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ABSTRACT

Context. The study of Type la supernovae (SNla) has lead to greatlyaweul insights into many fields in astrophysics, e.g. cosmol
ogy, and also into the metal enrichment of the universe.cdigh a theoretical explanation of the origin of these evisrgsll lacking,
there is a general consensus that SNla are caused by theothesiear explosions of carbxygen white dwarfs with masses near
the Chandrasekhar mass.

Aims. We investigate the potential contribution to the superribyze la rate from the population of merging double carboygex
white dwarfs. We aim to develope a model that fits the obseBMth progenitors as well as the observed close double wiigefd
population. We dierentiate between two scenarios for the common envelopg é@#ution; thea-formalism based on the energy
equation and the-formalism that is based on the angular momentum equatioané model we apply the-formalism always. In
the second model theformalism is applied, unless the binary contains a comphjgict or the CE is triggered by a tidal instability
for which thea-formalism is used.

Methods. The binary population synthesis code SeBa was used to elbategy systems from the zero-age main sequence to the
formation of double white dwarfs and subsequent mergeBa®fas been thoroughly updated since the last publicatitmeafontent

of the code.

Results. The limited sample of observed double white dwarfs is beepresented by the simulated population using/tfiermalism

for the first CE phase than theformalism. For both CE formalisms, we find that although terphology of the simulated delay
time distribution matches that of the observations withia érrors, the normalisation and time-integrated rate felasmass are a
factor~ 7 — 12 lower than observed. Furthermore, the characteristit®easimulated populations of merging double carbon-oryge
white dwarfs are discussed and put in the context of alte&NIa models for merging double white dwarfs.

Key words. stars: binaries: close, stars: evolution, stars:whiterf\gapernovae: general

1. Introduction a non-degenerate companion. In the DD scenario, two CO WDs

i can produce an SN la while merging if their combined mass is
Type la supernovae (SNla) are one of the most energetic eXHE’rgertharﬂ\/lch.

sive events known. They have been of great importance in many
fields, most notably as a tool in observational cosmologeyTh  gwever, observationally as well as theoretically, the ex-
have been used very successfully as standard candles 00-COg{Bt nature of the SNIa progenitors remains unclear. Theoexpl
logical distance scales (e.g. Riess et al. 1998, Perlmeti@ sjon mechanism is complex due to the interaction of hydrody-
1999), owing to the special property of great uniformity i@t namics and nuclear reactions. Several models exist that var
light curves (e.gl_Phillips_1993). The SNia also strongly afor example between a detonation or deflagration disruption
fect the Galactic chemical evolution through the expulsin yary petween explosions at the Chandrasekhar mass or sub-
iron (e.g..van den Bergh & Tammann 1991). Despite their sighandrasekhar masses (see le.g. Hillebrandt & Niemeyef, 2000
nificance Type la supernovae are still poorly understoodrtite ¢4 4 review). It also remains unclear whether the DD and SD
ically. scenario both contribute to the SNla rate or if one of the acen
Supernovae Type la are generally thought to be causediby dominates. Both scenarios have problems in matching the
thermonuclear explosions of carjorygen (CO) white dwarfs gries with observations. A serious concern about the DD sce-
(WDs) with masses near the Chandrasekhar ivagsv 1.4Mo  nario is whether the collapse of the remnant would lead to-a su
(e.g.INomoto_1982). Various progenitor scenarios have begérnova or to a neutron star through accretion-inducedssd
proposed. The standard scenarios can be divided into tysed Nomoto & Ibeh 1985; Saio & Nombto 1985; Piersanti et al.
schools of thoughts: the single-degenerate (SD) (Whelapefa | [2003;[Yoon et 8l 2007; Pakmor ei al. 2010, 2012; Shenlet al.
1973) and double-degenerate (DD) scenario (Webbink 198412). Although in the SD channel the models for the explo-
[ben & Tutukov 1984). In the SD scenario, a CO WD explodesion process need to be fine-tuned to reproduce the observed
as an SNla if its mass approachds, through accretion from spectra and light curves, an SNla like event is more easily re
produced in the simulations of the explosion process. Oabk-pr
* e-mail: s.toonen@astro.ru.nl lem with the SD scenario is that the white dwarfs should go
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through a long phase of supersoft X-ray emission, althotighuict and follow the evolution further. Note that we do not solv
is unclear if there are enough of these sources to account hoe equations of stellar structure. The stellar trackseaubtas-
the SNla rate (see Di Stefano 2010; Gilfanov & Bogdan 2016ume stellar models in hydrostatic equilibrium. When thigat
Hachisu et all 2010). Moreover archival data of known SNkhe case, however the gas envelope surrounding the core may
have not shown this emission unambiguously, but there is mpyff outward (see Appendix’Al.2 for details on the formalism).
be one case (see Voss & Nelemans 2008; Roelofs et al! 200Bpur simulation the mass transfer rate is calculated frben t
Nielsen et al! 2010). Furthermore, SNla that take place mamevant timescales (see AppenflixJA.3) and not from than the
than a few 18years after the starburst (see e.g. Maoz &t al.|201€¢llar radii. Therefore binary evolution is not critigatiepen-
are hard to create in this channel (¢.9. Yungelson & LlivioC200dent on out-of-equilibrium parameter values.
Han & Podsiadlowski 2004). The philosophy of SeBa is to not a priori define the binary’s

To use SNla as proper standard candles, we need to knewslution, but rather to determine this at runtime depegadin
what SNla are, when they happen and what their progenitehg parameters of the stellar system. When more sophisticat
are. Therefore, we study the binary evolution of low- anéiint models become available of processes that influence stethar
mediate mass stars. In a forthcoming paper (Bours, Toonenfion, these can be included, and tHeet can be studied with-
Nelemans, in preparation) we study the SD-scenario by loakut altering the formalism of binary interactions. An exaenis
ing into the poorly understood physics of accretion ontotehithe accretion ficiency onto the accretor star during mass trans-
dwarfs. In this paper we focus on the DD scenario and the éér. Instead of prescribing a specific constant percentagieeo
fect of the as yet very uncertain phases of common envelapansferred matter to be accreted (and the rest to be losttfrie
(CE) evolution on the double white dwarf (DWD) populationsystem), the ficiency depends on the properties of the accreting
These DWD systems are interesting sources for studying vatar, such as the thermal timescale, the radius and the Rumhe
ious phases of stellar evolution, in our case the CE evelutiof the accretor (see AppendixA.2 for details). Another eplam
Gravitational wave emission is also important as thfieds is the stability of mass transfer. In our simulations theoiitst
the binary system by decreasing the orbital period and evetnd rate of mass transfer are dependent on the reaction ®© mas
tually leading to a merger (Kraft etial. 1962; Peters 1964), ehange of the stellar radii and the corresponding Rocheslobe
possible a SNla. The DWDs are expected to be the domindiie advantage of this is that the (de)stabilisifiget of non-
source [(Evans et al. 1987; Nelemans etal. 2001a) of gravitdnservativeness of stable mass transfer (see Sobermian et a
tional waves for the future space-born gravitational waveen- [1997) is taken into account automatically. There is no need t
vatories such as eLISA (Amaro-Seoane et al. 2012a,b). make the assumption in the stability calculation that stathss

We study the population of merging DWDs that might leagransfer is conservative, as with methods that depend anéiss
to a SNla from a theoretical point of view. We incorporated reatio (Hjellming & Webbinlk 1987; Tout et &l. 1997; Hurley df a
sults from observations where possible. We use the populatR002).
synthesis code SeBa for simulating the stellar and binagy ev  Since the last publication of the code content, many changes
lution of stellar systems that leads to close DWDs. In S€ct.rAve been made. We briefly discuss the most important changes
we describe the code and the updates since the last pubticafielow, and provide more detail in AppendiX A. First, the wind
of SeBa. A major influence on the merging double-degenerg@ss loss prescriptions that we implemented are mostlylmase
population is the poorly understood CE phase (Paczynski;19the recommendations by Hurley et al. (2000). The specifie pre
Webbink 1984/ Nelemans et'al. 2000). We adopt twidedént scriptions for diferent types of stars are described in Appendix
models for the CE. In Se¢ifl 3 we describe these models and t{fgf] Second, a summary of the treatment of accretion onto dif
implications for the observations of close DWDs. In SELt.e Wierent stars can be found in Appendix A.2. The accretion pro-
discuss the binary paths leading to SNla for each model. Te&dure previously used in SeBa is complemented with a pro-
SNla rates and time-integrated numbers are derived in Becteedure for accretion from a hydrogen-poor star. We assume
The properties of the population of merging DWDs are disedssthat for ordinary stars, helium-rich matter is accretecctiy
in the context of the classical and alternative sub- and rsupg the core of the star. The mass accretion process onto white
Chandrasekhar SNla explosion models in S€ct. 6. A discusst@warfs is updated with newfiéciencies of mass retention on
and conclusion follows in Se¢tl 7. the surface of the white dwarf. For hydrogen accretion weshav
the option to choose between th@i@encies of Hachisu et al.
(2008) and._Prialnik & Kovetz| (1995). Helium retention can
be modelled according to_Kato & Hachisu (1999) (with up-
We present an update to the software package Sefates from Hachisu etil. 1999) lor Iben & Tutukov (1996). In
(Portegies Zwart & Verbunt 1996; Nelemans etlal. 2001b) fohis research we used théieiencies of Hachisu et al. (2008),
fast stellar and binary evolution computations. Stars apéved |Kato & Hachisu 1(1999), and Hachisu ef al. (1999). For a study
from the zero-age main sequence (ZAMS) until remnant foof different retentionféciencies and theffect on the Supernova
mation and beyond. Stars are parametrised by mass, Tgpe la rate using the new version of SeBa, see Bours, Toonen
dius, luminosity, core mass, etc. as functions of time ar@lNelemans, in preparation. Third, the stability of massisra
initial mass. Mass loss from winds, which is substantidér is based on the adiabatic and thermal response of therdono
e.g. for massive stars and post main-sequence stars, issiar to mass loss and the response of the Roche lobe. Thé-adjus
cluded. Binary interactions such as mass loss, mass trament of the Roche lobe is dependent on the mass transfer rate,
fer, angular momentum loss, CE, magnetic braking, and gravhich in turn sets theféciency of accretion onto the accretor
itational radiation are taken into account with approgriastar, see Appendx/Al3. Fourth, regarding the stellar sapke-
recipes at every timestep_(Portegies Zwart & Verbunt 1998iously, stellar evolution has been based on evolutionagks
Portegies Zwart & Yungelson 1998). Following mass transfer described by analytic formulae given by Eggaleton etlal. €198
a binary, the donor may turn into a helium-burning star witho hereafter EFT) with updates from_Tout et al. (1997) and he-
hydrogen envelope. When the mass transfer leads to a metgen star evolution as described by Portegies Zwart & Veibun
between the binary stars, we estimate the resulting siitad- (1996) based on_Iben & Tutukov (1985). In the new version,

