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ABSTRACT

Context. There is general agreement that supernovae la correspahé tbermonuclear runaway of a white dwarf that is part of
a compact binary, but the details of the progenitor systemasstll unknown and much debated. One of the proposed pitagen
theories is the single-degenerate channel in which a whitefdaccretes from a companion, grows in mass, reachesieatritass
limit, and is then consumed after thermonuclear runawayisetHowever, there are major disagreements about thedtiesirdelay
time distribution and the corresponding time-integratggesnova la rate from this channel.

Aims. We investigate whether theftérences are due to the uncertainty in the common envelopse @aimal the fraction of transferred
mass that is retained by the white dwarf. This so-calledhtite gficiency may have a strong influence on the final amount andgimin
of supernovae la.

Methods. Using the population synthesis code SeBa, we simulatee laugnbers of binaries for various assumptions on common
envelopes and retentiorifieiencies. We compare the resulting supernova la rates day time distributions with each other and
with those from the literature, including observationalada

Results. For the three assumed retentidfi@encies, the integrated rate varies by a factor 3-4 to evere tihan a factor 100, so in
extreme cases, the retentiofi@ency strongly suppresses the single-degenerate chabmetliferent assumptions for the common
envelope phase change the integrated rate by a factor 2k&ugh our results do recover the trend in the theoretieaiptions from
different binary population synthesis codes, they do not fuiplan the large disagreement among them.

Key words. binaries: close, symbiotic — white dwarfs — supernovaeeg@nr- novae

1. Introduction rich, non-degenerate companions (see [e.g. Wand et al. [2009b
. and mergers between a WD and the core of an asymptotic giant
Supernova la (SNIa) light curves are scalable to one proigncn star (Kashi & SoKér 2011).

type light curve due to the consistent production of a cer-

tain peak luminosity (e.g._Phillips 1993). This charaseri  The progenitor theory should give a reliable description of
tic makes it relatively easy to estimate distances to oleskerthe evolution of a SNIa progenitor binary. Beyond this, ibshl
SNela, which is why they can be used as standard cdse able to explain and reproduce general features of theléype
dles in cosmology (e.g._Leibundgutetal. 1991; Riesslet 8upernova class. Both the SD and DD scenarios have problems
11998; | Permutter et al. 1999). SNela also strongffec the in matching observed features of the SNela events. We briefly
Galactic chemical evolution through the expulsion of irerg( mention the most important issues; however, [see |Livio (000
91). In addition, SNela play amnd|Wang & Han|(2012) for reviews. Regarding the DD sce-
important role in astroparticle physics, because the apeoyr nario, a serious concern is whether the collapse of the ramna
ing shocks are prime accelerator sites for galactic cosayc rwould lead to a supernova or to a neutron star through aooreti

particles|(Blandford & Ostriker 1978). Although they aretm  induced collapse (Sele_N_o_n:Lolo_&Jlbén_lB&_S_aLO_&_N_O_ﬂnoto

many research fields, their origin and the details of the tipde [1985] Pier al. 2007; Pakmorlet dl020
ing physical processes are not fully understood. 2012;/Shen el él. 2§1t12). In the SD channel, a SNla-like event

It is generally accepted that SNIa events are caused by thenore easily reproduced in the simulations of the explosio
thermonuclear explosions of carforygen (QO) white dwarfs process, although the explosion process needs to be fiee-tun
WDs) with masses near the Chandrasekhar mass (Nbmmtoreproduce the observed spectra and lightcurves (see e.g.
). Of the two classical progenitor scenarios, we lodkllebrandt & Niemeyet 2000, for a review). Another issue is
at the single-degenerate (SD) channel (Whelan &/lben|1978)e long phase of supersoft X-ray emission SNla SD progeni-
in which a WD accretes from a companion. The doublgers should go through. It is unclear whether there are emoug
degenerate (DD) channel describes the merger of two WDkthese sources to account for the SNla rate [see Di Stefano
(e.gllben & Tutukov 1984; Webbink 1984; Toonen €t al. 20122010; Gilfanov & Bogdan 2010; Hachisu ef al. 2010). Archiva
Other channels are amongst others accreting WDs from heliudata of known SNela have not shown this emission unambigu-
ously, although there is possibly one case (see Voss & Nelsma

* email: m.c.p.bours@warwick.ac.uk [2008; [ Roelofs et al._2008; Nielsen ef al. 2010). Finally,-sev
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eral predictions for the SD rate have been made Wjedi 2. Evolution of single degenerate SNla progenitors

ent groups using binary population synthesis (BPS) simula- .

tions [Yungelson & Livib LZD_dO;LH_aD_&_EO_d_S.i.ad.leSki_Zﬂ)O42'l' Global evolution
Mﬂlﬁl-mgﬁﬁ%qoﬁw—bwmﬁhe evolution of most binaries starts with two zero-age nsain
Wang et al| 2010; 10; Claeys etal. 2011), timggence (ZAMS) stars in orbit around their common centre of
integrated rates, as well as the distribution of rates avee,t mass. This is shown as the first stage in Hig. 1, which shows the
the so-called delay time distribution (DTD). For an ovewie eyolutionary stages a SD progenitor binary goes througk. Th
seel Nelemans etlal. (2012). However, the results show a widRially more massive (hereafter primary) star has a mdss o
spread and do not agree with each other or with observatiogglt 3-8, and evolves into a [© WD of about 0.6-1.R1,,.
data. The exact origin of theseffdirences is so far unclear. In order to form a Compact System, binaries go through one or
several mass transfer phases. The mass transfer can eatabl
unstable, where the latter is described by the CE phasentet o

the WD accretes and retains matter from its companion and %fn\gg'\?gh'/zzrgmgmmg}ﬁ zzg?jg?]ia?ﬁé? aErI1gd t-vg(raﬁrl? St?{g %%r(r:\ﬁ é
:ir:)?];:o:m[ Imon envellope (C_E) phase. Tlhezrmem ga.re: Zsevelral prgeélcwl e. In the following CE phase the envelope of the primaay st
hereafter NSKHO7, RBF09 and Y10 respectively) in the "{eraengulfs the initially less massive star, hereafter secondde

ture for the @iciency of retaining matter by the WD. The re.Lore of the primary and secondary spiral inward through the e

tention eficiencies of NSKHO7, RBEO9 aid Y/10ftér strongly. velope and the envelope itself is expelled. After the CE phas

