an important correction. The structure in the 3,677–3,686 μ Hz range, identified 
previously as a triplet21,36, is actually a doublet, f3 (ref. 18), with an independent 
mode, f7, close by. The seismic modelling is greatly influenced by the addition of 
this eighth low-order frequency, as it must probe a somewhat different part of 
the star than the other modes, thus adding to the total information content avail-
able from the observations and contributing to a more detailed seismic view of 
KIC08626021. The list of extracted periods (frequencies) and their specifications 
are provided in table 1 of ref. 18; we refer the reader to this work for details of the 
extraction process and the frequencies detected. We use the same convention for 
the sake of simplicity.

Our seismic analysis is thus based on the following eight frequencies: f1, f2, 
f3, f4, f5, f6, f7 and f9. There is fine structure around three of these peaks in the 
Fourier domain: f1 and f2 are two clearly identified and nearly symmetric triplets 
in  frequency space, while f3 shows a doublet structure with components separated 
by a spacing comparable to those seen in the triplets. Interpreted as rotational 
splitting, this fine structure corresponds to a rotation timescale of about 42.5 h 
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if the three modes are assumed to be dipole modes and if the asymptotic expres-
sion for the first-order solid-body rotation coefficient, Ckl, is used: that is, Ckl =   
1/(l2 +  l) =  0.5. Out of the remaining four periodicities listed in table 1 of ref. 18, 
 f8 and f10 are linear-combination frequencies of two of the eight basic modes, and 
as such, they are excluded from our analysis. In addition, we do not consider f11 
and f12 because they do not reach the secure threshold of 5.6σ (ref. 18).
The optimal model. The search for best-fitting solutions starts with the largest 
possible parameter space for DBV stars. Constraints on Teff and log(g) rely on 
typical spectroscopic values found for DBV stars, being as inclusive as possible. 
Evolutionary tracks2 influenced the search ranges for the eight parameters defin-
ing the C–O core: core O, t1, Δ t1, t1(O), t2, Δ t2, t2(O) and Xenv(O). We con-
sider all modes of degree l =  1 and l =  2 in the period range from 100 s to 500 s, 
which encompasses the range spanned by the eight main observed modes in 
KIC08626021. Modes with higher degree are excluded, as we expect them to be 
hardly visible owing to cancellation effects of their surface geometry. We thus 
searched parameter space in 15 dimensions in order to best fit eight periods.  
A priori, this seems like an underconstrained problem, but this simplistic point 
of view is in fact incorrect in the context of the present optimization exercise—a 
highly nonlinear problem. This point has been discussed at length9,10.

Keeping this in mind, we singled out a model in parameter space that can match 
the observed periods at an unprecedented level of precision, defined by a merit 
function of S2 =  1.4 ×  10−15. Information on the best-fitting model—including 
details of the period spectrum and mode identification—is presented in Extended 
Data Table 1. This very precise seismic match reaches (for the first time, to our 
knowledge) the actual observational limit. In this case, the observational limit is 
Δ P =  0.000038 s or Δ ν  =  0.00060 μ Hz, based on the two years of Kepler data on 
KIC 08626021—justifying the number of digits given in Extended Data Table 1 
for these quantities.

Extended Data Fig. 3 shows a projection map of the merit function onto the  
Teff–log(g) plane. The merit function is normalized in such a way that the global 
mini mum is equal to one, on a logarithmic scale. As can be seen, the seismic effective 
temperature falls well within the spectroscopic 1σ box. The seismic value of log(g)
is also in excellent agreement with the spectroscopic determination to within 1σ.  
The actual seismically inferred values of Teff and log(g), along with the other defin-
ing parameters for this unique solution, are listed in Extended Data Table 2.

The pure He layer is rather thin with a value of log(q1) =  − 7.63, representing 
the position of the transition between the mixed-composition envelope and the 
pure He layer in the log(q) coordinate. The envelope composed of a mixture of 
oxygen, carbon and helium, with a global mass fraction of 18.1% He, is defined 
by log(q2) =  − 3.23. This leads to a total helium mass fraction (integrated over the 
full model) of log[M(He)/M*] =  − 3.948 or, equivalently, M(He)/M* =  0.0113%. 
Using the global and shape parameters listed in Extended Data Table 2, we report 
our primary results in Table 1 (these results are the top 11 entries in the table and 
include the total mass, which is a direct product of the constitutive physics used 
in our stellar models). From those, one can infer interesting secondary quantities 
such as the radius, the luminosity, the absolute magnitude in the Sloan Digital Sky 
Survey (SDSS) r-band, and an estimate of the distance to KIC08626021. Other 
secondary properties, reported in the lower part of Table 1, can also be inferred 
as discussed below.

