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Abstract Type Ia supernovae (SNe Ia) are believed to be thermonuclear explosions of carbon oxygen

(CO) white dwarfs (WDs) with masses close to the Chandrasekhar mass limit. How a CO WD accretes

matter and grows in mass to this limit is not well understood, hindering our understanding of SN Ia

explosions and the reliability of using SNe Ia as a cosmological distance indicator. In this work, we

employed the stellar evolution code MESA to simulate the accretion process of hydrogen-rich material

onto a 1.0 M⊙ CO WD at a high rate (over the Eddington limit) of 4.3×10−7 M⊙ yr−1. The simulation

demonstrates the characteristics of the double shell burning on top of the WD, with a hydrogen shell

burning on top of a helium burning shell. The results show that helium shell burning is not steady (i.e.

it flashes). Flashes from the helium shell are weaker than those in the case of accretion of helium-rich

material onto a CO WD. The carbon to oxygen mass ratio resulting from the helium shell burning is

higher than what was previously thought. Interestingly, the CO WD growing due to accretion has an

outer part containing a small fraction of helium in addition to carbon and oxygen. The flashes become

weaker and weaker as the accretion continues.
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1 INTRODUCTION

Type Ia supernovae (SNe Ia) play an important role in

astrophysics. They have been successfully used as a cos-

mological distance indicator because of their high lumi-

nosity and remarkable uniformity. With SNe Ia, the ex-

pansion of the universe has been found to be accelerat-

ing, implying the existence of dark energy (Riess et al.

1998; Perlmutter et al. 1999). SNe Ia are also important

for the chemical evolution of their host galaxies as iron-

peak elements are mainly produced by SNe Ia (Helder

et al. 2009; Howell 2011).

It is widely believed that SNe Ia are from the ther-

monuclear explosions of carbon-oxygen white dwarfs

(CO WDs) (Hoyle & Fowler 1960). In the standard pic-

ture, a CO WD grows in mass somehow to ∼1.378 M⊙,

close to the Chandrasekhar mass limit and then explodes

as an SN Ia (Nomoto et al. 1984). However, the exact

nature of its progenitor is still unclear. Recently a lot of

progenitor models of SNe Ia have been put forward (for

a review, see Wang & Han 2012), and the favorite pro-

genitor models are the single-degenerate (SD) model and

the double-degenerate (DD) model. For the SD model,

a non-degenerate star transfers mass to a CO WD in a

binary system and the CO WD accretes the transferred

material and grows in mass till it explodes (Whelan &

Iben 1973; Nomoto et al. 1984; Hachisu et al. 1996; Han

& Podsiadlowski 2004; Meng et al. 2009; Hillman et al.

2016; Meng & Podsiadlowski 2017). For the DD model,

double white dwarfs (WDs) are brought together and co-

alesce due to angular momentum loss via gravitational

wave radiation, and the merger is assumed to explode if

the total mass is larger than the Chandrasekhar mass limit

(Sparks & Stecher 1974; Iben & Tutukov 1984; Webbink

1984; Han 1998; Chen et al. 2012). Note, however, that
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the merger of double WDs may lead to an accretion-

induced-collapse, resulting in the formation of a neutron

star rather than an SN Ia explosion, though recent sim-

ulations show that an SN Ia explosion is possible if the

merger is violent (Pakmor et al. 2012). We mainly focus

on the SD model in this study.

The mass growing process of a CO WD during its ac-

cretion is crucial for the SD model, and the mass grow-

ing process is mainly determined by the accretion rate.

The accreted material burns steadily only for a narrow

range of accretion rates. If the accretion rate is too low,

the accreted material does not burn steadily and flashes.