: . : the binary consists of a degeneraf®©CGND and a MS star in a
We study how the retentionffeciency influences the SNia rate ; . : :
and the DTD. Furthermore we investigate if théfeliences in close binary, see the third stage in [Ei. 1. Note that theutioo-

the assumed retentiofffieiencies can explain thefierences in ﬁ%;ﬁagserﬁ;ﬁIﬁg;?é?;gﬁ:gf:gg‘éﬁg zsihk())irrféfo Jﬂ;}%D
the predicted SNla rate fromférent BPS codes. y y

and a MS star. In spite of the importance of the CE phase for

Differences between the retentidfi@encies arise from the creating short period systems containing compact objés,
uncertainty in the novae phase and the strength of the digtic?henomenon is not yet well understood. In Sect. 2.2 we discus
thick WD wind at high mass transfer ratmghismo prescriptions for the CE phase. _
[1994). The optically thick wind stabilises mass transferhsu  If the orbital separation of the binary after the CE phase is
that a CE phase can be avoiddd. (Hachisulétal. 1999b, h&@all, the secondary will fill its Roche lobe when it evolves.
after HKN99b) argues that the WD wind can interact with theepending on the exact orbital distance this may occur when
envelope of the companion and strip some of the enveloffe secondary is a late MS star, a Hertzsprung gap star,eor aft
mass from the donor, which stabilises the mass transferdurt It has evolved into a red giant.

The wind-stripping #ect afects the retentionfBciency mod- Mass from the outer layers of the secondary will be trans-
erately, but enlarges the parameter space for producingaSNgrred through the first Lagrangian point onto the WD. The
effectively. However, for low metallicities the wind attenest hydrogen-rich material accumulates in a layer on the sarédc
(e.g.[Kobayashi et al. 1998a; Kobayashi & Nombto 2009), btite WD. When the pressure and temperature are high enough,
a low-metallicity threshold of SNela in comparison with SNé&he hydrogen layer ignites. As a result (a fraction of thepsna
type Il have not been found in observatiommman be expelled from the WD and (a fraction of the) mass can
[Badenes et &l. 2009). Regarding the novae phase, despite mgretained by the WD to form a helium layer on the WD. If the
progress in the understanding of classical novae, theytire di€lium layer ignites, carbon and oxygen will be formed. Unde
poorly understood e.g. the mixing between the accretedepwe the right conditions this mass too can be retained by the WD.
and WD (e.g. Denissenkov eflal. 2013). Currently it is unciiea A favourable combination of these two stages is needed or th
a cycle of novae outbursts removes more mass from the WO WD to be able to grow significantly in mass. In secfiod 2.3
than the accreted envelop&getively reducing the WD in mass We will discuss in more detail the possible mechanisms of he-
(Prialnik [1986;| Prialnik & Koveiz 1995; Townsley & Bildsienlium and hydrogen burning layers and expulsidiicgencies. As
[2004:[Yaron et al. 2005). In particular, the results fromiural the mass of the WD approaches the critical mass lim g, =
novae are dierent, which &ects the chain of nuclear burning in1.38MlJ, carbonignites. Due to the degenerate nature of the WD
the SD channel for which first hydrogen-rich material is lmdn & thermonuclear runaway takes place, leading to a SNla.event
into helium-rich material and consequently the heliunfricat-

ter into carbon-rich material. The uncertainty in heliuraration 2
creates the strongestfidirence between the assumed retention
efficiencies. The classical way to parametrise the CE phase is byathe

formalism (Paczynski 1976; Webblnk 1984) which is based on

In Sect[2 the general evolution of a progenitor binary wi ; .
be described. The CE phase and the growth in mass of the V%%nservatlon of energy:
will be discussed in detail. To predict the distribution I8 GMM, GM;m GMm
rates for diferent assumptions we simulate the evolution fora ;g ~ ( 2a;  2a )
large population of binaries using the population synthesie
SeBa, which is described in Sddt. 3fierent methods for select-where the left hand side represents the binding energy @he
ing those binaries that will evolve into a SNla are also oetli. AE;,q and the right hand side a fractianof the orbital energy
This includes a straightforward selection on binary paranse AE,q of the binary.M represents the mass of the donor star and
and an implementation in SeBa of th@i@ency of mass reten- the subscripts e and c refer to the envelope and core of thardon
tion on the WD. The resulting rates are presented in Beatd!, atar. The secondary mass is denotedrbgnd is assumed not to
compared with theoretical predictions fronffdrent groups in
Sect[5. 1 In accordance with most of the cited papers.

In this paper we try to uncover the reason for thegtedi
ences, and we focus in particular on th&agency with which

2. Common envelope phase

1)
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Age (M) My(Mg) ‘ Woig)  Po(@) y-description remains unclear. Interesting to note heriedsre-

‘ cently'\Woods et al! (2012) suggested a new evolutionary mode
to create DWDs. These authors find that mass transfer beveen
red giant and a MS star can be stable and non-conservatige. Th
effect on the orbit is a modest widening, with a result alike o th
y-description.

