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& Olga I. Spiridonova9

Gravitational-wave emission can lead to the coalescence of close 
pairs of compact objects orbiting each other1,2. In the case of 
neutron stars, such mergers may yield masses above the Tolman–
Oppenheimer–Volkoff limit (2 to 2.7 solar masses)3, leading to the 
formation of black holes4. For white dwarfs, the mass of the merger 
product may exceed the Chandrasekhar limit, leading either to a 
thermonuclear explosion as a type Ia supernova5,6 or to a collapse 
forming a neutron star7,8. The latter case is expected to result in 
a hydrogen- and helium-free circumstellar nebula and a hot, 
luminous, rapidly rotating and highly magnetized central star with 
a lifetime of about 10,000 years9,10. Here we report observations of 
a hot star with a spectrum dominated by emission lines, which is 
located at the centre of a circular mid-infrared nebula. The widths 
of the emission lines imply that wind material leaves the star with 
an outflow velocity of 16,000 kilometres per second and that rapid 
stellar rotation and a strong magnetic field aid the wind acceleration. 
Given that hydrogen and helium are probably absent from the star 
and nebula, we conclude that both objects formed recently from 
the merger of two massive white dwarfs. Our stellar-atmosphere 
and wind models indicate a stellar surface temperature of about 
200,000 kelvin and a luminosity of about 104.6 solar luminosities. 
The properties of the star and nebula agree with models of the 
post-merger evolution of super-Chandrasekhar-mass white 
dwarfs9, which predict a bright optical and high-energy transient 
upon collapse of the star11 within the next few thousand years. Our 
observations indicate that super-Chandrasekhar-mass white-dwarf 
mergers can avoid thermonuclear explosion as type Ia supernovae, 
and provide evidence of the generation of magnetic fields in stellar 
mergers.

During our search for mid-infrared circumstellar nebulae 
(see Methods), we discovered a new object in the constellation 
Cassiopeia (Fig. 1) using data from the Wide-field Infrared Survey 
Explorer (WISE)12. At a wavelength of 22 µm the new nebula appears 
as a circular shell with ragged edges and an angular radius of about 
75 arcsec. The higher-contrast 22-µm image of the nebula shows a dif-
fuse halo with a radius of about 110 arcsec surrounding the shell. For 
a distance of about 3 kpc to the nebula (see below), the linear radii of 
the shell and halo are about 1.1 pc and 1.6 pc, respectively. The shell is 
also visible in the WISE 12-µm image, where it appears as a circular dif-
fuse structure of the same angular size as the 22-µm shell. Surprisingly, 
despite the moderate extinction towards the nebula (see below), the 
shell has no optical counterpart in the INT Photometric Hα Survey 
(IPHAS) of the Northern Galactic Plane13 (see Fig. 1). We identified the 
central star of the nebula with an optical star (V ≈ 15.5 mag) located 
at RA = 00 h 53 min 11.21 s and dec. = +67° 30′ 2.1″ (J2000). In the 
following, we call this star J005311 (see Methods).

Optical follow-up spectroscopy of J005311 with the Russian 6-m 
telescope (see Methods) revealed an emission-line-dominated spec-
trum, reminiscent of oxygen-rich Wolf–Rayet (WO type) stars (Fig. 2). 

However, the emission lines of J005311 are stronger and broader than 
those of even the most extreme (in terms of strength and width of their 
emission lines) WO stars. Most notably, the O vi (3,811 Å, 3,834 Å) 
emission doublet shows an equivalent width of EW(O vi) ≈ 2,300 Å 
and a full-width at half-maximum of about 300 Å. We note that no 
nebular lines are visible in the obtained long-slit spectrum.

We analysed the optical spectrum of J005311 using the Potsdam 
Wolf–Rayet code for expanding stellar atmospheres (see Methods). In 
Fig. 2, we compare our best-fitting model with the observed spectrum. 
The line spectrum is reproduced well, except for two missing emission 
lines near 4,340 Å and 6,068 Å, which are probably formed by high- 
lying transitions of highly ionized oxygen (O viii) or neon (Ne viii) 
ions. The lines may either originate from a hot plasma that coexists with 
the cooler simulated wind material in our models, or indicate a high 
neon abundance (see Methods). Our model fit yields a stellar temper-
ature of −

+211, 000 K23,000
40,000  (see footnote of Table 1 for the definition of 

the uncertainities) at the base of the wind and a chemical composition 
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Fig. 1 | New mid-infrared nebula in Cassiopeia. a, b, WISE 22-µm image 
of the nebula at two intensity scales, highlighting details of its structure. 
The position of the central star J005311 is indicated by a circle. c, d, WISE 
12-µm (c) and IPHAS Hα (d) images of the nebula and its central star. 
At the distance of J005311 (about 3 kpc), 1 arcmin corresponds to about 
0.9 pc. All images have the same angular scale and orientation.
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Fig. 1 | New mid-infrared nebula in Cassiopeia. a, b, WISE 22-µm image 
of the nebula at two intensity scales, highlighting details of its structure. 
The position of the central star J005311 is indicated by a circle. c, d, WISE 
12-µm (c) and IPHAS Hα (d) images of the nebula and its central star. 
At the distance of J005311 (about 3 kpc), 1 arcmin corresponds to about 
0.9 pc. All images have the same angular scale and orientation.

6 8 4  |  N A T U R E  |  V O L  5 6 9  |  3 0  M A Y  2 0 1 9

Gvaramadze et al.19



LETTERRESEARCH

This naturally explains why this nebula appears neither in the IPHAS 
image nor in our long-slit spectrum. The possibility of a high neon 
surface abundance could even imply that a high-mass neon–oxygen 
white dwarf participated in the merger event.

The merging white-dwarf scenario also addresses the extremely large 
width of the emission lines of J005311. A velocity of 16,000 km s−1 
exceeds the stellar escape speed by about eight times and is typical for 
supernovae, but so far unheard of for radiation-driven winds. In fact, 
pure radiation driving is excluded because the wind’s kinetic energy 
flux exceeds the total radiative luminosity of the star by a factor of two 
(Methods). However, this extremely high velocity can be explained in 
the framework of rotating magnetic wind models. It has been found21 
that a rigidly co-rotating magnetic field can increase the speed and mass 
outflow rate of radiation-driven winds by more than a factor of three, 
at the cost of the star’s rotational energy. We find that a co-rotation 
speed of 16,000 km s−1 at the Alfvén point in J005311, where the inertia 
force starts to dominate over the magnetic forces22, requires an Alfvén 
radius of about 10 stellar radii (about 1.5R⊙; R⊙, solar radius), which 
is achieved with a magnetic field strength of about 108 G. Because the 
whole post-merger evolution is expected9 to last about 20,000 yr, it is 
plausible that the corresponding magnetic torques have not yet spun 
down J005311.

The generation of a strong magnetic field is indeed expected in stellar 
mergers23. Three-dimensional magneto-hydrodynamical models of 
white-dwarf mergers find10 a magnetization of the merger product of 
2 × 108 G. This compares to the peak of the magnetic-field distribution 
of magnetic white dwarfs24, which is several tens of megagauss. The 
observations that the mean mass of magnetic white dwarfs is consid-
erably higher than that of non-magnetic ones and that nearly none 
of the known magnetic white dwarfs have a companion star provide 
strong evidence for the generation of magnetic fields by the merging 
of white dwarfs24.

With a wind speed of about 100 km s−1 during the cool phase8, the 
angular radius of 1.6 pc of the nebula implies an expansion age of about 
16,000 yr. This, together with the high stellar temperature, indicates that 
J005311 is close to the endpoint of its post-merger evolution. Because 
J005311 is more luminous than the 1.49M⊙ model9, it appears likely 

that its mass also exceeds the Chandrasekhar limit, with the exciting 
perspective that it will produce a low-mass neutron star in the near 
future, accompanied by a high-energy transient and a fast-evolving 
supernova11.

The merging of two stars in a binary system is not a rare event. About 
10% of the massive main-sequence stars25, and a similar fraction of 
the known white dwarfs26, are thought to be merger products. The 
very unusual wind of J005311 strongly supports the idea that stellar 
mergers can indeed produce highly magnetized stars, which would 
explain the magnetic stars of the upper main sequence27 and the for-
mation of magnetic white dwarfs24. Our results may also help to resolve 
the ongoing debate on whether a super-Chandrasekhar-mass merger 
of two carbon–oxygen white dwarfs leads to a type Ia supernova, for 
which J005311 appears to provide a counter-example, indicating that 
the merger produced enough heat to prevent immediate collapse and 
to ignite carbon non-explosively. The sequence of thermonuclear burn-
ing stages was thus only interrupted during the white-dwarf stage of 
both components and is now expected to continue and to end in a 
core collapse within the next few thousand years9. This will probably 
produce a neutrino flash and a γ-ray burst28, followed by a very fast and 
subluminous type Ic supernova11.

Online content
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Fig. 3 | Position of J005311 in the Hertzsprung–Russell diagram. The 
red cross marks the position of J005311, with error bars (see Table 1). This 
position is compared with the evolutionary track of the fiducial carbon–
oxygen white-dwarf post-merger model9, which starts at the black dot 
and passes through the points labelled 1, 2, 3 and 4, which correspond to 
about 100, 5,000, 6,000 and 16,000 yr, respectively, after the merger. Figure 
adapted from ref. 9 with permission from Oxford University Press.
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ABSTRACT

WD J005311 is a newly identified white dwarf (WD) in a mid-infrared nebula. The spectroscopic
observation indicates the existence of a neon-enriched carbon/oxygen wind with a terminal velocity of
v∞ ∼ 16, 000 km s−1 and a mass loss rate of Ṁ ∼ 3.5 × 10−6 M⊙. Here we consistently explain the
properties of WD J005311 using a newly constructed wind solution, where the optically thick outflow
is launched from the carbon burning shell on an oxygen-neon core and accelerated by the rotating
magnetic field. Our model implies that WD J005311 has a mass of M∗ ∼ 1.2-1.3M⊙, a magnetic field
of B∗ ∼ 108 G, and a spin angular frequency of Ω ∼ 0.1-1 s−1. The large magnetic field and fast spin
support the carbon-oxygen WD merger origin. WD J005311 will neither explode as type Ia supernova
nor collapse into neutron star. If the wind continues to blow another a few kyr, WD J005311 will spin
down significantly and join to the known sequence of slowly-rotating magnetic WDs. Otherwise it may
appear as a fast-spinning magnetic WD and could be a new high energy source.
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1. INTRODUCTION

Recently ? reported observation of an extremely hot white dwarf (WD) in a mid-infrared nebula J005311. In this
paper, we call this object WD J005311. The spectroscopic analysis indicates the existence of a peculiar wind. The
characteristics can be summarized as follows.

• The effective temperature of WD J005311 is Teff = 211, 000+40,000
−23,000 K.

• The distance to WD J005311 is d = 3.07+0.34
−0.28 kpc and the bolometric luminosity is calculated as log(Lrad/L⊙) =

4.60± 0.14.

• The photospheric radius is estimated to be rph = 0.15± 0.04R⊙.

• The chemical composition of the wind is dominated by carbon and oxygen (XC = 0.2± 0.1 and XO = 0.8± 0.1).

• The neon mass fraction (XNe = 0.01) is significantly larger than the solar abundance while the iron group mass
fraction (XFe = 1.6× 10−3) is consistent with that.

• From the width and strength of the OVI emission lines, the terminal velocity and mass-loss rate are estimated
as v∞ = 16, 000± 1, 000 km s−1 and Ṁ = (3.5± 0.6)× 10−6 M⊙ yr−1, respectively. Note that v∞ is significantly
larger than the escape velocity at the photospheric radius, vesc(rph) ∼ 1, 600 km s−1.

