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Abstract. Close binaries consisting of a main sequence star adsidary supersoft X-ray sources. We further derive the chemical
awhite dwarf are considered as candidates for Type la supernamd kinematical properties of the stellar remnants of our sys-
progenitors. We present selfconsistent calculations of the titeens after the explosion of the white dwarf, which may serve
dependence of the structure of the main sequence star, the ragsa test of the viability of the considered Type la supernova
transfer rate, and the orbit by means of a binary stellar evolutiscenario.

program. We obtain, for the first time, a complete picture of the

time evolution of the mass transfer rate in such systems. We fikey words: stars: binaries: close — stars: chemically peculiar —
along switch-on phase of the mass transfer, ab@tyr, during  stars: evolution — stars: supernovae: general — ISM: supernova
which nova outbursts should persistin all systems. Furthermaremnants

we find that the white dwarfs can reach the Chandrasekhar mass

only during the decline phase of the mass transfer, which may

have consequences for the critical accretion rate for stationary .

nuclear burning on the white dwarf surface. In contrast to resuls/ntreduction

based on simple estimates of the mass transfer rate in systems@fng the last years, the refinement of supernova observations,
the consideredtype, our results allow for the possibility thatevery . the routine detection of supernovae at large redshifts, has
systems with rather smallinitial white dwarf massesX7Ma) made them a powerful tool to probe cosmology. It allowed
may produce Type la supernovae, which then might originat determine the Hubble constant with unprecedented accu-
from very rapidly rotating white dwarfs. racy (Riess et al. 1995; Hamuy et al. 1996; see alédith

We present results for two different metallicities, Z=0.02 ang Knhokhlov 1996). Even more exciting, recent results (e.g.,
Z=0.001. We find that for systems with the lower metallicity, theerimutter et al. 1999; Riess et al. 2000) are consistent with a
mass transfer rates are on average five times larger than in Cfgr matter density in the Universe and, intriguingly, hints for a
parable system at solar metallicity. This leads to a systemaiisitive cosmological constant. These findings are based on em-
shift of the supernova la progenitor population. Firstly, whilgjrical brightness-decline relations which are calibrated locally.
for 2=0.02 —for our choice of white dwarf wind mass loss anglhjs leaves potential systematic effects of supernova la prop-
mass accumulation rate — donor star initial masses in superngmges with redshift as major concern. To this end, it would be
progenitor systems are restricted to the rang@ll6..2.3Mo,  desirable to obtain an estimate of such effects from theoretical
they are in the interval lM[@18M@ at low Z. Secondly, models of supernova la progenitor Systems_
the initial white dwarf masses need, on average, to be larger by However, despite considerable efforts during the last
0.2Mg, atlow Z in order to obtain a Chandrasekhar mass whigRcades, the exact nature of supernova la progenitors is still
dwarf. This metallicity dependences have very little effect Qinclear. On observational and theoretical grounds, it is gener-
the progenitor life times, but may be responsible for adrop of ta@y agreed that Type la supernovae result from the thermonu-
Type la supernova rate for low metallicity, and may introducedear disruption of a CO white dwarf (e.g., Woosley & Weaver
Z-dependence in the properties of supernovae which stem fregge, \Wheeler 1996, Nomoto et al. 1997, Branch 1998). Since
close main sequence star + white dwarf systems. isolated white dwarfs cool, a close binary component which

We estimate the X-ray luminosities of the computed sygansfers mass to the white dwarf is a prerequisite to obtain a
tems, and investigate their donor star and orbital properties. Yge |a supernova. Various binary evolution scenarios leading
find the donor stars to be underluminous by up to one or%reprdmg CO white dwarfs have been proposed and inves-
of magnitude, and more compact than normal main sequeRig@ted, but hitherto it is unclear which of them is preferred in
stars. In general, our systems correspond well to observed clpg;re (cf. Branch 1999; Livio 1999).
In this paper, we study the evolution of close binary systems
Send offprint requests tdl. Langer (N.Langer@astro.uu.nl) consisting of a carbon-oxygen white dwarf and a main sequence
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star, which was repeatedly proposed as promising supernovéida (Iglesias & Rogers 1996) and extended nuclear networks

progenitor scenario (cf. Nomoto & Sugimoto 1977, Li & varincluding the pp I, Il, and Il chains, the four CNO-cycles, and

den Heuvel 1997, Kato & Hachisu 1999, Hachisu et al. 1999).1lne NeNa- and MgAl-cycles (cf. Arnould et al. 1999).

these systems, the carbon-oxygen white dwarfs are the remain-

ders of stars with an initial mass below 10 M which have

lost their H/He-rich envelope, with CO coresef0.6...1.2 M.

If accretion is sufficiently fast the accreted hydrogen may bubhn order to compute the evolution of close main sequence star-

to helium and, subsequently, to CO on the surface of the whitdite dwarf pairs, we invoke the following assumptions. In the

dwarf, and its mass grows close to the Chandrasekhar massomputation of the binary system the white dwarf is approxi-
The binary evolution leading to close white dwarf + maimated as a point mass (however, cf. Sect. 2.3), while the main

sequence star systems is not yet well understood (cf., Livdequence star is resolved with typically 1000 grid points. The

1996). However, we know a large number {03) of close white  systems are started at time t:=0 with a zero age main sequence

dwarf + main sequence star systems as Cataclysmic Varialdts of mass\/; ; and an arbitrary white dwarf masgwnp ;

(Ritter & Kolb 1998), most of which do not evolve into Type laat an arbitrary orbital separatiefy. For most models, we use

supernovae since they undergo nova outbursts which may p¥éwp; = 0.8 M or 1.0 M. Ford; we consider only values

vent a secular increase of the white dwarf mass (e.g., Kovetaaich lead to mass transfer during the core hydrogen burning

Prialnik 1997). The idea that also the slightly more massive sy#hase of the main sequence star, i.e. so called Case A mass

tems of the same type studied here occur in nature is suppottedsfer.

by population synthesis studies, which predict their birth rate to The mass of the white dwarf (the point mass) is allowed

be comparable, within an order of magnitude, to the observiedvary in accordance with critical mass transfer rates which

rate of la supernovae (e.g., de Kool & Ritter 1993, Rappaportwere taken from the literature as follows. For mass transfer

al., 1994). Itis further supported through the discovery of the satesM > My (Mywp) and M > My (Mwp), we allow the

called supersoft X-ray sources (Greiner et al. 1991, Kahabkasaite dwarf mass to increase. Hefefy; and My, are the criti-

van den Heuvel 1997), which may represent the observational accretion rates above which H- or He-burning proceeds such

counterparts of the binary systems studied here theoreticallyhat violent nova flashes and consequent mass ejection from the
We investigate the properties of close main sequence stahite dwarf are avoided. We adopfy. = 1078 My yr~ for

white dwarf systems at two different metallicities. As we derivanodels with a metallicity o2 = 2%, and410=8 M, yr—!

the detailed time-dependence of the accretion rate, our workkds Z = 0.001 (Fujimoto 1982, Nomoto & Kondo 1991). For

relevant for the understanding of individual supernovae and sus; we rely on Fig. 5 of Kahabka & van den Heuvel (1997).

persoft X-ray binaries, for the change of their average propertfesr My, > M > My we assume the white dwarf mass to

with metallicity, and for the dependence of the rate of la supegrow as well, but by accumulating a degenerate thick helium

novae with metallicity. We introduce our computational methddyer. For M < MEdd := Lgqa/e and M < Mgg, we as-

in Sect. 2, and present our results for the mass transfer rate amohe Mywp = M. Here, Mpe is the critical accretion rate

resulting maximum white dwarf masses in Sect. 3. In Sect.@hove which the white dwarf is assumed to expand to red giant

we discuss the evolution of the white dwarf spin, of the binagimensions (Nomoto & Kondo 1991), and

orbit and of the main sequence stars. In Sect. 5, we compare our

results with observations of supersoft X-ray sources and derive dmcG Mwp

clues which may help to identify the remaining main s;equenc@dd 0.2 (1+ X)

star in a supernova la remnant. Our conclusions are given in

Sect. 6. is the Eddington luminosity of the white dwarf, usifg *

(1 + X) as the opacity coefficient due to electron scattering

with X being the hydrogen mass fraction. The quartity-

710'® erg g~ gives the approximate amount of energy obtained

The numerical models presented in this work are computed wit@r gram of hydrogen burnt into helium or carbon/oxygen. For

a binary stellar evolution code developed by Braun (1997) érger mass transfer rates we assume that the white dwarf has a

the basis of a single star code (Langer 1998, and referengédd which carries the excess mass away (Hachisu et al. 1996).

therein). It is a 1-dimensional implicit Lagrangian code whickVe stop our calculations for models willfyinq > 3Mgqq.

solves the hydrodynamic form of the stellar structure and evo- Our assumptions concerning the critical accretion rates are

lution equations (Kippenhahn & Weigert 1990). The evolutiogimilar to those of Li & van den Heuvel (1997). However, we

of two stars and, in case of mass transfer, the evolution @gVviate from them by adopting a maximum possible wind mass

the mass transfer rate and of the orbital separation are cd@ss rate ofMying > 3Mgaa. FOr M = 2Mgqq, the wind

puted simultaneously through an implicit coupling scheme (SB®MENtUMV.yi4vs = Mpadvso is Of the order of the photon

also Wellstein & Langer 1999, Wellstein et al. 2000), using tHBOmMentunL.gqq/c. More specificallyMyina = Mgaq implies

Roche-approximation in the formulation of Eggleton (1983). To

compute the mass transfer rate, we use the description of R}, qvee  vaoC

(1988). The stellar models are computed using OPAL opaci- Ljc -z (2)

2.1. The mass accretion rate of the white dwarf

1)

2. Computational method and physical assumptions
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which, for 1996, Kobayashi et al. 1998), are discussed in Sect. 3.2. Self-
excited wind as proposed by King & van Teeseling (1998) are
%7 (3) hot considered here.
Rwp Other than Li & van den Heuvel (1997), we do not allow for

is of order unity. Our restriction implies that the winds we invokBe possibility of the partial mass ejection in case of weak shell
remain in a regime where the wind efficiency is undisputed (dfashes, as we think that the current uncertainties (cf. Prlglnlk &
Lamers & Cassinelli 1999). It limits our mass loss to rates wdfiovetz 1995) may not make such sophistication worthwhile but
below those allowed by Li & van den Heuvel (1997). l.e., withather complicate the understanding of the obtained results. Our

Meaa =~ 3.3107(Mwn/ M) Mo yr—?, our upper limit is value of My = 1078 Mg, yr~! for Z = 2% is in agreement

Voo = Vescape —

of the order ofl0—% M, yr—" rather tharl0—* Mg, yr—'. with the general conclusion of Prialnik & Kovetz thal >
In this context we note that there is also an energy limit 19 ~° Mg yr~! leads to growing white dwarf masses. We also
radiation driven winds such thatl < Mg, := L/vZ;ie. do not include a reduction of the mass accumulation efficiency

of the white dwarf due to winds excited by helium shell flashes
(Kato & Hachisu 1999). However, in order to study the influence
of the threshold value for mass accumulation on the white dwarf,
we investigate the effect of an increase of this value by one order
&fagnitude, as outlined in Sect. 3.2.