An integral part of our approach is the requirement that the neighbourhood of 
the optimal model in parameter space be thoroughly explored in order to assess 
the statistical significance of the solution and to provide estimates of uncertain-
ties on each derived parameter. As an example, Extended Data Fig. 4 shows the 
histograms obtained for the probability distribution of six interesting parameters 
used during the present optimization. The technique used relies on the likelihood 
function calculated from the sampling of the merit function S2 during the search 
for the best-fitting model. This method31 allows us to make more quantitative 
statements on the value of each parameter by statistically estimating that value 
and its associated errors from the seismic fit20. We also incorporate in the error 
budget, at least partially, an evaluation of external errors resulting from potential 
systematics. In a nutshell, all of the histograms show narrow peaks, with the mean 
and median values of the distribution being very close to each other. The derived 
uncertainties are listed in Table 1.
The inferred chemical stratification. Our central result is the unravelling of 
the complex internal chemical stratification of KIC08626021 (see Fig. 2). The 1σ 
uncertainties in Fig. 2 (the shaded areas) are derived from the probability distri-
butions calculated during the optimization process. For completeness, we show, 
in Extended Data Fig. 5, the individual normalized probability distributions for 
oxygen, carbon and helium obtained during this exercise.

We also point out that our ability to probe the core composition is intimately 
associated with the presence of detected modes with amplitudes and weight 
 functions sufficiently important in the core for the pulsation periods to show a 
sensitivity to the local chemical composition and stratification20. Extended Data 

Fig. 6a illustrates that all of the eight modes of interest in our optimal seismic model 
(those identified with the eight observed pulsations) have at least some sensitivity 
to the core structure, as measured by the non-negligible values of their weight 
functions at those depths. Some of the modes, such as those with l =  1, k =  − 3 
and l =  2, k =  − 4 (that is, the confined modes), are particularly good probes of 
the core composition20.

In comparison with the much cooler (Teff ≈  12,000 K) ZZ Ceti stars20 (see figure 6 
of ref. 20 in particular), we find that the capacity of seismic waves to sound the core 
structure of a hot V777 Her pulsator such as KIC08626021 is much higher. This is 
explained by the well known effect of amplitude-mode migration associated with 
increased overall degeneracy in the cooler ZZ Ceti stars, which pushes outwards, 
and away from the core, the non-negligible parts of the weight function (see, for 
example, figure 8 of ref. 17).
Comparison with previous studies. It is also appropriate to compare our 
 seismic results with those obtained in previous (adiabatic) studies dedicated 
to KIC08626021. Following the report of the discovery of five distinct pulsa-
tion modes in this star on the basis of one month of Kepler photometry8, three 
 different groups presented preliminary seismic analyses. The first study37 made use 
of  parameterized evolutionary models computed with the white dwarf evolution 
code (WDEC). Five defining quantities were varied: the effective temperature, 
the total mass, two parameters characterizing the core, and one free parameter 
 describing the envelope. Following this, an independent seismic study38 was carried 
out based on evolutionary models with a full history from the zero-age main- 
sequence (ZAMS). In principle, such models are the most realistic ones available 
and are defined only by the total mass and initial chemical composition.

However, by design, these models show no flexibility in how they treat a star’s 
constitutive physics, and they hide defects, including accumulated numerical noise 
and artefacts (see ref. 20 for the need for parameterized models in white-dwarf 
 seismology). The third investigation39 used an earlier version of the approach we 
use here, with the big difference that there was no detailed core  parameterization. 
The core was assumed to be homogeneous in composition and characterized by 
a single quantity, the carbon-to-oxygen ratio. Specifying the effective tempera-
ture, the surface gravity, and a three-parameter description of the envelope, these 
authors39 searched a six-dimensional parameter space using full, but static models. 
They obtained two solutions, the first assuming that all five modes are dipole 
modes, and the second allowing the possibility that the modes belong to degree 
index l =  1 or 2. Finally, the addition of two newly uncovered frequencies from 
the extended dataset36 motivated another attempt at deciphering KIC08626021 
(ref. 21), again with the use of parameterized evolutionary models computed with 
WDEC. In this case, an additional parameter (making a total of six) was included 
in the search in parameter space, in order to provide a more flexible description of 
the envelope. Two possible solutions were presented21.

As a first step, we contrast the mode identification and the normalized merit 
function of each of the previous studies with our work in Extended Data Table 3. 
The normalized merit function, s2, is defined as the merit function presented in the 
equation above, divided by the number of fitted periods. It allows us to put all seis-
mic studies on KIC08626021 on the same footing for purposes of comparison. Note 
that our work is based on reanalysis of the nearly two years of Kepler data, which 
added an extra frequency18 to the frequency spectrum used by the most recent 
study21. We also note that to fit simultaneously an increased number of observed 
periods is a more demanding challenge, especially when they are low-order modes, 
because they contain extra information about the pulsating star and are sensitive 
to any small change in the modelled structure of the star. The resulting parameter 
space becomes more intricate and complex to resolve.

