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ABSTRACT
An observational constraint on the contribution of double degenerates to Type Ia
supernovae requires multiple radial velocity measurements of ideally thousands of
white dwarfs. This is because only a small fraction of the double degenerate popu-
lation is massive enough, with orbital periods short enough, to be considered viable
Type Ia progenitors. We show how the radial velocity information available from pub-
lic surveys such as the Sloan Digital Sky Survey can be used to pre-select targets for
variability, leading to a ten-fold reduction in observing time required compared to an
unranked or random survey. We carry out Monte Carlo simulations to quantify the
detection probability of various types of binaries in the survey and show that this
method, even in the most pessimistic case, doubles the survey size of the largest sur-
vey to date (the SPY survey) in less than 15 per cent of the required observing time.
Our initial follow-up observations corroborate the method, yielding 15 binaries so far
(eight known and seven new), as well as orbital periods for four of the new binaries.
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1 INTRODUCTION

Type Ia supernovae (SNe Ia) play a central role in modern
astrophysics. They are among the brightest explosions in the
universe, visible across extragalactic distances, and they are
responsible for the synthesis of heavy elements (Wiersma
et al. 2011) and the acceleration of cosmic rays (Schure &
Bell 2013). Their light curves display a tight correlation be-
tween the peak luminosity and brightness evolution (Phillips
1993), which make them useful as ‘calibrated candles’ to
track the expansion history of the universe. The discovery of
the accelerated expansion of the universe (Riess et al. 1998;
Perlmutter et al. 1999), for which the 2011 Nobel Prize in
physics was awarded, is fundamentally based on observations
of large numbers of SNe Ia.

It is generally accepted that a SN Ia explosion occurs
as a result of runaway thermonuclear fusion in a mas-
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sive (& 1M�) carbon-oxygen white dwarf, but the exact
mechanism of the explosion, the nature of the progenitor
binary and the evolutionary pathways that lead to such a
massive white dwarf are less clear (see Maoz et al. 2014
and Postnov & Yungelson 2014 for detailed reviews). In
broad terms, two classes of progenitor models exist. In the
‘single-degenerate’ case (Whelan & Iben 1973), the white
dwarf accretes hydrogen-rich material from a non-degenerate
companion until compressional heating ignites the carbon
and triggers the explosion. In the ‘double-degenerate’ model
(Webbink 1984; Iben & Tutukov 1984) both stars are white
dwarfs. They spiral together due to gravitational wave emis-
sion and the associated angular momentum loss until they
eventually merge. Those systems with sufficient combined
mass and orbital periods shorter than P . 12 h, implying
a merger time less than a Hubble time, are assumed to
be SN Ia progenitors. Therefore, even though double white
dwarf binaries are abundant (e.g. Nelemans et al. 2005;
Napiwotzki et al. 2007; Holberg et al. 2016), only a small
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fraction of the total population are potential SN Ia pro-
genitors. When the explosion mechanism and evolutionary
timescales are considered as well, there are a number of vari-
ations on these two progenitor models. For example, binaries
containing a massive white dwarf plus a hot subdwarf star
(WD+sdO/sdB) are recognised as potential double degen-
erate SN Ia progenitors as well, since subdwarf lifetimes are
short or comparable to the gravitational merger timescale
(e.g. Michaud et al. 2011; Heber 2016). The WD+sdB bi-
nary KPD 1930+2752 (Maxted et al. 2000a; Geier et al.
2007) with its 136.9 min orbital period and combined mass
of between 1.36 − 1.48M�, is considered as one of the best
candidates for a future double degenerate SN Ia explosion.
Other model variations include stellar rotation or magnetic
fields as stabilising factors, resulting in super-Chandrasekar
supernovae (e.g. Scalzo et al. 2012). Theoretical models and
hydrodynamical simulations also suggest that “double deto-
nations” can occur, causing sub-Chandrasekhar mass white
dwarfs to explode as SNe Ia. This happens because of off-
centre explosive ignition of the accreted helium layer, which
sends a shock wave through the star and detonates the
carbon-oxygen core (e.g. Woosley & Weaver 1994; Fink et al.
2010; Sim et al. 2010). This wide range of models and simula-
tion results imply that a variety of explosion masses and pro-
genitor types are possible, and that several progenitor types
may contribute to the observed SN Ia rate. What their rel-
ative contribution is or whether one channel dominates the
production of SN Ia, is still unknown. In the future it will
likely be these systematic differences, rather than the size
of the statistical SN Ia sample or calibration uncertainties,
that will limit the accuracy of SN Ia cosmology.

At the moment, both binary population synthesis calcu-
lations and observations slightly favour the double degener-
ate model. The best-observed supernovae also show no signs
of a surviving companion, suggesting that a merger took
place (e.g. Schaefer & Pagnotta 2012). But there are also
observations that point to a single degenerate origin for the
explosion. For example, Cao et al. (2015) interpret an ul-
traviolet flash seen four days after the explosion as the in-
teraction of the material ejected from the supernova with
the surviving companion star. Binary population synthesis
models find that the observed delay time distribution (i.e.
the distribution of times for binaries to merge and explode
as SNe Ia) matches the expected distribution for double de-
generates and gravitational wave radiation more closely than
can be produced with single degenerate models (Mennekens
et al. 2010; Maoz et al. 2014; Yungelson & Kuranov 2017).
These population models produce a white dwarf merger rate
that is close to the observed Milky Way SN Ia rate, 5.4×10−3

per year (Li et al. 2011), but they are limited by the small
number of well-studied double degenerate binaries available
to calibrate these models with, and in particular, the biases
in the observed samples (Toonen et al. 2012). The currently
known sample of double degenerates is heavily skewed to-
wards the extremely low mass white dwarfs (ELM; Brown
et al. 2016). These are pairs of helium white dwarfs where
at least one component has M . 0.3M�. As the Universe
is not old enough for them to have formed via single star
evolution, they have to be the product of binary common
envelope evolution. The high mass end, where the potential
SN Ia progenitors lie, is still largely unconstrained, so the

contribution of the various types of progenitor binaries to
the SN Ia rate is still unknown.

One of the key criteria a potential progenitor population
has to meet is that there has to be enough of them to account
for the observed SN Ia rate. There are large uncertainties
in the parameters contributing to this figure, such as the
total stellar mass in the Galaxy, its star formation history
and the white dwarf binary fraction. Population synthesis
estimates of the median white dwarf merger timescale in the
Galaxy is ∼ 0.7−1 Gyr (Ruiter et al. 2011; Toonen et al. 2012;
Yungelson & Kuranov 2017). Using the observed Milky Way
SN Ia rate, roughly 4.6 × 106 SNe Ia will be observed over
this time. With ∼ 109 white dwarfs in the Galaxy (Harris
et al. 2006), we should expect to find at most one in ∼ 200
observed white dwarfs to be a SN Ia progenitor, if SN Ia are
produced solely by double degenerate binaries. Allowing for
a factor of ∼ 2 systematic uncertainty in the observed SN Ia
rate (Li et al. 2011) and less than perfect detection efficiency
of follow-up observations, the number could easily be half
this estimate, or less. On the other hand, using the local
stellar mass to white dwarf ratio, Maoz & Mannucci (2012)
estimate that as many as 1 in 40 white dwarfs could be SN Ia
progenitors. Despite these large uncertainties, it is clear that
for a robust observational estimate of the double degenerate
contribution to SN Ia we require a survey of at least a few
thousand white dwarfs.

