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Abstract

V445 Puppis (Nova Puppis 2000) is the only known example of a helium nova, where a layer of helium-rich gas
accretes onto the surface of a white dwarf (WD) in a cataclysmic variable, with runaway helium burning making for the
nova event. Speculatively, a helium nova can provide one path to produce a Type Ia supernova (SNIa), within the
larger framework of single-degenerate models. Relatively little has been known about V445 Pup, with this work
reporting the discovery of the orbital period near 1.87 days. The companion star is 2.65 + 0.35 R, in radius as an
evolved giant star stripped of its outer hydrogen envelope. The orbital period immediately before the 2000 eruption
was By = 1.871843 4 0.000014 days, with a steady period change of (—0.17 & 0.06) x 10~ from 1896 to 1995. The
period immediately after the nova eruption was Ppoq = 1.873593 4= 0.000034 days, with a P of (—4.74+0.5) x 1078,
The fractional orbital period change (AP/P) is +935 + 27 ppm. This restricts the mass of the gases ejected in the nova
eruption to be >>0.001 M, and much greater than the mass accreted to trigger the nova. So the WD is losing mass
over each eruption cycle, and will not become a SNla. Further, for V445 Pup and helium novae in general, I collect
observations from 136 normal SNla for which any giant or subgiant companion star would have been detected, yet
zero companions are found. This is an independent proof that V445 Pup and helium novae are not SNIa progenitors.

Unified Astronomy Thesaurus concepts: Cataclysmic variable stars (203); Classical novae (251); Type Ia

supernovae (1728); Supernova remnants (1667)

Materials only available in the online version of record: machine-readable table

1. Introduction

With insight, the existence, nature, and properties of “helium
novae” were predicted in 1989 by M. Kato et al. (1989). The idea
is that a white dwarf (WD) in a cataclysmic variable (CV) might
accrete helium-rich gas, which accumulates until a helium shell
flash powers a normal-looking nova eruption. The accumulated
helium might come from accretion off a giant star stripped of its
outer hydrogen-rich envelope, or from a degenerate star made
mostly of helium (like for an AM CVn star). The ejecta of a
helium nova should be essentially hydrogen-free.

Helium novae might be a separate path to create a Type Ia
supernova (SNIa; see, e.g., M. Kato & I. Hachisu 2003;
M. Kato et al. 2008). One of the premier open questions in
modern astrophysics concerns the nature of the progenitors of
normal SNIa systems (the so-called “progenitor problem”; see
D. Maoz et al. 2014 for a review). The progenitors certainly are
a close binary star, with one member being a CO WD. One
popular solution to the progenitor problem is that the
companion star of the CO WD is a second WD, hence there
are two degenerate stars in the binary for the so-called double-
degenerate (DD) model. The other popular solution is to have
the companion being a normal nondegenerate star, hence the
binary has only one degenerate star for a so-called single-
degenerate (SD) model.

V445 Pup (Nova Puppis 2000) was discovered in eruption on
2000 December 30 by K. Kanatsu (2000). Prediscovery images
show the star to be in quiescence up until 2000 September 26,
and at 8.8 mag (nearly the discovery magnitude) on November
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23 (N. M. Ashok & D. P. K. Banerjee 2003). The peak
magnitude might be near 8.8 or possibly substantially brighter.
The eruption spectra were startling for the utter lack of any
hydrogen lines, and this is the key point for identifying V445
Pup as a helium nova (M. Kato & 1. Hachisu 2003). Otherwise,
the strong emission lines of various metals resemble that of slow
novae. The light curve faded from peak by 3 mag (#3) in
240 days, like for slow novae. In 2004 February, at McDonald
Observatory, while seeking a photometric time series to discover
an orbital period I was startled to find that V445 Pup appeared
~6 mag fainter in the R band than before the nova eruption.
V445 Pup had gone into a dust dip (like for DQ Her and for
D-class novae) caused by dust formation in the dense ejecta.
Startlingly, this dust dip was uniquely and extraordinarily deep
(getting to 6 mag fainter than pre-eruption) and long-lasting (it
has only recovered to V=17 even 24 yr later). So the ejected
shell must be very massive. Startlingly, P. A. Woudt et al. (2009)
found a fast-expanding finely structured symmetrical bipolar
nebula, expanding at speeds up to 8450km s~ '. This places the
Earth close to the equatorial dust disk, which causes the deep
dust dip. In all, we have a unique and extreme nova, with V445
Pup being the only known example of a helium nova.

Other than its recognition as a helium nova, little is known
about the fundamental nature of V445 Pup. The orbital period
is not known.! Modelers (M. Kato et al. 2008; K. J. Shen &
L. Bildsten 2009; J. Brooks et al. 2015) expect orbital periods
from roughly 1 hr (for AM CVn systems) to several days (for

' v.P. Goranskij et al. (2010) used old plates from Moscow and Sonneberg to

claim a periodicity of 0.650654 days. But this is just one peak among 15
roughly equal alias peaks ranging from 0.39 to 3.74 days, with plotted folded
light curves for most. Their chosen alias was selected because they liked the
Lafler—Kinman periodogram and they saw an insignificant dip that they took to
be an eclipse.
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stripped giant companions). The distance is poorly determined.
The spectral energy distribution (SED) of the pre-eruption star
has been variously fit to that of an A0 V star (V. P. Goranskij
et al. 2010) or an accretion disk (N. M. Ashok &
D. P. K. Banerjee 2003), but this was constructed with
magnitudes from five widely separated times, such that the plot
is disjointed and can only be a bad fit to any blackbody or
power law. Rather, the only usable information is that the SED
does not suffer any large turnover in the B band, so the stellar
temperature of the companion must be >10,000 K. The mass of
the dust formed in the ejecta has been estimated from the
infrared flux (N. M. Ashok & D. P. K. Banerjee 2003;
D. K. Lynch et al. 2004; D. P. K. Banerjee et al. 2023), but any
such estimate has uncertainties of >3 orders of magnitude due
to the usual uncertainties in dust temperature, distance, as well
as the dust composition and size distribution. Further, to go
from any such badly known measure of the dust mass to the
mass of the ejecta would require a dust fraction that is uncertain
by orders of magnitude. V. P. Goranskij et al. (2010) even
suggest that the original WD was completely destroyed by the
nova eruption.

As the only known example of a helium nova, V445 Pup has
long excited theorists anxious to find an SD progenitor (e.g.,
C. McClully et al. 2014; E. C. Kool et al. 2023). But there has
been no useful observational advance since 2010. M. Kato
et al. (2008) gives as their final conclusions, “We emphasize
the importance of making observations after the dense dust
shell disappears, especially observations of the color and
magnitude, orbital period, and inclination angle of the orbit.
These are important to specify the nature of the companion.”
P. A. Woudt et al. (2009) concludes, “Validation of the white
dwarf+helium star model as the appropriate binary configura-
tion of V445 Puppis will come from the determination of its
orbital period.”

2. Orbital Period

The orbital period P is expected to be in a range from 1 hr up
to weeks. To find the period as a coherent optical modulation, I
had previously made an ineffective photometric time series at
McDonald Observatory, and previously looked through a short
series of Harvard and Sonneberg sky photographs (plates),
again with no significant periodicity. With the completion of
the DASCH program, additional plates and magnitudes became
available, so I constructed a combined light curve, with
175 mag from 1896 to 1989.% A discrete Fourier transform then
immediately gave a single peak that is highly significant, a
period near 1.87188 days. This period has no ambiguities or
problems with any aliases or artifacts of the window function.
A fold on this period (see Figure 1) shows a typical CV orbital
modulation with a broad minimum of total amplitude 0.40 mag.
This is obviously the orbital period.