MEn =

L (vcscapc ) ? 27TCRWD (4)

Lgaqa 0.2*(1+X)'

Voo

This assumes spherical symmetry and ignores the thermal

ergy of the wind. It implies that a star with/ = Mg, is

invisible, asall the photon energy is used to drive the wind. _ _

With L = Lpgq @nd vee ~ escape, this results inMg, = 2-2. Further white dwarf properties

6107 (Rwp/0.01Rg) Mg yr—". ) Basic properties of the white dwarf are estimated as follows: Its
Kato & Iben (1992) and Kato & Hachisu (1994) have WorkefjadiusRWD is given by the mass-radius relation

out a theory for optically thick winds which allows to obtain

mass loss rates which can carry well above 100 times the ptdyp = f Mv}g‘g (5)
ton momentum. This has been used by Hachisu et al. (1996) 2/ 3 \4/37.2 V3 5/3. 5/3
and Li & van den Heuvel (1997). However, such optically thicRith /= Z(z5)""h?/ (2 fre’ "My me) =~

winds from stars near the Eddington limit may involve processg®3 10'° cm¢'/? (Kippenhahn & Weigert 1990; see also
which limit the wind efficiency. For example, if the underlyNauenberg 1972, Provencal et al. 1998).

ing star carries noticeable amounts of angular momentum it We assume that the radiation from the white dwarf can be
may reach critical rotatiobeforereaching the Eddington limit approximated by a Black Body with an effective temperature
(Langer 1997, 1998). This means that only a fraction of the
stellar surface, around the equator, is experiencing the critiga, | — — (6)
outflow condition, rather than the whole stellar surface. The 4m Ryypo

reality of this phenomenon is demonstrated by the highly nogith + = 5.6710-° ergs'cm 2K being the Stefan-

EN[WD

spherical, axially symmetric nebulae around Luminous Blyggitzmann constant.

Variables (Nota etal. 1995), whose outbursts are likely drivenby \we estimate the white dwarf's angular momentum and
super-Eddington winds (cf. Langer 2000). Also nova winds apgiation frequency by assuming it to be zero initially, and

outflows from supersoft X-ray sources are known to be highfifat the specific angular momentum of the accreted matter is
anisotropic. Another limiting factor is convection or turbulenf — VKepler RwD» With vkepler = /GMwp/Rwp. The equa-

energy transport, which can be very important in EddingtQyn for the accumulated angular momentum
flows (Heger & Langer 1996, Owocki & Gayley 1997, Langer .

1997). Furthermore, authors who compute the driving force._ Mwpjdt', @)
in winds of Wolf-Rayet stars using detailed non-equilibrium /=0
atomic physics in order to compute the photon trapping in thfslds
optically thick parts of the wind flow, rather than relying on 3
the continuum approximatifinfind that only about 5% of the J = >/G f (M&{S - My i) . (8)
stellar photon luminosity is converted into kinetic wind en- 4 . o o . o
ergy (Lucy & Abbott 1993). Were this number valid for WhiteA;summg then rigid rotation fpr theiwh|te dwarf |ntgrlor (cf.
dwarfs at the Eddington limit, it would imply a mass loss ratéiPPenhahn 1974) we can estimate its angular velocity as
of M = 0.05Mg = 310~7 (Rwp/0.01 Re) Mg yr—'. J

The consequences of our conservative assumption on the m ©)

white dwarf wind efficiency, which deviates from assumptions

on wind mass loss rates in previous studies (cf. Hachisu etvé(perek 's the dimensionless radius of gyration. The ratie-
w/WKepler DECOMES

1 We note in passing that in order to derive the driving force from the 4/3
( 7 (MWD,i) ) (10)

continuum approximation, the flux-mean opacity coefficient needsg¢p__ 2
be used, not the Rosseland mean opacity, which is often used instead. 4k? Mwp
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. . . . } . Fig. 2. Same as Fig. 1, but for low metallicity stars (Z=0.001) in the
Fig. 1. Evolution of the stellar radius as a function of time for S'ngl?‘nass range 1.4 to¥,.

stars of about solar metallicity (Z=0.02) in the mass range from 1.7 to
2.4M computed with convective core overshooting .. = 0.2),
from the zero age main sequence until shortly after core hydroggable 1.Comparison of surface properties and of the Kelvin-Helmholtz
exhaustion. time scalerkn rams = GM?/(2RL) for models of2 M, sequences
computed with metallicities o/ = 0.02 and Z = 0.001, at the
zero age main sequence (ZAMS) and the terminal age main sequence
(cf. Papaloizou & Pringle 1978, Livio & Pringle 1998). ThgTams)

implications of this relation are discussed in Sect. 4.1.

Z =0.02 Z=0.001

2.3. Single star evolution Lzams 159L¢ 26.3L¢o
Terr,zAMS 9158 K 12474K
We have constructed stellar model sequences for two metalligi;, , . 1.60R 1.11Re
ties,Z = 0.02andZ = 0.001. The initial helium mass fraction 7y ;as  2.5Myr 2.2Myr
is computed a8 = Yy, + (dY/dZ)Z, usingYp, = 024 223 56.1L¢
as primordial helium mass fraction add’/dZ = 2. There- 7. ...«  6600K 10452 K
sulting values ar&¢” = 0.280 andY = 0.242 for the high R1,us 3.65R¢ 2.31Rp

and low metallicity considered here, respectively. The relativey tams  0.75Myr 0.48Myr
abundances of the metals are chosen according to the solar sys-
tem abundances (Grevesse & Sauval 1998). We have computed
all models with extended convective cores (“overshooting”) by
0.2 pressure scale heights,(., = 0.2). The resulting tracks Furthermore, the metal poor main sequence stars are hotter and
in the HR diagram are very similar to those of Schaller et ahore luminous compared to stars of the same mags-an.02.
(1992), that of ouZ = 0.02 models for 215 and 1.7Mg and This is in agreement with previous models of stars of compa-
of our 2Mg, sequence & = 0.001 — the only three sequencegable masses and metallicities (e.g., Schaller et al. 1992). Ta-
which we can directly compare — are virtually identical. ble 1 gives the quantitative details of models from o2

Figs. 1 and 2 show the time evolution of the radii duringequences af = 0.02 andZ = 0.001 at the beginning and
core hydrogen burning for our single star models at the tven the end of core hydrogen burning. Although the models at
metallicities considered in this work, for the mass range whidtwer metallicities are more compact, they are also more lumi-
is relevant in the context of this paper. During core hydrogetous than the metal richer models, with the consequence of a
burning, the radii increase by factors 2.0...2.5 and 1.7...2.3 &borter Kelvin-Helmholtz time scale. This has consequences for
the higher and lower considered metallicity, respectively, withe mass transfer rates, as discussed in the next section.
larger values corresponding to larger masses.

The radii of the metal poor stars are nearly a factor ofz 4. Binary evolution: examples
smaller than those of stars with a comparable mass and evo-
lutionary stage aZ = 0.02. This has consequences for thfo illustrate our approach, we consider our System No. 6. Ini-
binary evolution models discussed below, i.e., the orbital petially, it consists of a 21, zero age main sequence star and a
ods in Case A systems are much smaller for smaller metalliciyM ., white dwarf (treated as point mass) in a circular orbit with
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During the initial phase of the mass transfer evolution, the
mass transfer rat@/ is still smaller thanMy (cf. Sect.2.1),
- L Mys; = 2 Mg i and the white dwarf mass can not increase. Instead, all accreted
. mass is assumed to be lost in nova outbursts, carrying away the
. specific orbital angular momentum of the white dwarf, lead-
- ‘ 1 ing to a decrease of the orbital separation (cf. Podsiadlowski
- ' 1 et al. 1992). The amount of mass lost during this phase, and
consequently the change of the orbital parameters, is quite in-
significant in most cases. E.g., in our examplé03 M, are
transferred and lost in nova outbursts. However, we emphasise
that the time scale of this first phase may be non-negligible, as
it may be of the same order of magnitude as the major mass
accretion phase (cf. Sect. 3).
When the mass transfer rate exceeds the critical rates for
L _ hydrogen and helium burning (Sect. 2.1), we allow the white
TR Y S S S S S N S dwarf mass to grow. As angular momentum conservation again
1.168 lt'% 1172 1174 leads to a shrinkage of the orbit as long Bsis > Mwp,
v the mass transfer is thermally unstable. Since the mass-radius
Fig. 3. Evolution of the orbital period as function of time for Sys-exponents of our main sequence stars are positive, i.e., mass loss
tem No. 6 (cf. Table 1). The curve starts at the onset of mass trangeids to smaller radii (Ritter 1996), the mass transfer is stabilised
att ~ 1.166 Gyr. At¢ =~ 1.169, the white dwarf mass has grown togye to the thermal disequilibrium of the main sequence star, and

1.4Mo; this time is marked by an asterisk on the curve. The dashgel (oqiting mass transfer rates are of the order of magnitude
part of the curve shows the continuation of the orbital period evolutig

assuming that the white dwarf does not perform a supernova explosion.

bt

(o))
T
I

orbital separation / Ry

[«]
T
|

M ~ (Mwus,; — Mwp,i)/Tku (13)
a separation of; = 7.19 R . According to Kepler's third law, (e.g., Rappaport et al. 1994; however, see Sect. 3.1).
the initial periodP, is Fig. 3 shows the evolution of the orbital separation with time
for System No. 6 throughout the phase of the thermally unstable
P %\/T (11) mass transfer. Within our approximations, the white dwarf mass
" VG Y\ Musi + Mwnp, reached.4 Mg att ~ 1.169 Gyr. Although it is likely that the

white dwarf would explode roughly at this point (see below),

i.e., Pr = 1.29din this case. With this initial set-up, we skip theve follow the further evolution of the system ignoring this,
previous evolution of the system, i.e. the evolution of the whitgr several reasons. Most important, the continued evolution
dwarf progenitor and the common envelope and spiral-in phagibws us to estimate how changes in our basic assumptions
which brought the two stars close together. might affect the fate of the white dwarf. E.g., since it appears

We set the timet = 0 at core hydrogen ignition of our to be undisputed that the white dwarf mass can grow for mass
main sequence star. In principle, this neglects the duration of thgnsfer rates\/ > 1077 My yr~* (Nomoto & Kondo 1991,
previous evolution of the system, i.e. the evolutionary time @frialnik & Kovetz 1995, Kahabka & van den Heuvel 1997), we
the white dwarf progenitor. However, as we shall see below Wefine)/; := / M dt with
deal with rather high initial white dwarf masses, i.e. relatively . e .
massive white dwarf progenitor stars 6 M). Therefore, as yr. — { 0 for M <107 Mg yr™" (14)
the white dwarf starts to accrete at a system age of the order of Myp for M >1077 Mg yr~*

the evolutionary time scale of the donor star (1.4.\24; see l.e., M7 gives the amount of mass by which the white dwarf
below) the so defined time yields a good estimate for the ageg%ws at accretion rates above~7 M., yr—!, including the
the systems at the time of the supernova explosion (cf. UmeQstinued evolution beyondifywp = 1.4 M.
etal. 1999). For System No. 6, the point mass has grown o5 M,

In our System No. 6, mass transfer starts at 1.166 Gyr, py the time the mass transfer rate falls below the critical rate
at a central hydrogen mass fraction of the main sequence @;grlo—s Mg, yr—1). The quantityM- in this system is\f; =
of X, ~ 0.17. The radius of the star has then grown fréin=~ 501, which means that were the critical accretion rate as
1.60Rg at the. ZAMS ol =~ 3.16 Re, as we use Eggleton Shighasl0~7 Mg yr~1, the point mass would still have grown to
(1983) approximation for the Roche radius of the main sequencg 11, . This can be understood from Fig. 4, which shows the

star mass transfer rate as function of time for System No. 6. It can be
0.49¢%/3 seen that the mass transfer rate remains abové M. yr—!
Ry =d (12)  for several million years after the potential supernova explosion.