The lack of direct interaction or accretion make de-
tached white dwarf binaries difficult to find. Their spectra
generally resemble single white dwarfs, either because the
light from one of the white dwarfs dominates the spectrum,
or because the spectra of two hydrogen white dwarfs cannot
easily be separated at low to moderate spectral resolution.
In most cases, the presence of the companion is only in-
ferred from radial velocity variations of the more luminous
white dwarf. The radial velocity amplitude of a typical SN Ia
progenitor binary is > 100 km s−1, so there has been a num-
ber of attempts at identifying new double degenerates by
surveying known white dwarfs for radial velocity variability.
Several double degenerates have been found this way (see
Napiwotzki et al. 2004 for a detailed summary of previous
surveys and their results), but none massive enough to be a
SN Ia progenitor. Individual examples of sufficiently massive
double degenerate binaries have been discovered (Santander-
Garćıa et al. 2015), but to be able to assess the supernova
rate that could potentially come from double degenerates,
ideally thousands of white dwarfs need to be surveyed.

The most recent and by far the largest of these dedi-
cated surveys was the SN Ia Progenitor SurveY (SPY, Napi-
wotzki et al. 2007). SPY targeted 1014 catalogued white
dwarfs brighter than B,V < 16.5, taking multiple radial
velocity snapshots using the high resolution spectrograph
UVES on the European Southern Observatory’s Very Large
Telescope (Napiwotzki et al. 2001, 2007). The survey dis-
covered 39 double degenerate binaries, along with many
subdwarf-B stars (sdB; Geier et al. 2008), subdwarf-O stars
(sdO; Stroeer et al. 2007) and white dwarfs with low mass
companions (e.g. Maxted et al. 2007). The survey included a
total of 615 hydrogen (DA) white dwarfs which were tested
for radial velocity variability (Koester et al. 2009). Further
follow-up observations are needed to measure the parameters
of the newly identified binaries, but at least one Porb = 9.06 h
sdB+WD binary was found to have a total mass close to
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the Chandrasekhar limit (Geier et al. 2010), and one double
white dwarf system has a best-estimate total mass of 1.35M�
(Napiwotzki et al. 2007; Geier et al. 2007; Maoz et al. 2014).
Although these two detections in a survey of ∼1000 targets
are broadly consistent with the expected number of progen-
itors for the double degenerate SN Ia channel, it is clear that
larger samples of white dwarfs are needed to yield a conclu-
sive result.

SPY produced valuable results for a range of white
dwarf-related science (see e.g. Geier et al. 2011a and ref-
erences therein), but a dedicated survey like this is observa-
tionally expensive. Our goal now is to investigate whether
using the data from public spectroscopic surveys is a vi-
able alternative, i.e. whether a large number of double de-
generates can be identified in this way. The Sloan Digital
Sky Survey (York et al. 2000) includes spectra of tens of
thousands of white dwarfs in its public database. Although
much less precise than SPY, the individual exposures that
the spectra are composed of (see Section 2) contain use-
ful radial velocity information. Several groups have used
this information to identify or characterise white dwarf bi-
naries, e.g. white dwarf-main sequence binaries (Rebassa-
Mansergas et al. 2007; Nebot Gómez-Morán et al. 2011;
Parsons et al. 2013), AM CVn stars (Carter et al. 2014),
WD+sdB binaries (the MUCHFUSS project; Geier et al.
2011b; Kupfer et al. 2015) and double white dwarf bina-
ries (Mullally et al. 2009; Badenes et al. 2009). At least
one relatively massive double white dwarf binary has been
discovered this way so far (Kulkarni & van Kerkwijk 2010;
Marsh et al. 2011). Additionally, Badenes & Maoz (2012)
used the SDSS radial velocity information to calculate the
merger rate of white dwarf binaries in the Galaxy. They
measure the maximum radial velocity change observed for
each white dwarf in their sample and compare the distribu-
tion of velocities with that of various simulated white dwarf
binary populations. They show that the general white dwarf
merger rate is comparable with the SN Ia rate in the Galaxy,
but only if massive, sub-Chandrasekhar white dwarfs con-
tribute to the SN Ia rate as well. If only Chandrasekhar mass
mergers are considered, the rate is an order of magnitude too
low. Yungelson & Kuranov (2017) reach a similar conclusion
based on detailed binary population synthesis modelling.

In this paper we use the SDSS velocities to create a
priority ranking system for follow-up of binary candidates.
To demonstrate the method, we restrict our analysis to hy-
drogen atmosphere (DA) white dwarf binaries only, as these
are by far the most common subtype of white dwarf (see e.g.
Girven et al. 2011; Gentile Fusillo et al. 2015) and also have
the simplest spectra. An extension of the survey to include
helium atmosphere white dwarfs and sdB stars would be
straightforward. We use Monte Carlo simulations to quan-
tify the detection efficiency of the SDSS spectra for bina-
ries with range of parameters (Section 4) and then show
the gain in survey efficiency of such a ranked survey com-
pared to blind targeting of the full sample. We present some
exploratory observations in Section 5 and discuss the ap-
plication of the method to future large scale spectroscopic
surveys in Section 6.
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Figure 1. Top: Number of subspectra for each average spectrum
in our sample. The SDSS and BOSS surveys are shown separately.

1122/6396 of our targets have spectra from both surveys. Each of
these subspectra provide a radial velocity snapshot of the target.

Bottom: Histogram of the time between the earliest and latest

subspectrum contributing to a single average spectrum. For the
vast majority of targets the observations are completed within a

single night, but sometimes additional exposures are needed to

reach the desired signal to noise ratio in the average spectrum.

2 WHITE DWARFS IN SDSS

The Sloan Digital Sky Survey (SDSS) has accumulated tens
of thousands of spectra over the last decade as part of its
various science projects. The original survey instrument was
a fibre-fed spectrograph with 640 fibres per plate, which
produced spectra covering 3800 − 9200 Å at a resolution
of ∼ 1500 − 2500 over the wavelength range (York et al.
2000). The spectrograph was rebuilt and upgraded at the
end of 2008, and is now known as the Baryon Oscillation
Spectroscopic Survey (BOSS) spectrograph. It has 1000 fi-
bres, and its blue and red channels cover 3600 − 6350 Å and
5650 − 10 000 Å respectively, at a similar resolution to the
original SDSS spectrograph (Ahn et al. 2012).

We started from a sample of 7958 spectra taken from
SDSS Data Release 10, which were classified by Gentile
Fusillo et al. (2015) as non-magnetic DA white dwarfs. This
number includes duplicates, as target selection strategies in
the SDSS and BOSS survey programmes are independent of
each other, and a given target may have multiple spectra if it
was selected for spectroscopy by more than one programme.
1122 of our targets have spectra taken with both the SDSS
and the BOSS spectrographs. The white dwarf selection is
based on a wide region of colour space, defined to include all
spectroscopically confirmed and candidate white dwarfs in
SDSS. All SDSS spectra within this colour space were then
visually inspected and classified, and from this we selected
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only the confirmed DA white dwarfs for our double degener-
ate search. A magnitude limit of g 6 19.0 was applied to the
full selection to be able to ensure a reliable classification.
We find that this limit is also appropriate for the radial
velocity work we do here, as beyond this limit the signal-
to-noise ratio (SNR) of the subspectra is generally too low
for a reliable radial velocity measurement. A typical average
spectrum at this magnitude has a SNR of ∼ 10. Because of
the visual inspection step we believe the sample to be com-
plete for all g 6 19.0 DA white dwarfs in Data Release 10
which have SDSS spectroscopy. Note, however, that SDSS is
only ∼ 40 per cent complete in its spectroscopic selection of
white dwarfs (Gentile Fusillo et al. 2015).

Since we are interested specifically in the double degen-
erate population, we first cleaned the sample from known bi-
naries of other types. In particular, some white dwarf–main
sequence (WDMS) binaries are entirely dominated by the
white dwarf at optical wavelengths, so look like single white
dwarfs in SDSS. Their late type companions are revealed at
redder wavelengths. We removed all known WDMS binaries
from our sample by cross-matching against the latest SDSS
WDMS catalogue (Rebassa-Mansergas et al. 2012, 2016).
We also removed white dwarfs known to have a photometric
infrared excess (Girven et al. 2011), which could indicate the
presence of a late-type companion or a dust disk, as well as
any other white dwarfs for which weak emission lines were
detected in the average spectra. Finally, we also removed
spectra which had problems (such as a missing part of the
spectrum) if this was severe enough to affect the radial veloc-
ity measurements. The final, cleaned sample contains 7792
spectra, corresponding to 6396 unique white dwarfs.