2. SeBa - a fast stellar and binary evolution code
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Fig. 1. Simulated population of visible double white dwarfs as acfion of orbital period and mass of the brighter white dwarf.
Left: the stellar evolution tracks according to EFT are ysigtht: HPT (using mode}«, see Seck]3). The intensity of the grey scale
corresponds to the density of objects on a linear scale. aime grey scale is used for both plots. Observed binary whtefd
are overplotted with filled circles. Thick points taken arenfiiMarsh et al.|(2011), thinner points from Tovmassian e(2004);
Napiwotzki et al.|(2005); Kulkarni & van Kerkwijk (2010); Bwn et al. (2010, 2011); Marsh et al. (2011); Kilic et al. (2&%,b),
see Secf. 211 for a discussion.

the evolution of ordinary stars and hydrogen-poor staragetl Table 1. Distributions of the initial binary parameter mass, mass
on [Hurley et al. [(2000, hereafter HPT). We do not adopt thatio, orbital separation and eccentricity.
HPT tracks for remnants, instead we maintain our prescrip-

tion (Portegies Zwart & Verbunt 1995; Nelemans et al. 20Q01b)Parameter Distribution

which includes processes such as natal kick velocities e-co Mass of single stars Kroupa IM#

pact objects in supernovae explosions. Mass of binary primaries Kroupa IM®
Mass ratio Flat distribution
Orbital separation N(a)da oc a~da @
Eccentricity Thermal distributiof?

2.1. Impact on the population of double white dwarfs

Fig. [ shows the visible close DWD population simulated byotes.® Kroupa et al.[(1993)? [Abi (1983);® [Heggié (1975)

SeBa. On the left a simulation is shown of the previous ver-

sion of SeBa that a.0. uses the EFT tracks and on the right we

show the current version using the HPT tracks. Initial param

eters are distributed according to the distributions diesdrin servations of spectroscopically selected objects fronSioan
Table[1. Primary masses are drawn from 0.9643 10 include Digital Sky Survey. Therefore, the set of new systems isdalas
all stars that evolve into a white dwarf in a Hubble time. Fdio lower masses. One should take this bias into account while
the mass ratio and eccentricity we cover the full range Qadl, acomparing with the simulations and not take the combinedfset
the orbital separation out to R,. We assumed solar metallic-observed systems as a representative sample of the DWD popu-
ity, unless specified otherwise. In the normalisation ofdime- lation.Kilic et al. (2011ia) showed in their Fig. 12 a vissalion
ulation we assumed that primary masses lie in the range 0of-the population of visible DWDs simulated by SeBa, where
100M,,. Our method to estimate the visible population of DWD#is selection ffect has been taken into account.

is described in Nelemans et al. (2004), in which the Galatsc The locations of the observed DWDs in Hig. 1 correspond
formation history is based dn_Boissier & Prantzos (1999) amdasonably well to the predictions of both models. The diera
WD cooling according to_Hansen (1999). We assume a magjructure of the simulated populations from both modelsemne
nitude limit of 21. In Fig[1, the observed DWDs are overdtt ilar. At masses of 0.5M and periods of £10 hr, there is a very
with filled circles. The systems are described by Marsh (201gronounced region in the plot from the EFT tracks that seems t
and references therein, as well las_Tovmassian et al. [(2004)missing in the HPT plot. However, this is not really theecas
and| Rodriguez-Gil et all (2010). Additionally, we inclad&9 These systems mainly consist of one helium (He) WD and one
newly discovered DWDs from Kulkarni & van Kerkwijk (2010); CO WD. Masses of CO WDs span a wider range of values in
Brown et al. (2010, 2011)] Marsh etal. (2011); Kilic et althe HPT tracks, which distributes the pronounced regiorfii E
(2011&,c) and Kilic et al. (2011b). These new systems are diwer a larger region in mass and period in HPT.

played with smaller circles and thinner lines to separagenth For a single burst of star formation the number of created
from the previously found systems. We did this because the ddWDs within 13.5 Gyr and with an orbital peridél < 1000hr
servational biases are venyfigirent. The previously found sys-for the HPT and EFT stellar tracks is very similar96 1073
tems were selected from a magnitude-limited sample downger M, of created stars for both models. The time-integrated
16-17 magnitude. The new systems are much fainter at about@érger rate is 2 - 103M;* for HPT and 32 - 103M?! for
magnitude. Moreover, most of the new systems are discoesredEFT. The current merger rate in the Milky Way according to
part of the ELM survey (Brown et al. 2010). This survey fociseéhe HPT and EFT stellar tracks is very similar41102yr!

on finding extremely low-mass white dwarfs from follow-up-obfor HPT and 12- 10-?yr~* for EFT, for which we have assumed
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a star formation history as in_Nelemans et al. (2004) based on We adopt two evolutionary models thaffeér in their treat-
Boissier & Prantzos (1999). ment of the CE phase. In modek the a-formalism is used
Classically, the population of double He dwarfs is thought to determine the outcome of every CE. For mogel the
dominate in number over the other types of close DWDs. Usingprescription is applied unless the binary contains a com-
the EFT tracks for a single burst of star formation, we predic pact object or the CE is triggered by a tidal instability let
percentage of [He-He, He-CO, CO-CO]60%, 17%, 21%] and than dynamically unstable Roche lobe overflow, see Appendix
a negligible number of DWDs containing oxygaaon (ONe) [A3). Typically, the second CE (with a giant donor and white
dwarfs. For the HPT tracks, the percentage of double He dwadfvarf companion) is described by theformalism, which
decreases to 38%. The population consists of [He-He, He-Ggives consistent results when compared with the obsenstio
CO-COFE[38%, 27%, 33%] and 2% CO - ONe dwarfs. The defNelemans et al. 2000). If the first phase of mass transfemn-is u
crease in number of He WDs is caused by fiedénce in the stable, it typically evolves throughaCE. In modelya anda«,
stellar tracks related to helium ignition under degenecate- if both stars are evolved when the CE develops, we assumed tha
ditions. As shown by Han et al. (2002), degenerate stars tlo both cores spiral-in (see Nelemans et al. 2001b). The epgslo
ignite helium at a fixed core mass, but instead the core massuat expelled according to
helium ignition is a decreasing function of the ZAMS mass of
the star. Taking this into account, more WDs in close birsarie Egr.«don + Egrxcomp = @(Eorinit — Eorbfinal), (4)

are labelled CO WDs. o
analogous to EQl1, whei®y, .qon represents the binding en-

ergy of the envelope of the donor star &g +comp Of the com-
3. Two models for common envelope evolution panion star.

Close DWDs are believed to encounter at least two phases (r)r];(-)rl:]r?t (;?(;trI\VEﬁ:gprr]:grmtgr?tuzﬁ?ar\?:iltg;(:(i)r:nt:ﬁ;rigsl\S/viirr]\esilrzglge
mass transfer in which one of the stars loses its hydrogem—en@ 9

lope. In at least one of these phases mass transfer fromahe eV Nass objects. The physical mechz_anism behind/tth_ascription
ing more massive star to the less massive companion is dyn,[gmalns unclear however. Interesting to note here is tioatry

ically unstablel(Paczynski 1976; Webbink 1984) which letads Woods etal.(2010, 2011) suggested a new evolutionary model

a common envelope. The core of the donor and companion sﬁi{:‘ rseeaéef r??ggi;gﬂgi?.{fﬁg:?&ﬂ%ﬁ gﬁﬁﬂ?&tﬁgssént:gg;g
ral inward through the envelope, expelling the gaseouslepge )

around them. Because of the loss of significant amounts of mé\geen a red ?lantT?]ne((;ea tmalr;;]sequk;a_?pe star gant be_ dstable and
and angular momentum, the CE phase plays an essential rolgl?ﬁf:?:;?{taa'l\ifé to th -%e(;rc];ri EO?: LIS a modest widening,
binary star evolution in particular the formation of shp#griod 4 ption.
systems that contain a compact object.