• The apparent size of the infrared nebula is ∆θ ∼ 75 arcsec, which corresponds to rnb ∼ 1.6 pc. From the
expansion velocity of vnb ∼ 100 km s−1, the age of the nebula is estimated to be ∼ 16, 000 yr.
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observation indicates the existence of a neon-enriched carbon/oxygen wind with a terminal velocity of
v∞ ∼ 16, 000 km s−1 and a mass loss rate of Ṁ ∼ 3.5 × 10−6 M⊙. Here we consistently explain the
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is launched from the carbon burning shell on an oxygen-neon core and accelerated by the rotating
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support the carbon-oxygen WD merger origin. WD J005311 will neither explode as type Ia supernova
nor collapse into neutron star. If the wind continues to blow another a few kyr, WD J005311 will spin
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1. INTRODUCTION

Recently ? reported observation of an extremely hot white dwarf (WD) in a mid-infrared nebula J005311. In this
paper, we call this object WD J005311. The spectroscopic analysis indicates the existence of a peculiar wind. The
characteristics can be summarized as follows.

• The effective temperature of WD J005311 is Teff = 211, 000+40,000
−23,000 K.

• The distance to WD J005311 is d = 3.07+0.34
−0.28 kpc and the bolometric luminosity is calculated as log(Lrad/L⊙) =

4.60± 0.14.

• The photospheric radius is estimated to be rph = 0.15± 0.04R⊙.

• The chemical composition of the wind is dominated by carbon and oxygen (XC = 0.2± 0.1 and XO = 0.8± 0.1).

• The neon mass fraction (XNe = 0.01) is significantly larger than the solar abundance while the iron group mass
fraction (XFe = 1.6× 10−3) is consistent with that.

• From the width and strength of the OVI emission lines, the terminal velocity and mass-loss rate are estimated
as v∞ = 16, 000± 1, 000 km s−1 and Ṁ = (3.5± 0.6)× 10−6 M⊙ yr−1, respectively. Note that v∞ is significantly
larger than the escape velocity at the photospheric radius, vesc(rph) ∼ 1, 600 km s−1.

• The apparent size of the infrared nebula is ∆θ ∼ 75 arcsec, which corresponds to rnb ∼ 1.6 pc. From the
expansion velocity of vnb ∼ 100 km s−1, the age of the nebula is estimated to be ∼ 16, 000 yr.
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• From the width and strength of the OVI emission lines, the terminal velocity and mass-loss rate are estimated
as v∞ = 16, 000± 1, 000 km s−1 and Ṁ = (3.5± 0.6)× 10−6 M⊙ yr−1, respectively. Note that v∞ is significantly
larger than the escape velocity at the photospheric radius, vesc(rph) ∼ 1, 600 km s−1.
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• From the width and strength of the OVI emission lines, the terminal velocity and mass-loss rate are estimated
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ABSTRACT

WD J005311 is a newly identified white dwarf in a mid-infrared nebula. The spectroscopic ob-
servation indicates the existence of a neon-enriched carbon/oxygen wind with a terminal velocity of
v∞ ∼ 16, 000 km s−1 and a mass loss rate of Ṁ ∼ 3.5 × 10−6 M⊙. Here we consistently explain the
properties of WD J005311 using a newly constructed wind solution, where the optically thick outflow
is launched from the carbon burning shell on an oxygen-neon core and accelerated by the magnetic
torque and pressure gradient. Our model implies that WD J005311 is likely the remnant of a carbon-
oxygen white dwarf merger and has a mass of M∗ ∼ 1.2-1.3M⊙, a magnetic field of B∗ ∼ 108-9 G, and
a spin angular frequency of Ω ∼ 0.1-1 s−1. WD J005311 will neither explode as type Ia supernova nor
collapse into neutron star. If the wind continues to blow another ∼ 1-10 kyr, WD J005311 will spin
down significantly and join to the known sequence of slowly-rotating magnetic WDs. Otherwise it will
appear as a fast-spinning magnetic WD and could be a new high energy source.
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1. INTRODUCTION

Recently Gvaramadze et al. (2019) reported observation of an extremely hot white dwarf (WD) in a mid-infrared
nebula J005311. In this paper, we call this object WD J005311. The spectroscopic analysis indicates the existence of
a peculiar wind. The characteristics can be summarized as follows.

• The effective temperature of WD J005311 is T∗ = 211, 000+40,000
−23,000 K.

• The distance to WD J005311 is d = 3.07+0.34
−0.28 pc and the bolometric luminosity is calculated as log(L∗/L⊙) =

4.60± 0.14.

• The photospheric radius is estimated to be R∗ = 0.15± 0.04R⊙.

• The chemical composition of the wind is dominated by carbon and oxygen (XC = 0.2± 0.1 and XO = 0.8± 0.1).

• From the width and strength of the OVI emission lines, the terminal velocity and mass-loss rate are estimated
as v∞ = 16, 000± 1, 000 km s−1 and Ṁ = (3.5± 0.6)× 10−6 M⊙ yr−1, respectively. Note that v∞ is significantly
larger than the escape velocity at the photospheric radius, which is ∼ 1, 600 km s−1.

• The apparent size of the infrared nebula is ∆θ ∼ 10 arcmin, which corresponds to rnb ∼ 0.01 pc. From the
expansion velocity of vnb ∼ 100 km s−1, the age of the nebula is estimated to be ∼ 16, 000 yr.

Gvaramadze et al. (2019) proposed that WD J005311 is a super-Chandrasekhar-mass remnant of double degenerate
carbon-oxygen white dwarf merger, given the observed T∗ and L∗ and the absence of hydrogen and helium broadly
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1. INTRODUCTION

Recently Gvaramadze et al. (2019) reported observation of an extremely hot white dwarf (WD) in a mid-infrared
nebula J005311. In this paper, we call this object WD J005311. The spectroscopic analysis indicates the existence of
a peculiar wind. The characteristics can be summarized as follows.

• The effective temperature of WD J005311 is T∗ = 211, 000+40,000
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−0.28 pc and the bolometric luminosity is calculated as log(L∗/L⊙) =
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• The chemical composition of the wind is dominated by carbon and oxygen (XC = 0.2± 0.1 and XO = 0.8± 0.1).

• From the width and strength of the OVI emission lines, the terminal velocity and mass-loss rate are estimated
as v∞ = 16, 000± 1, 000 km s−1 and Ṁ = (3.5± 0.6)× 10−6 M⊙ yr−1, respectively. Note that v∞ is significantly
larger than the escape velocity at the photospheric radius, which is ∼ 1, 600 km s−1.

• The apparent size of the infrared nebula is ∆θ ∼ 10 arcmin, which corresponds to rnb ∼ 0.01 pc. From the
expansion velocity of vnb ∼ 100 km s−1, the age of the nebula is estimated to be ∼ 16, 000 yr.

Gvaramadze et al. (2019) proposed that WD J005311 is a super-Chandrasekhar-mass remnant of double degenerate
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Figure 1. Schematic picture of our wind model for white dwarf J005311.

consistent with the stellar evolution calculation of such system (Schwab et al. 2016). Since the merger remnant can
have a large magnetic field and fast spin, the extremely fast wind can be powered by the rotating magnetic field; instead
of the radiation pressure gradient, the wind is mainly accelerated by the magnetic torque and pressure gradient. WD
J005311 may be the first observed example of a super-Chandrasekhar-mass merger remnant avoiding thermonuclear
explosion. Gvaramadze et al. (2019) further proposed that WD J005311 will collapse into a neutron star within the
next few kyr. To test this interesting possibility, it is important to clarify the physical properties, in particular, the
mechanism and fate of the wind mass loss.
In Gvaramadze et al. (2019), the authors assume that the base of the wind is the photosphere R∗ = 0.15R⊙. They

argue that the terminal velocity of the wind can be explained by the rotating magnetic wind model with a surface
magnetic field of B∗ ∼ 108 G and the wind acceleration mainly occurs up to the Alfven radius rA ∼ 10×R∗ = 1.5R⊙.
However, this picture may have a drawback. If the wind is significantly accelerated beyond the photosphere, a P Cygni
profile would be detected. But the emission lines in the observed spectrum lacks blue shifted absorption components.
Other key components of the wind, e.g., the launching process and the rotation of the star, also need to be specified.
To this end, here we construct a consistent wind model for WD J005311. Fig. 1 shows the schematic picture. In

our model, the base of the wind is the surface of the degenerate core. Here we point the additional observational fact
of the WD J005311 wind.

• The neon mass fraction (XNe = 0.01) is significantly larger than the solar abundance while the iron group mass
fraction (XFe = 1.6× 10−3) is consistent with that.

The chemical abundance is broadly consistent with the so-called neon novae (Hachisu & Kato 2016), in which ... .
Similar situation can be realized in the merger remnant of a carbon-oxygen WD binary (Schwab et al. 2016); in the
merged CO WD, the off-center carbon ignition happens and the flame propagate into the interior. When the flame
reaches the center, the Kelvin-Helmholtz contraction of the ONe core happens and a series of off-center carbon flashes
occur. We regard these carbon burning is responsible for the launch of the WD 005311 wind.
Another important feature of our model is that the wind is initially highly optically thick. The bulk of the wind

acceleration by the rotating magnetic field occurs below the photosphere (rA ! 0.15R⊙). In this case, P Cygni profile
may not appear. In the following section, we construct a series of wind solution compatible with above scenario, and
show that the observed properties of WD J005311 can be explained by the rotating magnetic wind from an ONe WD
with M∗ ∼ 1.2-1.3M⊙, B∗ ∼ 108-9 G, and Ω ∼ 0.1-1 s−1.
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A massive white-dwarf merger product before final 
collapse
Vasilii V. Gvaramadze1,2,3*, Götz Gräfener4*, Norbert Langer4,5, Olga V. Maryeva1,6, Alexei Y. Kniazev1,7,8, Alexander S. Moskvitin9 
& Olga I. Spiridonova9

Gravitational-wave emission can lead to the coalescence of close 
pairs of compact objects orbiting each other1,2. In the case of 
neutron stars, such mergers may yield masses above the Tolman–
Oppenheimer–Volkoff limit (2 to 2.7 solar masses)3, leading to the 
formation of black holes4. For white dwarfs, the mass of the merger 
product may exceed the Chandrasekhar limit, leading either to a 
thermonuclear explosion as a type Ia supernova5,6 or to a collapse 
forming a neutron star7,8. The latter case is expected to result in 
a hydrogen- and helium-free circumstellar nebula and a hot, 
luminous, rapidly rotating and highly magnetized central star with 
a lifetime of about 10,000 years9,10. Here we report observations of 
a hot star with a spectrum dominated by emission lines, which is 
located at the centre of a circular mid-infrared nebula. The widths 
of the emission lines imply that wind material leaves the star with 
an outflow velocity of 16,000 kilometres per second and that rapid 
stellar rotation and a strong magnetic field aid the wind acceleration. 
Given that hydrogen and helium are probably absent from the star 
and nebula, we conclude that both objects formed recently from 
the merger of two massive white dwarfs. Our stellar-atmosphere 
and wind models indicate a stellar surface temperature of about 
200,000 kelvin and a luminosity of about 104.6 solar luminosities. 
The properties of the star and nebula agree with models of the 
post-merger evolution of super-Chandrasekhar-mass white 
dwarfs9, which predict a bright optical and high-energy transient 
upon collapse of the star11 within the next few thousand years. Our 
observations indicate that super-Chandrasekhar-mass white-dwarf 
mergers can avoid thermonuclear explosion as type Ia supernovae, 
and provide evidence of the generation of magnetic fields in stellar 
mergers.

