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Low Mass merger
MTot [0.3 - 0.6] M

2 WD-Helium

Chandrasekhar mass
1.44 M

Explosion SN-Ia  /  Collapse
2 WD-CO  or   WD-CO +WD-Helium 

Intermediate Mass 
merger

MTot [0.6 - 1.3] M
WD-CO + WD-He

RCB stars

2 WD merging
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WD: white dwarf

sdB: subdwarf B star

HB: horizontal
branch

sdO: subdwarf O star

1. INTRODUCTION
In a Hertzsprung-Russell diagram, the traditional subdwarf stars are located to the left of the
normal main sequence of hydrogen-burning stars roughly from spectral type F to K. Their weaker
metal lines make them appear to be somewhat earlier than expected for a normal dwarf star at a
particular absolute magnitude. These stars are core H-burners of low mass that differ from normal
main-sequence stars only by their low metallicity.

The hot subdwarf stars of B and O type discussed here, however, have little in common with
traditional subdwarfs. They lie between the main sequence and the white-dwarf (WD) sequence
and have evolved far beyond the main sequence (see Figure 1). They represent several stages in
the very late evolution of low-mass stars. B-type subdwarfs (sdBs) are core helium-burning stars
at the blue end of the horizontal branch (HB), whereas O types (sdOs) represent a rich mixture
of post red-giant branch, post-HB, and post-asymptotic giant-branch stars. Some central stars of
planetary nebulae, exhibiting absorption lines only, are often termed subdwarf O stars as well.
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Figure 1
Sketch of a Hertzsprung-Russell diagram highlighting the position of hot subdwarf (sdB and sdO) stars and
the extreme horizontal branch (EHB) located to the left and below the hot end of the main sequence but
above the white dwarf cooling sequence. The EHB is separated from the blue horizontal branch (BHB). The
location of stars having evolved from the postasymptotic giant branch is shown for comparison. The hot
subdwarf stars have nothing in common with traditional cool subdwarfs found below the lower main
sequence. Courtesy of ESO, with modifications by S. Geier and K.S. de Boer.
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RCB stars

Rare objects
but very bright...

Effective Temperature
8000 to 4000 K

Spectral type: F to K

−5.2 ≤ MV ≤ −3.4

Tisserand et al., 2009

LMC
SMC



C2 CN

Atmosphere composition:   H-deficient,  99% Helium, enriched in C

They display an extraordinary mixture of atomic species in 
ratios very different to those likely to have been established 
when the star was formed.

Anomalies include large enrichments of N, O, F, Ne and P,  
detections s-process elements, over-abundance in Si and S, 
together with a large range in iron abundance (Jeffery 1996; 
Rao & Lambert 1996; Pandey et al. 2006)

Main low res. spectral characteristic :  
   No Halpha , CH features
   low 13C/12C ratio
   low CN / C2 ratio.

RCBs correspond either to a brief phase of stellar evolution 
or an uncommon evolutionary path.

16O/18O ~ 1 observed in RCB stars
but this ratio ~ 500 in the sun. 

(Clayton, 2005 & 2007,  Garcia-Hernandez, 2010)



Expected numbers

WD-He  + WD-He  => sdB/O stars ?
WD-He  + WD-CO => RCBs ?
WD-CO + WD-CO => SnIa, WR?, NS ? 

Total Mass           Rate (Ruiter, 2009)

~0.5Mʘ                ~0.8 /100 yrs
~0.9Mʘ                ~0.5 /100 yrs
~1.2Mʘ                ~0.9 /100 yrs (0.3 for Mass >Mch)

WD-He + WD-CO merger evolution :

EHe stars

Saio & Jeffery, MNRAS 2002
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RCB phase 
~10  yrs5⎨

We expect  ~500 RCBs in our Galaxy
(between 300 to 2000 depending on model)

The good estimation of the total number of 
Galactic RCBs will give strong constraint 

on population synthesis model



P. de Laverny and D. Mékarnia: Dust clouds around R CrB variables stars L15

Fig. 2. NACO images of RY Sgr at 2.17 µm (left) and 4.05 µm (right, collected 4 months later). Same contour levels and orientation as Fig. 1.
The pixel scale at 4.05 µm is twice larger due to NACO characteristics. The spatial resolution estimated from the PSF reference star is 68 mas
and 116 mas at 2.17 µm and 4.05 µm, respectively. Note that the structures seen in both images result from different ejection events (see text).

4. Discussion

These images do reveal undoubtedly that large clouds are
present in the vicinity of R CrB variables. They are seen in
different directions and located at different distances from the
central star. It has to be pointed out that the clouds seen in the
K and L-images result from different ejection events. Indeed,
an extremely large velocity (more than one order of magnitude
above the typical escape velocity observed around R CrB vari-
ables) would be required to explain such a cloud motion (0.1′′

in 4 months), at the estimated distance of RY Sgr (∼2 kpc,
see below). We also note that the clouds appearing at ∼0.2′′

from the center of the field in the L-band image are not seen
in K-band because, despite the better spatial resolution, the
dynamic range in K may not be high enough to detect these
rather cold and therefore too faint clouds. On another hand,
the structures seen in May 2003 in K-band are not detected in
September in L-band. A possible explanation is that the angular
resolution of the L image (0.116′′) is not high enough to resolve
these features that are present at about 0.1′′ from the center of
the field. In any cases, it is very likely that these clouds are com-
posed of dust particles since they are not detected at 1.04 µm
while they clearly appear at the same epoch in K-band where
their emission is high enough to be detected.

Therefore, these observations do confirm, for the first time,
the scenario proposed several decades ago by Loreta (1934)
and O’Keefe (1939) and now widely accepted. When a very op-
tically thick dust cloud is ejected towards the observer, a huge
brightness decline, characteristic of R CrB variable stars, is ob-
served in visible light. On the contrary, almost no variations are
seen at longer wavelengths where this cloud is optically thin.

The rather large number of clouds detected around RY Sgr
also reveals a high activity for the R CrB variable stars

regarding the ejection of stellar material. Such large departures
from spherical symmetry around RY Sgr could explain why
brightness declines of R CrB variables are not so rare (a few
every 10 years, typically): a larger number of ejected clouds (if
the ejection is isotropic) leads to a larger probability that one
of them lies on the line of sight. R CrB stars with the most fre-
quent brightness declines would therefore be the stars ejecting
material at the larger rate. For instance, RY Sgr exhibited about
10 declines over the last 50 years (from AAVSO lightcurve).
That is a frequency about half that of the star R CrB, which
should be surrounded by a higher number of dust clouds and
might therefore eject material at a higher rate.