0. 4.00 2.25 1100.0

2.3. Growth of the white dwarf

o1, 390 995 1129.0 How efficiently the WD grows in mass as a result of the accretion

is described by the total retentioffieiencyn. This represents

the fraction of transferred hydrogen-rich matter from tloene

panion that eventually burns into carbon-rich matter aagsson

the WD. ThereforeMwp = 7ot Mcomd, WhereMyp represents

the mass growth rate of the WD amdcomp the mass transfer

CE rate of the companion. Note thBtcomp < 0, while Mwp > 0.

Age (4y) (M) Vo) Pould) Ultimately the retentionf@éiciency of the transferred mass deter-
mines in which systems a SNla event takes place and therefore
shapes the SNla rate and delay time distribution.

500R,,

2.3.1. Hydrogen-rich accretion

When hydrogen-rich material is transferred onto a WD, ttee ev
lution of the accreted layer depends on the mass transfer rat

835 085 225 31 of the companionMcemp and the WD masdMwp. The evo-
lution can be split into three distinct regimes, separatgd b
a so-called steady and critical accretion rafe(Mwp) and

Mcr(Mwp) (Nomotol1982bl Hachisu & Kdto 2001). These are

Ra both functions of the WD mass and are discussed in detail be-

. . . . . low. _ _
Fig. 1. Binary evolution for a single-degenerate SNla progenitor. For |ow mass transfer ratefVcomd < Msy) the hydrogen-
In this case the donor is a MS star. The top and bottom pafish matter is transferred to the WD conservatively, so that
of the figure have dierent scales due to the common envelopgass transfer rate onto the WDN&, = IMcomgd. The tempera-
phase, denoted as CE in the figure. ture in the accumulating hydrogen layer on the WD is too low to
ignite the hydrogen immediately. The layer will graduallypgy

vary during the CE phase. Tlaganda; are the initial and final in mass, increasing the pressure and temperature untibbgdr

separation of the binarRR is the radius of the donor star and 19nition values are reached. Then nuclear burning will Klyic
is a structural parameter of the envelope. All the uncetyaian  SPréad through the layer, which starts expanding. The gtiren

be taken into one parameter, the produttFor higher values of ©f these so-called novae (Starrfield et al. 1972) depenoisglyr

a4, the CE is expelled moreficiently and the change in orbital ©" the amount of mass involved. This also determines how much

separation will be less dramatic. However, in all cases thizgad  Of the processed layer is expelled from the binary and howmuc

separation shrinks as a result of the CE phase. Contraglitiis, falls back onto the WD as helium. The accretion rate of the

observed double WD binaries seem to have mass ratios clos8§§um-rich matter will be denoted byl.e. We define the hy-

one (Maxted & Marsh 1999). To form a double WD pair the bidro_ger_\ retentlonfﬁuency_ to be the fraction of transferred mass

nary usually goes through two CE phases. One when the prim4fyich is burned and retained by the WD:

star evolves into a giant and subsequently a WD and one when My

the secondary evolves. In order for the mass of the WDs to hg= ——. 3)

roughly equal, the conditions at the start of the first CE c&inn M

differ much from those at the onset of the second CE. Therefgf@one of the matter stays on the Wip = 0 and if all of the

the orbital separation of these systems cannot shrink abstransferred matter is retained by the WD as heligm= 1. Inthe

tially during the first CE phase. nova regimey < 1. For very strong novae not only the complete
As a possible solution to this problem thealgorithm was |ayer but also some of the WD itself may be expelled. In these

introduced by Nelemans etlal. (2000). Based on the consenvatcasegyy; < 0.

of angular momentum, angular momentumis lostin alinear way |ntermediate mass transfer rates are those between thly stea

with mass according to: and critical value, so thals; < [Mcompl < M. All of the mass

AJ AMiot Me lost by the companion star is transferred to the WD, solthat=

T Ve T M em (2) IMcomp- Qn the WD the hydrogen accumulates in such a way that

tot the ignition values are reached at the bottom of the layetlaad

where J represents the angular momentum of the binBfy;  hydrogen stably burns into helium. No material is lost frdma t

is the total mass of the binary and the other parameters héager or the WD, thereforgy = 1 andMpe = My.

the same meaning as before. Depending on the mass ratio, the~or higher mass transfer rates exceeding the critical value

orbital separation will be unchanged or decreased due tdehe ((Mcomd > M) a hydrogen red-giant-like envelope forms