During our search for mid-infrared circumstellar nebulae 
(see Methods), we discovered a new object in the constellation 
Cassiopeia (Fig. 1) using data from the Wide-field Infrared Survey 
Explorer (WISE)12. At a wavelength of 22 µm the new nebula appears 
as a circular shell with ragged edges and an angular radius of about 
75 arcsec. The higher-contrast 22-µm image of the nebula shows a dif-
fuse halo with a radius of about 110 arcsec surrounding the shell. For 
a distance of about 3 kpc to the nebula (see below), the linear radii of 
the shell and halo are about 1.1 pc and 1.6 pc, respectively. The shell is 
also visible in the WISE 12-µm image, where it appears as a circular dif-
fuse structure of the same angular size as the 22-µm shell. Surprisingly, 
despite the moderate extinction towards the nebula (see below), the 
shell has no optical counterpart in the INT Photometric Hα Survey 
(IPHAS) of the Northern Galactic Plane13 (see Fig. 1). We identified the 
central star of the nebula with an optical star (V ≈ 15.5 mag) located 
at RA = 00 h 53 min 11.21 s and dec. = +67° 30′ 2.1″ (J2000). In the 
following, we call this star J005311 (see Methods).

Optical follow-up spectroscopy of J005311 with the Russian 6-m 
telescope (see Methods) revealed an emission-line-dominated spec-
trum, reminiscent of oxygen-rich Wolf–Rayet (WO type) stars (Fig. 2). 

However, the emission lines of J005311 are stronger and broader than 
those of even the most extreme (in terms of strength and width of their 
emission lines) WO stars. Most notably, the O vi (3,811 Å, 3,834 Å) 
emission doublet shows an equivalent width of EW(O vi) ≈ 2,300 Å 
and a full-width at half-maximum of about 300 Å. We note that no 
nebular lines are visible in the obtained long-slit spectrum.

We analysed the optical spectrum of J005311 using the Potsdam 
Wolf–Rayet code for expanding stellar atmospheres (see Methods). In 
Fig. 2, we compare our best-fitting model with the observed spectrum. 
The line spectrum is reproduced well, except for two missing emission 
lines near 4,340 Å and 6,068 Å, which are probably formed by high- 
lying transitions of highly ionized oxygen (O viii) or neon (Ne viii) 
ions. The lines may either originate from a hot plasma that coexists with 
the cooler simulated wind material in our models, or indicate a high 
neon abundance (see Methods). Our model fit yields a stellar temper-
ature of −

+211, 000 K23,000
40,000  (see footnote of Table 1 for the definition of 

the uncertainities) at the base of the wind and a chemical composition 

1Sternberg Astronomical Institute, Lomonosov Moscow State University, Moscow, Russia. 2Space Research Institute, Russian Academy of Sciences, Moscow, Russia. 3Isaac Newton Institute of Chile, 
Moscow Branch, Moscow, Russia. 4Argelander-Institut für Astronomie, Universität Bonn, Bonn, Germany. 5Max-Planck-Institut für Radioastronomie, Bonn, Germany. 6Astronomický ústav, Akademie 
věd České Republiky, Ondejov, Czech Republic. 7South African Astronomical Observatory, Cape Town, South Africa. 8Southern African Large Telescope Foundation, Cape Town, South Africa. 
9Special Astrophysical Observatory of the Russian Academy of Sciences, Nizhnii Arkhyz, Russia. *e-mail: vgvaram@mx.iki.rssi.ru; goetz@astro.uni-bonn.de

2 arcmin

N

E

a b

c d

Fig. 1 | New mid-infrared nebula in Cassiopeia. a, b, WISE 22-µm image 
of the nebula at two intensity scales, highlighting details of its structure. 
The position of the central star J005311 is indicated by a circle. c, d, WISE 
12-µm (c) and IPHAS Hα (d) images of the nebula and its central star. 
At the distance of J005311 (about 3 kpc), 1 arcmin corresponds to about 
0.9 pc. All images have the same angular scale and orientation.
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a super-Chandrasekhar mass
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This naturally explains why this nebula appears neither in the IPHAS 
image nor in our long-slit spectrum. The possibility of a high neon 
surface abundance could even imply that a high-mass neon–oxygen 
white dwarf participated in the merger event.

The merging white-dwarf scenario also addresses the extremely large 
width of the emission lines of J005311. A velocity of 16,000 km s−1 
exceeds the stellar escape speed by about eight times and is typical for 
supernovae, but so far unheard of for radiation-driven winds. In fact, 
pure radiation driving is excluded because the wind’s kinetic energy 
flux exceeds the total radiative luminosity of the star by a factor of two 
(Methods). However, this extremely high velocity can be explained in 
the framework of rotating magnetic wind models. It has been found21 
that a rigidly co-rotating magnetic field can increase the speed and mass 
outflow rate of radiation-driven winds by more than a factor of three, 
at the cost of the star’s rotational energy. We find that a co-rotation 
speed of 16,000 km s−1 at the Alfvén point in J005311, where the inertia 
force starts to dominate over the magnetic forces22, requires an Alfvén 
radius of about 10 stellar radii (about 1.5R⊙; R⊙, solar radius), which 
is achieved with a magnetic field strength of about 108 G. Because the 
whole post-merger evolution is expected9 to last about 20,000 yr, it is 
plausible that the corresponding magnetic torques have not yet spun 
down J005311.

The generation of a strong magnetic field is indeed expected in stellar 
mergers23. Three-dimensional magneto-hydrodynamical models of 
white-dwarf mergers find10 a magnetization of the merger product of 
2 × 108 G. This compares to the peak of the magnetic-field distribution 
of magnetic white dwarfs24, which is several tens of megagauss. The 
observations that the mean mass of magnetic white dwarfs is consid-
erably higher than that of non-magnetic ones and that nearly none 
of the known magnetic white dwarfs have a companion star provide 
strong evidence for the generation of magnetic fields by the merging 
of white dwarfs24.

With a wind speed of about 100 km s−1 during the cool phase8, the 
angular radius of 1.6 pc of the nebula implies an expansion age of about 
16,000 yr. This, together with the high stellar temperature, indicates that 
J005311 is close to the endpoint of its post-merger evolution. Because 
J005311 is more luminous than the 1.49M⊙ model9, it appears likely 

that its mass also exceeds the Chandrasekhar limit, with the exciting 
perspective that it will produce a low-mass neutron star in the near 
future, accompanied by a high-energy transient and a fast-evolving 
supernova11.

The merging of two stars in a binary system is not a rare event. About 
10% of the massive main-sequence stars25, and a similar fraction of 
the known white dwarfs26, are thought to be merger products. The 
very unusual wind of J005311 strongly supports the idea that stellar 
mergers can indeed produce highly magnetized stars, which would 
explain the magnetic stars of the upper main sequence27 and the for-
mation of magnetic white dwarfs24. Our results may also help to resolve 
the ongoing debate on whether a super-Chandrasekhar-mass merger 
of two carbon–oxygen white dwarfs leads to a type Ia supernova, for 
which J005311 appears to provide a counter-example, indicating that 
the merger produced enough heat to prevent immediate collapse and 
to ignite carbon non-explosively. The sequence of thermonuclear burn-
ing stages was thus only interrupted during the white-dwarf stage of 
both components and is now expected to continue and to end in a 
core collapse within the next few thousand years9. This will probably 
produce a neutrino flash and a γ-ray burst28, followed by a very fast and 
subluminous type Ic supernova11.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-019-1216-1.

Received: 15 June 2018; Accepted: 28 March 2019;  
Published online 20 May 2019.

 1. Hulse, R. A. & Taylor, J. H. Discovery of a pulsar in a binary system. Astrophys. J. 
195, L51–L53 (1975).

 2. Abbott, B. P. et al. Observation of gravitational waves from a binary black hole 
merger. Phys. Rev. Lett. 116, 061102 (2016).

 3. Özel, F. & Freire, P. Masses, radii, and the equation of state of neutron stars. 
Annu. Rev. Astron. Astrophys. 54, 401–440 (2016).

 4. Abbott, B. P. et al. Gravitational waves and gamma-rays from a binary neutron 
star merger: GW170817 and GRB 170817A. Astrophys. J. 848, L13 (2017).

 5. Iben, I. & Tutukov, A. V. Supernovae of type I as end products of the evolution of 
binaries with components of moderate initial mass (M ≤ 9M⊙). Astron. 
Astrophys. Suppl. Ser. 54, 335–372 (1984).

 6. Pakmor, R. et al. Violent mergers of nearly equal-mass white dwarf as 
progenitors of subluminous Type Ia supernovae. Astron. Astrophys. 528, A117 
(2011).

 7. Saio, H. & Nomoto, K. Off-center carbon ignition in rapidly rotating, accreting 
carbon-oxygen white dwarfs. Astrophys. J. 615, 444–449 (2004).

 8. Shen, K. J., Bildsten, L., Kasen, D. & Quataert, E. The long-term evolution of 
double white dwarf mergers. Astrophys. J. 748, 35 (2012).

 9. Schwab, J., Quataert, E. & Kasen, D. The evolution and fate of super-
Chandrasekhar mass white dwarf merger remnants. Mon. Not. R. Astron. Soc. 
463, 3461–3475 (2016).

 10. Ji, S. et al. The post-merger magnetized evolution of white dwarf binaries: the 
double-degenerate channel of sub-Chandrasekhar Type Ia supernovae and the 
formation of magnetized white dwarfs. Astrophys. J. 773, 136 (2013).

 11. Dessart, L. et al. Multidimensional simulations of the accretion-induced collapse 
of white dwarfs to neutron stars. Astrophys. J. 644, 1063–1084 (2006).

 12. Wright, E. L. et al. The Wide-field Infrared Survey Explorer (WISE): mission 
description and initial on-orbit performance. Astron. J. 140, 1868–1881 (2010).

 13. Drew, J. E. et al. The INT Photometric Hα Survey of the Northern Galactic Plane 
(IPHAS). Mon. Not. R. Astron. Soc. 362, 753–776 (2005).

 14. Giammichele, N. et al. A large oxygen-dominated core from the seismic 
cartography of a pulsating white dwarf. Nature 554, 73–76 (2018).

 15. Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Mantelet, G. & Andrae, R. 
Estimating distances from parallaxes IV: distances to 1.33 billion stars in Gaia 
Data Release 2. Astron. J. 156, 58 (2018).

 16. Tramper, F. et al. Massive stars on the verge of exploding: the properties of 
oxygen sequence Wolf–Rayet stars. Astron. Astrophys. 581, A110 (2015).

 17. Gesicki, K. et al. Planetary nebulae with emission-line central stars. Astron. 
Astrophys. 451, 925–935 (2006).

 18. Dufour, P., Liebert, J., Fontaine, G. & Behara, N. White dwarf stars with carbon 
atmospheres. Nature 450, 522–524 (2007).

 19. Werner, K. & Rauch, T. Analysis of HST/COS spectra of the bare C–O stellar core 
H1504+65 and a high-velocity twin in the Galactic halo. Astron. Astrophys. 584, 
A19 (2015).

 20. Flagey, N., Noriega-Crespo, A., Billot, N. & Carey, S. J. Spitzer/infrared 
spectrograph investigation of MIPSGAL 24 µm compact bubbles. Astrophys. J. 
741, 4 (2011).

 21. Poe, C. H., Friend, D. B. & Cassinelli, J. P. A rotating, magnetic, radiation-driven 
wind model for Wolf–Rayet stars. Astrophys. J. 337, 888–902 (1989).

