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ABSTRACT

White dwarfs (WDs) can increase their mass by accretion frompanion stars, provided the
mass-accretion rate is high enough to avoid nova eruptidresaccretion regimes that allow
growth of the WDs are usually calculated assuming constassaransfer rates. However,
it is possible that these systems are influencedftgcts that cause the rate to fluctuate on
various timescales. We investigate how long-term massstea variability dfects accreting
WDs systems. We show that, if such variability is presengxjppands the parameter space
of binaries where the WD cartfectively increase its mass. Furthermore, we find that the
supernova type la (SNIa) rate is enhanced by a factor 2-2Za5&te that is comparable with
the lower limit of the observed rates. The changes in theyekiiae distribution allow for more
SNIlae in stellar populations with ages of a few Gyr. Thus,svteansfer variability gives rise
to a new formation channel of SNla events that can signifigaxantribute to the SNia rate.
Mass-transfer variability is also likely toffect other binary populations through enhanced
WD growth. For example, it may explain why WDs in cataclyswaciables are observed to
be more massive than single WDs, on average.
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1 INTRODUCTION around the WD and hydrogen burning on top of the WD is strong
enough for a wind to develop from the WD (Kato & Hachisu 1994;
White dwarfs (WDs) in binaries can accrete from their conigan Hachisu, Kato & Nomoto 1996). On the other hand, at low accre-
stars. Such binaries are called cataclysmic variables Y@\tke tion rates mass accretion on to the WD is not veficient either,
donor stars are low-mass main-sequence stars, symbiotgcies as the nova eruptions eject some or all of the accreted nfedtar
(SBs) if they are evolved red giants, or AM CVNs if the donor the binary system, possibly along with some of the surfaderiah
stars are low-mass Helium WDs or Helium stars. For CVs and SBs of the WD itself (e.g. Prialnik & Kovetz 1995). The averagessa
the matter accreted by the WD consists mainly of hydrogen. As transfer rate allowing growth of the white dwarf is thereftimited
the matter piles up on the surface of the WD, it eventuallghea to a relatively narrow range (approximately16- 10°M, yr1).

temperatures and densities high enough for nuclear burning The growth of WD masses can have important consequences.

The burning can proceed in two ways, depending on the Inthe single-degenerate (SD) scenario for type la super(®MIa)
accretion rate and the mass of the WD. For high accretion progenitors|(Whelan & Iben 1973; Nombto 1982) the accretion
rates and WD masses, the hydrogen burning on the surface ofto a carbon-oxygen WD pushes the mass above the critical mass
the WD is continuous| (Whelan & Iben 1973; Nomato 1982), limit for WDs (close but not equal to the Chandrasekhar mit
whereas for low accretion rates and WD masses the hydrogenwhich then explodes as a SNla. In this scenario, it is necgssa
is burned in thermo-nuclear runaway novae (Schatzman! 1950;for the WD to retain several tenths of solar masses of aatrete
Starrfield, Sparks & Truran_1974). In general, the high mass- material. It is not possible to achieve such mass growth Her t
transfer rates needed for continuous surface hydrogeningurn  majority of systems with mass-transfer rates in the novinreg
can only be reached by SBs, where high mass-transfer rateseven if some of the accreted matter is retained. Followirgttte-
can be driven by the expansion of the evolved star and by sys- ory, the rate and delay time distribution (DTD, evolutiontbé
tems with main-sequence donors more massive than the iagcret rate as a function of time after a single star formation egg3o
WDs (Nomoto et al. 2000). The masses of WDs with high accre- can be estimated with the use of population synthesis models
tion rates can grow feectively, but at very high accretion rates (e.g.Yungelson et al. 1994; Toonen, Nelemans & PortegiesrZw
close to the Eddington limit, the growth of the white dwarf is 12012; Bours, Toonen & Nelemans 2013). While there curreistly
limited. At these rates a hydrogen red-giant-like enveltgrens no consensus between the models as to the shape of the DTD
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(Nelemans, Toonen & Bours 2013; Bours, Toonen & Nelemans
2013), the majority of models agree on two problems: 1) Theee
not enough systems with high mass-transfer rates to actauait

the observed SNela, and 2) after an age of approximately Gyr,

itis not possible to create SNla explosions through thisaie, as
only low-mass donors remain.

2011). However, in this model, the accretion rate is onhhtiy a
very short time, and the heat and density of the accreted iayet
raised enough during the outburst to ignite (Tlout 2005) )]s &v-
idenced by the lack of hydrogen burning events triggeredvimgrfl
novae. Therefore, the layer builds up without a significantpera-
ture increase, and when burning eventually is ignited, tihistable

The considerations above apply to systems where the mass-and therefore leads to a nova erupion

transfer rate is given by the evolutionary state of the systee.