scription of the CE phase. The physical mechanism behind ta@und the WD. If the high accretion rate is maintained a CE
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phase will soon follow. However, hydrogen burning on top In this research we fierentiate between four ways to deter-
of the WD is strong enough for a wind to develop from thenine which binaries will give rise to a SNla event. For thetfirs
WD (Kato & Hachisti 1994, HKN99b). This attenuates the massethod (model NSKHO7) we adopt the retentidficiencies
transfer rateMy and hydrogen retentionfficiencyny, and en- given bm, including updates fram Hachisu etlal. (2008
sures that the CE phase is postponed. Part of the hydrogen-tiereafter HKNO8). Using SeBa in combination with theserrete
matter, corresponding ., is burned into helium and stays ortion efficiencies, a population of binaries is simulated and those
the WD. The remaindevly — Mg, = Mying is carried away by the systems in which a @© WD reaches the critical mass limit are
wind. In this wind regimeMye = M¢; = nyMy and sapy < 1. selected as SNla progenitors. For the second approach [mode
A possible secondfkect influencing the retentiorfliciency RBF09) we utilise the retentiorfiiciencies used i 9 and
in this high mass transfer rate regime, results from the \ifindfor the third approach (model Y10) thefieiencies based on
it reaches the companion star. There it heats up the envefop&/1d. The assumed retentioffieiencies dffer strongly. For the
the companion, which expands and can then be stripfidayo final method (model Islands) the phase of stable mass transfe
subsequent wind (HKN99b). It is now no longer the case that ainto the WD is not modelled by SeBa. Instead we select those
of the mass lost by the companion is transferred to the WD. Thgstems that at the formation of th¢@G@CWD lie in specific re-
part that is transferred to the WD is equivalent to the amtmstt gions of the parameter space of orbital period, WD mass and
by the companion minus the amount stripped away by the Widmpanion massPgi, - Mwp - Mcomp). Systems in these spe-
wind: My = [Mcompl — IMstipl, WhereMsyip < 0. The strength of cific regions, hereafter islands, are determined to lead\iel&
this stripping &ect is represented by the stripping parameter (HKNOS; HKN99b, and references therein).
defined by In order to compare our simulated rates to the results of re-
: . search groups that use the same retentitiniencies, the pre-
Mstrip = C1Muina. (4) scription of the CE is varied to matchftérent BPS codes. We
Details on how and when this Stnppn‘]@'ﬁ:t is taken into dlSt|ngU|Sh bet.Ween tWO_mOdeIS. The first model is based on
account are described in sectidn 3 and appéntlix A. the a-prescription assuming a value of= 1 and4 = 0.5 as
in accordance with RBED9. The second model assumeg-the

formalism with a value of = 1.75 (se¢ Nelemans et/al. 20 ).

2.3.2. Helium-rich accretion

After a fraction of the hydrogen-rich matter is burned int® 1. Retention efficiencies
helium-rich material, the helium-rich material accumatain a
layer on the surface of the WD. This layer sits in between the
WD and the (still accumulating) hydrogen layer. For theunah

rich accretion similar regimes exist for low and medium he

lium accretion rates, resulting in helium novae and steagly t Lo L — ()
lium burning respectively. No helium wind regime exists be == 2| Moy )
cause these high helium accretion rates cannot be reachec LA o el
the hydrogen burning. The fraction of helium that is burred i 08 e HI R e Vi)
carbon-rich material is represented by the helium retarsi- 1
ciencynue. The total retentionféiciency is then given by: 0.6 / N
. . = K

Mot = 7H(Mcomp) * 7He(MHe). (5) 04 jl II

K I
3. Method 0.2 e ‘
To test the viability of SD SNla theory a population of binan ,l,r'" ......................
stars is simulated and the corresponding theoretical SiN¢ais 0.0
compared to observational results. We employ the binary pc e Tk 1070 0 16
ulation synthesis code SeBa (Portegies Zwart & Verfbunt 19¢ M(Ma/yr)

Nelemans et al. 20D1; Toonen ellal. 2012) for fast stellargnd _ S

nary evolution computations. In SeBa stars are evolved frem Fig. 2. Examples of hydrogen and helium retentidfieencies
ZAMS until remnant formation. At every timestep, processes a function of the mass transfer rate for a WD bf.1 The

as stellar winds, mass transfer, angular momentum loss; maggscriptions for the hydrogen retentioffiéiency ;i (solid
netic braking and gravitational radiation are taken intccamt line - INSKHO7; [HKNO8) & > (dashed line - FO9;
with appropriate recipes. SeBa is a Monte Carlo based codeYihC) and the helium retentiorfiiciencynye: (dot-dashed line -
which the initial binary parameters are generated randaody Hachisu et al. 1999a; Kato & Hachisu 1999y, (dotted line
cording to appropriate distribution functions. The ilitigass of - lben & Tutukov 1996) are shown in AppendiX A. Note that the
the primary stars is drawn from a Kroupa Initial Mass FunctioPosition of the peak ofy, is dependent on the exact prescription
(Kroupa et all 1993) which ranges from 0.1-M9and the ini- for Mc. The mass transfer rate for hydrogen accretion is given
tial mass of the secondary from a flat mass ratio distributiith Y [Mcomgd. For helium accretion this i¥e.

values between 0 and 1. We assume that a complete stellar pop-

ulation consists of 50% binary stars and 50% single stars. Th . . . -

semi-major axis of the binary is drawn from a power law dis; In this section we desc.rlbe the th_ree prescnptW h
tribution with an exponent of -1 (Abt 1983), ranging from 0 tfirogen and helium retentiorffigiencies as given by NSKHO7
10°R; and the eccentricity from a thermal distribution, ranging2 The y-formalism is applied, unless the binary contains a compact
from 0 to 1 (Heggie 1975). For the metallicity solar values awbject or the CE is triggered by a tidal instability (Dankifiz®) for
assumed. which thea-formalism is used.
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and_Y10. The total retentionfieiency is a combina-
tion of the hydrogen and helium one as described blleq.5. T

retention @iciency used in_NSKHO07, including updates fron 1 T ot sKbor
[HKNO§, is a combination of the hydrogen retentidfigency | | model Y10
nn1 and the helium retentionfigciencynuel, see FigiR. Fony, 08
the region of steady burning occurs at mass transfer rates '
tween
0.6
Mgt = 3.1- 107 (Mwp — 0.54) Moyr~t and (6) =
0.4
Mg = 7.5- 107" (Mwp — 0.40) Mpyr™, (7)
0.2
which are the updated formulae frém HKNO8 whp in units
of M. This region is visible in Fidgll2 as the plateau at intel 0.0
mediate mass transfer rates. In the wind regiMgmg > M, e T T 5 e
the wind-stripping fect is included witrc; = 3 (see ed.J4). For M(Ms/yr)
the prescription ofj4e1 see AppendixAl(Kato & Hachidu 1999;
). Fig. 3. Total retention #iciencies, resulting from éierent com-