Each SDSS spectrum is the average of three or more
subspectra: individual 900 s exposures which are repeated
until the signal-to-noise of the combined spectrum reaches
the SDSS survey requirement1. At our g 6 19.0 cut-off the
subspecta have a typical SNR of ∼ 3−4. The number of sub-
spectra contributing to an average spectrum in our white
dwarf sample, as well as the time span of the observations,
are shown in Figure 1. For most targets, the required signal-
to-noise is achieved with three consecutive exposures on a
single night, but sometimes further observations are needed,
and these may be taken on different nights. The 6396 white
dwarfs in our sample have a total of 34 446 subspectra from
which radial velocity information can be obtained.

2.1 White dwarf masses

For each of the 6396 targets we first fit the average spec-
trum with a grid of atmosphere models covering Teff =

1500 − 140 000 K in temperature and log g = 6.5 − 9.5, where
g = GM/R2 is the surface gravity of the white dwarf. The
calculation of the model grid as well as the fitting procedure
are described in detail in Tremblay et al. (2011b). We also
include the correction required for 3D effects at low tem-
peratures (Tremblay et al. 2011a, 2013). For targets with
more than one average spectrum, we adopted the parame-
ters derived from the spectrum with the highest signal to
noise ratio. To convert the best-fit log g to white dwarf mass
we use the mass-radius relations of Fontaine et al. (2001)

1 http://classic.sdss.org/dr7/products/spectra/

for white dwarfs with Teff < 30 000 K and Wood (1995) if
Teff > 30 000 K.

The spectra of most double degenerates are indistin-
guishable from single white dwarfs. The spectra are often
dominated by the more luminous white dwarf, and even if
both white dwarfs contribute significantly, the spectra still
resemble single white dwarfs, especially at the spectral reso-
lution of SDSS. In the standard picture of stellar evolution,
the more massive star in a binary will become the more
massive white dwarf, and it will reach this phase of evolu-
tion sooner than its companion. So, as a double degenerate
binary, the more massive white dwarf is typically the fainter
of the pair, both because of its smaller radius and because it
has been cooling for longer. The luminosity is therefore dom-
inated by the youngest, least massive white dwarf of the pair,
so it is this star that the parameters derived from the model
atmosphere fits refer to. It is possible for the more massive
white dwarf to be the more luminous of the pair, but such
cases are much rarer. It requires the binary to have evolved
through a period of conservative mass transfer during which
the initially more massive (and hence more evolved) star
lost most of its mass in a common envelope event and be-
comes the least massive white dwarf. When the companion
star becomes a white dwarf it is the more massive of the
pair and because it is hotter, it dominates the luminosity
(Moran et al. 1997; Rebassa-Mansergas et al. 2017). Toonen
et al. (2012) show that although different models of the com-
mon envelope evolution produce different distributions of the
mass ratio q, the vast majority have q = M1/M2 < 1, clus-
tering around q ∼ 0.5. So, for simplicity, we do not include
these rare, inverted mass ratio binaries in our simulations.

Tremblay et al. (2011b) show that DA white dwarfs
with helium white dwarf companions (DC or DB) can usu-
ally be recognised as binary candidates from the discrepancy
between their temperatures derived from spectroscopy and
from multi-band photometry. DA+DB or DA+DC binaries
can also be recognised from their combined spectra which
display both hydrogen and helium lines (spectral type DAB
or DBA) or from unusual hydrogen line profiles. For DA+DA
binaries this distinction is less clear, so we have to rely on
detecting radial velocity variations.

2.2 Radial velocities

We measured the radial velocities in two different ways.
First we carried out a multi-Gaussian fit to each of the
four Balmer lines, Hα to Hδ, in the continuum-normalised
average spectra. Each of the Balmer lines were modelled as
the sum of three or two Gaussian functions, for a signal-
to-noise above or below 20, respectively. This allowed us to
model both the broad wings and the narrow core of the
lines accurately. For each line, we restricted the width of
the narrowest Gaussian in the model to be wider than the
spectral resolution. An example fit is shown in Figure 2. The
four lines (Hα to Hδ) were fit simultaneously, constrained
to all have the same radial velocity shift. We then fixed all
the parameters at their best-fit values, leaving only the ra-
dial velocity free, and fit this model to each of that target’s
subspectra. This has the advantage that the low signal-to-
noise subspectra can be reliably measured and that noise
spikes are not over-fitted by a model with many free pa-
rameters. Cosmic rays were removed during the fit using
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Figure 2. Triple Gaussian fit to the subspectra of

SDSS J123549.86+154319.0. A shift from blue to red around
the rest wavelength of Hα (vertical dashed line) is clearly

visible. The widths and depths of the Gaussian functions are

derived from a fit to the average spectrum (top panel). For the
subspectra, those parameters are fixed and only the position

along the wavelength axis is allowed to vary. The Hα to Hδ

lines are fit simultaneously and are constrained to have the same
radial velocity shift.

iterative sigma clipping. The fitting routine is a non-linear
least squares minimization, implemented using the Python
package lmfit (Newville et al. 2014) and the quoted errors
are standard 1σ errors on the fitted parameters.

As another check on our velocities, we used the best-fit
white dwarf atmosphere model for each target (section 2.1)
as a template and fit it to each of the subspectra. We cal-
culated the χ2 of the fit for a range of small steps in radial
velocity and then recorded the velocity at the minimum of
the resulting χ2 curve. The error on the radial velocity can
be estimated using bootstrapping techniques or from the
width of the χ2 curve around the minimum (e.g. Press et al.
1992, p. 692). The two fitting methods yield entirely con-
sistent results, but we found that especially in the case of
hot, massive white dwarfs with broad, shallow absorption
lines, the χ2 changed slowly when using the second method,
leading to very broad χ2 curves and hence large errors on
the radial velocity. In general we prefer the Gaussian fitting
method for the ease and reliability with which the error on
the velocity measurement can be determined.

The SDSS spectra are already corrected to the solar
system barycentre, so we apply no further corrections to the
times or the measured velocities.

3 DOUBLE DEGENERATE CANDIDATE
SELECTION

We quantify the variability of our targets using a variabil-
ity parameter η as described by Maxted et al. (2000b). It is
calculated as follows. For each target we calculate the error-
weighted mean of its radial velocities, using all n available
subspectra for that target. We then calculate a χ2 value,
χ2
m, against the assumption of constant radial velocity at

this mean value. Comparing the observed χ2
m against a χ2

distribution with n − 1 degrees of freedom, gives the prob-
ability p of measuring an equal or larger χ2 value from n
random variates. So, if the set of measured radial velocities
is very different from a distribution that can be described as
random scatter around a mean value (e.g. large differences
between the individual radial velocity measurements or a
set of steadily increasing velocity values) χ2

m is large and it
will fall in the tail of the χ2 distribution. Only a very small
fraction of random fluctuation outcomes can produce a χ2

as large as or larger than χ2
m, so the probability that the

measured variation is due to noise only, is low. For conve-
nience, we use the logarithm of this probability and define
the variability parameter

η = − log10[P(χ2 > χ2
m)], (1)

so the larger the value of η, the smaller the probability that
the measured radial velocity variability is due to chance.

