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Abstract. Today, Type la supernovae are essential tools for cosmology, and recognized as major contributors to the chemice
evolution of galaxies. The construction of detailed supernova progenitor models, however, was so far prevented by variou:
physical and numerical fficulties in simulating binary systems with an accreting white dwarf component, e.g., unstable helium
shell burning which may cause significant expansion and mass loss. Here, we present the first binary evolution calculation whicl
models both stellar components and the binary interaction simultaneously, and where the white dwarf mass grows up to th
Chandrasekhar limit by mass accretion. Our model starts wité &4 helium star and a.@ M, CO white dwarf in a 0.124 day
orbit. Thermally unstable mass transfer starts when the CO core of the helium star re&8hds, Qvith mass transfer rates of
1.--8x10°® My/yr. The white dwarf burns the accreted helium steadily until the white dwarf mass has redcBéd, and
weak thermal pulses follow until carbon ignites in the center when the white dwarf reachdgld.3though the supernova
production rate through this channel is not well known, and this channel can not be the only one as its progenitor life time is
rather short £10'-10® yr), our results indicate that helium star plus white dwarf systems form a reliable route for producing
Type la supernovae.
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1. Introduction dwarf mass due to shell burning are limited to narrow rang

. . ‘e.g. Nomoto 1982; Fujimoto 1982; Iben & Tutukov 1989
Type la supernovae (SNe la) are of partlcular_ Importance hile hydrogen and helium shell sources are prone to deg
astrophysms. They are the major source fpr ron group eI§“r’acy éfects and related thermonuclear instabilities (e.g., nc
ments in the universe and are thus an essential contributor to él;}

hemical luti t qalaxi Renzini 1999). And th ﬁlosions) at low accretion rates, the helium shell source
chemical evolution of galaxies {e.g. Renzini )- An (_”ccreting white dwarf models has been found to be therm:

light curl\I/e E)ropertles allow it 'E[?[ megsrt:_rft: tgelr dlcsltanﬁgshm stable even for cases where the electron degeneracy is
an ixcethen accurac;;el\{[enlotu dotre shi Sth cyon \IN Ic | ligible (e.g. Cassisi et al. 1998; Langer et al. 2002). This i
makes them a poweriu tool to determine the cosmological Reg i, particular the potentially most frequent SN la proge

rameters (e.g: Hamuy et al. 1996; Bra_nch 1998; Lelbundqg} systems, where a hydrogen rich star (main sequence st
_ ' giant) is considered as white dwarf companion (e.g. Li
mological constant is in part based on SNe la data (Perlmu@gh den Heuvel 1997; Hachisu et al. 1999; Langer et al. 20(

et al. 1999; Riess et al. 2000). An understanding of the progeh., hydrogen accretion rates in those systems which may

itors of these supernovae is clearly required as a basis for thl%ﬁ\?steady hydrogen shell burning are about a few 10, /yr
fundamental astrophysical phenomena. oy

H houah th doubt that SN With these rates, the subsequent helium shell burning is usu
owever, even though there seems no dou tt ".ﬂ efdﬁnd to be unstable (Iben & Tutukov 1989; Cassisi et al. 19¢
are produced by the thermonuclear explosion of a white dwa}{fato & Hachisu 1999), and no model sequences which co

it is currently unclear in which kinds of binary systems sucllpIe major part of the white dwarf accretion phase could be ¢
an event can occur (Livio 2001). Among the scenarios Whi%'ﬂucted so far

have been put forward as possibilities, the so called single
degenerate scenario is currently favored, where a CO whsi'ﬁg
dwarf accretes mass from a non-degenerate companion 8”8

thereby grows up to the Chandrasekhar mass (e.g. H|IIebraﬁ1L\§Y shell source, thus avoiding complications involved in do

& Niemeyer 2000; Livio 2001). However, hydrogen as well le shell source models (e.g. Iben & Tutukov 1989). Su

helium accretion rates which allow an increase of the CO whiie . ; .
systems form a predicted binary evolution channel (Iben

Send gprint requests toS.-C. Yoon, Tutukov 1994), which is confirmed — even though for low:
e-mail:S.C.Yoon@astro.uu.nl masses than considered here — by Maxted et al. (2000). Fui

In an dfort towards overcoming this shortcoming, we col
r here the evolution of close helium star plus CO wh
rf systems. In those, the white dwarf develops only a |
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evidence for the existence of close helium star plus CO white Evolution of Helium Star

dwarf systems comes from the recent discovery of a helium - 8
nova (Ashok & Banerjee 2003; Kato & Hachisu 2003). 3.8 PV

Simplified binary evolution considerations provided us i
with an estimate for the optimal initial parameters of our model
system. As a result, we embarked on calculating the detailed |
evolution of a 1.8M helium star and a M, CO white dwarf L
in a 0.124 d orbit. We introduce our computational method and §  +
physical assumptions in Sect. 2. In Sect. 3, the evolution of the?
considered binary system is presented. We discuss our results 34
in Sect. 4.