In addition, not only the number of ejected clouds is large
but these clouds might be very dense and optically thick close
to the stellar surface. It has indeed to be noted that the mean
density of the circumstellar layers, where they are detected in
the NACO images, is a factor of the order of 106 lower (assum-
ing a density law varying as r−2 in the envelope) with respect
to the regions very close to the star where they are formed. If
we assume that the density in the clouds has decreased by the
same amount, it results that an impressive quantity of material
is suddenly ejected from the stellar surface and eventually form
the dust clouds surrounding these stars.

Furthermore, the dusty clouds are detected rather far from
RY Sgr itself, shedding new light on their dilution into the
interstellar medium. RY Sgr is a rather hot R CrB variables
(Teff = 7000−7500 K, following Asplund et al. 2000). It could
thus belong to the class of the brightest R CrB with MV = −5
as revealed by SMC & LMC R CrB variables (Alcock et al.
2001; Tisserand et al. 2004, assuming that galactic R CrB
stars have similar properties). Adopting a bolometric correc-
tion BC = −0.15 for a G0 supergiant, the radius of RY Sgr
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Adaptive optic, De Laverny, 2004

Clayton, 1996

< 9 mag.

Luminosity declines ~ 0.1 - 0.03 mag/day

Dust formation

Production rate : ~10-5 M  /year



R CrB light curve
since 1843 

Remained bright for 
~10 yrs continously.

Period of 
strong activity



Search in the WISE all sky catalogue

Tisserand, P.: Tracking down R Coronae Borealis Stars from their mid-Infrared WISE colours

Figure 2: From left to right, distribution of the fitted effective
temperature of the RCBs’ photosphere and shell, and the shell
optical depth.
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Figure 3: Diagram representing the measured WISE [4.6] mag-
nitudes of known RCB stars versus the difference in magnitude
between the WISE measurement and the best SED model found.
For objects brighter than [4.6] ∼ 5.0, the [4.6] WISE brightness
is overestimated, reaching∼ 0.9 mag at [4.6] ∼ 3.0 mag. The red
line is a representation of this bias.

1. The first selection criterion is simply to keep all objects de-
tected and listed in theWISE catalogue. This process is made
difficult by the brightness of RCB stars (often saturated) but
also by the blending effect at low Galactic latitude where
many RCB stars are expected to be. 52 known RCBs are
expected to have been catalogued in WISE-PDR1 from the
sky area released (see Figure 1). However, two are miss-
ing, OGLE-GC-RCB-1 & -2 which were discovered already
from their shell brightness and colours using the Spitzer-
GLIMPSE catalogue (Tisserand et al. 2011). These 2 RCBs
are located at very low Galactic latitude (b ∼ 3.0 and ∼ −1.8

Figure 4: Diagram of [4.6]-[12] vs [12]-[22]. The black dots rep-
resent 3% of all objects that have been catalogued in all the
WISE and 2MASS bands. Larger green dots represent bright
known Galactic RCB stars (the two outliers are discussed in
the text); red dots correspond to the Galactic RCBs found
toward the bulge (with a majority being located inside the
bulge) (Tisserand et al. 2008; Zaniewski et al. 2005); blue dots
are 4 RCB stars located in the southern-east area of the Large
Magellanic Cloud. The purple stars correspond to the 5 known
HdC stars and the circles to DYPer type stars with a colour cod-
ing identical to RCB stars. The red lines represent the selection
cuts used in the analysis.

deg) in a very crowded field. They are clearly bright and dis-
tinguishable on WISE reference images, in all bands, but the
WISE source finder did not succeed in retrieving them. This
first criterion has therefore an important effect on the over-
all analysis and final outcome completeness. However, this
issue may be corrected in further WISE data releases.

2. The objects selected have to have an entry in all of the four
WISE bands. The main WISE criterion to accept an object
in the catalogue is that this object should have been detected
with a signal-to-noise higher than 7 in at least 1 band and
detected in 4 frames minimum. At high Galactic latitude,
the detected source distribution remains relatively uniform
up to [3.0] < 16.5, [4.6] < 16.0, [12] < 12.5 and [22] < 9.0
mag. The fact that the faintest Magellanic RCB, EROS2-
LMC-RCB-5, detected in WISE-PDR1 has magnitudes of
∼ 11.9, ∼ 11.4, ∼ 8.6 and ∼ 7.4 mag respectively in all four
WISE bands, gives us strong confidence that all RCBs lo-
cated within ∼ 50 kpc could be detected. RY Sgr is the only
RCB star that did not pass this criterion. The problem is re-
lated to the other end of the brightness source distribution, as
RY Sgr is the second brightest RCB star known in the opti-
cal after R CrB, but the brightest in the mid-infrared. RY Sgr
failed to have an entry in the [12] band. The impact on the
overall detection efficiency is minimal, as the vast majority
of the RCBs we are looking for are fainter.

5

Tisserand, P.: Tracking down R Coronae Borealis Stars from their mid-Infrared WISE colours

Figure 6: In both figures, all points represent objects that have passed the first 4 selection criteria. They are colour coded to represent
their Galactic latitude b and therefore the interstellar reddening that affects their near-infrared J, H and K magnitudes: black points
correspond to objects with b > 2 deg, light blue ones are objects with 1 ! b ! 2 deg (corresponding to average extinction of
⟨AV⟩ ∼ 2 mag), and purple ones are objects located close to the Galactic plane, with b < 1 deg (with ⟨AV⟩ ∼ 5 mag). The larger dots
and stars represent known RCB and HdC stars with identical colour coding to Figure 4. The dashed and solid red lines represent
the selection cuts number 5 (left) and 6 (right) used in the analysis. Left: J − H vs H − K diagram. Right: [4.6] − [12 vs [12] − [22]
diagram. The black vertical lines correspond to the brightness correction that needs to be applied to bright RCBs in the [4.6] band
due to the photometric bias (see Sect. 2.2.1).

Figure 7: Both diagrams represent J − K versus J − [12]. Left: the black dots represent the remaining objects after application of
selection criterion 7. The red line represents the selection cut number 8. The larger dots correspond to RCB or HdC stars that have
also passed the first 7 criteria, with the same colour coding as in Figure 4. The vector represents the interstellar reddening. The black
curve corresponds to the combination of blackbodies consisting of a 6000 K star and a 700 K shell made of amorphous dust grains,
in various proportions ranging from all ”star” to all ”shell”. Right: the symbols represent the classification found in SIMBAD. About
15% of the objects selected with the first seven criteria have an entry in the SIMBAD database with a matching radius of 5 arcsec.
The dashed line represents the selection cut number 8.

8

Tisserand, P.: Tracking down R Coronae Borealis Stars from their mid-Infrared WISE colours

Figure 11: Spectral energy distributions of known bright Galactic RCB stars, normalised to flux in V. Same caption as Figure 9.