Now, in hindsight, the exact same periodicity is seen
independently in both the 51 Moscow plates from 1969 to 1989
and the 32 Sonneberg plates from 1984 to 1991.
V. P. Goranskij et al. (2010) had actually had the correct
period as his most significant peak, but had passed it over for a
less significant alias that displayed an insignificant dip that was

2 The Digital Access to a Sky Century @ Harvard (DASCH; J. Grindlay P. I.)

program has recently completed the ambitious and important digitization of the
entire archival collection of sky photographs from 1887 to 1989 at the Harvard
College Observatory (HCO). The entire archive and light curves are now freely
available at http://dasch.rc.fas.harvard.edu/lightcurve.php.
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Figure 1. Pre-eruption light curve for one full century. This folded light curve
is made from 264 archival plates 1896-1995 (see Table 1), with the individual
B magnitudes (small blue diamonds) having a typical photometric uncertainty
of £0.10 mag. The phase-binned light curves are shown with red squares. The
black curve shows a smoothed template for the orbital variations. We see a
typical CV light curve with a broad minimum and a flat maximum. A primary
point of this plot is that the pre-eruption (before 2000) light curve has a well-
defined period and differs greatly from the post-eruption orbital period (see
Figure 2).

taken to be an eclipse. The best period from the Moscow plates
is 1.87186 days.

For the Sonneberg plates, back in 2013, I independently
measured all the same plates as used by Goranskij, so I have
simply averaged these to come up with the best Sonneberg light
curve. For the Sonneberg data alone, the periodicity is apparent
as a marginally significant peak at 1.8714 days. So I have found
a reliable pre-eruption orbital period (By.) that appeared
consistently throughout three independent data sets 1896-1991.

After the 2000 eruption was over, the dust dip kept the star
faint enough that no one effectively could get a time series.
Then, in 2018, the Zwicky Transient Factory (ZTF) started a
long series of isolated measures in the zg and zr bands, for 929
magnitudes spread over six observing seasons from 2018 to
2024. These two colors were individually detrended to remove
the effect of the brightening star as it recovers from the dust dip.
The ZTF light curve was all taken from one longitude on Earth
and only during the normal observing seasons, so we expect and
see many daily and yearly aliases in any discrete Fourier
transform. For V445 Pup, the discrete Fourier transform has the
highest power being for a peak close to By.. The detrended ZTF
light curve shows a highly significant peak at 1.8726 days for a
time centered on 2020.447. The real uncertainty on this period is
difficult to calculate, mainly because the light curve is sampled
with isolated points, with flickering and trends dominating over
the periodic signal with a full amplitude of 0.08 mag.

All of my photometry from Harvard, Moscow, Sonneberg,
ZTF, and more are presented in Table 1. TESS fluxes are not
included because their number is large and unwieldy, while
being easily available at the Mikulski Archives for Space
Telescopes.*

The TESS spacecraft has visited V445 Pup during three of its
time intervals of 22-25days each with nearly gap-free light
curves, with Sector 7 centered on 2019.057, Sector 34 centered
on 2021.077 (see Figure 2), and Sector 61 centered on 2023.087.
The time resolutions of these light curves are 1800, 600, and
200 seconds, respectively. Fourier transforms show highly
significant peaks at periods of 1.8850, 1.8682, and 1.8722 days,

3 https: //mast.stsci.edu/portal /Mashup/Clients /Mast/Portal.html
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Table 1
V445 Pup Photometry
Julian Date Year Band Magnitude Source
2413880.8132 1896.88 B 14.01 £ 0.10 HCO
2414186.8811 1897.72 B 14.12 £+ 0.10 HCO
2414259.8090 1897.92 B 14.10 &+ 0.10 HCO
2414930.8610 1899.75 B 13.93 £ 0.10 HCO
2415403.6503 1901.05 B 14.05 £+ 0.10 HCO
2460341.8529 2024.08 28 17.62 £+ 0.03 ZTF
2460352.7763 2024.11 28 17.69 £ 0.03 ZTF
2460352.8201 2024.11 zr 16.87 £ 0.02 ZTF
2460354.7562 2024.12 zr 16.85 £+ 0.02 ZTF
2460368.7569 2024.16 zr 17.04 £ 0.02 ZTF

Note. Sources: HCO: these B magnitudes are from averages of my multiple by-
eye measures from the Harvard plates and the DASCH measures from the same
plates. These magnitudes are in the modern B magnitude system because the
spectral sensitivity of the blue plates is the same as for Johnson's system and
because the APASS comparison stars were used. Sky Survey: these magnitudes
are measured from the all-sky surveys with the big Schmidt telescopes at
Palomar, ESO, and the UK Schmidt, as calibrated from APASS comparison
stars, and as reported in V. P. Goranskij et al. (2010). Moscow: these B
magnitudes were taken from the archival plates of the Moscow SAI Crimean
Station 40 cm astrograph and calibrated with APASS comparison stars
(V. P. Goranskij et al. 2010). Sonneberg: these B magnitudes are from the
archival plates at Sonneberg Observatory, and always calibrated with the
APASS comparison stars. The quoted magnitudes are averages of the values
measured by V. P. Goranskij et al. (2010) and my own by-eye measures of the
same plates. Many of the plates are intentional double exposures, for which I
made independent magnitude estimates of both exposures. Goranskij: these
CCD magnitudes in BVRI were calibrated with APASS comparison stars and
reported in V. P. Goranskij et al. (2010). Monard: Berto Monard (Bronberg
Observatory, Pretoria, South Africa) made many CCD measures, all collected
into the AAVSO International Database; see the online catalog: https://www.
aavso.org/data-download. APASS: the AAVSO Photometric All-Sky Survey
covers the entire sky to 17th magnitude with well-calibrated B, V, g/, r’, and i’
magnitudes; see the online catalog: https://www.aavso.org/download-apass-
data. ZTF: the Zwicky Transient Factory magnitudes are in the zg and zr bands,
with the light curve available online: https://irsa.ipac.caltech.edu/cgi-bin/
Gator/nph-scan?submit=Select%26projshort=ZTF.

(This table is available in its entirety in machine-readable form in the online
article.)

respectively. These variations are expected and normal due to
the continuous flickering of the CV, with only 12-14 cycles per
sector. The folded light curves (see Figure 2) show a low-
amplitude modulation with a broad minimum and a relatively
flat-topped maximum. The observed TESS amplitude is
artificially small, because the TESS pixels of 41 arcseconds
contain substantial additional light past just that of the target star.

The Fourier transform of the combined ZTF and TESS light
curves (covering 2018-2024) shows a highly significant and
unambiguous peak with a post-eruption orbital period of
Poose = 1.8731 £ 0.0005 days. This is greatly different from the
pre-eruption period.

The orbital period changes from a combination of a steady
period change (P) during quiescence plus a sudden period
change (AP = Ppos-Fyre) across the 2000 eruption. In terms of
the O—C curve, the shape is a broken parabola, where the pre-
eruption F;,re can be different from the post-eruption F;,mt. The
O-C curve must be continuous across the eruption (because the
stars cannot jump ahead or behind in their orbit), although its
slope can appear to have a sudden kink upward (for a fast
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Figure 2. TESS light curve for Sector 34. This folded light curve is made from
3430 fluxes (converted to magnitudes) from early 2021, as given by the small
blue diamonds. The typical error bar on each point is 0.003 mag, so much of
the scatter is from ordinary Poisson noise. The phase-binned light curve is
shown with red squares. The same template as in Figure 1, except with scaling,
is shown with the black curve. The amplitude shown here is artificially low,
because the TESS pixels contain extra light. The shape is the same as before the
2000 eruption (see Figure 1) and the same as a typical CV light curve.

period increase across the eruption) or a sudden kink down-
ward (for a fast period decrease across the eruption). Indeed,
the size of this kink yields the desired measure of AP. The
times of minimum light can be modeled as

Thin = Eo + NPpost + 0~5PF-;)051N2 (N P 0),
Thin = EO + NPpre + O.SPH)reNZ (N < O) (1)

With this choice, the P quantity is dimensionless, or it can be
viewed as having dimensions of s/s. I have chosen the epoch
Ey to be close to the start of the eruption soon after JD
2451850. N is always an integer, representing a sequential
count of the times of minima. The orbital phases for any light-
curve point can be calculated by subtracting off the time for the
immediately previous T, then dividing by P. The phase
ranges from 0.0 to 1.0, although Figures 1 and 2 plot duplicates
for the range 1.0-2.0.