If the accretion rate is too high, the WD may evolve into

a red-giant-type star due to the accumulation of accreted

material. Hachisu et al. (1996) found an optically thick

wind solution in the case of high accretion rate. In this

scenario, the accreted material burns steadily at a criti-

cal rate while the unprocessed material is blown away by

an optically thick wind. Recently, Ma et al. (2013) sim-

ulated the accretion of hydrogen-rich (H-rich) material

onto CO WDs using the state-of-the-art stellar evolution

code MESA, and found that a super-Eddington wind may

be triggered at a much lower accretion rate than what

was previously thought when the contribution of nuclear

burning energy to the total luminosity is included. Wang

et al. (2015) did a similar study, but for the accretion

of helium-rich (He-rich) material onto CO WDs. They

found that if the contribution of nuclear burning energy

to the total luminosity is included when determining the

Eddington accretion rate, a super-Eddington wind may

also be triggered at an accretion rate significantly lower

than that in previous studies based on steady-state mod-

els.

In previous studies on the accretion onto a CO WD,

only hydrogen shell burning or helium shell burning is

considered. However, the accretion is more complicated

and usually leads to double shell burning. H-rich mate-

rial is accreted onto a CO WD and the resulting hydrogen

burning shell converts hydrogen to helium. The resulting

helium shell underneath the hydrogen shell burns helium

into carbon and oxygen, leading to the growth of the CO

WD. The two shells may influence each other and the he-

lium accretion rate is constrained by the hydrogen shell

burning. Therefore, the helium accretion rate cannot span

a very wide range as in those studies of accreting He-

rich matter onto WDs (Kato & Hachisu 1999; Yoon &

Langer 2003; Kato & Hachisu 2004; Wang et al. 2009a,b;

Hillman et al. 2016).

In this paper, we study the accretion of H-rich mate-

rial onto a CO WD and the resulting double shell burn-

ing. We use the state-of-the-art stellar evolution code

MESA for simulating the accretion and double shell

burning. The super-Eddington wind assumption of Ma

et al. (2013) is adopted and the Eddington accretion rate

is estimated by including the nuclear energy, gravother-

mal energy and radiation of the core in a way similar to

that of Ma et al. (2013). The numerical code and basic

methods are described in Section 2, and the simulation

results are shown in Section 3. We discuss in Section 4

and conclude in Section 5.

2 THE SIMULATIONS

We employ the stellar evolution code MESA (Paxton

et al. 2011, 2013, 2015) to simulate the accretion of H-

rich material (with X = 0.70, Y = 0.28, Z = 0.02) onto

a CO WD and consequently the double shell burning. We

use the default opacity and equation of state tables (see

figs. 1–2 in Paxton et al. 2011). The nuclear network con-

sists of 21 isotopes (i.e., 1H, 3He, 4He, 12C, 13C, 13N,
14N, 15N, 14O, 15O, 16O, 17O, 18O, 17F, 18F, 19F, 18Ne,
19Ne, 20Ne, 22Mg and 24Mg), which are coupled by 62

nuclear reactions.

Two relevant MESA suite cases are adopted for our

simulations, i.e., make co wd and wd2. We use the suite

case make co wd to create initial CO WD models, and

then follow the accretion and double shell burning using

the suite case wd2.

If the mass accretion rate is high enough, the lumi-

nosity L of the accreting WD may exceed the Eddington

luminosity. The Eddington luminosity is defined as

LEdd =
4πcGMWD

κ
, (1)

where c is the vacuum speed of light, G is the gravita-

tional constant, M the WD mass and κ the opacity. Here,

κ is the average opacity weighted by mass of outer lay-

ers of the accreting WD.1 If L is larger than LEdd, a

super-Eddington wind may be triggered, and the wind

may blow away part of the accreted material at the sur-

face of the WD.