10–1R

~5
 k

yr

~1 kyr

~10
 ky

r

3.03.54.04.55.05.5

3.6

4.8

4.0

4.2

4.4

4.6

4.8

log[Teff (K)]

lo
g(

L/
L 

 )

100R 101R 102R 103R

2

1

3

4

Fig. 3 | Position of J005311 in the Hertzsprung–Russell diagram. The 
red cross marks the position of J005311, with error bars (see Table 1). This 
position is compared with the evolutionary track of the fiducial carbon–
oxygen white-dwarf post-merger model9, which starts at the black dot 
and passes through the points labelled 1, 2, 3 and 4, which correspond to 
about 100, 5,000, 6,000 and 16,000 yr, respectively, after the merger. Figure 
adapted from ref. 9 with permission from Oxford University Press.
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A massive white-dwarf merger product before final 
collapse
Vasilii V. Gvaramadze1,2,3*, Götz Gräfener4*, Norbert Langer4,5, Olga V. Maryeva1,6, Alexei Y. Kniazev1,7,8, Alexander S. Moskvitin9 
& Olga I. Spiridonova9

Gravitational-wave emission can lead to the coalescence of close 
pairs of compact objects orbiting each other1,2. In the case of 
neutron stars, such mergers may yield masses above the Tolman–
Oppenheimer–Volkoff limit (2 to 2.7 solar masses)3, leading to the 
formation of black holes4. For white dwarfs, the mass of the merger 
product may exceed the Chandrasekhar limit, leading either to a 
thermonuclear explosion as a type Ia supernova5,6 or to a collapse 
forming a neutron star7,8. The latter case is expected to result in 
a hydrogen- and helium-free circumstellar nebula and a hot, 
luminous, rapidly rotating and highly magnetized central star with 
a lifetime of about 10,000 years9,10. Here we report observations of 
a hot star with a spectrum dominated by emission lines, which is 
located at the centre of a circular mid-infrared nebula. The widths 
of the emission lines imply that wind material leaves the star with 
an outflow velocity of 16,000 kilometres per second and that rapid 
stellar rotation and a strong magnetic field aid the wind acceleration. 
Given that hydrogen and helium are probably absent from the star 
and nebula, we conclude that both objects formed recently from 
the merger of two massive white dwarfs. Our stellar-atmosphere 
and wind models indicate a stellar surface temperature of about 
200,000 kelvin and a luminosity of about 104.6 solar luminosities. 
The properties of the star and nebula agree with models of the 
post-merger evolution of super-Chandrasekhar-mass white 
dwarfs9, which predict a bright optical and high-energy transient 
upon collapse of the star11 within the next few thousand years. Our 
observations indicate that super-Chandrasekhar-mass white-dwarf 
mergers can avoid thermonuclear explosion as type Ia supernovae, 
and provide evidence of the generation of magnetic fields in stellar 
mergers.

During our search for mid-infrared circumstellar nebulae 
(see Methods), we discovered a new object in the constellation 
Cassiopeia (Fig. 1) using data from the Wide-field Infrared Survey 
Explorer (WISE)12. At a wavelength of 22 µm the new nebula appears 
as a circular shell with ragged edges and an angular radius of about 
75 arcsec. The higher-contrast 22-µm image of the nebula shows a dif-
fuse halo with a radius of about 110 arcsec surrounding the shell. For 
a distance of about 3 kpc to the nebula (see below), the linear radii of 
the shell and halo are about 1.1 pc and 1.6 pc, respectively. The shell is 
also visible in the WISE 12-µm image, where it appears as a circular dif-
fuse structure of the same angular size as the 22-µm shell. Surprisingly, 
despite the moderate extinction towards the nebula (see below), the 
shell has no optical counterpart in the INT Photometric Hα Survey 
(IPHAS) of the Northern Galactic Plane13 (see Fig. 1). We identified the 
central star of the nebula with an optical star (V ≈ 15.5 mag) located 
at RA = 00 h 53 min 11.21 s and dec. = +67° 30′ 2.1″ (J2000). In the 
following, we call this star J005311 (see Methods).

Optical follow-up spectroscopy of J005311 with the Russian 6-m 
telescope (see Methods) revealed an emission-line-dominated spec-
trum, reminiscent of oxygen-rich Wolf–Rayet (WO type) stars (Fig. 2). 

However, the emission lines of J005311 are stronger and broader than 
those of even the most extreme (in terms of strength and width of their 
emission lines) WO stars. Most notably, the O vi (3,811 Å, 3,834 Å) 
emission doublet shows an equivalent width of EW(O vi) ≈ 2,300 Å 
and a full-width at half-maximum of about 300 Å. We note that no 
nebular lines are visible in the obtained long-slit spectrum.

We analysed the optical spectrum of J005311 using the Potsdam 
Wolf–Rayet code for expanding stellar atmospheres (see Methods). In 
Fig. 2, we compare our best-fitting model with the observed spectrum. 
The line spectrum is reproduced well, except for two missing emission 
lines near 4,340 Å and 6,068 Å, which are probably formed by high- 
lying transitions of highly ionized oxygen (O viii) or neon (Ne viii) 
ions. The lines may either originate from a hot plasma that coexists with 
the cooler simulated wind material in our models, or indicate a high 
neon abundance (see Methods). Our model fit yields a stellar temper-
ature of −

+211, 000 K23,000
40,000  (see footnote of Table 1 for the definition of 

the uncertainities) at the base of the wind and a chemical composition 
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Fig. 1 | New mid-infrared nebula in Cassiopeia. a, b, WISE 22-µm image 
of the nebula at two intensity scales, highlighting details of its structure. 
The position of the central star J005311 is indicated by a circle. c, d, WISE 
12-µm (c) and IPHAS Hα (d) images of the nebula and its central star. 
At the distance of J005311 (about 3 kpc), 1 arcmin corresponds to about 
0.9 pc. All images have the same angular scale and orientation.
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This naturally explains why this nebula appears neither in the IPHAS 
image nor in our long-slit spectrum. The possibility of a high neon 
surface abundance could even imply that a high-mass neon–oxygen 
white dwarf participated in the merger event.

The merging white-dwarf scenario also addresses the extremely large 
width of the emission lines of J005311. A velocity of 16,000 km s−1 
exceeds the stellar escape speed by about eight times and is typical for 
supernovae, but so far unheard of for radiation-driven winds. In fact, 
pure radiation driving is excluded because the wind’s kinetic energy 
flux exceeds the total radiative luminosity of the star by a factor of two 
(Methods). However, this extremely high velocity can be explained in 
the framework of rotating magnetic wind models. It has been found21 
that a rigidly co-rotating magnetic field can increase the speed and mass 
outflow rate of radiation-driven winds by more than a factor of three, 
at the cost of the star’s rotational energy. We find that a co-rotation 
speed of 16,000 km s−1 at the Alfvén point in J005311, where the inertia 
force starts to dominate over the magnetic forces22, requires an Alfvén 
radius of about 10 stellar radii (about 1.5R⊙; R⊙, solar radius), which 
is achieved with a magnetic field strength of about 108 G. Because the 
whole post-merger evolution is expected9 to last about 20,000 yr, it is 
plausible that the corresponding magnetic torques have not yet spun 
down J005311.

The generation of a strong magnetic field is indeed expected in stellar 
mergers23. Three-dimensional magneto-hydrodynamical models of 
white-dwarf mergers find10 a magnetization of the merger product of 
2 × 108 G. This compares to the peak of the magnetic-field distribution 
of magnetic white dwarfs24, which is several tens of megagauss. The 
observations that the mean mass of magnetic white dwarfs is consid-
erably higher than that of non-magnetic ones and that nearly none 
of the known magnetic white dwarfs have a companion star provide 
strong evidence for the generation of magnetic fields by the merging 
of white dwarfs24.

With a wind speed of about 100 km s−1 during the cool phase8, the 
angular radius of 1.6 pc of the nebula implies an expansion age of about 
16,000 yr. This, together with the high stellar temperature, indicates that 
J005311 is close to the endpoint of its post-merger evolution. Because 
J005311 is more luminous than the 1.49M⊙ model9, it appears likely 

that its mass also exceeds the Chandrasekhar limit, with the exciting 
perspective that it will produce a low-mass neutron star in the near 
future, accompanied by a high-energy transient and a fast-evolving 
supernova11.

The merging of two stars in a binary system is not a rare event. About 
10% of the massive main-sequence stars25, and a similar fraction of 
the known white dwarfs26, are thought to be merger products. The 
very unusual wind of J005311 strongly supports the idea that stellar 
mergers can indeed produce highly magnetized stars, which would 
explain the magnetic stars of the upper main sequence27 and the for-
mation of magnetic white dwarfs24. Our results may also help to resolve 
the ongoing debate on whether a super-Chandrasekhar-mass merger 
of two carbon–oxygen white dwarfs leads to a type Ia supernova, for 
which J005311 appears to provide a counter-example, indicating that 
the merger produced enough heat to prevent immediate collapse and 
to ignite carbon non-explosively. The sequence of thermonuclear burn-
ing stages was thus only interrupted during the white-dwarf stage of 
both components and is now expected to continue and to end in a 
core collapse within the next few thousand years9. This will probably 
produce a neutrino flash and a γ-ray burst28, followed by a very fast and 
subluminous type Ic supernova11.
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Fig. 3 | Position of J005311 in the Hertzsprung–Russell diagram. The 
red cross marks the position of J005311, with error bars (see Table 1). This 
position is compared with the evolutionary track of the fiducial carbon–
oxygen white-dwarf post-merger model9, which starts at the black dot 
and passes through the points labelled 1, 2, 3 and 4, which correspond to 
about 100, 5,000, 6,000 and 16,000 yr, respectively, after the merger. Figure 
adapted from ref. 9 with permission from Oxford University Press.
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Our model



The launching mechanism
• XC = 0.2, XO = 0.8, XNe = 0.1                                              

(but XFe = 1.6x10-3 similar to the solar abundance ) 
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The launching mechanism
• A similar situation can be realized on the surface of  

a carbon/oxygen white dwarf merger remnant 
Super-Chandrasekhar WD merger remnants 3465

Figure 5. A Kippenhahn diagram of model M15 from the time the car-
bon flame reaches the centre until off-centre neon ignition. The x-axis
shows time, as measured from the time when the carbon flame reached
the centre. The y-axis shows the Lagrangian mass coordinate. Convective
regions are shaded grey and the locations of carbon burning (with ϵnuc >

107 erg s−1 g−1) are marked in red. The dotted black line indicates the lo-
cation of the local maximum in the temperature profile that is closest to the
centre.

Figure 6. The evolution of temperature and density at the centre of model
M15 (solid black line) and at the temperature peak (dashed black line)
during the KH contraction shown in Fig. 5. The total mass of the remnant is
≈1.5 M⊙. For visual clarity, the line for the temperature peak is shown only
after the central density exceeds log (ρ/g cm−3) ≈ 7.3; the first plotted point
of the dashed (temperature peak) line is marked by a solid black circle and
the contemporaneous point on the solid (centre) line is marked by an open
circle. The grey lines show the evolution of a contracting 1.385 M⊙ pure
neon model; the solid grey line shows conditions at the centre and the dashed
grey line shows conditions at the temperature peak, which due to neutrino
cooling, develops off-centre. The black dotted line shows approximately
where the energy release from neon burning is equal to the energy loss rate
from thermal neutrinos. Off-centre neon ignition occurs in this model.

