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ABSTRACT

We present the results of a radial velocity survey designed to measure the fraction
of double degenerates among DA white dwarfs. The narrow core of the Hα line was
observed twice or more for 46 white dwarfs yielding radial velocities accurate to a
few km s−1. This makes our survey the most sensitive to the detection of double
degenerates undertaken to date. We found no new double degenerates in our sample,
though Hα emission from distant companions is seen in two systems. Two stars known
to be double degenerates prior to our observations are included in the analysis. We
find a 95% probability that the fraction of double degenerates among DA white dwarfs
lies in the range [0.017, 0.19].

Key words: white dwarfs – binaries: spectroscopic – stars: rotation – binaries: evo-
lution – supernovae: general

1 INTRODUCTION

White dwarfs are the “fossil remnants” of low and intermedi-
ate mass stars so their study might well be named “paleaoas-
trophysics” - the study of the history of our Galaxy through
the fossil remnants of its population. Key parameters for
any population of stars are the binary fraction and the pe-
riod and mass ratio distributions of the binaries. These pa-
rameters will be different among white dwarfs compared to
their parent population of main-sequence stars because the
large size reached by a star during its red-giant phase leads
to interactions with nearby companions. The results of such
interactions are complicated but certainly lead to ejection of
some or all of the red giant envelope at the expense of orbital
angular momentum. This “common-envelope” phase will
occur for brown-dwarf and massive planetary companions
(Nelemans & Tauris, 1998) e.g. 51 PegB (Mayor & Queloz
1995), as well as for stellar companions. If two common-
envelope phases or other mass transfer episodes occur (e.g.
an Algol-like phase, Sarna et al., 1996) the result may well be
a short-period white dwarf –white dwarf binary – a double-
degenerate star (DD). In short period DDs the loss of orbital
angular momentum through gravitational radiation causes
the binary to coalesce. The physics of this merging is com-
plicated but it is reasonable to assume that if the total mass
of the binary exceeds the Chandrasekhar limit, some sort of
violent explosion may occur. Thus, DDs have been proposed
as the source of Type Ia supernovae (Iben et al., 1997).

There have been several surveys for double-degenerates
(Saffer et al. 1998; Bragaglia 1990; Robinson & Shafter 1987;
Foss et al., 1991). The observing strategies used have tended

to be optimized for the detection of very short period sys-
tems (P < few hours). These very short period systems will
merge within a Hubble time or less through the loss of an-
gular momentum via gravitational wave radiation. By mea-
suring the space density of these very short period systems,
it is possible, in principle, to establish whether or not there
are enough such systems to account for the observed rate of
Type Ia supernovae (SNe Ia) in our Galaxy. However, these
very short period systems may comprise as few as 1/570 of
the white-dwarf population; (Saffer et al., 1998), so the num-
ber of systems surveyed would need to be increased by at
least an order-of-magnitude before surveys of this type can
be used to draw any firm conclusions regarding the space-
density of SNe Ia progenitors.

An alternative approach is to study the longer period
systems. Although they do not provide a direct measure of
the current rate of Galactic SNe Ia they are predicted to
be the most common type of DD. As such, they provide
a good means of testing models of binary star evolution
leading to DDs. These models also predict the properties of
other types of binaries arising from common-envelope evo-
lution e.g. cataclysmic variables, black hole binaries, binary
pulsars etc. Double-degenerates do not suffer from poorly
understood phenomena such as magnetic-wind braking and
mass transfer which make it so difficult to test models of bi-
nary evolution using observations of those binary stars which
show these effects. Also, the selection effects associated with
searches for DDs are, in principle, straightforward to calcu-
late. Thus, DDs are the best objects to study if we are to
critically test models of binary star evolution.

In this paper we report the results of a radial velocity

c© 1998 RAS

http://arXiv.org/abs/astro-ph/9901273v2


2 P.F.L. Maxted & T.R. Marsh

Table 2. Summary of the radial velocity measurements for our
sample of DA white dwarfs.

WD N Mean RV χ2 log10 p Mass
( km s−1) (M⊙ )

0047-524 5 35.8 ± 0.7 5.89 -0.68 0.503

0101+048 3 63.7 ± 1.5 0.33 -0.07
0226-329 2 27.0 ± 2.4 4.17 -1.38
0227+050⋆ 4 18.8 ± 0.6 1.98 -0.24 0.481

0310-688 14 65.9 ± 0.1 11.15 -0.22 0.633

1149+057 3 2.0 ± 3.4 0.11 -0.02
1210+140 2 69.7 ± 5.6 1.42 -0.63
1233-164 3 66.2 ± 4.3 0.99 -0.21
1310-305 4 40.1 ± 0.9 2.05 -0.25
1314-153 5 108.8 ± 0.8 9.31 -1.27
1327-083 5 44.7 ± 0.3 2.96 -0.25 0.541

1348-273 3 62.4 ± 2.7 0.36 -0.08 0.503

1425-811 5 34.6 ± 0.7 3.85 -0.37 0.682

1550+183 3 15.8 ± 1.8 0.32 -0.07
1616-591 4 9.5 ± 1.5 1.45 -0.16
1619+123 4 22.4 ± 1.5 3.15 -0.43
1620-391 7 46.4 ± 0.2 5.10 -0.28 0.663