The best period model comes from a chi-square fit of all the
light-curve points to a template light curve (like the black
curves in Figures 1 and 2) where the model-predicted
magnitude is based on the calculated phase. This method has
the strength that all the data are used, with allowance for the
various photometric uncertainties. The use of a chi-square
allows a simple and reliable means of calculating the 1o error
bars on the period changes. The use of Equation (1) forces the
before and after fits to be compatible, plus it allows the cycle
count to be accurate. In addition, the use of a P term allows for
the inevitable steady period changes.

With this, I have a comprehensive global fit involving
13,476 mag from 1896 to 2024. I find B, = 1.871843 %
0.000014 days and Ppre = (—0.17 £ 0.06) x 10~®. The JD epoch
is Eo=2,451,850.400 & 0.065. For after the eruption, Ppee=
1.873593 £0.000034 days and By = (—4.7£0.5) x 1075,
With this, AP =+0.00175+ 0.00005days, or AP/P=
4935 £ 27 parts per million (ppm).

The AP is huge, at a 2.5 minute Eeriod change. This is by far
the largest of the 14 AP measures.” The one exception is for T
CrB, with a 270 minutes period change (B. E. Schaefer 2023),

4 This is from B. E. Schaefer (2023), plus my recent measure of the 2020 U
Sco eruption.


https://www.aavso.org/data-download
https://www.aavso.org/data-download
https://www.aavso.org/download-apass-data
https://www.aavso.org/download-apass-data
https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select%26projshort=ZTF
https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select%26projshort=ZTF
https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select%26projshort=ZTF
https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select%26projshort=ZTF
https://doi.org/10.3847/1538-4357/ada38d
https://doi.org/10.3847/1538-4357/ada38d

THE ASTROPHYSICAL JOURNAL, 980:156 (11pp), 2025 February 10

with this iconic red giant system involving some different
period change mechanism. The AP is positive, meaning that
the period increased across the eruption, and that the binary
separated substantially. Further, the effects of mass loss from
the ejecta dominate over the various mechanisms for angular
momentum loss. This large and positive AP forces a large mass
for the nova ejecta.

The f}ost measure for V445 Pup is over a factor of 2 times
larger in magnitude than for all other 14 novae with measures,
again with the exception of T CrB (B. E. Schaefer 2023). The
measured V445 Pup f}re and f},ost values are negative, meaning
that the quiescent helium nova has a steady period decrease
over time. The steady period changes in quiescence are a
competition between the effects of the steady mass transfer
(which must be a period increase for CVs with the companion
having less mass than the WD) and of the effects of angular
momentum loss by the binary (which must be a period
decrease). V445 Pup has steadily decreasing period in
quiescence, so the angular momentum loss must be dominat-
ing. Unfortunately, we have no observational evidence as to the
mass-accretion rate either before or after the eruption, due to
the companion's luminosity hiding the accretion disk. Unfortu-
nately, for CVs in general the nature of the steady period
change is not known, and the case of V445 Pup is just as
unknown.” Whatever the nature of the angular momentum loss,
V445 Pup has a much larger rate in magnitude than for all other
regular novae, other than T CrB. The next-largest values are all
from novae with subgiant companions, while all of 48 CVs of
all types with main-sequence companions are smaller than the
subgiants (B. E. Schaefer 2024). I expect that the V445 Pup
binary angular-momentum-loss rate does not depend on the
helium composition of the companion or the accreted layer, so I
do not see any reason for V445 Pup to be different from all
other novae in terms of P. But the nova systems with the
largest measured P just happen to be the only two binaries with
giant companion stars. This suggests that the angular
momentum loss in CVs is connected to the luminosity class
of the companion, where giant companions have the largest |P|,
main-sequence companions have the smallest |P|, and subgiant
companions are in the middle (B. E. Schaefer 2024). I interpret
this as hopefully providing a critical clue as to the nature of the
angular momentum loss in CVs in general.

3. Companion Star Properties

The nature of the V445 Pup companion star is critical for
understanding its evolution. The companion must certainly
have a predominantly helium composition in its outer layers,
with this material falling onto the WD and then being ejected in
the nova eruption. The extreme cases range from a degenerate
helium WD as in an AM CVn binary, up to a giant companion
star that has been stripped of its outer hydrogen-rich layers.
These possibilities can be easily distinguished from the
companion star radius as determined from the orbital period.

My newly discovered P is 1.87 days, which immediately
confirms the primary aspect of the model by M. Kato et al.
(2008). From Kepler's law and presumed stellar masses, we can
get the size of the companion's Roche lobe (J. Frank et al.
2002), and the companion must just fill its Roche lobe.

5> The mechanism is certainly not “magnetic braking” for a radiative giant
helium star, nor for CVs in general; see B. E. Schaefer (2023, 2024). The
nature of this unknown mechanism for angular momentum loss in CVs is now
the most important problem for all CV research.
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For this, we need the stellar masses. D. P. K. Banerjee et al.
(2023) “speculate” that the Mwp is “low,” as based on the low
observed eruption amplitude, the long #;, the large dust mass,
and the low-excitation spectrum. However, the low amplitude
is due to the high luminosity of the companion rather than any
low Mwp. The deductions from the other properties are
dubious because they are using generalizations based on
ordinary hydrogen novae, while the case of helium novae likely
could be greatly different. Contrariwise, the ejection velocity is
up to 8450 km s ! (P. A. Woudt et al. 2009), and such is
directly tied to the WD escape velocity, so Mwp must be
maximal. M. Kato et al. (2008) present a detailed physics
model of helium novae, as applied to V445 Pup, deriving that
Mwp 2 1.35 M, and T will adopt this value. The mass of the
companion star must be smaller than Mywp or so, as otherwise
there would be runaway accretion. For the companion to evolve
off the main sequence in a useful time, the original mass must
be larger than something like 1 M. But the outer hydrogen-
rich layers were stripped off, making for a much lower mass.

For My 2 1.35 M., (M. Kato et al. 2008) and a companion
mass ranging from 0.5 to 1.0 M., the companion's stellar radius
R ranges from 2.3 to 3.0 R., which can be represented as
2.65+0.35 R.. This immediately rejects the AM CVn
possibility, and affirms the stripped giant helium star
possibility. In particular, the early model of M. Kato et al.
(2008) is confirmed.

For seeing the exact evolutionary status of the companion,
we need to place it on the Hertzsprung—Russell (HR) diagram,
a plot of stellar luminosity (L) versus surface temperature (7, in
degrees kelvin) along with tracks of helium stars. Just such a
diagram appears as Figure 6 of M. Kato et al. (2008), which I
have used as the base for my Figure 3. The locus of a star of
fixed radius is a straight line on the HR diagram. With the usual
scaling from our Sun,

L = (R/Ru)*(T/5770)* L... 2)

For the minimal temperature from the SED of 10,000 K, the

companion's log[L/L.] ranges from 1.68 to 1.90. For a
temperature of 10*° K (40,000 K), log[L /L] ranges from 4.08
to 4.30. This defines a line for possible positions for the
companion star, shown in red in Figure 3, with the line
thickness describing the uncertainties.

