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The ultimate fate of a star is one of
three choices: a C/O WD, an ONe

WD, or a supernova.
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Our goal: To determine empirically the highest
progenitor masses of white dwarfs.

These masses are just estimates for illustration.  Between 6Mo and 10Mo,
there are as many stars as >10Mo, which means a factor of two uncertainty in
supernova rates!

From optical observations, we cannot tell the difference between a carbon-
oxygen core white dwarf (left) or an oxygen-neon core white dwarf (right).
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The progenitor masses of white
dwarfs in stellar systems of a

known age can be determined.

Messier 35
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Find a white dwarf

Determine its mass and
cooling age

Subtract its cooling age
from the cluster age

Use models to get
progenitor mass







White dwarfs in star clusters are perhaps the best targets for empirical
determinations of the upper mass limit of white dwarf progenitors because we
can determine its progenitor mass.

White dwarf cooling models are probably reasonably accurate for the young
ages we are studying, but the stellar models used to get progenitor masses are
still evolving.  So, you can trust the white dwarf masses and cooling ages
found in recent literature, but remember that the derived progenitor masses are
dependent on the assumed stellar models.
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An example: The open star
cluster M35 has a well-populated
white dwarf cooling sequence.

Williams et al. (2008)

Cluster age:
175±25 Myr

[Fe/H]=-0.2

MMSTO=4.5M

14 WDs (12 DA, 1
DB, 1 DQ)

WD masses: 0.8M

to 1.1M

We have just submitted a paper on the white dwarf cooling sequence in M35
(Williams, Bolte & Koester 2008).

Here I show the white dwarf region of the color-magnitude diagram.
Confirmed white dwarfs are large symbols (filled circles = DAs, diamond= DB,
and the open circle = hot DQ).  The small points are white dwarf candidates
lacking spectroscopy, though few if any are likely to be cluster members.  The
curves are cooling curves of white dwarfs  with masses of 0.4Mo (top) to
1.2Mo (bottom) in 0.2Mo increments; the curves are only plotted for cooling
ages younger than 200 Myr; I.e. the oldest likely age of the star cluster.

Notice that, in the color-magnitude diagram, most of the confirmed white
dwarfs (large symbols) fall along the 1Mo white dwarf cooling model.  The
scatter in the U-B plane is partly observational.  The DQ is much bluer than the
other white dwarfs because of line blanketing in the near-UV that causes
reprocessed radiation to escape in the U band.
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The initial-final mass relation appears to
be well-defined and approximately linear,

even up to the highest masses.

Dominguez et al. 1999

Weidemann 2000

Marigo 2001

Ferrario et al. 2005

M35

NGC 2516

Pleiades

Sirius B

Everything else

The empirical initial-final mass relation (points) is plotted along with some
theoretical and semi-empirical models (curves).  Typical errors on individual
points are about 0.05-0.1 Mo in white dwarf mass; the errors on progenitor
mass are large (1+ Mo) for progenitor masses >4Mo, and quite small (<0.1 Mo)
for progenitor masses of 1Mo.  These error estimates only include white dwarf
observational errors, not the uncertainty in the star cluster ages.

Theory predicts that higher metallicity should result in lower white dwarf
masses, but the spread in metallicity is small among this sample, and the
magnitude of the change is roughly the same as the size of the error bars.
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The current lower limit on the
maximum mass of white dwarf

progenitors is 6-7M.

5000 Monte Carlo
realizations of the
observations of the 12
DAs in M35.

50% of the time, the
highest progenitor mass
is > 6 M.

90% of the time, the
highest progenitor mass
is >5.3 M.

Using M35 alone, we use a Monte Carlo scheme (described in our forthcoming
paper) to determine the maximum WD progenitor mass in each of 5000
realizations of the cluster observations.  90% of the time, this mass is above
5.3Mo.

If we include the 1 to 3 white dwarfs in the Pleiades, this limit increases to ~6
or 7 solar masses, depending on how many of the potential Pleiad WDs are
members of that cluster.
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The major systematic error for
young clusters is the uncertainty

in a star cluster’s age.