Another example regards nova eruptions. After the eruption

two binaries with the same parameters will have the same-mass the temperature of the white dwarf is increased, and it isiptes

transfer rate. Observations of accreting WD systems itelittaat

the long-term average mass-transfer rates do indeed fetlewex-
pectations (e.g. Knigge, Bdfa & Pattersamn 2011). However, it is
possible that the mass-transfer rates are highly variablater-
mediate timescales (Patterson 1984; Verbunt [1984; Wa®f;1
Hameury, King & Lasota 1989). In this paper, we discuss such
variability and show that it fiects the evolution of accreting WD
systems. In particular, thefects can be of high importance for un-
derstanding SD SNla progenitors, as it increases the vobfrtre
parameter space of systems that can explode as SNela.

2 MASS-TRANSFER VARIABILITY

Over the past decades there have been many studies diggthssin
theoretical and observational aspects of mass-transfiability in
WD binaries. Below we shortly review the current knowledgeri-
der to construct models that capture the mdliaas of the possible
variability. For a thorough review, see Knigge, B@ea& Pattersan
(2011), section 4.

2.1 Theoretical considerations

In the majority of accreting WD binaries (excepting stronglag-
netic WDs with low accretion rates), hydrogen rich matteads
creted through an accretion disk that deposits the matt¢o tme
surface of the white dwarf. The matter quickly spreads dvesur-
face of the white dwarf. What then happens depends on thefate
accretion and the resulting temperature and density steictear
the surface of the white dwaif (Nomato 1982; Nomoto et al.7200
Shen & Bildsten 2007). At low accretion rates the tempeeatfr
the white dwarf surface remains low and the accreted hydroge
burns in an unstable manner, leading to nova eruptions jeet e
most (if not all) of the accreted matter. At high accretiotesathe
hydrogen burning is stable and the matter remains on the WD, e
cept if the accretion rate is so high (roughly the Eddingianit)
that most of the matter cannot be retained by the WD.

For the fate of the accreted matter in a system with mass-
transfer variability to be dierent for a similar system without vari-
ability, the timescale must neither be too long nor too shbit
is too long, the properties of the binary that depend on tles-av
age long-term mass-transfer rate affeeted, such as the radius of
the donor star. This would be observable and would also ety
whole evolution of the binary (see e.g. Knigge, Begak Pattersan
2011). On the other hand, if the timescale of the variabitityoo
short, the surface temperature of the white dwarf is notsidgl
to the instantaneous mass-transfer rate, which is negefesahe
burning to be fected.

For example, in the accretion disk instability model (e.g.
Osakil 1996| Lasota 2001), the mass transfer rate is inateagse
a factor of approximately £0- 10° during outbursts (observed
as dwarf novae), and this model has been invoked to staliize
hydrogen burning (King, Rolfe & Schenker 2003; Alexandealet

that for a short time the burning can be stable. Such shartHi
stable surface burning triggered by nova eruptions is sesome
systems (see_Schaefer & Collazzi 2010, and §edt. 2.2), dig-ra
tion losses during the quiescent periods quickly cool ddvenwD
into the unstable burning regiffe

Thus, if mass-transfer variability is to significantly clgen
the surface burning, the timescale of the mass-transfeétions
must at least be longer than the timescale of the eruptiothisn
case a continuous high accretion rate after the eruptiauresshat
the temperature on the surface of the WD iffisient such that the
nuclear burning continues. It also means that only the bditiaof
the rate of matter being transferred from the companiontsttdre
WD accretion disk can be of importance to the growth of the WD
(and not the variability of the transfer from the disk to thédyV
Such a variability can be achieved in two ways, either thhotlge
change in the radius of the companion star, or through a éang
in the size of its Roche-lobe (see e.g. Knigge, Bar& Pattersan
2011).

One way that long-term variability can be induced is through
irradiation of the donor star from the accreting WD that betae
envelope of the donor star and causes it to expand slightiynA
crease in the mass-transfer rate leads to stronger iri@aliand
therefore expansion of the donor star, whereas a decrezde tie
weaker irradiation and contraction. If thffects are strong enough,
the mass-transfer becomes unstable on long timescaletheasgs-
tem goes through so-called irradiation-induced massstearcy-
cles (IIMTC, Podsiadlowski 1991; Hameury ef al. 1993; Kingle
1996;| Buning & Ritte 2004). In this theory, the mass-tfanss
through a series of cycles on Myr timescales, with dhstate
where there is little or no accretion, and an on-state, wiieze
mass-transfer rate slowly increases towards a peak, anddiwe
creases until returning to thefestatel Buning & Ritter (2004) find
that the parameter space of WD binaries that are susceptible
IIMTCs is highly uncertain. CVs with relatively massivedelM,)
main-sequence donors or somewhat evolved donors with cenve
tive envelopes are most likely to befected. Giant donors are
unlikely to be dected significantly because the radius variations
caused by the irradiation are small compared to the radidligen
of the envelope and the reaction to mass loss.