Despite of the importance of the CE phase and the enorma@us. Impact on the population of double white dwarfs and
efforts of the community, allféort so far have not been success-  type la supernova progenitors
ful in understanding the phenomenon. Several prescription ) o )
CE evolution have been proposed. Tadormalism (Webbink Fig.[2 shows the mass ratio qf the y|5|ble popL_JIatlon (see.Sec
1984) is based on the conservation of orbital energy. @he 2.1) of DWDs versus the orbital period according to mogel
parameter describes théieiency with which orbital energy is and aa. Overlayed with filled circles are the observed popula-

consumed to unbind the CE according to tions. For systems for which only a Iowe_r limit to the masdhef t .
companion is known, we show a plausible range of mass ratios
Egr = @(Eorninit — Eorbfinal)s (1) of that system with an arrow. The arrow is drawn starting from

_ _ _ o the maximum mass ratio, which corresponds to an inclination
whereEqy, is the orbital energy anéy, is the binding energy of 90 degrees. It extends to a companion mass that correspond
between the envelope malkn, and the mass of the don.  to an inclination of 41 degrees. Within this range of inclioas

Eyr is often approximated by there is a 75% probability that the actual mass ratio lieaglo
the arrow. The filled circles overplotted on the arrow intlica
Eqr = GMMenV’ (2) the mass ratio for the median for random orientations, 6@.,

AR degrees.

whereR is the radius of the donor star anddepends on the Using ".‘Ode'fm' the DWDs clyster arourjd a mass _ratio Qf
g ~ 0.5, while modelya shows a wider range in mass ratio. This

structure of the donor. We assume = 2.[Nelemans et al. b ith the ob d binaries. Thie :

(2000) deduced this value from reconstructing the last@loés agrees better with the observed binaries. ntmass ratio

mass transfer for 10 known DWDs using the unique core-m §tr|but|ons are mherent to .‘h? models af.‘d only_sllghdpeh-

— radius relation for giants ent on the CE féiciency. This is because in the first CE phase,
. DWDs they-CE allows for widening or very mild shrinkage of the or-

To explain the observed distribution of + wh in th intion th bit will al hrink
Nelemans et al. | (2000) proposed an alternative formalisgL' WhEreas in the-prescription the oroit will always Snrink.

According to thisy-formalism, mass transfer is unstable an e .re.sultlng orbital separation determme; when the stamgn
non-conservative. The mass-loss reduces the angular memen?i!l fill its Roche lobe, and the corresponding core mass ef th
of the system in a linear way according to secondary, which determines the mass ratio distributiothef
prospective DWD.
Jinit = Jinal AM In Fig.[3 the population of observed and simulated DWDs are
Jinit “YMam (3)  shown as a function of c_ombined mass of the two WDs for the
two models of CE evolution. The left upper corner bounded by
where Jinir resp.Jinal is the angular momentum of the pre- andhe dotted and dashed lines contains SNla progenitors.gn Fi
post-mass transfer binary respectively, ami the mass of the [3 there are two systems that have a probability to fall in this
companion. We assumed= 1.75, see Nelemans et dl. (2001b)region. These systems are the planetary nebulae nucleiwibth
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Fig. 2. Simulated population of visible double white dwarfs as action of orbital period and mass ratio, where mass ratiofisdd
as the mass of the brighter white dwarf divided by that of timender white dwarf. In the left modela is used, in the right model
aa. The intensity of the grey scale corresponds to the denkidpjects on a linear scale. The same grey scale is used flophats.
Observed binary white dwarfs are overplotted with fillectlgs, see Fid.l1 for references.

companions TS 01 (PN G135:95.9)(Tovmassian et al. 2004;tion reversal’. The names of the first two tracks refer to thst fi
Napiwotzki et al. 2005; Tovmassian et al. 2010) and V458 Vihase of mass transfer, whereas 'formation reversal’ eppd
(Rodriguez-Gil et al. 2010). An immediate precursor of aDWthe reversed order in which the two white dwarf are formed, se
that is possibly a progenitor candidate for a SN la via the DBect[4.B). The stable mass transfer channel accounts %6r 52
channel has also been observed; a subdwarf with a white dwamfl 32% assuming modgl andaa, respectively, for a single
companion, KPD 19382752 (Maxted et al. 2000; Geier et al.burst of star formation. The formation reversal channebaats
2007). for a lower percentage of all SNIa, 14% for mogel and 23%

In our model of the visible population of DWDs (see Secfor model aa for a single starburst. Note that the importance
[2.1), the percentage of merging DWDs with a total mass eaf the stable mass transfer channel strongly depends orsthe a
ceeding the Chandrasekhar is 1.2% for modeblnd 4.3% for sumed amount of mass loss and angular momentum loss.
modelaa. Including only double CO WDs, the percentageis 0.9 In population synthesis studies all known information
and 2.9%, respectively. Because the number of observed clabout binary evolution is combined, andffdirent evolution-
DWDs until today is low, we do not expect to observe mangry paths emerge out of these quite naturally. As noted by
SNla progenitors (see also Nelemans et al. 2001b). TherefoiMennekens et al. (2010), the significant contribution toShia
comparison of the SNla progenitors with population syrithegate from other channels than the common envelope channel
by a statistical approach is unfortunately not yet possife complicates the use of analytical formalisms for deterngrthe
find itimportant to compare the observed close DWD poputatialistribution of SNla delay times. The SNIa delay time of adin
with the simulated one, since these systems go throughasimik the time of the SNla since the formation of the system. This
evolutions and are strongly influenced by the same procesggesommonly used to compare observational and synthets rat
Although the observed population mostly consists of He DWQs constrain dierent physical scenarios (e.g. Yungelson & Liivio
and He - CO DWDs instead of CO DWDs required for SNI2000; Ruiter et &l. 2009; Mennekens el al. 2010, see also%ect
progenitors, at this time the population of all close DWDs aiin this paper). During a CE phase the companion is assumed to
the closest related systems that are visible in bulk. be hardly &ected e.g. by accretion. If this is not the case, as in
stable mass transfer, the assumption that the formatiestaie
. of the DWD is approximately the main-sequence lifetime @f th
4. Evolutionary paths to supernova type la from the least massive CF())Fr)nponent i)s/ not valid ar?y more. Furthermore,

double degenerate channel the in-spiral timescale from DWD formation to merger due to

In this section we discuss the most common binary scendmaos tdravitational waves is strongly dependent on the orbitphse
leads to a potential supernova type la in the DD channel. We &ation at DWD formation. This can be veryfiiirent for sys-
sume that every merger of two cartjorygen white dwarf with t€ms that unt_jergo stable mass transfe_r instead of a CE evolu-
amass exceeding M}, will lead to a supernova. The contribu-fion. Concluding, the delay time, which is the sum of the DWD
tion of merging systems that contains a helium white dwaat thformation and in-spiral timescale can be.5|gn|f|cantlﬁe]‘ent
surpasses the Chandrasekhar mass is negligible. In thaicaho When these tracks are not properly taken into account.

scenario a DWD is formed through two consecutive CEs. This

we label the 'common envelo_pe channel’. In accordance With; ~ommon envelope channel

Mennekens et al! (2010), we find that there are other channels
that can lead to a SNIa as well. We find that the common elm-the canonical path, both stars lose their hydrogen epeslo
velope scenario can account for less than half of the suparnthrough two consecutive common envelopes. An example of a
progenitors in a single burst of star formation, 34% for migde typical evolution is shown in Fig]l4. In this example two zexge

and 45% for modeka. We distinguish between three scenariosmain-sequence stars dfg and 4V, are in an orbit of 125 days.
labelled 'common envelope’, 'stable mass transfer’ andifa- When the initially more massive star (hereafter primarggasls
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Fig. 3. Simulated population of visible double white dwarfs as acfion of orbital period and the combined mass of the two dsvarf
On the left the common envelope is parametrised accordimgatdel ya, on the right according to modekr (see Sec{]3). The
intensity of the grey scale corresponds to the density afabjon a linear scale. The same grey scale is used for bash laserved
binary white dwarfs are overplotted with filled circles, $&ég.[1 for references. The Chandrasekhar mass limit is ateécwith the
dotted line. The dashed line roughly demarks the region iichvilystems merge within a Hubble time. Systems locatede dett
of the dashed line and above the dotted line are supernogdaygrogenitors in the standard picture.

Age (Myr) M, (Mo) 2Ma)  Pors(d) pens, mass transfer is usually dynamically stable, but fileete

. M
; on the orbit is small.
o 600 4-00 12500 ZAMS A variation of this evolution can occur when the secondary
‘ has reached the giant stages of its evolution when the pyimar
1 fills its Roche lobe. This happens for systems of nearly equal
: masses. We assume both stars lose their envelope in the CE
400 12510 cf—ca+ws Phase according to E@l 4, in which the orbit is severely de-
creased. This variation contributes 23% of the systemsen th
‘ common envelope channel for mogel and 10% for modeta.

69 6.00

69 1.10 O@ 401 30.05  He MS + MS With the a-CE prescription it is likely to have another vari-
; ation on the evolution, in which the primary becomes a white
180 1.01 @Q 401 3117 ce-wp+ ¢  dwarf immediately after the first phase of mass transfers Thi
255 101 ; 055 0.7 WD + WD can happen when the primary fills its Roche lobe very late on
: the asymptotic giant branch when the star experiences tierm
100R,, pulses. These systems have initial periods that are a fadger

. luti K h ‘ than in the standard CE channel using magel This subchan-
5'9'4' Evo utrl]c_)na(rjy trfac . or tb_e :jnerger ﬁ two c(:jar- el contributes 43% to the CE channel for model When us-
oryoxygen white dwarls of a combined mass that exceeds ¢ ihe4-model for the CE, the contribution from this subchan-
Chandrasekhar mass. In this scenario the first phase of mMassis 2096, However, these systems are not formed through a
transfer is dynamically unstable which results in a common €ciaarg,-CE because the orbit does not shrink severely enough
velope. In this figure we show a representative e>_<amp|e ofho btain a significant contribution. Instead these systams
ye, see Secl]3. ZAMS stands for zero age main sequence ed through a double-CE as described by Eq.4. For model