The total luminosity L consists of four parts, i.e., the

nuclear burning energy, gravothermal energy released by

compression during accretion, thermal radiation of the

core and gravitational energy released by the accreted

material. Different from Ma et al. (2013), the helium

1 Ma et al. (2013) used the opacity of the outermost layer, which is

the default setting in the old version of MESA.
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burning also contributes to the total luminosity. The de-

tails of these four parts of luminosity have been presented

in Ma et al. (2013) and Wang et al. (2015). Here we

follow the work of Ma et al. (2013), and adopt ṀEdd

and Ṁstable formulated by Ma et al. (2013) for H-shell

burning, where ṀEdd is the Eddington accretion rate

corresponding to the Eddington luminosity, and Ṁstable

the minimum accretion rate required for stable hydrogen

shell burning. In this paper, we also follow helium burn-

ing, and we are therefore able to study the accretion of a

CO WD more realistically, in particular we can monitor

the hydrogen shell burning and the helium shell burning

simultaneously.

Ma et al. (2013) identified the region of steady hy-

drogen shell burning for accretion of H-rich material onto

CO WDs, while Wang et al. (2015) located the region

similarly, but of steady helium shell burning for accre-

tion of He-rich material onto CO WDs. We see that the

accretion rate for the region of steady hydrogen shell

burning is significantly lower than that of steady helium

shell burning. The difference in accretion rates between

the two regions is similar to that found in other stud-

ies (e.g. Piersanti et al. 2014). During the accretion of

H-rich material, stable hydrogen shell burning converts

hydrogen into helium, and consequently the helium ac-

cumulation rate is the same as that of the accretion rate

of H-rich material. This seems to indicate that a helium

shell underneath a stable hydrogen burning shell cannot

burn steadily during the accretion of CO WDs.

In this paper, we evolve a 1.0 M⊙ CO WD accret-

ing H-rich material at a high accretion rate of 4.3 ×

10−7 M⊙ yr−1, which is over the Eddington rate given

by Ma et al. (2013), and then follow the resulting burn-

ing of the helium shell underneath the hydrogen burning

shell. We then see how the helium shell burning is differ-

ent from that in previous studies for the case of accretion

of He-rich material without a hydrogen burning shell on

top.

3 RESULTS

By adopting the Eddington accretion rate of Ma et al.

(2013) for the accretion of H-rich material, we have fol-

lowed the detailed evolution of an accreting CO WD

with a mass of 1.0 M⊙ and an accretion rate of 4.3 ×

10−7 M⊙ yr−1, which is over the Eddington rate. The

simulation results are displayed in Figures 1–6.

Figure 1 shows the luminosity evolution during the

accretion. We see that the hydrogen shell burns steadily,

but the helium shell does not. It is obvious that the accu-

mulation rate of helium does not reach the rate for steady

helium shell burning, and helium shell flashes occur.

Figure 2 exhibits the change of mass for the CO

material of the accreting WD during accretion. We see

that the mass of CO material on the WD keeps increas-

ing though the helium shell does not burn steadily and

flashes. This indicates that some of the CO material pro-

duced from helium shell flashes remains on top of the

WD though some may have been blown away due to he-

lium flashes.

Figure 3 plots profiles of the mass fractions of hy-

drogen, helium, carbon and oxygen in the inner core be-

fore flash cycle 8 (point A) in Figure 1. We see that

the mass fraction of carbon resulting from helium shell

flashes is quite different from that in the inner WD, and

helium shell flashes result in higher carbon mass fraction.

Furthermore, the flashes also lead to complex profile pat-

terns visible in panel (b) of Figure 3.

To understand patterns of the chemical profiles, we

have plotted how the profiles change during a flash in

Figure 4. Figure 4 shows the profiles before a flash (point

A), during the flash (point B with the maximum helium

burning luminosity) and after the flash (point C) for the

8th helium flash cycle. We see that the flash leads to the

formation of a spike in the profiles. We also notice that

the helium flash does not burn all the helium and some

helium remains. This means that the outer part of a CO

WD which grows due to accretion may have helium, not

just carbon, oxygen and metals.

Recently Hillman et al. (2016) simulated accretion

of both H-rich material and He-rich material onto a CO

WD. They found that although the amount of mass lost

during the first few helium shell flashes is a signifi-

cant fraction of that accumulated prior to the flashes,

the fraction decreases with repeated helium shell flashes.