Another way to achieve long term mass-transfer variabitity
from episodic mass loss from the binary which can cause cycli
variations of the Roche-lobe radius. CVs naturally exper@esuch
mass loss events when they erupt as novae (Sharaetal. 1986;
MacDonali 1986). If the angular momentum loss is high coegbar

1 The dfect of the instability of accretion discs on the SNla rate theen
studied byl Wang, Li & Han[(2010) with a model similar to our nebd
CONST. If stable burning can be maintained, the SNla ratedseased
by a factor 2-3 compared to a model without mass-transféalidity. Note
that while the &ect on the SNla rate is similar to our findings, the model
that we assume (model NORM-MAX) isftierent.

2 Note that in the context of €gl 1 afH 2, this means fhat1 and that the
majority of the mass is transferred in thi-etate at low mass-transfer rates.



to the mass loss, the orbit contracts in response to the rraya e
tion, whereas the orbit widens if the angular momentum lp$sw
compared to the mass loss. THEeets of this process are therefore
most likely stronger in systems with extreme mass ratiogrethe
specific angular momentum of the two stars is vefjedéent.

2.2 Observations

The mass-transfer cycles discussed above diiewlt to study ob-
servationally, as the timescales are longer than the timbdave
been able to monitor CVs. A useful method is by comparing sys-
tems with similar properties, as they would be expecteddo lahve
similar mass-transfer rates. Townsley & Gansicke (20G@duhe
effective temperatures of the WDs to trace the mass accreties. ra
In their sample there are seven non-magnetic CVs above the pe
riod gap which show a large scatter in WHeztive temperatures
and inferred mass-transfer rates. This might be evidenoaéss-
transfer variability. Below the period gap, the mass-tfandiffer-
ences found by Townsley & Gansicke (2009) are much smalhet,

a similar result is found by Pattersan (2011) using timerayed
accretion disk luminosities. The co-existence of dwarfaeand
novae-likes at the same orbital periods adds to the case &k we
mass-transfer variability below the period gap, but thelence is
not compelling.

The recurrent nova T Pyx might provide evidence for mass-
transfer variability on its own. At a period of 1.83 h (Pasian et al.
1998; | Uthas, Knigge & Steeghs 2010) it is clearly below the
period-gap and should therefore be faint with a low masseaccr
tion rate. However, it is observed as a recurrent nova witkerg v
high quiescent temperature implying an accretion ratedrigan
108M,, yr?, two orders of magnitude above ordinary CVs at this
period. Most likely the system is in a transient evolutignstate.
Schaefer & Collazrzi (2010) suggest that it was an ordinaryu@V
til it erupted as a nova in 1866. This eruption triggered adwin
driven supersoft X-ray phase, resulting in an unusuallyh Hig
minosity and accretion ratz (Knigge, King & Patterson 200bje
recurrence time of the nova eruptions of T Pyx has increased,
and| Schaefer & Collazzi (2010) argue that the state is ndt sel
sustaining. According to them the mass-transfer rate heredsed
from about 107 M, yr~* after the first nova eruption in 1866 to the
current rate of about I8M,, yr='. It is therefore likely that it will
cease being a recurrent nova in the near future and retutmeto t
population of faint CVs.

The mass distribution of the white dwarf components in
CVs may indicate mass transfer variability as well. Cortriad
ing the accepted model of nova eruptions in CVs (see also
Zorotovic, Schreiber & Gansicke 2011), white dwarfs in Cafe
significantly more massive than single white dwarfs (e.grida
1995%5;| Savoury et al. 2011). If long-term mass-transfer eyalc-
cur in CVs, the masses of the white dwarf components could be
significantly enhanced.

3 MODEL
3.1 Mass-transfer variability

From Sec{.2 we conclude that there are both theoretical bsero
vational support for long-term mass-transfer variabilitgccreting
WD binaries. To understand théects of the mass-transfer vari-
ability on the growth of white dwarfs we need to model it. Hoee
the observational evidence hardly constrain the the@etimwdels
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which rely on highly uncertain parameters (e.g. Biining &éi
2004). Here our main goal is to understand whether ffexts of
the variability are important, should such variability stxirather
than studying in detail thefiects of a particular theoretical model.
We therefore set up a number of models according to the follgpw
considerations: The mass-transfer rate cycles betweesdparate
states, on- andfbstate, with a duty cycl@ < 1 representing the
fraction of the time the source spends in the on-state. leratrds

Rut = BRon + (1~ B)Rorr, (1)

whereRy is the average long-term mass-transfer rRig the av-
erage mass transfer rate in the on-state, Rygcthe average mass
transfer rate in thefd-state. In most variability models, the stars do
not fill their Roche-lobe in the fb-state, either because the stars
shrink, or the orbit expands, and binary models show dramati
drops in the mass-transfer rate when this happens. We theref
assume that all of the accretion takes place in the on-dfatn

if mass-transfer in thefstate only drops by a factor df ~ 10
below the average mass-transfer rate, i.e.

