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ABSTRACT

V445 Pup (2000) is a unique object identified as a helium nova. Color indexes during the outburst are consistent
with those of free-free emission. We present a free-free emission—dominated light-curve model of V445 Pup on the
basis of the optically thick wind theory. Our light-curve fitting shows that (1) the white dwarf (WD) mass is very
massive (Mwp 2 1.35 M) and (2) half of the accreted matter remains on the WD, both of which suggest that the WD
mass is increasing. Therefore, V445 Pup is a strong candidate for a Type la supernova progenitor. The estimated
distance to V445 Pup is now consistent with recent observational suggestions, 3.5 kpc < d < 6.5 kpc. A helium star
companion is consistent with the brightness of m, = 14.5 mag just before the outburst, if it is a slightly evolved hot
(log T[K] = 4.5) star with the mass of My, = 0.8 M. We then emphasize importance of observations in the near-
future quiescent phase after the thick circumstellar dust dissipates away, especially its color and magnitude, to specify
the nature of the companion star. We have also calculated helium ignition masses for helium shell flashes against

various helium accretion rates and discussed the recurrence period of helium novae.

Subject headings: binaries: close — novae, cataclysmic variables — stars: individual (V445 Puppis) —

stars: mass loss — white dwarfs
Online material: color figures

1. INTRODUCTION

The outburst of V445 Pup was discovered on 2000 December
30 by Kanatsu (Kato et al. 2000). The outburst shows unique
properties such as the absence of hydrogen and unusually strong
carbon emission lines, as well as strong emission lines of Na, Fe,
Ti, Cr, Si, Mg, etc. (Ashok & Banerjee 2003; Iijima & Nakanishi
2008). The spectral features resemble those of classical slow
novae, except for the absence of hydrogen and strong emission
lines of carbon (lijima & Nakanishi 2008). The development of
the light curve is very slow (3.3 mag decline in 7.7 months), with
a small outburst amplitude of 6 mag. From these features, it has
been suggested that this object is the first example of a helium
nova (Ashok & Banerjee 2003; Kato & Hachisu 2003).

In our earlier work (Kato & Hachisu 2003), we presented a
theoretical light-curve model with the assumption of blackbody
emission from the photosphere, which resulted in the best-fit model
of a very massive white dwarf (WD; Mwp 2 1.3 M,,) and a rel-
atively short distance of d < 1 kpc. However, lijima & Nakanishi
(2008) recently showed that there are absorption lines of the Na1D
doublet at the velocities of 16.0 and 73.5 km s~!, suggesting that
V445 Pup is located in or beyond the Orion arm and that its dis-
tance is as large as 3.5-6.5 kpc. Woudt & Steeghs (2005) also
suggested a large distance of 4.9 kpc. Moreover, color indexes
during the outburst are consistent with those of free-free emis-
sion. With these new observational aspects, we have revised the
light-curve model of V445 Pup.
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Helium novae were theoretically predicted by Kato et al.
(1989) as a nova outburst caused by a helium shell flash on a
white dwarf. Such helium novae have long been theoretical ob-
jects until the first helium nova, V445 Pup, was discovered in
2000. Kato et al. (1989) assumed two types of helium accretion:
helium accretion from a helium star companion and hydrogen-
rich matter accretion at a high accretion rate with, beneath the
steady hydrogen-burning shell, ash helium accumulating on the
WD. The latter case is divided into two kinds of systems, de-
pending on whether hydrogen shell burning is steady (stable) or
not. To summarize, helium accretion onto a WD occurs in three
types of systems: (1) helium accretion from a helium star com-
panion; (2) steady hydrogen accretion with a rate high enough
to keep steady hydrogen shell burning, such as supersoft X-ray
sources, €.g., RX J0513.9—6951 (e.g., Hachisu & Kato 2003;
McGowan et al. 2005) and CAL 83 (e.g., Schmidtke & Cowley
2006); and (3) hydrogen accretion at a relatively low rate, re-
sulting in a recurrent nova such as RS Oph (e.g., Hachisu et al.
2007) and U Sco (e.g., Hachisu et al. 2000). In the present paper,
we regard V445 Pup as case (1), because no hydrogen lines were
detected (lijima & Nakanishi 2008).