Table 1 shows the parameters of the 14 known double
degenerate binaries in our sample, arranged by the value of
η we measure from their SDSS subspectra. Only half of these
binaries have η high enough to clearly identify them as bi-
naries or binary candidates (η > 2.5; see Section 6). In prac-
tice, the value of η we measure from the sparsely sampled
radial velocity observations, depends on the orbital period
of the binary and the time between exposures. The typi-
cal SDSS exposure pattern (three subsequent spectra taken
over ∼ 45 minutes) is less sensitive to binaries with long or-
bital periods or low mass companions, as such binaries will
display only a small change in radial velocity over the du-
ration of the observation. But since the exposure pattern is
not fixed, and many targets have additional exposures on
another day (Figure 1), long-period binaries are not com-
pletely excluded from the sample. In the next section we
use Monte Carlo simulations to quantify the detection effi-
ciency for various types of binaries in SDSS, using a range
of component masses and orbital periods.

First, we consider the variability of the SDSS white
dwarf sample as a whole. Sorted by η, 11 of the top 20
targets are known or newly confirmed binaries (Section 5).
The other nine are still awaiting follow-up observations, but
at least seven display clear, likely long-period, radial ve-
locity variability in their subspectra. Figure 3 shows the
cumulative distribution function of the variability param-
eter η, separated into three groups by mass. There are 556
massive white dwarfs (M > 0.8M�; red line) in the sam-
ple, 5363 white dwarfs with masses 0.45M� < M < 0.8M�
(green line) and 396 low mass white dwarfs (M 6 0.45M�,
cyan line). Only three white dwarfs in the low mass group
have M < 0.20M�, so this group is perhaps better described
as 0.20M� . M < 0.45M�. This is likely a consequence of
the colour region where our sample was selected from (Sec-
tion 2). We excluded 81 targets for which the mass could not
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Table 1. Known binaries in the sample, with measured orbital parameters, arranged by the variability parameter η

Target η (SDSS) Porb (h) M1/M� M2/M� Ref.

SDSS J075519.47+480034.1 100.0 13.11048 0.410 > 0.89 a

SDSS J092345.59+302805.0 100.0 1.0788 0.274 > 0.37 b

SDSS J125733.64+542850.5 50.47 4.55500(2) 0.15(5) 0.92(13) c, d, e

SDSS J143633.29+501026.7 23.16 1.0992 0.233 > 0.45 f , g

SDSS J082511.90+115236.4 21.97 1.39656 0.278 > 0.49 h

SDSS J100559.10+224932.3 5.23 2.7843704(36) 0.378(23) 0.316(11) i, j, k

SDSS J112721.28−020837.4 4.15 0.565(7) l

SDSS J105353.89+520031.0 3.56 1.02144 0.204 > 0.26 f , b

SDSS J081544.25+230904.7 1.13 25.76568 0.200 > 0.50 a

SDSS J155708.48+282336.0 0.30 9.77784 0.494 > 0.43 a

SDSS J123410.36−022802.8 0.27 2.19432 0.227 > 0.09 g

SDSS J143042.61+371015.0 0.16 27.76176(5) 0.348 > 0.233 m

SDSS J225242.25−005626.6 0.12 0.349 g

SDSS J110436.70+091822.1 0.10 13.27656 0.457 > 0.55 a

References: a−Brown et al. (2013), b−Brown et al. (2010), c−Badenes et al. (2009), d−Kulkarni & van Kerkwijk (2010), e−Marsh et al.

(2011), f−Mullally et al. (2009), g−Kilic et al. (2011), h−Kilic et al. (2012), i−Parsons et al. (2011), j−Bours et al. (2014), k−Bours
et al. (2015), l−Maoz & Hallakoun (2017), m−Morales-Rueda et al. (2005)

be reliably measured from the SDSS spectra. The dashed
line is 10−η , corresponding to a sample of pure noise. At
low values of η, the variability of the M > 0.80M� and
0.45M� < M < 0.80M� groups match the prediction for ran-
dom noise, but above η & 1.5 both groups show an excess.

The low mass white dwarfs join the noise curve for
η . 0.4 and show a pronounced excess above the noise for
values higher than that. Low mass white dwarfs are known
to have a high binary fraction (Bergeron et al. 1992; Marsh
et al. 1995; Brown et al. 2011; Rebassa-Mansergas et al.
2011; Brown et al. 2016), since single stars cannot evolve
to such low mass white dwarfs within a Hubble time. In-
stead these white dwarfs are formed as a result of enhanced
mass loss to a binary companion, so a large variability ex-
cess above the noise curve should be expected for this mass
range. For example, Brown et al. (2011) find a 70 per cent bi-
nary fraction for white dwarfs with M 6 0.45M�, increasing
to > 95 per cent for M < 0.20M�. The ELM survey find that
the masses of the companion white dwarfs follow a normal
distribution with M2 = (0.76±0.25)M�, leading to an average
total mass M = (1.01 ± 0.15)M� (Brown et al. 2016), so it
is unlikely that we will find many SN Ia progenitors in this
group. These binaries are much more likely to merge and
become more massive single white dwarfs, R Coronae Bore-
alis stars or mass-transferring AM CVn binaries (Webbink
1984; Marsh et al. 2004), but the excess in Figure 3 is a
clear illustration of the sensitivity of the SDSS subspectra
to binarity.

4 DETECTION EFFICIENCY

For binaries that are potential SN Ia progenitors the com-
ponent masses have to be large (so that the merger product
exceeds or is close to the Chandrasekhar mass) and the or-
bital period short (Porb . 12 h; so that the merger takes
place within a Hubble time). Their radial velocity ampli-
tudes will therefore be large, and it is not unreasonable to
expect that we would be able to detect such systems in the
SDSS data.
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Figure 3. Radial velocity variability of the SDSS white dwarf
sample, separated by mass as shown. The variability parameter η

on the horizontal axis is as defined in Section 3, and the vertical

axis represents the fraction of the sample that displays variability
> η. The black dashed line is the prediction for a sample of pure

noise. All three groups contain targets which display variability

in excess to random noise. The small panel shows an expanded
version of the plot for clarity.

In this section, we show the results of Monte Carlo simu-
lations to quantify the probability of detecting various types
of double white dwarf binaries using this method. We started
by calculating the expected orbital velocity of a white dwarf
in a binary, from Kepler’s third law,

v1 =
M2

M1 + M2
[G(M1 + M2)M� 2π f ]

1
3 (2)

where M1 is the bright white dwarf which dominates the
optical spectrum and M2 is the more massive unseen com-
ponent. For a given binary pair with M1 < M2, we calcu-
lated the expected radial velocity for 1000 equally spaced
orbital frequencies between 1.5 6 f 6 24 cycles d−1 (i.e.
1 6 Porb 6 16 hr). We repeated the simulation for 10 values
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Figure 4. Detection probability as a function of the binary parameters. Left: The detection probability increases with orbital frequency.
The grey area shows the range for all binary pairs in our simulation, and the M1, M2 = 0.7, 0.7M� case is highlighted in black. Middle:

Detection probability (colour scale) as a function of the masses of the component stars. The frequency was fixed at f = 6 cycles day−1.

Right: The binary mass function and orbital frequency together gives the most general overview of the detection probability. The dashed
line indicates the detection probability for a M1, M2 = 0.7, 0.7M� binary, corresponding to the black line shown in the left hand panel.

of the binary inclination i for each target, randomly selected
from a sin (i) probability distribution. We found that the in-
clination had only a very minor effect on our final results,
so to simplify the direct comparison of the figures described
below, we fixed the inclination to i = 60◦. We then sampled
the projected velocity K1 = v1 sin i in the same way as the
SDSS subspectra of each of the 6396 targets, adding a veloc-
ity scatter similar to the measured velocity errors as well as
a random phase. For each case we calculated the resulting
variability parameter η and recorded the number of times
it exceeded a certain threshold for the particular combina-
tion of M1, M2 and f . The detection probability is then the
fraction of simulations for which the variability exceeded the
threshold. In Figure 4 we adopt a threshold value of η = 2.5;
we will return to the choice of this value in Section 6.