We also have a constraint based on the absolute magnitude
of the pre-eruption nova. The V magnitude was 13.7 0.2
steadily over the prior century.® The poorly constrained
distance is 6272f%§2 parsecs (B. E. Schaefer 2022).” The E
(B—V) is 0.51£0.10 (T. Iijima & H. Nakanishi 2008;
D. P. K. Banerjee et al. 2023). Then, the peak absolute
magnitude, My, is —1.9 & 0.7. Such a luminous system cannot
have a significant contribution from an accretion disk, so the
light from the companion star is dominating. This absolute

5 Both V. P. Goranskij et al.'s (2010) and my own B-band photometry shows

a stable average of B = 14.1 with the usual superposed flickering and orbital
variations. Goranskij has the only usable pre-eruption color information,
because his measures from the original Palomar plates were calibrated with the
modern APASS comparison stars and because only this pair of plates is
simultaneous. This gives a B — R of 0.88 mag. For any sort of smooth SED,
this makes B — V=~ 0.4 and V= 13.7 + 0.2 or so.

7 This distance includes the prior from the 8200 pc expansion parallax of
P. A. Woudt et al. (2009), along with the appropriate uncertainty for that
method. Gaia does not yet report any parallax in the third data release, although
as V445 Pup brightens we can expect a future parallax measure with a large
fractional uncertainty.
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Figure 3. The V445 Pup companion star on the HR diagram. The base diagram
is from Figure 6 of M. Kato et al. (2008), with the curves being tracks of
helium star evolution. The helium stars with original masses of 0.7 M, and less
never get to the giant branch, while the stars with 2.5 M., or more have core
carbon ignition at the point where the tracks stop. The tracks that extend to the
right are for original stellar masses of 0.8-2.0 M., with intervals of 0.2 M.
(The base diagram included the circles and squares as positions of 14.5 mag
stars at distances of 6.5 and 4.9 kpc, respectively, for visual extinction of
1.6 mag, as a depiction of the bolometric corrections.) The constraint from the
newly discovered orbital period is that the stellar radius of the companion star
is 2.65 £ 0.35 R, is depicted as a thick red line, with the thickness representing
the allowed region. The constraint from the absolute magnitude (—1.9 £ 0.7)
with a bolometric correction is depicted with a thick orange line. The
companion star must lie in the intersection of the orange and red regions. This
constrains the companion to be a giant helium star recently evolved off the
main sequence, just as calculated for the M. Kato et al. (2008) model.

magnitude must be converted to a bolometric magnitude with a
bolometric correction. The bolometric correction for a
10,000 K star is —0.27 (P. J. Flower 1996), while a surface
temperature of 10*° K (40,000 K) has a bolometric correction
of —3.58 (M.-F. Nieva 2013). The bolometric magnitude can
be converted to luminosity with the use of the value for our Sun
as +4.81 mag for the V band. With this, log[L/L.]is 2.8 £0.3
for T=10,000K, and is 4.1 £0.3 for 7T=40,000K. This
defines a locus in the HR diagram depicted in Figure 3 as an
orange line, with the thickness representing the uncertainty
from the My constraint.

The two constraints (from R=2.65 R, and My= —1.9)
cross in the HR diagram at close to 35,000 K with a luminosity
of 10*99+0-11 1 "or near to 10,000 L. The joint constraint is a
narrow slanted region in the HR diagram where the thick
orange line covers the thick red line in Figure 3. The extreme
range for the overlap of the two constraints stretches from
22,000 to 60,000 K and from 1800 to 59,000 L.

An additional constraint comes from the requirement that the
current mass of the companion be less than Myp or else the
accretion would become runaway. This cannot be readily
depicted in Figure 3, because we have no useful estimate of
how much gas has been stripped off the companion. So perhaps
the original star was of 2 M, only to have lost 1 M, solar mass
of the outer solar-composition material stripped away to get to
the current situation. Further, the tracks are for those of original
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helium stars, so it is unclear where the tracks are for stars with
their outer layers of hydrogen stripped away.

We now have a useful picture of the companion star, beyond
the observation that the outer layers have no hydrogen. The star
is a giant, evolved off the main sequence, with a radius of
2.65+035 R, with My equal to —1.9+£0.7, with a
luminosity of near 10,000 L., and a surface temperature of
near 35,000 K. The original mass of the helium star is
unknown, but likely between 0.8 and 1.4 M. This validates
the specific model of V445 Pup from M. Kato et al. (2008), and
rejects the various alternatives.

4. Mass of the Ejecta for the 2000 Nova Eruption

The mass of the gas ejected (Mejecia) by V445 Pup is critical
for understanding the evolution. The ejecta consists of the
helium- and carbon-rich gases, plus the recently formed dust.
No measure of the gas mass has been published, so we can only
work with the measured dust mass. N. M. Ashok &
D. P. K. Banerjee (2003) derive dust temperature of 1800 K
and a dust mass of 1072 M., for the early dust formation.
D. K. Lynch et al. (2004) use a dust temperature of 250 K and
derive a dust mass of 1.5 x 107> M, for the corrected distance,
as in P. A. Woudt et al. (2009). S. Shimamoto et al. (2017)
model the infrared light with cold (125 K) and warm (250 K)
amorphous carbon components, for a total dust mass near
047 x 1073 M., although they identify the recently ejected
dust as the warm component for the dust mass of 0.018 x 107>
M. D. P. K. Banerjee et al. (2023) model the SED with cold
(105 K) and warm (255 K) components, for a total dust mass
near 1.9 x 107> M_, then assumed a gas-to-dust mass ratio of
10-100 to get an Mcjeca of 0.01-0.1 M., Banerjee further
points out that the addition of the SEST 1.2 mm flux to the SED
requires an additional cooler component at ~30-50K and a
dust mass of 0.01 M. So the observational measures of the
dust mass as reported in the literature vary by a factor of 10”.
Then, to get the Mejecta, SOme unknown ratio of the dust-to-gas
masses must be presumed.

Unfortunately, these Mejec(, €stimates have a much larger real
uncertainty than is expressed in the publications. The reason is
that the calculated estimates are highly sensitive to several
parameters that are poorly measured or merely guessed at. (A)
The dust temperature is poorly measured. We can see this from
the wide range of reported temperatures in the previous
paragraph. Further, we can see this from the best of the SEDs
incorporating infrared fluxes from 2003 up to 2012, such that
the expected and observed large variations over time make for a
confused SED of ill-determined temperature. N. M. Ashok &
D. P. K. Banerjee (2003) show that the derived dust mass is
proportional to the dust temperature raised to the —6 power.
With the order-of-magnitude variations in the published
temperature estimates, the calculated dust mass will have a
real uncertainty of several orders of magnitude. Indeed, the
published dust masses range over many orders of magnitude.
(B) The dust fraction assumed by Banerjee has a range of 1
order of magnitude, yet this is based on experience from
hydrogen-rich ejecta. Rather, the dust fraction should be taken
for hydrogen-poor and carbon-rich gas, which would likely be
greatly different from Banerjee's assumption. (C) The optical
depth in the infrared is large (the dust dip is near 100X in the K
band), confounding the calculation that assumes the shell is
optically thin. (D) The dust mass scales as the square of the
adopted distance. The uncertainty in the distance used in the
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calculations is nearly a factor of 2x, for an uncertainty in
Mjecra Of 4, with this to be added in quadrature to the other
uncertainties. (E) Banerjee points out the possibility that
substantial amounts of pre-existing dust might contribute to the
measured SED, hence allowing the 2000 ejecta to contribute
only a possibly small fraction of the dust, with the uncertainty
from these effects being unknown and possibly large. With all
these inconsistencies and problems, the calculated Mjeca
values have real uncertainties of >3 orders of magnitude for
V445 Pup.

For novae in general, the question of M. has severe
problems, both for theory and for observations. For theory,
various predicted values for the same nova eruption differ by
up to 2 orders of magnitude (B. E. Schaefer 2011, Appendix
A). Observationally, the traditional measures from absolute
fluxes from the hydrogen emission lines has six largely
irreducible sources of uncertainty, each of which has real error
bars of 1-3 orders of magnitude (B. E. Schaefer 2011,
Appendix A). In the end, for both V445 Pup and novae in
general, the estimates of Mcj.a have real uncertainties of
several orders of magnitude.