From Extended Data Table 3, we find it reassuring that the mode identification 
appears to be quite robust. Indeed, except for the case of the mode with a period 
of 376.11 s, all of the different seismic analyses lead to the same values of l and k 
for the observed periods. In the former case, the proposed identification has been 
either l =  1 and k =  8, or l =  2 and k =  15 (which are our derived values). Note 
that the identification of l =  1 and k =  8 for the 376.11 s pulsation in solution 1 
of ref. 39 is ‘artificial’ in the sense that only dipole modes were considered in the 
 period-matching exercise. By letting the five pulsations available free to be l =  1 or 
l =  2 modes, these authors obtained a much improved fit, including the identifi-
cation of l =  2 and k =  15 for the 376.11 s period (their solution 2).

In terms of the quality of the fit, as measured by the normalized merit function, 
Extended Data Table 3 reveals a clear correlation between the method used and the 
results obtained. Considering first the three initial analyses based on the detection 
of five pulsations, we find that, first, the standard method of using detailed evolu-
tionary models38 gives a poor fit to the observed periods (s2 =  3.74); second, a much 
improved fit (s2 =  7.84 ×  10−2) is obtained when using parameterized evolutionary 
models37; and third, a further improved fit (s2 =  2.51 ×  10−5) is obtained when 
using parameterized static models39. We believe that this ‘progression’ is notable in 
that the latter method is the most optimized one for searching parameter space in 
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fine detail. While solution 2 of ref. 39 shows a good fit to the observed periods, the 
computed periods still do not match the precision of the observations. On can con-
clude from this that a complicated object such as KIC08626021 cannot be  modelled 
precisely in terms of six parameters only. By comparison, we have been able to fit 
essentially perfectly (s2 =  1.75 ×  10−16) the eight periods now detected in that star. 
This orders-of-magnitude improvement is the direct result of the flexibility of our 
new parameterization, coupled with an efficient algorithm that finds the optimal 
solution and evaluates finely the shape of the merit function in parameter space.

Extended Data Table 4 lists the main parameters defining the structure of our 
white-dwarf model compared with results from previous studies. Note that log(q1)  
corresponds to MHe, log(q2) corresponds to Menv, and log(q3) is directly linked to 
qfm (refs 21, 37). These two studies make use of the same parameterization, with the 
only difference being that Menv was kept fixed during their first attempted seismic 
analysis. The chemical structure found for the core and envelope38 is kept fixed 
according to their predictions from evolutionary computations, but they give the 
values of these three reference points for comparison purposes.

Inferences of the global parameters Teff and log(g) (mass) are all within 1σ of 
the spectroscopic values, except for a specific analysis38. Reference points from the 
He-envelope layering—log(q1) and log(q2)—are also similar in values. The main 
differences arise from the core definition log(q3) and X(O)central, where our solution 
presents an extended central carbon–oxygen core as well as a higher composition 
in oxygen in this homogeneous part.
Spectroscopic constraints. The first analysis of the time-averaged optical spec-
trum of KIC08626021 revealed the DB nature8 of this relatively faint star at a 
Kepler magnitude, Kp, of 18.46. These authors used a low signal-to-noise ratio 
(S/N) classification spectrum gathered with the intermediate-dispersion spec-
trograph and imaging system (ISIS) on the William Herschel Telescope, com-
bined with spectroscopic model grids40. The mixing-length (ML) prescription 
of ML2/α =  1.25 for DB models33 was adopted. The standard fitting procedure41 
gave Teff =  24,900 ±  750 K and log(g) =  7.91 ±  0.07. Of these two preliminary esti-
mates, that of the effective temperature revealed itself somewhat suspect, given that 
KIC08626021 belongs to the shortest-period pulsators of all of the known V777 
Her stars and, therefore, has to be among the hottest of the class according to the 
well known period–luminosity relation depicted, for example, in figure 25 of ref. 17.  
Hence, the true effective temperature of KIC08626021 has to be much higher than 
the estimate provided8, which is more characteristic of the red edge of the V777 
Her instability strip42. The need for a better optical spectrum of KIC08626021 was 
subsequently emphasized37 because of the apparent conflict between the initial 
spectroscopic estimate of the effective temperature and the seismic model, which 
indicated a value of Teff ≈  29,200 K.

Shortly after the variability of KIC08626021 was reported, we obtained a  better 
spectrum with the help of the Bollers and Chivens Cassegrain spectrograph 
attached to the Steward Observatory’s 2.3-m Bok Telescope on Kitt Peak. Seven 
individual spectra, each with an exposure time of 1,800 s, were gathered on 26 June 
2011 (universal time). We used the 400 mm−1 first-order grating with a 2.5″  slit 
to obtain a spectrum with a typical resolution of about 8.7 Å over the wavelength 
interval 3,620–6,900 Å. The instrument rotator was set before each exposure, in 
order to align the slit within about 2° of the parallactic angle at the midpoint of 
the exposure. Helium–argon comparison spectra were taken immediately after 
the stellar exposure. The spectra were bias-subtracted, flat-fielded, background- 
subtracted, optimally extracted, wavelength-calibrated, and flux-calibrated using 
standard image reduction and analysis facility (IRAF) tasks. They were then 
shifted to the same relative velocity before being combined into a single spectrum 
(although the velocity differences between the seven spectra were unsubstantial). 
The total exposure time was 12,600 s, much larger than the periods of the detected 
pulsations (which all have low amplitudes of less than 1% of the mean brightness of 
the star), thus ensuring that the combined spectrum is representative of the mean 
effective temperature and surface gravity. The combined spectrum has a mean 
value for S/N of around 50, which is excellent for a faint star such as KIC08626021.