14

Tisserand P.,  2012,  A&A 539, A51

Warm shell
T     ~ 350 - 1000 Keff

Catalogue of 1600 candidates was produced 
with a detection efficiency of 77%



Search in the ASAS survey Database:
Tisserand P., et al.  (2012)  

arXiv:1211.2475 (accepted in A&A)

Search up to 50 kpc / sun

Bulge distribution:

76 RCBs are now known in our Galaxy 
 22 in the Magellanic Clouds.



Extended structures 

Can be use to understand passed events / early state of RCB stars

– 25 –

Fig. 7.— HST/WFPC2 F555W image (1700 x 1700) of R CrB (left) and WFPC2 606W image

(1200 x 1200) of UW Cen (right). The inset shows the cometary globule (#1) to the lower left

of R CrB.

GEMINI-GMOS (2012)
Colour = (g,r,z)

GeMS/GSAOI  on GEMINI-South would be ideal for this study 
on a representative sample of RCB stars  

10”
3”

                Clayton et al., 2011 (~V band) 



RCB stars can be used to probe a mass domain 
where denotation can occur for low-mass CO white-dwarf.

1.44 M

~0.7 M

CO + Helium WD merger : double detonation model 

Probe SnIa low mass limit

A unified merger model for normal and rapidly declining Type Ia Supernovae 3

Figure 2. Observed diversity of SNe Ia in �m15(B) vs. M

B,peak space as
found in a sub-sample of the data presented in tables 8 and 9 of Hicken et al.
(2009) where SNe without a �m15(B) measurement and a distance modulus
µ 33 mag have been removed. Most of these SNe Ia are normal and follow
the Phillips et al. (1999) relation. Additional datapoints (Phillips et al. 2007;
Taubenberger et al. 2008, 2011; Krisciunas et al. 2009; Maguire et al. 2011;
Ganeshalingam et al. 2012) have been included to indicate the position of the
peculiar sub-classes discussed in the text. Except for 2002cx-like SNe, our
unified merger model potentially explains the full observed diversity. Explo-
sions in CO/CO binaries are expected to have more-slowly declining light
curves than those in CO/He binaries (indicated by the background-color gra-
dient).

mergers of two CO WDs can not only explain the brightness
distribution of normal SNe Ia but also their observed delay-
time distribution and rates. Moreover, they found a tendency
that mergers with more massive primary WDs, which lead to
brighter supernovae, preferentially occur in younger popula-
tions, consistent with observed trends (see e.g. Gupta et al.
2011). However, Ruiter et al. (2013) find not enough sys-
tems to account for the observed number of faint SNe. In
nature those have predominantly fast light curves similar to
SN 1991bg (see Fig. 2), but there seems to emerge a sparse
population with low luminosities yet slowly evolving light
curves similar to SN 2002es and PTF10ops (Maguire et al.
2011; Ganeshalingam et al. 2012, see also Fig. 2) which might
be consistent with the mergers of low-mass CO WD binaries.

In contrast to mergers of two CO WDs, the distribution
of mass-transferring CO/He WD binaries is found to have a
strong peak between 0.8M� and 0.9M� for the mass of the
primary WD (Ruiter et al. 2011). Although stable mass trans-
fer is assumed for the binary systems discussed in Ruiter et al.
(2011), we argue that a significant fraction of them may either
merge (Dan et al. 2011) or cause a He detonation due to insta-
bilities in the accretion stream (Guillochon et al. 2010). Since
this, in case, happens soon after mass transfer sets in, the core
mass of a CO WD in Ruiter et al. (2011) is still a good indica-
tor for the absolute brightness of the subsequent explosion. In
general, binaries with a He WD secondary should therefore
lead to fainter explosions since their primaries are typically
significantly less massive than those of CO WD binaries.

Mergers with a primary WD mass around 0.9M� should
produce a 56Ni mass very close to that required for 1991bg-

Figure 3. Histogram of the observed number of SNe Ia as a function of
�m15(B) (data from table 9 of (Hicken et al. 2009)). The distribution shows
some indication for bimodality which might be identified with the two differ-
ent companion populations in our model (illustrated by the background-color
gradient as in Fig. 2).
like SNe Ia (Pakmor et al. 2010; Sim et al. 2010). For those
primary masses, the rate of potentially exploding CO/He WD
binaries dominates over that of pure CO WD binaries (Ruiter
et al. 2011). Since these systems will also have narrow light
curves (see discussion above) they would naturally explain
the population of 1991bg-like SNe. Moreover, the very long
delay times of these explosions (> 1 Gyr; Ruiter et al. 2011)
are in good agreement with the observed tendency of 1991bg-
like SNe to arise in old stellar populations.

Population synthesis calculations also find a sparsely pop-
ulated tail of CO/He WD binaries towards larger primary
masses (Ruiter et al. 2011). Explosions of such systems can
reach luminosities more typical for normal SNe Ia but should
still have faster light curves similar to 1991bg-like SNe. Ob-
servationally, these events might be identified with objects
like SN 2003gs or SN 2007au (Krisciunas et al. 2009; Hicken
et al. 2009, see Fig. 2).

It is interesting to note that the two populations may also
provide a natural explanation for the observed bimodal distri-
bution of SNe Ia in �m15(B)-space which some SN data sets
suggest (see Fig. 3).

5. A COMPREHENSIVE PICTURE FOR TYPE IA SUPERNOVAE

Having presented a model that claims to explain a large part
of the observed diversity of SNe Ia, we now investigate if
other sub-classes identified in the literature can also be in-
corporated to obtain a comprehensive picture.

5.1. Type Ia Supernovae with CSM interaction

There is evidence that some fraction of SNe Ia show signs
of CSM interaction. So far, this has mostly been interpreted
as support for the single-degenerate scenario where recurrent
nova outbursts are expected to produce shell-like density en-
hancements in the outflows from a companion star (Patat et al.
2011).