The retention fiiciency based dn RBED9 combingg with blnat!ons of the hydrogen and helium retentidghicgencies. In
nu2, see FigP. In this model there is no region of steady hifis figure we have assumédwp = 1M, as an example. The
drogen burning. Instead the nova regime immediately berdépass transfer raté! = [Mcomgd. For lower (highen)Mwp the
the wind regime. The critical mass transfer rafe, is given maximum retention ficiency shift to lower (higher)Mcomg.
by eq[T. The strippingfeect is not taken into account, hencd-or a more detailed explanation of the retentidiiceencies see
c1 = 0 (see ed4). The retentiofffieiency in the nova regime Sect[3.1L.

(IMcomd < Mgy) is based on an interpolation of results from

ialni {1995). Our own fit to these results is it
in AppendixA. For lower (higherMwp than assumed in Fifgl 2, )
the retention ficiency in the nova regime stays the same b&ore detailed mass transfer tracks. These tracks can be cal-
tween 108 < [Mgomd < 107 and shifts with the peak in the Culated by an analytical approach e.g. HKN99b or by a de-
regime 107 < |Mcomg < Mer. tailed binary evolution code e.g. Li & van den Helivel (2002),

. . . . i .
The retention iciency based oh Y10 combines, with [Han & Podsiadlowski (2004) and HKNO8
NhHe2, S€e FigR. The critical rate for the hydrogen accretion is
given by 3.2. Islands
Mg = 107931+412Muo-142M{,5 )\ oyr Y, (8) In this method, the progenitor binaries are selectedPg#,

Mwp, andMcomp at the time of WD birth (third stage in Figl. 1).
with Mwp in units of M. For the retention fiiciency The parameter regions used are shown at the right hand side in
in the hydrogen nova regime the same interpolation frofrig-[4 for binaries containing a WD and a MS star or Hertzsgrun
Prialnik & Kovetz [1995) is used as for théieiency of RBFQD, 9ap star (WB-MS binaries) and F@S_ for those containing a
see AppendiXA. Again there is no region of steady hydrog&¥D and a red giant star (WERG binaries). They are made to
burning, the wind is taken into account but the strippifigetis match the islands in HKN0O8 and HKNZG9b respectively, which
not. Due to the dferent prescription foM,, the position of the are shown on the left hand side in these figures. For the-W®
peak is slightly diferent from the example curve. Using k. 8 aghannels a moderate wind-stripping parametey; of 3 is taken
the border to the wind regime for hydrogen accretion, thé&petsee ed.]4).
occurs at smaller values lcomg for a givenMwp, as compared
to eq[T. This reduces the total retentidficdencyn,; substan-

tla”y! as we will see in F|=i’ Followin 0! the prescrq]t ’ WD+MS system (c1 = 3) | Wo4MS: Myp =0.7,08,0.9, 1.0, 1.1M
fOI’ TIHe2 was taken fI’O DEN & O 6) Mypo=0.7, 0.8, 0.9, 1.0, 1.1 Mg 7

The exact prescriptions of the hydrogen and helium rete °
tion efficiencies for NSKHO7, RBF09 and Y/10 are detailed it,
Appendi{A. Fig[B shows the large variety in the total rei@mt ~
efficiency for the three prescriptions as a function of masstrar - '
fer rate of the companion. The most optimistic retentidii e !
ciency is that o@l@? and the most pessimistic that of Y1( =+ &% g
Note that in the regime with strong novae the retentidiiency e )
ot < 0. Here we have sefo; = 0 in this regime for simplicity Fig.4. Initial parameter regions for the WAMS track to SNela.
as these systems are not part of the SD channel. The diferent contours are for flerent WD masses (increasing

A complication of this method is that the instantaneous mai$ssize with increasing mass) and the stripping parangter3.
transfer rates in binary population synthesis codes, sai§eBa, Left: from[HKNOS. The hatched regions indicate SNia explo-
is only an approximation to the one derived from detailedt stesions with short delay times of< 100Myr for M = 0.7M,, and
lar evolution codes. Therefore, we also implemented a bybM = 1.1M,. Right: initial parameter regions as used in this work.
method in which progenitors are selected from binary popula
tion synthesis according to results from the literaturesbasn

(M)

2L
)
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4. Results: SNla rates and delay times Delay time (yr)

We have simulated a population of SD SNla progenitors for thég. 6. Delay time distribution assuming thg-algorithm for
four approaches described in Sgtt. 3 assuming our modéidor the CE withy = 1.75. Different lines correspond to the delay
y-prescription or the-prescription. The delay time distributionstime distributions that result from four fiérent approaches de-
for the y-prescription simulations can be seen in Elg. 6 and facribed in Se¢il3, all for the-prescription. The dot-dashed line
thea-prescription in Fig.l7. The delay tintes the time at which shows the result of the Islands selection method, the thies o
a SNla occurs, where= 0 is the time when the binary is bornlinestyles correspond to the retentiofii@encies as in Fifl3.
as a double ZAMS-star binary. A DTD shows the distribution dflote that for the retentionfiéciency of[ Y10 no SD binaries
delay times after a single starburst involving a large nunatbe evolve into a SNela.
binaries. For model Islands, we assume the phase between the
onset of mass transfer and the SNla explosion is short cadpar ) o o ) )
to the lifetime of the binary. retentlon_ﬁimenmes difer sflgnlflc.antlly, see FII%; results
The progenitor islands are based on the work of NSKHd?om the inclusion of the wind strippingiect in o
andm%& as is our model NSKHO7 that uses the retention ef- C_Zhanglng the prescription used for the CE phase modifies
ficiencies directly. If we compare the DTD resulting from rebd the integrated SNla rate by a factor of about two. When the
Islands with model NSKHO7, there is a noticeablfiatience at ¥-Prescription is applied, less (very) close binaries asated
early delay times. The DTD of model Islands peaks earlier af§ the binary orbits do not shrink affeetively as for theo-
higher. The reason is the extend of the Islands to high dorR¥Escription. An exception to this is when the mass ratidef t
masses of about\,for WD+MS progenitors. These massivedinary is extreme at the moment of Roche lobe overflow. These
companions fill their Roche lobes soon and therefore the SNI%StemSs merge at short delay time8 1 Gyr. Therefore the DTD
explosion occurs at earlier delay times<{ 1Gyr). In SeBa, bi- when they-prescnpnor_] is as_sumed declines faster. with time
naries with such high mass ratios undergo unstable massgranthan when ther-prescription is assumed. The classical evolu-
and a CE phase. They do not develop a SNIa explosion, reguldiPn Path towards a SD binary as depicted in Eig. 1, is less-com