Figure 7. Same as Fig. 6, but for the version of model M15 with mass-loss
during the cool giant phase (see Section 4). The remnant shed ≈0.2 M⊙
and now has a total mass of ≈1.3 M⊙. The grey lines show the evolution of
a contracting 1.30 M⊙ pure neon model. Neon ignition does not occur and
the core instead becomes supported by electron degeneracy pressure. The
remnant will cool to form an ONe WD.

that it is difficult to produce an ONe core with a sufficient mass to
undergo accretion-induced collapse (AIC) in a WD merger.

Off-centre neon ignition does not appear to have been observed
in previous studies of CO WD merger remnants. The salient differ-
ence between this work and previous work appears to be that we
evolved the remnants for longer. Saio & Nomoto (1985) halted their
calculation when the carbon flame was at a mass coordinate of Mr

= 0.005 M⊙ because it had become too computationally costly to
continue. Later work by the same authors (Saio & Nomoto 1998)
allowed the flame to reach the centre, but did not continue the evo-
lution beyond this point. The work by Yoon et al. (2007), which
this work is most similar to, focused on avoiding off-centre carbon
ignition; in cases where off-centre carbon ignition did occur, the
authors did not continue their evolutionary calculations.

As an illustration of the effects of mass-loss on the core, we run a
version of model M15 with a mass-loss rates drawn from Bloecker
(1995). That is, we use the MESA options
AGB_wind_scheme = ‘Blocker’
Blocker_wind_eta = 0.1d0.
The Bloecker (1995) mass-loss rates were motivated by atmo-

sphere calculations of Mira-like stars and thus they are not directly
applicable to this problem. However, we simply want to remove
some mass when the object is cool and luminous, and so this is a
suitable heuristic. We discuss mass-loss in more detail in Section 6.

Fig. 7 shows the same quantities as Fig. 6, but for a model in
which the remnant shed approximately 0.2 M⊙ of material during
the phase while the carbon flame was propagating to the centre. As
the object contracts, an off-centre temperature peak develops, but
it fails to reach temperatures where neon burning exceeds thermal
neutrino losses. Instead, the core becomes supported by electron
degeneracy pressure, halting the KH contraction. As a result, the
peak temperature reaches a maximum and then begins to decrease.
The remnant will retain its ONe composition and cool to become a
massive WD.

5 N E O N - OX Y G E N F L A M E A N D S U B S E QU E N T
E VO L U T I O N

The phase beginning with off-centre neon ignition is relatively un-
explored. Although, we are unable to self-consistently evolve the
remnants all the way to their final fate (as discussed in Section 5.2),
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In the merged CO WD, C is ignited 
off-center and the C-burning flame 
propagates into the interior. 

The flame reaches the center in        
∼ 10 kyr after the merger, 
neutrino cooling leads to the 
Kelvin-Helmholtz contraction of 
the ONe core and a series of off-
center C flashes occur. 

The timing is consistent with 
the nebula age of J005311!
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Wind from WD J005311 3

2. THE ROTATING MAGNETIC WIND MODEL FOR WD J005311

We show the basic equations of our model in Sec. 2.1 and consider the boundary conditions in Sec. 2.2. After briefly
describing the calculation method in Sec. 2.3, we show the wind solutions for WD J005311 in Sec. 2.4.

2.1. Basic Equations

Basically, we combine the classical Weber-Davis stellar wind solution (Weber & Davis 1967) and the optically thick
nova wind model (Kato & Hachisu 1994). As the Weber-Davis solution only concerns the wind in the equatorial plain.
In this case, the flux freezing condition together with Faraday’s law gives the flux conservation of the radial magnetic
field Br and a relation with the toroidal magnetic field Bφ as

FB = r2Br = const, (1)

and
Bφ

Br
=

vφ − rΩ

vr
. (2)

Here vr and vφ are the radial and azimuthal velocity of the wind, respectively. The mass and angular momentum
conservations are described as

ρvrr
2 =

Ṁ

4π
(3)

L = rvφ −
(
rBrBφ

4πρvr

)
= const, (4)

where ρ is the mass density of the wind. The coupling between the gas and radiation is treated by means of the
flux-limited diffusion approximation, where the temperature gradient can be described as

dT

dr
= − κρLrad

16πacλT 3r2
, (5)

where κ is the opacity, Lrad is the radiation luminosity, and λ is the flux limiter. We calculate κ = κ(ρ, T ) using
the OPAL code (Iglesias & Rogers 1996), assuming the metal abundance consistent with the J005311 wind, and
λ = λ(ρ,κ, Lrad) following Levermore & Pomraning (1981). The momentum equation of the gas in the radial direction
is given by

vr
dvr
dr

+
1

ρ

dPg

dr
− κLrad

4πr2c
+

GM∗
r2

− Vφ
2

r
+

Bφ

4πρr

d

dr
(rBφ) = 0. (6)

The first four terms are identical to the spherical radiation driven wind; the first, second, third, and fourth terms corre-
spond to gas advection, gas pressure gradient, radiation pressure gradient, and gravitational acceleration, respectively.
The gas pressure is given by Pg = ρkBT/(µmu) where µ is the mean molecular weight. The fifth and sixth terms in
Eq. (6) are the radial acceleration produced by the centrifugal force and the magnetic sling effect, respectively. The
energy conservation equation is given by

vr
dεg
dr

+ Pgvr
d

dr

(
1

ρ

)
= − 1

4πr2ρ

dLrad

dr
, (7)

where εg = 3kBT/(2µmu) is the gas energy density. Note that we neglect the convective luminosity in Eqs. (6) and
(7). In general, there exists a convective interface between the carbon burning region and the wind region. However,
... . Also in our case, the convective motion might be suppressed by strong magnetic fields.
Using Eqs. (1-4), Eqs. (6) and (7) can be transformed into

(
v2r −

kBT

µmu
−

A2
φv

2
r

v2r −A2
r

)
r

vr

dvr
dr

=
κLrad

4πrc
+

kB
µmu

(
dT

d log r
+ 2T

)
− GM∗

r
+ v2φ + 2vrvφ

ArAφ

v2r −A2
r

, (8)

and
dε̄

dr
=

κLrad

4πr2c
. (9)
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where εg = 3kBT/(2µmu) is the gas energy density. Note that we neglect the convective luminosity in Eqs. (6) and
(7). In general, there exists a convective interface between the carbon burning region and the wind region. However,
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Ṁ

4π
(3)

L = rvφ −
(
rBrBφ

4πρvr

)
= const, (4)

where ρ is the mass density of the wind. The coupling between the gas and radiation is treated by means of the
flux-limited diffusion approximation, where the temperature gradient can be described as

dT

dr
= − κρLrad

16πacλT 3r2
, (5)

where κ is the opacity, Lrad is the radiation luminosity, and λ is the flux limiter. We calculate κ = κ(ρ, T ) using
the OPAL code (Iglesias & Rogers 1996), assuming the metal abundance consistent with the J005311 wind, and
λ = λ(ρ,κ, Lrad) following Levermore & Pomraning (1981). The momentum equation of the gas in the radial direction
is given by

vr
dvr
dr

+
1

ρ

dPg

dr
− κLrad

4πr2c
+

GM∗
r2

− Vφ
2

r
+

Bφ

4πρr

d

dr
(rBφ) = 0. (6)

The first four terms are identical to the spherical radiation driven wind; the first, second, third, and fourth terms corre-
spond to gas advection, gas pressure gradient, radiation pressure gradient, and gravitational acceleration, respectively.
The gas pressure is given by Pg = ρkBT/(µmu) where µ is the mean molecular weight. The fifth and sixth terms in
Eq. (6) are the radial acceleration produced by the centrifugal force and the magnetic sling effect, respectively. The
energy conservation equation is given by

vr
dεg
dr

+ Pgvr
d

dr

(
1

ρ

)
= − 1

4πr2ρ

dLrad

dr
, (7)

where εg = 3kBT/(2µmu) is the gas energy density. Note that we neglect the convective luminosity in Eqs. (6) and
(7). In general, there exists a convective interface between the carbon burning region and the wind region. However,
... . Also in our case, the convective motion might be suppressed by strong magnetic fields.
Using Eqs. (1-4), Eqs. (6) and (7) can be transformed into

(
v2r −

kBT

µmu
−

A2
φv

2
r

v2r −A2
r

)
r

vr

dvr
dr

=
κLrad

4πrc
+

kB
µmu

(
dT

d log r
+ 2T

)
− GM∗

r
+ v2φ + 2vrvφ

ArAφ

v2r −A2
r

, (8)

and
dε̄

dr
=

κLrad

4πr2c
. (9)

3 evolution equations



Wind from WD J005311 3

2. THE ROTATING MAGNETIC WIND MODEL FOR WD J005311

We show the basic equations of our model in Sec. 2.1 and consider the boundary conditions in Sec. 2.2. After briefly
describing the calculation method in Sec. 2.3, we show the wind solutions for WD J005311 in Sec. 2.4.

2.1. Basic Equations

Basically, we combine the classical Weber-Davis stellar wind solution (Weber & Davis 1967) and the optically thick
nova wind model (Kato & Hachisu 1994). As the Weber-Davis solution only concerns the wind in the equatorial plain.
In this case, the flux freezing condition together with Faraday’s law gives the flux conservation of the radial magnetic
field Br and a relation with the toroidal magnetic field Bφ as

FB = r2Br = const, (1)

and
Bφ

Br
=

vφ − rΩ

vr
. (2)

Here vr and vφ are the radial and azimuthal velocity of the wind, respectively. The mass and angular momentum
conservations are described as

ρvrr
2 =

Ṁ
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with

Ar =
Br√
4πρ

, (10)

being the radial Alfvénvelocity,

Aφ =
Bφ√
4πρ

, (11)

being the azimuthal Alfvénvelocity, and

ε̄ =
Lrad

Ṁ
+

1

2
(vr

2 + vφ
2) +

5

2

kT

µmu
− GM∗

r
− rΩvφ + LΩ, (12)

respectively. In total, we have 4 constraint equations (Eqs. 1-4) and 3 ordinary differential equations (Eqs. 5, 8, and
9) for 7 variables (ρ, vr, vφ, Br, Bφ, T, Lrad).