However, also the violent merger scenario predicts a range
of observable CSM-interaction features, depending on the de-
lay between the last common envelope (CE) and the super-
nova explosion. As discussed in Ruiter et al. (2013), about
0.5% of the violent mergers of two CO WDs explode less than

Pakmor et al., 2013

Sample of sub-luminous, 
sub-chandrasekhar SNIa :



Pakmor et al., 2013
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2D simulations of the double-detonation model for thermonuclear
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ABSTRACT
Thermonuclear explosions may arise in binary star systems in which a carbon–oxygen (CO)
white dwarf (WD) accretes helium-rich material from a companion star. If the accretion rate
allows a sufficiently large mass of helium to accumulate prior to ignition of nuclear burning,
the helium surface layer may detonate, giving rise to an astrophysical transient. Detonation of
the accreted helium layer generates shock waves that propagate into the underlying CO WD.
This might directly ignite a detonation of the CO WD at its surface (an edge-lit secondary
detonation) or compress the core of the WD sufficiently to trigger a CO detonation near the
centre. If either of these ignition mechanisms works, the two detonations (helium and CO)
can then release sufficient energy to completely unbind the WD. These ‘double-detonation’
scenarios for thermonuclear explosion of WDs have previously been investigated as a potential
channel for the production of Type Ia supernovae from WDs of ∼1 M⊙. Here we extend
our 2D studies of the double-detonation model to significantly less massive CO WDs, the
explosion of which could produce fainter, more rapidly evolving transients. We investigate
the feasibility of triggering a secondary core detonation by shock convergence in low-mass
CO WDs and the observable consequences of such a detonation. Our results suggest that core
detonation is probable, even for the lowest CO core masses that are likely to be realized in
nature. To quantify the observable signatures of core detonation, we compute spectra and
light curves for models in which either an edge-lit or compression-triggered CO detonation
is assumed to occur. We compare these to synthetic observables for models in which no CO
detonation was allowed to occur. If significant shock compression of the CO WD occurs prior
to detonation, explosion of the CO WD can produce a sufficiently large mass of radioactive
iron-group nuclei to significantly affect the light curves. In particular, this can lead to relatively
slow post-maximum decline. If the secondary detonation is edge-lit, however, the CO WD
explosion primarily yields intermediate-mass elements that affect the observables more subtly.
In this case, near-infrared observations and detailed spectroscopic analysis would be needed to
determine whether a core detonation occurred. We comment on the implications of our results
for understanding peculiar astrophysical transients including SN 2002bj, SN 2010X and SN
2005E.

Key words: hydrodynamics – radiative transfer – methods: numerical – binaries: close –
supernovae: general – white dwarfs.

1 IN T RO D U C T I O N

Type Ia supernovae (SNe Ia) are understood to result from the
thermonuclear disruption of a carbon–oxygen (CO) white dwarf

⋆E-mail: ssim@mso.anu.edu.au

(WD) star (e.g. Hillebrandt & Niemeyer 2000). One possible mech-
anism for igniting such an explosion can occur in binary systems
in which a primary CO WD accretes He-rich material from a donor
star. When a sufficiently large surface He layer is accreted, it is ex-
pected to ignite explosively leading to detonation of the accreted He
layer (see e.g. Nomoto 1980, 1982; Woosley et al. 1980; Woosley
& Weaver 1994). Detonation of the He layer can then lead to a

C⃝ 2012 The Authors
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

Double-detonation model for faint transients 3013

Figure 8. Light curves for selected observer inclinations to our CSDD-S, ELDD-S and HeD-S explosion models (left to right, respectively) in UVOIR, B, V
and J bands. In each panel, three light curves are shown for different observer orientations: viewed down the equator (black), from the positive z-direction
(blue) and the negative z-direction (red). In all models, the He ignition spot was on the positive z-axis and the angle-averaged light curves (see Fig. 3) are very
similar to those for an equatorial line of sight.

be a robust explosion mechanism (Livne & Arnett 1995; Fink et al.
2010).

Here we have investigated the plausibility of double-detonation
models for systems with relatively low CO core mass and high He-

layer mass, following the methodology of Fink et al. (2010). We
concluded that, if detonation of the He layer occurs, the resulting
compression and heating of the CO core by inwardly propagating
shocks can produce sufficiently high densities and temperatures that

C⃝ 2012 The Authors, MNRAS 420, 3003–3016
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

3014 S. A. Sim et al.

core detonation may occur, even for core masses as low as 0.45 M⊙.
Together with previous results (Livne & Arnett 1995; Fink et al.
2010), this suggests that detonation of an accreted He layer (as in
the p-Ia scenario of Bildsten et al. 2007) could be accompanied by
explosion of the underlying core for all CO core masses that are
commonly realized in nature.

Although our results suggest that core detonation is probable in
all cases, they do not prove that it must always occur. For example,
strong rotation might inhibit the shock convergence. Alternatively,
the converging shocks might heat the material around the putative
detonation point sufficiently that burning occurs prior to ignition of
a detonation. Depending on the geometry, this might mean that the
CO hotspot is completely enshrouded in nuclear ash, starving the
detonation of fuel such that it is not able to propagate and incinerate
the whole star. Investigating these possibilities in the future will
require high-resolution, 3D hydrodynamical/nucleosynthesis sim-
ulations. It will also be important to study the double-detonation
mechanism for systems with ONe WD cores – in this case it will be
harder to ignite a core detonation, potentially opening an alternative
parameter space for He-layer explosions.

6.2 Observable signatures of core detonation

For large CO core masses (! 0.9 M⊙), the double-detonation model
predicts light curves that are primarily powered by the large mass
of 56Ni synthesized in the core detonation. Therefore, these events
will look very different from predictions of the p-Ia scenario for ex-
plosion of the corresponding He layer without the core detonation.
For lower mass CO cores, however, the 56Ni mass produced in the
core explosion is reduced such that some portion of the light curves
will be predominantly powered by the radioactive nuclei formed in
the burning of the He layer, as in the p-Ia model. To study this, we
performed radiative transfer simulations for three explosion scenar-
ios: He detonation followed by core detonation triggered following
shock convergence (CSDD models), He detonation followed by
prompt edge-lit core detonation (ELDD models) and He detonation
with no core detonation (HeD models). We investigated these ex-
plosion scenarios for two initial model systems (MCO = 0.58 and
0.45 M⊙ together with He layers of 0.21 M⊙).

We found that the CSDD models can be easily distinguished from
the ELDD and HeD models by their light-curve morphologies: com-
pression of the core prior to detonation means that the CSDD model
yields relatively large masses of 56Ni from the core (for both our
initial systems, the mass of 56Ni produced in the core is comparable
to the total mass of radioactive nuclei produced in burning of the
He layer). This central 56Ni causes the light curves to fade more
slowly than in the other models. Consequently, this scenario can
be easily distinguished observationally from an explosion of a He
surface layer alone.

In contrast, our ELDD models show that if core detonation is
ignited without significant pre-compression, its influence on the
observables is much more subtle for the low-MCO systems we con-
sider. The modest differences between the synthetic observables for
our ELDD and HeD models can mostly be attributed to the differ-
ing structure of the ejecta layers produced in the He detonation. In
particular, explosion of the core in the ELDD model clears out the
He detonation products from the inner ejecta leading to light curves
that evolve a little more rapidly and spectroscopic features that are
broader and more blueshifted. Thus, rapidly evolving thermonuclear
transients can be produced by ELDD of low-mass systems. Distin-
guishing them from pure He-layer detonations could best be done

via the evolution of spectral line shapes and infrared photometry
(see Section 5).

