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WD + WD → Massive WD in dense nebula ?
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CO WD +CO WD
with 1.5𝑀⊙ total mass

H and He-free nebula
C and O-rich nebula

• hot
• luminous
• rapidly rotating
• highly magnetized
massive ONe WDpredicted by Schwab+ 2016

C burning on the WD surface



Massive White Dwarf WD J005311

The width & height of 
the wind line spectrum 

Draft version June 24, 2019
Typeset using LATEX default style in AASTeX62

The optically thick rotating magnetic wind from a massive white dwarf merger product

Kazumi Kashiyama,1, 2 Kotaro Fujisawa,1 and Toshikazu Shigeyama1

1Research Center for the Early Universe, Graduate School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
2Department of Physics, Graduate School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

(Received June 24, 2019; Revised ???; Accepted ???)

Submitted to ApJ

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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Similar Features with the predicted massive WD!

Gvaramadze+ 2019
distance ~ 2.3 kpc (Gaia DR3)
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spectrum at WD photosphere

WD surrounded
by nebula



Massive White Dwarf WD J005311

magnetohydro model
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Kashiyama+ 2019

WD mass~1.1 − 1.3𝑀⊙
fast spinning

highly magnetized
↓

WD Merger Remnant?



X-ray observation of WD J005311
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mid-infrared X-ray

Multi layers! We model the remnant quantitively
and gain the progenitor information

1.46 pc

0.68 pc

??? The previous study did not 
obtain the inner size.

Oskinova+ 2020



Our WD J005311 model
• This multi layer is formed by 

some explosion?

forward shock

reverse shock 
termination wind
(thin shell ?)

~1.46 pc

~0.68 pc

mid-infrared ○
x-ray ○

mid-infrared ◎
x-ray ○ ? 

mid-infrared ◎
x-ray ◎
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Oskinova+ 2020



WD J005311 is SN 1181 remnant ?

• The on-sky location fits historical reports 
of SN 1181

• Radius and velocity of the remnant 
→ WD was formed ~1000 yr ago

• WD J005311 has been a leading candidate 
of SN 1181 remnant!

• We construct the remnant model assuming 
that WD J005311 is a SN 1181 remnant.

• Maybe SN Iax which left WD as remnant Ritter+ 2021

5°error

Fortunately...
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WD J005311



Our WD J005311 model
• outer region : ejecta + ISM
(self-similar solution by Chevalier+82)
• inner region : wind + fallback ejecta

forward shock

reverse shock 
termination wind
(thin shell ?)

~1.46 pc

~0.68 pc

mid-infrared ○
x-ray ○

mid-infrared ◎
x-ray ○ ? 

mid-infrared ◎
x-ray ◎
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Oskinova+ 2020

Assumption:
WD J005311 was formed in 1181 AD



Our WD J005311 model
• outer region : ejecta + ISM
(self-similar solution by Chevalier+82)
• inner region : wind + fallback ejecta

forward shock

reverse shock 
termination wind
(thin shell ?)

~1.46 pc

~0.68 pc

mid-infrared ○
x-ray ○

mid-infrared ