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An early-time spectrum of a Type Ia supernova (SN Ia) gives us clues to understand chemical
abundance in the outer layers of the progenitor white dwarf (WD) before the SN explosion or at
the final stage of the explosive burning. There are some features in the early-time spectra of SNe
Ia which contradict current theoretical models of an exploding WD. For example, the early-time
spectra of some SNe Ia show absorption lines faster than the photospheric velocity (e.g., Si and
Ca), called high velocity features (HVFs). The interaction between the ejecta and circumstellar
material has been suggested to result in the HVFs, but their origin has been poorly understood.
The HVF elements in the outer layers of the SN ejecta might also be the origin. Nucleosynthesis
in the He shell flashes before the SN explosion could help us to understand such features. We have
calculated the progress and nucleosynthesis of the He shell flashes on the surface of the accreting
C-O WD with some approximations. The preliminary results suggest that a significant amount of
the elements heavier than C and O (such as Si and S) could be synthesized in the outer layers of
the WD.
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1. Introduction

A Type Ia supernova (SN Ia) is thought to be a thermonuclear explosion of a C-O white dwarf
(WD) in a close binary system (e.g., [1 – 4]). The WD explodes when its mass (MWD) becomes
close to the Chandrasekhar mass (MWD, ∼1.4 M⊙) by accreting hydrogen-rich matter from its
companion star. Thus, SNe Ia are expected to have similar properties.

Early-time spectra of several SNe Ia, taken before the maximum brightness, show unusual
absorption lines of Ca and Si (e.g., [5]). Their line velocity is faster than that of the photosphere, so
that these high-velocity lines are referred to as high velocity features (HVFs). The origin of HVFs
has not been understood clearly. It has been thought that the HVF could result from the interaction
between the SN ejecta and circumstellar matter, but not fully confirmed yet.

Another possible explanation for the HVFs is the existence of the HVF elements in the outer-
most layer of the progenitor WD. However, the abundance in the outer layer of the accreting WD
has not been studied well. As the progenitor WD increases its mass, the H accreted to the WD
is burnt into He on the surface of the WD. This He is then burnt into C and O through He shell
flashes. The abundance of the elements in the accreted layer is thus determined by the recurring
flashes. Since it is difficult to calculate these so many flashes, the C and O are simply assumed to
accrete with almost equal mass fractions after the flashes.

In this study, with some approximations, the progress and nucleosyntheis of He shell flashes
on the WD with MWD ∼ MCh are examined.

2. Calculation

We consider a WD which consists of C and O with the same mass fraction and has a He
envelope on it. Given MWD and the envelope mass (Menv), we can derive the structure of the
envelope in hydrostatic equilibrium quasi-analytically [6, 7]. Such quasi-analytic model is also
applied in calculating the nucleosynthesis of O-Ne-Mg novae [8]. The pressure and density at the
base of the envelope are given by

Pb =
GMWDMenv

4πR4
WD

fb and ρb =
Menv

4πR3
WD

Vb fb,

where the subscript “b” denotes the value at the base of the envelope, and RWD is the WD radius
which is expressed as a function of MWD

1. In the above equations, V and f are described by

V ≡−d lnP
d lnr

=
GMrρ

rP
and f (x,N)≡ xN+1(1− x)3−N

(N +1)Bx(N +1,3−N)
(0 < f < 1).

Here, the polytropic index N is assumed to be adiabatic and constant throughout the envelope, x is
defined as x ≡ (N + 1)/V (0 < x < 1), and Bx denotes the incomplete beta function2. Assuming

1The relation between RWD and MWD is obtained by solving the structures of isothermal (107 K) C-O WDs with
various central density.

2N/(N +1)≡ d lnρ/d lnP and Bx(p,q)≡
∫ x

0
t p−1(1− t)q−1dx (0 < x < 1).
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that the envelope is convective, we can express the pressure, density, temperature, and coordinate
at a certain position in the envelope as

P = Pb

(
x
xb

)N+1( 1− x
1− xb

)−(N+1)

, ρ = ρb

(
x
xb

)N (
1− x
1− xb

)−N

,

T = Tb

(
x
xb

)(N+1)/(n+1)( 1− x
1− xb

)−(N+1)/(n+1)

, and r = RWD
1− x
1− xb

.

We assume here that n is also adiabatic and constant3.
A shell flash is calculated by solving the equation of the energy conservation,

ds
dT

=

⟨
ε(N)

T

⟩
,

where s denotes the specific entropy, and ε(N) is the specific energy generation rate by nucleosyn-
thesis. The angle brackets in the right-hand side of the above equation denote an average over the
envelope. For simplicity, we treat the envelope as one zone. The nucleosynthesis network includes
280 nuclides from n and p up to 79Br.

3. preliminary results

The model parameters are MWD/M⊙ = 1.2, 1.25, 1.3, 1.35, 1.38 and log(Menv/M⊙) = −2.5,
−3, −3.5, −4, −4.5, −5. These values include the parameter range that triggers a shell flash on a
helium-accreting WD [9].

Figure 1 shows the progress and nucleosynthesis of the shell flash for the model with MWD =

1.35 M⊙ and log(Menv/M⊙) =−3.5. The progress of the shell flash is described as follows.

1. At first, the envelope is degenerate. The temperature increases while the pressure remains
almost constant.

2. The envelope gradually expands. The pressure and density decrease, and the He in the enve-
lope is burned into C.

3. Then, around the peak temperature, an explosive nucleosynthesis occurs. Most of He and C
are burnt into heavier elements, such as O, Ne, and Mg.

4. After the temperature maximum, the envelope begins to cool down. The temperature and
density decrease.

Figure 2 shows several results of our calculations. A model with larger MWD and/or Menv

shows a stronger He shell flash, so that its peak temperature becomes higher. For such models that
the peak temperature becomes around 109 K, a large amount of Si and S is synthesized. This result
suggests that the outer layer of the progenitor WD could have a certain amount of the elements
heavier than C and O, which might result in the HVFs seen in the early-time spectra of SNe Ia.
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Figure 1: Progress and nucleosynthesis of the He shell flash for the model with MWD = 1.35 M⊙ and
log(Menv/M⊙) =−3.5. Top-left: ρb–Tb diagram. Top-right: time evolutions of Tb and ⟨ε(N)⟩. Bottom: time
evolution of the abundance around the peak temperature (t = t0).

However, since the peak temperature do not greatly exceed 109 K, much heavier elements (e.g.,
beyond Ca) are not significantly produced.

As is seen in Figure 1, there remains a certain amount of He after the peak temperature (10–
70% in mass fraction). Since the current calculation stops when the envelope becomes cool enough
after the peak by technical reasons, the remaining He might be burnt into heavier elements if we
continue the calculation. Assuming that the unburnt He is finally burnt into C and O with the same
mass fraction through a stable He burning after a He shell flash, we can estimate a C-O ratio (see
the bottom-right panel of Figure 2). If all the nuclides synthesized by a He shell flash remain on
the surface of a WD, and unless the binary evolution does not influence the remaining nuclides, the
C-O ratio could be different from 1 : 1, which is theoretically assumed.

It should be also mentioned that the temperature of some models becomes so high that the
assumption of hydrostatic equilibrium breaks. The evolutions of these He shell flashes would be
somewhat different; further nucleosythesis would occur and produce more Ca. We should treat and

3n+1 ≡ d lnP/d lnT .
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Figure 2: Summary plots of our calculation results. Top-left: peak temperature obtained during the He shell
flash. Top-right, middle-left, middle-right, and bottom-left: abundance of 28S, 32Si, 40Ca, and 4He at the end
of our calculations, respectively. The black circles in the middle-right panel denote that the abundance of
40Ca is zero for these models. Bottom-right: estimated final C-O ratio if the unburnt He is burnt into C and
O with the same mass fraction.
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examine such models carefully in further studies.

4. Summary

We have calculated the evolutions and nucleosynthesis of the He shell flashes on the accreting
WDs, by using the quasi-analytical models. Our calculations suggest that:

• A model of a heavier WD and/or with a heavier envelope shows a stronger He shell flash,
and its peak temperature becomes higher.

• A He shell flash produces a significant amount of the elements (such as Si and S) which
might explain the HVFs in the early-time spectra of SN Ia, while heavier elements like Ca
are synthesized very little.

• Though we should treat carefully the unburnt He and models where hydrostatic equilibrium
breaks, the progenitor WD seems to have other elements besides C and O in its outermost
layer.
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