It is noteworthy that the difference between our CSDD and ELDD
models is stronger for our more massive initial system (Mtot =
0.79 M⊙) than our extremely low-mass system (Mtot = 0.66 M⊙).
In both cases, the pre-explosion CO densities are too low to yield
large 56Ni masses in a prompt detonation. However, for our more
massive system, the compression by converging shocks is able to
raise the density sufficiently to produce 56Ni in a fairly substantial
fraction of the core (our CSDD-S model) – this leads to the differ-
ences in shape between our CSDD-S and ELDD-S light curves. For
the low-mass system, the same effect occurs but is less dramatic
because the initial CO densities are so low that even with shock
compression only a small fraction of the core is burned to 56Ni. For
even more massive systems (Mtot ! 0.9 M⊙), a large fraction of
the CO fuel will be at sufficiently high densities to produce 56Ni
regardless of shock compression (see e.g. table 1 of Sim et al. 2010).
Double detonations of such systems will therefore always produce
significant masses of 56Ni from the core, meaning that the differ-
ences between the ELDD and CSDD scenarios should be relatively
small for massive systems. Thus, the best opportunity to observa-
tionally distinguish between the ELDD and CSDD mechanisms will
be in systems where the pre-explosion densities in the core are close
to but below the critical densities at which 56Ni is produced in a
detonation.

6.3 Relation to known transients

The goal of this study has been to investigate whether secondary
core detonation is likely for low-mass CO cores and to predict the
influence of CO core detonation on synthetic observables. We have
not yet conducted an exploration of parameter space as required
to attempt a quantitative comparison with observations. We can,
however, comment qualitatively on the relation of our synthetic
observables to the properties of known astrophysical transients. For
reference, we tabulate important light-curve shape parameters (rise
times and decline time-scales) for our simulations in Table 4.

Perets et al. (2010) proposed that the Type Ib event SN 2005E
could be attributed to an explosion of an accreted He layer on
a WD. Its peak brightness suggests that only a few thousandths
of a solar mass of 56Ni, 52Fe and 48Cr were produced, if such
a model is applicable. A p-Ia-like explosion was also discussed
as one possibility to explain SN 2008ha (Foley et al. 2009); this
event was even fainter than SN 2005E and spectroscopically dif-
ferent, showing low expansion velocities and no evidence of He.
In both cases, however, the rise time was estimated to be " 10 d
and the light-curve decline parameter was !MB

15 ∼ 2 mag. These
rapid time-scales clearly invite proper comparison with models for

Table 4. Light-curve rise times and decline rate parameters for the models.
tUVOIR,max and tB, max are the times after explosion to maximum light in
UVOIR and B band, respectively. !MUVOIR

15 and !MB
15 parametrize the light-

curve decline rate in UVOIR and B-band light (specifically, they give the
increase in magnitude during the 15 d after maximum light in the appropriate
light curve).

Parameter CSDD-S ELDD-S HeD-S CSDD-L ELDD-L HeD-L

tUVOIR,max (d) 12 7.1 8.7 11 7.6 9.9

!MUVOIR
15 (mag) 0.4 1.8 1.8 1.3 2.0 1.9

tB, max (d) 8.1 6.0 7.7 5.4 5.2 6.4

!MB
15 (mag) 1.2 3.2 3.1 2.5 4.0 3.4
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ABSTRACT
Thermonuclear explosions may arise in binary star systems in which a carbon–oxygen (CO)
white dwarf (WD) accretes helium-rich material from a companion star. If the accretion rate
allows a sufficiently large mass of helium to accumulate prior to ignition of nuclear burning,
the helium surface layer may detonate, giving rise to an astrophysical transient. Detonation of
the accreted helium layer generates shock waves that propagate into the underlying CO WD.
This might directly ignite a detonation of the CO WD at its surface (an edge-lit secondary
detonation) or compress the core of the WD sufficiently to trigger a CO detonation near the
centre. If either of these ignition mechanisms works, the two detonations (helium and CO)
can then release sufficient energy to completely unbind the WD. These ‘double-detonation’
scenarios for thermonuclear explosion of WDs have previously been investigated as a potential
channel for the production of Type Ia supernovae from WDs of ∼1 M⊙. Here we extend
our 2D studies of the double-detonation model to significantly less massive CO WDs, the
explosion of which could produce fainter, more rapidly evolving transients. We investigate
the feasibility of triggering a secondary core detonation by shock convergence in low-mass
CO WDs and the observable consequences of such a detonation. Our results suggest that core
detonation is probable, even for the lowest CO core masses that are likely to be realized in
nature. To quantify the observable signatures of core detonation, we compute spectra and
light curves for models in which either an edge-lit or compression-triggered CO detonation
is assumed to occur. We compare these to synthetic observables for models in which no CO
detonation was allowed to occur. If significant shock compression of the CO WD occurs prior
to detonation, explosion of the CO WD can produce a sufficiently large mass of radioactive
iron-group nuclei to significantly affect the light curves. In particular, this can lead to relatively
slow post-maximum decline. If the secondary detonation is edge-lit, however, the CO WD
explosion primarily yields intermediate-mass elements that affect the observables more subtly.
In this case, near-infrared observations and detailed spectroscopic analysis would be needed to
determine whether a core detonation occurred. We comment on the implications of our results
for understanding peculiar astrophysical transients including SN 2002bj, SN 2010X and SN
2005E.

Key words: hydrodynamics – radiative transfer – methods: numerical – binaries: close –
supernovae: general – white dwarfs.

1 IN T RO D U C T I O N

Type Ia supernovae (SNe Ia) are understood to result from the
thermonuclear disruption of a carbon–oxygen (CO) white dwarf

⋆E-mail: ssim@mso.anu.edu.au

(WD) star (e.g. Hillebrandt & Niemeyer 2000). One possible mech-
anism for igniting such an explosion can occur in binary systems
in which a primary CO WD accretes He-rich material from a donor
star. When a sufficiently large surface He layer is accreted, it is ex-
pected to ignite explosively leading to detonation of the accreted He
layer (see e.g. Nomoto 1980, 1982; Woosley et al. 1980; Woosley
& Weaver 1994). Detonation of the He layer can then lead to a

C⃝ 2012 The Authors
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ABSTRACT

The ejected mass distribution of type Ia supernovae directly probes progenitor evolution-
ary history and explosion mechanisms, with implications for their use as cosmological probes.
Although the Chandrasekhar mass is a natural mass scale for the explosion of white dwarfs
as type Ia supernovae, models allowing type Ia supernovae to explode at other masses have
attracted much recent attention. Using an empirical relation between the ejected mass and
the light curve width, we derive ejected masses Mej and 56Ni masses MNi for a sample of
337 type Ia supernovae with redshifts z < 0.7 used in recent cosmological analyses. We use
hierarchical Bayesian inference to reconstruct the joint Mej-MNi distribution, accounting for
measurement errors. The inferred marginal distribution of Mej has a long tail towards sub-
Chandrasekhar masses, but cuts off sharply above 1.4 M⊙. Our results imply that 25%–50%
of normal type Ia supernovae are inconsistent with Chandrasekhar-mass explosions, with al-
most all of these being sub-Chandrasekhar-mass; super-Chandrasekhar-mass explosions make
up no more than 1% of all spectroscopically normal type Ia supernovae. We interpret the type
Ia supernova width-luminosity relation as an underlying relation between Mej and MNi, and
show that the inferred relation is not naturally explained by the predictions of any single
known explosion mechanism.