Rot = Rur/f, ()

the fraction of mass transferred in this state is-(d)/f and there-
fore only changes our results at the percentage level. Tevimur

in the on-state is probably fiierent from system to system, but to
retain theaverage long-term mass-transfer raRyr, the average
mass transfer rate in the on-state must be

ST

n —) ~

(1- Rur /B.

B f
We employ two model types: (model CONST) a constant
mass-transfer rate, representing systems that quickinatind
keep their peak rate, and (model NORM) a lognormal probabil-
ity distribution (with a standard deviatioor. given in basee),
representing systems with a gradual increase (or decreasieg
mass transfer rate, as is typically seen in the IIMTC scen&x-
amples of these models are shown in Eig. 1, showing the frac-
tion of time that a system with an average mass-transferafate
Rur = 2.0x 10°M,, yr! spends at dierent accretion rates.

Also shown in Figll is a model (model NORM-MAX), in
which there is a maximum accretion rate that the systemsezautr
The reason for this is that the models for hydrogen surfaceigy
have a critical mas#l;, above which mass is accreted too fast.
The luminosity of the hydrogen burning B is similar to the
Eddington luminosity, and it is normally assumed that thelsis
is ejected. At first the surplus piles up on the white dwarf &ed
giant” envelope, however, the envelope may interact withkh
nary through a common-envelope (CE) phase (Paczynski 18976)
a wind may develop from the envelope (Hachisu, Kato & Nomoto
1996). The density of the envelope material is high enougtbto
scure the X-rays from the hydrogen burning. As this irradrats
necessary to keep the mass-transfer rate high in the IIMEC sc
nario, the rate is unlikely to excedd; for long. For our log-
normal model we therefore redistribute the parts of the gibdty
density function abovéVl,; to lower mass-transfer rates, modify-
ing the function to retain the average mass-transfer ratemiedel
NORM-MAX it is per definition not possible to construct moslel
with 8 < I_?MT/I\'/Icrit as too much time is spent at low accretion rates
to reachRyr. For these models we therefore gradually increase the
duty cycle s@3 = Ryt/ Mcrr when necessary.

We furthermore assume that for mean mass-transfer rates
in the classical hydrogen burning regime (higher than a few
times10”M,yr1) the variability disappears. In almost all systems

®)
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with such high mass transfer rates, the mass-transfemsfenaed

on the thermal timescale of the donor star, which is shohan t
or comparable to the timescale of the mass-transfer cycéegshe

star does not have the time to adjust to the heating befoireeidied

layers are lost).

3.2 Integrated retention dficiency

The retention fiiciencyn is the fraction of mass transferred that
is retained by the WD. This is the fraction of hydrogen that is
burned stably into heliunand where the helium is also burned
stably. The fraction of masg that is retained depends on the
mass of the WD and on the accretion rate. We estimatased
on [Hachisu, Kato & Nomoto| (2008) for hydrogen burning and
Kato & Hachisu|(1999) for helium burning. It is the same prasc
tion as the optimistic case in_(Bours, Toonen & Nelernans 12013
see their Eg.5 and A1-A5. We assume that the wind-strippfag e
fect (Hachisu, Kato & Nomotb 1999b) is noffective, i.e.c; = 0.

likely the systems that have accretion rates in this rangpr(-
imately 10® to 107 in Fig.[2) have higher duty cycles (the de-
pressions only appear for duty cycless 0.1) andor lower peak
accretion rates than assumed, and therefore also retaim ofitice
accreted mass. Indeed in model NORM-MAX where accretion is
not allowed to exceed/, the retention fiiciency stays high in
this accretion range.

For models NORM and NORM-MAX the retentiofffieiency
stays above zero well beloRyr = 10°M, yr?, despite the sys-
tems spending more time in accretion states with negatteation
efficiencies, because even if they only spend a short time at high
Rur, the fraction of mass accreted in this regime is still coasid
able. We believe that model NORM-MAX captures the behaviour
of IIMTCs best, such as the ones modelled| by Biining & Ritter
(2004), because the formation of a WD envelope at high mass-tr
fer rates is likely to quench the irradiation process (sse 8ec{B).
We conclude that for all of the models the WDs cdfeetively
grow down to average mass-transfer rates a factgrlofver than
in the standard scenario without variability, irrespeetf the spe-

We make one adjustment at low accretion rates where we as-cific shape of the variability (assuming that the mass-feanste

sume that the retention factor is <0, corresponding to a net
loss of mass from the white dwarf, with values estimated from
Prialnik & Kovetz (1995). The model is shown in Hig. 2, whehe t
final retention éiciency as a function of the mass-transfer rate is
shown as the grey line. We use this model in the following gsis)
but we caution that the theoretical models that this is baseare
calculated assuming constant accretion rates. As distugds®/e,
the properties of the WD (in particular the temperature)ethelon
the accretion history. Therefore itis not clear if these sipdre ac-
curate for systems with variable accretion rates. Howavemote
that in the irradiation-induced mass-transfer scendnmgchange in
the mass-transfer rate is slow enough (timescales of Mwt)ttie
assumption of a constant mass-transfer rate is likely tostHipd.