CE for common envelope. G is a giant star, MS a main-sequenge ihe double-CE mechanism is important in only 18% of the
star, He MS a helium MS and WD a white dwarf. 43%. P y °

the giant branch, it fills its Roche lobe and a CE commences. Th 2. Stable mass transfer channel

primary loses its hydrogen envelope, but does not become a WD

immediately and a helium star is born. The primary becomesdrathis channel the initial masses of the stars and the litlzits
white dwarf of about solar mass. When the initially less rivass are smaller than for the common envelope channel. Typidal va
star (hereafter secondary) evolveBthe main sequence and itsues are a primary mass ok, a secondary mass o8, and
radius significantly increases, another common enveloparec an orbital separation of 48 (assuming a circular orbit). The

As a result, the orbit shrinks. The secondary evolves furdise primary fills the Roche lobe as a Hertzsprung gap star and mass
a helium star without a hydrogen envelope until it eventualtransfer occurs stably. Which fraction of transferred mass-
turns into a white dwarf. For modeh the orbit decreases moretually accreted by the secondary and how much is lost from the
severely in the first phase of mass transfer. Therefore ilialin system depends on the mass and radius of the secondary and the
periods in this channel are higher, by a factot.5 — 3 and the secondary’s Roche lobe (see Apperdix]A.2 for more details).
primaries are typically more evolved giants when the dofithrs Fig.[3a an example of a typical evolution is shown. When the
their Roche lobes. In this evolution channel both the prinaaxd  secondary fills its Roche lobe, a CE commences. In this channe
secondary can fill their Roche lobes as helium giants. Ifithjs-  the tidal instability (see AppendixA.3) is important. Ineothird
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Age (Myr)M, (Mg) My(Mg) P(d) Age (Myr) M,(Mg) M, (M) Pop(d)
0 500 Go 500 636  zaMs 0 ks Go 558 EAL

300 1036  SRLOF — HG + MS 134 480 oo

104 500 oo
104 086 QQ 711 147.90  He MS + MS 135 0.74 O@ 7.25 127.40 He MS + MS
146 079 @Q 708 15238  CE — WD + G 178 0.74 Q@ 7.23 127.20 CE— HeMs + G

—— 1008,

168 074 142 038 He MS + He MS
146 0.79 1.38 0.49 WD + He Ms
: 178 074 @Q 142 033 CE - He MS + He G
158 0.79 1.36 0.50 CE— WD + He G
178 074 @@ 078 018  He MS + WD

158 079 oo 078 0.04 WO + WD 185 0.8 OQ 078 021 WD+ WD

S 1R,

ZAMS
3.50 5.10 SRLOF — HG + MS

° — 1R,

(@) (b)

Fig. 5. Two evolutionary tracks for the merger of two carppmxygen white dwarfs of a combined mass exceeding the Chaekinar
mass. In these scenarios the first phase of mass transfemasnityally stable. On the left an example of the stable masster
channel is shown, on the right the formation reversal chiahm¢he latter scenario the first phase of mass transfer isuhycally
stable which results in a low-mass helium-star with a lofggitne. The initially less massive star becomes the firshiat white
dwarf. The top and bottom parts of the figure hav@edéent scales due to a common envelope phase, denoted as I@Higutre.
Abbreviations are as in Fifj] 4. Additionally sSRLOF standsdiable Roche lobe overflow, HG is a Hertzsprung-gap statHsn@
a helium giant.

of the systems the CE occurs because of a tidal instabitigy, tquence, the subsequent evolution of the high-mass segondar
other part is caused by a dynamical instability. The secondd5-8M,) accelerates. When the secondary fills its Roche lobe,
turns into a hydrogen-deficient helium-burning star in aesys mass transfer is tidally unstable (see Apperdix A.3). The se

in which the period has decreased by one or two orders of magdary loses its hydrogen and helium envelope in two consecu
nitude. As in the previous channel, the primary and secgndaive CEs and becomes a white dwarf. Subsequently, the atigin
can fill their Roche lobe as helium giants. If the primary fillprimary evolves of the helium main-sequence and becomes a
its Roche lobe, mass transfer is usually dynamically stabtt white dwarf.

has little éfect on the orbit. If the secondary fills its Roche lobe, To our knowledge, this track has not been studied in detail
mass transfer can be stable or unstable. In the example @digbefore. Therefore we evaluated this track by performingitket
when the secondary fills its Roche lobe again as it ascends thenerical calculations using thev binary stellar-evolution
helium giant branch, the mass transfer is unstable and titabr code originally developed by Eggleton (Eggleton 1971, 1972
separation decreases by a factds. Yakut & Eggletorn 2005, and references therein) and updated a
described in_Pals et al. (1995) and Glebbeek et al. (2008). Th
code solves the equations of stellar structure and evalditio

the two components of a binary simultaneously. The simfati
We present a scenario in which in the first mass transfer arnelishowed that indeed the evolution of the secondary can bé-acce
star (sdB star) is formed that becomes a white dwarf only afterated through accretion so that the secondary can stamheli
the companion has become a white dwu typical example of burning prior to the primary.

an evolution like this is shown in Figl 5b. The first phase ofma
transfer is stable, like the stable mass transfer track. ddew

the resulting helium stars in this channel have low massesn
the range of 0.5-018, and long lifetimes of- 10% yr. The first One way to constrain the population of SNIa progenitors is
mass transfer occurs approximately conservatively. As®&o  through the delay time distribution (DTD), where the delayets

is the time between the formation of the binary system and the
SNIla event. In a simulation of a single burst of star formatio
authors the end states of the two components are reversedtirg in the DTD gives th_e S_Nla rate as a function_ of time after the- star
a neutron star that forms prior to a black hole. However, insmenario PUrst. The DTD is linked to the nuclear timescales of the pro-
the name *formation reversal’ applies to the evolutionamescales of genitors and the binary evolution timescales up to the nrerge
the primary and secondary. Although the primary first ewolo® the We assumed a 50% binary fraction and initial parameters are
main sequence, the secondary becomes a remnant first. distributed according to the distributions described ibl&dl.

4.3. Formation reversal channel

Delay time distribution

1 This track is a close analogy of the track proposed_by Sigiatle
(2004) regarding recycled pulsars. In the scenario prapasethese
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: :
model ya

bution of modekva andya are comparable. The time-integrated
number of SNe la per unit formed stellar mass.3-20*Mg*

107 - and 33 - 10*M_? for modelya andaa, respectively. From the
, modelae Lick Observatory Supernova Search, Maoz éfal. (2011)iieéer
o o 10% of observed avalue of 23+0.6- 103 M ,which is a factor 7-12 higher than

-

the predictions from our models.

The morphologies of the DTD of moded andaa resemble
each other in that they show a strong decline with delay time,
although with a slightly dferent slope. Thera model shows
higher rates at short delay times, whereas the rate for model

e U -
I LLI_"‘;;?_O 4 ya shows higher rates at long delay times. This is because the

i o5 e : 1 a-CE causes a stronger decrease of the orbital separation tha
° they-CE in the first phase of mass transfer. The observed rates
1 from Totani et al.[(2008), Maoz etlal. (2010), Maoz & Badénes

(2010), and Maoz et al. (2011) (see Maoz & Mannucci 2011, for
a review), shown in Fid.]6, are much higher than the predicted
rates from both models. To compare the morphological shapes
of the DTDs more easily, we scaled down the observations by a
Fig. 6. Merger rate of double carbgwxygen white dwarfs with factor 10 in Fig[® in light grey. The shape of the observed DTD
a total mass above the Chandrasekhar mass as a functiofitfthe synthetic DTDs well. At long delay times 6 Gyr, the
delay time. Rates are in yr per 10°M; formed stellar mass flattening of the DTD is better reproduced by themodel.

of the parent galaxy. Solar metallicity (= 0.02) is assumed. We have a last remark about Fif] 6, about the dat-
Delay times are shown for two f#iérent prescriptions of the apoint from [Maoz et al.[(2010) at 185Myr and a rate of
CE phase. In black we plot modelr and in grey model 0.165yr! (10'°M,)1. If this datapoint is true, it could indi-
aa, see Sect]3. Overplotted with black circles are the obate a steep rise of the delay time distribution at the shbrte
served values of the SNIa rate of Totani etlal. (2008), Maa#| et delay times. Neither modekr, or aa reproduces the steep rise
(2010), /Maoz & Badenes (2010) and Maoz et al. (2011) (s@fiicated by this point. At short delay times the contribatio
Maoz & Mannucci 2011, for a review). For comparison the gretie SNlia rate from other channels might be significant, fer in
circles show the observations scaled down by a factor 10.  stance the contribution from helium donors in the SD channel
Wang et al.|(2009), Ruiter etial. (2009) and Claeys et al. 1201
showed that at delay times ef 100Myr, the DTD from he-
lium donors in the SD channel peaks, although rates at this de

Merger rate (yr™' (10 M,)™!)

