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A completely new kind of variable star has recently been discovered
(McGraw, et. al. 1979). Designated as PG1159-035 (hereafter PG) this
star is distinguished not only by the complete lack of hydrogen in its
spectrum but also by an effective temperature that exceeds 8 x 10™ K
(McGraw, private communication). The photometric data show that this
star is pulsating with two periods - 539 seconds and 460 seconds and
the light curve is very reminiscent of that of a ZZ Ceti variable star
(DA white dwarfs pulsating in non-radial modes). However, its spectral
characteristics show that it cannot be included in this class since
analysis of both optical and IUE spectra show that the major atmos-
pheric constituents are probably helium and carbon and that its surface
gravity is considerably lower than lO8 cm sec “ characteristic of a DA
white dwarf. Its energy distribution suggests a small amount of red-
dening and since it is far out of the plane it must be at a distance at
least 1 kpc. This estimate is supported by a null proper motion over a
13 year baseline (Luyten 1979, private communication to J Liebert).
These data suggest that its luminosity exceeds 102 Lg.- In any case, it
would need a luminosity as large as 10 Lg to fall on or above the white
dwarf cooling curve at Tgo = 8 x 104 K (Lamb and Van Horn 1975). All of
these facts suggest strongly that this star is unique and a new kind of
pulsating variable.

This star does not fall near any of the known regions of instabi-
lity in the HR diagram which suggest that the instability mechanism
will not be helium and hydrogen ionization as in the Cepheid variables.
Therefore, in order to discover the cause of the instability in PG we
have turned to more unusual compositions.

We used PG's approximate position in the HR diagram as a guide and
compared it to an evolutionary track computed by Schonberner (1979).
This track (see Figure 1) was obtained by evolving a 1.0 Mg star
through the phase of helium-shell-flashing and gradually removing mass
from the surface at a rate consistent with a Reimers (1975) formula.
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Figure 1. The mass loss very late evolution of a 1 Mg star according
to Schonberner.

By the time the star has reached its farthest excursion to the blue,
its mass has decreased to Vv '0.6 Mg. Its core is nearly pure carbon and
its envelope contains helium and carbon. Most of the hydrogen has been
ejected. If we assume that PG has undergone such an evolution, then we
can assume a similar mass and composition and construct stellar enve-
lopes to test for instability. Our model is at point E in Figure 1.

A stellar envelope with 400 Lagrangian zones has been constructed
with a mass of 0.6 My, To = 80,000 K, and a surface luminosity of Lg =
5151 Lg. This included 95 percent of the mass and 89 percent of the
radius. About 30 zones were above the photosphere. The surface compo-
sition is half helium and half carbon by mass to a depth of 3 x 10-1
of the mass (175,000 K). Deeper layers are pure carbon. In this car-
bon core there are two thin convection zones, and insignificant one
between 0.24 and 0.41 x 100 K and another where convection carries up
to 30 percent of the total luminosity at that level between 0.55 and
0.81 x 10° K. Opacities and equations of state were obtained from the
Astrophysical Opacity Library of Huebner, et al. (1977).

This model has a variable luminosity to schematically allow for
the cooling of the carbon core along the track of Figure 1. The formula
used is
q9-49
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with q the mass fraction M(r)/M, qg the core mass with luminosity L
and q1 the mass fraction above which the luminosity is the surface
luminosity Lg. In this model for PG qb = 1.9 x 1078, d; = 3 x 1010,
and LO/LS = 0.0126.

This structure of the internal T, p, and opacity variation is
given in Figure 2 where the abscissa is the logarithm of the surface
mass fraction.
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Figure 2. Temperature, opacity, and density structure of the
mode! for PG1159-035. Pulsation driving is in the
outer 1077 of the stellor mass at a fractional
radius of 0.95 of the star.

An analysis was made for pulsational instability using the Los
Alamos version of Castor's (1971) linear nonadiabatic computer program.
The two observed periods are matched with the second (2H) and third
(3H) overtones with the theoretical period ratio being 0.854 compared
to the observed 0.853. The_eigenvalues give kinetic energy growth rates
of 1.3 x 1073 and 1.9 x 10 per period for these two modes. The lower
modes seem less unstable by a factor of 10 for 1H and a factor of 100
for the fundamental mode. The next higher overtone (4H) has about the
same growth rate as 3H, but 5H is down by a factor of 10 and 6H is
stable. Our model predicts a possible period at 405 seconds. Another
possibility is that the two modes seen are 3H and 4H and that the sur-
face luminosity and its internal variation need further adjustment.