In helium novae, mass loss because of an optically thick wind
is relatively weak compared to hydrogen novae, and a large part
of the accreted helium burns into carbon and oxygen and accu-
mulates on the WD (Kato & Hachisu 1999; Kato & Hachisu
2004). Our previous model indicated that V445 Pup contains a
massive WD (Mwp = 1.3 M,,), and the WD mass is increasing
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Fic. 1.— Vand I light curves of V445 Pup (large open circles). The I data are
shifted up by 1 mag in order to separate it from the ¥ light curve. Open triangles
denote ¥ magnitudes (Kato et al. 2000; IAU Circs. 7553, 7557, 7559, 7569, and
7620). Small open circles and downward arrows are taken from AAVSO to show
very early and later phases of the outburst. Large downward arrows show an
upper limit observation of /c > 16.2 (this work), ¥ > 20 and 7 > 19.5 (at the
same date; Henden et al. 2001). Straight lines indicate the average decline rates of
1.9 mag/130 days = 0.0146 mag day~ ' and 3.3 mag/230 days = 0.0143 mag day '
for I and V; respectively. [See the electronic edition of the Journal for a color
version of this figure.]

through helium shell flashes. Therefore, V445 Pup is a strong
candidate for a Type la supernova progenitor. Although there
are two known evolutional paths of the single-degenerate sce-
nario toward Type la supernovae (e.g., Hachisu et al. 1999),
helium-accreting WDs such as V445 Pup do not belong to either
of them. Therefore, it may indicate the third path to Type Ia
supernovae. If various binary parameters of V445 Pup are de-
termined, they can provide us with important clues to binary
evolution toward Type Ia supernovae.

In § 2 we introduce our multiband photometric observations,
which indicates that free-free emission dominates in the optical
and near-infrared. In § 3 we present our free-free emission—
dominated light-curve model and its application to V445 Pup.
Then we discuss brightness in quiescence in § 4. Discussion and
conclusions follow in §§ 5 and 6, respectively.

2. OBSERVATIONS

Shortly after the discovery of the V445 Pup outburst, one of
us (S. K.) started multiband photometry with a 25.4 cm tele-
scope [focal length 1600 mm, CCD camera Apogee AP-7 (SITE
SIA502AB of 512 x 512 pixels)]. Vand Rc magnitudes are ob-
tained from 2001 January 4 to May 6 and /- from 2001 January 4
to 2007 January 15, with the comparison star, TYC 6543-2917-1
(V'=28.74, B— V'=10.304). All of our data can be found at the data
archive of the Variable Star Observers League in Japan (VSOLJ).!

Figure 1 shows our V and /- magnitudes, as well as other
observations taken from the literature. These two light curves
show very slow evolution (~0.014 mag day "), followed by an
oscillatory behavior in the  magnitude before it quickly dark-
ened because of a dust blackout on about JD 2,452,100, i.e.,
7.5 months after the discovery (Henden et al. 2001; Woudt
2002; Ashok & Banerjee 2003). Here we assume the decline
rate of the light curves as shown in Figure 1, ignoring the later
oscillatory phase (JD 2,452,040-2,452,100), because we as-
sume a steady state in the nova envelope, as mentioned below,

! See http://vsolj.cetus-net.org.

-— ¥ 0
I V-1, 1
I 5 |

1 b lff@)* & Bop by *o*éﬁfi R
- | =<

o i o ° 15 o

LT s e me e e — T o T T

> | V-R, |

0+ & 2 | i
i BT % @ an ® o 0 ¢
é&% ° ¢ o ° %%oo@ ° o % T
I s %0 T am?d 00 0o o He o
| o % ° o % - 10
I v Bo o |
_ N R S RS SN
1900 1950 2000 2050

JD 2,450,000+ (day)

Fig. 2—Colorindexes of V' — Ic and V' — R, as well as I and V. Circles, this
work; triangles, Gilmore (IAU Circs. 7559 and 7569) and Gilmore & Kilmartin
(IAU Circ. 7620). The horizontal dashed lines indicate the mean values of V' —
Rc=05and V — Ic = 1.12.

and as a result, our theoretical light curve cannot treat unsteady
oscillations.

Figure 2 shows the evolution of color indexes V' — Ic and
V — Rc, as well as Vand I themselves. We can see that both of
V — Ic and V — Rc are almost constant with time, i.e., ~1.12
and ~0.5, respectively, during our observation. This means that
the three light curves of V, I, and R are almost parallel, and
each light-curve shape is independent of wavelength. These are
the characteristic properties of free-free emission—dominated light
curves, as explained below.