0 2 4 6 8§ 10 12 14
Delay time (Gyr)

— model ya lay time vary between 10 — 102yr~1 (10'°M,)~. Hydrogen
~ model aa donors in the SD channel are a possible contributor to theaSNI
~ 107 _L rate as well, but there is a strong disagreement over the DTD
s from this channel, (see for example Nelemans et al.|201rfor
3 |—|_ overview). In that paper it was shown that the simulated peék
=) = the DTDs lie anywhere between 0.1 to 3 Gyr and the peak rates
T 10 B ] vary between 1 — 1072 yr~1 (10'°M;)1.
f If we do not assume an instantaneous burst of star formation,
2 but instead convolve the DTD with a star formation rate, we ca
g estimate the SNla rate from double degenerates for spitakga
g 10° ies like the Milky Way. If we assume a Galactic star formation
= rate as in_Nelemans etlal. (2004) based on Boissier & Prantzos
(1999), modekva gives 83 - 10 SNIa yr. Model ya gives
| : : : : : : a Galactic rate of 8- 10 SNla yr. The reason for the rela-
0 2 4 6 8 10 12 14

tively high Galactic rate for modeky in comparison with model
aa relative to the integrated rates is that the peak of star for-
Fig. 7.Merger rate of double carbgsxygen white dwarfs with a mation occurs at long delay times where the DTD of model
total mass above the Chandrasekhar mass as a function gf deta dominates over modeta. The empirical SN Ila rate from
time for a metallicity of 0.001. Rates are imymper 10°M, per Sbc-type galaxies like our owh (Cappellaro & Turatto 20GL) i
formed stellar mass of the parent galaxy. Delay times areisho4 + 2 - 10-3yr~1, which is a factor 5 — 7 higher than the simu-
for two different prescriptions of the CE phase. In black mod&ited rates.
we plotya and in grey modeka, see Seck]3. When convolving the DTD with a star formation history, one
should also take into account a metallicity dependence ®f th
stars. To study theffect of metallicity on the SNla rate, we sim-
In Fig.[6 we compare the delay time distribution for the twalated a delay time distribution from a single burst of siairs
different models of CE evolution. The sharp ctitqoear 13.5 metallicity Z = 0.001. The important part of the DTDs in this
Gyr is artificial, because evolution was only allowed to med respect are the long delay times because this is where the fra
for 13.5 Gyr. The delay time distribution shows that thesegne tion of metal poor stars is highest. The DTD of moglel for
ers are expected to take place in young as well as old popufa= 0.001 is lower at long delay times and higher at short de-
tions. The peak in the supernova la rate is 850 Myr for both lay times than the same CE model for solar metallicities. The
models. The median delay time is 0.7 Gyr for modeland 1.0 time-integrated number of SNe la per unit formed stellarsnas
Gyr for modelya. The normalisations of the delay time distriis 2.8 - 10*M_! for modelya. This is an increase 0£60%

Delay time (Gyr)
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with respect taZ = 0.02. The integrated rate for moded for whose evolutionary timescales are short compared to thbse o
Z = 0.001is 42 - 10*M3?, which is an increase 0f30% with less massive stars. Observations show, however, thatrsisblu
respect taZ = 0.02. The DTD forZ = 0.001 is roughly simi- nous SNla are associated with old stellar populatioBs 12Gyr
lar in morphological shape to that f@ar= 0.02, see Fig.J7. The (Howell2001).
DTDs of both metallicities for modeta are similar at long de- In our simulations the majority of merging CO DWDs have
lay times, and consequently thifext on the Galactic SNIa ratecombined masses below the Chandrasekhar mass, sef Fig. 8.
is expected to be marginal. Sub-Chandrasekhar models have long been proposed in order
to raise total number of SNla to match observations. Sim/et al
6. Population of merging double white dwarfs (201()) found that if sub-Chandrasekhar WDs can be detonpated
especially in the range 1.0- 1.2M,, the explosions match sev-
In this section we discuss the properties of the population eral observed properties of SNla reasonably well. In theohyp
SNla progenitors from merging DWD and place it in the corthetical situation that all double CO WDs that merge leadnto a
text of recent studies of the SNla explosion itself. Eig. 886 SNla event, the integrated rate i88L0-*M;? for modelya and
the combined mass of the system as a function of delay timg. 10-4M_! for modelaa. This is still a factor 3 lower than the
for merging CO DWDs. It shows that for classical SNIa progpserved rate of.2 + 0.6 - 10-3M3* (Maoz et al[ 2011). Only if
genitors, the number of merging events decreases with thle §ye assume that all mergers between a CO WD and a CO or He
that the number decreases faster with time for madehan for \yp |ead to an SNIa, the rates 0BL10-3M; and 21-10-3M?
modelya, as discussed in Sel. 5. Moreover, the figure shows modelye andaa, respectively, match the observed rate.
}23;&%?:;?0?%%;3%523“rasekhar mass are most COMMONTyq challenge for sub-Chandrasekhar models is how to deto-
' . nate the white dwarf. A scenario for this was recently sutggkes
Fryeretal. [(2010) showed that if super-Chandraseknggyan Kerkwijk et al.[(2010). In this scenario two CO WDs with
mergers of CO DWDs of 2M, produce thermonuclear ex-peary equal masses merge. The merger remnantitself istdo ¢
plosions, the light curves are broader than the observe@d S hd insdficiently dense to produce an SNia by itself, as noted by
sample. These authors argued that these mergers cannot 48ikmor et 4. (2010)._van Kerkwijk etlal. (2010) proposed tha
inate the current SNla sample. We find indeed in both modefscreion of the thick disk that surrounds the remnant leads
that mergers with combined masse2M are much less com- 5, g through compressional heating. If we simplisticat-
mon than mergers in systems with a combined mass near {he. . ihat every merger of a double CO DWD with 0.8 and

Chandrasekhar mass limit : :
: ) M; + Ms < 1.4 leads to an SNla, the time-integrated number per
Wh_ere Fryer et al. (2010) studied a merger of.2M, CO unlit forrzned mass is.B-10-*M? for modelya ar?d 88-10°5M1 P
WD with @ 09M, CO WD, [Pakmor et al. (2010) focused Oy madelqa. Relaxing the condition of; + M, < 1.4 to all

mergers of nearly equal mass WDs. In their scenario both WHS ccas 2.10-4M-1 for modelya and 19-10*M:* for model
) © (0}

are distorted in the merger process and the internal steicty , s in the scenario proposed by Pakmor étlal. (2010), when
of the merger remnant is quiteftérent. Pakmor et all (2010) 5 scenario is biased to merging systems of high-mass rho, t

argued that these mergers become hot enough to ignité G@fative contribution from this scenario in tie model is higher
bon burning if the WD masses excedl > 0.9Mo. They ihan thava model. U 9

found that these systems resemble subluminous SNla such as

SN 1991bg! Li et al.[(2001) found 1991bg-like supernovae ac-

count for 16:6% of all SNla. From an improved sample Li et al: . . .
(2011) found a percentage of .253. If we assume that 1991bg—7' Conclusion and discussion
like events account for 15% of all SNla and the time-integlat We studied the population of SNIa progenitors from merg-
of all SNIa types is B3+ 0.6- 1U3M51 (Maoz et all 2011), the ing double CO WDs with a combined mass exceeding the
time-integrated rate should beb3 0.9-10* M. When we in- Chandrasekhar mass, the so-called DD progenitors. Wedsonsi
clude the error of 6% on the fraction of 1991bg-like eventthwi ered two prescriptions of the CE phase. The CE evolution is
respect to all SNIa, the rate is531.6-10*M_2. If we assumein a crucial ingredient in the formation of close double degene

a simplistic way that all CO DWD mergersgfE M,/M; > 0.92 ate compact objects, but the process itself is still poonigiar-
andM; > 0.9 (whereM; is the most massive WD ard, the stood. The first model assumes th¢ormalism for all CE. The
least massive WD) would lead to a 1991bg-like event, the-timgecond model is a combination of theformalism and they-
integrated number of events is3210-°M;! according to model formalism (see Sedf] 3). Typically, the first CE is describgd

ya and 18- 10-°M3! assuming modeta. While the SNla rate they-scenario and the second by tidormalism, if mass trans-
from the classical progenitors from modet is comparable to fer is unstable.

that of modelve, the population of DWDs is very fferent. In We applied the updated version of the population synthesis
Sect[3.11 we showed that the type of CE parametrisation-inti@de SeBa to simulate the population of DWDs and SNla pro-
duces a bias in the mass ratio distribution of observed DWDgEnitors. At present, close DWDs (of all WD types) are tha<lo
which mostly consist of (double) He DWDs and He-CO DWDsst related systems to the DD SNla progenitors that arel@isib
In Fig.[d we show that this is also the case for the populatfon im bulk. The mass ratio distribution of the DWDs in model
merging CO DWDs. Although the mass ratio distribution is nd$ inconsistent with the observations. Using mogelthe sim-
important for the standard DD scenario, it is important fog t ulated population of DWDs compares well with observations,
scenario proposed by Pakmor et al. (2010). If the standard spevertheless, this is what theformalism was designed to do.
nario and the scenario proposed|by Pakmorlet al. (2010) hold, Recently, | Webbink [ (2008) and__Zorotovic et al.  (2010)
SN 1991bg-like events are more common in modelWe have claimed that the predictive power of thescenario is more

to make a side remark on the expected delay times of this soestricted. They suggested that thescenario is valid when
nario. The median delay times are 180 Myr for mogleland sources of an energy other than the binding energy of the en-
150 Myr for modelaa. The timescales are short because gemelope is available, such as, the energy released by reoambi
erally, more massive WDs have more massive progenitor, starsn in the common envelope. This could explain the high &alu
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Fig. 8. Simulated distribution of the population of merging doull® white dwarfs from a single burst of star formation as a

function of delay time and total mass of the system. On thentedely« is used for the common envelope parametrisation, on the
right modelaa (see Seci]3). The intensity of the grey scale corresporttie twensity of objects on a linear scale in units of number
of systems per M. The black line corresponds to a combined mass d¥13.4

1.0 1.0 ‘ ‘ ‘ —
B 32 - G 3.2
0.9 2.8 0.9 2.8
I' PN l' .
08 24 08 ol b
= . =0.8 > . =0.8
= . g A 2.0 = i d 2.0
=07t X ' =07t X
16 1.6
106f . fo6r .
zg 1.2 zg 12
0.5¢ 0.5¢
. 0.8 0.8
0.4f 0.4 0.4 11104
0.3 L L L L L 0.0 0.3 L L L L L 0.0
05 06 07 08 09 1.0 1.1 05 06 07 08 09 1.0 1.1
massive (M) Migssive (M)
(a) (b)