There is one accurate and reliable method to measure Mejectas
but unfortunately this is a hard task operable for only rare
novae, and this can only lead to a lower limit on the mass for a
fraction of the cases. The observational task is to measure the
orbital period before the novae eruption (By.), to measure the
orbital period after the novae eruption (Pyog), and to use the
change in the period (AP = P, — Byre) to calculate Mjecqa
The physics comes from Kepler's law, where the period
depends on the total mass in the binary, so a change in the mass
of the binary directly causes a change in the period of the
binary. The AP caused by the mass loss is

M, ejecta

ARy =2— g
Mcomp + MWD

P 3)

(see Equation (6) of B. E. Schaefer 2020). This equation has
been derived in many papers over the decades, and it includes
the loss of angular momentum to the binary as carried away by
the ejecta, which is assumed to have the same specific angular
momentum as the WD. The orbital periods are measured as a
simple timing experiment of eclipses or photometric minima,
so it is immune from the usual problems of distances,
extinctions, dust fractions, filling factors, and ejecta tempera-
tures. The hard part is to get the series of pre-eruption timings,
because no one was watching the star before the nova event, so
we can only make do with archival sky images. Few novae are
bright enough to have adequate time coverage from archival
data, and only a small fraction of those have an adequately
large photometric modulation tied to the orbit. As a career-long
program started by me in 1990, I have measured AP across 12
nova eruptions of 10 nova systems (B. E. Schaefer 2023), while
I have recently measured the fourth AP value for U Sco across
its 2020 eruption. Fortunately, V445 Pup is one of the rare
cases where I can pull out an accurate and reliable Ppoq and By
(see Section 2). So V445 Pup is my fourteenth AP measure.

The orbital period across a nova eruption will also change
due to dynamical frictional angular momentum loss (FAML) as
the companion star plows through the nova ejecta. In the past,
this APganr has been evaluated from a simplified case where
the ejecta is all on a ballistic trajectory going out of the system,
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with this leading to an effect that is always smaller in
magnitude than AP, and of the opposite sign. However,
various groups (e.g., K. J. Shen & E. Quataert 2022) have been
realizing that such a calculation is missing the main effect
caused by the companion star orbiting inside the outer edge of
the hot envelope around the WD that is puffed up by the
nuclear burning of the eruption. This FAML is much larger in
size (greatly more negative) than the old FAML calculation
because the relative velocity between the companion and the
accreting gas is smaller than for simple ejecta, and because the
puffed-up envelope lasts much longer than a simple ballistic
ejection. The resultant APganp depends critically on the
density and temporal structure of the envelope. Unfortunately,
the envelope properties cannot be measured and they are
confused from contradictory theory models, so it is difficult to
estimate the size of APgapy. Crudely, we know that APpawm.
must be small for fast novae with small Me., (like for the
recurrent novae, RNe) and must be large for slow novae with
large Mgjecra (like for D- and J-class novae and for V445 Pup).

The observed period change is just the sum of the effects
from mass loss and FAML:

AP = APy + APpamL. 4

Importantly, AP, is always positive while APgan is always
negative. We generally cannot know APgapp with much
accuracy, but we at least know that APgan < O for all novae
and APpamr. < 0 for slow novae with massive ejecta like
V445 Pup. So we can at least get a limit on AP,

APy > AP, (5)

as applied for V445 Pup. If the observed AP is negative, then
this limit is not useful. If the observed AP is positive, then we
have a useful limit. When combined with Equation (3), we
have

Mejecta > O-S(Mcomp + MWD)%- (6)
So there we have it: an unambiguous and confident /imit for
the mass ejected for the case of V445 Pup.

For V445 Pup, the WD mass is Mywp 2 1.35 M., (M. Kato
et al. 2008), while the companion star mass is 0.5-1 M., after
the striping off of the hydrogen layer, and AP/P is
935 £27 ppm. With this, the M. ranges from >>0.00087
to >0.00111 M. So the ejecta mass is well represented as
Mejecra > 0.001 M.

This limit on the ejecta mass is startlingly large. The limit of
>0.001 M, is 1-4 orders of magnitude larger than reported for
any nova, or ever been theoretically predicted for any nova
(e.g., O. Yaron et al. 2005). Presumably the difference is due to
the helium burning on V445 Pup rather than the hydrogen
burning on all other novae.

A main purpose of this paper is to test whether V445 Pup
(and helium novae in general) is a SNIa progenitor. For this, I
can test the SD requirement that the WD must be gaining mass
over time. This is a balance between how much mass is
accreted between eruptions (Mecrereq) and how much mass is
ejected from the system by each eruption (Mejecra)- SD models
require Mejecia < Maccreted- Unlike for RNe, we do not have the
system's recurrence time, nor do we even have any measure of
the M either before or after the 2000 eruption. Fortunately, the
physics of thermonuclear runaways on a WD with accreted
helium-rich gas is accurately known. Detailed physics
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calculations can derive the accreted mass required to trigger the
nova (Mygger)- This trigger mass must equal the mass accreted
between eruptions. So the SD requirement is that
Mejecta < Mtrigger~

M. Kato et al. (2008) provide the calculation of Mgeer for
the conditions of V445 Pup. For their models, Mg, is always
close to 0.00022 M.... They further calculate M of 4 x 10~% M,
yr~! and a nova recurrence time of nearly 5000 years.

So the SD requirement is violated, because the accreted
mass (0.00022 M) is not greater than the ejected mass
(>>0.001 M). The violation is by a factor of >>5x. That is,
Mjecra is much greater than Myccreed, S0 the V445 Pup WD is
losing mass over each eruption cycle, and the long-term
evolution is for Mwp to be decreasing over time. This is a
forced consequence of my confident measure that the ejected
mass is huge. As such, V445 Pup is not a progenitor, and it can
never become a SNla.

By extension from the only known example, helium novae
are apparently not SNIa progenitors. However, we could
imagine that V445 Pup is some sort of unusual extreme case
with Mejecia > Migigger» While some of the other helium novae in
our Galaxy have Mjecta < Myigger- Given that our sample of
one has the ejecta mass exceeding the criterion for “progenitor-
ship” by over an order of magnitude, this possibility can only
be of relatively low probability. While there is no evidence for
this possibility, it does mean that the progenitorship is not
absolutely denied for all helium novae.

5. SNIa Progenitors Do Not Have Giant or Subgiant
Companions

I can make a second test of whether helium novae in general
are SNla progenitors. This test is to measure the fraction of
normal SNIa systems that have a helium giant companion. If
most SNIa systems have companions like in V445 Pup, then
we have a solution to the global progenitor problem, and that is
a SD solution. If some not small fraction of SNIa systems have
companions like in V445 Pup, then the progenitor problem has
a partial solution from helium novae. If the fraction of SNIa
systems with companions like in V445 Pup is zero, then this is
proof that helium novae are not progenitors.

A variety of observational methods can be used to test
whether any particular SNIa has a companion like in V445
Pup. One of these methods (seeking any ex-companion star)
was pioneered by my group (B. E. Schaefer & A. Pagnotta
2012; Z. 1. Edwards et al. 2012; A. Pagnotta & B. E. Schaefer
2015), and this still has the deepest limit. Other methods have
been vigorously pursued by a number of other groups
worldwide, with deep searches for the nearest supernovae
and broad searches among many normal SNIa. These studies
are summarized in Table 2.