Let us first consider the effect of orbital frequency on the
detection probability (Figure 4, left panel). The results from
all simulated mass pairs fall within the grey shaded area, and
the specific case of a canonical SN Ia progenitor binary with
M1, M2 = 0.7, 0.7M�, is highlighted in black. The dips in the
probability curve at low frequencies are due to the typical
observing pattern, as binaries with orbital periods of close
to a day will be observed at the same phase each night,
making it more difficult to identify them as variable. The
detection probability increases with orbital frequency for all
mass pairs considered in our simulations.

In the middle panel of Figure 4 we show how the de-
tection probability varies with the masses of the component
stars. We assume here that the component dominating the
spectrum is the least massive of the two stars. Mass ratios
q = M1/M2 < 1 are excluded from the simulations. We fixed
f = 6 cycles d−1, where the detection probability in the left
hand panel shows the steepest change. It shows that bina-
ries with a more massive companion or a more extreme mass
ratio have a higher probability of being detected.

Finally in the right hand panel, we combine these results
and show how the detection probability varies with both
frequency and mass, the mass dependence included in the
form of the mass function,

fm =
M3

2 sin3 i

(M1 + M2)2
=

PorbK3
1

2πG
. (3)

Again we highlight the position of a M1, M2 = 0.7, 0.7M�
binary. The dashed line here corresponds to the black line
shown in the left hand panel. The most obvious feature of
this plot is the large range of parameters for which the de-
tection probability is high. This again confirms that even
though the sampling is sparse and the spectral resolution is
much lower than SPY, SDSS can be used to uncover dou-
ble degenerate binaries, particularly those with short orbital
periods.

5 FOLLOW-UP OBSERVATIONS

We carried out follow-up observations of targets with a range
of η-values to test the reliability of the selection method. In
general we prioritised the targets with highest η that were
observable at the time of our observations, but we also ob-
served a few low η targets which have low signal-to-noise
SDSS subspectra to be able to improve their mass and ra-
dial velocity measurements. We made no selection based on
the white dwarf mass, our aim was simply to confirm the
variability and verify the selection method.

5.1 Spectroscopy

Our follow-up observations involved a number of different
telescopes: the 4.2 m William Herschel Telescope (WHT;
2013 January and 2015 August) and the 2.5 m Isaac New-
ton Telescope (INT; 2015 October), both at the Roque de
los Muchachos Observatory on La Palma, Spain, the 6.5 m
Magellan Baade Telescope at Las Campanas Observatory,
Chile (2016 May), as well as the European Southern Obser-
vatory’s 8.2 m Very Large Telescope (VLT; 2015 May and
2016 June) at Paranal Observatory, Chile.

On the WHT we used the ISIS dual-beam spectrograph
with the R600R and R600B gratings to cover the wavelength
ranges 3940 − 5170 Å and 5615 − 7140 Å respectively. This
covers Hδ→Hα at a resolution of 1.76 Å. The INT obser-
vations with the R632V grating on Intermediate Dispersion
Spectrograph (IDS) covered Hδ→Hβ (3560 − 6065 Å) at a
resolution of 1.94Å. For the VLT observations we selected
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the GRIS1200R+93 grism on the FORS2 spectrograph. This
setup delivers a 1.72Å resolution across the 5940 − 7110 Å
but it covers only the Hα line. The MagE spectra from Mag-
ellan Baade have the highest resolution of our observations
– 1.6Å over a wide wavelength range (3100 − 10000 Å).

The overall strategy was to take two to four radial ve-
locity snapshots separated by a few hours or nights to con-
firm the suspected radial velocity variability. Where possi-
ble, we took further observations of the confirmed binaries
to measure their orbital periods. Unfortunately 10 out of 17
allocated nights were completely lost due to poor weather,
and some of the remaining time was affected by cloud cover
and/or poor seeing. Not all targets could be observed twice
and some of the suspected long-period binaries need addi-
tional observations to be able to confirm the variability. The
observing log shown in Table 2 details the observations of
the 36 targets which have we have obtained at least two
epochs so far. These observations are ongoing; here we focus
only on what the initial observations can tell us about the
methodology.

5.2 Results

We measured the radial velocities in exactly the same way as
for the SDSS spectra, using a simultaneous multiple Gaus-
sian fit to all the Balmer lines covered by the setup. The
radial velocities are shown in Table 3, including the η mea-
sured from the SDSS as well as the follow-up spectra. The
table is available in full in the online material. We select
η = 4 in the follow-up data as the threshold for confirming
a target as a double degenerate binary. For this value, the
number of false alarms in our sample, simply due to Gaus-
sian statistics, is < 1 (See Section 6). In general our follow-up
observations confirm that the targets with large values of η
are radial velocity-variable. As mentioned previously, there
are several targets for which the follow-up observations do
not cover a long enough baseline, so our observations are
insufficient to make any conclusive statement of the vari-
ability of these targets. Seven of our targets exceed η > 4;
we highlight these with bold print in the online table. For
four of these binaries we obtained enough measurements to
measure their orbital periods (Figure 5). We assume that
the orbits are circular and fit the data with a series of sine
waves,

V(t) = γ + K1 sin[2π(t −HJD0) f ] (4)

equally spaced in frequency. We adopt the frequency re-
sulting in the lowest χ2 of the fit as the orbital frequency
of the binary. The large uncertainty on the periods of
SDSS J073616.20+162256.4 and SDSS J171125.53+272405.1
result from the fact that the observations were taken
on a single night. For SDSS J123549.86+154319.0 and
SDSS J234902.80+355301.0 the χ2 of the second-best alias
are factors of 6 and 5 larger than the minimum, respec-
tively, so these are likely to be the correct periods of these
binaries. The one-day alias periods are however still possi-
ble. The parameters of the best fit circular orbit for each
of the four binaries are shown in Table 4. The orbital pe-
riod of SDSS J123549.86+154319.0 turned out to be very
short (59 min), so the 900 s exposure time we used in the
follow-up spectroscopy span a large fraction of the orbit.

Figure 5. Radial velocity measurements folded on the period de-

termined from the lowest χ2 fit of a circular orbit. The adopted

orbital frequency is indicated by an arrow and the parame-
ters of the fit are shown in Table 4. The radial velocities of

SDSS J171125.53+272405.1 are from the SDSS subspectra only;

the other targets are labelled with the name of the telescope where
the observations were taken.

This phase smearing reduces the measured velocity ampli-
tude by a factor (sin x)/x compared to the true amplitude,
where x = πtexp/Porb and texp is the exposure length. We in-
clude both the measured (K1) and corrected (Kc) velocity
amplitudes in Table 4 and derive the other parameters in
that table using the corrected amplitude. In terms of finding
massive white dwarf binaries, SDSS J234902.80+355301.0
is the most interesting of the targets. It has a total mass
M > 1.115M� and a gravitational wave radiation merger
time scale of < 1.9 × 109 years, well within a Hubble time.
With only a lower limit on M1 it is not yet clear whether
it is massive enough to be a SN Ia progenitor in the clas-
sic sense, but the lower limit on the total mass already falls
in the range of interest for double-detonation SN Ia models.
Given the low mass functions derived for the other three
binaries, we checked again for any signs that the compan-
ion might be a late type dwarf star rather than a white
dwarf. First we checked whether their spectra show any in-
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Table 2. Log of follow-up observations. The temperature and log g measured from the SDSS spectra are shown for reference.