Fig. 9. Simulated population of merging double CO white dwarfs fragingle burst of star formation as a function of the masses
of the two white dwarfsMmassivelS the mass of the most massive white dwdfon-massiveCOrresponds to the least massive white
dwarf. On the left modeja is used for the common envelope parametrisation, on thé mgidelaa (see Secf]3). The intensity
of the grey scale corresponds to the density of objects ameadiscale in units of number of systems petMg. To increase the
contrast, we placed an upper limit on the intensity, whiffeas only one bin for modela and two bins for modeka. The black
solid line corresponds to a combined mass oMg4The dashed and dashed-dotted line correspond to a mass| ratm/M of

1 and 0.8, respectively. The mass ratio distribution, wiiscimportant e.g. in the scenarios proposed by Pakmor e2@1.(Y) and
van Kerkwijk et al. [(2010) are very fierent for modeya andaa.

of « found by Nelemans et al. (2000) for the second CE, batl CE phases. In our prescription (see SEct. 3)tfermalism
certainly does not solve the problem for the first CE for whicts typically used in the first CE phase only. The reason for
Nelemans et all (2000) found a valueaok 0. this is that in equal mass systems there is more angular mo-

The delay time distributions from our two models show thEentum compared to unequal mass systems with similar orbits
characteristic shape of a strong decay with time. This gtroMennekens etal. (2010) and also_Yungelson & Llivio (2000);
decay is expected when the delay time is dominated by tR&liter etal.|(2009) and Claeys ef al. (2011) showed DD DTDs
gravitational wave timescaley( « a%) and the distribution USing thea-scenario (however their CE-prescriptions may dif-
of orbital separations at DWD formation is similar to the-inifer slightly from Ed(.2). Surprisingly, but as realised befceven
tial (ZAMS) distribution of N(a)da « a-lda (Abi [1983). The though diferent groups used flierent binary evolution codes
DTD from model ya fits the shape of the observed pTpwith different versions of the-CE and CE #iciencies, the
best/ Mennekens etlal. (2010) also showed a DTD usingtheDTDs of the DD channel are very uniform in that they show a
scenario for the CE phase. They found that the DD DTD ligdrong decline with time (see for example Nelemans et al2201
almost an order of magnitude lower in absolute rate than whiH an overview).
using thea-scenario. However, they used theformalism for

10
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Usually in synthetic DTD studies, the shape and normak-g. to include all CO-CO and CO-He mergers, which seems un-
sation of the DTD are discussed separately. This might not lieely.
valid any more, as more and more observed rates are availableAlternatively (and if contributions from channels otheath
and the conversion from observational units to synthetitcsunthe DD are minor), our model underpredicts the fraction afist
(e.g. the star formation history (SFH) and rate in per K-bland dard DD SNla progenitors in the entire DWD population. Our
minosity instead of pel, of created stars) is better understoodnodel of the visible population of DWDs predicts 0.9-2.9% of
For example, the SFH is often convolved with the DTD to eshe visible DWDs (depending on the model) to be SNla progen-
timate the SNla rate in spiral galaxies like our Milky Way.€Thitors. To match the observed rate of Maoz etlal. (2011), 1%-30
problem with this is that dierent assumptions for the Galactiqexcluding any errors on the observed and synthetic valoies)
SFH can significantly alter the theoretical Galactic SNige.ra the observed DWDs should lie in the SNla progenitor region
Since the SNla rate follows the SFH with typical delay time&ipper left corner of Fid.13). With 46 observed DWDs so far, 4-
of a few Gyr, the synthetic Galactic SNla rate is very senslb SNla progenitors are expected without taking non-unifor
tive to the assumed SFH at recent times. When a constant Sédtection €ects into account. So far, only two systems have
(of » 3Myyr?) is assumed, the SNIa rate is artificially enbeen found that possibly are SNla progenitors, which makes i
hanced compared with detailed SFHs that show a peak in th®probable, but not impossible, that our model underptedic
star formation at a few Gyr and a decline tMdyr~! at recent the number of DD SNla progenitors. When the population of
times, see e.g. Nelemans et al. (2004). In the observed &Ms r observed DWDs is increased, the fraction of SNla progesitor
of IMaoz & Badenes (2010) and Maoz et al. (2011) the detaileshongst DWDs will give more insight into the validity of our
SFH of every individual galaxy or galaxy subunit was takeo in knowledge of binary evolution of massive DWDs.
account to reconstruct the DTD. Therefore it is no longeesec  Concluding, although the shape of the DD DTD fits the ob-
sary to convolve the theoretical SNIa rate from a burst affsta  served DTD beautifully, the normalisation does not. An impo
mation with an approximate SFH. The theoretical calcufetio tant point is that we did not optimise our model to fit the ob-
of the SNla rate from a single starburst can directly be caoegba served DTD in shape or number. We showed that the normal-
with observations. isation can be influenced by the metallicity; 30 — 60% de-

We found that the normalisation of the DTD of modat EERE8 BN TR e L CR0 CoReCt T e
andya do not difer much, even though the CE evolution is ver ' P

different. The time-integrated number of SNla in madel3.3- ﬁgﬂ’ ;P?ngsesrcf;}ggeaﬁ; ?rnb%tlgl stgrriso, dgn?nt?rﬁs'n'galefh:g('j in
10*M,") is 70% larger as in modgt (2.0-10°*M"). But most Nelemans et al.| (2012) we assu?ned th-e ercenﬁape of single
importantly, the simulated time-integrated numbers dometch i P 9 9

the observed number of2+0.6-10-3M-1 by (Maoz et al. 2011) St&rs to be 50%. Results from e.g. Kouwenhoven'etal. (2007)
by a factor of~ 7—12. If our understaondir)]/g( of binary evoluti(znand Raghavan et al. (2010) showed that the binary fractighmi

’ o i i .
and initial parameter distributions is correct, the staddaD be as high as 70% or more for A- and B-type stars, potentially

channel is not a major contributor to the SNla rate raising the synthetic SNia rate by a factor 2. Preliminary
) results show that the initial distribution of mass ratio avd

For the SNIa model proposed by Pakmor etlal. (2010), bital separation féects the slope of the DTD, still the strong
which carbon burning is ignited in the merger process of twaecline with time remains. Moreover, the integrated rates a
massive white dwarfs of nearly equal mass, we found an SNiat afected by factors dficient to match the observed rate.
rate of 23- 10°M_! for modelya and 18- 10-°M_* for model ~Additional research is needed to study if the normalisatiam
aa. |Pakmor et &l.[(2010) founds that these systems resembéeraised sfliciently to match the observed rate. If not, the
subluminous SNla such as SN 1991bg. Assuming the fractiorain contribution to the SNla rate comes from other channels
of 1991bg-like events to all SNla events is#B% (Lietal. such asthe SD scenario (e.g. supersoft sources), doubleadet
2001,02011), the observed event rate i§ 8 1.6 - 10*Mz1. ing sub-Chandrasekhar accretors (seele.g. Kromeflet a}),201
van Kerkwiik et al. [(201/0) proposed a model in which subsr Kozai oscillations in triple systems (Shappee & Thompson
Chandrasekhar WDs can explode as an SNla. In this scen@@i2; Hamers et al. in prep.).
two white dwarfs of nearly equal mass merge, though carbon ig
nition occurs only after the merger when the thick disk sumnah  Acknowledgements. We thank Haili Hu, Marc van der Sluys and Lev Yungelson

ing the remnantis accreted onto it. The event rate3sip4m=-1 for providing results from their detailed stellar and binavolution models.
Ang—1 © We also thank Dan Maoz for providing us his data of the obskSHIa rate
for modelye and 19-10*Mg" for modelaa. When only taking  ang Frank Verbunt for his software to make the Roche lobespfBis work

into account systems with a combined mass belovivi,4he was supported by the Netherlands Research Council NWO teghaiDI [#
rates are B - 10*M;! and 88 - 10°M_?, respectively. In the 639.042.813], VICI [# 639.073.803], AMUSE [# 614.061.6@8 Little Green
scenario proposed by Pakmor et al. (2010) and in the scendfghine) and by the Netherlands Research School for ASmgriBlOVA).
bylvan Kerkwijk et al.|(2010), systems are required to hagé hi

mass ratios. We showed that the mass ratio distribution oDBW

depends on the prescription for the CE. When-kszenario is References
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mass loss prescriptions forfiirent types of stars used in SeBa—

are updated e.g. to include metallicity dependency whessipo
ble. The prescriptions correspond to some degree to thenreco
mendations by Hurley et al. (2000). If multiple mass loss-pre
dictions are applicable to a star, we take the one that pettie
maximum mass loss rate.

— For all types of luminous starsL( > 4000.;) from

the main sequence (MS) to the asymptotic giant branch

(AGB) we apply the empirical mass loss

Nieuwenhuijzen & de Jager (1990) given by

rate by

M =9.631- 107 RP8L L1224 MO8 My yrt (ALD)

where M is the mass accretion ratB,the stellar radius in
Rs, L the luminosity inL, andM the stellar mass ivl,. We

assume that the formalism of Nieuwenhuijzen & de Jager

(1990) is dependent on the initial metallicity &(2) =
(z/25)Y? M(2,) (see Kudritzki et al. 1987).

— For a massive MS star we give preference to the rates of

Vink et al. (2000/ 2001). Where they do not apply, the rates
of[Nieuwenhuijzen & de Jager (1990) are used. Massive MS
suter from strong winds driven by radiation pressure in lines

and in the continuum._Vink et al. (2000, 2001) take into ac-_

count multiple scatteringfiects of photons. They find good

agreement between observations and theoretical mass-los

rates.

— For stars in giant phases we adopt the empirical relation

found by Reimers (1975),

S

Luminous blue variables (LBVs) are extremely massive
and luminous stars near the Humphreys-Davidson limit
(Humphreys & Davidson 1994) with enormous mass-loss
rates. We use the LBV mass loss prescription and implemen-
tation suggested hy Hurley et/ al. (2000):

L
6.0-10°

if L>6.0-10°L, and 105RLY2 > 1.0.