2.2. Boundary condition

A rotating magnetic wind solution has to satisfy the regularity condition at the slow, Alfvén, and fast points (e.g.,
Lamers & Cassinelli 1999). The Alfvénradius rA is where the AlfvénMach number becomes unity, i.e., vr = Ar. From
Eqs (1), (3) and (10), the velocity can be written as

vA = Ar(r = rA) =
F2

B

Ṁr2A
. (13)

Normalizing r and vr with rA and vA as x ≡ r/rA and u ≡ vr/vA, ρ, Br, vφ and Bφ can be described as

ρ =
Ṁ

4πvAr2A

1

ux2
(14)

Br =
FB

r2A

1

x2
(15)

vφ = rAΩ
1− u

1− x2u
, (16)

Bφ = −FBΩ

rAvA

1− x2

x(1− x2u)
. (17)

We note that the angular momentum can be also simplified as L = r2AΩ. The regularity of vφ and Bφ and also Eq. (8)
at r = rA can be guaranteed by introducing the slope du/dx|r=rA as an additional parameter. In the limit of x → 1
and u → 1, vφ and Bφ become

vφ(r = rA) = rAΩ
du/dx|r=rA

2 + du/dx|r=rA

, (18)

Bφ(r = rA) = −FBΩ

rAvA

2

2 + du/dx|r=rA

. (19)

By solving Eqs. (5), (8), (9), and (14-17) with fixing (rA, du/dx|r=rA , Ṁ , T (rA), Lrad(rA),FB ,Ω,M∗), we can obtain
one numerical solution. Most of the numerical solutions passing r = rA are not physical wind solution; a wind
solution also has to pass both the slow and fast points where the coefficient of dvr/dr in Eq. (8) becomes zero, i.e.,
{v2r − kBT/(µmu)}(v2r − A2

r)− A2
φv

2
r = 0. For a solution to be regular at these points, the right hand side of Eq. (8)

has to be zero there. This gives two additional constraints on the wind solution. Here we change rA and du/dx|r=rA

until finding a wind solution for a given parameter set of (Ṁ, T (rA), Lrad(rA),FB ,Ω,M∗).
For the wind model for WD J005311, we have 5 additional constraints. First, the mass loss rate has to be consistent

with the observed value;
Ṁ ! Ṁobs. (20)

Second, the terminal velocity of the wind has to be consistent with the observed value;

vr(∞) ! v∞,obs. (21)
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one numerical solution. Most of the numerical solutions passing r = rA are not physical wind solution; a wind
solution also has to pass both the slow and fast points where the coefficient of dvr/dr in Eq. (8) becomes zero, i.e.,
{v2r − kBT/(µmu)}(v2r − A2

r)− A2
φv

2
r = 0. For a solution to be regular at these points, the right hand side of Eq. (8)

has to be zero there. This gives two additional constraints on the wind solution. Here we change rA and du/dx|r=rA

until finding a wind solution for a given parameter set of (Ṁ, T (rA), Lrad(rA),FB ,Ω,M∗).
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Ṁ

4πvAr2A

1

ux2
(14)

Br =
FB

r2A

1

x2
(15)

vφ = rAΩ
1− u

1− x2u
, (16)

Bφ = −FBΩ

rAvA

1− x2

x(1− x2u)
. (17)

We note that the angular momentum can be also simplified as L = r2AΩ. The regularity of vφ and Bφ and also Eq. (8)
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By solving Eqs. (5), (8), (9), and (14-17) with fixing (rA, du/dx|r=rA , Ṁ , T (rA), Lrad(rA),FB ,Ω,M∗), we can obtain
one numerical solution. Most of the numerical solutions passing r = rA are not physical wind solution; a wind
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r = 0. For a solution to be regular at these points, the right hand side of Eq. (8)

has to be zero there. This gives two additional constraints on the wind solution. Here we change rA and du/dx|r=rA

until finding a wind solution for a given parameter set of (Ṁ, T (rA), Lrad(rA),FB ,Ω,M∗).
For the wind model for WD J005311, we have 5 additional constraints. First, the mass loss rate has to be consistent

with the observed value;
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vr(∞) ! v∞,obs. (21)
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Note that we only consider the equatorial direction, for which the mass loss rate and radial velocity are the largest. In
the rotational magnetic wind solution, the terminal velocity is approximately given by the so-called Michel velocity;

vr(∞) ≈
(
F2
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2

Ṁ
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∼ 30, 000 km s−1
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)−1/3

. (22)

Thus, this condition gives an additional constraint on FBΩ. Third and fourth, the radiation temperature and luminosity
have to be consistent with the observed values. In order to be consistent also with the non-detection of P Cygni profile,
the photospheric radius needs to be comparable or slightly larger than the Alfvénradius. This leads to

T (rph) ∼ Teff,obs, (23)

Lrad(rph) ∼ Lrad,obs. (24)

Fifth, we have an inner boundary condition; at the surface of the degenerate core, the wind is powered by the nuclear
burning and the energy generation rate should be equal to the radiation luminosity;

Ln(R∗) ≈ Lrad(R∗). (25)

For the left hand side, we use the analytic fitting formula for the carbon burning given in Kippenhahn et al. (2012).
After putting the conditions Eqs. (20-25), the residual model parameters are the mass M∗ and (equatorial) radius

R∗ of the degenerate core. When we specify the M∗-R∗ relation, a sequence of wind solutions for WD J005311
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µmu
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− rΩvφ + LΩ, (12)

respectively. In total, we have 4 constraint equations (Eqs. 1-4) and 3 ordinary differential equations (Eqs. 5, 8, and
9) for 7 variables (ρ, vr, vφ, Br, Bφ, T, Lrad).

2.2. Boundary condition

A rotating magnetic wind solution has to satisfy the regularity condition at the slow, Alfvén, and fast points (e.g.,
Lamers & Cassinelli 1999). The Alfvénradius rA is where the AlfvénMach number becomes unity, i.e., vr = Ar. From
Eqs (1), (3) and (10), the velocity can be written as

vA = Ar(r = rA) =
F2

B

Ṁr2A
. (13)

Normalizing r and vr with rA and vA as x ≡ r/rA and u ≡ vr/vA, ρ, Br, vφ and Bφ can be described as

ρ =
Ṁ

4πvAr2A

1

ux2
(14)

Br =
FB

r2A

1

x2
(15)

vφ = rAΩ
1− u

1− x2u
, (16)

Bφ = −FBΩ

rAvA

1− x2

x(1− x2u)
. (17)

We note that the angular momentum can be also simplified as L = r2AΩ. The regularity of vφ and Bφ and also Eq. (8)
at r = rA can be guaranteed by introducing the slope du/dx|r=rA as an additional parameter. In the limit of x → 1
and u → 1, vφ and Bφ become

vφ(r = rA) = rAΩ
du/dx|r=rA

2 + du/dx|r=rA

, (18)

Bφ(r = rA) = −FBΩ

rAvA
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2 + du/dx|r=rA

. (19)

By solving Eqs. (5), (8), (9), and (14-17) with fixing (rA, du/dx|r=rA , Ṁ , T (rA), Lrad(rA),FB ,Ω,M∗), we can obtain
one numerical solution. Most of the numerical solutions passing r = rA are not physical wind solution; a wind
solution also has to pass both the slow and fast points where the coefficient of dvr/dr in Eq. (8) becomes zero, i.e.,
{v2r − kBT/(µmu)}(v2r − A2

r)− A2
φv

2
r = 0. For a solution to be regular at these points, the right hand side of Eq. (8)

has to be zero there. This gives two additional constraints on the wind solution. Here we change rA and du/dx|r=rA

until finding a wind solution for a given parameter set of (Ṁ, T (rA), Lrad(rA),FB ,Ω,M∗).
For the wind model for WD J005311, we have 5 additional constraints. First, the mass loss rate has to be consistent

with the observed value;
Ṁ ! Ṁobs. (20)

Second, the terminal velocity of the wind has to be consistent with the observed value;

vr(∞) ! v∞,obs. (21)
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Ṁ

4πvAr2A

1

ux2
(14)

Br =
FB

r2A

1

x2
(15)

vφ = rAΩ
1− u

1− x2u
, (16)

Bφ = −FBΩ

rAvA

1− x2

x(1− x2u)
. (17)

We note that the angular momentum can be also simplified as L = r2AΩ. The regularity of vφ and Bφ and also Eq. (8)
at r = rA can be guaranteed by introducing the slope du/dx|r=rA as an additional parameter. In the limit of x → 1
and u → 1, vφ and Bφ become

vφ(r = rA) = rAΩ
du/dx|r=rA

2 + du/dx|r=rA

, (18)

Bφ(r = rA) = −FBΩ

rAvA

2

2 + du/dx|r=rA

. (19)

By solving Eqs. (5), (8), (9), and (14-17) with fixing (rA, du/dx|r=rA , Ṁ , T (rA), Lrad(rA),FB ,Ω,M∗), we can obtain
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Ṁ ! Ṁobs. (20)

Second, the terminal velocity of the wind has to be consistent with the observed value;

vr(∞) ! v∞,obs. (21)



 1

 1.05

 1.1

 1.15

 1.2

 1.25

 1.3

 1.35

 1.4

 1.45

 0  1x108  2x108  3x108  4x108  5x108  6x108  7x108

M
as

s [
So

la
r m

as
s]

Equatorial Radius [cm]

No Rotation
Ω = 0.1 [s-1]
Ω = 0.5 [s-1]
Ω = 0.75 [s-1]
Ω = 1.0 [s-1]
Ω = 1.5 [s-1]
Ω = 2.0 [s-1]
Ω = 3.0 [s-1]
Ω = 6.0 [s-1]
Near Critical

ρc = 1x109 [g cm-3]

The M*-R* relation of uniformly rotating ONe core 

Fujisawa 15



Results



Wind from WD J005311 7

 0

 5x10
8

 1x10
9

 1.5x10
9

 2x10
9

 2.5x10
9

 1x10
8

 1x10
9

 1x10
10

 1x10
11

 1x10
12

R
ad

ia
l 

v
el

o
ci

ty
 v

r 
[c

m
 s

-1
]

Radius r [cm]

 0

 1x10
8

 2x10
8

 3x10
8

 4x10
8

 5x10
8

 6x10
8

 1x10
8

 1x10
9

 1x10
10

 1x10
11

 1x10
12

A
zi

m
u

th
al

 v
el

o
ci

ty
 v

φ
 [

cm
 s

-1
]

Radius r [cm]

 0.01

 1

 100

 10000

 1x10
6

 1x10
8

 1x10
10

 1x10
8

 1x10
9

 1x10
10

 1x10
11

 1x10
12

R
ad

ia
l 

v
el

o
ci

ty
 v

r 
[c

m
 s

-1
]

Radius r [cm]

 100000

 1x10
6

 1x10
7

 1x10
8

 1x10
9

 1x10
8

 1x10
9

 1x10
10

 1x10
11

 1x10
12

A
zi

m
u

th
al

 v
el

o
ci

ty
 v

φ
 [

cm
 s

-1
]

Radius r [cm]

Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and

Ṁ = 5⇥ 10
5 M� yr

�1
. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and

Ṁ = 5⇥ 10
5 M� yr

�1
. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
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L39

Kato, M., & Hachisu, I. 1994, ApJ, 437, 802

Kippenhahn, R., Weigert, A., & Weiss, A. 2012, Stellar

Structure and Evolution, doi:10.1007/978-3-642-30304-3

Lamers, H. J. G. L. M., & Cassinelli, J. P. 1999,

Introduction to Stellar Winds, 452

Levermore, C. D., & Pomraning, G. C. 1981, ApJ, 248, 321

Salpeter, E. E. 1961, ApJ, 134, 669

Schwab, J., Quataert, E., & Kasen, D. 2016, MNRAS, 463,

3461

Truran, J. W., & Livio, M. 1986, ApJ, 308, 721

Weber, E. J., & Davis, Leverett, J. 1967, ApJ, 148, 217
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and

Ṁ = 5⇥ 10
5 M� yr

�1
. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and

Ṁ = 5⇥ 10
5 M� yr

�1
. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Gvaramadze, V. V., Gräfener, G., Langer, N., et al. 2019,

Nature, 569, 684

Hachisu, I., & Kato, M. 2016, ApJ, 816, 26

Iglesias, C. A., & Rogers, F. J. 1996, ApJ, 464, 943

Kashiyama, K., Ioka, K., & Kawanaka, N. 2011, PhRvD,

83, 023002

Kashiyama, K., Ioka, K., & Mészáros, P. 2013, ApJL, 776,
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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L39

Kato, M., & Hachisu, I. 1994, ApJ, 437, 802

Kippenhahn, R., Weigert, A., & Weiss, A. 2012, Stellar

Structure and Evolution, doi:10.1007/978-3-642-30304-3

Lamers, H. J. G. L. M., & Cassinelli, J. P. 1999,

Introduction to Stellar Winds, 452

Levermore, C. D., & Pomraning, G. C. 1981, ApJ, 248, 321

Salpeter, E. E. 1961, ApJ, 134, 669

Schwab, J., Quataert, E., & Kasen, D. 2016, MNRAS, 463,

3461

Truran, J. W., & Livio, M. 1986, ApJ, 308, 721

Weber, E. J., & Davis, Leverett, J. 1967, ApJ, 148, 217
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Figure 4. Left: Comparison of the radial and azimuthal velocities of the wind solution in Fig. 3 with other relevant velocities
including the radial (Ar) and azimuthal (A�) Alfvén velocities, the corotation velocity with the degenerate core (r⌦), the
adiabatic sound velocity of the gas (cs), and the escape velocity (vesc). Right: The radial profile of the energy density of the
wind solution in Fig. 3. We show the contributions from magnetic field ("B), kinetic energy ("K), radiation ("rad), thermal gas
("gas), and gravitational energy ("G).