Two of us presented a preliminary analysis of that time-averaged spectrum39. 
More recently, using the same technique12, we repeated the spectroscopic  analysis. 
Our updated fit is presented in Extended Data Fig. 1. The fit to the available lines is 
quite good, and leads to the following atmospheric parameters: Teff =  29,360 ±  780 K, 
log(g) =  7.89 ±  0.05, and log(H/He) =  − 3.0 ±  0.1. Interestingly, we detect a 
small trace of hydrogen, making KIC08626021 one of the hottest known DBA 
white dwarfs. At the same time, and more importantly in this context, our 
revised estimate of the effective temperature also makes KIC08626021 the  
second hottest of the known V777 Her pulsators (as it should be on the basis 
of its short observed periods). Pulsation was confirmed43 for the known DB 
star PG 0112+ 104, from the K2 dataset, making it the hottest known V777 Her 
 pulsator, with a most recent estimate of Teff =  31,040 ± 1,060 K (ref. 12). In our 
seismic analysis, the spectroscopic estimates of Teff and log(g) are used as impor-
tant independent  constraints. Any seismic model to be found must be compatible 

with these  constraints in order to be credible. We note in this context that our 
spectroscopic analysis is perfectly compatible with an independent study carried 
out44 on the basis of Cosmic Origins Spectrograph (COS)/Hubble Space Telescope 
(HST) spectroscopy and of SPY optical data. These authors infer the values of 
Teff =  30,000 ±  1,000 K and log(g) =  7.89 ±  0.15 for KIC08626021, solidifying the 
spectroscopic constraints used here.
Internal rotation profile. Given a seismic model, it is possible to exploit the 
fine structure uncovered by Kepler in three of the eight main modes detected in 
KIC08626021 (ref. 18). Interpreted as rotational splitting, the triplet structures 
seen in the l =  1, k =  − 3 (197.1 s) and in the l =  1, k =  − 4 (232.0 s) pulsations, as 
well as the doublet seen in the l =  1, k =  − 5 (271.6 s) pulsation, can be used to 
infer the internal rotation profile of KIC08626021, or part of it. This is different 
from the usual approach (as used above) for estimating a rotation timescale only 
on the basis of the detected spacings within frequency multiplets. In that case, 
there is no information whatsoever on the location at which the rotation timescale 
originates. Instead, it is possible to probe the actual rotation profile as a function 
of depth20,30,45.

The rotation kernels associated with each of these three frequency multiplets 
were computed on the basis of our optimal model and our mode identification. 
These functions play a similar role to the weight functions encountered above, 
except that they indicate the regions inside a model at which the local rotation 
law can be probed (or not). In the present case, we find that the outer 70% or so 
of the radius can be sounded for rotation. This corresponds to the outer roughly 
81% of the mass of the star. Our results are summarized in Extended Data Fig. 6b. 
We find that the available multiplet data are compatible with the proposition that 
KIC08626021 rotates rigidly over its outer 70% or so in radius with a period of 
Prot =  46.34 ±  2.54 h. Given the available limited rotation data, we cannot exclude 
the possibility of some mild differential rotation about that value, but the most 
important result is that the star rotates globally (over at least 81% of its mass) very 
slowly by stellar standards. This adds to mounting evidence46 that isolated white 
dwarfs have lost most of their initial angular momentum.

We can combine the value of the rotation period, Prot, with our seismic estimate 
of the radius, R*, of KIC08626021 to derive its equatorial velocity, Veq, as follows: 
Veq =  2π R*/Prot. Likewise, assuming that the star rotates rigidly over its full extent, 
from centre to surface, we can obtain a value for its total angular momentum, J, 
which is some 291 times smaller than the total angular momentum of the Sun  
(a future white dwarf). We report these data in Table 1. In terms of energy, these 
data correspond to a ratio of the total rotation energy of KIC08626021 to its  internal 
energy of Erot/Eth =  8.11 ×  10−8, which is another way of demonstrating that rotation 
plays a negligible role in the further evolution and structure of this star.
Further observables. The potential of a hot V777 Her star such as KIC08626021 to 
serve as a benchmark for measuring plasmon neutrino emission is well known47. 
Long-term efforts and stable pulsation frequencies are required in order to measure 
reliable values for the rates of period changes, dP/dt, associated with the secular 
evolution (cooling) of the star. Although the task appears difficult for KIC08626021 
owing to its faintness (Kp =  18.46), we nevertheless decided to provide estimates 
of rates of period changes for the three highest-amplitude modes observed in that 
star. These may be useful in the future.

