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A massive white-dwarf merger product before final 
collapse
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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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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 
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https://doi.org/10.1038/s41586-019-1216-1.
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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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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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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 
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The position of the central star J005311 is indicated by a circle. c, d, WISE 
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At the distance of J005311 (about 3 kpc), 1 arcmin corresponds to about 
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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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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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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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time 

~10 kyr

Gvaramadze et al.19

will finally collapse into a neutron star?

a few kyr
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
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
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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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Wind from WD J005311 3
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B⇤ = (2-5)⇥ 107 G

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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Probably not!
a new outflow solution (Waver-Davis x Kato-Hachisu)



X-ray observations of WD J005311 

Large neon, magnesium, silicon, and sulfur enrichment of the central star and the nebula

“Both the central star and the nebula 
are detected in X-rays, heralding 
the WD merger products as 
a new distinct type of strong X-ray sources.”

Oskinova et al. 20

X-ray EPIC image: 
red: 0.2–0.7 keV,

green: 0.7–1.2 keV, 
blue: 1.2–7.0 keV

c.f., PSF, 6 arcsec FWHM



Long slit observations with OSIRIS
on board the 10-m GranTeCan (GTC) telescope

an expansion velocity of ~ a few 1000 km/s is inferred, which is consistent with type Iax SNe

Ritter et al. 21



「吾妻鏡」
“治承五年六月廿五日（1181年8月7日）
庚午 戌尅 客星見艮方”

SN 1181 à IRAS 00500+6713?
the youngest Galactic supernova 

without a firmly confirmed remnant
Ritter et al. 21

ü The magnitude of SN 1181 is not known
ü it was compared to Saturn
ü mV ∼ −0.5 to +1.0? 
ü MV ∼ −14 to −12.5?
ü sub-luminous supernovae?

ü remained visible for 185 days
ü 4.5 - 6 mag of fading over this period?



A dynamical model for IRAS 00500+6713



A dynamical model for IRAS 00500+6713

log10[Eej/erg] = 48.9+0.3
�0.3

<latexit sha1_base64="oK7MHW4hoR+bAuFm3ev6yV58Twc="></latexit><latexit sha1_base64="oK7MHW4hoR+bAuFm3ev6yV58Twc="></latexit><latexit sha1_base64="oK7MHW4hoR+bAuFm3ev6yV58Twc="></latexit><latexit sha1_base64="oK7MHW4hoR+bAuFm3ev6yV58Twc="></latexit>

log10[Mej/M�] = �0.2+0.2
�0.2
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tage = 640+130
�130 yr

<latexit sha1_base64="a71j3OJzNP55m54RGpCppq2Jyhk="></latexit><latexit sha1_base64="a71j3OJzNP55m54RGpCppq2Jyhk="></latexit><latexit sha1_base64="a71j3OJzNP55m54RGpCppq2Jyhk="></latexit><latexit sha1_base64="a71j3OJzNP55m54RGpCppq2Jyhk="></latexit>

“Merger of a massive WD binary system with
a total mass of > 1.4 Msun accompanied by
an SN Iax like event, but not SN 1181”



c.f., ZTF J190132.9+145808.7

P = 6.97 min

Caiazzo et al. 21

R = 2140+160
−230 km, M = 1.327-1.365 M☉

Teff = 46,000 K,  tcool = 10-100 Myr



c.f., ZTF J190132.9+145808.7

B = 6-9x108 G

Caiazzo et al. 21

R = 2140+160
−230 km, M = 1.327-1.365 M☉

Teff = 46,000 K,  tcool = 10-100 Myr



c.f., HeSO survey 2021
ü (blindly) detect and confirm the signal from ZTF J190132.9+145808.7



2. Coherent plasma outflows



c.f., HeSO survey 2021

Gaia eDR3 3679752748843326208

ü A few 10 sec flare from an M dwarf (M* = 0.16 Msun, Teff = 3094 K)



c.f., 



c.f., 



@FRB 2021



White dwarf “pulsars”

AE aqr AR sco

P = 33.08 sec
B = 5e7 G

P = 1.95 minute
B = 7.1e8 G

Terada et al. 08
Marsh et al. 16



White dwarf “pulsars” as CR e± factories

WD

Kashiyama, Ioka, Kawanaka 10
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~ 10 yrs ago

太陽では同じこと起きてないでしょ？

Local sources must have been detected in radio.



Revisiting white dwarf pulsar : 
pair formation

WD WD



Revisiting white dwarf pulsar :
pair formation 

WD WD

more likely?less likely?
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Revisiting white dwarf pulsars :
MHD wind or force free magnetosphere?

WD
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But we have no idea the tiny mass loss rate of the evolved WDs ...



Revisiting white dwarf pulsars :
MHD wind or force free magnetosphere?
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then, the WD pulsar birth condition can be described as 
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3. “classical” outflows







Figure taken from Chomiuk et al. 2020



WD

nova ejecta

Pre-ejected material or CSM

@ a few days after the eruption
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Ṁw

10�7 M�/yr

!�1✓
vw

108 cm/s

◆✓
vej

108 cm/s

◆�4✓ECR,max

10TeV

◆2

<latexit sha1_base64="J611QglmbgzPCVeGmZ4+S1U6K8k="></latexit><latexit sha1_base64="J611QglmbgzPCVeGmZ4+S1U6K8k="></latexit><latexit sha1_base64="J611QglmbgzPCVeGmZ4+S1U6K8k="></latexit><latexit sha1_base64="J611QglmbgzPCVeGmZ4+S1U6K8k="></latexit>

or 

L� ! ⇠CR & 3

 
Ṁw
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Summary : 
Outflows from Dwarfs

• Ultra fast outflow
ü White dwarf merger remnants

• A repeating FRB in a globular cluster 
• IRAS 00500+6713

• Coherent plasma outflow 
ü Ultra short duration flares from M dwarfs
ü Revisiting white dwarf pulsar 

• ~ 7min rotating strongly magnetized massive WD discovered by ZTF
• Coherent radio emission from 76 sec & 1000 sec rotators?

• “Classical” outflow 
üNova ejecta and multiwavelength emission 

• Recent nova event from RS Oph


