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ABSTRACT

We investigate the brightness distribution expected ferrtfonuclear explosions that might
result from the ignition of a detonation during the violergnger of white dwarf (WD) bina-
ries. Violent WD mergers are a subclass of the canonical léaldgenerate scenario where
two carbon-oxygen (CO) WDs merge when the larger WD fills ibelfe-lobe. Determining
their brightness distribution is critical for evaluatindiether such an explosion model could
be responsible for a significant fraction of the observedupettipn of Type la supernovae
(SNe la). We argue that the brightness of an explosion ezhliga the violent merger model
is mainly determined by the mass®Ni produced in the detonation of the primary CO WD.
To quantify this link, we use a set of sub-Chandrasekhar Mdssletonation models to derive
a relationship between primary WD massyp) and expected peak bolometric brightness
(Myo1)- We use thisnwp-M),,) relationship to convert the masses of merging primary WDs
from binary population models to a predicted distributidexplosion brightness. We also in-
vestigate the sensitivity of our results to assumptionsiatie conditions required to realise a
detonation during violent mergers of WDs. We find a strikimgikrity between the shape of
our theoretical peak-magnitude distribution and that olesbfor SNe la: our model produces
a My, distribution that roughly covers the range and matcheshbpes of the one observed
for SNe la. However, this agreement hinges on a particulas@lof mass accretion during
binary evolution: the primary WD gains0.15 — 0.35 Mg, from a slightly-evolved helium
star companion. In our standard binary evolution modelhsucaccretion phase is predicted
to occur for about3% of all binary systems that ultimately give rise to binary @@ merg-
ers. We also find that with high probability, violent WD merg@volving the most massive
primaries £1.3M,, which should produce bright SNe) have delay tirg®0 Myr.

Key words: hydrodynamics — radiative transfer — methods: numericaiharies: close —
supernovae: general — white dwarfs

1 INTRODUCTION other CO WDs which merge with the primaries (typically cdlle

It is widely agreed that the progenitors of Type la supereova ‘double degenerate’ scenarios).
(SNe la) are thermonuclear explosions of carbon-oxygen)(CO ‘Sternberg et al. (2011) analysed high-resolution spedira o

white dwarfs (WDs) in binary systems. However, it is stilltno 3;5 S';ﬁtlz’ ’Llndllng tt;at more tfhan haIfT?]f the spectra .T;E:'b't a
clear whether their companion stars (secondaries) areobgdr ueshiited Na absorption feature. The authors at@lhts

rich (main sequence or giant stars, typically called ‘sndggener- Ieatttl:re é?\lcwculms_tellar materlatl_ (blotvr\]/ntofftolf thet Z%%fw?g\l |
ate’ scenarios), helium-rich (helium stars or helium-fidDs) or o the EXp OS'OD).’ suggesting that at feas 00 €a
in spiral galaxies originate from single degenerate séesdsee

also[Patat et al. 2011). On the other hand, several recedt stu
ies have highlighted challenges to single degenerate sosna
* E-mail: aj r @pa- gar chi ng. npg. de and have instead tended to favour double degenerate models.
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For example, the lack of emission associated with the super- characteristics of a merging system will be required forekplo-
nova overrunning the companion star (Kasen 2010; Haydel et a sion mechanism to work. This specification will be made based
[2010; Ganeshalingam et al. 2011; Bianco ét al. 2011), thermles ~ on the mass ratio of the merging system, as described in Sec-
of radio detections| (Hancock etal. 2011; Chomiuk étal. 2012 tion[3. Third, we need to estimate the brightness of an eigios
MILZ_Q.{Z) and the lack of unambiguous identifinatio based on the properties of the merging WDs. This is discussed
of companion stars in supernova remnants (Ruiz-Lapuerk et in Section[%. In Sectiofi]5, we present our results based on the
[2004; Kerzendorf et al. 2009) argue against models in whieh t  standard model used for the double degenerate scenario)(BDS
companion is a red giant star at explosion (see lalso Bloot et a [Ruiter et al.[(2011) and comment on the comparison with efaser
2012, where a single degenerate scenario origin for SN 20i81f  tions. We discuss important implications and uncertadngeour
likely ruled out). In addition, a number of recent studiesl finat the modelling in Sectiofilé before drawing conclusions in Sexfo

delay time distribution (DTD) of SNe la follows a power-lahepe

t°, where—1.6 < s < —1 (Maoz et al! 2010; Graur etlal, 2011;

Barbary etall 2012; Sand et al. 2012). Such a distributiomis g \yARY POPULATION SYNTHESIS

pected if the progenitor population of SNe la is dominatedity-

ble degenerates. These studies, among others, have fapted- 2.1 Massexchangefor Star Track binaries

lation that there must be at least two different progenitamsir-
ios leading to SNe la. However, the question of which chasiel

dominate(s) the production of ‘normal’ SNe )5
[Branch et a

We consider the population synthesis calculation resutis fthe
standard model of Ruiter etlal. (2011), whose data were méxdai

. . with the STARTRACK population synthesis binary evolution code.
distribution Ir.éz_ng])gii)sa;;ecri]etermlne(s) the observed SN lathegh In this subsection, we briefly explain how stellar mass fpas/is

. _handled over the course of binary evolution iIPA& TRACK.
In a series of recent pape .Pakm r L P01 11)2012; Unstable mass transfe®utside densely populated environ-
[Ropke et dll 2012), a new explosion model for SNe la produced

. . ments — such as the cores of globular clusters — binary stars
by_ dogble degenerate (CO+CO WDs) METgers was m_vestlgemted. that form close double WDs must undergo at least one common
this violent merger model, a prompt detonation is triggeted

ing the merger itself, leading to a thermonuclear explosibthe envelope (CE) pha593), In which the size of

L . . the binary orbit decreases (often significantly) upon esipul of
system. Although Itis not yet eSt".’lb“ShEd which parametrﬁrs the mass-losing star’s envelope. Currently, CE ejectiomaias a
the merging system are most crucial for the formation of sach

. - I poorly understood process in astrophysics. Observatioritilis
ge:ozsté%r:n(sii di%'ﬁg;&g‘n:yg?ﬁgc.zf;iwa'g*?e_ difficult to study since it is a short-lived evolutionary éd and
urv pu v Aisatior VIOIE geres detailed theoretical modelling is extremely challengirgeg the
nario are a good match to maximum light observations of SNe la large spatial and temporal scales that must be taken intatto
(Pakmor et di. 2010, 2012). The level of agreement with alaser ge sp P .