Key words: white dwarfs; supernovae: general; cosmology: dark energy; methods: statistical

1 INTRODUCTION

Type Ia supernovae (SNe Ia) are widely used as distance indica-
tors in cosmological studies of the dark energy (Riess et al. 1998;
Perlmutter et al. 1999). Their accuracy and precision rely on em-
pirical relations between their luminosity and their light curve
width and colour, which suffice to establish luminosities to 15%
and distances to 7% (Phillips 1993; Riess et al. 1996; Tripp 1998;
Goldhaber et al. 2001). Other standardization methods have also
been developed: reducing sensitivity to dust using intrinsic colours
inferred from optical photometry several weeks past maximum
light (Phillips et al. 1999; Conley et al. 2006; Folatelli et al. 2010)
or from near-infrared photometry (Burns et al. 2014; Mandel et al.
2009, 2011); splitting the sample by spectroscopic properties
(Wang et al. 2009; Foley & Kasen 2011); or using spectroscopic
(Bongard et al. 2006; Chotard et al. 2011) or spectrophotometric
(Bailey et al. 2009; Blondin et al. 2012) indicators instead of light
curve parameters.

Despite the considerable attention devoted to type Ia super-
novae in cosmology, the evolution of their progenitor systems, their

⋆ Email: rscalzo@mso.anu.edu.au

physical state at the time of explosion, and the explosion mecha-
nisms are not fully understood (for recent reviews, see Wang & Han
2012; Hillebrandt et al. 2013; Ruiz-Lapuente 2014). The long-
standing consensus holds that type Ia supernovae must result from
the thermonuclear incineration of at least one carbon-oxygen white
dwarf. This view is supported by several independent lines of ev-
idence: the layered composition of SN Ia ejecta implied by their
spectroscopic evolution, with iron-peak elements in the center and
intermediate-mass elements such as silicon and sulfur on the out-
side (Stehle et al. 2005; Mazzali et al. 2007); the range of star for-
mation histories in SN Ia host galaxies, showing that SNe Ia are
not associated exclusively with young stars, as are other types of
supernovae (Mannucci et al. 2006); and upper limits on the size
of the progenitor, based on upper limits on shock breakout radia-
tion (Piro et al. 2010) shortly after explosion for the very nearby
SN 2011fe (Nugent et al. 2011; Bloom et al. 2012). SNe Ia also
must result from interactions of the white dwarf with another star
(e.g. Whelan & Iben 1973; Iben & Tutukov 1984), since an isolated
white dwarf will simply cool and fade away over billions of years,
and that a SN Ia progenitor is totally disrupted in the explosion, at
least for the spectroscopically “normal” SNe Ia (Branch et al. 1993,
2006) used in cosmology.
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ABSTRACT

The ejected mass distribution of type Ia supernovae directly probes progenitor evolution-
ary history and explosion mechanisms, with implications for their use as cosmological probes.
Although the Chandrasekhar mass is a natural mass scale for the explosion of white dwarfs
as type Ia supernovae, models allowing type Ia supernovae to explode at other masses have
attracted much recent attention. Using an empirical relation between the ejected mass and
the light curve width, we derive ejected masses Mej and 56Ni masses MNi for a sample of
337 type Ia supernovae with redshifts z < 0.7 used in recent cosmological analyses. We use
hierarchical Bayesian inference to reconstruct the joint Mej-MNi distribution, accounting for
measurement errors. The inferred marginal distribution of Mej has a long tail towards sub-
Chandrasekhar masses, but cuts off sharply above 1.4 M⊙. Our results imply that 25%–50%
of normal type Ia supernovae are inconsistent with Chandrasekhar-mass explosions, with al-
most all of these being sub-Chandrasekhar-mass; super-Chandrasekhar-mass explosions make
up no more than 1% of all spectroscopically normal type Ia supernovae. We interpret the type
Ia supernova width-luminosity relation as an underlying relation between Mej and MNi, and
show that the inferred relation is not naturally explained by the predictions of any single
known explosion mechanism.
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1 INTRODUCTION

Type Ia supernovae (SNe Ia) are widely used as distance indica-
tors in cosmological studies of the dark energy (Riess et al. 1998;
Perlmutter et al. 1999). Their accuracy and precision rely on em-
pirical relations between their luminosity and their light curve
width and colour, which suffice to establish luminosities to 15%
and distances to 7% (Phillips 1993; Riess et al. 1996; Tripp 1998;
Goldhaber et al. 2001). Other standardization methods have also
been developed: reducing sensitivity to dust using intrinsic colours
inferred from optical photometry several weeks past maximum
light (Phillips et al. 1999; Conley et al. 2006; Folatelli et al. 2010)
or from near-infrared photometry (Burns et al. 2014; Mandel et al.
2009, 2011); splitting the sample by spectroscopic properties
(Wang et al. 2009; Foley & Kasen 2011); or using spectroscopic
(Bongard et al. 2006; Chotard et al. 2011) or spectrophotometric
(Bailey et al. 2009; Blondin et al. 2012) indicators instead of light
curve parameters.

Despite the considerable attention devoted to type Ia super-
novae in cosmology, the evolution of their progenitor systems, their

⋆ Email: rscalzo@mso.anu.edu.au

physical state at the time of explosion, and the explosion mecha-
nisms are not fully understood (for recent reviews, see Wang & Han
2012; Hillebrandt et al. 2013; Ruiz-Lapuente 2014). The long-
standing consensus holds that type Ia supernovae must result from
the thermonuclear incineration of at least one carbon-oxygen white
dwarf. This view is supported by several independent lines of ev-
idence: the layered composition of SN Ia ejecta implied by their
spectroscopic evolution, with iron-peak elements in the center and
intermediate-mass elements such as silicon and sulfur on the out-
side (Stehle et al. 2005; Mazzali et al. 2007); the range of star for-
mation histories in SN Ia host galaxies, showing that SNe Ia are
not associated exclusively with young stars, as are other types of
supernovae (Mannucci et al. 2006); and upper limits on the size
of the progenitor, based on upper limits on shock breakout radia-
tion (Piro et al. 2010) shortly after explosion for the very nearby
SN 2011fe (Nugent et al. 2011; Bloom et al. 2012). SNe Ia also
must result from interactions of the white dwarf with another star
(e.g. Whelan & Iben 1973; Iben & Tutukov 1984), since an isolated
white dwarf will simply cool and fade away over billions of years,
and that a SN Ia progenitor is totally disrupted in the explosion, at
least for the spectroscopically “normal” SNe Ia (Branch et al. 1993,
2006) used in cosmology.
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Mass distribution of RCB stars if no CO+He WDs mergers explode :

1.44 M

~0.7 M



Determination of RCB’s mass using Pulsation model

Need to accumulate statistics to determine 
the highest mass domain possible for RCB stars

Using for the moment Magellanic RCB stars only.
With GAIA, we will be able to do the same with hundreds of Galactic RCBs.