1659-531 3 51.3 ± 1.0 0.11 -0.02
1716+020 5 -15.7 ± 0.7 2.07 -0.14 0.432

1743-132 5 -68.5 ± 1.1 0.71 -0.02 0.472

1826-045 4 1.9 ± 0.8 2.24 -0.28
1827-106 3 -31.1 ± 3.1 0.71 -0.15
1840+042 3 5.8 ± 1.1 0.67 -0.15
1840-111 4 -5.9 ± 0.9 1.00 -0.10
1845+019⋆ 5 -29.9 ± 0.7 7.10 -0.88 0.511

1845+019B 5 -49.2 ± 0.8 9.61 -1.32
1914-598 4 74.9 ± 0.9 0.10 0.00

1919+145 5 53.0 ± 0.6 6.34 -0.76
1943+163 4 36.5 ± 1.2 0.64 -0.05 0.491

2007-303 5 75.4 ± 0.2 16.46 -2.61 0.511

2014-575 4 41.1 ± 1.5 0.62 -0.05 0.544

2035-336 5 20.9 ± 0.8 1.80 -0.11
2039-202 7 1.8 ± 0.3 5.60 -0.33 0.561

2039-682⋆ 3 55.0 ± 2.6 2.54 -0.55 0.871

2058+181 3 -43.0 ± 2.7 1.47 -0.32
2105-820 5 42.6 ± 0.8 5.19 -0.57
2115-560 5 9.8 ± 0.7 8.05 -1.05 0.661

2149+021 4 32.0 ± 0.5 1.83 -0.22 0.614

2151-015⋆ 5 35.7 +/- 1.2 11.91 -1.74
2151-015B 5 7.0 +/- 1.6 1.70 -0.10
2151-307 3 55.2 ± 3.6 0.95 -0.21
2159-754 2 153.2 ± 3.3 0.00 -0.01
2211-495⋆ 5 37.5 ± 1.3 1.90 -0.12
2251-634 5 32.5 ± 0.7 3.08 -0.26
2326+049⋆ 5 44.7 ± 0.7 7.91 -1.02
2333-165 4 72.3 ± 0.4 0.18 -0.01
2351-335 5 51.0 ± 0.5 7.57 -0.96
2359-434⋆ 8 43.6 ± 0.6 15.14 -1.46 0.971

⋆ See text for notes concerning this object.
1. Bergeron et al., 1992 2.Bergeron et al., 1995 3.Bragaglia et al.,
1995 4. Finley et al. 1997

survey of DA white-dwarfs. We then use the results of this
survey to show there is a 95% probability that the fraction
of double degenerates among DA white dwarfs lies in the
range [0.017, 0.19].

2 OBSERVATIONS AND REDUCTIONS

Our observations were obtained with the 3.9m Anglo-
Australian Telescope at Siding Spring, Australia over two

observing runs, 1997 August 15-17 and 1998 June 3-5. Con-
ditions were generally good with a total of 1.5 nights lost
to cloud, typical seeing of 1–2 arcsec and a final night with
sub-arcsecond seeing throughout. The RGO spectrograph
with the 82cm camera and 1200l mm−1 grating was com-
bined with a 1 arcsec wide slit to obtain a resolution of 0.7Å
at Hα. The detector for the first observing run was a TEK
CCD with 1024 pixels covering 0.235Å each. The detector
for the second run was a MIT-LL CCD. We used only a por-
tion of this detector and on-chip binning over two pixels in
the spectral direction to give 1536 pixels of 0.293Å each. Ex-
posure times were typically 900s or 1200s giving a signal-to-
noise ratio of 30 or more in the continuum for a white dwarf
of around 14th magnitude. Small scale sensitivity variations
were removed using observations of an internal tungsten cal-
ibration lamp and images of the twilight sky were used to
remove the variation of slit throughput in the spatial direc-
tion. Bias images over both detectors show no signs of any
structure so a constant bias level determined from the me-
dian value in the over-scan region was subtracted from all
the images.

Extraction of the spectra from the images was per-
formed automatically using optimal extraction to maximize
the signal-to-noise of the resulting spectra (Horne, 1986).
Every spectrum was bracketed by observations of the inter-
nal copper-argon arc lamp at the position of the star. The
arcs associated with each stellar spectrum were extracted
using the profile determined for the stellar image to avoid
possible systematic errors due to tilted spectra. The wave-
length scale was determined from a fourth-order polynomial
fit to measured arc-line positions. The 1997 spectra were
normalized using a linear fit to the continuum region either
side of broad Hα line. Some of the 1998 spectra show strong
vignetting over ≈ 1

3
of the blue end of the spectra due to a

shutter falling partially into the spectrograph beam. There-
fore, all the 1998 spectra have been normalized using a linear
fit to the continuum to the red of Hα only. To determine the
amount of vignetting in the affected spectra we calculated
the ratio of these spectra to either an unvignetted spectrum
of the same star or a multiple Gaussian fit to the unvignetted
portion of the spectrum. A smooth function was then used
to model this vignetting and this was used to correct the
original spectrum. Note that this procedure only affects the
regions of the spectrum blue-wards of the core and will not
affect the measurement of radial velocities.

Spectra were obtained for a total 49 objects taken from
the catalogue of McCook & Sion (1998). All the objects
observed are brighter than about 15th magnitude and have a
‘DA’ catalogue spectral type. Where a sub-class is given with
the spectral type, only objects with sub-types 2 or greater
were included.