A direct method to test for helium nova progenitors is to look
for the companion star long after the supernova event, when
the ex-companion star can be seen free-floating near the center
of the expanding supernova remnant (SNR). In all cases the
companion will be battered by the nearby supernova explosion,
but will appear at close to the same luminosity as before the
explosion. (The reason is simply that the star continues having
to emit the same energy from its untouched core, so the star's
base luminosity remains constant.) The explosion site can
usually be determined with usable accuracy either from the
geometric center of the SNR or from the observed expansion
center. The ex-companion star was at the explosion site at the
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time of the eruption, and after the disappearance of the
exploding star it will be moving away from the explosion site at
its orbital velocity plus a small kick. The orbital velocity is that
for a star that fills its Roche lobe, which should be around
250km s~' for a companion like in V445 Pup. The
observational task is to use the Hubble Space Telescope
(HST) to look deep inside the central region of the SNR,
seeking the ex-companion. For the first and still best case, SNR
0509-67.5 in the LMC has its central region empty of all stars
to V=26.9, which forces any possible ex-companion star to be
less luminous than My = +8.4 mag. This extremely strict limit
confidently rejects all SD models, including helium novae.
Subsequently, strict limits have been placed on any ex-
companion stars for eight other SNRs (see Table 2). These
limits are to be compared to the case for V445 Pup, with
My = —1.9 £0.7. Further, all nine limits exclude the possibi-
lity that the progenitor had any giant or subgiant companion
star. So zero out of nine normal SNIa systems have any giant or
subgiant ex-companions, and this proves that helium novae
cannot provide any substantial fraction of the solution to the
progenitor problem. Further, these nine strong limits are proof
that the symbiotic star model and the RN model are not
solutions to the progenitor problem.

A second direct method to test for helium novae is to use
archival HST images from before the eruption to see whether
the progenitor has a helium giant companion star. This method
has proven to be remarkably successful for measuring the
nature of the progenitors for core-collapse supernovae. For
SNIa, only the two brightest and nearest events have useful
limits. These events are SN 2011fe in M101 and SN 2014J in
M82, both of which are normal SNIa. For these two cases the
limit on the absolute magnitude is > —1 mag. This is to be
compared to my measured My = —1.9 + 0.7 for V445 Pup. So
these two deep limits show that these two systems do not have
progenitors like V445 Pup, and all possible giant stars are ruled
out in general.

A good indirect method to detect a companion star is to seek
the bright light created when the supernova ejecta rams into the
pre-eruption stellar wind of the companion. During the eruption,
the ejecta—wind interaction will be bright in the radio and X-ray,
and this prompt radiation will be greatly brighter than anything
from the supernova alone. So the existence of a giant companion
star in the progenitor will make for a prominent prompt detection
of the radio and X-ray light. Hence, the lack of any prompt radio
or X-ray flux will allow for a limit to be placed on M,,q. Table 2
collects the radio and X-ray limits on M,ina. These quoted limits
are for the fiducial and typical wind velocity of 10kms™". The
five nearest normal SNIa each individually glaces severe limits
on the M,,;,q, With all being M<97x10! M yrfl. Further,
general surveys have examined 23 normal SNIa events in the
radio regime and 53 normal SNIa events in the X-ray regime, all
with zero detections. The limits are Myjng< 9 x 107° M yr!
for all the radio nondetections and Mi;,q< 1.1 x 107 M., yf1
for all the X-ray nondetections, with most supernovae being far
below these limits. Allowing for overlap of individual super-
novae, these studies have found strict limits on giant companion
stars for 76 normal SNIa events. For comparison, giant stars
have ordinary stellar wind rates Mg from 1 x 1077 to
3x107* Moyr' (G. R. Knapp & M. Morris 1985),
while symbiotic stars range from 10~° to 107> M, yr !
(E. R. Seaquist & A. R. Taylor 1990). The result of this
comparison is that any companion star in 76 normal SNIa must
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Table 2
Do SNIa Progenitors Have a Giant or Subgiant Companion?

Method Supernova Constraint References
No visible progenitor SN 2011fe in M101 My > —1 (1)
No visible progenitor SN 2014] in M82 My > —1 2)
No ex-companion SNR 0509-67.5 in LMC My > +84 3)
No ex-companion SNR 0519-69.0 in LMC My > +1.2 “)
No ex-companion SNR 0505-67.9 in LMC My > +0.6 5)
No ex-companion SNR 0509-68.7 in LMC My > 0.0 5)
No ex-companion SN 1006 My > 4+4.9 6)
No ex-companion Tycho's SN My > +5.0 7
No ex-companion Kepler's SN Mg > 434 ®)
No ex-companion SNR G272.2-3.2 Mg > +7.6 (O]
No ex-companion SN 1972E in NGC 5253 My > 40.5 (10)
Ejecta/wind impact in radio SN 2011fe in M101 Miying< 7.9 x 107" M yr! (11)
Ejecta/wind impact in radio SN 2012cg in NGC 4424 Myina< 5 x 1071 M, yr! an
Ejecta/wind impact in radio SN 2014J in M82 Mying< 1 x 1071 M, yr! an
Ejecta/wind impact in radio 23 normal SNIa Zero detections, Mying< 9 x 1078 M, yr71 (11)
Ejecta/wind impact in X-rays SN 2020nlb in M85 Mying< 9.7 x 1071 M yr! 12)
Ejecta/wind impact in X-rays SN 2017cbv in NGC 5643 Mying< 7.2 x 10710 M yr™! 12)
Ejecta/wind impact in X-rays 53 normal SNIa Zero detections, Myina< 1.1 x 107° M, yr’1 (13)
Nebular He lines 67 normal SNIa Zero detections, stripped mass < 0.01 M, (14)

Note. The shell of Kepler's supernova remnant (SNR) has some small abundance anomalies “which can be reproduced with an asymptotic giant branch donor star with
initial mass of ~4 M. (L. Sun & Y. Chen 2019). For a second interpretation, “the abundance ratios from the shocked ejecta are well compatible with the predicted
results from spherical delayed-detonation models for Type Ia supernovae.” And for a third interpretation, the surviving companion might be a subdwarf B star, with no
giant or subgiant companion involved. Finally, the fourth and best interpretation is that the Kepler supernova is a core-degenerate event with no giant or subgiant
companion at the time of the explosion. With four good explanations for the abundance anomalies, the speculation that they involve a giant companion star has no
usable confidence. Indeed, the observed limit of My > +3.4 is proof already that the giant companion speculation is wrong.

References. (1) W. Li et al. (2011), (2) P. L. Kelly et al. (2014), (3) B. E. Schaefer & A. Pagnotta (2012), (4) Z. I. Edwards et al. (2012), (5) A. Pagnotta &
B. E. Schaefer (2015), (6) J. Gonzélez Hernandez et al. (2012), (7) Z. Xue & B. E. Schaefer (2015), (8) P. Ruiz-Lapuente et al. (2018), (9) P. Ruiz-Lapuente et al.
(2023), (10) A. Do et al. (2021), (11) L. Chomiuk et al. (2016), (12) D. J. Sand et al. (2021), (13) B. R. Russell & S. Immler (2012), (14) M. A. Tucker et al. (2020).

have a stellar wind that is too weak to be from a giant star. That
is, the best estimate for the rate of normal SNIa with giant
companion stars is zero. And that is zero out of 76, so any such
progenitors must be rare, and not any solution for even a part of
the progenitor problem.

