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1. White Dwarf Cooling Curves

White dwarf (WD) evolution is essentially a cooling problem in two parts. Degenerate electrons
in the core provide the support while non-degenerate C and O ions provide the thermal reservoir
(Koester & Chanmugam 1990, Kawaler 1996). The rate of energy loss through the non-degenerate
envelope of H and He—segregated by gravitational settling—is meager enough that the vast ma-
jority of WDs have not had time to cool to undetectability in the ~10 Gyr age of the Galactic disk.
Because WDs are a remarkably homogeneous class with a mass function sharply peaked about
0.6Mg, and because the cooling physics is relatively straightforward to calculate, the observed
deficit of WDs below My = 16.5 [log(L/Lg) = —4.5, Teg = 4000 K; see Liebert et al. 1988 (LDM),
Oswalt et al. 1996 (OSWH), and Leggett et al. 1997] provides constraints on the age and star-
formation history of the Galactic disk (Winget et al. 1987 (WEA97), Wood 1992 (W92), Yuan
1992, Hernanz et al. 1994).

The maximum fractional surface layer masses that can remain following post-AGB evolution
are log{qu) ~ —4 and log(gue) ~ —2 (for a 0.6 Mg remnant—the values are inversely correlated
with remnant mass), although we know from WD asteroseismology that surface H layer masses
range from this value to smaller than log gy ~ —6 (e.g., Fontaine & Wesemael 1997). Some 75% of
WDs in the McCook & Sion (1987) catalog reveal pure-H photospheres (spectral type DA). The
remainder are broadly classified as non-DAs, with most showing show pure-He spectra (DB) or
continuous spectra (DC), and with a handful that show mixed compositions (DAB), or C (DQ) or
metal lines (DZ). See Bergeron et al. 1997 for a thorough discusion of the chemical evolution of
cool WDs.

As a hot WD, cooling is dominated by neutrino processes which can “out shine” the photon
luminosity by £ 100 near Teg ~ 10° K (log(L/Lg) ~ 2, again for a 0.6 Mg model), which results
in a core temperature inversion, and which accelerates the cooling (Fig. 1). Neutrinos become
unimportant below log(L/Lg) ~ —1.6 (Teg ~ 20,000 K); at this point, the models are closest to
the Mestel (1952) ideal, with nearly isothermal cores and radiative envelopes. A significant surface
convection zone develops near Teg ~ 10* K which persists from there on, reaching a maximum
fractional depth in mass of log(g.;) = —6 and potentially mixing with the subsurface He layer.
Cool WDs (Teg< 7000 K, log(L/Lg)< — 3.5) undergo a crystallization phase transition of their
C-O interiors. The release of latent heat associated with this first-order phase transition slows
the cooling temporarily, but quantum effects in this phase act to lower the heat capacity and
accelerate cooling. Based on the spindle form of the phase diagram of the C-O binary ionic mixture
(e.g., Segretain et al. 1994, Isern et al. 1997), Hernanz et al. (1994 and references therein), have
suggested that the solidification phase transition should be accompanied by a global redistribution
that effectively moves O inward and C outward, and that acts as an additional energy source
comparable in magnitude to the latent heat released. Detailed evolutionary models incorporating
this process have recently been published by Salaris et al. (1997). The models shown in Fig. 1 include
the latent heat release but phase separation is not implemented. The age-luminosity relation must
be extrapolated below log(L/Lg) ~ —5.5.

427

J. Andersen (ed.), Highlights of Astronomy, Volume 114, 427-429.
(© 1998 JAU. Printed in the Netherlands.

https://doi.org/10.1017/5153929960002164X Published online by Cambridge University Press


mailto:wood@kepler.pss.fit
https://doi.org/10.1017/S153929960002164X

428 MATT A. WOOD

,Ill]!l!l!l(;'ll 7—?
10 j T
] =
3 ~
9 - =2
- 1 =1}
8 3 o
Soo 1 2
ap 3 i
S 7 = 8,
6 = I 1
[N ATRTE RIS e ED %Il!ll]lllllili
0 -2 -4 -8 0 -2 -4 -8
log(L/Ly) log(L/Ly)

Figure 1. Left panel shows cooling curves of C-O core DA models with masses ranging from 0.4 to 1.0 My, as
indicated. Extrapolations are shown as dashed lines. Right panel shows integrated WD LFs from Wood (1995) shown
over the data of LDM (open circles) and OSWH (filled circles). Ages range from 7 to 18 Gyr, as indicated.

2. Searches for White Dwarfs

Most hot WDs have been found through colorimetric surveys searching for faint blue objects [Green
et al. 1986 (PG); Kondo et al. 1984 (Kiso); Demers et al. (1986) Lamontagne et al. 1997 (MCT);
Stobie et al. 1997 (EC); Cristiani et al. 1995 (HBQS)]. Cool WDs are faint and therefore must be
close if they are to be detected. Their photometric colors are similar to K dwarfs and thercfore
the majority of cool WDs have been found through proper motion surveys (e.g., Luyten 1978,
1979 (etc.); Giclas et al. 1971, 1989; Ruiz 1996 and references therein) with extensive spectroscopic
followup work (e.g. Oswalt et al. 1991, 1993). Chuck Claver and collaborators (1998, in preparation)
are using a Mgl and CaH filter to separate WD candidates from the lower MS in a photometric
CCD survey; spectroscopic followup observations are being made using WIYN Hydra. Recently,
WDs have been detected in open and globular clusters with HST (Richer et al. 1995, 1997; Cool
et al. 1996; Renzini et al. 1996).

3. White Dwarfs and the Age of the Galactic Disk

Much of the recent excitement surrounding WDs centers on their use as age indicators for the
Galactic disk (WEA87, W92, OSWH), and the MACHO collaboration result indicating that up to
50% of the mass of the halo may be composed of WDs (Alcock et al. 1993, 1997). Using a sample
of common proper motion binary WDs and updated evolutionary models (Wood 1995), OSWH
find a most likely age of ~9.5 Gyr, where the data of LDM fit with the same models suggest an
age ~2 Gyr younger (see Fig. 1). Monte Carlo simulations (Wood & Oswalt 1998) suggest that
sample-to-sample variations are large, and that inferred ages should be considered lower limits.
The 10 Gyr WD ages compare favorably with the 8-12 Gyr Hubble expansion ages and the recent
12 Gyr globular cluster age estimates (e.g., Chaboyer et al. 1997).

Alcock et al. (1993, 1997) report a significant population of ~0.5 Mg WDs in the galactic halo. In
order for this population to exist in kinematically significant numbers and not have been detected via
other means, it must have been the result of an enormous star formation burst ~15 Gyr ago with an
IMF sharply peaked near Mys ~ 3Mg (Tamanaha et al. 1990, Ryu et al. 1990, Adams & Laughlin
1996, Chabrier et al. 1996). Adopting such an IMF, Fields et al. (1997) modeled schematically
the formation of baryonic galactic halos by following the dynamics, chemical evolution, etc. on a
hierarchy of mass scales, finding a best-fit model that yielded halos that were 40% baryonic and
dominated by WDs. However, Fields et al. only considered the global metallicity Z. Gibson &
Mould (1997) revisited the problem following the individual elemental abundances and found that
all such models overproduce C and N relative to O by a factor of 10 or more. In addition, Kawaler
(1996) notes that up to 12 faint halo WDs should be visible in the Hubble Deep Field, but Flynn
et al. (1996) found no objects with V — I > 1.8. To date, we must conclude that no completely
satisfying explanation of the origin of the MACHO collaboration objects exists.
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