The flux of optically thin free-free emission is inversely pro-
portional to the square of the wavelength, i.e., F) x 272 This
spectrum shape is unchanged with time, although the electron
temperature rises during nova outburst because the emission
coeflicient depends only very slightly on the electron tempera-
ture (e.g., Brown & Mathews 1970). Therefore, the color indexes
of free-free emission—dominated light curves are unchanged
with time. On the other hand, the color indexes change with
time if blackbody emission dominates, because the photospheric
temperature rises with time in nova outbursts. Figures 1 and 2
indicate that the emission from V445 Pup is dominated by free-
free emission, rather than by blackbody emission.

The color index of free-free emission is calculated from AF; o<
/', When the reddening is known, the reddened color is ob-
tained as

my —my; =My — M)y + c,E(B—V), (1)

where (My — M), is the intrinsic color and ¢, is the reddening
coefficient (these values are tabulated in Table 4 in Hachisu et al.
[2008] for five colors of V —R, V —I, V —J, V—H, and
V' — K). Figure 3 shows the color indexes relative to V for two
cases of reddening, i.e., E(B — V) = 0and 0.5.

For comparison, we have added four relative colors of V1500
Cyg (Hachisu & Kato 2006), because its continuum flux is known
to be that of free-free emission (Gallagher & Ney 1976), except
for the first few days after the optical peak. Here we use Stromgren
y-magnitude instead of ¥, because the intermediate-width y band
is almost emission line—free. Three (y — I,y — H,andy — K) of
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Fic. 3.—Color indexes plotted against wavelength. Our observational color
indexes of V445 Pup, V' — R¢ and V' — I, are plotted for individual data (dots)
and their mean values of 0.5 and 1.12 (squares). The color indexes of V1500 Cyg
are added for y-magnitude instead of V' (triangles; taken from Hachisu et al. 2008).
Arrows indicate the effective wavelength of six bands, ¥, Rc, Ic, J, H, and K.
Curves denote color indexes of free-free emission for E(B — V') = 0 and 0.5. [See
the electronic edition of the Journal for a color version of this figure.]

four color indexes are consistent with those of color indexes with
E(B —V)=0.5 (Ferland 1977; Hachisu & Kato 2006). The
J band is strongly contaminated with strong emission lines of
He1(e.g., Black & Gallagher 1976; Kolotilov & Liberman 1976;
Shenavrin & Moroz 1976). This is the reason the y —J color
index deviates from that of free-free emission (see Hachisu et al.
2008 for more details).

Our observed color indexes are shown in Figure 3. The squares
are centered at the mean values of V' — Rc =0.5and V — Ic =
1.12, whereas dots represent individual observations. In V445
Pup, no strong emission lines dominate the continuum in the 7,
R, and 7 bands (Kamath & Anupama 2002; Iijima & Nakanishi
2008). Therefore, we conclude that the color indexes of V445 Pup
are consistent with those of free-free emission with the reddening
of E(B— V') = 0.51 (lijima & Nakanishi 2008).

3. MODELING OF NOVA LIGHT CURVES
3.1. Basic Model

After a thermonuclear runaway sets in on the surface of a
WD, the envelope expands to giant size and the optical lumi-
nosity reaches its maximum. Optically thick winds occur, and
the envelope reaches a steady state. Using the same method and
numerical techniques as in Kato & Hachisu (1994, 2003), we
have followed the evolution of a nova by connecting steady state
solutions along the sequence of decreasing envelope mass. We
have solved the equations of motion, continuity, radiative diffu-
sion, and conservation of energy from the bottom of the helium
envelope through the photosphere. The winds are accelerated
deep inside the photosphere. Updated OPAL opacities are used
(Iglesias & Rogers 1996). As one of the boundary conditions for
our numerical code, we assume that photons are emitted at the
photosphere as a blackbody with a photospheric temperature 7.
Kato & Hachisu (2003) calculated the visual magnitude My on
the basis of blackbody emission and constructed the light curves.

Vol. 684
TABLE 1

MobEL PARAMETERS

log RWD
Re) Y Xc+o

—2.193 0.68 0.3
—2.33 0.48 0.5
—2.417 0.38 0.6
—2.468 0.38 0.6
—2.535 0.58 0.4
—2.535 0.38 0.6
—2.535 0.18 0.8
—2.56 0.38 0.6

Note.—The heavy-element content is assumed to be Z =
0.02, which includes carbon and oxygen in the solar ratio.