in less SNela at early delay times from the retentifiiciencies  MOn in the BPS model using theprescription. Assuming the-
method. prescription 80% of the SD binaries evolve through this cledn

gvhere as for the-prescription this has decreased to 30-40% (de-

cent slices that increase in size for increasinggylfor both pepdlng on the retentlorﬂimency). In the most common €evo-

WD+MS and WD+RG progenitors. These slices have a thickution path for the model assuming theprescription, the first

ness of 0.M, around the values Wp = 0.7, 0.8, 0.9, 1.0 Phase of mass transfer is stable.

and 1.M,, for WD+MS binaries and Mp = 0.8, 0.9, 1.0 and

1.1M,, for WD+RG binaries. Ideally the volume enclosing th% Discussion

progenitor binaries has smooth edges in all three dimeasion’

Since this is not the case in our approach we explored the Téte theoretical SD SNla rates that follow from SeBa in this

sulting inaccuracy by increasing our resolution. We dodbé study can be compared to the results of various other BPS

amount of islands covering the same range of WD mass, so tegearch groups (e.g. RBF09; Y10; Mennekenslet al. 12010;

thickness of each island slice is now OM& We found that the [Wang et al! 2010; Claeys etlal. 2011). TdBle 2 shows the time-

change in the final integrated SNIa rate is 3-4% and the DTDiigtegrated SNIa rates of these groups taken from Nelemaais et

barely dfected. ). The disagreement in the rates is large up to a factor
The SNIla DTD and integrated rate are strongly influenced about 600, but so far no explanation has been found. Note

by the prescription of the retentiofffigiency, as shown in Fifil 6 that Nelemans et al. (2012) rescaled the results (if neadeidg

and FiglY, and Tablgé 1. For more pessimistic values of the ®ame initial distribution of parameters as discussed irt.Bec

tal retention €iciency the rates and overall height of the DTDAssumptions and simplifications vary between thféedent BPS

decreases. Note that the total retentifiiceency of model Y10 codes (See Toonen et al. in prep. for a study on this) causing

is so small that no SNela developed and only an upper limitdfferences in their predictions. An important assumption for

given in Tabl&€ll. Model NSKHO7 and RBFOQ9 give rise to DTD¢he BPS simulations is the assumed CE-prescription, wisich i

that difer most strongly at short delay times. This is due to highiso given in in Tablgl2. Thefiect of diferent values for

donor masses that transfer mass at a high rates, where #ie toas been studied by several groups, e.g. ffeceon the DTD

Our progenitor regions in model Island consist of adj
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Table 1. Time-integrated SNla rates in the SD channel fdfedent combinations of the retentioffieiency and the common
envelope prescription in units of 1My,

Model Approach used y-prescription  a-prescription
Model NSKHO7  Retentionféiciency of NSKHO7 0.59 1.3
Model RBF09 Retentionfciency of RBF03 0.19 0.35
Model Y10 Retention ficiency of Y16 <0.001 <0.001
Model Islands Islands of HKNG8 HKN99k® 0.73 15

Notes. *[Nomoto et al.[(2007) Ruiter et al.[(2009) [Yungelsohl(2010); Hachisu et 1. (2008}, Hachisu et &l.[(1999b)

matches the observed rates, especially those from galasy cl
, , , , , ters. In addition, the DTD reconstructed from observatiyps
1012} e noroe | ically show a continuation to longer delay times, which are a
-+ _Model Islands sent in all our SD DTDs. We conclude from this, that in the
; current model of SD SNla theory, the main contribution to the
SNla rate comes from other evolution channels. One possible
channel involves semi-detached binaries in which a WD ac-
cretes from a hydrogen-poor helium-rich donor, such as sdB
stars| Wang et all_(2009a). Ruiter et al. (2009) land Claegk et
(2011) showed that in this channel the DTD peaks at delaystime
of about 100Myr, although rates at this delay time vary betwe
1074 - 1072yr-1(10'*°M,) 1. The contribution from binaries of
the DD channel is debated heavily. Explosion models favour
accretion-induced collapse to a neutron star over a SNlateve
(see e.d. Hillebrandt & Niemeyer 2000, for a review). Howeve
‘ : ‘ i BPS codes find more SNla events from the standard DD chan-
70 73 80 Delay?i.rSne (yr) %0 %> 100 nel than the SD channel (RBFQ9: Y10; Mennekens &t al.|[2010;
Toonen et dl. 201 B)Toonen et d[(2012) study the contribution
Fig.7. Same as in Fidll6 but assuming theformalism with from the double-degenerate channel with SeBa comparing the
ad = 0.5. Again no SD binaries evolve into a SNela for the- and y-prescription for the CE. They find that even though
retention diciency of Y10. the DD DTDs fit the observed DTD beautifully, the normalisa-
tion does not by a factor of about 7-12 compared to the clus-
ter rates. Taking into account the new rates from field galax-