0.6¢2/3In(1 + ¢'/3 ST . .
¢ (144" Note that this estimate is not fully self-consistent. l.e., were

with ¢ := Mys/Mwp. all the accreted mass lost through nova outbursts as long as
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Fig. 4. Evolution of the mass transfer rate as function of time for Sys- lution of the orbital . f ionoftime f
tem No. 6 (cf. Table 1). The curve starts at the onset of mass tran&@' 6.Evolution ofthe orbital separation as function oftime for System

att ~ 1.166 Gyr. At ¢t ~ 1.169, the white dwarf mass has grown tolVO- 61.

1.4Mg; this time is marked by an asterisk on the curve. The dashed

part of the curve shows the continuation of the mass transfer rate evo- Comparing Figs. 3 and 4 shows, that the mass transfer rate
lution assuming that the white dwarf does not perform a supernadeops to small values only several million years after the min-
explosion. imum orbital separation is achieved. The reason is that at the
time of minimum separation the main sequence star is still more
compact than its thermal equilibrium configuration. l.e., even
though the orbit does not shrink any more, the main sequence
star expands towards its thermal equilibrium radius and drives
further mass transfer thereby.

In Figs.5 and 6 we show the long-term evolution of the
mass transfer rate and of the orbital period for another system,
No. 61, initially consisting of a low metallicity 118[, main
sequence star andldl white dwarf orbiting with a period of
0.70d. One can see the thermally unstable mass transfer phase
lasting for several million years, beyond which mass transfer
continues only on the nuclear time scale of the main sequence
star, i.e., several0® yr. Consequently, the mass transfer rate
drops to somd 0% My, yr~!. The system then resembles a
Cataclysmic Variable, evolving on a time scalel6f...10° yr.

Note that in CVs, this time scale may become shorter due to
o angular momentgm Ips; through magnetic braking (Verbunt &
-10 90 800 810 820 Zwaan 1981) which is ignored in the present study. Magnetic
t/Myr braking is not relevant for the supernova la progenitor evolution

_ _ _ _ for two reasons. First, the time scale of the thermally unstable
E'g' 2'1'5(\(’:?|‘£i'0n8(;fthe mass transfer rate as function of time for Systefy, < transfer is only of the order of several million years, which
' +119-9). is too short to allow a significant amount of angular momentum

loss through this mechanism. Second, our main sequence stars

the mass transfer rate were below 7 M, yr1, the orbital do develop convective envelopes only in the final phase of Fhe

thermally unstable mass transfer phase. l.e., most of the time

evolution would differ from that of our model. However, & hey have radiative envelopes and thus supposedly no magnetic
the mass loss from the white dwarf would keep the mass ratio Y P pp y 9

. . ind. For the study of the long term evolution of those systems

q := Mys/Mwp above one for a longer time, the orbit would . . . .
>/ : - which fail to bring the white dwarf to explode as a supernova,
keep shrinking for a longer time, which would keep the mass . . . -
‘ : agnetic braking might be relevant. This is, however, beyond
transfer rate higher than in our model (cf. Sect. 3.1). Thus, tpe : S
) L L e scope of the present investigation.

value of M, which we derive is in fact a lower limit to the mass

which is transfered at rates abol& 7 M, yr—1.

A} My, = 1.8 My
) My, = 1.0 M

WD o

P, = 0.70 d

7=0.001

_—
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Fig. 7. Evolution of the mass transfer rate as function of time for sygsig. 8. Evolution of the mass transfer rate as function of time for low
tems No. 0, 2, 3, 7 and 13, which have a metallicity of Z=0.02 angletallicity systems No. 58, 61, 63, 65, 67 and 70. The initial white
white dwarf companions with initially M, (see also Fig. 8). System gwarf mass is My, for all six cases. Higher peak mass transfer rates
No.0 (leftmost line) is stopped when the mass transfer rate exceg@fespond to larger initial main sequence star masses, froii 4.9
the allowed upper limit for the wind mass loss rate (cf. Sect. 2.1). R 1.4M,, in steps of 0.M . System No. 58 (leftmost line) is stopped
the other four curves, higher peak mass transfer rates correspongifi@n the mass transfer rate exceeds the allowed upper limit for the
larger initial main sequence star masses 23 2.1Me, 2.0Mo, wind mass loss rate (cf. Sect. 2.1). Note that the scale of the vertical

and 1.8Mo). The timet = 0 is defined by the onset of mass transferyis is identical to that in Fig. 7, but the represented initial masses of
The star symbol indicates the time when the white dwarf has reachgél main sequence components is lower.

1.4M. Beyond that point, the graphs are continued as dotted lines.

In all our models, there is a time delay from the onset of
3. Mass transfer and white dwarf evolution the mass transfer (definedias: 0 in Figs. 7 and 8) to the time
when the mass transfer rate has grown sufficiently to allow the
white dwarf mass to grow. This delay is of the order of the
In this section, we deal with the mass transfer ratesand we thermal time scale of the main sequence star, i.e. it is longer for
emphasise that the mass accumulation rate of the white dwanfaller masses. We emphasise that our method to compute the
Mwp may be smaller than the mass transfer rate if the latt@ass transfer rate (Ritter 1988, see also Braun 1997) allows its
is above or below the threshold values defined in Sect. 2.1. Védiable computation also for the beginning and the end of the
want investigate the dependence of the mass transfer rate, muads transfer evolution. Assuming a nova outburst would occur
of its time dependence, on the various initial parameters of after the accumulation of 1075 M, (cf. Prialnik & Kovetz
binary systems. Although Eq. (13) gives the order of magnitud895) and mass accretion rates of the order0of® My, yr—!
of the mass transfer rate during the thermally unstable phase iee. nova recurrence times of abalit® yr — implies of the
will see that it fails to reproduce all the physical dependencesder of thousand nova outbursts in our typical supernova la
correctly. progenitors before the white dwarf mass can start growing.

First consider the dependence of the mass transfer rate onFig. 9 shows the mass transfer rate as a function of time for
the initial mass of the main sequence compoéys ;. Figs. 7  three systems with the same initial main sequence star mass but
and 8 show the mass transfer rate as function of time for systemwith different initial white dwarf masses. The time delay from
with white dwarf initial masses a¥/wp,; = 1 M and various the onset of the mass transfer until the mass transfer rate exceeds
initial main sequence masses, 6r= 0.02 andZ = 0.001, ~ 10~% My yr~! and the white dwarf mass can start growing
respectively. For both metallicities, there is a clear trend to largewvery similar for all three systems. The delay is determined by
maximum mass transfer rates for more massive main sequetiheethermal time scale of the main sequence star.
stars caused by the shorter thermal time scale of more massiveMost striking in Fig. 9 is the feature that much larger mass
main sequence stars. Eq. (13), with; := GM?/(2RL), does transfer rates are achieved for smaller white dwarf masses. Al-
reproduce the maximum mass transfer rates within 30% for edbugh this trend is also expected from Eq. (13), the order of
sequences shown in Fig. 8. However, it overestimates thoserafgnitude of the effect seen in Fig. 9 is much larger than what
the sequences shown in Fig.7 by factors 3...8, larger valugs. (13) predicts. We find that, although initially less massive
corresponding to smaller initial main sequence star masseswhite dwarfs need to accrete more mass to reach the Chan-

3.1. Mass transfer rates
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Fig. 9. Evolution of the mass transfer rate as function of time for sygig. 10. Evolution of the mass transfer rate as function of time for
tems No. 13, 39 and 53, i.e. systems with a metallicityot= 0.02  systems No. 9 and 60, which have identical initial main sequence star

and with initial main sequence star masses.6fM, but with three  and white dwarf masses, but different metallicities, as indicated. (Cf.
different initial white dwarf masses, as indicated. (Cf. also caption iso caption to Fig. 7.)

Fig.7.)

l.e., let us consider two main sequence stars of the same mass,

drasekhar mass, the best supernova la candidate system of tapgfing to transfer mass onto their white dwarf companions at
displayed in Fig. 9 may actually be the one with émeallesini-  {he same orbital separatian The minimum separation will be

tial white dwarf mass. This is so since the same donor star raggsa|ler for the binary with the smaller initial white dwarf mass,
fers much more mass for smaller initial white dwarf masses, aggly System A. Since the radius of main sequence stars in the

that even at higher mass transfer rates. considered mass range decrease for increasing mass loss rates,

For otherwise fixed system parameters, more mass is rafggs mass loss rate of the main sequence star in System A —i.e.,
fered for smaller initial white dwarf masses since the minimuis mass transfer rate — needs to be larger in order to fit the main
orbital separation —coincides with the time whdrs = Mwp sequence star into a smaller volume.
in the conservative case — is obtained only after more mass The factthat the white dwarfin System No. 53, which has an
is transferred. Higher mass transfer rates are achieved siiga) mass of).7 M, does not reach4 M, butonly1.37 M,
smaller minimum orbital separations are obtained for smallgry,e to the fact that during the peak of the mass transfer the
values of Mwp ;. For conservative evolution of a given binary e slightly exceeds the Eddington accretion gy (which

system, the orbital separatiacan be expressed as is smaller for smaller white dwarf masses; cf. Sect. 2.1), and this
, Mys + Mwp system lose8.27 M, to a wind. The other two systems shown
d=J =y (15) in Fig.9, No. 13 (Mwp; = 1Mg) and No. 39 Mwp,; =
MSTEWD 0.8 M), which avoid winds, can grow the CO-white dwarf to
where 1.45Mg and 1.46 M, respectively. In fact, the system with

2 the largest initial white dwarf mass, System No. 13, is least

2md MMSMWD . . . .