In the present work, we calculate free-free emission—dominated
light curves. The envelope structure, wind mass-loss rate, photo-
spheric temperature, and photospheric radius of the WD enve-
lope are essentially the same as those in the previous model.
The flux of free-free emission from the optically thin region out-
side the photosphere dominates in the continuum flux of optical
and near-infrared wavelength region and is approximated by

[e'e) le MZ.
FVOC/NeNidVO(/R %md“rzdroc 2wmd7 2)

ph Vwind” vph ph

where F, is the flux at the frequency v, N, and N; are the number
densities of electrons and ions, respectively, V'is the volume, R,
is the photospheric radius, Myinq is the wind mass-loss rate, and
vph is the photospheric velocity (Hachisu & Kato 2006; Hachisu
et al. 2008).

The proportionality constant in equation (2) cannot be de-
termined a priori because we do not calculate radiative trans-
fer outside the photosphere. These proportionality constants are
determined by fitting with observational data (Hachisu & Kato
2006, 2007; Hachisu et al. 2008).

3.2. Free-Free Light Curve and WD Mass

We have calculated free-free emission—dominated light curves
of V445 Pup for WD masses of 1.2, 1.3, 1.33, 1.35, 1.37, and
1.377 M. The last one is the upper limit of the mass-accreting
WDs (Nomoto et al. 1984). The adopted WD radius and chem-
ical composition are listed in Table 1. Here we assume that chem-
ical composition is constant throughout the envelope.

Figure 4 shows the calculated free-free light curves. More
massive WDs show faster declines. This is mainly because more
massive WDs have less massive envelopes, and the smaller mass
envelopes are quickly taken off by the wind. The figure also
shows two additional models of Mwp = 1.37 M, with differ-
ent compositions of Xc;o = 0.4 and 0.8. These models show
decline rates almost similar to that of Mwp = 1.37 M, with
XC+O = 06

The starting point of our model light curve depends on the
initial envelope mass. When an initial envelope mass is given,
our nova model is located somewhere on the light curve. For a
more massive ignition mass, it starts from an upper point of the
light curve. Then the nova moves rightward with the decreasing
envelope mass due to wind mass loss and nuclear burning.

Helium shell flashes develop much more slowly than hydro-
gen shell flashes, mainly because of the much larger envelope
masses of helium shell flashes (Kato & Hachisu 1994). The short
straight solid line in Figure 4 represents the decline rate of the
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FiG. 4.—Free-free emission—dominated light curves for various WD masses.
The chemical composition is assumed tobe ¥ = 0.38, Xc.0 = 0.6,and Z = 0.02
throughout the envelope. The WD mass is shown for each curve. The dashed and
dotted curves denote the Mwp = 1.37 M., model, but with a different chemical
composition, Xco = 0.4 and 0.8, respectively. Circles denote the starting points
of light-curve fitting in Fig. 5; upper and lower points of Mwp = 1.37 M, (solid
line) correspond to models 4 and 3, and those of 1.377 M, correspond to models 8
and 7, respectively (see Table 2). A short straight solid line indicates the decline
rate of observed V data in Fig. 1 (3.3 mag/230 days).

V light curve in Figure 1. The length of the line indicates the
observed period, which is relatively short because of dust black-
out 230 days after the optical maximum. We cannot compare the
entire evolution period of the light curve with the observational
data, so fitting leaves some ambiguity in choosing the best-fit
model, even though we may conclude that WDs with masses of
Mywp < 1.33 M, are very unlikely because their light curves are
too slow to be comparable with the observation.

Figure 5 represents the light-curve fitting with observational
data. Here the model light curves of I are identical to those of
¥, but are shifted by 1.12 mag upward, the mean value of V' — I
obtained in Figure 2. It should be noted that, in this figure, these
light curves are further shifted by 1.0 mag because of Ic — 1.

These light curves are a part of the model light curves in
Figure 4. In the early phase of the outburst, the light curve de-
clines almost linearly, so that fitting is not unique. We can fit
any part of our model light curve if its decline rate is the same
as ~0.014-0.015 mag day~!, for example, either the top or
the middle part of the same light curve of the 1.377 M, WD in
Figure 4. In such a case, we show two possible extreme cases,
i.e., the earliest starting point and the latest one, as shown in
Figure 4 (circles). These model parameters are summarized in
Table 2, where we distinguish the models by numbers.

Thus, we have selected several light curves that show a rea-
sonable agreement with the observation. However, we cannot
choose the best-fit model among them, because the observed
period is too short to distinguish a particular light curve from
others because the difference among them appears only in a late
stage.