2.1 The observing strategy.

We attempted to obtain 4 spectra of each white dwarf such
that intervals between spectra were approximately 20 min-
utes, 4 hours and 1 – 2 days, e.g.

• a pair of consecutive spectra;
• one spectrum, 3–6 hours later;
• one spectrum the following night.

c© 1998 RAS, MNRAS 000, 000–000
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Figure 1. Typical detection efficiency for our observing strategy
(solid line) and the theoretical period distributions for DDs of
Han (histogram, solid lines) and Iben et al. (histogram, dotted
lines).

There are very few periods which fit this sampling in such a
way as to avoid detection, particularly given our high radial
velocity accuracy. Therefore, the detection efficiency is ex-
tremely high across a wide range of periods. This is shown
in Fig. 1 where we plot the fraction of binaries satisfying our
detection criterion as a function of period for a typical ob-
serving sequence and radial velocity accuracies. The effects
of randomly oriented orbits and random zero phases have
been included and masses of 0.5M⊙ for both components
have been assumed. We also plot the normalized theoretical
period distributions for DDs of Iben et al. (1997) and Han
(1998) for comparison.

2.2 Measurement of radial velocities.

We used least-squares fitting of four Gaussian profiles to
measure radial velocities from our spectra. We used an au-
tomatic procedure to yield objective results as far as possi-
ble. For each star we first used a simultaneous fit to all the
spectra of that star to find the optimum width and depth
of the Gaussian profiles. These parameters were then fixed
and a second fit to each of spectra was used to measure the
radial velocities. The radial velocity of each spectrum and
the coefficients of a second-order polynomial to model the
continuum were the only parameters optimized in this sec-
ond fitting procedure. This method gives satisfactory fit to
almost all the spectra with no further effort. The few excep-
tions to this rule and other objects of interest are noted in
the following section. All the measured radial velocities used
in this study are given in Table 1.

2.3 Notes on individual systems.

WD 0107-342 This is not included in our sample as our
single spectrum shows a strong HeI 6676 absorption line
which suggests that this is an sdB star.
WD 1845+019 The core of Hα shows a weak, sharp emis-

sion line slightly to the blue of the absorption core of Hα

(Fig. 2). We used an additional Gaussian profile with an
independent radial velocity in the fitting process to model
this emission. Neither component shows any radial velocity

Figure 2. The average of our 5 spectra of WD 1845+019 showing
the emission from the cool companion.

variation and the mean offset between the components is
around 20 kms−1, though this is somewhat uncertain as the
emission and absorption cores are not fully resolved. Never-
theless, we have used the mass (0.57M⊙ ) and surface gravity
(log g = 7.84) of this star measured by Finley et al. (1997)
to predict a gravitational redshift for this star of 24 kms−1,
which is in good agreement with our measured offset. We
conclude that the emission arises from a cool companion
star in a long period orbit around this white dwarf. The ra-
dial velocity of the emission component is listed in Table 2
as WD 1845+019 B. The radial velocity measurements for
WD1845+019 are included in our analysis, but those of its
companion are not.
WD 1953-011 Our single spectrum of this object shows

‘shoulders’ ∼ 450 km s−1 either side of the the broad core
of the Hα line (Fig. 3). Note that these are not the fea-
tures noted by Koester et al, 1998. The latter occur at a
much smaller scale (∼ 100 kms−1) and are the cause of the
odd shaped core of the Hα line. A degree of smoothing has
been applied to the spectrum shown in Fig. 3 to show more
clearly that our core profile is consistent with the Zeeman
triplet seen in the spectra of Koester et al. (their Fig. 7)
which implies a mean magnetic field of 93±5 kG. If the fea-
tures at ±450 km s−1 are also due to Zeeman splitting, this
implies a mean field strength of ∼ 500 kG. This would re-
quire an unusual magnetic field geometry for a single white
dwarf, which might suggest that WD 1953-011 is a binary
composed of two magnetic white dwarfs. Further observa-
tions, particularly circular polarization measurements, are
required to address these issues.
WD 2039-682 The core of Hα is noticeably broader and

shallower than those of white dwarfs of similar spectral
type (Fig. 4). One of the stars for which we have several
high signal-to-noise spectra, WD0310-688, has a very sim-
ilar temperature and gravity to WD2039-682 (Bragaglia
et al., 1995). We applied a simple rotational broadening
function to our average spectrum of WD0310-688 assuming
a linear limb darkening coefficient of 0.15 (Koester et al.,
1998). By comparing the average spectrum of WD 2039-682
to the broadened spectra of WD 0310-688 for various val-
ues of the projected rotational velocity, V sin i, we estimate
V sin i = 82± 5 kms−1, which agrees well with the estimate
of Koester et al. (V sin i = 78 ± 6 km s−1). The resolution

c© 1998 RAS, MNRAS 000, 000–000
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Figure 3. Our single spectrum of WD 1953-011.