If we know the retentionféiciency as a function of the mass-
transfer rateRyr, we can find the fective retention factor for a
givenmean mass-transfer rateyr for each of the models:

fom P(Rur) - Rur - 7(Rur)dRur
Rt

wherep(Ryr) is the model probability of a given mass-transfer rate
Rwr.

4)

Neff =

does not exceeli).

4 APPLICATION TO BINARY STELLAR EVOLUTION

Our models of mass-transfer cycles from Jéct. 3 signifigantd-
ify and enhance the mass retentioficéency of accreting white
dwarfs (see Fidl]2). This can have a significaffiée on the char-
acteristics of the population of accreting white dwarf bies, e.g.
the distribution of WD masses in cataclysmic variables tierr
more, the growth of carbon-oxygen white dwarfs is important
understanding the rate of SNla and their delay-time distio in
the single-degenerate channel, which we study here as améxa
of the implications of mass-transfer variability.

In the traditional picture without variability, the system
that can become type la supernovae are distributed in two re-
gions (“islands”) in the plane of the two parameters - otbita
period and secondary mass - just after the formation of the
WD (Li & van den Heuvel 1997; Hachisu, Kato & Nomoto 1999b;
Han & Podsiadlowski 2004). One of the islands consists of pro
genitors where the companion has evolved to a giant befare co

Fig.[2 shows the results of applying . 4 to the examples of mencing the mass transfer. As mentioned above, these syatem

the mass-transfer models. By construction, all of the msdeh-

not likely to be susceptible to IMTC5 (Bining & Ritter 200 he

form to the shape given by the grey line in Hig. 2 in the stable other island consists of main-sequence or slightly evobleubrs.

burning regime (with mass-transfer rates of a few times' M

to Mcrit)y where we assume that there is no variability. Below
this range the models with mass-transfer cycles cleartyndigish
themselves from the model without, as they are able to retain
significant fraction of the accreted mass at much lower mean a
cretion rates of abou - 107" M,yr, irrespective of the details of

If the mass of the donor star is much higher than the white flwar
mass, the mass transfer is dynamically or tidally unstdbéeling

to a merger of the two stars, leading to a natural upper mass li

to the island. The lower mass limit is determined by the fhat t
when the mass of the donor star comes near to the mass of the
white dwarf, the mass transfer rate drops below the stabfacsu

the model. The dferences between the models are easily under- hydrogen burning limit. This typically happens aroundM.5 and
stood: model CONST corresponds to a simple shift of the aver- since the vast majority of CO WDs are born beloMd, the initial

age mass-transfer rate by a factgs,land the retention curve is

therefore keeping its narrow shape, whereas model NORM both

shifts the curve and broadens it due to the lognormal vditiabi
The maximum is shifted slightly downwards for this modelgdu

mass of the donor star must be above approximatily.2

In the models with mass-transfer variability it is possitnee-
tain the matter accreted at lower mass-transfer rates.dbigis not
affect the upper limit to the donor mass, since this limit is dete

to the diference between the mean and the median of a lognormal mined by the stability of mass transfer at high rates. Howebe

model. Both curves display local minima in the retentionvesr

lower mass limit of the donor star is likely to b&ected. There-

nearRyr =~ 1077 M, yr~1, because above this value the peaks of the fore an increased retention at low mass-transfer ratewaN/Ds

mass-transfer cycles are located abdg;. As we argue above,
this is probably not realistic due to the obscuration of thea)(s
from the white dwarf surface at these high accretion ratesstM

in binaries with lower donor masses to grow, and therefdoeval
systems with lower initial donor masses to become type larsup
novae.
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Figure 1. Example of the mass-transfer variability models, for arraye mass-transfer rate Byt = 2.0 x 10 °M,, yr~1 (grey line). The lines show the
fraction of time that the system spends with a mass-tramafeetweetRyt andRyvt + dRyt in the on-state for each of the models. The black lines iteica
models with duty cycles g8 = 0.1 on the left angg = 0.01 on the right. The dotted line is model CONST, the dasheddibe is model NORM withre = 1,
and the solid line model NORM-MAX witlre = 1. The dashed line is also model NORM-MAX with with a largeregmoe = 2.
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Figure 2. Effective retention #iciency as a function of average mass-transfer rate fégréint mass-transfer models for ald3WD accretor. The grey line
shows a model without mass-transfer variability. Model C3INs shown as a dotted line and model NORM with = 1 is shown as the dash-dotted line.
The solid black and dashed lines are model NORM-MAX with= 1 andoe = 2 respectively. On the left models with a duty cycledof 0.1 are shown and

on the right3 = 0.01.