For relatively less massive WDs of Myp < 1.33 M., we
cannot make reasonable fits with the observation for any part
of the model light curves. Among relatively more massive WDs
of Mwp = 1.35 M, in Table 2, model 1 shows a slightly slower
decline. Therefore, the 1.35 M, WD may be the lowest value
for the WD mass. Thus, we may conclude that V445 Pup con-
tains a very massive WD of Myp = 1.35 M.

Fic. 5.—Ourmodel light curves fitted to the observations. Dotted line, model 1;
thin dashed line, model 2; thin solid line, model 3; thick solid line, model 4; triple-
dot—dashed line, model 5; thin dash—dotted line, model 6; thick dashed line,
model 7; dash-dotted line, model 8. Our model /- light curves are identical to
those of ¥, but are shifted up by 1.12 mag (and further shifted up by 1 mag for
Ic — 1). The ordinate on the right vertical axis represents the absolute magni-
tude of model 4. For the other models, the model light curves are shifted down
by 0.4 mag (model 1), up by 0.2 mag (model 2), up by 0.3 mag (models 3 and 7),
down by 0.2 mag (model 5), down by 0.5 mag (model 6), and up by 0.1 mag
(model 8) (see Table 2). The observational data are the same as those in Fig. 1.

3.3. Mass Accumulation Efficiency

During helium nova outbursts, part of the helium envelope is
blown off by winds, while the rest accumulates on the WD. We
define the mass accumulation efficiency 7y, as the ratio of the
envelope mass that remains on the WD after the helium nova
outburst to the helium envelope mass at ignition, AMy i, (Kato
& Hachisu 2004).

The mass accumulation efficiency is estimated as follows.
We have calculated the mass lost by winds during the outburst,
AM,. Note that AM,; is the calculated total ejecta mass that
is ejected during the wind phase, and not the mass ejected dur-
ing the observing period, which may be shorter than the wind
phase.

The ignition mass is approximated by the envelope mass at
the optical peak, i.e., AMye i = AMpe peak- Since the exact time
of the optical peak is unknown, we assume that the optical peak
is reached on JD 2,451,872, i.e., the earliest prediscovery ob-
servation in the brightest stage reported in IAU Circulars 7553,
28 days earlier than the discovery. The envelope mass at the
optical peak is estimated from our wind solution and is listed as
A My jg in Table 2. The resultant accumulation efficiency,

_ A]Ml-[e,peak - A]Mej
He =
A]V[He,peak

: 3)

is also listed in Table 2. The efficiencies are as high as ~50%.
The WD of V445 Pup is already very massive (Mwp = 1.35 M),
and its mass has increased through helium nova outbursts. There-
fore, V445 Pup is a strong candidate for a Type Ia supernova
progenitor.

4. QUIESCENT PHASE

Before the 2000 outburst, there was a 14.5 mag star at the
position of V445 Pup (taken from the archive of VSNET?), but
no bright star has been observed since the dust blackout. We
may regard 14.5 mag as the preoutburst magnitude of the binary.

2 See http://vsnet.kusastro.kyoto-u.ac.jp/vsnet.
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TABLE 2
PARAMETERS OF FITTED MODEL
Myp AMye i AMejb Distance Myt Treo
Model No. (M) Y Xcvo M) (Mg) Nie” (kpe) (Mg yr™h) (yr)
) @ ® @ ®) ©) ™ ®) © (10)
1.35 0.38 0.6 3.3E—4 1.8E—4 0.45 6.6 6.E—8 5000
1.37 0.58 0.4 1.6E—4 9.2E-5 0.42 5.0 7.E—-8 2000
1.37 0.38 0.6 1.9E—4 8.7E-5 0.53 4.8 6.E—8 3000
1.37 0.38 0.6 2.1E—4 1.1IE—4 0.49 5.5 S.E-8 4000
1.37 0.18 0.8 3.5E—4 1.2E—4 0.64 6.0 4E-8 9000
1.37 0.18 0.8 3.8E—4 1.5E—4 0.61 6.9 4E-8 10000
1.377 0.38 0.6 1.8E—4 7.4E-5 0.60 4.8 5.E-8 4000
1.377 0.38 0.6 2.2E—4 9.6E—5 0.56 5.2 4E-8 5000

? Envelope mass at ignition is assumed to be equal to the mass at the optical peak, which we assume is JD 2,451,872 (28 days before the

discovery).
® Total mass ejected by the wind.
¢ Mass accumulation efficiency.
9 Estimated from Fig. 7.