Therefore, the helium flashes become gradually less vi-

olent and eventually settle down after a long term evo-

lution. We adopt the peak nuclear-burning luminosity of

a helium shell flash and the time interval between two

adjacent helium shell flashes as indicators showing the

strength of a helium flash.

Figure 5 displays the long term evolutionary calcula-

tion results in our study. The peak nuclear-burning lumi-

nosity decreases as a whole, while the flash time interval

keeps reducing, which indicates that helium shell flashes

become weaker and weaker during the accretion.
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Fig. 1 Luminosity evolution for an accreting CO WD with a mass of 1.0 M⊙ and an accretion rate of 4.3 × 10−7 M⊙ yr−1.

0.998

0.999

1

1.001

1.002

1.003

1.004

1.005

1.006

0 10 20 30 40 50

M
/M

⊙

time/kyr

surface mass
CO mass

Fig. 2 Evolution of the surface mass and the mass of the CO material of the accreting WD.
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Fig. 3 The chemical profile of the accreting WD before flash cycle 8 (point A in Fig. 1) (panel a) and the part around log(R/R⊙) =
−2.1 is enlarged (panel b).



X. Cui, X.-C. Meng & Z.-W. Han: WD Accretion 58–5

-20

-15

-10

-5

0

5

10

138000 140000 142000 144000 146000 148000 150000

lo
g
L
/L

⊙

model number

(a)

A

B

C

LH

LHe

0

0.2

0.4

0.6

0.8

1

-2.12 -2.11 -2.1 -2.09 -2.08 -2.07

X

logR/R⊙

(b)

He
C
O

0

0.2

0.4

0.6

0.8

1

-2.12 -2.11 -2.1 -2.09 -2.08 -2.07

X

logR/R⊙

(c)

He
C
O

0

0.2

0.4

0.6

0.8

1

-2.12 -2.11 -2.1 -2.09 -2.08 -2.07

X

logR/R⊙

(d)

He
C
O

Fig. 4 Chemical profiles during the 8th He-shell flash cycle as in Fig. 1. Panel (a) shows the luminosity evolution of the cycle,
while panels (b), (c) and (d) show the profiles at points A, B and C in panel (a), respectively.
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Fig. 5 The evolution of peak nuclear-burning luminosity for helium shell flashes (panel a) and the time interval between flashes

(panel b).

4 DISCUSSION

In this paper, we have investigated the mass-growing

process of a 1 M⊙ CO WD accreting H-rich material.

Different from Nomoto et al. (2007) and Ma et al. (2013),

who just considered hydrogen shell burning, we also take

helium shell burning into consideration in the simula-

tion. We have followed the process of hydrogen shell

burning and helium shell burning during the accretion,

in which hydrogen shell burning converts hydrogen to
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Fig. 6 The comparison of peak nuclear-burning luminosity of helium shell flashes for accretion of H-rich material onto a 1M⊙

CO WD with a helium accumulation rate of 3.5 × 10−7 M⊙ yr−1 and that for the He-rich material with the same rate for helium

accretion.

helium and helium shell burning subsequently converts

helium to carbon and oxygen, leading to growth of the

CO WD.

In the simulation, the helium shell results from the

hydrogen shell burning, and the accumulation rate of the

helium shell depends on the burning rate of the hydro-

gen shell and thus on the accretion rate of H-rich mate-

rial. The accretion rate of H-rich material is taken to be

4.3× 10−7 M⊙yr−1, which is over the Eddington accre-

tion rate. As we have adopted the super-Eddington wind

prescription of Ma et al. (2013), a super-Eddington wind

is therefore assumed to be triggered for the accretion rate.

Consequently, the accumulation rate of the helium shell

is at its maximum (∼ 3.5×10−7 M⊙ yr−1). We find that

the He shell burning is not steady for the rate. This im-

plies that a CO WD accreting H-rich material can only

grow in mass via helium shell flashes, similar to what

happens for low-rate accretion of He-rich material onto

CO WDs (Kato & Hachisu 2004; Wang et al. 2015).