The limits depend on the strengths and shape of the mass-

transfer variability, but also on the evolution of the dorstar
and its reaction to the mass loss. To better understand what o
results mean for the evolution of binaries with WDs, we have
calculated binary evolutionary sequences with the binaop-p
ulation synthesis code SeBa (Portegies Zwart & Verbunt |1996
Nelemans et al. 2001; Toonen, Nelemans & Portegies Zwa# ;201
Toonen & Nelemans 201.3). Our goal is to understand how the pos
sible long-term variability fiects the evolution of accreting WD
binaries that might become type la supernovae. We theretore
pare evolutionary tracks computed with a standard SeBa ntode
tracks where the accretiorffieiency has been modified by vari-
ability. For the model without mass transfer variabilityetreten-
tion eficiencyn as depicted by the grey line in Fig. 2 is adopted
in SeBa (see also Selct.B.2). For model NORM-MAX, the stathdar
retention diciency is additionally modified to

_ 08 if ,BI\I/IST.< F\_’MT_< Mst )
0.8(log(Rwr) — log(BMs1))  if 0.18Mst < Rur < SMst )
a 0 if Rur < O.J,BMST
where
Rur < Mg = 3.1- 107(% - 0.54). ©)

(o]

As can be seen from Figl. 2, other variability models mighegiv
somewhat smallerfiects if the peak accretion rate is not limited.
For each model, we make the simplifying assumption thatftieee
tive retentionnes s only depends ofRyr and the mass of the WD,
i.e. that the shape and strength of the IIMTCs are the saempiec-
tive of the properties of the donor star. This is clearly atigtic.
However, the goal of our study is to understahdhe variability
is likely to impact the SNla population properties, and tdi¢ate
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Figure 3. Binary tracks for two WD binaries starting mass transferlevtie donor star is on the main sequence. The initial magseofdD is 0.8V, the
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mass-transfer ratByr (upper), the donor maddy (middle) and the WD masklyp (lower), for three dierent models: SeBa standard (grey solid), model
NORM-MAX with 8 = 0.1 andoe = 1 (black solid) and model NORM-MAX witj = 0.01 andoe = 1 (black dashed).

what the possiblefeects might be, and the assumption iffisient
for this.

In Fig.[3 we show the results of evolving two WD binaries with
close main-sequence companions according to the stané®a S
model (grey solid lines) and model NORM-MAX withe = 1, and
B = 0.1 (black solid lines) an@ = 0.01 (black dashed lines). The
systems behave similarly after the initial contact, when tiass-
transfer rate is high. When it drops below the standard seffarn-
ing regime, diferences appear, not just in the WD growth (bottom
panel), but also in the time-averaged mass-transfer s {top
panel). This is because the matter ejected from the systetesa
angular momentum, which can strongljext the evolution of the
binary orbit. We assume that the matter that can not be acthst
the WD leaves the system with the specific orbital angular exem
tum of the WD. Note that this is the only way in which we allow
the time-averaged mass transfer rate to vary in our models.

The main point of Fid.13 is that for both systems of the stan-
dard model the mass of the WD never reaches the critical silo
mass (approximately.4Mg, for this model the initial companion
mass must be about 2B, for the WD to reach this mass), whereas
the variability models do reach the explosion mass.

5 BINARY POPULATION SYNTHESIS

In the previous sections we have shown that mass-trangfiebila

ity has the potential to significantly change the paramegiacs of
initial WD binaries that can become type la supernovae, tdsva
both lower-mass donor stars as well as lower-mass whitefdwar
To understand how this carffect the population of type la super-
novae, we use the binary population synthesis (BPS) code SeB
to model the evolution of SNla progenitors according thedent
mass-transfer variability models.

In SeBa, stars are evolved from the zero-age main sequence
(ZAMS) until remnant formation, and, at every timestep,qasses
such as stellar winds, mass transfer, angular momentumness
netic braking and gravitational radiation are taken intmoamt with
appropriate recipes. Magnetic braking (Verbunt & Zwaan1)98
based on Rappaport, Verbunt & Jass (1983). The initialastptbp-
ulation is generated with a Monte-Carlo approach accorthirap-
propriate distribution functions. Initial primary massa® drawn
from 0.95-1M, from a Kroupa IMF |(Kroupa, Tout & Gilmore
1993) and secondary masses from a flat mass ratio distnibioé&io
tween 0 and 1. The semi-major axis of the binary is drawn from a
power law distribution with an exponent of 11 (Abt 1983), garg



Table 1. Time-integrated SNla rates in the SD channel fdfedent mass-
transfer variability models and the common envelope pigsens in units
of 104My 1.

y-prescription  acg-prescription

No variability 0.59 0.79
Model NORM-MAX (8 = 0.1) 1.2 1.6
Model NORM-MAX (3 = 0.01) 14 2.0

Observed 4 >34

1IMaoz. Sharon & Gal-Yam (2010): Graur & Maaz (2013), see alsct$
for a discussion on the observed rates.

from 0 to 16R, and the eccentricity from a thermal distribution,
ranging from O to 1.(Hegdie 1975). Furthermore, solar miettié#s
are assumed. For the normalization of the simulation, apifinac-
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of the WD according to SeBa. F[g.4a ahfl 5a shows the dis-
tribution of classical SD SNla progenitors. Most systemseha
low-mass donor stars and relatively long periods in accuarda
with [Hachisu, Kato & Nomoto | (2008) and Claeys et al. (2014).
Fig.[4b and bb show how the parameter space of systems that can
become type la supernovae is extended for model NORM-MAX
with a duty cycle ofg = 0.1, and Figi#c anf]5c for a lower duty
cycle of 38 = 0.01. These four figures show that the parameter space
of SNla progenitors extends to lower donor masses when mass-
transfer cycles are taken into account.