Target ID g UT date at Telescope/ Number of Exposure time η Teff log g
SDSS (J2000.0) (mag) start of night Instrument spectra per spectrum (s) (SDSS) (K)

J000034.07−010820.0 17.84 2015 Aug 11 WHT/ISIS 2 900 1.07 13006 (222) 8.03(05)
” ” 2015 Oct 11,12 INT/IDS 7+7 1200 ” ” ”

J000757.81−050251.5 18.57 2016 Jun 18,21,22 VLT/FORS2 5+9+11 1200 2.71 11173 (141) 7.90(06)

J003641.60+242205.0 17.72 2013 Jan 3,4,5 WHT/ISIS 1+1+1 1000–1200 1.95 7899 (58) 8.13(08)
J022446.29−074820.5 17.72 2013 Jan 2,3,4 WHT/ISIS 1+1+1 1100–1500 4.47 19216 (160) 7.50(02)

J022919.70+255536.7 18.88 2013 Jan 4,5 WHT/ISIS 1+1 1800 0.43 22262 (462) 7.86(06)

J031524.02+394836.4 18.68 2013 Jan 2,3,4,5 WHT/ISIS 1+1+1+1 1800 1.68 20024 (370) 7.81(06)
J073616.20+162256.4 16.31 2015 May 7 VLT/FORS2 17 300 1.64 20518 (135) 7.24(02)

J075345.74+333527.8 18.59 2013 Jan 3,4,5 WHT/ISIS 2+1+1 1500–1800 1.97 7339 (89) 7.81(15)

J080004.71+455500.0 18.83 2013 Jan 3,4,5,6 WHT/ISIS 2+1+1+1 1800–2000 1.28 16762 (439) 8.50(07)
J080024.15+183952.0 18.06 2013 Jan 3,5,6 WHT/ISIS 1+1+1 1100–1500 0.48 16207 (240) 8.09(04)

J080911.20+352756.9 15.16 2013 Jan 3,5,6 WHT/ISIS 1+1+1 600–1000 1.28 9091 (19) 8.32(02)

J082001.30+383435.0 16.60 2013 Jan 3,5,6 WHT/ISIS 1+1+1 900–1600 1.02 7592 (22) 8.01(03)
J085858.49+301231.3 17.69 2013 Jan 3,4,5,6 WHT/ISIS 1+1+1+1 1000–1800 0.37 31697 (267) 8.02(06)

J090014.38+331140.0 18.54 2013 Jan 4,5,6 WHT/ISIS 1+1+1 1300–1500 0.90 9787 (94) 8.47(09)
J093009.37+420754.1 17.47 2013 Jan 3,5,6 WHT/ISIS 1+1+1 900–1800 0.62 16334 (164) 7.88(03)

J094652.19+631841.7 18.81 2013 Jan 4,5,6 WHT/ISIS 1+1+1 1500–1800 4.30 10939 (201) 8.03(10)

J100628.33+624815.0 18.49 2013 Jan 3,4,5,6 WHT/ISIS 1+1+1+1 1200–1600 0.16 44289 (1868) 7.86(19)
J101035.46+262946.9 18.79 2013 Jan 4,6 WHT/ISIS 1+1 1100, 1500 0.38 32048 (501) 7.07(12)

J112721.28−020837.4 16.21 2015 May 5 VLT/FORS2 8 180 4.15 26720 (99) 7.86(02)

J113709.83+003542.7 18.46 2013 Jan 4,5,6 WHT/ISIS 1+1+1 1200–1400 0.79 17886 (396) 7.63(07)
J122450.26+003617.3 18.57 2013 Jan 4,6 WHT/ISIS 1+1 1800, 1400 0.43 30001 (716) 7.42(15)

J123549.86+154319.0 17.34 2013 Jan 3,4 WHT/ISIS 4+1 800–1000 26.50 22096 (235) 7.21(03)

J125714.33+184516.9 17.23 2015 May 5 VLT/FORS2 7 600 0.22 13730 (230) 8.10(03)
J133336.04+091704.9 17.93 2015 May 5 VLT/FORS2 4 600 2.23 14026 (349) 8.30(05)

J141516.08−010912.1 18.27 2016 Jun 18,21,22 VLT/FORS2 11+11+17 900 5.27 6106 (60) 8.12(13)

J144108.42+011019.9 16.88 2015 May 5 VLT/FORS2 4 300 2.28 32636 (162) 7.32(04)
J144510.28+141344.9 16.12 2015 May 5 VLT/FORS2 2 150 12.40 50481 (593) 6.90(05)

J162314.70+142829.0 18.88 2016 Jun 18,22 VLT/FORS2 1+1 1500 4.82 9674 (126) 7.84(14)
J162858.17+141508.5 17.21 2015 May 5 VLT/FORS2 2 600 1.18 10335 (51) 8.00(04)

J163133.15+153329.3 18.24 2016 Jun 18,21 VLT/FORS2 6+4 900 2.78 9265 (84) 8.00(10)

J163826.31+350011.9 14.64 2015 Oct 10,11,12 INT/IDS 1+2+1 1800–2700 5.33 37787 (180) 7.90(02)
J171125.53+272405.1 17.19 2015 May 5 VLT/FORS2 1 600 2.59 54091 (1351) 7.94(09)

” ” 2016 May 21 VLT/FORS2 2 1440 ” ” ”

J180943.69+235828.8 17.51 2015 May 5 VLT/FORS2 3 600 0.95 19782 (200) 7.97(03)
J204544.80−001614.5 18.19 2015 May 5 VLT/FORS2 2 600 1.57 6258 (168) 8.98(34)

” ” 2016 May 21,22 VLT/FORS2 13+12 720 ” ” ”

J231951.69+010908.3 18.46 2013 Jan 2,3,4 WHT/ISIS 1+1+1 1800 1.20 7167 (131) 8.72(20)
J234902.80+355301.0 18.42 2013 Jan 2,3,4,5 WHT/ISIS 1+1+3+8 900–1800 19.94 25495 (444) 7.25(06)

J235552.69+372143.5 18.86 2013 Jan 2,3,4 WHT/ISIS 1+1+1 1600–1800 0.58 16870 (291) 7.98(06)

Table 3. Radial velocity measurements from follow-up observations (Extract only. Full table available online.)

Target ID BTDB−2450000 Radial velocity Velocity err η η η

SDSS (J2000.0) (mid-exp) (km s−1) (km s−1) (follow-up) (SDSS) (both)

J123549.86+154319.0 3442.401166 16.0 23.4

3442.412613 -88.4 24.2
3442.423997 164.9 23.9

6013.304119 -102.3 20.8

6013.315508 53.4 20.4
6013.326874 168.9 20.1

6295.242296 -143.0 21.7

6295.252803 -51.8 23.4
6295.264123 129.4 24.0
6295.273473 -73.7 22.6

6296.273024 -128.9 22.9 17.12 26.50 54.00
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frared excess compared to the white dwarf spectrum only. Of
the four binaries in Table 4, only SDSS J123549.86+154319.0
falls within the UKIDSS 2 footprint. It is detected in the Y ,
J and H bands only, at fluxes that follow the spectrum of
a 22 100 K white dwarf exactly. The non-detection in the
K band is also consistent with this white dwarf spectrum.
We also checked the WISE 3 All Sky Catalogue, but none
of the four binaries is detected at the WISE wavelengths.
Finally, we also downloaded the Catalina Sky Survey4 light
curves of these binaries to check for optical variability that
could result e.g. from ellipsoidal modulation or irradiation
of a brown dwarf companion by a hot white dwarf. We find
no significant periodic variability in any of the light curves.
Without near-infrared data there remains the possibility of
a faint late-type companion that is below the detection limit
at WISE wavelengths, but the data available at the moment
is consistent with the companions being white dwarfs.

The subspectra of SDSS J144510.28+141344.9 (TWD =

56 000 K; log g = 6.82) display significant, but likely long
period radial velocity variations. We were only able to obtain
two consecutive exposures of this target, so we could not
confirm the variability, but we nevertheless include it here.
The two VLT spectra display broad and variable profiles of
the Hα absorption core, along with what appears to be a
weak Hα emission line. This suggests that the white dwarf
might be accreting, but as above, the target has no infrared
excess emission that might indicate the presence of a low
mass companion and no periodic variability in its Catalina
Sky Survey light curve. Instead we suggest that this might
be a double-lined white dwarf binary, showing absorption
from both the component stars. We encourage further high
resolution observations of this target to confirm this and to
measure its mass ratio.