We thus computed two evolutionary sequences incorporating the detailed 
chemical profile inferred from our seismic analysis, one with neutrino losses 
included (as in a standard calculation) and the other without. The rates of period 
changes were computed directly from each of these sequences (Table 1). For each 
of the three retained modes (identified by their periods), we list the expected value 
of dP/dt with or without neutrino losses.
Excitation of the pulsation modes. It is obviously important to verify whether the 
pulsation modes of interest identified in the optimal model are indeed predicted to 
be excited through detailed stability calculations. For this, we use the Liège non- 
adiabatic code MAD48, which takes properly into account the perturbations of the 
convective flux49. As it is, with the optimal model obtained with the same convec-
tive efficiency of ML2/α =  1.25 as used in the spectroscopic analyses of DB/DBA  
white dwarfs, we find no unstable modes. That is, the optimal model is located above 
the ML2/α =  1.25 blue edge for dipole modes in the Teff–log(g) diagram.

This situation is entirely analogous to the case of the cooler ZZ Ceti stars, for 
which it was found necessary to use a higher convective efficiency50 in the pulsation 
models (the ML2/α =  1.0 version) than that calibrated and used in the spectro-
scopic analyses (ML2/α =  0.6) in order to best match the theoretical instability strip 
with the empirical (spectroscopic) one. The explanation is that the ‘equivalent ML 
convective efficiency’ increases with depth in white dwarfs, from the atmosphere 
down to the bottom of the convection zone, as demonstrated by detailed three- 
dimensional hydrodynamic calculations and recent calibration efforts51.

In the same way as for the ZZ Ceti stars50, we examined the stability properties 
of models in all points similar to the optimal seismic model, but with an increased 
convective efficiency compared with the one used in the spectroscopic analyses. 
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Specifically, we considered ML2/α =  1.5 and ML2/α =  1.6. This is discussed above, 
but we recall here that the pulsation periods are quite insensitive to the choice of 
the convective efficiency in our models, while the driving and excitation of modes 
depend quite sensitively on the location of the base of the effective convection 
zone, a quantity that depends intimately on the choice of the convective efficiency.

Some of our results are presented in Extended Data Fig. 6c, which illustrates the 
ranges of detected periods in relation to the bands of predicted unstable modes. 
In particular, we find that a convective efficiency with the ML2/α =  1.6 flavour is 
required to drive all of the eight observed modes in our model of KIC08626021. 
Additional calculations indicate that, for that particular efficiency (and for a total 
mass of 0.570M), the blue edge of the V777 Her instability strip is located near 
Teff ≈  31,190 K for the dipole modes, and around Teff ≈  32,090 K for the quadrupole 
modes. This is probably sufficient also to account qualitatively for the presence of 
pulsations in the hottest known V777 Her pulsator, PG 0112+ 104 (ref. 43).

In short, and in retrospect, our extensive search for an optimal model in 
 parameter space should have been done with a convective efficiency of, for 
example, ML2/α =  1.6, to ensure a better consistency between adiabatic and 
non- adiabatic properties. However, for the reasons given above (mostly the 
insensitivity of the pulsation periods to the convective efficiency), we do not 
expect that the inferred chemical stratification would be much different to what 
we obtained should a new search be carried out. To be more precise, because this 
source of  systematics has been considered in our evaluation of the error budget, 
any potential shift in the seismic solution is most likely within the conservative 
error estimates provided here.
Systematics. The procedure9,20 introduced to evaluate uncertainties represents, 
by definition, internal errors of the fit propagated to the derived parameters. 
Here, these internal errors are in fact very small, owing to the very high preci-
sion achieved in measuring the pulsation periods by the Kepler spacecraft and in 
matching the periods at this precision with a model. However, the internal chemical 
profile and global parameters inferred here do depend specifically on the particular 
components of the constitutive physics that went into our model building—an 
additional source of uncertainty that we call systematics or external errors. That 
is, the results must be sensitive to, for example, our choice of radiative opacity, 
conductive opacity, and equations of state for the fully ionized interior as well as the 
partially ionized non-ideal envelope. For example, had we used the Opacity Project 
(OP) radiative opacities instead of the OPAL data in our model codes, the inferred 
chemical profile would necessarily have been different. It is difficult to assess by 
how much, although we would expect only relatively small differences because 
the two sets of opacities have proven very similar, especially for the light elements 
such as hydrogen, helium, carbon and oxygen. To be more quantitative at this point 
would require a major computational effort (we would need to carry out many 
further full searches in parameter space, which is not feasible); such an effort will 
have to wait for the future, if deemed necessary. But other sources of systematics  
can be investigated in a more practical way and we discuss some of them below.