Transfer
CO Core + He Envelope

2. Numerical method and physical assumptions 32

Core Helium Burning Phase

The numerical model has been computed with a binary stel- B
lar evolution code which computes the evolution of two binary ol L L L L
components, and the evolution of the mass transfer rate and of , gg 486 484 482 4.80
the orbital separation simultaneously through an implicit cou- log T [K]

pling scheme (Braun 1997). We use Eggleton’s (1983) apPreg. 1. Evolution of the 1.6V,
imation for the Roche lobe radius. Mass loss from the Roche

helium star in the HR diagram.

lobe filling star through the first Lagrangian point is computed Evolution of White Dwarf

according to Ritter (1988). The orbital change due to stellar 48 ‘
wind and mass transfer is followed according to Podsiadlowski
et al. (1992). The specific angular momentum carried away by
the stellar wind is computed following Brookshaw & Tavani
(1993). Orbital angular momentum loss due to the gravitational
wave radiation is also taken into account. Opacities are taken
from Iglesias & Rogers (1996). Mass loss due to a stellar wind
is considered aM = 102RL/[GM(L - I')], with T being the S
ratio of photospheric to Eddington luminosity. This mass loss ¥
rate is based on dimensional arguments and normalized for
Wolf-Rayet stars (Langer 1989). However, the particular choice
of the stellar wind mass loss formula does nfieet our final 4.2
results significantly, given that the value of the mass loss rate is
largely determined by, as the luminosity of the white dwarf

during the mass accretion phase is close to the Eddington limit.
Effects of rotation are not considered here (cf. Langer et al. 40 T T L T
2002; Yoon et al. 2004). For more details about the code, see 60 et o4
Wellstein & Langer (1999) and Wellstein et al (2001).

We start with a zero age main sequence helium star 5. 2. !Evolution of the CO white dwarf during.the mass accretion
1.6 My, and a 1.0M, white dwarf, in 0.124 day orbit. The phgse in the HR d_lagram. '_I'he numbers at the f|IIe_d C|rcle_s denote the
metallicity of the helium star is set to 0.02. In order to avoi}‘}'hlte dwarf mass in the unit of solar mass at the given points.
the numerical dficulty in following the initial strong helium
shell flash in the white dwarf which might be induced soon a§- esults
ter the onset of mass accretion, the white dwarf is approximate'dR
by a point mass until the mass transfer rate from the helium stdre evolution of our 1.8My helium star+ 1 My CO white
reaches about 1& M, /yr (see Fig. 3 in Sect. 3). To mimic thedwarf binary system proceeds as follows (see Figs. 1 and 2,
heating by the initial shell flash, we exchange the point maasd Table 1). The helium star undergoes the core helium burn-
by a hot and bright (lo§is/L, = 4.175) white dwarf model ing for 4.28 million years. After core helium exhaustion, the
at this time. The initial central temperature and density of temvelope of the helium star expands and starts to fill its Roche
white dwarf areT, = 1.8 x 1% K and 2x 10’ g/cn® respec- lobe (Fig. 1) when the radius of the helium star reachesR.61
tively. Although the central temperature may be much lower it this point, the CO core mass of the helium star reaches
reality when the mass accretion starts, the initial temperat®3 My, and mass transfer from the helium star commences.
structure is unimportant for the advanced evolution due to teeen though at this time the helium stars expands on the
self-heating of the white dwarfs (cf. Sect. 3). nuclear timescale of helium shell burning, the mass transfer

The calculations presented here required high space ahdinks the orbit and thus proceeds on the thermal timescale
time resolution: About 500 000 binary models were computeaf, the helium star. The resulting mass transfer rates are in the
where both stars were resolved intd000 mass shells. range 1 --8x 10° My /yr, as shown by the dotted line in Fig. 3.