; . O properly approach the problem (Ricker & Taam 2012). However
-mt'n)'s comparable to that found for other scena. despite our collective ignorance, the CE phase cannot lmédn

| trast to Chand Kh losi del h in binary evolution modelling, and so a simplified paranzettion
N contrast to Lhandrasekhar mass explosion mocels, Where ¢ yo cp phase is often employed in binary population s\gishe
the peak brightness is driven by stochastic processes cmtht® codes

th(; forrrfl?:]lon of Id((ajflagrcz:i::ondand dkehtonatlon f{/z\a/r;es or othep t In the standard model of Ruiterefal (2b11), the CE
erties of e exploaing *-handrasexnar rmass m € parametrizatiomvcg A = 1 was used. In this CE parametrization,

2009; [ Blondin et all_2011; Seitenzahl etlal. 2011), in thderib ; . . i
’ ’ ft dth f lisni’ (Webbink 1984), it isased
merger scenario there is a direct correlation between fuedéal otten coined the energy formans ). itisame
parameters of the progenitor system and the SN luminogigci® ing energy of the mass-losing star's envelope is not grethter

ically, tt?f"(St ortde_r, tf;e V'Odle?t mtte_rger ;nOdechT] be dmtetii as the orbital energy of the binary with some efficiency faciefs;

a mechanism to ignite a detonation of a sub-Chandrasekaasm  \p "\, Ap (but see alsh Ivanova & Chaichenets 2011;

WD (the primary CO WD) as described [in Sim et al. (4010) (see 11 - d t k on the CE prob
Isd Fink et dl. 2010). Although the merging secondary WDsis a : » 1O an gverview and recen’ work ¢h e prob-

a ) lem). Since our calculations are based on the results oeReiital.

consumed by.the thermonuclear flame ofthe detonation, & doe (2017 ), we assume as they do that the transfer of energy fiem t
produce any iron group elements when it is burned. Thus, lthe a orbit to the removal of the envelope during CE is fully effitie

solute brightness of a SN la explosion depends on the makeg of t and thusace = 1. The binding energy is inversely proportional

primary CO WD. to the term), which is a parametrization of the structure of the

The brightness distribution of SNe la can be observed djrect mass-losing star (e.g. de Kdol 1090)is somewhat uncertain, but
with a typical peak brightness af — 19 mag is often assumed t6 be on the order of unity i ionts

. - . ‘ y in populationtsmt
2002;| Benetti et al. 2005) and a spread in brightness binag. sis calculations for low- and intermediate-mass stars emthin

Recently@l.ml) presented the brigthess diﬂﬁ@h of a sequence (MS) or the giant branth (Dewi & Talris 2000). We tak
yolume—llmlted sam_ple of SNe la. Any theoretical sc_:enamlmn- the CE parametrization withcy — 1 andA = 1 from
ing SNe la that claims to account for a large fraction of obser ) for the current study.

events must be able to reproduce the observed brightneésbulis
tion. The goal of this paper is to quantify the brightnessriistion to non-degenerate accretors, mass transfer is assumedntmbe

of SNe la from the violent merger scenario. conservative. An efficiency parameter — which characterihe

Our study requires three main inputs. First, we need predic- f4ction of matter transferred to the companion — is adoftedned
tions of the distribution of properties of merging CO+CO WD

pairs. These we obtain from previously publishedaSTRACK
(Belczynski et al. 2002, 2008) binary population synthesislels, 1 Though the sample of post-CE binaries (PCEBs) is becomirggta
which are described in Sectibh 2. Second, we must considiehwh  (Zorotovic et all 2011).

that the binary can expel the envelope without merging ittimel-

Stable mass transfeFor Roche-lobe overflow (RLOF) on
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Figure 1. The mass distribution of the primary WD for all CO+CO WD
binaries at the time of the merger from the Ruiter et al. (2Gténdard
calculation (solid histogram). The dashed histogram shbesnass distri-
bution of the primary when it becomes a CO WD (i.e. neglecéing mass
accretion which may occur after the primary WD has formee, text).
The numbers on thg—axis are not scaled, and show the actual numbers
of CO+CO WD mergers produced in a Hubble time in the simufatd

4.5 x 106 zero-age main sequence binary stars.

fa in Equation (33) of_Belczynski et al. 2008). |n_Ruiter et al.
(2011), f. = 0.5 was adopted for the standard calculations (see

alsol Mennekens etldl. 2010, where the same parameter iscterme

‘£"). Thus only 50% of the matter lost by the donor is gained by
the accretor (Eddington-limited) while the rest is lostnfrehe bi-
nary system with the specific angular momentum of the orbi (s
Appendix A for more discussion).

For WD accretors, the®RTRACK code takes into account a
number of published results on mass accretion on to CO WDs for
hydrogen-rich accretion_(Prialnik & Kovelz 1995; Nomotaét
2007), and helium-rich accretion (Kato & Hachisu 1999, 2c@e
also Taam 1980; Garcia-Senz el al. 1999). In this caserabgdn
of mass gained by the accretor is dependent upon the ratect wh
mass is transferred from the donor and the mass of the augreti
WD. Mass that is lost from the binary carries with it the sfieci
angular momentum of the accretor. A more detailed desorifan

be found in Belczynski et al. (2008, section 5.7.2).

2.2 Primary massdistribution

Fig. @ shows the distribution of primary (more massive WD)
masses for merging CO+CO WD pairs at the time of merger from
thel.laMCE)\ = 1 calculation (solid histogram).
Note that thismwp distribution has two peaks: a prominent peak
at ~0.65 M and a smaller bump at1.1 M. For comparison,
we show the distribution of primary masses for the same @oepul
tion of merging CO+CO WD pairgecorded at the time of primary
WD birth (dashed histogram); this distribution has only a single
peak at~0.65 M. This ‘mass shift’ to larger masses is the result
of a phase of mass accretion when the donor star is in thenreliu
burning phase, which we discuss in detail in Seclion 2.3. A&s w
will discuss in Sectiofi]4, this has important implications éur
predicted brightness distribution of SNe la.
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2.3 Binary evolution and example

To understand the origin of the double-peaked »-distribution,
we have analysed various binary evolution histories forasgnta-
tive systems in the \RTRACK simulations. The formation of the
secondary bump at1.1 Mg in the solid histogram of Fig. 1 (and
more generally the larger average primary WD masses) i£asso
ated with CO WD primaries that accreted material from a $ljgh
evolved naked helium star companion (k= 00

To be more specific, we present a typical evolutionary chan-
nel along with the relevant physical processes that maynpiatsy
lead to the formation of a CO+CO WD merger that contributes to
the bump at-1.1 Mg in Fig.[. In our example, the initially more
massive star on the zero-age main sequence (ZAMS) will becom
the first formed WD and the more massive WD at the time of the
merger, though this is not always the case for all evolutipphan-
nels. However, throughout the paper, we define the primaith (w
massm,,) as the star which ends up as the more massive WD at
the time of the merger, and the companion is the secondati (wi
massms). We illustrate the onset of the most important evolution-
ary stages in Fid.]2 with Roman numerals (I-X), where titne
massesn,, andms, and separation are indicated in Myr, M, and
Ro, respectively. We also show the mass evolution of the biimary
Fig.[3.

Our example begins with two MS stars on a circular orbit with
an orbital period o8.3 h (=37 R, stage |). On the ZAMS,m,,
andms are5.65 and4.32 Mg, and their corresponding radii are
2.84 and 2.43 R, respectively. Atr9 Myr the primary evolves
off the MS and fills its Roche-lobe, leading to RLOF while ireth
Hertzsprung Gaps{age | I)E The mass ratio is fairly close to unity,
so RLOF is stable f, = 0.5) though it initially proceeds on a
thermal time-scale. Over the course of RLOF, which lasts Mgr,
there is a mass ratio reversal, where the primary becomdssbhe
massive star. The mass transfer (from less massive to masvaa
star) and expansion of the primary drive an increase in séiparto
233 Rg, the primary shrinks back inside its Roche-lobe and RLOF
ceases. By the time RLOF has stopped, = 1.02 M while
ms has increased 16.62 M. The primary continues to evolve up
the red giant branch, though by this point most of its hydnege
rich layers have been removed in RLOF. Once the hydrogett shel
burning phase is complete, the primary becomes a nakednheliu
star (core of red giant). At t=99 Myr, the primary becomesghsly
evolved naked helium star and increases significantly ia. gk
t=102 Myr, the primary fills its Roche-lobe and a second pladse
stable RLOF ensuest@gel11). Helium-rich material is transferred
to the secondary on a nuclear time-scale for 0.14 Myr (asrbefo
fa = 0.5). Mass transfer ceases at a separation ef 318 Ry,
whenm, = 0.86 Mgy andmgs = 6.67 M. By this stage in the
evolution, the primary has converted much of its helium dote
CO, and upon completion of helium burningfat= 102 Myr, it
becomes a CO WDs(age | V).

At t=115 Myr, the primary begins its journey up the red giant
branch. Once the secondary reaches a radius of 12@mital pe-
riod of 140 d), a CE takes placetéges V, V1), leaving behind the
CO WD and the (naked) core of the red giant, a decreased separa
tion (orbital period of 261 min) anehs = 1.27 M, (stage VII).

At t = 127 Myr, the secondary becomes a slightly evolved naked
helium star. Soon afterwards it fills its Roche-lobe whicdgto a
third RLOF phasegage VIII).

2 See Belczynski et I@S, sect. 5.6) for a description af Istellar

rejuvenation is treated iNTBRTRACK.
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The mass transfer rate initially proceeds on a thermal time-
scale and is fairly highXi;an = 8.8 X 107° Mg yr—1). For the " -
given WD accretor mass, such a mass transfer rate is above the  mp=56s5 @ @ ms=4.32
critical threshold that leads to 100% burning efficiencye(thiti-
cal value is1.57 x 10~7 Mg yr—* for 0.84 M, WD, interpolated
from|Kato & Hachisli 2004, Equation 6). However, the massstran I, RLOF
fer rate is super-Eddington, and so the accretion rate ipezhpt =79 a=37
the Eddington accretion ratéfuce: = 2.0 x 10~ °M yr—*; Ed- mp=5.63 ms=4.32
dington accretion lasting.002 Myr)E The mass transfer rate soon
after enters the nuclear time-scale regime, and as it deesdze-
lium burning continues to be stable on the CO WD. Once the mass ~
transfer rate drops beloW/,;., = 1.74 x 107¢ Mg yr~* (still mt_fgze He
t = 128 Myr; WD mass1.08 M), helium burning is no longer =
stable (Equation 4, Kato & Hachisu 2004) and thus not fully ef
ficient. The primary continues to accrete anotbdrl M, (total
mass transfer including Eddington-limited phase lasts 044r), t=102
though RLOF shuts off when the orbit has expanded te 1.91 mp=0.84 O
Re (orbital period of 5.2 hr). At this pointn, = 1.19 M and cowp
ms = 0.78 Mg, while the secondary’s helium core is almost com-

pletely burned to COrfrcore = 0.76 M ). Within 10° yr (after los- V. ‘

RLOF
a=258

ms=6.62

a=329
ms=6.67

a=222

ing ~0.001 Mg, in stellar winds) the secondary becomes a CO WD =115 @) Common
ms=6.67

(stage|X). The two WDs evolve toward smaller orbital separations mp=0.84 Envelope
over the next Gyr under the influence of gravitational wawbara l
tion, and merge at= 1259 Myr (stage X), with a combined mass

of 1.96 M. Such a delay time (1259 Myr) is typical of double de- V"
generate mergers — they are predicted to produce more SNe la a
early times, peaking at a few hundred Myr though still pradgc

a significant number of evengsl — 3 Gyr (e.g. fig. 1| Ruiter et al.

)' VII.
The system described above is typical of an evolutionarpcha

a=1.73
nel in which the critical accretion phase onto a WD (heredaftage mp=0.84 Q ms=1.27
VIII, cf. Fig. 2) occurs. For the evolutionary model undemsa-
eration e A = 1 of 1), we find that 43% afl
CO+CO WD merger progenitors undergo such an accretion phase vi. RLOF
during which the primary WD (e.g. the first-formed amore mas- =128 Q@ a=L75
siveWD) accretes an addition@l001 — 0.45 M, after its forma- mp=0.84 ms=1.23
tion (in the majority of cases it gains0.2 + 0.1 M). In addition
to these 43%, 9% of merger progenitors encounter the ogpsisit
uation: the secondary WD (e.g. the first-formed gs-massive =129 as1.02
WD) undergoes helium accretigrrhe remaining 48% of progen- mp=1.19 @) O ms=0.77
itors do not encounter a stable mass accretion phase wtel@fon cowp
the stars is a WD.

Different physical properties of a binary at birth (masseass X,

ratio and separation/eccentricity) influence the ensuirgjuéon. t=1259 OC) MERGER
We find that for the (43%) group of primary interest, typicAMS mp=1.19 ms=0.77
masses are somewhat large, peaking-ét— 5 M (though the
entire range i€ — 7 M), and initial mass ratiog, (= more mas-
sive star / less massive star) rangé — 2 with a peak at-1. For
cases where the WD-accretion phase occurs on the secondary W Figure 2. Flowchart showing a typical evolutionary channel wherepttie
(9%), ZAMS masses are in the rang® — 3.5 M, and thus re- mary WD gains mass via RLOF from its helium star companioigrgo
sult in lower-mass WDs (in additiony for these systems peaks the double CO WD merger. The duration of the RLOF phases dmel ot
at ~1.4). For merger progenitors which do not undergo the WD- €volutionary details are given in the text.
accretion phase (48%), ZAMS masses are mosfly- 3 M, and

3 If such binaries lead to SNe la, we estimatéew to 10 systems to be

in this high-accretion phase and thus bright and potentialible in the

Galaxy (Galactic SN la rate 6007 yr—! J|Badenes & Madz 20112, section

4). This number is within observational constraints, anfaat our example . .

system exhibits physical properties similar to those ofitleim nova V445 qo strongly peaks at unity. Hence, _a large fraction of theses sta
Puppis|(Kato et 4l. 2008). evolve at roughly equal rates and in many cases, they reach th
4 These secondaries only gain a small amount of mass and tkiey e short-lived helium star phase at roughly equal times, sgestéll
come the more massive (exploding) WD. does not occur.
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Figure 3. Mass evolution for the binary system shown in [Ely. 2. We do not
show the last-Gyr of evolution since the WD masses remain unchanged
during that time. The common envelope event is marked by thstid de-
crease in secondary mass at 115 Myr, while the two vertinaklindicate
the formation times of the CO WDs.

3 CONDITION FOR PROMPT DETONATION

Binary population synthesis calculations provide a prediais-
tribution of physical parameters for merging CO WD pairswHo
ever, the prompt detonation explosion mechanis el e
,12) is not expected to be realised for all CO WD
mergers. As discussed by Pakmor et al. (2010, /2011), condliti
favouring a prompt detonation are most plausible when ttie ra
of the secondary WD mass) to the primary WD massi,) is
high (approaching). In a study of mergers witim, = 0.9 Mg,
I.l) determined that the critical mass (gtic=
ms/mp) above which explosion is plausible gs~0.8. The criti-
calg-value, however, may depend on the mass of the primaryylikel
having a value that decreases with increasing(for higher-mass
primaries, the densities are higher and the merger is motenti
making it easier to reach the conditions needed for trigged
detonation| Seitenzahl etlal. 2009). Presently, suffikiatetailed
simulations to determine hog will depend on primary mass have
not been carried out. Therefore, in this study, we will adogimple

parametrization of.:
-n
) ,1.0)

wheren is a parameter that we will use to explore h@wnfluences
our findings.

mp

0.9Mg

ge = min(0.8 < (8]

4 PRIMARY MASS/PEAK BRIGHTNESSRELATION

Ideally, synthetic observables for a suite of three-dirnares WD
merger models would be used to determine the relationship be
tween the system parameters and the explosion brightnesst-U
tunately, such simulations are too computationally expenfor

this to be practical in this study. However, as argued iniSef,

the peak brightness of a prompt detonation merger modeidsttl
related to the mass of the more massive Wh,J; in the merger,
the®Ni is mostly synthesized in the detonation of the primary. We
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Table 1. The peak bolometric magnitude derived from our 1D sub-
Chandrasekhar mass pure detonation models for CO WDs fange raf
WD massesriiwp)-

mwp [Mg] My [mag]
0.81 -13.75
0.88 -16.74
0.97 -18.20
1.06 -18.85
1.10 -19.03
1.15 -19.22
1.28 -19.49

therefore estimate the brightness of a merger from a simmpée o
dimensional model for a detonation of a WD with mass equal to
that of the primary.

To quantify the relationship between the primary mass aed th
peak bolometric magnitudé\{;.;), we carried out a series of sim-
ulations for detonations of single CO WDs with a range of WD
massesiowp = myp). These simulations were computed in ex-
actly the same manner as those describ (20/0).
constructed hydrostatic models for CO WDs and simulated-det
nations of these WDs using our SN la explosion code. In absas
the detonations were centrally ignited and their propagatol-
lowed using the level-set techniquie (Golombek & Niemeyd®0

[2010). Nucleosynthesis in the explosions waspedet
ina post processing step using our standard tracer patroach

[ 2004;_Seitenzahl et al. 2010) assumingnitiali

12¢/*%0/*2Ne composition of 47.5/50/2.5 % by mass (roughly
appropriate for solar metallicity). For each explosion elogde
performed radiative transfer simulations with ARTm;
IKromer & Sinl2009) to predict synthetic light-curves (adngtthe
cd23gf-5 atomic dataset of Kromer & Sim 2009).

Our chosen values ofwp and the derived values éff,,,; are
given in Table 1. Fid. 4 shows thewn-M,. relationship derived
from the models. As expected, the models define a smooth,-mono
tonic relationship between brightness and mass (se.
M). For the analysis below, we have made a polynomiat-inte
polation between the data points defined by the models toroata
simple functional form for thenwnp- My, relationship. This inter-
polated relationship is also shown in Hig. 4. (see AppendioB
coefficients of the fit).

Recently@lZ) presented results from a com-
plete simulation of a prompt-detonation model for the meigfe
a CO WD pair withm, = 1.1 andms = 0.9 M. The angle-
averaged peak brightness for this model is indicated in[id\s
expected, its peak brightness is very clode\{,,1 ~ 0.2 mag) to
that of our equivalent single WD detonation model. We alsmsh
the angle-averaged pedl;,., for the complete merger simulation
of [Pakmor et &l.[(2010). Again, the agreement with our refati
is good, although the difference is slightly largéx /o1 ~ 0.4
mag). These comparisons lend credence to the approach we ado
to estimate the peak brightness of WD merger models and stigge
that our method is accurate to a level of several tenths ofgnma
tude.
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Figure 4. The mwp-My,. relationship derived from the pure detonation
models in Table 1. The filled circles indicate the data derivem the mod-
els and the solid line shows the polynomial interpolationagept in our
analysis. The squares indicate the results from the fulgeresimulations
described by Pakmor et al. (2010; subluminous) and Pakmalr €2012;
Mo~ — 19).

5 RESULTS

5.1 Distribution of brightness

To convert the population synthesis data to a distributibpeak
brightness, we first select all systems from the binary petpn
synthesis calculation that lead to CO+CO mergers. Froneties
identify those systems that will explode based on our magscat

(¢ > g, and chosen values gf SectiorB). Finally, we apply our
mwb-Myo relationship (Sectiofl4) to derive the peak brightness
for each system from its primary WD mass. We exclude from our
analysis systems in which the primary WDris, < 0.8 M, for

two reasons. First, for such small primary masses the lowities
make it extremely challenging to ignite the detonation.dbel; at
low mass the’®Ni yield is expected to be too small to give rise to
a bright transient even if a prompt detonation were to ocsae (
Table 1). This effectively removes the majority of systerssa
ciated with the lowmwp peak ¢0.65 My) from our analysis:
those systems are not promising candidates for the prontpt de
nation scenario (although it has been suggested that ésplo$
such systems might still occur, van Kerkwijk eflal. 2010; bae
alsd Shen et dl. 2012).

Our computed brightness distribution is plotted in [Elg. b fo
three representative values of thgarameter in our prescription
for ¢. (see Equation 1). We have restrictedo be positive, ensur-
ing that the criticaly-value decreases with increasing, (except
for the case wherg = 0, whereg. = 0.8 for all values ofm,). We
find that forn>1.5, nearly all of the primaries at the high-mass end
are included, so adopting larger valuesnas unnecessary. Thus,
we choose two values of which bracket the physically-realistic
extremesn = 0 andn = 1.5, and a third valuey = 0.75 (the mid-

3000 F
2000F

1000 F

Number of systems

—-17

Figure 5. The predicted distribution of peak bolometric magnitudé,(,;)
obtained by combining the primary WD masses from the model of
.1) with oumnwp-Mi,, relationship (Figl#). The black
line shows the results assuming that all mergers succhsdéad to a
prompt detonation. The coloured lines show the effect ofasipy cuts
on theg-value of the merger (requiring that> ¢.) for different values of
7 (see text). The grey histogram shows the absolute magnitigttéution
derived from a volume-limited sample of SNe Im @Osee their
fig. 5). To facilitate comparison of the shapes, the obsemat data have
been arbitrarily scaled to match the number of systems ircaloulation
forn = 0.75.

point), simply for illustrative purpos&We also show the result
without anyg-cuts (i.e. all population synthesis data).

As shown in Fig. 5, oumnwnp-My. relationship converts the
higher mass peak of the, distribution (Fig[1, solid line) into a
brightness distribution with a clear peak aroun@d,;~ — 19 mag,
a short tail of brighter events, and a long tail stretchindaioter
magnitudes. The amplitude of the peak and to some degre® its |
cation depend on our choice @f Forn = 1.5 (or higher), the high
M1 part of the distribution is almost insensitive to the chate
but for smaller values (e.g.= 0), a significant fraction of the high
myp Systems are excluded. Howevegrdoes not qualitatively affect
our findings: the peak arountf/,,;~ — 19 mag is present in all
cases — it is a consequence of the underlying shape ofithdis-
tribution in merging systems and the steepness oo - Mol
relationship.

5.2 Comparison to observations

Recently,l.l) presented pseudo-observed lositin
functions for SNe la based on a sample of objects within 80
Mpc from the Lick Observatory Supernova Search (LOSS, sge e.
ILeaman et 2l 2011, for details). We compare the shape of thei
volume-limited luminosity function to the results of ourl@aa-
tions in Fig[®. In this comparison, we include all 74 of thgMe la
(regardless of sub-type and host galaxy type) and, for coenee,
have arbitrarily rescaled the distribution to match thaltatumber

of SNe la to that of our calculation for = 0.75.

5 We note that for our evolutionary example of a violent mefgemation
channel described in Section 2@ erger = ms/mp = 0.774/1.185 =
0.653), the necessary criteria leading to a SN la are satisfied for0.74:
n=1.5— qgc = 0.530; n = 0.75 — gc = 0.651.
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Figure7. STARTRACK smoothed DTD of all CO+CO mergers (green dots),
CO+CO mergers wheréfi.t > 1.4M¢ (blue solid), and CO+CO WD
mergers which satisfy our criterig = 1.5 andm,, > 0.8M (magenta

TRACK CO+CO WD mergers. The upper panel shows all systems while the dashes). The small fluctuations are due to Monte Carlo noiger-plotted

lower panel only includes systems that passd¢heriterion withn = 1.5
andmp > 0.8M¢. Note the different scaling for the two plots. It is evi-
dent that the most massive primaries preferentially mergeanpt delay
times: for both panelg95% of systems withm,, > 1.3 M have delay
times< 1 Gyr. Mergers withm, > 1.3 Mg make up 0.2% of all CO+CO
mergers and 0.5% of = 1.5, m;, > 0.8M mergers. We also note that
the first progenitors to explode are not from binaries withrtiost massive
primaries (see text for details).

with red squares is the best-fit DTD derived from SDSS daaitree time
bins are indicated by horizontal error bars< 0.42 Gyr, 0.42 < t < 2.4
Gyr andt > 2.4 Gyr (se2, MMB12). The smooth black
solid line shows the best-fit DTD from Graur & Madz (2D12, GN|1®ith
systematic uncertainties (thinner dotted lines). Thetragtis shows units in
SNuM: number of SN la pet0'° M, formed in stars per century.