Figure 4. The average spectrum of WD 2039-682 (solid line), the
average spectrum WD 0310-688 before applying any broadening
(dotted line) and after applying rotational broadening for the
measured value of V sin i (dashed line).

of our spectra is lower than theirs but our signal-to-noise
ratio is much higher. The very good fit obtained by this
method strongly suggests this is a genuine rapidly rotating
white-dwarf.
WD 2151-015 One of the spectra of this star shows a

strong emission line slightly to the blue of the absorption
core which, with hindsight, is also present at a much weaker
level in at least two other spectra (Fig. 5). By fixing the
width of the emission line from a fit to the spectrum in
which it is strongest, we were able to measure independent
velocities for the emission and absorption components. The
mean radial velocity of the emission component is given in
Table 2 as WD2151-015B. Again, the size of the offset sug-
gests and the lack of any radial velocity variation suggests
the presence of a distant, cool companion star. The radial
velocity measurements for WD2151-015 are included in our
analysis, but those of its companion are not.
WD 2211-495 The sharp core of this star is reversed (in

emission). Unlike those stars with companion stars, there is
no significant offset between emission and absorption in this
star (<≈ 5 kms−1). The emission is simply a consequence
of the higher temperature of this star (∼65 000K; Finley
et al, 1997) compared to others in our sample (typically
∼20 000K). There appears to be no reason why these emis-

Figure 5. Spectra of WD 2151-015 showing the absorption from
the white dwarf and the variable emission line from the proposed
companion star.

Figure 6. Spectra of WD 2359-434 showing the anomalous core
of Hα.

sion cores should not be used to extend radial velocity sur-
veys of DA white dwarfs into these hotter regimes.
WD 2326+049 This high-amplitude ZZ Ceti variable

star shows a large infrared excess which continues to defy
explanation. The presence of a companion star is almost cer-
tainly ruled out by the lack of any light-time effect in the
pulsation periods (Kleinman et al., 1994). The favoured hy-
pothesis now appears to be circumstellar dust, though this
requires very special geometries to explain the variability of
the infrared excess on periods longer than those seen in the
star itself (Patterson et al., 1991). We have used this star
in our analysis, but for consistency have ignored the many
other published radial velocity measurements.
WD 2359-434 There is no obvious sharp core to the Hα

line apparent in our spectra of this star (Fig. 6). A single
higher resolution spectrum by Koester shows a very weak,
sharp core unlike those seen in other white dwarfs. There is
also some hint of variability in the Hα line from our spectra.
The broad wings of the Hα line are similar to white dwarfs of
similar spectral type. This odd star clearly deserves further
investigation. We used only three Gaussian profiles to model
the profile of this star and have included it in our analysis.

c© 1998 RAS, MNRAS 000, 000–000
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Table 3. Parameters of known DDs (data from Moran, 1999).
The mass ratio, q, is assumed to be 1 when it is not known.

WD P(d) q M/M⊙ K(km s−1) P(Detect)
0135−052 1.556 0.90 0.47 78 100%
0136+768 1.407 1.31 0.34 65 100%
0957−666 0.061 1.14 0.37 219 100%
1022+050 1.157 0.35 74 93%
1101+364 0.145 0.87 0.31 70 100%
1202+608 1.493 0.40 77 100%
1204+450 1.603 1.00 0.51 96 100%
1241−010 3.347 0.31 68 100%
1317+453 4.872 0.33 64 93%
1713+332 1.123 0.38 55 89%
1824+040 6.266 0.39 59 87%
2032+188 5.084 0.36 64 93%
2331+290 0.167 0.39 164 100%

3 RESULTS

3.1 The criterion for detection of a binary.

The uncertainties on every data point in the spectra are
propagated through the data reduction and analysis and
so the measured radial velocities have accurate uncertain-
ties associated with them. We can, therefore, calculate a
weighted mean radial velocity for the spectra of each star.
This mean is the best estimate of the radial velocity of the
star assuming this quantity is constant. We then calculate
the χ2 statistic for this “model”, i.e. the goodness-of-fit of a
constant to the observed radial velocities. We can then com-
pare the observed value of χ2 with the distribution of χ2 for
the appropriate number of degrees of freedom. In the case of
significant variability in the radial velocities the probability
of obtaining the observed value of χ2 or higher from random
fluctuations of constant radial velocities, p, will be extremely
low. The observed values of the weighted mean radial veloc-
ity, χ2 and the logarithm of this probability, log10 p, are
given for all the binaries in our sample in Table 2.

To test whether the uncertainties for our measured ra-
dial velocities are reliable we calculated the total value of χ2

for all the stars in our sample, χ2
tot = 180.3,. The number of

degrees of freedom, ν, is given by ν = nrv−nobj = 214−48 =
166, where nrv is the number of radial velocity measure-
ments and nobj is the number of stars measured (including
WD1845+019 B and WD 2151-015 B). For a χ2 distribution
with ν = 166 we find the probability P(χ2 > 180.3) = 0.21.
If almost all the stars in the sample are non-variable this
suggests that our uncertainties are very reliable.

We have decided to use log10 p < −3 as the criterion
for detection of a binary, i.e. a 1/1000 probability of random
fluctuations given the observed value of χ2 or higher. This is
a sufficiently low probability that the chances of one or more
spurious detections in our sample is less than 5%, but suffi-
ciently high for genuine binaries not to be missed. The latter
point is demonstrated in Table 3 where we give the prob-
ability of detecting the binary nature of some known DDs,
P(Detect), given a typical observing sequence of 4 spectra
yielding radial velocities with uncertainties of 3 km s−1. We
see that the majority of known DDs would never be missed
and that even those with long or awkward periods have a
good chance of being detected.