Wang et al. (2015) simulated the accretion of He-rich

material onto WDs, and obtained the mass retention effi-

ciency for helium shell flashes. To compare the strengths

of helium shell flashes for accretion of H-rich material

and that for accretion of He-rich material, in Figure 6

we plot the evolution of peak nuclear-burning luminosity

of helium shell flashes for accretion of H-rich material

onto a 1 M⊙ CO WD with a helium accumulation rate of

3.5 × 10−7 M⊙ yr−1 and that for He-rich material with

the same rate for helium accretion. We see that the peak

luminosities for helium shell flashes are much lower for

the case of accretion of the H-rich material. This indi-

cates that the existence of a hydrogen-burning shell on

top reduces the strength of helium shell flashes and con-

sequently the mass retention efficiency is higher than for

the accretion of He-rich material.

It is well known that calculations for helium shell

flashes may be unreliable if the number of mass zones

is too small. For our calculations, the number of mass

zones is self adjusted. It is about 2000 to 2300 during

the stable hydrogen-burning and about 2700 to 3000 dur-

ing the helium shell flashes. In order to check whether

or not the number of mass zones may affect our results,

we manually vary the number of mass zones for some

of our calculations and make a comparison in Figure 7.

Panel (a) shows the chemical profiles for the same pe-

riod during the calculations (after seven flash cycles), and

the numbers of mass zones are set to be 2 times larger

(short-dashed line) or 4 times larger (long-dashed line).

The chemical profiles look almost the same for different

numbers of mass zones. There is only a small difference

in details for the carbon and oxygen profiles; this differ-

ence arises from increases in the number of mass zones

and it does not change our conclusions. Panel (b) displays

the evolution of peak nuclear-burning luminosity of he-

lium shell flashes for different numbers of mass zones. It

is clearly seen that the increase in number of mass zones

practically does not affect our results.
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Fig. 7 The comparison of chemical profiles (panel a) and evolution of peak nuclear-burning luminosity of helium shell flashes

(panel b) for different numbers of mass zones.

A higher ratio of carbon to oxygen (C/O) for a CO

WD just before its explosion may make the resulting

SN Ia more luminous (Umeda et al. 1999b,a; Höflich

et al. 2010). Meng & Yang (2011) have investigated the

C/O ratios of CO WDs at the moment of explosion.

They followed the evolution of stars from zero-age main-

sequence (ZAMS) to asymptotic giant branch (AGB).

The AGB stars are assumed to lose their envelopes when

their binding energy becomes positive (Han et al. 1994)

and then evolve to CO WDs with C/O ratios resulting

from central helium burning. It is the density and temper-

ature of the helium burning region and later the mixing

that determine the C/O ratio, and the C/O ratio result-

ing from central helium burning is low, around 0.25-0.5

(Umeda et al. 1999b). The CO WDs grow in mass due to

accretion where a C/O ratio is simply assumed to be 1 by

Meng & Yang (2011) for the shell burning due to accre-

tion till the CO WDs reach the Chandrasekhar mass limit.

We see from Figure 3 that C/O is about 1.5, higher than

1. Figure 3 also indicates that the chemical profiles of

carbon and oxygen for the accreting WD are quite com-

plicated.

5 CONCLUSIONS

Employing MESA, we have investigated the accretion of

H-rich material onto a CO WD. We find that helium shell

burning is not steady (i.e. there are helium shell burning

flashes) even though hydrogen shell burning is steady

enough (i.e. with a H-rich material accretion rate over

the Eddington limit). However, the helium shell burning

is more steady than that for accretion of He-rich mate-

rial with the same helium accumulation rate. C/O ratio

resulting from shell burning due to accretion is ∼ 1.5 in

the simulation, higher than previously believed. We have

also noticed that not all the helium has been converted

into carbon and oxygen during the double shell burning
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and the outer part of the resulting CO WD has a small

fraction of helium. As accretion continues, the flashes be-

come weaker and weaker.
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