(Wang et al [ 2010} Ruiter et'dl. 2009; Mennekens bt al 2018, the factor becomes about 1.2-12. Other contributioniset

IClaeys et dl. 2011). Theffect on the integrated rate of a smalSNla rate can possibly come from e.g. core-degenerate nserge

change inv is of the order of a factor 0.7-3 (Ruiter ef al. 2009fKashi & Sokerl 2011), double detonating sub-Chandrasekhar

of magnitude for larger changesdin(Claeys et al. in prep.).  in_triple systems|(Shappee & Thompson 2012; Hamers et al.
The entries in Tablg2 are ordered to increase in rate. )-

smallest rate is from the work of Yungelsén (Y10). Similanig

find the lowest rate for model Y10, however we find an even .

lower rate than Yungelson. The preliminary raté of Claeyalet 5- Conclusions

(2011) is_significantly lower than our corresponding modefy this work we have studied theffect of the poorly under-
Hﬁwevet__C_lae_)Lsge_t_?l._(;QIll) us(,je_ avarl?jblle Iamb(;i:agr:grlg]mpt stood phase of WD accretion in the context of supernova type
whereas in our best corresponding model weaset= 0.5.The |5 rates. We employed the binary population synthesis code
integrated rates of Ruiter etlal. (2009) is a factor of abwuat t gepg [(Porteaie b A 2 Verb hI_XQFG)LGF;)_N_QLQmagL/S_HLaL_IZOOI
lower than the rates of our best corresponding model. Thasr|2) to study the SNIla rates and progenitor,s
of Mennekens et all (2010) and Wang €t al. (2010) are a facigF gifferent CE prescriptions. We fiérentiated between four
of a about seven and two higher respectively. So although gipgels assuming either one of three retentidiiciencies of
results do recover the trend in the theoretical predictiod® |[NSKHO7 [RBEOD and Y10 or making a selection of SNla pro-
different binary population synthesis codes, they do not fully €genitors based on binary parameters at the time of WD foomati
plain the large disagreement among them. ~ (HKNOE;[HKN99b). The three retentiorficiencies assumed by
The integrated rates based on observations are givengifterent binary population synthesis codeftistrongly. The
Tabld2. The most recent measurements are based on field galfiference comes from a lack of understanding at low mass trans-
ies and generally show lower rates, while earlier estimiaésed fer rates where novae occur, and mass transfer rates hiwrer t
on galaxy clusters are higher. At this moment it is unclear jhe rate for stable burning. This is true for the accretiomyafro-
the diferent observed integrated rates are due to systematic@fn that is transferred to the WD by the companion, as well as
fects or if there is a real enhancement of SNela in clustengal
ies. See also_Maoz etlal. (2012) for a discussion. Even though Note that the integrated rate from the violent merger moatedbu-
the diterent retention ficiency models fiect the SNla rates ble WDs [Pakmor et al. 2010, 2011, 2012; Ropke Bt al. 12018)bea
with a factor> 10°, none of the integrated rates comfortablynuch lower (Toonen et HI. 2012; Chen €ef al. 2012; Ruiter|&Gi2)

—

e
,_.
&

SNla rate (yr=* My™)
=
<
N
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Table 2. Time-integrated SNla rates in the SD channel for the assongpof diferent research groups in units of 1M, *

BPS WD accretion SNlarate CE | SNlarate CE
Yungelsor Y10 <0.001 y=15 0.006 y=15
Claeyg HKN99b 1.3 ad =05 0.13 @ =1,4=variable
Ruiter RBF09 0.35 al =05 0.17 al =05
W{:I.ngHar‘f1 HKN99b 1.3 al =05 2.8 ad =05
Mennekens HKN99b, HKNOS8 0.55 al=1 3.7 al=1
Observell 4-26

Notes. Columns 3 and 5 shows the integrated rate predicted by SeB&amBPS group in question respectively. The assumptiomeoBPS group
for the CE-evolution is shown in column 6 and the best comeding CE-model in SeBa is shown in column*4Y10; ? [Claeys et al.[(2011)
(preliminary results)? RBE09;* [Wang et al.[(2010) [Mennekens et all (20109Maoz & Mannucgi[(2011); Perrett & etlal. (2012); Maoz et al.
(2012); Graur & Magoz/(2012)

the accretion of helium that has been burned from hydrogen aiinowledgements. We thank Zhanwen Han for useful comments which helped
the WD. The @iciency with which a @O WD grows in mass is us to improve the manuscript. This work was supported by tethétlands
strongly 4fected by the combination of théﬁeiency of hydro- Research Council NWO (grant VIDI [# 639.042.813]) and by Ketherlands

. - .Research School for Astronomy (NOVA).
gen and helium accretion. For example the hydrogen andrheliu
retention diciencies of Y10 are maximal atftrent ranges of
the mass transfer rate resulting in a low total retenti@iciency.
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Appendix A: Retention efficiencies

The total retentionféiciency is the product of the hydrogen an
helium retention ficiencies. In the equations in this appendix,

all M are in units ofMg/yr.

A.1. Retention efficiencies based on[NSKHOZ

The hydrogen retentionfiéciency is a strong function of the

is blown df by the wind. The amount of matter that is stripped
from the companion is defined by &¢. 4 and the stripping param-
eter is taken to be; = 3.