M = 0.1x (10°5RLY? — 1.0 ( - 1.0) Mo yr,

(A7)

— Wolf-Rayet stars are stars in a stage of evolution following

the LBV phase where weak or no hydrogen lines are ob-
served in their spectra. Like Hurley et al. (2000) we include
a Wolf-Rayet-like mass-loss for stars with a small hydregen
envelope massu( < 1.0 from their Eq. 97). The prescrip-
tion itself, however, is dferent. We model it according to
Nelemans & van den Heuvel (2001):

M = 1.38-10°% M?%" M, yr ', (A.8)
This is a fit to observed mass-loss rates from
Nugis & Lamers [(2000). We multiply with a factor
(1 — u) to smoothly switch on mass loss.
In addition to the evolution of ordinary hydrogen rich stars
the evolution of helium burning stars with hydrogen poor
envelopes is simulated as well. For helium main-sequence
stars with a masM > 2.5M, we assume the same relation
as for Wolf-Rayet-like stars. For helium giants, eitherloa t
equivalent of the Hertzsprung or giant branch, we describe

: 13 7RL . mass loss in a very general way similar.to Nelemansiet al.
M=4-10"" "= Mo yr. (A.2) (2001b). We presume 30% of the mass of the enveldge
) will be lost during the naked helium giant phase with a rate
We assume a numerical prefactor gf = 05, see that increases in time according to

Maeder & Meynet (1989) and Hurley et al. (2000).

AGB stars can experience severe mass-loss caused by radi-
ation pressure on dust that condensates in the upper atmo-
sphere of the stars. Empirically, the mass-loss rate has bee
coupled to the period of large-amplitude radial pulsations whereAMying is the amount of mass lost in the windfin
Ppuis (Vassiliadis & Wood 19¢3): atimestept, t; is the duration of the helium giant phase and

log Ppuis (days)= —2.07+1.94-log(R) — 0.9-log(M). (A.3) t the time since the beginning of the phase.

We apply mass-loss to the envelope according to the pre- Special attention has been given to prevent large wind mass
scription of[ Vassiliadis & Wodd[ (1993). During the superlosses in single timesteps because the mass loss premesipti

wind phase the radiation pressure driven wind is modelléie very dependent on the stellar parameters of that timeste
by For this reason we implemented an adaptive timestep in-situa

tions where strong winds are expected, e.g. at the tip ofithe g
L branch. This procedure is accurate tfeliences in stellar mass

M= CVexp’ (A-4) of less than 4% for masses belowMg2.

t+ At t

)88 _ (Lyesy

AIVlwind = 0~3Menv[( t

(A.9)

wherec represents the speed of light ang, the stellar wind

expansion velocity. The latter is given by: A.2. Accretion onto stellar objects

1y _ Roche lobe overflow mass transfer and subsequent accretion ¢
Vexp(km s77) = =135 + 0.056Pp,(days) (A-5) substantially alter the stars and the binary orbit. Massediomn
Furthermorevexp is constrained to the range 3.0-15.0 kngan dfect the structure of the receiver star and its subsequent
st evolution. When more mass is transferred than the accrator ¢
Before the superwind phase, the mass loss rate increasesagxrete, we assume that the non-accreted matter leavegsthe s
ponentially withPps as tem with an angular momentum of 2.5 times the specific angu-
lar momentum of the binary (Portegies Zwart & Verbunt 1996;
Nelemans et al. 20011b). For compact accretors we assume the
matter leaves the system with the specific angular momentum o
the compact remnant. In this section we discuss the liméing
cretion rate, the response of the accretor to regain equitif

The mass loss rate of Vassiliadis & Wood (1993) is given bgnd the subsequent evolution of the new object fiedént types

the minimum of Eq_AM and’Al6. of accretors.

logM (Mo, yr™Y) = (A.6)

~114+ 0.0123- Pyys if M <25,
~114+ 0.0125- (Ppys — 100- (M — 25)) if M > 2.5.
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A.2.1. Accretion onto ordinary stars where we assume 10% of the mass of the star will be burned
during the MS phase.

Rejuvenation of a giant

During the giant phases the envelope is discoupled from the
core in terms of stellar structure. The evolution of the star
will therefore not be influenced directly by small amounts
of hydrogen accretion to the envelope. The track is only up-
dated when the new mass is larger than the track mass to
account for severe hydrogen accretion. The mass before ac-
cretion can be much lower than the track mass because of
wind mass loss, which can be strong for giants. For helium
accretion to the core, the track is always updated. An excep-

4 h | fth - " . tion to this is the early AGB where the helium core does not
creted onto the envelope of the receiver star. The accrealen o,y | this stage there is a one-to-one relation between th

is bounded by the star’s thermal timescale times a factdrisha  pqjium core mass and the track mass (Eq.€6 in Hurleylet al.
dependent of the ratio of Roche lobe radius of the receivers t 2000). -

its effective radius, as described by Portegies Zwart & Verbunt \yhen a giant accretor star moves to a new evolutionary
(19.96)'. The formalism_is proposed Dy Pols & 'V'afi”US (1994), track, we need to determine the location of the star along
which is based on_Kippenhahn & Meyer-Hofmeister (1977); s track. In a more physical picture this means determin-
Neo etal. (1977) and Packet & De Greve (1979). If the mass g e relative age of the stag. For a giant its evolution
transfer rate is higher than the maximum mass accretion rate ;g mainly determined by its core. Therefore for a given evo-

the excess material is assgmed to leave the binary system. lutionary track and core mass, the relative agefieatively
Because of the accretion, the star falls temporarily out of constrained. For both types of accretion, we insist that the

For ordinary stars from MS to AGB stars, we distinguish be-_
tween two types of accretion; accretion from a hydrogeh-oic

a helium-rich envelope. Hydrogen-rich accretion can odour
example when a donor star ascends the giant branch andfills it
Roche lobe. After it loses its hydrogen envelope, it can brexa
helium-burning core. When this helium star ascends theitmeli
equivalent of the giant branch, a fraction of the heliunten-
velope can be transferred onto the accretor. We name thés typ
of accretion 'helium accretion’. We assume that the acdrhe
lium settles and sinks to the core instantaneously. Theumeli
accretion rate is limited by the Eddington limit. Hydrogeraic-

thermal equilibrium. While regaining equilibrium, the ges- star stays in its same evolutionary state after its mass in-
velope surrounding the core fisi outward. Because we do  crease. When no solution can be found g the relative
not solve the equations of stellar structure and the steilar age is set to the beginning or end of the current evolutionary

lution tracks describe single stars in equilibrium, we add a gtate and the track mass is varied to find a fitting track that
procedure to account for a temporal increase in radius as in gnsures mass conservation.

Portegies Zwart & Verbunt (1996). This is important for exam

ple to determine if an accretor star fills its Roche lobe.doalf-

fects the magnetic braking process and the Darwin-RiemannA.2.2. Accretion onto helium-burning cores
stability through the increased stellar angular momentiate

that the mass transfer rate is not dependent on the Stedm"sr""drogen envelopes, accretion is limited by the Eddingtoritlim

geggasg??r?gzi’ osf?e:qhuailltitgquiirglgggni\é?g;t\g?ulssm)t caitly Helium accretion onto a helium main-sequence star is siraga

: : aydrogen accretion onto normal main-sequences stars. We as
_ Accretion can alsoféect the structure of the receiver star and o ‘that the star evolves similarly to a younger star oféts n
its subsequent evolution. It is modelled by changing thaste |- < according to EG_AJLO whetg, should be replaced by
track and moving along the track. The former is describediby tthe helium main-sequence life time. We assume that for freliu

track mass, which is equivalent to the zero-age main-Sa&UEl;, s the envelope is discoupled from the core in termsabf st
mass that the star would have had without interaction. Therla 7 “<i,cture. as with hydrogen-rich giants. Therefore ssuae

is described by the relative agg of the star. We distinguish two that the evolution of the giant is noffacted and only update the

cases. track when the new mass is larger than the track mass.
The dfect of hydrogen accretion onto helium stars is more

Accretion onto an MS star rejuvenates the star. The S&gmplicated. If the hydrogen layer isfigiently thick, the layer

evolves similarly to a younger star of its new mass and its M&" ignite. This can significantly increase the radius ofstag
lifetime can be extended. It would show up in a Hertzsprun%‘d essentially turn it into a born-again star on the hoitaion
Russell diagram as a blue straggler. For hydrogen accret pasymptotic giant branch. We studied ttféeet of hydrogen

the track mass is always updated and the renewed rela &retion to helium stars with stellar models simulated Hey t
age of the star stéllar evolution code STARS. This code models stellarcstru

ture and evolution in detail by solving the stellar struetagua-
M tions. The code is based on Eggleton (1971) and includes up-
tr) = trel tﬂsw (A.10) dated input physics as described in Hu etlal. (2010). The imode

ms do not include atomic diiusion. For mass accretion rates at ten
where primes denote quantities after a small amount of magycent of the Eddington rate of the accretor4at0* — 10°yr,
accretionfns the main-sequence lifetime, aiithe mass of the accreted hydrogen layer ignites. Helium stars that anem
the star. massive than- 0.55M,, resemble horizontal branch stars after
For helium accretion we assume the mass accretes to the @eretion, but most of the luminosity still comes from hediu
instantaneously and the track mass is increased accoydingHrning. For lower mass helium stars this is not the case, be-
These stars appear older than for hydrogen accretion becatse the corresponding horizontal branch star8.$Mg) can
more hydrogen has been burned previously. The rejuvenatftave ignited helium in a degenerate core, which stronfjcts