In Fig. 3, the density (middle-left), temperature (middle-right), and radiation luminosity (bottom-left) profiles
are also shown. At the surface where carbon burns, the density and temperature are ⇢(R⇤) ⇠ 7 ⇥ 104 g cm�3 and
T (R⇤) ⇠ 7 ⇥ 108 K, respectively. The radiation luminosity stays almost constant; it slightly decreases with radius
for R⇤ < r < rs where the wind is accelerated by the thermal pressure gradient. For rs < r . rph, the gas expands
almost adiabatically, i.e., ⇢T 3 / r0. Beyond the photosphere, the gas and radiation are decoupled and the temperature
becomes constant. The right panel of Fig. 4 shows the profile of the energy density of the wind solution. The black
solid line is the e↵ective total energy density (Eq. 12). We also plot each component in Eq. (12); the magnetic field
energy, the kinetic energy, the radiation energy, the gas thermal energy, and the gravitational energy. The energy
density is dominated by the magnetic field energy and stays almost constant even taking into account the radiation
loss. The kinetic energy grows, i.e., the wind is accelerated, by consuming the thermal energy for R⇤ < r < rs and the
magnetic field energy for r > rs.
Let us now discuss the allowed parameter region of WD J005311. Fig. 5 shows sequences of wind solutions. The

left panel shows the surface magnetic field and spin angular frequency and the right panel shows the mass and radius.
The circle, triangle, square symbols represent the cases with (vr(1), Ṁ) = (2.4 ⇥ 109 cm s�1, 6 ⇥ 10�6 M� yr�1),
(1.9⇥ 109 cm s�1, 6⇥ 10�6 M� yr�1), and (2.4⇥ 109 cm s�1, 3⇥ 10�6 M� yr�1), respectively. The colors correspond to
the y-axis of the right panel; redder (bluer) points correspond to larger (smaller) mass cases. In each sequence, a more
massive WD has a faster spin. This can be understood as follow. In the case of magnetic rotating wind, the radiation
luminosity is almost constant with radius, Lrad(R⇤) ⇡ Lrad(rph) (see the bottom panel of Fig. 3). Thus, the observed
bolometric luminosity sets the nuclear burning rate on the surface through Eq. (28). Since the nuclear burning rate
is very sensitive to the temperature, it is almost fixed as T (R⇤) ⇠ 7⇥ 108 K, and consequently the gas energy density
on the surface is almost fixed. Since the quasi-hydrostatic equilibrium is achieved in the radial direction around the
surface (see Fig. 3), the energy density is directly connected to the e↵ective surface gravity ⇡ GM⇤/R2

⇤ � R⇤⌦2. In
general, a more massive WD has a smaller radius, thus a larger gravity. In order to compete with it, a faster spin is
required. By combining the M⇤-R⇤ relation with this condition on the e↵ective surface gravity, a relation between M⇤,
R⇤, and ⌦ is almost fixed. This is shown in the right panel; di↵erent sequences align in a line even though they have
di↵erent Ṁ and vr(1).
There exist high and low mass ends in each sequence of solutions in Fig. 5. The high mass ends are set by Eq. (27);

From Eqs. (13) and (21), rA = (F2

B/ṀvA)1/2 = [vr(1)3/vA⌦2]1/2, thus, for a fixed vr(1), the Alfvén radius becomes
smaller for a larger ⌦ or larger M⇤, and eventually the condition rA > (Lrad,A/4⇡acT 4

A
)1/2 breaks. This physically

means that a radiation luminosity larger than observed is required in order for a more massive and compact WD to
satisfy Eqs. (21) and (20). The upper limit of the mass is larger for a sequence with a larger vr(1). We find that
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Figure 5. White dwarf parameters that give wind solutions compatible with WD J005311. The left and right panels show
surface magnetic field and spin angular frequency (B⇤,⌦) and mass and radius (M⇤, R⇤), respectively.

M⇤ . 1.3M� as long as assuming that vr(1) is non-relativistic. The low mass end are also set by Eq. (27); a smaller
the WD mass becomes, larger rA becomes, and the condition rA < rph,obs breaks. Even if accepting rA > rph,obs
and taking smaller M⇤, we find that the carbon burning no longer ignites on the surface for M⇤ . 1.1M�. This
may be also conflict with the observed chemical abundance of the WD J005311 wind. We conclude that the observed
properties of WD J005311 can be explained by the rotating magnetic wind from an ONe WD with M⇤ = 1.1-1.3M�,
B⇤ = (2-5)⇥ 107 G, and ⌦ = 0.2-0.5 s�1.

3. DISCUSSION

Contrary to Gvaramadze et al. (2019), our model indicate that WD J005311 is not a super-Chandrasekhar-mass
system and will neither explode as supernova Ia nor collapse into neutron star. The inferred fast spin and strong
magnetic field are still consistent with the WD merger origin as proposed by Gvaramadze et al. (2019).
Although the steady wind solution can only describe the current state of WD J005311, our model has several

implications on the fate. WD J005311 continues to spin down while the wind blows. Assuming that Ṁ and B⇤ are
constant with time, the spindown luminosity is given by Lsd = Ṁvr(1)2/2 / ⌦4/3 and the spin angular frequency
evolves as ⌦ = ⌦i(1 � t/tsd)3/2 where tsd = 3I⌦2

i
/(Ṁv21,i) ⇠ 2.4 kyr (I/5 ⇥ 1049 g cm2)(⌦i/0.5 s�1)2. Here ⌦i is the

initial spin angular frequency and I is the momentum of inertia of the WD. The spin angular frequency can become
practically zero if the wind blows another a few kyr. On the other hand, the mass in the carbon burning region can
be estimated as �M ⇡ ⇢(R⇤)R3

⇤ ⇠ 0.01M� and the residual lifetime of the wind will be tw ⇡ �M/Ṁ ⇠ a few kyr.
This is consistent with the lifetime of carbon flash obtained by the stellar evolution calculation of the CO WD merger
remnant (Schwab et al. 2016). Since tsd ⇠ tw, the future of WD J005311 is subtle; if tsd < tw, it will significantly spin
down and join to the observed sequence of massive magnetic WDs, most of which are slowly rotating. Otherwise, WD
J005311 will appear as a fast-spinning strongly magnetized WD. After the wind driven by nuclear burning blows o↵,
the WD will spin down mainly via the dipole radiation as neutron star pulsars. Such a system has been hypothesized
as a source of gamma rays (Usov 1988), cosmic rays (Kashiyama et al. 2011), and coherent radio bursts (Murase et al.
2016).
Our model also suggests several strategies for followup observation of J005311. The rotation period of the flow at the

photospheric radius is ⇡ rph,obs/v�,ph ⇠ 1min. An anisotropy of emission intensity, if any, may induce time variations
associated with that. Although so far no time variation has been reported, we encourage photometric observations
with a good time resolution using e.g., ULTRACAM (Dhillon & Marsh 2001) and Tomo-e Gozen (Sako et al. 2016).
Deeper spectroscopic observations with a broader wavelength range would be helpful to constrain the wind properties,
i.e., the velocity profile, mass loss rate, and chemical composition. In principle, the Zeeman splitting can be used to
determine the magnetic field strength at the photospheric radius; B(rph,obs) ⇠ 105 G in our model, though challenging
due to the fact that the emission lines are highly broadened. In addition, the infrared nebula may also provide us some

The observed properties of WD J005311 can be explained by 
the rotating magnetic wind from an ONe WD with 
M∗ = 1.1-1.3 M⊙, B∗ = (2-5)�107 G, and Ω = 0.2-0.5s−1. 
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Figure 1. Schematic picture of our wind model for white dwarf J005311.

Here vr and v� are the radial and azimuthal velocity of the wind, respectively, and r denotes the radial coordinate.
The mass and angular momentum conservations are described as

Ṁ

4⇡
= ⇢vrr

2 = const., (3)

L = rv� �
✓
rBrB�

4⇡⇢vr

◆
= const., (4)

by introducing the mass loss rate Ṁ and the specific angular momentum L, where ⇢ is the mass density of the wind.
The coupling between the gas and radiation is treated by means of the flux-limited di↵usion approximation, where the
temperature gradient can be described as

dT

dr
= � ⇢Lrad

16⇡ac�T 3r2
, (5)

where  is the opacity, Lrad the radiation luminosity, a the radiation constant, c the speed of light, and � is the flux
limiter. We calculate  = (⇢, T ) using the OPAL code (Iglesias & Rogers 1996), assuming the metal abundance
consistent with the J005311 wind, and � = �(⇢,, Lrad) following Levermore & Pomraning (1981). The momentum
equation of the gas in the radial direction is given by

vr
dvr
dr

+
1

⇢

dPgas

dr
� Lrad

4⇡r2c
+

GM⇤
r2

� V�
2

r
+

B�

4⇡⇢r

d

dr
(rB�) = 0. (6)

The first four terms are identical to the spherical radiation driven wind; the first, second, third, and fourth terms
correspond to gas advection, gas pressure gradient, radiation pressure gradient, and gravitational acceleration, respec-
tively. The gas pressure is given by Pgas = ⇢kBT/(µmu) where µ is the mean molecular weight, kB the Boltzmann
constant, and mu is the atomic mass unit. The fifth and sixth terms in Eq. (6) are the radial acceleration produced
by the centrifugal force and the magnetic sling e↵ect, respectively. The energy conservation equation is given by

vr
d"gas
dr

+ Pgasvr
d

dr

✓
1

⇢

◆
= � 1

4⇡r2⇢

dLrad

dr
, (7)
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Discussion
• WD J005311 will neither explode as type Ia

supernova nor collapse into neutron star. 
• If the wind continues to blow another a few kyr, 

WD J005311 will spin down significantly and join to 
the known sequence of slowly-rotating magnetic 
WDs. 
• Otherwise it may appear as a fast-spinning magnetic 

WD and could be a new high energy source. 
• The photosphere spins with a period of ~min. 
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and

Ṁ = 5⇥ 10
5 M� yr

�1
. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and

Ṁ = 5⇥ 10
5 M� yr
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. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
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show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and
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. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels

are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We

show the case from an oxygen-neon white dwarf with M⇤ = 1.25M�, R⇤ = 3.3 ⇥ 10
8
cm, B⇤ = 4.2 ⇥ 10

7 G, ⌦ = 0.5 s�1
, and

Ṁ = 5⇥ 10
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. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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The WD J005311 wind : ρ, T, Lrad8 Kashiyama et al.
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Figure 4. The density, temperature, and radiation luminosity of the wind solution in Fig. 3.
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Figure 3. The velocity profile of the rotating magnetic wind solution compatible with WD J005311. The left and right panels
are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
show the case from an oxygen-neon white dwarf with M∗ = 1.25M⊙, R∗ = 3.3 × 108 cm, B∗ = 4.2 × 107 G, Ω = 0.5 s−1, and
Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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are the radial and azimuthal components, respectively. The top and bottom panels are in liner and log scale, respectively. We
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Ṁ = 5× 105 M⊙ yr−1. The asterisks indicate the positions of the slow, Alfvén, and fast points.
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Figure 4. Left: Comparison of the radial and azimuthal velocities of the wind solution in Fig. 3 with other relevant velocities
including the radial (Ar) and azimuthal (A�) Alfvén velocities, the corotation velocity with the degenerate core (r⌦), the
adiabatic sound velocity of the gas (cs), and the escape velocity (vesc). Right: The radial profile of the energy density of the
wind solution in Fig. 3. We show the contributions from magnetic field ("B), kinetic energy ("K), radiation ("rad), thermal gas
("gas), and gravitational energy ("G).