J= Y U (16) likely to produce a Type la supernova, since in this system all
ms + Mwp mass is transferred at rates belotv” Mg, yr—t. l.e.,M; =0

is the constant orbital angular momentum. Therefore, a givienthis case, whileM; = 0.45 M, for System No. 39, and

initial separationd; relates to the minimum orbital separationV/; = 0.51 Mg, for System No. 53 (cf. Table 2).

dmin AS l.e., the effect that systems with smaller initial white dwarf
9 masses are better Type la supernova progenitor candidates is
min < MS, i WD, i > (17) only limited by the smaller upper limits to the white dwarf mass
d; (Mws,i + Mwp,i)? accumulation rate for smaller white dwarf masses.

and as for fixed system mass the period and separations.areThe depgndence of the mass tra_nsfer rf";\te on the metallic-

related asP? o d° it is ity of the main sequence star is elucidated in Fig. 10. It shows

two systems with identical initial main sequence star and initial

Pain ( Mys iMwnpi 3 white dwarf masses but with different metallicities. Wind mass
RN

P Mys,i + Mwp )2 (18) loss is negligible in both cases. The difference in the maximum
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mass transfer rate of Systems No. 9 and No. 60 — which both
start with a main sequence star of Mg, and a white dwarf

of 1 Mg, —is a factor of four. Both systems have initial periods
close to the shortest possible initial period. This large difference
isnotdue to different stellar Kelvin-Helmholtz time scalgs;.
Although the low metallicity stars are more luminous, they are
also more compact both effects ey almost cancel out (cf. 14
also Table 1). Atthe onset of mass transfer, tidg = 2.6 Myr
for the main sequence star in System No. 9, while the corre-
sponding value for System No. 604gy = 2.4 Myr. This is

also reflected in the similarity of the turn-on times for the massi 2
transfer (cf. Fig. 10).

Low metallicity systems have larger mass transfer rates com-
pared to systems with solar abundances (Figs. 7 and 8). While
the range of mass transfer rates covered in both figures is the |
same, Fig.7Z = 0.02) shows systems with initial main se-
guence masses in the range 2.4. M while those in Fig. 8 0 2 4 6 8 10
(Z = 0.001) are in the range 1.9...1M,. Based on our de- t/Myr
tailed models, Eq. (13) is valid for low metallicity within & fac-rig 11, Evolution of the white dwarf mass as function of time for
tor of two. For solar metallicities, the mass transfer rates af@tems No. 0, 2, 3, 7, and 13 (cf. Fig. 7.)
systematically lower by a factor of 5. l.e., on average the low
metallicity systems have, for the same initial stellar masses, five L
times higher mass transfer rates than the systerfis-a.02. i - ' ]

We want to point out that, for the Case A systems considered -6 [ VA
in this work, the maximum mass transfer rate can vary by upto il
a factor of 2 as function of the initial period (cf. Tables 2 and 3). - ]
One would expect larger mass transfer rates for initially wider P
systems, since in this case the main sequence star is more exs B '
tended and more luminous at the onset of the mass transfer, &nd
thus has a shorter Kelvin-Helmholtz time scales (cf. Table 1i
This expectation, which is also reflected in Eq. (13), is fulfiled
rather well for most of our low metallicity systems (cf. Table 3).
However, atZ = 0.02 we find mostly decreasing maximum
mass transfer rates for increasing initial periods and otherwise
fixed initial system parameters (cf. Table 2). This means that
Eqg. (13) can not be used to predict trends of the mass transfer
rate as function of the initial period or the system metallicity, 1
and shows the limitations of simplifying approaches to the study > 4 P 8
of accreting white dwarfs in binary systems. t/Myr

1.6 ;‘; ]

_ _ Fig. 12. Evolution of the white dwarf mass as function of time for
3.2. Evolution of the white dwarf mass systems No. 58, 61, 63, 65, 67 and 70 (cf. Fig. 8.)

The dependence of the mass transfer rate on various parameters

discussed in Sect. 3.1 has important implications for the E\&-MWD ~ 1.4 1\/I® — as function of the initial main sequence
lution of the white dwarfs. Figs. 11 and 12 illustrate the timgass for low metallicity systems with an initial white dwarf
evolution of the white dwarf masses for the same systems fagss ofi M. The sharp drop of the curve &fys; = 1.9 Mg,
which the evolution of the mass transfer rdiehas been dis- js due to the fact that the mass accretion rate exceeds three
played in Figs. 7 and 8. We recall tHat'| + | Mwnp| duetothe times the Eddington accretion rate of the white dwarf shortly
restrictions on the mass accretion rate outlined in Sect. 2. | §fter the onset of the mass transfer in the system it ; =

the white dwarf mass can start to grow only 0.5...3 Myr aftarg N1, which we use as criterion to stop the calculations (cf.
the onset of the mass transfer, due to the occurrence of neyst. 2), assuming that the white dwarf would form an extended

outbursts (cf. also Sect. 3.1). hydrogen-rich envelope and the two stars in the system would
To demonstrate the effect of the upper and lower criticgerge.

accretion rates for the achievable white dwarf masses, we haverig. 13 also shows the sum 8/, and the total amount
plotted in Fig. 13 the maximum possible CO-mass in the whii# mass lost from the system due to a white dwarf wind (see
dwarf — ignoring the possible occurrence of a supernova eveo Tables 2 and 3). It indicates that winds, and thus the up-
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Table 2. Key properties of interacting main sequence star + white dwarf systemsZith0.02. The columns have the following meanings.

(1) system number, (2) main sequence star initial mass, (3) white dwarf initial mass, (4) initial orbital period, (5) minimum period, (6) maximum
possible CO-mass (see text), (7) main sequence star massWihen= 1.4 M, (8) total mass loss due to winds (9) see Eg. 13, (10) maximum

mass transfer rate (11) maximum X-ray luminosity of the white dwarf (12) core hydrogen mass fraction of main sequence star at onset of mass
transfer (13) system age whéiiwyp = 1.4 Mg

Nr.  Mwmsi Mwp,: B Puin Mco  Mwusys  Mwina M7 Mmax Lx Xc TSN
M@ M@ d d M@ M@ M@ M@ 10_7 M@ yI‘_1 103861‘g S_l 109 yr

(1) (2 (3) 4) (5 (6) (7) (8) 9) (10) (11) (12)  (13)

0 2.4 1.0 1.69 1.49 1.05 - 0.03 0.04 11.0 1.63 0.08 -

1 2.3 1.0 0.51 0.27 1.94 1.58 0.28 0.80 7.47 1.57 0.69 0.01
2 2.3 1.0 1.74 0.90 1.93 1.47 0.39 0.81 8.68 1.77 0.07 0.79
3 2.1 1.0 1.65 1.11 1.85 1.66 0.00 0.72 3.90 1.85 0.08 1.06
4 2.0 1.0 0.69 0.49 1.80 1.56 0.00 0.63 3.75 1.66 0.46 0.77
5 2.0 1.0 1.07 0.76 1.77 1.56 0.00 0.63 3.49 1.54 0.24 1.08
6 2.0 1.0 1.29 0.91 1.75 1.56 0.00 0.60 3.03 1.34 0.17 1.17
7 2.0 1.0 1.63 1.16 1.69 1.55 0.00 0.52 2.35 1.04 0.07 1.26
8 2.0 1.0 1.73 1.22 1.70 1.55 0.00 0.52 2.27 1.00 0.03 1.30
9 1.8 1.0 0.54 0.42 1.54 1.35 0.00 0.25 1.45 0.64 0.60 0.70
10 1.8 1.0 0.95 0.74 1.53 1.35 0.00 0.28 1.43 0.63 0.28 1.50
11 1.8 1.0 1.14 0.88 1.48 1.35 0.00 0.15 1.10 0.48 0.20 1.85
12 1.8 1.0 1.22 0.94 1.46 1.35 0.00 0.00 0.97 0.43 0.17 1.89
13 1.8 1.0 1.25 0.97 1.45 1.35 0.00 0.00 0.92 0.40 0.15 1.92
14 1.8 1.0 1.33 1.02 1.44 - 0.00 0.00 0.83 0.37 0.11 1.96
22 1.74 1.0 0.57 047 1.48 1.29 0.00 0.16 1.16 0.51 0.53 1.21
23 1.74 1.0 0.63 0.52 1.48 1.29 0.00 0.18 1.23 0.54 0.46 1.70
24 1.74 1.0 0.96 0.77 1.44 - 0.00 0.00 0.94 0.42 0.27 2.01
25 2.1 0.8 0.59 0.28 1.00 - 0.28 0.12 10.5 1.05 0.52 -
26 2.1 0.8 0.94 042 0.98 - 0.32 0.12 10.3 1.05 0.30 -
29 2.1 0.8 1.19 043 1.44 0.74 0.72 0.55 10.9 1.05 0.19 0.96
30 2.1 0.8 1.23 0.44 1.45 0.75 0.71 0.54 10.6 1.05 0.17 0.98
31 2.1 0.8 1.53 0.58 1.49 0.79 0.66 0.58 9.80 1.05 0.09 1.05
32 2.0 0.8 0.60 0.28 1.56 1.05 0.31 0.61 4.49 1.05 0.51 0.66
33 2.0 0.8 0.78 0.35 1.54 1.02 0.35 0.61 4.72 1.05 0.37 0.90
34 2.0 0.8 155 0.76 1.60 1.12 0.24 0.63 4.45 1.05 0.08 1.25
35 2.0 0.8 1.79 0.75 1.60 0.66 0.69 0.63 9.08 1.05 0.01 1.31
36 1.9 0.8 0.60 0.33 1.44 1.17 0.09 0.61 3.16 1.05 0.56 0.50
37 1.9 0.8 1.66 0.87 1.44 0.93 0.33 0.64 5.05 1.05 0.01 1.61
38 1.8 0.8 0.58 0.36 1.50 1.15 0.00 0.50 2.08 0.92 0.53 1.16
39 1.8 0.8 1.36 0.83 1.46 1.15 0.00 0.45 1.85 0.82 0.08 2.00
40 1.7 0.8 0.66 0.43 1.38 - 0.00 0.33 1.40 0.62 0.44 -
41 1.7 0.8 0.76 0.50 1.38 - 0.00 0.34 1.41 0.62 0.37 -
42 1.7 0.8 0.81 0.53 1.37 - 0.00 0.32 1.38 0.61 0.34 -
43 1.7 0.8 1.01 0.66 1.35 - 0.00 0.24 1.21 0.53 0.22 -
44 1.7 0.8 1.33 0.87 1.62 1.06 0.00 0.33 1.38 0.61 0.02 2.75
45 1.7 0.8 1.50 0.98 1.69 1.06 0.00 0.51 1.99 0.88 0.00 2.76
46 1.6 0.8 0.70 0.47 1.25 - 0.00 0.00 0.79 0.35 0.42 -
47 1.6 0.8 1.11 0.75 1.24 - 0.00 0.00 0.83 0.37 0.09 -
48 1.6 0.8 1.27 0.89 1.51 0.96 0.00 0.37 1.53 0.67 0.00 3.61
49 2.0 0.7 0.47 0.25 0.81 - 0.18 0.10 8.42 1.20 0.64 -
50 2.0 0.7 1.49 0.71 0.84 - 0.22 0.13 8.63 1.21 0.07 -
51 1.9 0.7 0.48 0.25 0.87 - 0.26 0.16 8.73 1.28 0.53 -
52 1.9 0.7 1.47 0.55 1.31 - 0.57 0.48 6.74 0.68 0.07 -
53 1.8 0.7 1.37 0.63 1.37 - 0.27 0.51 3.46 0.68 0.06 -

per critical accretion rate, are unimportant for initial main sevinds break down all together at low metallicity. A lower wind
quence masselys; < 1.6 Mg, atZ = 0.001. As discussed mass loss rate might lead to a merging of our systems with
in Sect. 2, the wind efficiency is quite uncertain, particularly/ys ; > 1.6 Mg in Fig. 13, rather than to a Type la supernova.
at low metallicity. l.e., Hachisu et al. (1996) and Kobayask higher wind mass loss rate, on the other hand, might allow
et al. (1998) assume a much higher wind efficiency comparaldo white dwarfs in systems with donor star masses larger than
to our assumption (Sect. 2), but assume that the white dwar8M, to reach the Chandrasekhar mass. We note that, as the