175 Myr 200 Myr150 Myr

The difference in the initial-final mass relation for a 15%
uncertainty in the age of M35
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Here we plot the same initial-final mass relation from Slide 5, but we vary the
assumed age of M35 within the current age uncertainty.  The plotted error bars
are the white dwarf observational uncertainties.  For a younger assumed cluster
age, the progenitor masses increase systematically for all of the white dwarfs.
For this reason, this systematic error should not be folded in to the
observational error bars, complicating the analysis.

Also notice that the slope of the IFMR changes as a function of the assumed
age.

The M35 white dwarf with a progenitor mass near 9 Mo and WD mass of
~0.8Mo may be a field white dwarf; we do not have kinematic membership
data for any of the M35 white dwarfs.  If it is a member, binary evolution may
explain how a low-mass white dwarf can come from such a massive star.

Other problematic errors: reddening, instrumental effects, atmospheric models,
but these uncertainties are at much smaller levels.
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One possible solution: Look for
white dwarfs in progressively
younger clusters until we stop

finding them.
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M35

NGC 2516

Pleiades

Sirius B

A potentially interesting observation: no
white dwarfs are known that are more

massive than 1.1M and remain in their
open cluster.

GD 50 & PG 0136+251

Dobbie et al. 2006

The two circled Pleiad white dwarfs were found by Paul Dobbie and
collaborators to have kinematic properties suggesting they are escaped from
the Pleiades.  I plot them in this diagram under the assumption that they once
were true members of the star cluster, but the potential remains that the
kinematics are fooling us.

Ignoring these two points, there are no white dwarfs in star clusters with
masses > 1.1Mo, although several such WDs are known in the field.  M35 is
rich enough that we should have found a few, though this could be bad luck of
statistics.

Paul Dobbie and I just looked at two 1.2 Mo white dwarf candidates in the
young cluster NGC 2516, but they seem to be field stars.

Do single stars not make these massive white dwarfs?  Or is the mass loss in
super-AGB stars somehow significantly asymmetric, causing these white
dwarfs to drift away from the star cluster at speeds of a few kilometers per
second?  See Dobbie et al. (2006, MNRAS, 369, 383) and Williams (2004,
ApJ, 601, 1067) and references therein.
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Carbon/oxygen-atmosphere white
dwarfs (“hot DQs”) have recently been

discovered; their origin is unknown.

Dufour et al. 2007

OR, maybe the most massive WDs often don’t look like normal DA white
dwarfs, which is the only spectral type we plot in the initial-final mass relation.

Recently, Patrick Dufour discovered that white dwarfs with atomic carbon in
their spectra (the “hot DQ” spectral type) were actually carbon-dominated
atmospheres, not helium-atmospheres with trace carbon as previously
supposed.  Their origin is still highly speculative.
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We have found one of these in
M35; preliminary spectral fits

suggest a high surface gravity.

Dufour & Williams, in prep.

Prior to Dufour’s discovery, I had found one of these hot DQs in M35
(Williams et al., 2006, ApJL, 643, 127).

In the spectrum above, the dotted lines show the location of the He 4471A and
Hbeta lines; the actual spectrum shows no indication of either.  The model
spectrum (red) shows a clear 4471 line, even with log(C/He)=0.5, indicating
that this is indeed a carbon-dominated atmosphere.
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Could these “hot DQ” white
dwarfs be the progeny of super-

AGB stars?

Based on the series of papers by Ritossa, Garcia-Berro, and Iben, one might
expect the remnant of a super-AGB star to be an ONe white dwarf surrounded
by a carbon atmosphere, although the complete lack of He and H would be
hard to explain.

The progenitor mass of the hot DQ in M35 must be >5Mo, and that it has had
little evolutionary time for a merger to create the carbon atmosphere, so
perhaps the super-AGB star scenario is the most likely, at least for this object?
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Conclusions
• Observations of white dwarfs in open

clusters can observationally constrain the
lower mass limit of SN progenitors.

• Errors in the ages of star clusters limit the
precision severely; different methods
need to be considered.

• No white dwarfs with masses >1.1Mo are
known to reside in star clusters. (But they
may once have)

• One carbon-atmosphere white dwarf in
M35 may suggest that (some of) these
stars have massive progenitors.