A more realistic core composition for a white dwarf should include a trace of 
neon-22, which is expected to be the most abundant of the minor species that 
must be present. Our approach to describing both the core and the envelope of 
a white dwarf has been limited to four elements—hydrogen, helium, carbon and 
oxygen—for which we have detailed, state-of-the art tabular data covering the full 
density–temperature range of interest for the equation of state (liquid and solid 
phases), radiative opacity, and conductive opacity. These are the elements that 
leave a dominant seismic signature on the run of the Brunt–Väisälä (BV) frequency 
(because we are dealing with gravity modes), and, therefore, their abundances are 
the most easily measured through seismic analysis. In this context, we find that 
the presence of neon-22, in trace form, has no direct imprint on the BV frequency 
profile. Indeed, an examination of the neon-22 profile in figure 9 of ref. 52 indicates 
an essentially flat distribution, with a mass abundance of X(22Ne) =  0.02 from the 
centre outwards to a log(q) of around −5 for their representative 0.5885M model 
of a white dwarf. Figure 5 of ref. 5 shows a similar result for their 0.64M model of a 
carbon–oxygen white dwarf calculated with the Modules for Experiments in Stellar 
Astrophysics (MESA) code. The profile of neon-22 being flat, its chemical signature 
on the BV frequency is limited only by the absolute value of that frequency, not by 
a composition ‘spike’ that would constitute a telltale sign of its presence. Given the 
small absolute abundance of neon-22, its presence will probably remain undetect-
able through seismic means.

Nonetheless, the (probable) presence of neon-22 must affect the pulsation 
periods, but the effect is certainly small a priori. It resides in the difference in 
constitutive physics between a dominant element, say oxygen, and the isotope 
neon-22. This difference can be seen as a correction to a correction, given the small 
abundance of that element to start with. We expect that neon-22’s largest effect is 
to cause a difference in the equation of state, through the effects of Coulomb inter-
actions between the ions. The addition of a trace of neon-22 in a model ‘softens’ 
the equation of state; that is, for a given mass the radius will be slightly smaller. 

This implies that the pulsation periods will systematically decrease by some small 
amount because the average density is slightly boosted.

The other effect comes from the conductive opacity (the radiative opacity of 
neon-22 is not important here, because neon-22 is present only in the degenerate 
core, where electron conduction dominates the energy-transfer process). Because 
of the larger average charge carried by neon-22 ions compared with, say, oxygen 
ions, we expect a slight increase in the global conductive opacity. This leads to a 
very small increase in the temperature, which reduces the pulsation periods of 
gravity modes in white dwarfs. This second phenomenon, a thermal effect, goes 
in the same direction—that is, a decrease in the pulsation periods—but it is less 
important than the first phenomenon, a mechanical effect. With some effort, we 
have been able to put these considerations on a firm quantitative basis. First, we 
computed an appropriate sophisticated equation of state for neon-22 that applies 
to the cores of white dwarfs, using a code developed at Université de Montréal53. To 
our knowledge, this is the first detailed equation of state computed for an isotope 
such as neon-22. Next, we used the old conductive opacity code54 to estimate the 
differences in conductive opacity between neon-22 and a reference element, which 
we take as oxygen. We note that we do not use the old Hubbard–Lampe conductive 
opacities in our model-building code. Instead, we use the latest upgrades55 for 
hydrogen, helium, carbon and oxygen. Because a Potekhin version of the conduc-
tive opacity of neon-22 is not readily available, we resorted to the Hubbard–Lampe 
code to estimate in a differential sense the conductive opacity of neon-22 with 
respect to that of oxygen. We find that the conductive opacity of neon-22 is some 
1.19 times larger than that of oxygen-16, averaged over the density–temperature 
domain of interest for our models of KIC08626021, that is, 6.8 <  log(T) <  7.9, and 
2.0 <  log(ρ) <  6.5.

The next step was to build a standard reference model using a simple structure 
for a DB white dwarf: a pure oxygen core surrounded by a pure helium mantle.  
This was computed for a mass and an effective temperature equal to those 
inferred for KIC08626021. We pulsated that structure with our high-precision, 
finite- element adiabatic pulsation code and noted the pulsation periods. Next, 
we computed another similar DB equilibrium structure, except that the pure 
oxygen core was replaced by an oxygen-dominated core with a trace of neon 
(X(22Ne) =  0.02) from the centre outwards to log(q) =  − 5, following predicted 
evolutionary models52.

To do this, we ‘fooled’ our model-building code into ‘thinking’ that oxygen is 
carbon, while neon-22 is oxygen. That is, we replaced all of the constitutive physics 
appropriate for carbon by that of oxygen (equation of state and opacities), while 
we replaced the equation-of-state tabular data for oxygen with our new results for 
neon-22, and multiplied the modern (Potekhin) value of the conductive opacity 
of oxygen by the factor 1.19 described above.