Figure 3 gives the radial eigenfunctions for the second and third
overtones. They are similar to those shown for even higher overtones
in the case of radial modes of cool white dwarfs (Cox, Hodson, and
Starrfield 1979; Starrfield, Cox, and Hodson 1979). In this present
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case, however, there is a low upper limit to the unstable overtones.
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Figure 3. Radial pulsation eigenvectors for the two modes
of the model which have the observed periods.

The work done per zone to drive this pulsation is given for the
two modes in Figure 4. The peak at zones 251 and 252 (for the second
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Figure 4. Work per zone to cause puisation in the model versus
zone number. The third overtone (3H) is reduced by
a factor of 10. The peak carbon ionization driving
at zone 251-252 is at a surface mass of 3 x 107
ond a radius fraction of x = 0.95.
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and third overtones) is at a temperature of 0.46 x 100 K, just where
the luminosity reaches its low core value, Lg. This is at a surface
mass fraction of 3 x 1073 and a radius fraction of 0.95. The deeper
driving and damping spikes are due to small changes in derivatives at,
respectively, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, and 1.1 x 10® K where there
are material property table entries. They give no appreciable contribu-
tion to instability. The deeper damping is suppressed in this model
because there is very little luminosity in the cooling carbon core.

The cause of this instability can be seen by examining the plot of
carbon opacity versus temperature given in Figure 5. There is a "bump"
in the opacity between temperatures 105 and 10° K and all densities.
Our calculated stellar envelope plotted here passes directly through
this region and, therefore, suffers a large change in the opacity and
equation of state derivatives at this point. It is commonly assumed
that irregularities in the opacity curves indicate a region where driv-
ing can occur. In fact, such an irregularity in the opacity is usually
associated with the partial ionization region of some element and in
this case it is the ionization of the last two electrons (1s2) of car-
bon. This implies that we have discovered a completely new excitation
mechanism for pulsation in stellar envelopes - carbon ionization.

If the carbon is mixed with helium or oxygen the bumps are smooth-
ed and the driving is reduced. We have not considered how much dilution
of the carbon is permissible, however.
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Figure 5. Opacity for carbon versus temperaoture for various
densities. The model structure is 9|vcn by the line
which ranges In density from 3x10”’ to 7x102 g/t:ms
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Additional models have been studied along a line of constant per-
iod. We seem to find instability for the second and lower overtones at
100,000 K and for only the fundamental at 110,000 K. Cooler tempera-
tures have not been investigated yet because PG is not cooler than
80,000 K. Further studies of the radial pulsation for PG should await
a better calculation of the internal luminosity structure. It may in-
deed happen that as the effective temperature continues to get hotter
as in Figure 1 and the periods get shorter, the qp gets so deep that
radiative damping stabilizes all modes.

We acknowledge useful discussions with John McGraw, Walter Huebner,
and Hugh Van Horn. S. G. Starrfield is grateful to P. A Carruthers
and A. N. Cox for the hospitality of the Los Alamos Scientific Labora-
tory and a generous allotment of computer time.

REFERENCES

Castor, J. I. 1971, Ap. J. 166, p. 109.

Cox, A. N., Hodson, S. W., and Starrfield, S. G. 1979, Lecture Notes in
Physics 125, Nonradial and Nonlinear Stellar Pulsation, eds. H. A.
Hill and W. A. Dziembowski, p. 458.

Huebner, W. F.,, Merts, A. L., Magee, N. H., and Argo, M. F. 1977,

Los Alamos Report LA-6760-M.

Lamb, D. Q. and Van Horn, H. M. 1975, Ap. J. 200, p. 306.

McGraw, J. T., Starrfield, S. G., Liebert, J., and Green, R. 1979,
Proc. TAU Colloq. 53, White Dwarfs and Variable Degenerate Stars,
eds., H. M. Van Horn and V. Weidemann, p. 377

Reimers, D. 1975, Problems in Stellar Atmospheres and Envelopes, eds.
B. Baschek, W. H. Kegel, G. Traving, Berlin, p. 229.

Schonberner, D. 1979, Astron. Astrophys. 79, p. 108.

Starrfield, S. G., Cox, A. N., and Hodson, S. W. 1979, Proc. IAU Collog.
53, White Dwarfs and Variable Degenerate Stars, eds. H. M. Van Horn
and V. Weidemann, p. 382.

https://doi.org/10.1017/50252921100082142 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100082142