The time-integrated number of SNla events is about
10“*M,1, see TablEll. When taking into account mass-transfer
variability according to model NORM-MAX, the rate is incezal
by a factor of 2 and 2.5 fg8 = 0.1 andg = 0.01 respectively, com-
pared to the standard model of non-variable mass-tranafes.r
The integrated rates of Taljle 1 are based on approximat€l@-10

tion of 50% is assumed and an extended range of primary mass€S3n00 sNia progenitors in the BPS simulation. The DTDs (assum

between 0.1-10W,.

The CE-phasel (Paczynski 1976) plays an essential role in
binary evolution in the formation of close binaries with com
pact objects. Despite of the importance of the CE-phase laad t
enormous fforts of the community, we still do not understand
the phenomenon in detail. To take into account the uncéytain
in the CE-phase in our models, weffdrentiate between two
CE-models. The canonical CE-formalism is theg-formalism
(Tutukov & Yungelsor 1979; Webbirk 1984) that is based on the
energy budget of the binary system. Tdg--parameter describes
the dficiency with which orbital energk,, is consumed to unbind
the CE, i.e.

G Ml Ml,e
—R ™

where M;, Mieny and R are the mass, envelope mass and ra-
dius of the donor star and is the envelope structure parame-
ter (de Kool, van den Heuvel & Pylyser 1987). Based on the evo-
lution of double WDs| Nelemans et/al. (2000) derives a valiie o
aced = 2, which we have assumed here.

An alternative CE-prescription was introduced by
Nelemans et al. (2000) in order to explain the observedibiigion
of double WDs systems. Theformalism of CE-evolution is based
on the angular momentum balance. Thparameter describes the
efficiency with which orbital angular momentum is used to expel
the CE according to:

Jbinit = Jbfinal _ ., AM;
Y M; + M, ’

= aCE(Eorhinit - Eorb,final)s

Jbinit ®
whereJy, is the orbital angular momentum of the binary, aviglis
the mass of the companion. We assume 1.75 (Nelemans et al.
2001). Although assuming theprescription in BPS codes leads to
a significant improvement in the synthetic double WD poparat
the physical mechanism remains unclear. Recently Woods et a
(2010, 2012) proposed that double WDs can be formed by stable
non-conservative mass transfer between a red giant and ra mai
sequence star. Thefect on the orbit is a modest widening, with a
result not unlike the/-description. For a review on CE-evolution,
see Webbink (2008) and Ivanova et al. (2013).

6 RESULTS AND DISCUSSION

Fig[4 and[b shows the systems that become type la super-

novae in the diagram of orbital period - donor mass at thé birt

ing a single burst of star formationtat 0) from all models show a
strong decline with time (see Fid. 6). When mass-transfeabi-

ity is included in our simulations, the DTDs aréfexted at delay
times from about 100Myr to a Hubble time. However the shape of
the DTDs has not changed significantly.

The dfect of including mass-transfer variability on the SNla
rate is mild, even though the retentiofiieéiency of WD accretion
is greatly enhanced in our models. The extra systems thaniec
SNela due to mass-transfer variability is limited, compaiee the
number of extra ZAMS systems that are born with secondanies i
the extended mass range. Our study shows that the reasdmsfor t
is that, as the mass of the secondary decreases, it becondes ha
to create close binaries with massive WDs. As the initiabbn
mass ratio is higher for these systems, the orbital separ&tide-
creased more during the first mass-transfer episode froriibe
progenitor to the secondary star, and most of the lower-rvess
ondaries end up being too close to survive until the fornmatib
the WD. Most of the systems that do survive experience Roche-
lobe overflow from the WD progenitor (primary) when it has be-
come a helium star, which significantly increases their donass
and therefore decreases the evolutionary timescale. peidsup
means that they cannot explode as the very delayed supertiata
could be expected of low-mass secondaries, but rather ativiedy
short timescales below 1 Gyr.