5.2.1 Brightness and delay time

We note the important finding that, while fairly massive WDghw
masses ofv1.2 Mg may explode at any delay time 150 Myr,
the most massive oneg (.3 M) only explode as prompt events,
with rare exceptions (see Figurke 6). This finding supporsai-

This comparison suggests that the prompt detonation vio- Servational evidence for more luminous SNe la occurring ragno

lent merger scenario could give rise to a brightness digioh
of SNe la that is fairly compatible with observations. In tmar-
lar, the standard model 11) predicts geldrac-
tion of explosions within a fairly narrow range of peak magde
(AMye ~ 1 mag) centred arountify,,;~—19 mag, as is observed.

younger stellar populationOlO). At the esgimme
however, the events with the shortest delay times 100 Myr)
are not from the most massive primaries: these occur via faire
mation channels where (usually) the secondary initiates G
events. These ‘ultra-prompt’ double CE systems do not wuder

There are a number of important caveats to consider when in- Phase VIIl mass accretion, though they are still massiveigindo

terpreting the comparison in Figl 5. First, the supernovaéhé

) luminosity function have been corrected@alac-
tic extinction but not for host galaxy reddening, thus véoias in
extinction from object to object will be responsible for smaom-
ponent of the tail to lower peak magnitudes in the observed sa
ple. Second, tll) data are not derived frompteta
sets of colour light-curves but are available only for Reand.
However, this is not expected to significantly affect ouruttss
around the peak of our distribution: in the complete merger s
ulation presented by Pakmor et al. (2012), the differencpeiak
bolometric andR-band magnitudes wadf,,, — Mr = 0. We
note thatM,, — Mg is expected to become positive for sub-
luminous mergers but for the systems of interest, this shoat be
large effect compared to the bin size in Kijy. 5 (in the simataof
0Mb01 — Mr~0.4 mag.). Third, our analysis ne-
glects any influence of observer orientation on the expitokight-
ness — the Pakmor et/al. (2010, 2012) simulations suggesbrina
entation may cause variations of arouttl.4 mag. Nevertheless,
although quantitatively important, none of the effectsdgexted to
qualitatively change our result.

be considered SNe la progenitors in our model. The diffexénc
evolutionary timescale between these double CE eventslhafl a
the other formation channels is the cause of the dearth ajener
at~150 Myr in Figure[8. For the majority of the events at later de-
lay times only one CE is encountered, as is expem e

2009] Mennekens et al. 2010).

5.2.2 Ratesand DTD

We have not attempted to calibrate the population syntlesat
frequency of CO+CO violent mergers to compare directly i
SN larates Il). To do so would require us to adop
model for the star-formation history associated with tivelume-
limited sample, which would introduce unwanted uncertast
Nonetheless, we can compare our theoretical DTD to that &lom
servations. Merging CO+CO WD pairs are currently the fagdur
theoretical scenario for producing a relatively high numbieSN
la progenitors compared to other long-standing progemnitodels
(Iben & Tutukov! 1984| Yungelson etlal. 1994; Ruiter et al. 200

In Figure[T we show three theoretical DTDs for WD mergers as-
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suming a binary fractidhof 70%: All CO+CO WDs, mergers for
which Moy > 1.4 My (DDS), and systems which meet our crite-
rian = 1.5 andm, > 0.8 M (violent mergers). Additionally we
show two of the most up-to-date observationally-recovéd@s
from the literature: Maoz et hl. (2012, SDSS Il galaxies; figand
Graur & Mao? (2012, field rates; fig. 12).

The DTD from violent mergers (magenta dashed line) com-
pares rather well with the most recent observational DTD- est
mates. At long delay timest (> 2.4 Gyr) the violent merger
DTD falls within the observational uncertainties [of Maozbt
m). Also, the model agrees very well with the best-fit DTD
from |Graur & Maok [(2012) for delay times above 300 Myr (see
IGraur & Mao¥ 20112, for a comparison of observational DTDs¥ro
recent works).

ries, as well as how often they form and how often they merge
(Dominik et al[2012). So, we now discuss how the results doun
above are sensitive to the choice of the adopted CE formalisin
CE efficiency.

Considering a lower CE efficiency such asg = 0.5 with
A =1 — aceX = 0.5, which is often used in population syn-
thesis, we find that the stage VIII accretion phase is indeed e
countered though not as often as in the standard model (33% vs
43%). Quantitatively speaking, the overall merger ratemfpop-
ulation synthesis calculations for this CE model are abdactor
of two lower than the standard modmmoogpem
larger number of progenitors which make CO+CO WD mergers in
the standard model will merge before a double WD is formed in
a lower CE efficiency model. Qualitatively however, therdittte

The thus-far notable discrepancy between observed rates ofdifference between the two models, and in the: A\ = 0.5 model

SNe la — in particular at early delay times — and the ratesuealc
lated from population synthesis is still an open issue, ghosome
pOSSIb|e reasons have been dlscdgs{edd Nelemans etlal. 2012;
[Ruiter et al[ 2011, sect. 4.1; see also Mennekens 2010 wht poi
out that rotation may increase the likelihood for explosionvD
mergers). However, we have shown that the DTD of violent WD
mergers is consistent with the DTD fit frdm Graur & Mabz (2012)
implying that violent mergers might be a dominant contrdsub
SNe la in field galaxies.

6 DISCUSSION

We have found that, in the standard modZOl
a certain formation channel is critical for creating masgivimary
WDs. In Sectiof 2]3 we described the typical evolution ofreaby
which produces two merging CO WDs where the primary WD is
particularly massive due to an important evolutionary phésac-
cretes (in that case.35 M) from a helium-rich companion star.
Within the model framework 11), such agehaf
RLOF occurs for a significant fraction (43%) of the CO+CO WD
merger progenitors.

We have mapped the (exploding) primary WD masses for all
CO+CO WD mergers on to magnitude-space using @up-
My relation, and have presented the results for a seriag of
cuts (Fig[5). Regardless of thecut used, the shape of our the-
oretical My, distribution for merging primary WDs is quite strik-
ing, since it matches well with the observéd,.,; distribution for
SNe la o.l)Our results indicate that double degener-
ate mergers exploding in the violent merger scenario shavex
tional promise as progenitors of SNe la.