Reference to Table 2 shows that there no stars in our
sample which are binaries according to our detection cri-

terion. However, there are two stars that were included in
our observing list which we deliberately did not observe as
they were known to be binaries prior to our observations,
namely WD 0135+052 and WD1824+040. By examination
of the magnitude and RA distributions of the stars we did
observe it is clear that these stars would certainly have been
observed had they not been known to be binaries and they
would almost certainly have been detected as binary using
our observing strategy (Table 3). This is a rather unsat-
isfactory situation which we can only resolve easily by in-
cluding these two binaries in our analysis as though they
had been observed as part of the main sample and assuming
they would have been detected as binaries.

3.2 The fraction of double degenerates among DA

white dwarfs.

Given a theoretical model which predicts the period, mass
and mass ratio distributions of DDs, we can calculate the
probability of obtaining the observed number of binaries and
their period distribution i.e. we can calculate the probability
of obtaining the data, D, given the model, M, and the bi-
nary fraction for DDs, f , P(D |M,f). This is demonstrated
in Appendix A. To find the probability distribution of f , we
appeal to Bayes’ theorem to show that

P(f |M, D) =
P(D |M, f)P(f |M)

P(D |M)

By assuming the model to be correct, i.e.
∫ 1

0
P(f |M,D)df =

1, and assuming that all values of f are equally likely (i.e.
the prior probability P(f |M) is constant), we can simply
normalise the P(D |M,f) to get P(f |M,D), the probability
distribution of f given the data and the model. Simple nu-
merical integration then enables us to find a range of values
which gives some probability of including the true value of
f .

We calculated the probable range of f for two theoret-
ical models, Iben et al., 1997 and Han, 1998. The first step
is to calculate the average detection efficiency as a func-
tion of period, d(p) i.e. the probability of detecting a binary
at a given period using the measured radial velocities with
the adopted detection criterion and including the effects of
randomly oriented orbits. For the model of Iben et al. we
calculated the mass of the brighter white dwarf, M1, us-
ing log(M1) = 0.13 log(P ) − 0.6, where the mass is in solar
masses and the period, P , is in days. This is simply an ap-
proximation to the main feature of the bivariate distribution
of periods and masses for DDs given by Saffer et al. (1998)
for the same model. The model of Han shows the mass to be
almost independent of period and to have a bi-modal distri-
bution. Therefore, we took the average of d(p) for M1 = 0.3
with weight of 1 and M1 = 0.6 with a weight of 0.7. The
mass ratio distribution for the two models is similar and is
strongly peaked so we used a single, average value for the
mass ratio of 0.67 for both. We used the data for the 46 white
dwarfs presented in Table 1 to calculate d(p) for each model
at 2500 periods and then summed into histogram with 50
period bins before forming the average.

The probability distributions P(f |M,D) for the models
of Han and Iben et al. are shown in Fig. 7. We find that the
fraction of DDs among DA white dwarfs has a 95% proba-
bility of lying in the range [0.017, 0.19] independent of the

c© 1998 RAS, MNRAS 000, 000–000



6 P.F.L. Maxted & T.R. Marsh

0

2

4

6

8

10

12

0 0.05 0.1 0.15 0.2 0.25 0.3

P
(f

 | 
M

,D
)

f

Figure 7. The probability distribution of f assuming a the model
of Han (dotted line) or Iben et al. (solid line) to be true and with
a uniform prior probability distribution assumed for f .

0

0.001

0.002

0.003

0.004

0.005

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

N
(D

D
)

log Period(days)

Figure 8. The predicted period distribution of DDs in our sam-
ple from the model of Iben et al. (solid line) and Han (dotted
line) integrated over the probability distribution of f .

model used. The predicted period distribution of binaries
in our average detection efficiency and sample size for each
model averaged over the distribution P(f |M,D) is given in
Fig. 8.

3.3 Agreement between observations and theory.

To get an idea of how well the observations agree with
the two proposed theories, we compared the probability
of obtaining the data given each model integrated over f ,∫ 1

0
P(D |M,f) df, to the same quantity calculated for a simple

default model. For this default model we assumed that the
periods are uniformly distributed between 0.06 d and 300 d.
The lower limit is set by the period below which two white
dwarfs with the typical mass of those in our survey (0.5M⊙ )
would merge within their typical cooling age (108 y). The up-
per age is set by the maximum period for DD resulting from
a common envelope phase estimated from Fig 5 of Saffer
et al. The exact value of these limits has little effect on the
results. The mass and mass ratio distributions for the sim-
ple model were taken to be the same as those for the model
being tested in each case. We find that the model of Han is
3.3 times more likely to produce the observed number and

period distribution of binaries than the simple model. The
equivalent factor for the model of Iben et al. is 1.4. Thus,
both models are no worse than a simple model of the period
distribution.

4 DISCUSSION

We have been able to perform a quantitative analysis of a
survey for binary stars among DA white dwarfs. Despite
the relatively large sample of stars and the high detection
effeciencies for binaries in the expected period range, we are
only able to measure the fraction of DDs among DA white
dwarfs to within a factor of ten. To reduce this uncertainty
to a factor of three would require a sample approximately
4 times larger than the one presented here, with a similar
detection efficiency (or a much larger survey with a lower
detection efficiency).