In Fig. 3, the density (middle-left), temperature (middle-right), and radiation luminosity (bottom-left) profiles
are also shown. At the surface where carbon burns, the density and temperature are ⇢(R⇤) ⇠ 7 ⇥ 104 g cm�3 and
T (R⇤) ⇠ 7 ⇥ 108 K, respectively. The radiation luminosity stays almost constant; it slightly decreases with radius
for R⇤ < r < rs where the wind is accelerated by the thermal pressure gradient. For rs < r . rph, the gas expands
almost adiabatically, i.e., ⇢T 3 / r0. Beyond the photosphere, the gas and radiation are decoupled and the temperature
becomes constant. The right panel of Fig. 4 shows the profile of the energy density of the wind solution. The black
solid line is the e↵ective total energy density (Eq. 12). We also plot each component in Eq. (12); the magnetic field
energy, the kinetic energy, the radiation energy, the gas thermal energy, and the gravitational energy. The energy
density is dominated by the magnetic field energy and stays almost constant even taking into account the radiation
loss. The kinetic energy grows, i.e., the wind is accelerated, by consuming the thermal energy for R⇤ < r < rs and the
magnetic field energy for r > rs.
Let us now discuss the allowed parameter region of WD J005311. Fig. 5 shows sequences of wind solutions. The

left panel shows the surface magnetic field and spin angular frequency and the right panel shows the mass and radius.
The circle, triangle, square symbols represent the cases with (vr(1), Ṁ) = (2.4 ⇥ 109 cm s�1, 6 ⇥ 10�6 M� yr�1),
(1.9⇥ 109 cm s�1, 6⇥ 10�6 M� yr�1), and (2.4⇥ 109 cm s�1, 3⇥ 10�6 M� yr�1), respectively. The colors correspond to
the y-axis of the right panel; redder (bluer) points correspond to larger (smaller) mass cases. In each sequence, a more
massive WD has a faster spin. This can be understood as follow. In the case of magnetic rotating wind, the radiation
luminosity is almost constant with radius, Lrad(R⇤) ⇡ Lrad(rph) (see the bottom panel of Fig. 3). Thus, the observed
bolometric luminosity sets the nuclear burning rate on the surface through Eq. (28). Since the nuclear burning rate
is very sensitive to the temperature, it is almost fixed as T (R⇤) ⇠ 7⇥ 108 K, and consequently the gas energy density
on the surface is almost fixed. Since the quasi-hydrostatic equilibrium is achieved in the radial direction around the
surface (see Fig. 3), the energy density is directly connected to the e↵ective surface gravity ⇡ GM⇤/R2

⇤ � R⇤⌦2. In
general, a more massive WD has a smaller radius, thus a larger gravity. In order to compete with it, a faster spin is
required. By combining the M⇤-R⇤ relation with this condition on the e↵ective surface gravity, a relation between M⇤,
R⇤, and ⌦ is almost fixed. This is shown in the right panel; di↵erent sequences align in a line even though they have
di↵erent Ṁ and vr(1).
There exist high and low mass ends in each sequence of solutions in Fig. 5. The high mass ends are set by Eq. (27);

From Eqs. (13) and (21), rA = (F2

B/ṀvA)1/2 = [vr(1)3/vA⌦2]1/2, thus, for a fixed vr(1), the Alfvén radius becomes
smaller for a larger ⌦ or larger M⇤, and eventually the condition rA > (Lrad,A/4⇡acT 4

A
)1/2 breaks. This physically

means that a radiation luminosity larger than observed is required in order for a more massive and compact WD to
satisfy Eqs. (21) and (20). The upper limit of the mass is larger for a sequence with a larger vr(1). We find that
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Figure 5. White dwarf parameters that give wind solutions compatible with WD J005311. The left and right panels show
surface magnetic field and spin angular frequency (B⇤,⌦) and mass and radius (M⇤, R⇤), respectively.

M⇤ . 1.3M� as long as assuming that vr(1) is non-relativistic. The low mass end are also set by Eq. (27); a smaller
the WD mass becomes, larger rA becomes, and the condition rA < rph,obs breaks. Even if accepting rA > rph,obs
and taking smaller M⇤, we find that the carbon burning no longer ignites on the surface for M⇤ . 1.1M�. This
may be also conflict with the observed chemical abundance of the WD J005311 wind. We conclude that the observed
properties of WD J005311 can be explained by the rotating magnetic wind from an ONe WD with M⇤ = 1.1-1.3M�,
B⇤ = (2-5)⇥ 107 G, and ⌦ = 0.2-0.5 s�1.

3. DISCUSSION

Contrary to Gvaramadze et al. (2019), our model indicate that WD J005311 is not a super-Chandrasekhar-mass
system and will neither explode as supernova Ia nor collapse into neutron star. The inferred fast spin and strong
magnetic field are still consistent with the WD merger origin as proposed by Gvaramadze et al. (2019).
Although the steady wind solution can only describe the current state of WD J005311, our model has several

implications on the fate. WD J005311 continues to spin down while the wind blows. Assuming that Ṁ and B⇤ are
constant with time, the spindown luminosity is given by Lsd = Ṁvr(1)2/2 / ⌦4/3 and the spin angular frequency
evolves as ⌦ = ⌦i(1 � t/tsd)3/2 where tsd = 3I⌦2

i
/(Ṁv21,i) ⇠ 2.4 kyr (I/5 ⇥ 1049 g cm2)(⌦i/0.5 s�1)2. Here ⌦i is the

initial spin angular frequency and I is the momentum of inertia of the WD. The spin angular frequency can become
practically zero if the wind blows another a few kyr. On the other hand, the mass in the carbon burning region can
be estimated as �M ⇡ ⇢(R⇤)R3

⇤ ⇠ 0.01M� and the residual lifetime of the wind will be tw ⇡ �M/Ṁ ⇠ a few kyr.
This is consistent with the lifetime of carbon flash obtained by the stellar evolution calculation of the CO WD merger
remnant (Schwab et al. 2016). Since tsd ⇠ tw, the future of WD J005311 is subtle; if tsd < tw, it will significantly spin
down and join to the observed sequence of massive magnetic WDs, most of which are slowly rotating. Otherwise, WD
J005311 will appear as a fast-spinning strongly magnetized WD. After the wind driven by nuclear burning blows o↵,
the WD will spin down mainly via the dipole radiation as neutron star pulsars. Such a system has been hypothesized
as a source of gamma rays (Usov 1988), cosmic rays (Kashiyama et al. 2011), and coherent radio bursts (Murase et al.
2016).
Our model also suggests several strategies for followup observation of J005311. The rotation period of the flow at the

photospheric radius is ⇡ rph,obs/v�,ph ⇠ 1min. An anisotropy of emission intensity, if any, may induce time variations
associated with that. Although so far no time variation has been reported, we encourage photometric observations
with a good time resolution using e.g., ULTRACAM (Dhillon & Marsh 2001) and Tomo-e Gozen (Sako et al. 2016).
Deeper spectroscopic observations with a broader wavelength range would be helpful to constrain the wind properties,
i.e., the velocity profile, mass loss rate, and chemical composition. In principle, the Zeeman splitting can be used to
determine the magnetic field strength at the photospheric radius; B(rph,obs) ⇠ 105 G in our model, though challenging
due to the fact that the emission lines are highly broadened. In addition, the infrared nebula may also provide us some

The observed properties of WD J005311 can be explained by 
the rotating magnetic wind from an ONe WD with 
M∗ = 1.1-1.3 M⊙, B∗ = (2-5)�107 G, and Ω = 0.2-0.5s−1. 





Q.  How can the wind be so fast?

• Radiation pressure? 

à wind velocity  � escape velocity @ photosphere

� O(1,000) km s-1 for a ~ solar mass obj.

<< 16,000 km s-1 …

• Rotating magnetic field?

à wind velocity ↑↑ for a larger B field and a faster spin
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(a)

(c) (d)

(b)

Figure 1. Four frames in the r-z plane consisting of (a) log ρ, (b) log T , (c) magnetic field, with lines of poloidal magnetic field in the r-z plane superposed against a
color raster plot of the toroidal field Bφ , and (d) the ratio of gas pressure to magnetic pressure β value. All four frames are taken at the midpoint of the model S-bh
simulation at t = 104 s.
(A color version of this figure is available in the online journal.)

structure of the merger and the disk. This is done plotting the
poloidal magnetic field lines in the r-z plane superimposed on
the background toroidal magnetic field Bφ (left-hand panel), and
the ratio of the gas to magnetic pressure β (right-hand panel).
Regions of high β are dominated by gas pressure, while those
with low β are supported by magnetic pressure. The merger and
accretion disk themselves remain relatively weakly magnetized
(β ≫ 1), whereas the disk corona and biconical jets are strongly
magnetized (β ! 1), as previous MRI studies have found (Miller
& Stone 2000).

The magnetic field structure in the disk is highly turbulent
and disordered. Loops of low-density, heated magnetic flux rise
buoyantly above the accretion disk into the corona (Machida
et al. 2000), where some reconnect through numerical resistivity,
thereby heating the coronal region. Some poloidal loops of

flux—which actually are toroidal in shape in an axisymmetric
geometry—are long-lived in our simulation, persisting for many
local dynamical times. While it is known that these poloidal flux
tori are subject to a wide variety of instabilities in 3D, including
the kink and interchange instabilities, both the toroidal field and
the differential shear in the disk (Spruit et al. 1995) may help
stabilize these even in full 3D.

In contrast, biconical axial outflows carry open field lines
away from the merger. The biconical region is strongly magne-
tized and heated to T ∼108 K, as is clearly seen in Figures 1(b)
and (d). A strong outflow is driven at the interface of this region
with the magnetized corona, similar to previous MRI studies of
black hole accretion disks (De Villiers et al. 2005). However, we
find that this interface region, which is Kelvin–Helmholtz unsta-
ble, varies significantly in location and shape over the duration
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• “ … this extremely high velocity can be explained in the 
framework of rotating magnetic wind models.” 

• “ We find that a co-rotation speed of 16,000 km s-1 at 
the Alfvén point in J005311, where the inertia force 
starts to dominate over the magnetic forces, requires an 
Alfvén radius of about 10 stellar radii (about 1.5R⊙), 
which is achieved with a magnetic field strength of 
about 108 G. ’’



???
• If the bulk acceleration occurs beyond the photosphere,             

a P Cygni profile should be detected, but the emission lines 
in the observed spectrum lacks blue-shifted absorption 
components … 

àA sub-photospheric acceleration may be required.
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???
• If the bulk acceleration occurs beyond the photosphere,             

a P Cygni profile should be detected, but the emission lines 
in the observed spectrum lacks blue-shifted absorption 
components … 

àA sub-photospheric acceleration may be required.

• How fast the star rotates?

• How the wind is launched?

• Does it need to have a super-Chandrasekhar mass? 