However, despite these very encouraging results, we paint o
in the next two sub-sections some important issues to keenid,
which could have a significant effect on the evolutionarycootes
for close binaries, in turn affecting the impact of these fiadings.

6.1 A key assumption: Common Envelope parametrization

Different assumed CE parametrizations have a critical ahpa
which evolutionary channels lead to the formation of closeb

6 For stars of spectral type B3-B7, which are typical progesitof vio-
lent WD mergers, the binary fraction is estimated to lie le&tw40-100 %
I1). We do not consider higher muttipt here.

7 Observational samples which include massive elliptictédgas tend to
exhibit DTDs which have higher SN rates than volume-limiseghples, D.
Maoz, private communication 2012; see dlso Maoz let al. [p012

we still expect such a ‘stage VIII' accretion phase to oceading
(favourably) to more massive primary WDs.

For the case of very low CE efficiency, such as that inves-
tigated in[ Ruiter et al.[ (2011) e = 0.25 with A = 0.5 —
ace\ 0.125), stage VIl is almost never encountered: less
than 1% of binaries go through this evolutionary chanrmel (
99% of primary WDs do not experience accretion before the
merger). In that calculation, the formation channels tratieshd
to CO+CO WD mergers are altogether different from our steshda
case. For theeeg A = 0.125 model, binaries which end up merg-
ing as CO+CO WDs generally start out with larger semi-latecta
(ax (1.0—e?)) of ~50—250 Rg, while for the standard model ini-
tial semi-latera recta typically range frokd — 100 Ry . For these
merging WD pairs, the primary WDs are in general less massive
than their standard model counterparts.

The 0.2% of CO+CO WD merger progenitors which do en-
counter the stage VIl accretion phase in thes A = 0.125 model
are born with near-equal masses, are closer at birth (seeral
recta20 — 100 Ry), and the first-formed WD always forms either
during or after the CE (in contrast to our standard exampteresit
forms prior to the CE event). In all of these systems, theaenmss
ratio reversal during the evolution, which is significanbegh to
allow for rapid rejuvenation of the secondary and the seapnis
the first star to evolve into a WD (this process is also enarent
on occasion in the standard model; Secfiod 2.3). Howevegeth
binaries do not meet our criteria for SN la progenitors: thasin
massive primary WD (at merger) in the 0.2% groupis Mg .
This stems from the fact that the ZAMS progenitor masseshiier t
channel are quite low~( 1.9 My). In any case, as demonstrated in
[Ruiter et al. 1) the expected rate of merging CO+CO WDs is
extremely low for this CE model.

If we consider the ¥—formalism’ for CE evolution (e.g.
Nelemans et él@bO), which was assumed for all CE events for
model G1.5 iI1), stage VIl is also not emco
tered very often. The typical formation channels which leadou-
ble WDs from the standard model do not make double WDs in the
‘~v—formalism’ model, since for the latter the stars have lagyer
bits post-CE, and will not merge within a Hubble time. Four £6 o
primary CO WDs undergo stage VIl mass accretion, while fr 3
it is the secondary WD for which the phase occurs. Both groups
haveqo = >1.2, and often the first interacting event is a CE, fol-
lowed by a second CE after the primary has evolved into a CO WD.
Both CE events enable the stars to be on a close enough ochit su
that RLOF between a slightly evolved helium star and the arym
WD is possible. In terms of frequency of events, the corradpm
DDS model oIl) yields a rate which is 10% of
that of the standard model, thus we would expect a smalletidra
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Figure 8. As Fig.[8 but using the WD masses as they watrdirth. No
matter whichg-cut is used, no theoretical/y,,, distributions exhibit a
shape similar to the absolute magnitude distribution of &N\eom|Li et all.
(2011).

of potential SN la progenitors from violent mergers to beduced
via the G1.5 model.

Not surprisingly, binary population synthesis predictidor
double degenerate mergers are rather sensitive to the edsDE
parametrization. In summary, a small reduction of CE efficie
(aceA 1 — 0.5) does not qualitatively affect our results.
However a very low efficiencydceA = 0.125) or use of they-
prescription alone dramatically reduces both the totalgererate
and the fraction of systems that undergo the stage VIII giccre
phase. We note additionally that using a higher CE-ejectibn
ficiency (ce > 1,Meng & Yang| 2012) should lead to a larger
number of WD mergers.

6.2 WD massgrowth: implications

As an experiment to confirm that the mass-growth of the pymar
WD after it is born is key to our findings, in Fig] 8 we show re-
sults equivalent to Figufd 5 but using thea®RTRACK WD primary
massest their birth (dashed line in Figurlgl 1) rather than at explo-
sion. It is immediately obvious that the shape of the obsbale
solute magnitude distribution bf Li etlal. (2011) is not reguced

in this case. Rather, for ajf-cuts used, the theoreticady,, distri-
bution is rather flat from-17 to —19 mag, with a steep drop-off at
My = —19 magd.

While Fig.[§ is only an experiment and not a self-consistent
calculation for our SARTRACK simulations, it may be roughly
representative of predictions from alternative modelspanticu-
lar, we note that other population synthesis codes prediota
CO+CO WD merger mass distribution that is fairly smooth gNel
mans 2018; see alsb Bogomazov & Tutukbv 2010, fig. 1), in con-
trast to the total mass distribution fronT&RTRACK which has a
second peak as a consequence of stage VIII (cf. Fryer etE0. 2§

3). We have identified an evolutionary channel that prodtaiely
massive primary WDs via helium-accretion, though it reraaabe

8 Workshop on “Observational Signatures of Type la SuperrRnaeni-
tors”, Leiden 2010 (http://www.lorentzcenter.nl/Ic/web/).

Brightness of violent WD mergers 9

established whether such a prediction is confirmed by fudbser-
vations (see Footnote 3). In addition, improved input ptyy$iom
models of interacting binaries that incorporate detaiteties struc-
ture —in particular for helium star models — are needed tpgniy
address the issue of mass transfer/accretion in closeidsn@ee

e.glEggleton et al, 2011).