The two binaries in our sample of 48 stars contrasts
sharply with the survey of Saffer et al. (1998), who claim
to have found 13 new binaries in a survey of 107 stars. Al-
though consistent with our range of f , this is a little puzzling
given that their survey observed each star only three times
and with a lower precision per measurement, both of which
imply a lower detection efficiency than ours for the majority
of DDs. However, this does not take account of the “false
alarm” rate for Saffer et al.’s survey. Including false detec-
tions in the analysis is rather problematic, so our detection
criterion was deliberately choosen so as to keep this rate low
enough to give a less than 5% chance of one or more false de-
tections. By contrast, if we take the uncertainty of 25 kms−1

quoted by Saffer et al. for their radial velocity measurements
and their quoted detection criterion of any two spectra dif-
fering by 65 kms−1, we find that their sample should con-
tain an average of 17.7 false detections, which would suggest
that on their figures, none of their candidates are likely to
be genuine binaries! This is clearly not reasonable given that
7 of their candidates were known to be binaries beforehand
or have been confirmed by follow-up observations and have
measured orbital periods. On the other hand, observations
similar to those presented here have also shown that at least
two of the candidates are probably single. We have observed
several of Saffer et al.’s candidate binaries using the 4.2m
William Herschel and 2.5m Isaac Newton telescopes on the
Island of La Palma in the Canary Islands. Our 10 spectra
of WD 1232+479, one of Saffer et al.’s “weight 1” candi-
dates, obtained over 3 nights have a typical uncertainty of
4 kms−1and show no sign of variability (log10 p = −0.59).
Similarly, we obtained 15 spectra of WD1310+583, another
of Saffer et al.’s “weight 1” candidates, during two observ-
ing runs 8 months apart, over two and three nights and,
again, found no variability (log10 p = −0.04). Inspection of
the spectra of WD1310+583 (Fig. 9) shows that there is cer-
tainly no variation as large as the ∼ 100 kms−1 shift that is
seen in the spectra of Saffer et al. (their Fig. 1). If there are
only 2 false alarms among the “weight 1” candidates of Saf-
fer et al., their radial velocities are accurate to ∼ 17 kms−1.
However, the false alarm rate is very sensitive to the ex-
act value of the uncertainty. We have also assumed that the
detection criterion given by Saffer et al. is an accurate re-
flection of the subjective methods they actually used. These
are impossible to quantify in practice and so it is extremely
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Figure 9. Spectra of WD 1310+583 obtained during 1997 June
22 – 23 and 1998 February 8 – 10.

difficult to draw any concusions concerning the statistics of
DDs from their survey.

We also analysed the radial velocities given by Foss et al.
for 25 DA white dwarfs. Their radial velocities are typically
ten times less accurate than ours and so their data alone
provide a very poor constraint on the binary fraction for
DDs. If we incorporate their results into our survey we find
this makes essentially no difference to our results. This is
simply because radial velocities surveys of such low accuracy
can only detect very short period binaries, and there are
expected to be very few such systems in the sample of all
known white dwarfs and probably none at all in such a small
sample.

Given the large uncertainty in our estimate of the binary
fraction, it is obvious that there is insufficient data at present
to determine whether merging DDs are a viable source of
Galactic SNe Ia. This will remain the case until a much
larger sample of white dwarfs is surveyed for DDs. There are
also other issues which must be addressed before we answer
this question. The validity of the theoretical models can be
tested using techniques similar to those presented here if
a new, large survey is also designed to be quantative from
the outset. Such a survey should also consider the selection
effects in the sample of stars to be observed, particularly
with regard to known binaries, in a more careful manner
than has been done here. The space density of white dwarfs,
the luminosity function and the number of very cool halo
white dwarfs are also issues which will need to be tackled
before we can come to a definite conclusion on this point.

5 CONCLUSION

We have used a quantitative radial velocity survey of 46
stars with a high detection efficiency to measure the frac-
tion of double degenerates among DA white dwarfs. We find
a 95% probability that the lies in the range [0.017,0.19], in-
dependent of the details of the model used to predict the
period, mass and mass ratio distribution. The combination
of sample size and high radial velocity accuracy make this
the most sensitive survey for double degenerates with peri-
ods of hours and days conducted to date. The rather loose
constraint on the binary fraction we derive illustrates the
need to increase the number of white dwarfs observed. Such

a survey will need to be quantitative if an objective detec-
tion criterion for binaries is to be used. This would appear
to be essential if a valid comparison is to be made between
observations and theory.
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Table 1. Radial velocity measurements for our sample of DA white dwarfs.

WD HJD Radial velocity WD HJD Radial velocity
-2450000 ( km s−1) -2450000 ( km s−1)

0047-524 677.1278 31.6 ± 2.5 1550+183 970.0070 15.0 ± 3.8
677.1385 34.7 ± 2.5 970.0178 14.8 ± 3.5
677.3004 39.2 ± 2.5 970.1484 17.4 ± 3.5
968.3358 35.2 ± 3.1 1616-591 968.1108 10.4 ± 4.1
969.3412 38.8 ± 3.0 968.1250 8.8 ± 3.8

0101+048 677.1806 63.6 ± 2.5 968.9571 14.0 ± 5.1
677.1879 62.7 ± 2.7 969.1295 6.2 ± 4.1
677.3149 65.4 ± 3.6 1619+123 968.0131 20.2 ± 4.2