As expected, there is no noticeable difference between the two models. The 
 presence of neon-22 at the abundance used would not be revealed through 
 seismology. However, as indicated above, we do find some tiny systematic differ-
ences in the absolute value of the BV frequency, which lead to slight differences in 
pulsation periods. Using the eight modes identified herein, we find that, on average, 
the pulsation periods are shorter by 0.34 s compared with the average period of 
254.4 s, leading to a 0.1% effect—as expected, quite small. This comparison also 
confirms that most of the decrease in pulsation period is due to the difference in 
the equation of state; this is the main source of systematic errors. Given that a 0.1% 
shift in the periods of the optimal model translates into a S2 value of about 0.12 for 
the period fit, we incorporated this value as a local minimal threshold of the merit 
function to compute the likelihood distribution, so the error estimates now reflect 
the impact of this external factor.

To test our specific choice of the convective efficiency ML2/α =  1.25, we com-
puted a model in all points similar to the optimal one found here, except that 
we adopted a reduced efficiency specified by the flavour ML2/α =  1.0. The most 
important effect of this is to move the base of the outer helium convection zone from 
log(q) =  − 2.506 to log(q) =  −13.222. Although this is important for non-adiabatic  
calculations because the driving engine is located at the base of the convection zone 
in a pulsating white dwarf of the V777 Her type, the pulsation periods are hardly 
affected given that the weight functions for the modes of interest have practically 
negligible amplitudes in these outermost layers. This expectation is explicitly veri-
fied by comparing the periods corresponding to the eight modes of interest in the 
two models. We find that the pulsation periods in the ML2/α =  1.0 model are 
systematically and almost uniformly reduced by 0.0025% compared with those 
of the optimal (ML2/α =  1.25) model. This is in line with the results depicted in 
figure 42 of ref. 17, which shows a small but nevertheless systematic increase in 
the pulsation period of a mode with increasing convective efficiency. We note that 
such small differences are still much larger than the precision of the Kepler data 
used here, meaning that a fully fledged search in parameter space would again be 
needed to fully measure the dependence of the inferred profile. This computed 
error budget is included in the estimate of our systematics.
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Similar considerations can be made when addressing the issue that 
KIC08626021 is not really a pure DB white dwarf, but has an atmosphere that 
contains a small trace of hydrogen (log(H/He) =  − 3.0 ±  0.1), as indicated in our 
analysis of its optical spectrum. A more realistic model of KIC08626021 is that 
of a DBA star that contains that small trace of hydrogen in the outer convection 
zone. As above, we computed an extra model, similar in all points to our opti-
mal model, but containing such a trace. This changes somewhat the structure of 
the convection zone, including a small shift of its base from log(q) = − 12.506 to  
log(q) =  − 12.533. The effects are not negligible as far as the structure of the atmos-
phere itself is concerned. Indeed, because of the atmospheric opacity of hydrogen, 
there are differences between DB and DBA model atmospheres12. But the conse-
quences are again practically negligible as regards the pulsation periods because, 
as pointed out above, the weight functions have practically negligible amplitudes 
in the outer convection zone. Specifically, we find that the pulsation periods in the 
DBA model are systematically and almost uniformly reduced by 0.0010% com-
pared with those of the optimal (DB) model. Incorporating these systematic errors 
as an external source in the computed error budget is done as before.

We also tested the impact of parameters that control how the adiabatic pulsation 
periods are computed, but we found this source of systematics to be much smaller 
than those discussed above. In the same vein, calculations of the non-adiabatic peri-
ods of the optimal model showed that non-adiabatic effects on the periods them-
selves are so small that they are irrelevant as a source of systematics in our results.

In summary, the error estimates that we provide with the derived parameters 
and chemical composition profiles include internal errors of the fit and a con-
servative estimate of the identified, most prominent sources of relevant external 
uncertainties. Of course, further systematics of yet unknown nature cannot be 
ruled out. The best means of identifying them will be to compare the properties of 
the seismic model with independent measurements of the stellar properties. We 
recall that the independent spectroscopic measurements of log(g) and Teff do match 
well with the seismic solution, suggesting that other possible systematic errors are 
likely to be small. Further tests of solution accuracy should become possible when 
the full data from the GAIA global space astrometry project become available.
Code availability. We have opted not to make publicly available the highly  
specialized numerical codes used here because of their complexity.
Data availability. The data that support the findings of this study are available 
from the corresponding author upon request.
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Extended Data Figure 1 | Model fit to the spectrum of KIC08626021 
(catalogued as J1929+4447). The model fit is shown in black, the 
observed spectrum in red. Our estimates indicate that KIC08626021 is the 
second hottest of the known pulsators of the V777 Her type. The quoted 
uncertainties are only the formal errors of the fit.
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Extended Data Figure 2 | Parameterization of the helium profile in the 
envelope of a typical DB white dwarf model. The figure shows the local 
helium mass fraction, X(He), as a function of the fractional mass depth, 
log(q) ≡ log[1− M(r)/M]. Along with the three quantities depicted in the 
plot—log(q1), log(q2) and X(He)env, as defined previously—there are two 
other hidden parameters that are related to the shape of the helium profile 
in the descent centred on log(q1) and in the descent centred on log(q2)  
(see text for details).
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Extended Data Figure 3 | Map of the 15-dimensional merit function 
S2 projected onto the log(g)–Teff plane for models of KIC08626021. 
The merit function is shown on a logarithmic colour scale (base 10).The 
location of the optimal model in this plane is indicated by a white cross. 
The white dotted curves delimit the regions where the merit function has 
values within the 1σ, 2σ and 3σ confidence levels relative to the best-fitting 
solution. The black cross surrounded by the solid black box indicates the 
independent spectroscopic solution and its 1σ uncertainties.
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Extended Data Figure 4 | Results of the statistical analysis carried out 
in parameter space about the optimal seismic model for KIC08626021. 
Only the most interesting parameters are illustrated here. Each histogram 
shows the derived probability-density function for a given model 
parameter. The orange hatched region between the two vertical solid red 
lines defines the ±1σ range, containing 68.3% of the distribution. The 
green curve defines the Gaussian fit applied to the distribution, which 
gives the ±1σ range. The blue vertical dashed line indicates the value of the 