From galaxy cluster measurements and cluster iron abun-
dances, Maoz & Mannucci (2012) ahd Maoz, Sharon & Gal:Yam
(2010) find an observed integrated rate of (129)- 10 M*
and a lower limit of 34- 10* Mz%, respectively. Furthermore
Maoz & Mannucci|(2012) find that the delay time distributibmt
roughly follows at™! power-law shape. Neither the integrated rate
from the standard model nor from the variability models is-co
sistent with these observations. Recent measurementsumet
ric surveys however have shown lower rates4@0.2) — (5.0 +
0.2) - 10* M;! by [Perrett & et al.|(2012), (12 1.5) - 10* M!
by Maoz, Mannucci & Brandt (2012), and (412)- 104 M;! by
Graur & Maoz [(2013). It is unclear if the flierent observed inte-
grated rates are due to systematifeets (for example overesti-
mation of the cosmic star formation history or over-cori@ttof
dust extinction) or if there is a real enhancement of SNelzus-
ter galaxies (see also Maoz, Mannucci & Brandt 2012). Widsén
recent observations of the integrated rate, the long-stgrutob-
lem of BPS studies predicting too low SNla rates has redutied.
SNla rates of our most optimistic models of low duty cycles ar
comparable with the lowest observed integrated rates heutar-
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responding synthetic DTD shows a stronger decline with tima@
the observed DTDs.

served rates (see Maoz & Mannuicci 2012; Perrett & et al. 12012;
Maoz, Mannucci & Brandt 2012; Graur & Mdoz 2013). Variabil-

The increase in the SNla rate in the mass-transfer variabil- ity models in which the maximum mass-transfer rate is noitéich

ity models compared to the standard model is limited by the fo

affect the SNla rate less. In conclusion, mass-transfer cymes

mation of close binaries with low mass companions. This de- tentially lead to a new formation channel of SNla events tzat

pends on our understanding of binary evolution. A comprsiven
comparison of four BPS codes (including SeBa,|see Toonen et a
2014) showed that fierences between the predictions of BPS

codes for low- and intermediate-mass stars are not caused by
ACKNOWLEDGEMENTS

numerical &ects in the codes, but by fiiérent assumptions for
phases in stellar and binary evolution that are not undedsieell.
When these assumptions are equalized, the synthetic piomsia

of the four BPS codes are similar. Important assumptionsier
certain processes) for the SD channel are the retenfiariemcy

for WD accretion and CE-evolution_(Bours, Toonen & Nelemans
2013; Toonen & Nelemans 2013; Toonen et al. 2014; Claeys et al
2014). Bours, Toonen & Nelemaris (2013) shows that ffexceof
different retention fciencies can fect the SNla rate by a fac-
tor 3-4 to even more than a factor 100, which explains for a
large degree the large disagreement in the predictionseo5ih
SNIla rate by dierent BPS studies. Regarding the poorly under-
stood common-envelope phase, we have shown that masgetrans
variability can dfect the SNla rate to a comparable degree as
CE-evolution [(Ruiter, Belczynski & Fryer 2009; Mennekensie
2010; | Bours, Toonen & Nelemans 2013; Claeys et al. |2014, this
paper). Especially now that the gap between observed atidetin
SNIla rates has decreased, it is important to take unceesintbi-
nary evolution such as retentioffieiency, CE-evolution and mass-
transfer variability into account.

7 CONCLUSIONS

We have studied thefect of mass-transfer variability on accreting
WDs in binary companion stars. Long-term mass-transfealis

ity can be induced by e.qg. irradiation of the donor star byaiteret-
ing WD or by cyclic variations of the Roche lobe from mass loss
episodes| (Knigge, Bafi@ & Pattersdn 2011). The timescale of the
variability should be longer than the thermal timescalehefion-
degenerate surface layer of the WD so that the surface lguishaf-
fected. On the other hand, the timescale of the mass-transfies
should not be too long, such that the binary is nééeted in any
observable way (e.g. strong bloating of donor stars by iatamh).
Currently observations hardly constrain the theoreticatiets of
mass-transfer variability (e.g. Buning & Ritter 2004) ghdrefore
we have constructed a number of models rather than studiyng t
details of a particular mass-transfer variability modeé $tow that
long-term mass-transfer variability can significantijeat the ac-
cretion process and retentioffieiency of mass transfer towards
WDs.

Mass-transfer variability and accompanying enhancechfete
tion eficiencies is likely to impact the properties of accreting
WD binaries. We find that irrespective of the specific shape of
the mass-transfer variability, for all variability modelse WDs
can dfectively grow down to average mass-transfer rates a fac-
tor of B lower than in the standard scenario without variability.
As an example, we study the evolution of SNla progenitorsmfro
the single-degenerate channel. We find that if mass-tranyfe
cles take place, the parameter space of systems that beddlae S
events is increased towards low mass donor stars. Furthermo
we find that the integrated SNla rate increases by a factor of
about 2-2.5, which is comparable with the lower limit of the o

significantly contribute to the SNla rate.

We thank Gijs Nelemans and Christopher Tout for useful comae
which helped us to improve the manuscript. This work was sup-
ported by the Netherlands Research Council NWO (grant VIDI
[#016.093.305] and [# 639.042.813]) and by the NetherldRels
search School for Astronomy (NOVA).
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