1056

N. Langer et al.: Main sequence star + white dwarf binaries as SN la progenitors

Table 3. List of key properties of computed systems with= 0.001 (cf. Table 2).

M, max

Nr. Mwms;i; Mwpy B Puin  Mco Mwuss Myina Mz Lx Xe TSN
M@ M@ d d M@ M@ M@ M@ 10_7 M@ yI'_1 1038€I'g S_1 109 yr
1) (2 3) 4) (©) (6) @) (8) 9 (10) (11) (12) (13)
54 1.9 1.0 0.31 0.22 1.77 1.25 0.21 0.68 8.69 1.64 0.61 0.25
55 1.9 1.0 0.46 0.32 1.73 1.12 0.34 0.43 11.4 1.70 0.32 0.54
56 1.9 1.0 0.53 045 1.09 - 0.06 0.08 11.4 1.68 0.24 -
57 1.9 1.0 0.61 0.52 1.08 - 0.05 0.07 11.3 1.66 0.17 -
58 1.9 1.0 0.74 0.65 1.07 - 0.04 0.06 11.2 1.66 0.06 -
59 1.9 1.0 0.79 0.70 1.06 - 0.04 0.06 111 1.65 0.05 -
60 1.8 1.0 0.29 0.22 1.77 1.31 0.04 0.43 5.74 1.69 0.67 0.18
61 1.8 1.0 0.70 0.52 1.77 1.07 0.29 0.43 10.3 1.80 0.07 0.79
62 1.7 1.0 0.29 0.23 1.68 1.25 0.00 0.42 4.10 1.70 0.68 0.20
63 1.7 1.0 0.66 0.53 1.75 1.13 0.13 0.43 7.27 1.80 0.07 0.92
64 1.6 1.0 029 0.24 1.56 1.15 0.00 0.42 2.85 1.69 0.69 0.20
65 1.6 1.0 0.64 0.54 1.70 1.13 0.03 0.43 5.04 1.80 0.08 1.10
66 1.5 1.0 0.28 0.25 1.42 - 0.00 0.24 1.68 0.75 0.74 -
67 15 1.0 0.61 0.54 1.59 1.06 0.00 0.42 3.36 1.48 0.08 1.32
68 1.4 1.0 0.29 0.26 1.30 - 0.00 0.05 1.47 0.65 0.74 -
69 1.4 1.0 0.43 0.40 1.42 - 0.00 0.27 1.73 0.76 0.27 -
70 1.4 1.0 0.58 0.53 1.45 0.96 0.00 0.32 2.09 0.92 0.09 1.60
71 1.8 0.8 0.24 0.17 0.92 - 0.18 0.12 9.73 1.06 0.67 -
72 1.8 0.8 0.68 0.61 0.83 - 0.03 0.03 8.70 1.05 0.07 -
73 1.7 0.8 0.66 0.55 0.85 - 0.05 0.05 8.96 1.05 0.06 -
74 1.6 0.8 0.29 0.19 1.44 - 0.11 0.53 4.24 1.05 0.67 0.26
75 1.6 0.8 0.62 0.40 1.39 - 0.33 0.50 6.58 1.05 0.07 -
76 1.5 0.8 0.28 0.21 1.37 - 0.00 0.44 2.65 1.05 0.70 -
77 1.5 0.8 0.60 0.43 1.40 - 0.14 0.50 4.42 1.05 0.07 -
78 1.4 0.8 0.29 0.23 1.22 - 0.00 0.22 1.58 0.70 0.73 -
rrrorTrTTTT T e maximum mass transfer rate rises very sharply with increasing
5 Myp,= 1M 7 initial main sequence mass (Figs. 7 and 8), the maximum main
il sequence mass is not very sensitive to the assumptions on the
7=0.001

Lvov v v by vy
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wind mass loss rate. E.g., Li & van den Heuvel (1997), follow-
ing Hachisu et al. (1996), allowed wind mass loss rates of up
to 10~* Mg, yr—1, i.e. roughly 100 times more than in our cal-
culations. This shifts the maximum main sequence mass from
2.3Mg in our case to 2.8l in their case, for Case A sys-
tems with an initial white dwarf mass ofM ., and a metallicity

of 2%.

In order to estimate the effect of a considerably reduced
mass accumulation efficiency of the white dwarf due to weak
hydrogen shell flashes (cf. Prialnik & Kovetz 1995) or winds ex-
cited by helium shell flashes (Kato & Hachisu 1999), the lower
curve in Fig. 13 shows/wp ; + M7, i.e. the maximum achiev-
able CO mass assuming that mass accumulation on the white
dwarf is only possible fol/ > 10~7 Mg, yr—! (cf. Eq. (14)).

It shows that under these assumptions the white dwarfs in the
low metallicity systems with initial main sequence masses of

Fig. 13.Maximum achievable CO-masdco (see text; solid line and 1 5...1.8V, would still be able to grow to 1.4, although
solid dots),Mco plus the total mass lost to a wind (dotted line angot tg significantly larger values. Furthermore, we note from
dots), and initial white dwarf mass (M, for all systems shown here) &g 13 (¢f. also Figs. 14 and 15) that a reduction of the limiting

plus M7 (cf. Eq. (14)) —i.e. the at least achieved CO-mass in the whi

dwarf — for the low metallicity systems No. 58, 61, 63, 65, 67 and
(cf. Figs. 7 and 12, and also Figs. 16 and 17).

ass accretion rate for mass accumulation by one order of mag-
nitude has little effect on the upper limit 8fys ; in supernova
progenitor systems.
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Figs. 14 and 15 show the complete picture of the outcome
of our study for the achievable white dwarf mass as function 2
of the system parameters. While Fig. 14 gives the optimistic
view, i.e. applying the lower critical accretion rates defined in
Sect. 2, Fig. 15 shows the graphsidtyp ; + M7 rather than for
Mco. When considering Figs. 14 and 15, it is important to keep
in mind that the variation of the initial period of the considered,, o
systems would convert each line in these figures into a band with
an average width of the order of QWi (cf. Tables 2 and 3). \8
These figures allow the following conclusions. =14

1.8

1. The initial main sequence masses from which
Type la supernovae at low metallicity can be drawn 1.2
(~ 1.45M,...1.85 M) are much smaller than @t = 0.02
(~1.7Mg...2.35Mg).

2. The initial masses of the white dwarfs required fora Type la !
supernova are — on average — aboutM2 larger atZ =
0.001 compared to the high metallicity systems. l.e., note
that in Figs. 14 and 15 the curves fofwp; = 1 Mg at

Z = 0.001 are similar to those folwp,; = 0.8 Mg at  Fig. 14.Maximum achievable CO-core masses as function of the initial
Z = 0.02, only shifted to lower initial main sequence stamass of the main sequence star, for various initial white dwarf masses
masses. and for the two metallicities considered here, as indicated (cf. also

3. Since smaller initial mass ratio¥/wp ;/Mys,; lead to Figs.13 and 17).
larger mass transfer rates, more mass is transfered in sys-
tems with smaller initial white dwarf masses than for lower
initial white dwarf masses. This effect may give systems 2
with small initial white dwarf masses — i.e. perhaps as low
asMwnp,; = 0.7 M — the possibility to produce a Type la
supernova.

I I I
—&— 72=0.02
-©--72=0.001

4. Evolution of further system parameters
4.1. White dwarf spin

M,/ Mg

In Sect. 2.2, we showed that, within simple approximations, tlﬁ214
spin of the accreting white dwarfs at any given time depends
only on the amount of matter accreted up to that time. From, ,
Eq. (10) follows that the largest spin at the time of the supernova
explosionis expected inthose systems that start out with the least
massive white dwarfs. For initial white dwarf masses of¥ll 2, 1
1.0Mg, 0.8Mg, and 0.M,, the assumption of homogeneous
white dwarfs (i.e.k? = %) leads to ratios of rotational to critical 1.4 . . . 2.4
rotational velocityQ2 of 0.35, 0.67, 0.98, and 1.13, respectively.
A more realistic value ok = 0.4 (R!tter 1985) results even in Fig. 15. CO-core masses achieved if only mass accreted with rates
2 = 0.85,1.68, 2.45, and 2.83. While these numbers should vel0~” My yr~* are considered, as function of the initial mass
be taken literally —in particular, values 8f > 1 are of course of the main sequence star, for various initial white dwarf masses and
not plausible — they elucidate the possibility that many of ther the two metallicities considered here, as indicated (cf. also Figs. 13
exploding white dwarfs in Type la supernovae may be rotatingaatd 16).
a speed close to break-up. According to Figs. 14 and 15 it is not
excluded that white dwarfs with initial massesof).7 Mo may
contribute to the Type la supernovae, even at low metallicityin CVs are accreting, this shows that accreting white dwarfs are
This point of view is at least partly supported by observan fact spun-up. The fact that the white dwarfs in CVs are not
tional evidence. While isolated white dwarfs appear to rotaspinning as rapidly as expected from Eg. (10) is interpreted by
very slowly (,or < 50kms~!; Heber etal. 1997, Koester et al Livio & Pringle (1998) as being due to angular momentum loss
1998) — which is also expected from recent single star modeisnova explosions which must occur in typical CV systems.
with rotation (Langer et al. 1999) — those in CVs can be much From our simple approach, we expect that by the time the
larger, i.e. up td 200 km s~ (Sion 1999). As the white dwarfs white dwarf mass gets close to the Chandrasekhar limit, it may
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Fig. 16.Evolution of the orbital separation as function of time for Syséomponent of a 2.M,+0.8M,, main sequence star + white dwarf

tems No. 4,5, 6,7, and 8. Th_e t_mne: 0ls d_eflned by the onget of binary with a metallicity of 2% and an initial period of 1.23 d (System
mass transfer. A star symbol |nd|cat_es the time when the Whlte dWR]r(g_ 30), from zero age until the supernova explosion of the white
has reaphed 1Mlo. Beyond that point, the graphs are continued HFvarf (thick solid line). Dotted lines correspond to evolutionary tracks
dotted lines. of single stars of 2.1, 1.9, and IMI;,. The two dashed lines denote the
zero age main sequence (left line) and the terminal age main sequence