Table A.1. The three regimes for fierent mass transfer rates of
the companion star, ash 07.

Meomprange
Nova regime IMcomgl < Mst
Stable burning regime Mgt < [Mcomgl < Mer
Wind and stripping regime  [Meomg > Mer

The exact prescriptions for the stable and critical masstra
fer rates are:

Mgt = 3.1- 1(T7(M - 0.54) and (A1)
Mo

. 2( Mwp

Mo = 7.5- 10° ( - 0.40). (A2)
Mo

For the hydrogen retentiorffeeiency we arrive at the follow-
ing:
0 if [Mcomgd <1077

(Iog(Mcomg) + 7)/((logMs)) +7)
if 1077 < |Mcomd < Mst

nH = i1 . (A.3)
) 1 if Mst < [Mcomp < Mgy
Mer/My if M < [Mcompl < 104
with, for the wind and stripping regime,
Mo _ (€t DMor (A.4)
My CaMer + [Meomp

This last equation follows from some algebra, taking into
account thaMcomp, Mwing andMsyip < O because they describe
matter travelling away from one of the stars and usinfleq. 4.

For the helium retentionficiency the following prescrip-

csions were used:

0 if Mye<1078
~0.175(logMye) + 5.35) + 1.05
if 10778 < Mpe < 10729
1 if 10759 < Mye < 10750
0 if Mpe> 10750

TTHe = (A.5)

mass transfer rate of the companMgum, Three regimes can bewhereMye = 714 Mcomp

distinguished, separated by the stable and critical massfer

rates Ms;andM,), see TablEAIL. In the nova and stable burni
regime all the mass lost by the companion is transferredthieto

n

2.2. Retention efficiencies based on|RBEQS.

WD. In the stable regime all hydrogen-rich matter is burméd i £qr the hydrogen retentiorfficiency two regimes can be distin-

helium-rich matter and all stays on the WD, so that= 1. The

guished, the nova regime and the wind regime, see [able A.2.

nova regime is linearly interpolated between the lower ldbunTpe stripping @ect is not taken into accounty = 0). In

ary at|Mcomd = 107 and the start of the stable regimeMt;.

In the third regime the nuclear hydrogen burning on top of t
white dwarf is so strong that a wind is produced which not o

’IF’tLalmk_&_Kmeﬁ

N¥ansferred to the white dwarf is always equal to the amoéint o

the hydrogen nova regime an interpolation of the resultsfro
ialni (1995) is used fopy. The amount of mass

attenuates the mass transfer rate but can also strip thearBMpn a5 |ost by the companidiMy| = IMcomg-

ion’s outer envelope. It is no longer the case that all thesrfast

The critical mass transfer rate is given by:

by the companion accretes onto the white dwarf. The maximum

that the white dwarf can accrete 4., which is a fractiorngy

noo_ 7
of the mass transferred to the white dwaf,. All the excess Mer = 7.5-10° ( M

Mwp

- 0.40). (A.6)

©
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Table A.2. The two regimes for dierent mass transfer rates ofwith
the companion star, aslin RBF09.

Mo _ Mo
Mcomp range My | Mcomd
Nova regime  [Mcomd < Mer The helium retentionféiciency is:

wind regime  [Mcomgd > M

0 if Mpe<1078
Miee if 10775 < Mpe < 10757

1057 _
The hydrogen retentiorfiéciency is: e =1 0.95 if 1057 < Mye < 10°54
10»5.45 . 54 . 4.0
0 if IMcomp| <108 W 11077 < 'V'4Hg< 10°
0.25(10g(Mcomd) +8) if 1078 < [Mcomd < 1077 0 if Mye>10*

ni =4 025+ 0. 75(|qu Mcomp‘) + 7)/(|Og(Mcr) + 7) .
|f 10 < |Mc0md < Mcr
cr/MH if Mcr < [Mcomg < 104

(A‘7\klhereMHe =T1H Mcomp.

where
% = _Mcr (A.8)
My [Mcompl

The helium retentionféiciency is given by

0 if Mye<1073
~0.175(10gMne) + 5.35) + 1.05
NMHe = if 10773 < MHe <1059 (Ag)
1 if 10°5° < My < 10°50
0 if MHe > 10_5'0

whereMye = 74Mcomp. Note the similarity with the helium re-
tention eficiency of NSKHO?, except for the lower limit of the
mass transfer rate of the stable burning regime.

A.3. Retention efficiencies based on[Y10.

Two regimes can be distinguished for the hydrogen retemtion
ficiency, the nova and wind regimes, see Tablé A.3. The same
interpolation from Prialnik & Koveiz (1995) is used for thg-h
drogen nova regime. The strippingfect is not taken into ac-
count €1 = 0). In all cases the amount of mass transferred to the
white dwarf is equal to the amount of mass lost by the compan-
ion, |MH| |Mcomp| Itis very similar to the retentionfigciencies

in Sect[A.2, except that the prescription fd is different.

Table A.3. The two regimes for dierent mass transfer rates of
the companion star, aslin Y/10.

Meomp Fange
Nova regime  [Mcomg < Mer
wind regime  [Mcomgd > M

The prescription for the critical mass transfer rate is:

M = 10-9-31+4.12Mwp-1.42M5,, (A.10)
The hydrogen retentiorfiéciency is given by:

0 if |Mcomp| <108
0. 25(Iog(]Mcomd) +8) if 108 < |Mcomp‘ <107
nH =4 0.25+ 0.75(log(Mcomd) + 7)/(Iog(Mcr) +7) ) (A.12)
if 1_0 < |Mcomp| < Mer
cr/MH if Mcr < [Mcomg < 104
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