0226-329 676.2976 30.4 ± 2.4 968.0273 29.4 ± 4.6
676.3049 23.3 ± 2.4 968.1627 23.5 ± 5.1

0227+050 676.2800 19.9 ± 1.0 968.9742 19.8 ± 3.2
676.2873 18.2 ± 1.1 1620-391 676.8555 45.2 ± 0.8
677.1941 18.2 ± 2.4 676.8593 46.4 ± 0.9
677.3234 17.3 ± 2.1 676.8631 47.0 ± 0.9

0310-688 676.3119 65.9 ± 0.7 677.0417 45.0 ± 1.9
676.3157 66.2 ± 0.7 677.0435 44.8 ± 2.1
676.3195 65.5 ± 0.8 677.8541 47.6 ± 1.0
676.3234 66.5 ± 0.7 968.0005 47.5 ± 1.5
676.3272 65.3 ± 0.7 1659-531 967.9799 50.8 ± 1.8
676.3317 65.0 ± 0.8 967.9907 51.7 ± 2.2
676.3355 65.2 ± 0.8 968.1790 51.4 ± 1.9
676.3396 66.7 ± 0.9 1716+020 676.9091 -16.2 ± 2.2
677.2001 66.4 ± 1.5 677.0235 -18.9 ± 3.0
677.2025 67.1 ± 1.6 677.0343 -15.7 ± 3.0
677.3308 69.2 ± 1.9 677.8681 -15.3 ± 1.6
677.3328 62.4 ± 2.1 968.1461 -12.9 ± 3.0
677.3349 67.1 ± 2.1 1743-132 969.0931 -67.6 ± 5.3
677.3370 64.9 ± 2.8 969.1003 -66.8 ± 4.9

1149+057 969.8734 2.0 ± 6.0 970.0914 -68.3 ± 3.5
969.8842 0.6 ± 6.4 970.2120 -67.3 ± 3.4
970.0278 4.0 ± 8.0 970.2193 -70.8 ± 3.4

1210+140 969.8965 65.2 ± 5.4 1826-045 968.0441 1.1 ± 2.6
969.9073 74.8 ± 5.8 968.0583 3.2 ± 2.8

1233-164 969.9216 75.1 ± 10.2 969.0310 -0.5 ± 2.1
969.9324 64.5 ± 7.6 969.2441 3.1 ± 1.5
970.0424 63.0 ± 7.5 1827-106 969.1088 -33.0 ± 7.0

1310-305 968.8958 41.6 ± 3.4 969.1161 -35.5 ± 7.0
969.9612 42.2 ± 2.7 970.1005 -29.1 ± 3.9
970.0674 37.7 ± 2.1 1840+042 970.1647 4.3 ± 2.2
970.0782 40.4 ± 2.1 970.1754 6.2 ± 2.2

1314-153 968.9897 101.0 ± 4.1 970.2672 6.7 ± 2.2
969.0128 109.9 ± 3.9 1840-111 968.0754 -6.5 ± 3.3
969.9472 113.6 ± 2.9 969.0474 -3.8 ± 2.5
970.0553 105.4 ± 2.3 969.0616 -7.1 ± 2.2
970.1213 111.3 ± 2.5 969.2600 -5.8 ± 2.2

1327-083 967.9596 43.9 ± 1.2 1845+019 676.8921 -32.6 ± 2.0
967.9653 43.6 ± 0.9 676.8994 -27.9 ± 1.9
968.0883 44.2 ± 1.1 677.0960 -31.4 ± 3.2
968.8552 45.3 ± 0.7 677.1010 -21.2 ± 4.4
969.8351 45.2 ± 0.8 677.9255 -30.6 ± 2.0

1348-273 969.9835 62.4 ± 5.5 1845+019B 676.8921 -53.3 ± 2.2
969.9943 59.3 ± 6.2 676.8994 -48.4 ± 2.1
970.1359 63.8 ± 4.1 677.0960 -53.6 ± 3.8

1425-811 675.8778 32.4 ± 2.2 677.1010 -39.8 ± 4.7
675.8850 33.0 ± 2.2 677.9255 -47.1 ± 2.0
676.8715 37.2 ± 3.0 1914-598 675.8993 74.5 ± 2.1
676.8788 33.3 ± 3.2 676.0923 74.6 ± 2.4
677.0067 37.5 ± 2.3 676.1030 75.3 ± 2.2

677.9536 75.3 ± 3.7
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Table 1. continued.

WD HJD Radial velocity WD HJD Radial velocity
-2450000 ( km s−1) -2450000 ( km s−1)

1919+145 676.9222 52.3 ± 1.5 2159-754 970.2918 153.1 ± 3.1
676.9294 55.3 ± 1.4 970.3026 153.2 ± 3.4
677.0896 53.6 ± 2.1 2211-495 968.3460 38.2 ± 5.3
677.9670 51.2 ± 3.7 968.3515 32.0 ± 7.6
677.9785 49.1 ± 2.1 970.2548 35.4 ± 4.0

1943+163 969.1790 34.3 ± 4.5 970.3491 41.7 ± 4.1
969.1863 34.8 ± 4.3 970.3529 36.4 ± 4.2
970.1076 36.3 ± 2.4 2251-634 677.0781 29.5 ± 2.4
970.2355 37.6 ± 2.1 677.2156 35.5 ± 3.0