One of our follow-up targets,
SDSSJ112721.28−020837.4 = WD1124−018, was observed
by SPY as well. The SPY spectra display a velocity change
of ∆vmax = 101.9 km s−1 over ∆t = 1.9 days, identifying the
target as a double degenerate binary (Maoz & Hallakoun
2017). Our VLT observations have η = 3.88, placing it just
outside the threshold where we would assume it to be a
double degenerate without further follow-up. The VLT
observations have ∆vmax = 32.7 km s−1 between spectra
taken ∆t = 138 minutes apart, which would be sufficient to
include it among the list of very likely double degenerate
binaries by the ∆vmax > 15 km s−1 criterion that Maoz &
Hallakoun (2017) use.

6 DISCUSSION

6.1 Effective sample size

Potential SN Ia progenitors comprise only a small fraction of
the total population of double degenerate binaries. As dis-
cussed in the introduction, the Galactic SN Ia rate requires
that at least one in every ∼ 400 white dwarfs we test for

2 United Kingdom Infrared Telescope (UKIRT) Infrared Deep
Sky Survey
3 Wide-field Infrared Survey Explorer
4 Drake et al. 2009. Public data release available from

http://nesssi.cacr.caltech.edu/DataRelease/
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Figure 6. Number of targets to be observed as a function of the

variability threshold η (grey), compared to the number of false
alarms we can expect based on Gaussian noise (dashed line). The

black solid line is the difference between the two, showing that

for η > 4 the target is a double degenerate to high confidence.
η = 2.5 gives good balance between the effective survey size and

the number of false positives.

radial velocity variability should be a SN Ia progenitor, if
indeed merging double degenerates are responsible for most
SN Ia explosions. So, to test whether the classic double de-
generate model is correct, we need to sample at least several
times this number of white dwarfs. SPY surveyed 1000 tar-
gets, but many had to be excluded because they turned out
to be subdwarf stars rather than white dwarfs, because the
white dwarf was found to be magnetic (the Zeeman splitting
of the lines complicates the radial velocity measurement),
or because only one spectrum could be obtained during the
period of observations. In total 615 DA white dwarfs were
surveyed for radial velocity variability — this is the survey
size of the SPY survey (Koester et al. 2009).

The advantage of pre-selecting or ranking the targets
using the SDSS velocities, is that non-variable (single) white
dwarfs can be reliably excluded from the follow-up sample,
leading to a much reduced cost in observing time. A survey
based on the variability ranked sample only has to spend
observing time on the targets with η above a chosen thresh-
old, and this observed sample will contain a much higher
binary fraction than the sample as a whole. The detection
probability allows us to account for the real binaries that
are excluded along with the single white dwarfs, due to the
sparse sampling pattern and spectral resolution of the SDSS
data.

In a survey where no prior information about the vari-
ability is available, all the candidates have to be followed
up, so the survey size is the same as the number of observed
targets, at best. In a ranked survey, we define the effective
survey size as the fraction of binaries we can expect to de-
tect from the whole sample, i.e. the full number of targets
for which we have radial velocity information (6396 in the
case of SDSS) multiplied by the detection probability of a
given binary in that survey. The detection probability also
depends on the threshold η down to which we are willing
to carry out follow-up observations. Setting a high thresh-
old means that only those targets for which we detected
variability with high confidence in the SDSS subspectra will
be followed up, but observing so few targets from the full
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Table 4. Orbital parameters of the new binaries. M1 and Teff are derived from the atmosphere model fit. M2 is the minimum mass

derived from the mass function.

Target ID Porb T0 K1 Kc γ M1 fm M2 Teff

SDSS (J2000.0) (d) (HJD−2450000) (km s−1) (km s−1) (km s−1) (M�) (M�) (M�) (K)

J073616.20+162256.4 0.069(4) 7150.533(1) 32(2) 32(2) 53(2) 0.360(7) 0.0002 > 0.033 20 518
J123549.86+154319.0 0.03438(5) 6296.2680(9) 151(18) 176(21) −16(12) 0.363(11) 0.0196 > 0.179 22 096

J171125.53+272405.1 0.052(7) 5715.374(4) 113(32) 121(34) 40(22) 0.672(44) 0.0095 > 0.192 54 091

J234902.80+355301.0 0.1813(4) 6296.925(3) 255(10) 257(10) −13(8) 0.386(14) 0.3207 > 0.742 25 495

sample reduces the overall detection probability of a given
binary. Conversely, setting the threshold too low will result
in a higher detection probability, but it means that most of
the sample will have to be followed up. Also, from the def-
inition of η (equation 1), the lower η the larger the number
of false positives we can expect, so the best choice of η is a
trade-off between the number of targets to be observed, the
detection efficiency and the expected number of false posi-
tives. For the SDSS sample, we find that η = 2.5 strikes a
good balance (Figure 6). For η = 3.0, 2.5 and 2.0 we will have
to observe 56, 90 and 138 targets respectively, of which we
may expect 6, 20 and 64 to be false positives, according to
Gaussian statistics.

To illustrate how these parameters affect the effective
survey size and how ranking increases the efficiency of the
survey, we show a few specific cases in Figure 7. The hori-
zontal axis represents the number of targets from the ranked
SDSS sample for which we have to obtain follow-up obser-
vations, i.e. the number of targets which have η above the
threshold indicated by the grey vertical lines. For each choice
of M1, M2, Porb and η, we can calculate the detection proba-
bility and hence the effective survey size. This is indicated
on the vertical axis. A 1:1 correspondence is plotted as a
dotted line, representing the case of a survey where all tar-
gets are known white dwarfs, and targets are followed up
in random order, as no prior information of their radial ve-
locity variability is available. This is in principle the tech-
nique that SPY used, but because of the interlopers in the
survey, its efficiency was somewhat below this level, indi-
cated by a yellow dashed line and a star symbol for the final
survey statistics . We compare these values with the most
pessimistic scenario for a SN Ia progenitor: a combined mass
of MCh and an orbital period long enough that the binary
will only just merge in a Hubble time. We show three ex-
amples in Figure 7. The case M1, M2 = 0.7, 0.7M� is plotted
in black, M1, M2 = 0.6, 0.8M� is plotted in red and a sub-
Chandrasekhar binary with M1, M2 = 0.6, 0.6M� is shown in
green. For these types of binaries our detection probability
with SDSS is low. Yet, even so, the effective sample size far
exceed that of SPY. Consider the ‘worst case’ shown (red
line; M1, M2 = 0.6, 0.8M�). Choosing η = 2.5 as the thresh-
old for follow-up observations, means that we will have to
observe 90 targets. The detection probability in this case is
very low, only 18 per cent, which gives an effective survey
size of 1143. Despite the low detection probability, this is al-
most double the the survey size of SPY (a factor of 1.8), for
observing less than 15 per cent as many targets. For com-
parison, we also show the effective survey size for a short
period binary, to which SDSS has a much higher sensitiv-

ity. The blue line in Figure 7 represents the same binary
with M1, M2 = 0.6, 0.8M�, but with an orbital period of four
hours. The survey size in this case is a factor of 4.8 greater
than SPY for the same η.

6.2 Comparison with observations

Our follow-up observations are not yet sufficient to make any
detailed comparisons with the simulations, but the initial
results are promising. Of the top 20 targets in our sample,
as arranged by η, six are previously confirmed binaries and
a further three have been confirmed by our observations.
10 of the remaining top-20 are still awaiting observations,
or have only been observed once so far in our programme.
Considering only the targets that have been observed, we
find only one with η > 4 which does not have significant
variability in the follow-up observations (Table 3), so the
method is efficient at selecting binaries.