Another strong indirect method to detect a companion star is
to seek emission lines from helium during the late nebular
phase of the supernova, with this helium coming from the
ejecta unbinding the gas off the surface of the companion,
whereupon it gets entrained in the ejecta and produces emission
lines. (Similarly, this method can also seek hydrogen emission
from gases stripped off the companion by the explosion, and
such is sensitive to companions with ordinary solar composi-
tion.) This entrained mass is from both ablation (heating) and
stripping (momentum transfer) from the companion's surface.
The idea is to go from observed limits on the helium line flux to
a limit on the mass of gas entrained into the supernova ejecta.
For 73 normal SNIa explosions, zero were seen to have any
helium emission-line flux (M. A. Tucker et al. 2020). Tucker
places the limit on the total mass stripped from the companion
to be <0.023 M,,. For a helium star companion with Roche-
lobe overflow being blasted by the supernova on the
WD, Z.-W. Liu et al. (2013) calculates that 0.02-0.05 M, of
gas is entrained into the ejecta, while K.-C. Pan et al. (2012)
calculates that 0.015 M, is entrained for the case of V445 Pup.
(Critically for the symbiotic and RN models, red giant
companions will have >0.5 M, of hydrogen-rich gas entrained
into the ejecta. Such would be easily seen in all 73 normal SNIa
events, whereas zero are seen, so this constitutes a refutation of
the symbiotic and RN models.) For a conservative limit of

0.01 M, M. A. Tucker et al. (2020) reports on 67 normal SNIa
explosions where the observational limit is better than the
conservative limit for V445 Pup.® Of these 67 supernovae, zero
have any detected helium lines. This is a strict and broad limit.
So the best estimate for the rate of normal SNIa with helium
star companions is zero. And that is zero out of 67, so any such
progenitors must be rare, and not any solution for even a part of
the progenitor problem.

I should make some comments and reasons for the three
methods that are not included in Table 2. (A) The ejecta—wind
interaction should also produce copious amounts of ultraviolet
light, above that of the supernova alone. P. J. Brown et al.
(2012, 2023) report on the lack of any detection from 29
normal SNIa as viewed with the Swift XRT instrument. Zero
events were seen to be bright in the ultraviolet. Unfortunately,
the resultant limits on M,,;nq are not competitive or useful.

(B) A rare subclass (labeled as “Ia-CSM,” with “CSM” an
abbreviation for “circumstellar medium”) appears with a SNIa
spectrum plus emission lines from the ejecta ramming into a
massive CSM (J. M. Silverman et al. 2013). Such a dense CSM
is not expected for any ordinary situation within a DD model,
so the existence of these supernovae has been taken as evidence
that at least some SNIa are with a companion star, and hence
are SD (e.g., B. Dilday et al. 2012). However, there are strong
evidences that the Ia-CSM events are not connected to any
close-in consequential SD companion star, much less that this
rare subclass represents even a partial solution to the progenitor

8 out of these, 22 are duplicates for systems already rejected by the other

methods in Table 2.



THE ASTROPHYSICAL JOURNAL, 980:156 (11pp), 2025 February 10

problem. First, roughly one-quarter of the [a-CSM events are
“late-onset” or “delayed interaction,” where the ejecta takes
months to years to impact the surrounding CSM (Y. Sharma
et al. 2023), while traveling at ~10,000 km s~ L. At such
distances from the exploding WD, the CSM is not related to
any consequential companion star. Second, the measured mass
in the CSM near the explosion site ranges from 0.4 to 5 M,
(C. Inserra et al. 2016; N. N. Chugai & L. R. Yungelson 2004).
Such large masses are impossible to come from any SD
companion star, because the companions do not have enough
mass, nor any way to create a shell of dense CSM. Third, two
supernova models have been presented in which no SD
companion star is involved. One possibility is that the [a-CSM
events are a version of a core-collapse supernova (C. Inserra
et al. 2016) with no companion star. A better possibility is that
the rare [a-CSM events are examples of the core-degenerate
(CD) explosion mechanism (as a distinct alternative to DD and
SD), where the WD companion star was destroyed by merger at
a time many years before the supernova (N. Soker et al. 2013;
N. Soker 2022). With two better alternative explanations, the
Ia-CSM events are not useful evidence for the existence of
companion stars in the immediate progenitor. Fourth,
Y. Sharma et al. (2023) measure that the Ia-CSM rate is
~0.02%-0.2% of the overall normal SNIa rate. With this, Ia-
CSM events are not telling us anything about the presence of
companion stars for normal SNIa, nor do they provide even a
partial solution to the progenitor problem. In all, Ia-CSM
events cannot be used as evidence for or against companion
stars in normal SNIa progenitors.

(C) D. Kasen (2010) predicts that the presence of a
companion star next to a supernova explosion could be
apparent as a bright peak in the first few days of the eruption.
In particular for giant companions, for SNIa events viewed
near the line connecting the two stars, Kasen predicts a huge
sudden rise at the time of the explosion, with a blue peak (a
separate local maximum in the light curve) separate from and
rivaling the main supernova peak, all reaching a My, from —17
to —18 at a time roughly 2 days after the explosion. Kasen
estimates that ~10% of SNIa with giant companions will have
the viewing angle such that the Kasen effect is prominent. The
Kasen effect can be sought in the many wonderful full-
cadence light curves that cover in time from days before the
start of eruption up to the main peak. This effect has been
sought in at least 714 normal SNIa light curves that are easily
sensitive to the blatant effects of giant companions.® A total of
five light curves have been claimed to show the Kasen effect
(Q. Wang et al. 2024; G. Dimitriadis et al. 2019a;
M. M. Fausnaugh et al. 2023). As such, the existence of the
effect might provide information on any giant companions.
First, the best claimed Kasen effects (for SN 2018oh and SN
2023bee) are not the predicted Kasen peaks, nor even Kasen
bumps, but are actually barely discernible Kasen inflections
(see Figures 2 and 4, top panel, of Q. Wang et al. 2024 for SN
2023bee, and Figure 2 of G. Dimitriadis et al. 2019a for SN
2018o0h) while the three claimed Kasen effects in
M. M. Fausnaugh et al. (2023) are not even detectable by

° These include 307 SNIa observed across the time of eruption by TESS
(M. M. Fausnaugh et al. (2023), eight observed with the K2 mission (Q. Wang
et al. 2021), three observed with the Kepler mission (R. P. Olling et al. 2015),
127 observed with the ZTF (Y. Yao et al. 2019), 108 observed with the Sloan
Digital Sky Survey (B. T. Hayden et al. 2010), 100 observed with the
SuperNova Legacy Survey (F. B. Bianco et al. 2011), and 61 observed with the
Lick Observatory Supernova Search (M. Ganeshalingam et al. (2011).
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eye in the residual plots (see their Figure 21). Here, the
important point is that the predicted Kasen peaks for giant
companions are certainly nonexistent for all 714 normal SNIa.
D. Kasen (2010) predicts that ~71 (i.e., ~10% of 714) of these
should have a prominent Kasen peak, whereas zero are seen.
This proves that the rare and weak Kasen inflections reported
are not caused by the Kasen effect on giant companion stars.
Second, the five reported Kasen inflections all have a variety of
data and analysis problems that raise the question as to the
existence of the Kasen effect. By varying the power-law
exponent and the time of explosion, the existence of light-curve
inflections can be created or eliminated (see Figure 4 of
Q. Wang et al. 2024). Further, simple changes in the statistical
test can also create or eliminate inflections (M. M. Fausnaugh
et al. 2023). Furthermore, the best fit for the claimed Kasen
inflection in SN 2023bee has a reduced chi-square of 205.5
(see Table 2 of Q. Wang et al. 2024), so either the model must
be horrible or the real photometric error bars are something like
14 x larger than reported, either of which makes the existence
of the effect as insignificant at best. In addition, the TESS light
curve for SN 2023bee has intermittent “bad measurements”
that adds false flux, with one episode covering half of the
claimed Kasen inflection (see Figure 11 of Q. Wang et al.
2024), so we can have no confidence that the claimed residual
bump is not just an artifact of added flux in the decaying tail of
the “bad measurements.” Third, the systems with the best
Kasen effects have been proven to not have any companion
star to deep limits. For SN 20180oh and SN 2023bee, the
complete absence of nebular hydrogen or helium lines rules
out the possibility of any giant or subgiant companions
(G. Dimitriadis et al. 2019b; Q. Wang et al. 2024). For SN
2023bee, radio detection limits constrain the stellar wind of
any progenitor, such that any giant companion is excluded
(G. Hosseinzadeh et al. 2023). With this, we know that the
Kasen inflections have nothing to do with giant companion
stars. Fourth, the tiny Kasen inflections can be well explained
by an ordinary excess of *°Ni in the outer shell of the ejecta
(M. R. Magee & K. Maguire 2020), or by the early ejecta
ramming into a CSM near the explosion (A. L. Piro &
V. S. Morozova 2016), or by the initial ignition of the thick
helium shell on the surface of a sub-Chandrasekhar WD that
will create radioactive material in the outer layers of
ejecta (A. Polin et al. 2019). With three good alternative
models to explain the few small Kasen inflections, there can
be no useful confidence in using the Kasen effect to constrain
the existence and nature of companion stars of normal SNIa.
For all four reasons, we cannot use the Kasen inflections as
evidence for the existence of giant companion stars for SNIa
progenitors.