2007-303 675.9451 75.1 ± 0.7 677.2298 30.9 ± 3.0
676.1501 73.5 ± 0.7 968.2887 33.4 ± 2.7
676.1574 75.7 ± 0.7 969.3024 33.9 ± 2.5
968.1908 78.4 ± 1.1 2326+049 676.0558 44.7 ± 1.7
969.2190 77.0 ± 1.0 676.0631 41.5 ± 1.8

2014-575 675.9178 43.2 ± 5.0 676.2597 43.8 ± 1.8
675.9347 39.1 ± 4.0 968.3044 48.3 ± 1.8
676.1397 40.5 ± 3.2 969.3476 49.3 ± 5.0
678.0281 43.2 ± 5.1 2333-165 676.0334 72.3 ± 1.2

2035-336 676.9718 21.3 ± 3.5 676.2437 72.6 ± 1.1
676.9825 22.3 ± 2.9 676.2510 72.2 ± 1.1
677.1613 22.5 ± 3.3 677.2745 71.7 ± 1.6
968.2061 18.0 ± 2.5 2351-335 676.1180 47.9 ± 1.5
969.2275 21.7 ± 2.6 676.1287 53.2 ± 1.6

2039-202 676.9419 -0.0 ± 2.0 676.2713 49.8 ± 1.6

676.9457 0.8 ± 2.1 968.3206 52.8 ± 2.1
677.1705 3.2 ± 1.8 969.3128 52.8 ± 2.1
677.1743 0.6 ± 1.8 2359-434 676.0161 51.9 ± 3.6
678.1085 0.2 ± 1.7 676.0234 48.7 ± 3.6
968.2196 1.7 ± 1.0 676.2279 45.7 ± 3.7
969.2692 4.6 ± 1.6 676.2341 37.4 ± 3.5

2039-682 677.1090 52.6 ± 4.2 677.2868 37.6 ± 4.0
677.1162 60.8 ± 4.7 969.3255 43.3 ± 3.8
677.2433 49.8 ± 6.1 969.3328 34.7 ± 5.7

2058+181 970.1852 -40.8 ± 5.7 970.3186 43.0 ± 2.9
970.1959 -37.3 ± 6.3
970.2770 -45.5 ± 3.5

2105-820 676.0043 45.2 ± 2.6
676.2096 43.0 ± 3.2
676.2169 42.4 ± 3.2
968.2334 45.9 ± 3.6
969.2781 37.2 ± 2.9

2115-560 675.9846 17.2 ± 3.2
675.9954 7.1 ± 1.7
676.2005 9.6 ± 2.4
968.2507 9.8 ± 2.1
969.2911 12.6 ± 3.5

2149+021 675.9547 31.7 ± 1.1
675.9620 31.1 ± 1.1
676.1671 32.3 ± 0.9
678.1756 34.5 ± 2.5

2151-015 675.9728 32.1 ± 3.2
676.1780 37.9 ± 2.7
676.1887 30.5 ± 3.0
677.2606 24.1 ± 9.1
968.2692 43.0 ± 3.1

2151-015B 675.9728 9.1 ± 13.5
676.1780 -5.7 ± 17.2
676.1887 0.4 ± 18.0
677.2606 10.1 ± 3.2
968.2692 18.1 ± 9.6

2151-307 970.2461 53.7 ± 5.7
970.3335 53.3 ± 5.8
970.3425 63.3 ± 9.1
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APPENDIX A: THE PROBABILITY

DISTRIBUTION OF THE BINARY FRACTION

GIVEN THE OBSERVED DATA.

In order to calculate the probability distribution of the bi-
nary fraction, f , given a survey for binaries, we consider a
histogram of observed and predicted periods with M pe-
riod bins covering the entire range of possible periods. The
theoretical model provides the probability of a given binary
having a period within bin i, pi, i = 1, . . . , M . Since this
probability applies only to binaries and the histogram of
predicted periods covers the entire range of possible peri-
ods,

∑
M

i=1
pi = 1.

Now consider a sample of N stars. For a given detec-
tion criterion we can calculate for each star the probabil-
ity of detecting it to be binary with a given period. The
average probability of detection over all the stars in the
sample integrated over all periods in bin i is di. For each
star we have (M + 1) possible outcomes, M possible pe-
riods or a non-detection. Each of the M possible periods
have probabilities dipif . The non-detections have probabili-
ties (1−

∑
M

i=1
dipif) = (1−df), where d =

∑
M

i=1
dipi is the

mean detection probability for the model distribution. We
assume that the periods of all the systems detected to be bi-
naries are known and that there are no false detections. The
number of stars found to be binaries with periods in a given
bin i is oi. The probability of obtaining the observed distri-
bution of periods and non-detections giving the theoretical
model, PM , is then given by the multinomial distribution as
follows:

PM =
N !

∏
M

i=1
(pidi)

oi

(N − NB)!
∏

M

i=1
oi!

f
NB (1 − df)(N−NB)

,

where NB =
∑

M

i=1
oi is the number of binaries detected. In

the case of no binary detections, this reduces to the simple
case

PM = (1 − df)N

Given the large number of products and factorials involved
it is easier in practice to calculate log PM :

log PM = log(N !) +
∑

M

i=1
oi log(pidi)

− log(N − NB)! −
∑

M

i=1
log(oi!)

+NB log(f) + (N − NB) log(1 − df)
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