These initial observations also illustrate the importance
of good signal-to-noise and the radial velocity uncertainty.
For a binary with a high mass function an error of ∼20 km s−1

may be tolerated, but in general we find that we need
an error of . 10 km s−1 to rule out radial variability in
the follow-up observations. With poor weather conditions
this is not always easy to achieve. As a result of large ve-
locity errors, some of our high η binary candidates could
not be confirmed as variable, but binarity is not ruled out
by our observations either. Similarly, we included a few
low η targets in our follow-up sample, of which some were
found to be variable, e.g. SDSS J100628.33+624815.0 and
SDSS J122450.26+003617.3 (Table 3). In both cases the low
η resulted from large errors on the SDSS velocities (due
to the broad, shallow lines of these white dwarfs and the
low signal-to-noise of their subspectra). As discussed in Sec-
tion 4, a target with a long orbital period can also have a
low η in SDSS if all the subspectra were taken on the same
night. Further epochs are needed to measure the orbital peri-
ods of these binaries. With a small number of measurements
contributing to η, a single observation could have a big ef-
fect, so this should not be viewed as an absolute measure
of the variability of the target. With further observations in
the future, we will link these observations more closely to
the simulations by calculating a follow-up ‘efficiency factor’.
This will help us to account for effects such as poor weather
or technical errors on the simulated survey efficiency. Nev-
ertheless, even with a slightly reduced efficiency, Figure 7
shows that only a small number of observations are nec-
essary before the ranked survey exceeds the efficiency of a
blind or random survey.
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6.3 Overlap with SPY

The SPY and SDSS samples are highly complementary (see
Maoz & Hallakoun 2017 for a discussion of the binary sep-
aration distributions that the two surveys are sensitive to)
and largely independent. There are only 52 white dwarfs
common to both surveys, 49 of which are likely single stars.
We measure η < 0.7 for all these stars from the SDSS sub-
spectra; in fact, most have η < 0.1, so well within the noise
for all mass ranges (Figure 3). Of the three that were identi-
fied as binaries by SPY, we identified one as a likely binary
as well (WD1124−018; Section 5) but the remaining two
(HS1102+0934 and HS1204+0159) could not be identified as
variable from their SDSS subspectra, likely due to long or-
bital periods. For both targets, the SDSS observations were
taken within 45 minutes, while the SPY epochs are sepa-
rated by six and one nights for the two binaries respectively.

6.4 Future spectroscopic surveys

The known population of double white dwarfs is heavily bi-
ased towards low mass binaries. Given the importance of
ELM binaries for models of common envelope evolution (e.g.
Nelemans et al. 2005) and the low frequency gravitational
wave background (e.g. Hermes et al. 2012), much of the ob-
servational effort for double white dwarfs is currently di-
rected towards low mass systems. Only a few systems are
known at the massive end of the distribution where we ex-
pect to find the SN Ia progenitors. The small size and biases
in the observational input is currently one of the biggest
factors limiting the accuracy of population synthesis mod-
els (e.g. Toonen et al. 2012). Detecting and characterising
massive white dwarf binaries, even if they are not super-
Chandrasekhar, is very important to help eradicate this bias
and provide reliable observational input to models.

Future large-scale spectroscopic surveys such as
WEAVE, DESI and 4MOST are expected to observe & 105

new white dwarfs identified by Gaia (Jordan 2007; Carrasco
et al. 2014). WEAVE (the William Herschel Telescope En-
hanced Area Velocity Explorer; Dalton et al. 2016) is a new
multi-object spectrograph for the 4.2-m William Herschel
Telescope at the Observatorio del Roque de los Muchachos,
on the island of La Palma in the Canary Islands. It will pro-
vide wide-field spectroscopic follow-up for various ground-
and space-based surveys in the form of key science projects5.
1 − 2 × 105 white dwarfs will be observed at medium reso-
lution (R ∼ 5000, velocity resolution ∼ 5 km s−1) as part of
the ‘Galactic Place Stellar Circumstellar and Interstellar As-
trophysics’ (SCIP) project, in order to determine the ages
of various stellar populations and study the star formation
history of the Galaxy. White dwarfs will also act as flux cal-
ibrators, so will be included in other science programmes as
well. The current survey strategy allows for multiple visits to
the survey fields, so the WEAVE data are ideal for applying
our ranking method. WEAVE is expected to see first light
early in 2018 with science operations to start in mid-2018.

Similarly, while the DESI (Dark Energy Spectroscopic
Instrument)6 observations will be directed towards emission

5 See http://www.ing.iac.es/weave/science.html
6 http://desi.lbl.gov/
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Figure 7. Comparison between the effective survey size of a
ranked dataset (coloured solid lines) with a blind survey (grey dot-

ted line) and SPY (yellow dashed line). The effective sample size
depends on the detection probability, so varies with the parame-

ters of the simulated binary. The red, black and green lines are the

long-period “pessimistic” cases, representing a M1, M2 = 0.7, 0.7
(black), M1, M2 = 0.6, 0.6 (green) and M1, M2 = 0.6, 0.8 (red) bi-

nary just merging within a Hubble time (Porb ∼ 11 hr). The detec-

tion probability of a shorter period binary is higher, so for com-
parison, a M1, M2 = 0.6, 0.8 binary with Porb = 4 hr is shown in

blue. The top panel shows the full sample of 6396 white dwarfs.

The bottom panel shows an expanded version of the x-axis to
illustrate rapid increase in the effective survey size for a small

number of targets observed.

line galaxies and quasars, white dwarfs will be included in
each pointing to allow for flux calibration. DESI observations
are scheduled to start in 2019. In the longer term, 4MOST
(the 4-metre Multi-Object Spectroscopic Telescope), will
run a southern sky spectroscopic survey using the VISTA
telescope in Chile (de Jong et al. 2014). The survey has
Galactic Archaeology as one of the key science themes, and
will observe 105 white dwarfs as part of this programme.

These data will give a much better estimate of the white
dwarf binary fraction as well as tight constraints on SN Ia
progenitor models, but it will be impossible to follow-up all
targets to confirm the variability and measure the binary pa-
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rameters. An efficient, statistically well-understood strategy
will be essential to identifying the targets worthy of further
follow up. Our aim is to test and refine the methodology
using the SDSS sample, to be able to provide reliable input
to future large surveys.

7 SUMMARY

Despite the relatively low resolution and short timescale of
the observations, the SDSS spectra are a rich source of use-
ful radial velocity information. Our Monte Carlo simulations
show that by using these radial velocities to pre-select vari-
able candidates for follow-up observations, we can efficiently
survey a large number of white dwarfs in a small amount of
observing time. Monte Carlo simulations show that, com-
pared to the previous largest white dwarf radial velocity
survey, SPY, this method allows us to double the survey
size for less than 15 per cent of the required observations.
Our follow-up observations are still ongoing, but initial ob-
servations already validate the method. An efficient survey
strategy for double degenerates will be essential for the up-
coming large spectroscopic surveys, which are expected to
yield several hundred thousand new white dwarfs.
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C. O., Agüeros M. A., Kleinman S. J., 2012, ApJ, 751, 141

Koester D., Voss B., Napiwotzki R., Christlieb N., Homeier D.,
Lisker T., Reimers D., Heber U., 2009, A&A, 505, 441

Kulkarni S. R., van Kerkwijk M. H., 2010, ApJ, 719, 1123

Kupfer T., et al., 2015, A&A, 576, A44

Li W., Chornock R., Leaman J., Filippenko A. V., Poznanski D.,

Wang X., Ganeshalingam M., Mannucci F., 2011, MNRAS,
412, 1473

Maoz D., Hallakoun N., 2017, MNRAS,

Maoz D., Mannucci F., 2012, Publ. Astron. Soc. Australia, 29,
447

Maoz D., Mannucci F., Nelemans G., 2014, ARA&A, 52, 107

Marsh T. R., Dhillon V. S., Duck S. R., 1995, MNRAS, 275, 828

Marsh T. R., Nelemans G., Steeghs D., 2004, MNRAS, 350, 113
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Rebassa-Mansergas A., Nebot Gómez-Morán A., Schreiber M. R.,
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