There are two possible explanations for this quiescent-phase lu-
minosity; one is the accretion disk luminosity, and the other is the
luminosity of the bright companion star. In the following subsec-
tions, we discuss how these possible sources contribute to the
quiescent luminosity.

4.1. Accretion Disk

In some nova systems, an accretion disk mainly contributes
to the brightness in their quiescent phase. If the preoutburst lu-
minosity of V445 Pup comes from an accretion disk, its absolute
magnitude is approximated by

5 MWD Macc
My(obs) = —9.48 — = log| ————
y(obs) : og( T

5
~3 log (2 cos i), 4)

where My is the WD mass, M, the mass accretion rate, and i
the inclination angle (eq. [A6] in Webbink et al. 1987). Assum-
ing that Myp = 1.37 M and i = 80° (Woudt & Steeghs 2005),
we have My = 1.4, 2.3, and 3.1 for the accretion rates of 1 x
107%,3x 1077, and 1 x 1077 M, yr~!, respectively.

The apparent magnitude of the disk is calculated from

my — My = Ay + 5 log Dy, (5)

where D is the distance divided by 10 pc. With the absorption
of Ay = 1.6 and the distance of 3 kpc, the apparent magnitude is
estimated to be my = 15.4, 16.3, and 17.1, for the above accre-
tion rates, respectively. For the distance of 6.5 kpc, we obtain
brightnesses of my = 17.1, 18.0, and 18.8, respectively. All of
these values are much fainter than 14.5 mag. Therefore, it is very
unlikely that an accretion disk mainly contributes to the preout-
burst luminosity.

4.2. Helium Star Companion

Another possible source of the preoutburst brightness is
a helium star companion. Figure 6 shows evolutional tracks
of helium stars with masses between 0.6 and 3.0 M, from the
helium main sequence to the red giant stage in the H-R diagram.
We use OPAL opacities and an initial chemical composition of
X =0.0, Y =0.98, and Z = 0.02. The numerical method and
input physics are the same as those in Saio (1995).

As shown in Figure 6, low-mass helium stars do not evolve
to a red giant. In our new calculation, the 0.8 M, helium star
evolves to a red giant, but the 0.6 and 0.7 M, helium stars
evolve toward the blue. Paczynski (1971) showed that stars of
Mye 2 1.0 M, evolve to a red giant, while those with 0.5, 0.7,
and 0.85 M., do not. Our calculations are essentially the same
as those of Paczynski (1971), and the difference is attributed
mainly to the difference between the adopted opacities.

Figure 6 also shows locations of stars whose apparent mag-
nitudes are my = 14.5 for Ay = 1.6. Here the distance is as-
sumed to be 4.9 (squares) or 6.5 kpc (circles). For example, a
star of (temperature, luminosity) = (log 7o K], log Lph/Le) =
(4.2,2.81), (4.4, 3.25), and (4.6, 3.75) could be observed as
a 14.5 mag star for 6.5 kpc and (log Tpn[K], log Lyw/Le) =
(4.2,2.57), (4.2, 2.57), (4.4, 3.0), and (4.6, 3.51) for 4.9 kpc.

4.5

log Tph (K)

Fic. 6.—Evolutional tracks of helium stars with masses of My, = 0.6, 0.7,
0.8, 0.9, 1.0 (lower thick line), 1.2, 1.4, 1.6, 1.8, 2.0 (upper thick line), 2.5, and
3.0 M, in the H-R diagram. The 0.6 and 0.7 M, stars evolve blueward and do not
become red giants. We stopped the calculation when carbon ignites at the center
for 2.5 and 3.0 M, stars. Circles and squares denote stars with a 14.5 mag bright-
ness at the distance of 6.5 and 4.9 kpc, respectively, for 4y = 1.6. [See the elec-
tronic edition of the Journal for a color version of this figure.]
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Fig. 7.—Helium ignition mass, A My g, of helium-accreting WDs plotted
against the helium accretion rate, M. The WD mass is attached to each curve.
Dashed lines indicate the recurrence period. Squares indicate the ignition mass of
each model in Table 2. [See the electronic edition of the Journal for a color version

of this figure.)

Therefore, the observed 14.5 mag is consistent with the luminosities
and temperatures of slightly evolved helium stars of My, 2 0.8 M,
if the companion is a blue star of log Tp, = 4.5.