In the end, we have five good methods to test a progenitor
for giant companions, with these listed in Table 2, plus three
further methods unable to make confident detections of giant
companions. After allowing for overlapping of individual
supernovae in these lists, we end up with 136 separate normal
SNIa systems for which strong limits demonstrate that giant
companion stars (as in V445 Pup and as in any helium nova) do
not exist.

The conclusion is that giant or subgiant companions appear
in zero out of 136 testable systems. The best estimate of the rate
of helium novae in progenitors is zero, although the allowed
range has some small upper limit. From Poisson statistics, the
1o upper limit on the fraction of normal SNIa events is 0.84%.
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The interpretation of an exactly zero rate is that the helium
nova channel is impossible, perhaps because all helium nova
ejecta have very large masses like for V445 Pup. The
interpretation of a small positive rate is that the helium novae
are rare. With the 136 tested supernovae, we cannot distinguish
between “impossible” and “rare.” In all cases, helium novae
constitute at most a very small fraction of normal SNIa, and
cannot comprise any part of a solution to the progenitor
problem.

6. The Larger Picture

The close-up picture of V445 Pup from this paper is that of a
high-mass WD in a 1.87 day orbit with a 2.65 + 0.35 R, giant
companion that was stripped of its outer hydrogen-rich layers.
This close-up picture has the 2000 eruption making the orbital
period increase by 935 £ 27 ppm, from which we confidently
know that the nova eruption ejected >>0.001 M. This Mejeca is
greatly larger than the nova trigger mass, so the V445 Pup WD
must be losing mass across each eruption cycle. With this, for a
larger picture, V445 Pup cannot evolve to a supernova eruption
and is not a SNIa progenitor.

Now that we have a clear picture of the current state of V445
Pup, I can look at the bigger picture of its evolution as a binary
star. The basic story of V445 Pup is clear, and here is a
schematic summary. (A) The star formed as a wide binary with
original masses of perhaps 8 and 2 M. (B) When the primary
star evolved off the main sequence, it expanded to engulf the
secondary star and to eject a normal planetary nebula. The
common-envelope phase will tighten the orbit to a smaller
period. (C) After the end of the common envelope, the system
consisted of a WD and the original secondary still as a main-
sequence star. (D) In the ordinary evolution, the core of the
secondary ran out of hydrogen, and it expanded to form a
second common-envelope phase. During this phase, the outer
hydrogen-rich layers of the secondary star were stripped away,
leaving exposed the helium-rich mantle. This phase also
ground down the orbital period to near 1.87 days. (E) Either by
ordinary angular momentum loss from the binary or from
further expansion of the helium star, the secondary star came
into contact with its Roche lobe, and accretion began. (F) As
accreted gas piles up on the primary star, nova eruptions
repeatedly blow off huge masses away from the binary. After
each eruption, the WD is eroded, so as to be lowering Mwp
over each eruption cycle. The companion star is also losing
mass each cycle due to the ordinary transfer of gas through
accretion. This is the current state of V445 Pup. (G) Into the
future, as time goes on, the accretion and nova ejections will
continue, with both stellar masses being whittled down in size.
(H) At some point, the evolution of the core of the helium star
will form a CO WD and eject a planetary nebula. (I) V445 Pup
will end up as a WD-WD binary with a period of perhaps
1 day, orbiting quietly forever.

While this bigger picture is clear, a variety of details are not
known with any usable confidence. The most important
uncertainty is likely to be the question of the composition of
the WD. Perhaps the original primary was massive enough so
that an ONe WD was formed, for which Mwp would be near
the Chandrasekhar mass. To recall, M. Kato et al. (2008) make
a strong case that currently Mwp = 1.37 M, or so. In this case,
the WD we are seeing should have a surface composition with
abundant neon, and then with the observed dredge-up, the
eruption should be a neon nova. For this possibility, we can
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only see the [Nelll] lines by looking in the near-ultraviolet
during the nebular phase long after peak, and I am aware of no
spectra that covers this possibility, so V445 Pup might well be
a neon nova. The alternative is that the primary formed its CO
WD with a mass <1.2 M, or so, and the extra mass (to get it up
to 1.37 M) came from the helium star during the second
common-envelope stage. With this alternative, the dredge-up
will make the current ejecta have the composition of the helium
star envelope, and this composition is consistent with the
observed spectra during eruption.

We can see a yet larger picture by asking whether any SNIa
systems have a companion star like that in V445 Pup. For this
question, zero out of 11 normal SNIa systems can possibly
have a companion like in V445 Pup (or any other helium nova),
because no companion is visible either before or after the
explosion, with severe limits that the My for any companion
star is less luminous than —1.9 +0.7 mag; zero out of 80
normal SNIa systems can possibly have any companion like in
V445 Pup (or any helium nova), because there is no detected
radio or X-ray emission as required for the ejecta—wind
interaction, with severe limits on the possible Mg of
<9 x 107® M, yr'; and zero out of 67 normal SNIa systems
can possibly have any companion like in helium novae or in
V445 Pup, because there is no nebular helium emission line by
entrained gas from the companion, with strict limits on the
stripped mass of <0.01 M. In the majority of these cases, the
constraints on any companion are greatly smaller than what is
quoted here, often by orders of magnitude. After noting
duplications on these lists, we have 136 separate normal SNla
systems that cannot have a progenitor like in V445 Pup or like
in any helium nova. This starkly shows that in all of the 136
systems where it can be tested, the helium nova case is strongly
rejected. The helium nova progenitor fraction is <0.84%. This
provides a second proof that helium novae are not normal SNIa
progenitors at any level that can solve the progenitor problem.

This larger picture can be expanded further to ask about the
other SD models that require a giant or subgiant companion. That
is, in addition to the helium nova progenitor model, the symbiotic
path is a theoretical construct that requires a luminous and active
red giant star feeding matter onto the WDs. Further, the general
RN path apparently requires 80% or so of the progenitors to have
giant or subgiant companions, as measured by the known RN
population in our Milky Way. The observational results in
Table 2 can be applied to the SD pathways involving symbiotic
stars and RN, as well as for helium novae. The conclusion is that
zero out of 136 normal SNIa systems have the giant companion
required by the helium nova, symbiotic star, or RN SD models.
That is, these SD models are completely refuted as solutions to
the progenitor problem. It does not matter whether anyone's
models suggest that these SD paths can work or not; rather, the
overwhelming numbers show that these SD paths do not
contribute in any recognizable numbers to the normal SNIla
population seen in the sky.

The most important aspect of the larger picture relates to the
progenitor problem. Two strong sets of evidence prove that
V445 Pup and helium novae in general are not SNIa
progenitors, and can constitute no recognizable fraction of
the solution for the progenitor problem. Further, the broad and
deep limits on the possibility of any giant or subgiant
companion stars rules out the symbiotic nova and the RN
models. That is, there is no chance that helium novae,
symbiotic novae, or RNe provide any measurable fraction of
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the observed normal SNIa events. And stepping back to see the
larger picture, with the rejection of the helium nova, symbiotic
nova, and RN models (the most popular and prominent SD
models), the SD concept is greatly diminished as having no
viable progenitors that can be pointed at.
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