For accretion onto helium-burning stars that have lost thgi

— Rejuvenation of an MS star

process is described by the characteristics of the star. For both mass ranges, tire-ac
tor expands by a factor 10 — 100 compared to the original
, ths M OMti o helium star. Because hydrogen accretion to helium starstis n
lrel = lrel trs M 0IM’ (A.11) very likely, we model this very simply. When more than 5% of
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the total mass is accreted, the radius of the star is incddasa A.3.2. Mass transfer instability
f r 50. With few ex ions, this | merger of . :
actor 50. With few exceptions, this leads to a merger of o t The stability of mass transfer from Roche lobe overflow asd it

components. ,
The dffect of hydrogen accretion to helium giants is n(S%Qnsequences on the binary depend on the response of the ra-

known very well and additional research is necessary. Fat n ius and the Roche lobe of the donor star to the imposed mass

L ; L .g. Webbink 1985; Hjellming & Webbink 1987 (hereafte
because it is very unlikely to happen, we treat it in the sarag w 0ss (e g W P : )
as helium accrefion onto the envelope of the giant. HW87);Pols & Marinus 1994; Soberman etlal. 1997). We dis-

tinguish four modes of mass transfer; on the dynamicalntiaér
nuclear timescale of the donor or on the angular-momentss-|
A.2.3. Accretion onto remnants timescale. The response of the accretor star to the massthat

. transferred onto it and thefect of this on the orbit is described
Wh|te dwar_f, heutron star and blf.iCk hole_ accretors can becrg, Appendix{A.2. The response of the donor star to mass loss is
with a maximum rate of the Eddington limit. If more mass i, reaqjust its structure to recover hydrostatic and theemai-
transferred, the surplus material leaves the system watlsple- |injym The dynamical timescale to recover hydrostatiaitior
cific angular momentum of the compact remnant. For Neutrifim is short compared to the thermal timescale. For mass-tra
stars and black holes we assume that the transferred mess-is to 15 pe dynamically stable, the dynamical timescale ofstae
porarily stored in a disk. From this disk, mass will flow onte t is important. The change in }adius due to adiabatic adjustofe

surface of the remnant with ten percent of the Eddingtontlimy\ 4rostatic equilibrium is expressed as a logarithmicwdditie
We assume that a neutron star collapses onto a black hole w %fhe radius with respect of mass

its mass exceeds3M,.

For white dwarfs, the accretion process is more complicated dinR
because of possible thermonuclear runaways in the acareted fad = (d Y ) , (A.14)
terial on the surface of the white dwarf. In SeBa there are sev ad
eral options to model thefiectiveness of the white dwarf towhereM andR are the mass and radius of the donor star. The
retain the transferred material. For hydrogen accretiorcae assumed values gfg are shown in Table Al1.
choose between theffieiencies of_ Hachisu etall (2008) and  The response of the Roche loRe of the donor star is ex-
Prialnik & Kovetz (1995). For helium retention, the optiarble- pressed as the logarithmic derivative of the Roche lobeausadi
tween Kato & Hachisu (1999) (with updates from Hachisu et akith respect to mass:
1999) and Iben & Tutukov (1996).

_d|nR|_
T dinM”

_ i The value off, is calculated numerically by transferring a test
A semi-detached system can become unstable in two ways,\gss of 16° M,. Becaus&] = £ (M1, Ma,a), ¢ is dependent
a mass transfer instability, the Roche-lobe-filling stapands on the mass accretiorffieiency of the secondary, and therefore
faster than the Roche lobe itself on the relevant timestakde 5, the mass accretion rate of the test mass. For instandegfor
other case tidal interactions lead to an instability (Dard879). mass ratiog] > 1 the loss of some mass and corresponding
angular momentum can have a stabilisirftpet on the mass-
A.3.1. Tidal instability transferring binary. To determine the dynamical stabditynass
transfer, we assume that the mass transfer rate of the testimma
A tidal instability can take place in systems of extreme miass on the thermal timescale of the donor star:
tios. When there is ingficient orbital angular momentudj that
can be transferred onto the mass-losing star, the star tatayo _ GMm?
in synchronous rotation. Tidal forces will cause the conigan
to spiral into the envelope of the donor star. The tidal iniitst ) )
occurs when the angular momentum of the sas 1J,, where 1. When/i > Za, mass transfer is dynamically unstable. We
model this as a CE phase, as described in SHgt. 3.

[ Ga . .
J, = Mm M , (A.12) When (. < laq mass transfer is dynamically stable. The
+m donor star is able to regain hydrostatic equilibrium andrdtsr

where Jy is the orbital angular momentum of the circularisewithin its Roche lobe on a dynamical timescale. To deterrifine
binary,a is the orbital separatiorM the mass of the donor starthe donor star is also able to regain thermal equilibriumirgur
andmthe mass of the accretor star. The angular momerdum mass transfer, we calculate the change in the radius ofahast

4 (A.15)

A.3. Stability of mass transfer

(A.16)

of a star with radiug is given by it adjusts to the new thermal equilibrium:
= KMRw (A.13) dinR
* ’ = | —- . Al
€eq dinM h ( 8)

wherek? is the gyration radius described by Nelemans &t al.
(2001b) andw is the angular velocity of the donor star, which 2 Wwhen the timescale of the CE phase becomes relevant, we as-
is assumed to be synchronised with the orbit. It is given yme that it proceeds on a time scalgiven by the geometric mean

w = 2r/Py, wherePy, is the orbital period. We model the in-of the thermalry, and dynamicalry timescales of the donor (see
spiral according to the standandCE (see Secf.]3). Owing toPaczyinski & Sienkiewicz 1972):

the expulsion of the envelope, the binary may evolve to a more

stable configuration or merge. If the mass-losing star is imma r= T Ta= | R (A.17)
sequence star, we assume that the instability always leaas t GM
merger.
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The assumed values g, are described in Table A.1.
To calculate the response of the Roche Igbg, we assume

Table A.1. Values of the adiabatiyq and thermale, response
of the radius to mass loss forftirent types of stars.

that the mass transfer rate of the test mass is on the nueiear e

lution timescale: R kK Evolutionary state Lad eq
0,1 Main-sequence:
e = dt G (A-19) Mo =04 13 | o
- _ _ 04<M,<15 2 0.9
whereRrepresents the equilibrium radius of the star according|to M, > 1.5 4 0.55
the single-star trackslRqq is the change iR in a short timestep 2 Hertzsprung gap:
dt without binary interactions. M, < 0.4 4 0
M, > 0.4 4 -2
2. When{ eq < min(leq, {ad) Mass transfer is driven by the ex- 3 First giant branch:
pansion of the stellar radius due to its internal evolution. - shallow convective layet 4 0
3. When{i eq > min(deq {ad), the mass transfer is thermally - deep convective layer | HW87 0
unstable and proceeds on the thermal time scale of the donor. 4 Horizontal branch:
Mo < Myet 4 4
4. The previous modes of mass transfer are caused by an|ex- Né”‘*‘ <M, < Meca: _

) ) - e - decent along GB ask=3 0
panding donor star. The final mode is caused by shrinking|of - blue phase 4 4
the orbit caused by angular momentum loss. We assume that Mo > Mecs:
this mode takes place when the corresponding timesgéde - blue phase 4 )
shorter than the timescales at which the other three modes of - ascent to AGB HW87 0
mass transfer take place. Angular momentum loss can hap- 5,6 Asymptotic giant branch | HW87 0
pen due to gravitational wave radiatidg (Kraft et all1962) 7 Helium main-sequence:
and magnetic brakindm, (Schatzmah 1962; Huang 1966 M <02 15 | -0.19
Skumanich 1972; Verbunt & Zwalan 1981). Mass transfer e I:Aeﬁu?ﬁzgiant' 15 1
proceeds on the time scale on which these processes ocdur: M. < 0.4 Hws7 | —1/3

Jb M. > 0.4 HW87 -2
=T, (A.20) [10,11,12| White dwarf —1/3 | -1/3
Jgr + Imb

whereJ, is the angular momentum of the circularized binar

Motes. The types of stars correspond to the definition_by Hurley et al

given by Eq[AIR. Next we discuss the assumptions and if2000) expressed by their intederThe stellar tracks are distinguished

plications ofJg and Jyp.

by the masdM,, which is equivalent to the ZAMS mass the star would

Gravitational wave radiation most strongly influences elog\ave had without interactioyer andMecg are defined by Eq. 2 and 3
binaries since it is a strong function of orbital separatioffomHurley etal.(2000)Myef represents the maximum initial mass for

The change in orbital separatiaraveraged over a full orbit
is given by (Peters 1964)

(1 +
whereJy/Jp = ag/(2a).
Magnetic braking mostly féects low-mass stars within the
mass range of.86 < M/My < 1.5. These stars $ier from

64 G*Mm(M + m)
5 CaR(l-)2

B, 3
24" " 96

r=

), (A.21)

which helium ignites degenerately in a helium flash, which &V, for
solar metallicitiesMggg is the maximum initial mass for which helium
ignites on the first giant branch, which4s13M,, for solar metallicities.

M is the total mass of the star ai the mass of the core. HW87 rep-
resents Hjellming & Webbink (1987), who calculatggdfor condensed
polytropes, consisting of a compact core surrounded by aBl@pe
with polytropic indexn = 3/2. For stars on the first giant branch there
are two prescriptions a@fg. If the convective zone in the upper layers of
the envelope is shallow (fits from Yungelson, private comitaition),
we assumed the envelope responds to mass loss in a similaenmas
radiative envelopes.

winds that are magnetically coupled to the star. Although th
mass loss in this process is negligible, the associatedangu

momentum loss can be severe (Rappaport/et al/1983):

Jup 3.8 10%°RTP(M + mRPw?
Jb - ma?

whereg is a parameter that represents the dependence of
braking on the radius of the donor star. We tgke 2.5.

(A.22)

b}
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