. L . . . (corresponding to core hydrogen exhaustion). The star symbol denotes
rotate with a significant fraction of the break-up velocity. Fw%he time when the white dwarf reaches 114,

polarisation studies of la supernovae seemto indicate that the de-

gree of polarisation in the supernova spectra is very low (Wangb_ o

et al. 1997), which makes a strongly deformed white dwarf Q80it as long as\iyis > Mywnp, and to a widening thereafter.
initial configuration for the explosion rather unlikely. A confirFi9- 16 shows the evolution of the orbital separation with time
mation of these results on a solid statistical basis would imgf five systems with the same initial main sequence star and
that either typical initial white dwarf masses are rather high, $fhite dwarf mass but with different initial periods. As none of
that the white dwarfs can lose angular momentum during th&}eSe systems develops a super-Eddington wind, the minimum

accretion phase through mechanisms yet to be found. orbital separations follow from Eg. (18) (neglecting the nova
winds). As Eq. (18) can be expressed as

. . 4 y 3
4.2. Orbital evolution P _p < q1 2) ’ (19)
In all systems the mass transfer rate remains initially on a low (i +1)
level for about one Kelvin-Helmholtz time scale of the maiasing ¢; = Mwp,i/Mus,;, shorter minimum periods are

sequence star. Nova outbursts are to be expected for the tigiieved for shorter initial periods, and for smaller initial mass

0.5...2 Myr of the mass transfer evolution. This is simulated estiosg; < 1.

a continuous process in our calculations, where all transferred Those systems which evolve a super-Eddington wind can

mass leaves the system immediately, carrying the specific evolve to considerably shorter periods than the conservative sys-

bital angular momentum of the white dwarf. Both, mass transfems (Eq. (19)). The main reason is that the condififns >

and nova winds at this stage/f;s > Mwp) lead to a decrease My p remains fulfilled for a much longer time than in the con-

of the orbital separation. The effective shrinkage of the orbit isgrvative case. E.g., Systems No. 1 and No. 2, which lose about

however, small since the amounts of mass involved in the m&@s88M, and 0.3, to a wind, evolve to minimum periods of

transfer and winds during this phase are small (cf. Sect. 3). \6/& h and 21.6 h, respectively (cf. Table 1), while their minimum

have not included the possibility of frictional angular momerperiods in a conservative evolution would have been 7.5 h and

tum loss during nova outbursts (e.g., Livio & Pringle 1998), &b6.2 h.

this could have been compensated by a slight increase of our

initial periods which are treated as a free parameter anyway.
Once the mass transfer rate exceeds the critical refgs

and My, (cf. Sect. 2), we assume the mass transfer to be candiscussion of the properties of the main sequence stars in the

servative as long a8/ < Mgaa (EqQ. (1)). In that case, masssupernova la progenitor systems presented before may be inter-

and angular momentum conservation lead to a shrinkage of &sting for two reasons. First, it might be observable during the

4.3. Evolution of the main sequence star
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Fig. 18. Evolutionary tracks of the main sequence stars in the maﬁg 19. Same as Fig. 18, but for od = 0.001Z, Systems No. 60

luminosity diagram starting at the onset o.f‘mass transfer, fofthe .61, 63, 64, 65, 67, 68, and 70. The evolution of the nuclear luminosity
Zs Systems No. 1, 2, 3, 4, 7, 9, 13 (identifiable by the correspondi Shown for Systems No. 60 (lower line) and No. 61(upper line).
initial main sequence star masses, where the main sequence star of two

systems with the same initial main sequence star mass has alarger initial

luminosity for the system with the larger initial period). The tracks al&ars. forZ — 0.02 andZ = 0.001 respectively. These figures

shown as continuous lines up to the point when the white dwarf reac% ' N Lo :

1.4Mg, and are then continued as dotted lines (cf. Sect. 3). The sha @W.that In most sysFems th(.a main Sequence. components are
}%nmcantly underluminous with respect to their mass.

band is limited by the dot-dashed lines connecting the zero age and% . . . .
terminal age main sequence positions of single stars in the mass rangeThe inspection of Figs. 18 and 19 reveals the following fea-

0.8..3M,, taken from Schaller et al. (1992). The two dashed lindsTeS. First, the systems with the shorter initial periods, which
give the evolution of the nuclear luminoSityuu. = [, enucdm as start out at the lower boundary of the main sequence band in
function of the main sequence star mass from the onset to the midgse figures, evolve to the zero age main sequence position
transfer to the time when the white dwarf reaches\ 4, for Systems corresponding to their final mass once the mass transfer rates
No. 1 (lower line) and No. 2 (upper line). become small and thermal equilibrium is restored. In real bina-
ries the white dwarf might explode before this happens, but the
models shown in Figs. 18 and 19 are followed up to the end of
accretion phase, where our systems might appear as supetbefthermally unstable mass transfer phase, which corresponds
X-ray sources. Second, the main sequence star may survivetththe endpoint of the dotted parts of the tracks. This result is
explosion of the white dwarf and may then serve as an obseeasily understood, since when the mass transfer starts these stars
able witness of the supernova progenitor evolution. are very unevolved, i.e. their internal hydrogen and helium dis-
To elucidate the first point, we have plotted in Fig. 17 thiibution is basically homogeneous. Therefore, when these stars
evolutionary track of the main sequence component of Systéiave lost a significant part of their initial mass, the spatial dis-
No. 30 in the HR diagram, in comparison to normal single statrsbution of their main constituents (H and He) is still the same
tracks for comparable initial masses. It is evident that this stag in a zero age main sequence star. Since the stellar structure
once the Roche lobe overflow sets in, reduces its luminosagljusts according to the chemical profiles, and once the mass
significantly, roughly by a factor ef 30. However, from Fig. 17 transfer rate has dropped and the star can relax to thermal equi-
it is not clear which fraction of the luminosity decrease is due tibrium, their properties can not be distinguished from those of
the fact that the stellar mass of the main sequence star becon@sal main sequence stars of the same mass (except for trace
smaller — from 2.M, to about 0.8V, at the time when the elements; see below).
white dwarf has reached 1M, —, and which fractionisdueto  The deviation of these stars from the zero age main sequence
the deviation of the star from global thermal equilibrium duringhass-luminosity relation is due to the thermal imbalance. Due
the rapid mass loss phase. to the strong mass loss, the outer stellar layers expand which
In order to understand which luminosities the main sequenoensumes energy and reduces the stellar luminosity as long as
components of our systems can achieve in general, and to whatstrong mass loss prevails — strong meaning that the mass loss
extentthe reduction of the luminosity can be understood in tertitae scale is of the same order as the stellar Kelvin-Helmholtz
of the mass reduction, we show in Figs. 18 and 19 the matime scale. This effect by itself can reduce the stellar luminosity
luminosity evolution for a sample of our systems in comparisdry as much as a factor of 10 (Figs. 18 and 19), i.e., the star can ap-
with the mass-luminosity relation for normal main sequenge=ar ten times dimmer than expected from the mass-luminosity
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this effect—we call it the helium effect—is the larger the later the
mass transfer starts during the core hydrogen burning evolution
ofthe main sequence component, and the larger the total amount
of mass lost.

In summary, we have three effects changing the luminosity
of our main sequence component. First, asits massis reduced, its
luminosity is reduced according to the mass-luminosity relation
of single stars (the mass effect). Second, the larger the mass
loss or mass transfer rate the more is its luminosity reduced in
addition, due to the thermal imbalance imposed by the mass loss
(the mass loss effect). Third, the helium effect can lead to an
increase of the luminosity for those stars which started out with
(and therefore still have) relatively large periods. All together,
we see from Figs. 18 and 19 that during the thermally unstable
mass transfer phase no star can be found above the single star
mass-luminosity band. On the other hand, a significant fraction
. . of them is found below this band, at luminosities between 1 and

Mys / Mo 10Lg.

. . . . Fig. 20 shows, for the case of the metal-rich stars, that not
Fig. 20. Evolutionary tracks of the main sequence stars in the mass- . . .
radius diagram starting at the onset of mass transfer, fof the Z, qnly th? luminosities but also ,the_ _rad" of the mass tranSfer',_
Systems No. 1, 2, 3, 7, 9 (identifiable by the corresponding initial mailf'd Main sequence stars are significantly smaller than the radii
sequence star masses, where the main sequence star of two sys@érstars in thermal equilibrium with the same mass and evo-
with the same initial main sequence star mass has a larger initial raduigonary stage. Note that there is also a strong dependence of
for the system with the larger initial period). The tracks are shown Hse main sequence star radii on metallicity (cf. Figs. 1 and 2 in
continuous lines up to the point when the white dwarf reachesIL 4  Sect. 2.3). Both effects may be quite relevant for the derivation

and are then continued as dotted lines (cf. Sect. 3). The shaded behgomponent masses in supersoft X-ray binaries (cf. Sect. 5.1).
is limited by the dot-dashed lines connecting the zero age and the
terminal age main sequence positions of single stars in the mass rang
0.8...3M, taken from Schaller et al. (1992). FBbservable consequences