parameter of the optimal model solution. The mean, median and  
mode values are also indicated. The estimate of the parameter of  
interest, indicated in red, is the statistical value (not the optimal one)  
and corresponds to the central value of the ±1σ interval. The various 
panels correspond to the following model parameters: a, effective 
temperature; b, surface gravity; c, central mass fraction of oxygen; d, total 
mass fraction of helium; e, total mass; and f, total radius of the star  
(in logarithmic units).
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Extended Data Figure 5 | Derived probability-distribution functions, 
normalized to 1, for the oxygen, carbon and helium profiles. 
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Extended Data Figure 6 | Various properties of our optimal model.  
a, Normalized weight function plotted against the normalized radius. Each 
individual weight function for the eight gravity modes of interest from 
the optimal model of KIC08626021 is normalized to a maximum value 
of 1.0. The weight function of a mode indicates the layers contributing 
most to the integral, giving the frequency (period) of the mode according 
to a well known variational principle in linear pulsation theory. The 
middle panel illustrates the chemical stratification of the model. All of the 
identified modes are useful probes of the core composition. b, Internal 
rotation profile. Contour map of the two-dimensional merit function that 
optimizes the match between the observed spacings in the three frequency 
multiplets with computed spacings on the basis of our seismic model. 
This is shown in terms of depth (expressed as the normalized radius) and 
in terms of the local rotation period of the inner region in the two-zone 
approach of ref. 45. The best-fitting solution is illustrated by the nearly 
vertical white curve about the solid-body solution (vertical dot-dashed 

white line). The dotted white curves on both sides of the solution depict 
its associated 1σ, 2σ and 3σ uncertainty contours. The fact that these 
contours diverge out at the greater depths considered here indicates that 
the rotationally split gravity modes available here lose their capacity to 
measure the local rotation rate at greater depths (indeed, their rotation 
kernels have negligible amplitudes at such depths). The horizontal white 
dot-dashed lines indicate the layer below which there is 99%, 90% and 10% 
of the mass of the star, from top to bottom. c, Comparison between the 
ranges of detected and excited periods in KIC08626021. The panel shows 
the detected periods (thick lines) with the bands of excited periods (thin 
lines) in two models similar to the optimal seismic model, but computed 
with the higher convective efficiency of ML2/α =  1.5 (above) and 
ML2/α =  1.6 (below). The reduced period is used as the abcissa in order 
to have comparable values for both dipole mode (in red) and quadrupole 
mode (in blue). The radial order k is indicated at both ends of each range.
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Extended Data Table 1 | Mode identification and details of the frequency fit obtained for the optimal solution

logE, kinetic energy of the mode (in logarithmic scale); Ckl, first-order solid-body rotation coefficient.
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Extended Data Table 2 | Defining parameters of the optimal seismic 
model found for KIC08626021

* A secondary parameter is defined by the relation log(q3) =  t1 +  Δ t1/2, representing the extent in 
log(q) of the inner flat portion of the oxygen profile in Fig. 2. The parameter log(q3) is used in the 
comparison with the results of other investigations.
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Extended Data Table 3 | Observed periods, mode identification and normalized merit functions for past seismic studies of KIC08626021 
compared with this work

Previous results from refs 21 and 37–39. 
*Solution 1 of ref. 39.
†Solution 2 of ref. 39.
‡Solution 1 of ref. 21.
¶Solution 2 of ref. 21.
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Extended Data Table 4 | Main inferred parameters from past seismic studies of KIC08626021 in comparison with this work

Previous results from refs 21 and 37–39. 
*Solution 1 of ref. 39.
†Solution 2 of ref. 39.
‡Solution 1 of ref. 21.
¶Solution 2 ofref. 21.
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