21

20

19

18

17

16

15

14

13

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000
JD - 2450000

In
st

um
en

ta
l M

ag
ni

tu
de

OGLE Light Curve: MACHO-18.3325.148

13.55

13.50

13.45

13.40

13.35

13.30

13.25

13.20

13.15

1120 1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 1330
JD - 2450000

In
st

um
en

ta
l M

ag
ni

tu
de

OGLE Light Curve: MACHO-18.3325.148

13.55

13.50

13.45

13.40

13.35

13.30

13.25

13.20

13.15

1430 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600 1610 1620 1630 1640
JD - 2450000

In
st

um
en

ta
l M

ag
ni

tu
de

OGLE Light Curve: MACHO-18.3325.148

14.1
14.0

13.9

13.8

13.7

13.6

13.5

13.4

13.3

13.2

13.1

2500 2550 2600 2650 2700 2750 2800 2850 2900 2950 3000 3050 3100 3150
JD - 2450000

In
st

um
en

ta
l M

ag
ni

tu
de

OGLE Light Curve: MACHO-18.3325.148

Figure 1: Light curve from the OGLE data for MACHO-18.3325.148 . The entire
light curve is presented at the top. The three graphs at the bottom represent a zoom on
interesting parts of the light curve. The error bars are typically of the order of 0.01 mag
during the brightest phases.

the order of ⇠ 10 days. However, the frequency of observations is not high enough so
one cannot identify the smooth sinusoidal curve of single oscillations. In the case that
single pulsation maxima and minima cannot be resolved individually, the best approach
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the order of ⇠ 10 days. However, the frequency of observations is not high enough so
one cannot identify the smooth sinusoidal curve of single oscillations. In the case that
single pulsation maxima and minima cannot be resolved individually, the best approach
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Problems to solve: ✦ Astronomy :
• Statistics   ** Key **
• Spatial distribution 
• Population type

✦ Evolution :
• Origin and fate **
• Links between classes

✦ Physics :
• Atmospheres / Nucleosynthesis
• Pulsations / Masses **
• Mass loss
• Merger simulation

- to improve merger models
- to calibrate rate / pop. synthesis model
- probe lower mass limit of SN Ia  progenitor in DD scenario

RCBs can help:
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Clayton (2007)  :  Rapid Hot Merger (T~ 10  K) - There are some partial He burning…  
But need also admixture of H from the WD-CO to obtain the abundances of s-process 
element observed in HdC and RCB stars.

8

Jeffery, Karakas, Saio (2011)  :  They looked at the surface abundances that arise from a  ‘cold’  and  
‘hot’  merger using the state-of-the-art calculations of the element composition of AGB intershell 
regions  - in both cases, they can find a solution to obtain observed surface abundances.

16O/18O ~ 1 observed in RCB stars
but this ratio ~ 500 in the sun. 

(Clayton, 2005 & 2007,  Garcia-Hernandez, 2010)
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He - White dwarf formation

These WDs descend from systems in which both stars have M<2.3Msun
and fill their Roche lobes before He ignition in their degenerate cores 

Simplified Evolutionary scenario for the formation of a double He-WD :
G. Nelemans et al.: Close detached double white dwarfs. I. 493

Fig. 1. Evolutionary scenarios for the formation of a double helium white dwarf (top left), a double CO white dwarf (top right)
and the CO+He and He+CO pairs (bottom ones). Note that the scales in the panels differ as indicated by the 100 R⊙ rulers
at the bottom. For a more detailed discussion see Sect. 2.3

at which moment it has already evolved up the first giant
branch and has lost ∼0.13M⊙ in a stellar wind. When the
star fills its Roche lobe it has a deep convective envelope,
so the mass transfer is unstable. We apply the envelope
ejection formalism to describe the mass transfer with a
γ-value of 1.75 (see Eq. (A.16)). The core of the donor be-
comes a 0.31M⊙ helium white dwarf. The orbital period

of the system hardly changes. After 4 Gyr, when the first
formed white dwarf has already cooled to very low lumi-
nosity, the secondary fills its Roche lobe and has a deep
convective envelope. Mass loss again proceeds on dynam-
ical time scale, but the mass ratio of the components is
rather extreme and a common envelope is formed in which
the orbit shrinks dramatically.

3 Gyrs

4 Gyrs

Conclusions

We now know of many helium white dwarfs, and, as expected, they
are often associated with binarity and mass transfer.

Outstanding problems are:

• Where are the really low mass He WDs amongst field white
dwarfs? Are they unrecognised so far?

• Why are so many He white dwarfs apparently single?

• Where are the ⇠ 50% of CVs with He white dwarfs?

Tom Marsh, Department of Physics, University of Warwick Slide 20 / 20

The most common double WDs consist of two Helium WDs

What are helium white dwarfs?

A helium white dwarf can
be made if the hydrogen
envelope is lost prior to
helium ignition, by mass
transfer in a binary.

Tom Marsh, Department of Physics, University of Warwick Slide 3 / 20

What are helium white dwarfs?

A helium white dwarf can
be made if the hydrogen
envelope is lost prior to
helium ignition, by mass
transfer in a binary.

Tom Marsh, Department of Physics, University of Warwick Slide 3 / 20



The impact of mergers in the mass distribution of white dwarfs 3

Figure 1. Normalized mass distributions of single white dwarfs (dotted line) and
single plus binary white dwarfs (solid line) assuming that all the stars belonging to
binary systems have known masses.

where α is a dimensionless free parameter that describes the efficiency of the energy
transfer, M1r is the mass of the remnant, M1 is the original mass of the primary, M2 is
the mass of the secondary and A is the initial separation. Since the value of α is not
known, we have adopted α = 1, although different values and functional dependences
have also been investigated.