On the other hand, if the companion is redder than log Tp,, < 4.4,
there is no corresponding evolution track in the low-luminosity
region of the H-R diagram, as shown in Figure 6. In such a case,
the preoutburst luminosity cannot be attributed to a helium star
companion. T. Kato® suggested that the preoutburst color of
V445 Pup was much bluer than that of symbiotic stars (which
have a red giant companion), but rather close to that of cataclys-
mic variables (main sequence or slightly evolved companion).
This argument is consistent with our estimate of relatively high
surface temperature log Tp, = 4.5 (see Fig. 6).

5. DISCUSSION
5.1. Distance

As explained in §§ 3.1 and 3.2, we do not solve for energy
transfer outside the photosphere and, thus, we cannot determine
the proportionality constant in equation (2). Therefore, we can-
not determine the distance to V445 Pup directly by comparing
the theoretical absolute magnitude with the observational ap-
parent magnitude. Instead, we can estimate the approximate
distance by assuming that the free-free flux is larger than the
blackbody flux during the observing period. This assumption
gives a lower limit to the distance. We expect that the distance
thus estimated is close to the real value. Column (8) of Table 2
lists the distance estimated for each model. These distances are
consistent with the observational estimates of 3.5 kpc <d <
6.5 kpc (lijima & Nakanishi 2008) and ~4.9 kpc (Woudt &
Steeghs 2005).

5.2. Helium Ignition Mass and Recurrence Period

We have calculated evolution of C+O white dwarfs accreting
helium at various rates until ignition of a helium shell flash.

3 See http://www.kusastro.kyoto-u.ac.jp/vsnet/ Mail /alert35000/msg00493.html.
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s He star companion
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Mass (Mg)

Fic. 8.—Mass-loss rate of a helium star that fills its Roche lobe of radius
1.5 R, The initial stellar mass is 1.2, 1.0 (dotted line), and 0.8 M_;,. Time increases
from left to right. See the text for more details.

Chemical compositions assumed are Xc = 0.48 and Xo = 0.50
for the WD core and X = 0.0 and ¥ = 0.98 for the accreted en-
velope. The initial model adopted for a given core mass and ac-
cretion rate is a steady state model in which the heating due to
the accretion is balanced by the radiative energy flow. Adopting
such an initial model is justified because the WD has accreted
matter from the companion for a long time and experienced many
shell flashes.

As the helium accretion proceeds, the temperature at the bot-
tom of the envelope gradually increases. When the temperature
becomes high enough, the triple-alpha reaction causes a shell
flash. The mass of the helium envelope at ignition depends on
the WD mass and the accretion rate, as shown in Figure 7. The
envelope mass required to ignite a shell flash tends to be smaller
for a higher accretion rate and for a larger WD mass. Helium
flashes are weaker for higher accretion rates and lower WD masses.
In particular, they are very weak for accretion rates higher than
~1078 M, yr L.

The envelope mass at ignition depends also on the core tem-
perature. If the core temperature of the initial WD is lower than
that of the steady state model employed for our calculations, the
envelope mass at ignition would be larger.

The recurrence period, AMye jo/Mie, is also plotted in Figure 7
by dashed lines. The recurrence periods corresponding to the ig-
nition mass of our fitted models are listed in Table 2.

5.3. Mass Transfer from a Helium Star Companion

We have estimated the mean accretion rate My, of the WD as
in Table 2. The companion star feeds its mass to the WD via the
Roche lobe overflow or by winds, depending on whether it fills
the Roche lobe or not. Here we examine whether this accretion
rate is comparable to the mass transfer rates of the Roche lobe
overflow from a helium star companion. We followed the stellar
evolution of helium stars from the main sequence assuming that
the star always fills its effective Roche lobe, for which the radius
is simply assumed to be 1.5 R.. The resultant mass-loss rates
are shown in Figure 8 for stars with initial masses of 1.2, 1.0 and
0.8 M. These results are hardly affected, even if we change the
Roche lobe radius.
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The mass-loss rate decreases with the companion mass almost
independently of the initial value. Except for the short initial and
final stages, these rates are as large as My ~ 107¢ M yr~! and
much larger than the mass accretion rate estimated from our
fitted models in Table 2. Since almost all of the mass lost by the
companion accretes onto the WD in the case of Roche lobe
overflow, the accretion may result in very weak shell flashes for
rates as high as 1076 M, yr~!. A strong shell flash like V445 Pup
is realized only in the final stages of mass transfer, when the mass
transfer rate quickly drops with time. This rare case may corre-
spond to a final stage of binary evolution after the WD has grown
in mass to near the Chandrasekhar limit from a less massive one
and the companion has lost a large amount of mass via Roche
lobe overflow. Such information will be useful for modeling
a new path of the binary evolution scenario that will lead to a
Type Ia supernova.