5.1. Supersoft X-ray sources

relation of single stars on the basis of its actual mass. The effédéhite dwarfs which accrete hydrogen at such a rate that they
is stronger for larger mass loss rates. We emphasise that tteie perform non-explosive hydrogen burning at their surface
reduction of the stellar luminosity due to the mass loss inducednstitute the leading model for the persistent supersoft X-ray
thermal imbalance comes actually in two components. Onesisurces (SSSs, Kahabka & van den Heuvel 1997). Here, we want
that due to the strong mass loss, the outer stellar layers exeompare our results to observations of SSSs. It is important
pand which consumes energy and reduces the stellar luminositkeep in mind that we restricted the parameter space of our
below the “nuclear luminosity”, i.e. the amount of energy libemodels according to the possibility to obtain a Type la super-
ated by thermonuclear reactions in the stellar core. Howeverpasa. |.e., although all our models may be considered as models
main sequence stars adjust their nuclear luminosity to the radia-SSSs, it is not excluded that the average SSSs have in fact
tive energy loss at the surface (Kippenhahn & Weigert 199@juite different properties than our models. We therefore restrict
also the nuclear luminosity of the mass losing main sequerm#selves to investigate three basic observable properties, i.e.
stars is smaller than the nuclear luminosity of a non-mass ldlse X-ray luminosity, the system period, and the luminosity of
ing main sequence star of the same mass and evolutionary stagalonor star, and rather focus on what the largest and smallest
(see Figs. 18 and 19). of these values are rather than considering a typical average. For
For systems with a relatively large initial period, i.e. thosthis purpose, we have compiled in Table 4 system properties at
where the mass transfer starts when the main sequence stérdgime of the maximum X-ray luminosity —i.e., at the time of
close to the terminal age main sequence (upper borderlinetltd maximum mass accumulation rate of the white dwarf, as we
the main sequence band in Figs. 18 and 19), one phenomeassume. x = My (cf. Sect. 2.1).
counterbalances the two dimming effects (i.e. mass reduction The maximum X-ray luminosity which we can achieve
and thermal imbalance). The cores of these stars are, at the omsgdrinciple within our assumptions is that obtained by a
of the mass transfer, very helium-rich. Therefore, after the maSkandrasekhar-mass white dwarf accreting atits Eddington-rate
transfer they have a helium-rich core which is significantly moief. Sect. 2.1), i.e2.07 1038 ergs—!. The largest value actually
massive than a helium core in a single stars of the same stetiecurring in our models i$.85 1038 ergs—! (cf. Table 4). So
mass. This makes the stars overluminous compared to sinfgie none of the empirical bolometric fluxes derived from SSSs
stars, as can be seen from the dotted parts of the stellar traekseeds this value, although some are quite close to it (Kahabka
of the long-period systems shown in Figs. 18 and 19. Evident&van den Heuvel 1997).
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Table 4. Properties of selected systems at the time of the maximum X-ray luminosity. The columns have the following meanings. (1) system
number (cf. Tables 2 and 3), (2) main sequence star initial mass, (3) white dwarf initial mass, (4) initial period, (5) mass transfer rate, (6) mass
accumulation rate of white dwarf, (7) white dwarf luminosity (8) Eddington luminosity of white dwarf (9) effective temperature of white dwarf,

(10) white dwarf mass, (11) main sequence star mass, (12) main sequence star luminosity, (13) effective temperature of main sequence star,
(14) orbital period (15) orbital velocity of main sequence star, (16) orbital velocity of white dwarf.

Nr. Mwms; Mwp,; B M Mwp Lx Lgaa Twp Mwp Mwms Lms Tms P vMS VWD
1077 1077 10%® 10%  10° 103
Mo Mg d Mglyr Meplyr ergs! ergs! K My Me Lo K d kms! kms!

1 @ 3) (4) (5) (6) (7) (8) (9 (10 (1) (@12) (13) (14 (15 (16)

1 2.3 1.0 0.51 7.47 3.87 1.57 1.57 818 1.06 191 200 6.26 0.32 160 288
3 2.1 1.0 1.65 3.90 3.90 1.85 1.85 877 1.25 1.83 10.7 6.17 1.23 117 172
4 2.0 1.0 0.69 3.75 3.75 1.66 1.66 837 1.12 1.87 7.03 7.02 0.59 137 229
9 1.8 1.0 0.54 1.45 1.45 0.64 1.64 648 1.11 1.67 5.01 7.09 0.47 154 231
29 2.1 0.8 1.19 2.39 2.39 1.05 1.51 734 1.02 143 190 573 1.14 114 160
34 2.0 0.8 1.55 2.38 2.38 1.05 1.57 739 1.06 160 556 596 1.37 106 160
36 1.9 0.8 0.60 2.40 2.38 1.05 1.30 744 0.88 1.82 6.35 7.10 0.54 118 245
38 1.8 0.8 0.58 2.08 2.08 0.92 1.30 756 0.88 157 537 7.01 0.50 130 232
40 1.7 0.8 0.66 1.40 1.40 0.62 1.41 636 0.95 154 398 6.58 0.50 139 225
49 2.0 0.7 0.47 8.05 2.67 1.20 1.20 731 0.81 1.71 1.26 6.07 0.25 148 312
51 1.9 0.7 0.48 8.60 2.87 1.28 1.28 751 0.87 146 086 5.73 0.25 167 280

54 1.9 1.0 0.31 6.92 3.70 1.64 1.64 833 111 164 180 6.90 0.23 196 290
60 1.8 1.0 029 521 3.81 1.69 1.69 843 114 160 217 7.27 024 200 280
62 1.7 1.0 0.29 4.07 3.86 1.70 1.70 845 115 154 258 754 0.25 127 170
64 1.6 1.0 0.29 2.85 2.85 1.25 1.69 783 114 146 265 7.62 025 204 261
67 15 1.0 0.61 3.36 3.36 1.48 1.70 817 115 135 562 7.25 054 164 192
70 1.4 1.0 0.58 2.09 2.09 0.92 1.67 724 113 126 504 7.19 053 167 186
71 1.8 0.8 0.24 9.73 2.38 1.06 1.36 725 092 150 0.65 597 0.18 194 314

For comparing the periods of our models with those of SSSs, Rappaport et al. (1994), in a population synthesis study of
we focus on the short periods, since also post main seque8&Ss, considered all possible initial masses and periods. The
donor stars can produce SSSs which would occur in longer ghortest periods they find are of the order of 5h. They con-
riod systems (Li & van den Heuvel 1997, Hachisu et al. 199%ider only one metallicity (solar), for which the smallest period
At Z = 0.02, we find periods in the range 1.8...0.25d (43...6 hyye found is~ 6 h. In our low metallicity systems, we find a
while at Z = 0.001 periods range from 19...5h (cf. Tables 2ninimum of 4 h. Thus, also from to the results of Rappaport
and 3). Observed periods in close binary SSSs (Kahabka & vetnal. we would expect then minimum periods as low as 3h
den Heuvel 1997) are generally in good agreement with thesgdow metallicity. Therefore, periods as short as that found in
figures. 1E0035.4-7230 may still be explained within the standard model

Some authors in the literature express the necessity to ekthermally unstable mass transfer studied in the present paper.
plain the shortest periods found in SSSs with alternative sce- Finally, we want to discuss the brightness of the donor stars
narios. E.g., the SMC system 1E0035.4-7230 has a periodrodur models, inrelation to the fact that so far none of them could
4.1 h (Schmidtke et al. 1996), for which van Teeseling & Kinge observationally identified. In Sect. 4.2 we have seen that the
(1998) proposed a wind-driven evolution, with a very low masgsain sequence stars in our models are, during the mass trans-
main sequence star losing mass induced by the strong X-rayfea-phase, significantly underluminous for their actual mass. In
diation of the white dwarf. We note that in particular our low-Z'able 4, we show the properties of the main sequence stars at
models show periods as low as 4 h (e.g., System No. 71 in Tae time of the maximum X-ray luminosity, for selected cases.
ble 3). Furthermore, according to Eq. (nificantlysmaller Comparing Systems No. 1 and No. 3, we see that the stellar lumi-
periods are achievable for smaller but still plausible initial mas®sity is not well correlated with the mass of the main sequence
ratios. l.e., a system starting out with a 214, main sequence star. Instead, it is inversely correlated with the mass transfer
star and a 0.81, white dwarf could reduce is initial period byrate, i.e. the mass loss rate of the main sequence star. For sys-
a factor 4. Thereby, even periods in the range 2...3 h could teens which have no wind, i.e. for which/ = My and thus
obtained. Even though such systems might not lead to Typellg o M, this means that the brighter the system in X-rays, the
supernovae, some of them may still allow for stationary hydrdimmer is the main sequence star. l.e., the fact that in the super-
gen burning on the white dwarf surface for a limited amount gbft X-ray sources the X-ray luminosity is large (otherwise we
time. would not notice them) means that the mass transfer rate must

also be large (cf. Sect. 4.3). We conclude that the reduction of
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the main sequence star luminosity due to the thermal imbalaricese elements offers therefore already an unambiguous way to
must be a large effect in observed supersoft sources of the cadentify the remnant stars.
sidered type. As it can reduce the bolometric luminosity of the In Table 5, we compile other surface abundance anomalies
main sequence star by more than one order of magnitude, it fiaynd in our models. It can be seen, that the isotdide is
be quite difficult to observe the main sequence componentaverabundant by a large factor, which is, however, hard if not
supersoft X-ray binaries. impossible to verify observationally at the present time. The
same may hold for other isotopic anomalies, e.g %@ and
5N, Only for carbon and nitrogen, we find the possibility of
peculiar elemental abundances, i.e., carbon may be significantly
Once the white dwarf has exploded, the main sequence cameerabundant and nitrogen correspondingly overabundant, as
ponent is likely to survive, and although some small amourttse CN-cycle is responsible for this feature.
of mass may be stripped off by the supernova ejecta and blastThe supernova explosion can in principle alter the abun-
wave, (Wheeler et al. 1975, see also Fryxell & Arnett 1988lances shown in Table 5 in two ways. It can lead to an ad-
Taam and Fryxell 1984), most stellar properties of our main sgitional mass loss of the main sequence star of the order of
guence components will remain more or less unchanged. &M, ...0.2M, (Wheeler et al. 1975, Fryxell & Arnett 1981,
may hope to identify and observe the remaining main sequerieam and Fryxell 1984). This may lead to a somewhat stronger
component either in a young Galactic supernova remnant p@N-cycle signature but would not change our results qualita-
duced by a Type la supernova, or, if they stick out sufficientlgively. It is further not excluded that it can lead to the deposition
long after the supernova explosion in the field. of small amounts of the supernova ejecta on the main sequence
In the first case, the thermal imbalance imposed by the masar (Fryxell & Arnett 1981, Taam and Fryxell 1984). Whether
transfer (cf. Sect. 4.4) will still be completely preserved, singhis happens or not seems to be unclear at the moment. In any
the thermal time scale of the star is of the orderl6fyr, case, the effect might be some enrichment of the surface com-
while any gaseous supernova remnant would dissolve at lgassition of the main sequence star remnant with the nucleo-
100timesfaster. The expected luminosities of the main sequesgathesis products of the supernova, i.e. in elements between
components in a supernova la remnant can thus be directly reatbon and iron (Thielemann et al. 1986).
off Figs. 18 and 19 from the star-symbols, which mark the ex- In summary, the light elements, e.g., lithium, and carbon
pected time of the supernova explosion. They are found to beaie the most promising distinguishing chemical characteristics
therange 1...10,. When inspecting the effective temperaturesf main sequence type stellar remnants of Type la supernovae.
of the main sequence stars at the time of the supernova, we #rbther independent characteristic may be a peculiar radial ve-
them to be systematically 500...1000 K cooler than single maatity or proper motion. The main sequence stellar remnants
sequence stars of the same mass and evolutionary state (Figwllfat least have a peculiar velocity of the order of their orbital
see also Column 14 in Table 4). As the main sequence band helscity at the time of the explosion of the white dwarf. This
awidth of more than 1000 K, this implies that remnant stars wilklocity is in the range 140m s~—*...250km s~ for all our sys-
be located on the main sequence band or slightly to the right.tns, with larger values corresponding to the low metallicity
Z = 0.02, the effective temperatures of the remnant stars aredels. The momentum impacted by the supernova ejecta on
larger than 5500 K, aZ = 0.001 larger than 6000 K. I.e., they the main sequence star may increase its space velocity up to as
would appear as evolved F or G type main sequence stars. much as~ 500kms~! (Wheeler et al. 1975). Therefore, any
Important to unambiguously identify the stellar remnant shain sequence type remnant star must have space velocities in
a supernova la progenitor system of the considered type isdtsery favourable range. It is large enough to impose a clearly
peculiar surface chemical composition. These stars have pgegeuliar kinematic on the stellar remnant, but it is still much
liar abundances since they have lost a major part of their initi&thaller than the velocity of the supernova ejecta, which implies
mass during the mass transfer phase, with the consequencetttztthe star will remain for a long time close to the center of
they uncover matter which has been sufficiently deep insitlee supernova remnant. Chemical and kinematic signature to-
the star that thermonuclear reactions have occurred.. All mgjether make it in fact a interesting project to search for a main
sequence stars in the present study in systems which leaddquence type stellar remnant in the gaseous remnant of the his-
Type la supernovae lose at leas0.4 M, as the white dwarf torical Galactic supernova 1006 (Wellstein et al. 1999), which
needs to achieve the Chandrasekhar mass. However, in thesery likely the product of an exploding white dwarf (Schaefer
systems where the white dwarf develops a wind the total mag06).
loss of the main sequence stars may be considerably larger (cf.
Table 5).
In a normal main sequence star, all isotopes of the light ele- ) )
ments lithium, beryllium and boron are destroyed in the whofe Discussion and conclusions