6.3 Ultra-prompt mergers

As mentioned in sectidn 5.2.1, the SNe la from WD mergers with
delay times< 100 Myr (‘ultra-prompt’) are formed by way of a
double CE: the initially less massive star loses its H-riohetope
while in the Hertzsprung gap or on the giant branch, and thism |
loses its He-rich envelope when it is a somewhat-evolvetimel
star. We find that 0.5% of all CO+CO mergers which have primary
WD masses> 0.9Ms merge less than 1000 yr after the last CE.
The fraction is raised to 4% if the merger occurs within 10,00
yr after the last CE. This has very interesting implicatidois at
least a couple of reasons. The post-explosion spectrass therg-
ers are likely to show signatures of circumstellar materighus

far thought to be a likely signature of a single degenerat@ato

SN la (Sternberg et Al, 2011). On the other hand, since theapyi
WD will still be quite hot upon merging, these binaries mayete
the necessary criteria for producing ‘core degenerategarsr(see
), which might produce SNe la — or some other
bright transient — at a delay time larger than the merger siheevn

in Fig.[d. In any case, these types of mergers might contrilbut
small fraction to the population of sub-luminous SNe la.

6.4 Violent vs. non-violent mergers

MI.EZ) used population synthesis to calculaés iaf
SNe la from CO+CO WD mergers and imposed some additional
constraints, namely that in a dynamical merger some fraatio
the total mass would be lost from the binary, in turn lowerihg
probability for a thermonuclear explosion. They found asitue
upper limit of SNe coming from “violent mergers” to be about a
factor of 5 lower than previous estimates from populationtisg-
sis. We would like to point out that by our definition, the meng
considered i Chen etlal, (2012) are not violent mergershdrnvi-
olent mergers of Pakmor etlal. (2012) — on which[the Chenlet al.
) dynamically-motivated restrictions are based — @s3sris
lost in the merger itself. In the violent merger, the massidgra
fer phase is very short-lived, and the explosion takes pidbe
time of the merger at which point all of the matter is swept up
L2_Q12). By contrast, the mergers assumed &rgod
mass-loss considered MI @012) are likely tobéxhi
properties of non-violent mergers, where a hot envelopedeeted
onto the primary WD. In such a case, a non-negligible amofint o
material might be ejected from the binary (
but see aIle), though as already discusssaait

clear that such systems will produce SNe la.

7 SUMMARY

We find that the distribution of merging CO WD pairs predichsd
the STARTRACK binary evolution population synthesis code gives
rise to a range of explosion brightnesses via the promptndeto
tion (violent merger) mechanism (Pakmor €t al. 2010, P01aYis
compatible with observed SNe la (Fig. 5). Further, the DTID.(B)
agrees well with the observed DTD fit fr @012),
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and as shown by Fifl] 6 (lower panel), even gives rise to keight

SNe la preferentially at short delay times — a trend that isofxm-
rated by SN la observations (€.g. Wang & Hlan 2012).

We have identified that the good agreement with the bright-

ness distribution MI@M) depends critically opaaticu-
lar evolutionary phase during which the first-formed WD ates
mass from a companion which is a slightly evolved naked heliu
star (stage VIII, Fig. 2). In the standard population sysihenodel
of.l), nearly half of the CO+CO WD merger-pro
genitors pass through such an accretion phase.

Alternatively, if the critical He-rich accretion phase istn
readily realised in nature, then the predicted explosioghlmess
distribution is not a good match to observations (Elg. &glif in-
dicating that a different explosion scenario must domiaattdrive
the underlying shape of the SN la observed brightness lligion.
Consequently, our results suggest that detailed studiesioin ac-
cretion in binary systems will be a vital step toward eskdhtig the
plausibility of the violent merger model for a significaraétion of
SNe la.
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APPENDIX A:

As mentioned in Sectidd 2, we assume that when a non-degenera
star accretes from its companiofl, = 0.5, i.e. 50% of the mass
lost from the companion is accreted while the other 50% i los
from the binary (see sect. 3.4lof Belczynski €t al. 2008).dture,

it is not clear how much mass may be lost/gained in such a config
uration, and the assumed value (and variability)fpfhas an im-
portant impact on the evolutionary outcome (see the casly siu

Brightness of violent WD mergers 11

Table B1. Coefficients for the polynomial and
linear fits in Figurd}.

0.8 < mwp < 1.15

n  an

2403.1822
-10943.254
19821.934
-17966.776
8140.1093
-1473.6569

ga b~ wNEFE O

1.15 <mwp < 1.4

n  an

0 -16.827815
1 -2.0807692

IMennekens et al. 201.0). More important than the fraction a$sn
that is accreted might be in what manner angular momentuosis |
from the binary system during non-conservative mass tearjsée
also Claeys et al., in preparation, for a comparison studipwf
population synthesis codes).

For the current study, we used the published results from the
standard model df Ruiter etlal. (2011) for whigh = 0.5 was
assumed. However, to obtain a general idea of how much our re-
sults might change if a differenf, value had been used, we per-
formed additional smaller-scaleTS8RTRACK runs for f, = 0 and
fa = 1. We find that the relative frequency of CO+CO WD merg-
ers is highest for the fully non-conservative case: 1.2 : ¥:for
a f. fraction of0, 0.5 and 1, respectively. For more massive WD
mergers however, the trend changes. For CO+CO WD mergérs wit
Moy > 1.4Mg, the relative frequency is 0.8 : 1 : 0.3 and for merg-
ers which meet the criteria = 1.5, m;, > 0.8 M, the relative
frequency is0.5:1:0.3.

Thus, assuming fully conservative mass transfer onto non-
degenerate accretorg.( = 1) seems at face value to result in
an overall decrease in the number of CO+CO WD mergers. Our
test here shows that the overall rates for massive CO+CO-merg
ers might decrease at most by a factor of 3, though for fully-no
conservative mass transfer the overall CO+CO WD merger rate
could increase by 20%. The trend found here is somewhatelifte
than that found by Mennekens et al. (2010), however: one brist
cautious and accept that full evolutionary calculatiomel(iding
other stages of binary evolution) are needed to properlypcoen
any relative change in our results, and such a parametey s&ud
beyond the scope of this paper.

APPENDIX B:

Here we give the necessary information to reconstruct thim fit
Figure[4. The 2-component fit was constructed with the fdihgw
equality:

Mmax

Myo1 = Z an Mwp (B1)
n=0

where coefficients:,, for the two different mass regimes can be
found in Table B1.
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