5.4. Comparison with Other Observations

The mass of the dust shell can be estimated from infrared
continuum flux with the assumption that the emission originated
from warm dust. With infrared 10 um spectrum, Lynch et al.
(2004a) estimated the dust mass to be 2 x 1076 M, for a distance
of 3 kpc. This value would be increased if we adopt a larger
distance instead of 3 kpc, but is still consistent with our esti-
mated ejecta mass AMj ~ (0.7-1.8) x 10~ M, in Table 2, be-
cause the dust mass is a small part of the ejected mass.

Lynch et al. (2004b) reported the absence of He 11 or coronal
lines on their near-IR spectra and suggested that the ionizing
source was not hot enough on 2004 January 14 and 16 (1146 days
after the optical maximum). Lynch et al. (2005) also reported,
from their near-IR observation on 2005 November 16, that the
object had faded, and the thermal dust emission had virtually
disappeared. They suggested that the dust had cooled signif-
icantly until that date (1818 days). This suggestion may con-
strain the WD mass of V445 Pup, because Figure 4 shows that
the outburst lasts more than 1800 days for less massive WDs
(<1.33 M,). If the WD had cooled down until the above date, we
may exclude less massive WD models (<1.33 M,,), because
these WDs evolve slowly and their hot surfaces emit high-energy
photons at least until 1800 days after the optical peak.

We have shown that the WD mass of V445 Pup is increasing
with time. When the WD continues to grow to the Chandrasekhar
limit, central carbon ignition triggers a Type la supernova ex-
plosion if the WD consists of carbon and oxygen. We regard the
star as a CO WD instead of an O-Ne-Mg WD, because no indi-
cation of neon was observed in the nebula-phase spectrum (Woudt
& Steeghs 2005). Therefore, we consider that V445 Pup is a strong
candidate for a Type Ia supernova.

When a binary consisting of a massive WD and a helium star like
V445 Pup becomes a Type la supernova, its spectrum may more or
less show signs of helium. The search for such helium associated
with a Type Ia supernova has been reported for a dozen Type Ia
supernovae (Marion et al. 2003; Mattila et al. 2005), but all of
them are null detections. It may be difficult to find such a system,
because this type of Type la supernova is very rare.
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The binary seems to be still deeply obscured by the optically
thick dust shell, even several years after the outburst. This black-
out period is much longer than that of the classical novae, such
as OS And (~20 days), V705 Cas (~100 days), and DQ Her
(~100 days). As the ejected mass estimated in Table 2 is not
much different from those of classical novae, the difference in
the blackout period may be attributed to a large amount of dust
in the extremely carbon-rich ejecta of a helium nova. More-
over, the observed low ejection velocities of ~500 km s~!
(lijima & Nakanishi 2008) are not much larger than the escape
velocity of the binary with a relatively large total mass [e.g.,
1.35 My + (1-2) M]. Both of these effects lengthen the dust
blackout period. When the dust obscuration is cleared in the
future, the period of blackout will provide useful information
about the dust shell.

6. CONCLUSIONS

Our main results are summarized as follows:

1. We have reproduced ¥ and I light curves using free-free
emission—dominated light curves calculated on the basis of the
optically thick wind theory.

2. From the light-curve analysis, we have estimated the WD
mass to be as massive as Myp 2 1.35 M.

3. Our light-curve models are now consistent with a longer
distance of 3.5 kpc < d < 6.5 kpe (Ilijima & Nakanishi 2008)
and 4.9 kpc (Woudt & Steeghs 2005).

4. We have estimated the ejecta mass as the mass lost by
optically thick winds, i.e., A Myjng ~ 10~% M. This amounts to
about half of the accreted helium matter so that the accumu-
lation efficiency reaches ~50%.

5. The white dwarf'is already very close to the Chandrasekhar
mass, i.e., Myp 2 1.35 M, and the WD mass had increased
after the helium nova. Therefore, V445 Pup is a strong candidate
for a Type Ia supernova progenitor.

6. We emphasize the importance of making observations
after the dense dust shell disappears, especially observations
of the color and magnitude, orbital period, and inclination an-
gle of the orbit. These are important to specify the nature of the
companion.
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