stellar interior except in an outer envelope~0f0.1 Mg (or e have studied the evolution of close binary systems consisting
~ 0.2Mg, for boron). Therefore, the main sequence compgf a main sequence star and a white dwarf which are considered
nents of our systems are, at the time the supernova explosi@tandidates for progenitors of Type la supernovae. Based on
occurs, all completely devoid of the light elements. The lack gh extended grid of models, we have studied the properties of

5.2. The stellar remnant
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Table 5. Ratios of surface abundances of the main sequence star to initial abundance, for the time of the supernova explosion. The abundances
of all isotopes of the light elements L1, Be, and B are zero for all models.

Nr. Mums; Musy AM AMuna *He *He '?C c "N N 0 'O 0 *Na
Mg Mg Mg Mg

3 21 1.66 0.44 0.00 671 100 100 100 100 100 100 100 1.00 1.00
8 2.0 1.55 0.45 0.00 791 100 100 100 100 100 100 1.00 1.00 1.00
13 1.8 1.35 0.45 0.00 148 100 100 100 100 1.00 100 1.00 1.00 1.00
29 2.1 0.74 1.36 0.72 433 100 0.08 222 461 006 100 292 0.02 1.06
31 21 0.79 131 0.66 6.65 1.04 015 366 428 0.07 100 239 0.05 1.07
32 2.0 1.05 0.95 0.31 745 101 091 728 112 0.34 100 100 0.77 1.00
35 2.0 0.66 1.34 0.69 410 1.07 0.08 191 460 006 099 6.27 0.03 1.07
36 1.9 1.17 0.73 0.09 16,8 101 099 148 100 0.89 100 1.00 0.99 1.00
37 1.9 0.93 0.97 0.33 144 103 069 107 180 0.22 100 1.02 046 1.00
38 1.8 1.15 0.65 0.00 226 100 099 110 100 097 100 100 0.99 100
39 1.8 1.15 0.65 0.00 269 101 099 130 100 093 100 1.00 0.99 1.00
45 1.7 1.06 0.64 0.00 281 101 099 164 100 090 100 1.00 0.99 1.00

54 1.9 1.25 0.65 0.21 218 100 098 242 100 071 100 1.00 0.96 1.00
55 1.9 1.12 0.78 0.34 172 102 080 111 138 020 100 101 055 100
60 1.8 131 0.49 0.04 209 100 099 105 100 098 100 1.00 1.00 1.00
61 1.8 1.07 0.73 0.29 281 102 085 980 126 024 100 1.01 0.65 1.00
62 1.7 1.25 0.45 0.00 195 100 099 102 100 099 100 100 1.00 1.00
63 1.7 1.23 0.47 0.13 474 100 097 198 100 0.79 1.00 100 0.97 1.00
64 1.6 1.15 0.45 0.00 208 1.00 099 102 100 099 100 1.00 100 1.00
65 1.6 1.13 0.47 0.03 622 100 099 113 100 097 100 1.00 0.99 1.00
67 15 1.06 0.44 0.00 706 100 099 109 100 098 100 1.00 100 1.00

the systems as a function of the initial donor star mass, initial We find that the mass transfer rates in low metallicity sys-
white dwarf mass, initial period, and chemical composition. tems are, for the same initial main sequence star and white dwarf
Due to our numerical technique (Sect. 2) we obtain, for tieasses, much higher than at solar metallicity. I.e., the initial
firsttime, a complete picture of the time dependence of the masain sequence star mass range which results in good Type la
transfer rate in such systems. We find that the mass transfer mtpernova progenitor candidates shifts froiM,...2.3 Mg
remains initially for about one thermal time scale of the mato 1.4 Mg...1.8 M, (Figs. 14 and 15). We note that the exact
sequence star on a very low level during which nova outburstsnor star mass range is uncertain, due to uncertainties in white
are likely to occur. Then, the maximum mass transfer ratedsvarf wind mass accumulation efficiencies (cf. Sects. 2and 3.2).
rapidly reached. We find that most white dwarfs approach th®wever, we find that at low metallicity, this range is narrower,
Chandrasekhar mass during the decline phase of the mass trand-supernova la progenitor systems need to have white dwarfs
fer (Mwp < 0; cf. Figs. 7 to 10). Our results will allow to inves-which are initially about 0.31., more massive (see also Figs. 14
tigate the effect of this time dependence of the mass transfer rate 15), leading to a decrease of the Type la supernova rate with
on the lower critical accretion rates for stationary nuclear burdecreasing metallicity. We note that this effect differs from the
ing on the white dwarf (cf. Sect. 2.1). This may be importanyind inhibition effect proposed by Kobayashi et al. (1998).
as Prialnik & Kovetz (1995) showed that these threshold val- It is of course tempting to speculate about effects of the
ues may be smaller for higher white dwarf temperatures. As foetallicity dependence of the progenitor evolution on the super-
Mwp < 0the white dwarf temperature is expected to be higheova peak brightness or decline rate. However, although more
at a given value ofVfwp compared to the case afwp = 0, realistic calculations of the white dwarf evolution to the Chan-
this effect may perhaps increase the parameter space of modedsekhar mass are now possible, they need to be performed be
which lead to Chandrasekhar mass white dwarfs. fore definite conclusions can be drawn. This is so since, although
In contrast to results based on simple estimates of the m#ss described effects are likely to introduce a Z-dependence to
transfer rate (e.g., Eq.(13)), we find that the rates increabe supernova properties, it would interfere with other such ef-
strongly for lower initial white dwarf masses (Fig. 9). I.e., evefects as described bydfich et al. (1998), Dominguez et al.
systems with rather smallinitial white dwarf massedX.7 M) (1999), and Umeda et al. (1999).
can not be excluded to evolve to Type la supernovae. As Chan- It is also hard to disentangle whether possible dependences
drasekhar mass white dwarfs are likely to rotate faster tb&€Type la supernova properties on their environment — as sug-
smaller their initial mass is, this implies that the white dwaxjested by Branch et al. (1996) or Wang et al. (1997) —are due to
rotation may be relevant in Type la explosions (cf. Sect. 4.1)the mentioned trends with metallicity or due to different progen-
itor types at work. The latter seems more likely considering the



1064 N. Langer et al.: Main sequence star + white dwarf binaries as SN la progenitors

life times of our progenitor models (Tables 2 and 3). AlthougkKobayashi C., Tsujimoto T., Nomoto K., Hachisu I., Kato M., 1998,
our low Z models invoke lower mass main sequence stars, their ApJ 503, L155

predicted life timeis< 1.5 ]_09 yr, which is rough|y similar for Koester D., Dreizler S., Weidemann V., Allard N.F., 1998, A&A 338,
our solar metallicity models. I.e., Type la supernovae in ellipti- 617

cal galaxies, which may require progenitor life timed 0f° yr, Kovetz A., Priainik D., 1997, ApJ 477, 356

t be obtained f the t f del ted h artners H.J.G.L.M., Cassinelli J., 1999, Introduction to stellar winds.
can not be obtained from the type of model presented here, bu Cambridge University Press, Cambridge

may rather require scenarios with low mass red giant (Hachisthgern., 1997, In: Nota A., Lamers H.J.G.L.M. (eds.) Luminous Blue
et al. 1996) or CO white dwarf (Iben & Tutukov 1984) donor  variables: Massive Stars in Transition. ASP Conf. Ser. Vol. 120,
stars. p. 83

We emphasise that, nevertheless, models of the considdreager N., 1998, A&A 329, 551
type very likely exist in nature, as they correspond to the clobanger N., 2000, Sci 287, 2430
binary supersoft X-ray sources (Kahabka & van den Heu\)e}nger N., Heger A., Wellstein S., Herwig F., 1999, A&A 346, L37
1997). The X-ray luminosities, periods, and main sequence dtaf-"D-» van den Heuvel E.P.J., 1997, A&A 322, L9

. . Livio M., 1996, In: Wijers R.A.M.J., et al. (eds.) Evolutionary Pro-
properties (Sect. 5.1 and Table 4) appear to agree quite well with cesses in Binary stars. Dordrecht, Kluwer. p. 141

observed sygtems. We algo outline a way to test whether SV_% M., 1999, In: Type la Supernovae: Theory and Cosmology. Cam-
systems can in fact evolve into Type la supernovae. We make uUn-prjgge Univ. Press, astro-ph/9903264

ambiguous predictions for the chemical and kinematical propgfvio M., Pringle J.E., 1998, ApJ 505, 339

ties of the stellar remnants of main sequence star + white dwauty L.B., Abbott D.C., 1993, ApJ 405, 738

systems after the explosion of the white dwarf (Sect. 5.2), whiblauenberg M., 1972, ApJ 175, 417

may be directly tested for the case of the historical galactic femoto K., Sugimoto D., 1977, PASJ 29, 765

rnova 1 Wellstein 1 _ Nomoto K., Kondo Y., 1991, ApJ 367, L19
pernova 1006 (Wellstein et al. 1999b) Nomoto K., lwamoto K., Kishimoto N., 1997, Sci 276, 1378
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