Concerning the collective properties of binaries necessary to perform the calcu-
lations, we have adopted the following ones: i) The initial mass function is written as
the mass distribution of the primary times the mass ratio distribution (Yungelson et al.
1993), while the mass distribution of the primary star is taken to be a simple Salpeter’s
distribution in the range 0.1 ≤ M1/M⊙ ≤ 100 and the mass ratio distribution as
f (q) ∝ qn, where q = M2/M1 with n = 1. ii) The adopted distribution of separations is
H(A0) = (1/5) log(R⊙/A0) and, in order to maximize the impact of mergers in the mass
distribution function, we assumed that single white dwarfs are well represented by the
distribution of wide binaries (Yungelson et al. 1993). iii) It is also assumed a constant
star formation rate, although several exponentially-decreasing formation rates with dif-
ferent time scales have also been considered. iv) The age of the Galactic disk is taken
to be 10.5 Gyr, but values as high as 13 have also been considered. v) The influence
of metallicity on the age of the progenitors and the mass of the resulting white dwarf
has been neglected, and it is assumed that all white dwarfs more massive than 1.05M⊙
are made of oxygen and neon. vi) We have also assumed that all the binary systems are
resolvable in mass.

The stellar data for the white dwarf progenitors is taken from Dominguez et al.
(1999) and the adopted relationship between the mass of the progenitor and the mass
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degenerates. In our simulations we assumed that 50% of
stars belong to binaries, and we normalized to the local
disk density (Holmberg & Flynn 2000). The initial pri-
mary masses were obtained using a standard initial mass
function (Kroupa et al. 1993), and the initial mass ratios
according to a flat distribution. Also, a constant star for-
mation rate and a disk age of 1010 yr were adopted. Or-
bital separations and eccentricities were randomly drawn
according to a logarithmic probability distribution (Nele-
mans et al. 2001) and to a thermal distribution (Heggie
1975), respectively. For each of the components of the bi-
nary analytical fits to detailed stellar evolutionary tracks
were used (Hurley et al. 2000), which provide full cover-
age from the main sequence until advances stages of evo-
lution. For the white dwarf stage the most recent cooling
tracks of Renedo et al. (2010) were employed. The or-
bital evolution of each binary was computed taking into
account circularization and synchronization (Hurley et
al. 2002). We also considered mass losses through stel-
lar winds. Specifically, we assumed that the evolution
during the main sequence is conservative, and only af-
ter it we included stellar winds. The adopted mass-loss
rate is that of Kudritzki & Reimers (1978) except on the
AGB, for which the rate of Vassiliadis & Wood (1993)
was used. Angular momentum losses due to magnetic
braking and gravitational radiation were also included
(Schreiber et al. 2003; Zorotovic et al. 2010). The Roche
lobe radius was computed using the most commonly used
approximation (Eggleton 1983), and during the overflow
episodes both rejuvenation and ageing were taken into
account (Hurley et al. 2002). For the common enve-
lope phase we considered standard prescriptions for the
common envelope efficiency and for the fraction of grav-
itational binding energy of the donor available to eject
the envelope — see, e.g., Dewi & Tauris (2000). Specif-
ically, we adopted αCE = 0.25 and a variable value for
the binding energy parameter λ (Zorotovic et al. 2010).
With all these ingredients we found that the fraction of
merged double degenerate cores in the solar neighbor-
hood is ∼ 2.9% of the total synthetic population. This
number includes not only white dwarf mergers (∼ 0.3%),
but also the coalescence of a white dwarf and a giant star
with a degenerate core (∼ 1.1%), and the merger of two
giants with degenerate cores (∼ 1.5%). In these two last
cases — namely, the merger of a white dwarf and a giant,
and the merger of two giant stars — the coalescences oc-
cur during the common envelope phase, while the merger
of two white dwarfs is driven by gravitational wave radi-
ation. Finally, we emphasize that the number of white
dwarf mergers we obtain is in line with those obtained
using completely different approaches (Bogomazov & Tu-
tukov 2009) — see below for a detailed comparison with
our results for the solar neighborhood — and that the
distribution of remnant masses is nearly flat, in accor-
dance with the observed distribution of masses of mag-
netic white dwarfs (Należyty & Madej 2004).
To better illustrate this last issue, Fig. 2 shows the fre-

quency distribution of remnant masses of the different
merger channels for a sample of 103 mergers. We as-
sumed that the remnant of each coalescence has a mass
M = M1 +M2/2, where M1 and M2 stand, respectively,
for the masses of the primary and secondary degener-
ate cores. This choice is in accordance with the results
of the SPH simulations of Lorén–Aguilar et al. (2009),

Fig. 2.— Mass distribution of the remnants of the mergers. The
distribution shows the frequency of the different merger channels.
The black histogram shows the masses of the remnants of the merg-
ers of double white dwarf binaries, the dashed histogram that of
the mergers of a binary system composed of a red giant and a white
dwarf, the shaded histogram that of the mergers of two red giants,
while the total mass distribution is shown using a solid line.

which show that approximately half of the secondary is
accreted onto the primary, while the rest of the mass of
the disrupted secondary forms a debris region and little
mass is ejected during the merger. We also eliminated
all those remnants that have masses larger than Chan-
drasekhar’s limit, while for the mergers producing a he-
lium white dwarf we adopted the procedure of Hurley et
al. (2002). As can be seen, the total mass distribution
(open histogram) presents a first peak for masses smaller
than ∼ 0.4M⊙, corresponding to mergers in which a he-
lium white dwarf is produced, then sharply increases for
increasing remnant masses and afterwards smoothly de-
creases for masses larger than ∼ 0.6M⊙. When this dis-
tribution is sampled for ∼ 26 objects with masses ranging
from 0.8M⊙ to 1.4M⊙ we usually obtain fairly flat dis-
tributions, although the scarce number of objects and the
subsequent large deviations prevent a sound comparison
with the observational data.
Within 20 pc of the Sun there are 122 white dwarfs

(Holberg et al. 2008), and several of them are mag-
netic (Kawka et al. 2007). This sample is 80% com-
plete, but subject to poor statistics. However, it is use-
ful because for it we have a reliable determination of
the true incidence of magnetism in white dwarfs. Mass
determinations are available for 121 of them. In the lo-
cal sample there are 14 magnetic white dwarfs, 8 have
magnetic fields in excess of 107 G, and 3 have masses
larger than 0.8M⊙ — a value which is ∼ 2.5σ away
from the average mass of field white dwarfs. The se-
lection of this mass cut is somewhat arbitrary but, given
the strong bias introduced by the initial mass function,
we expect that the vast majority of high-field magnetic
white dwarfs more massive than 0.8M⊙ would be the re-
sult of stellar mergers. This is indeed the case, since our
population synthesis calculations predict that ∼ 4 white
dwarfs are the result of double degenerate mergers, and
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