4.6
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Table 1. Component masses, orbital period, and central density of 4'0:‘ L | ]
both stars, for five dferent times during the mass transfer, including [ ]
the beginning of mass transfer (defirtes 0), the time of minimum 35 i
orbital separationt(= 73 000 yr), and the time of central carbon igni- - 1
tion (t = 148 000 yr). 3.0 157
[CA ]
t Mie Mwo P PcHe PcwD mg 25— -
10yr My Mg h 1Fgcent® 16 gent® I ]
0 160 1.00 2.97 131 0.20 CI \\{
35 139 110 270 1.53 0.51 C ‘\\:
73 125 121 265 1.86 1.45 15 105 - -
110 115 130 2.69 2.30 4.70 [ ]
148 108 137 278 2.92 235 Lobu v b b b Lo 1
7.5 8.0 8.5 9.0 9.5

log pe

TT [ TTTTTTTTT [ TTTTTTIoTrTT [ TTTT1TTrTTTT [ TT T TTT1TTT
8 — —
L Y Pinit = 0.124 day  Muejmt = 1.6 Mo |

L Mwp,init = 1.0 Mo B

Fig. 4. Evolution of central density and temperature in the white dw:
during the mass accretion phase. The dashed line gives the locus w
the energy generate rate due to the carbon burning equals to the
................. Mass Transfer Rate ) trino cooling rate. The numbers at the filled circles denote the wt

Mass Accretion Rate __ | dwarf mass in the unit of solar mass at the given points.

o T 7 (AM/dt)ene b (Fig. 2). Thereafter, the white dwarf undergoes weak therr
5 pulses.
During the mass accretion, the surface temperature of
white dwarf varies from Zx 10° K to 12x 10° K and the lumi-
-1 nosity reaches.8- - -5x 10* L, (Fig. 2), with which the white
dwarf will appear as a super-soft X-ray source (e.g. Kahabki
van den Heuvel 1997; Greiner 2000). The central temperal
of the white dwarf decreases initially, mainly due to neutrit
emission. WherMyp 2 1.1 Mg, the compressional heating
begins to dominate, and the central temperature of the wil
dwarf increases. The dashed line in Fig. 4 indicates where
Fig. 3. Mass transfer rate (dotted line) and white dwarf mass accretighergy generation rate due to the carbon burning equals tc
I’é:tte (solid line) as function of the white dwarf mass, folr.the considerggéytrino energy loss rate. The white dwarf reaches this line
plnary model. The upper dashed line denotgs the critical mass acge-: 1.92x% 10° g/cm3 andT. = 2.71x 108 K, from where the
tion rate aboye which the helium envelope IS expected to expand tral temperature increases rapidly. About 1700 years th
giant dlmen5|oqs (Nomoto 19.82): For accretion rates below the IowaeiLrter WherT.. ~ 29 x 108 K. the central region becomes cor
dashed line helium shell burning is usually unstable. J € ) ! .
vectively unstable. About 1800 years later, in our last mod
the convection zone extendst6.5 M, whenT; = 4.6x 10° K
A part of the transferred matter is blowiff dy the stellar (Fig. 5).
wind at the white dwarf surface without being burned into car- The convective URCA process, which is not considered
bon and oxygen, and thus withoufecting the thermal evolu- our study, may fiect the evolution during this stage (Paczyns
tion of the CO core. The rest is transformed into CO in the h#972; Iben 1982). It is currently still debated whether it leads
lium burning shell source and accreted into the CO core. As theating or to cooling of the convective core (e.g. Mochkovit
mass transfer rate from the helium star increases, the surfacd886; Stein et al. 1999). Thus we have to consider the s
minosity of the white dwarf reaches about 40% of its Eddingtdial extent and duration of the convective phase, as obtail
luminosity (see Fig. 2). A radiation driven wind from the whitdrom our models, as uncertain. When the temperature exce
dwarf surface is induced, with a peak aB4 10 My/yr at 5---8 x 1% K, the nuclear time scale becomes comparable
Mwp = 1.04M,. As the mass transfer rate decreases, the stelllae convective time scale. In this case, convection is not ¢
wind from the white dwarf becomes weaker. The upper dashedefficiently carry away the released nuclear energy, and
lines in Fig. 3 denotes the critical mass accretion rate abawéxing length theory becomes inadequate to describe the ¢
which the helium envelope is expected to expand to giant giective energy transport. Therefore, we stop the calculatior
mensionsMgne = 7.2 X 10%(Mco/Mo — 0.60) My/yr, based this point; see, however,dflich & Stein (2002) for the further
on white dwarf models computed with constant mass accretiewvolution.
rates (Nomoto 1982). The helium shell source is expected to In our last model, the helium star has a mass of M@&nd
be stable when.8Mgpe < M < Mghe The accretion rate in the a CO core mass of 0.684,. If the white dwarf explodes, the he;
white dwarf remains in the steady helium shell burning reginlie@m star may survive but ster stripping ¢f small amounts of
until M ~ 1.3 M, and the white dwarf mass growffieiently mass by the supernova ejecta (Marrietta et al. 2000). Its sy

dM/dt [10-6 Mo/yr]

kl 1 l ) N I l ) I l ) I I T l ) I
1.00 1.10 1.20 1.30 1.40
Mwp/Mo
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5; L , that helium star plus white dwarf systems might be another nat-
E 1 ural possibility to explain short period SSSs.
n e
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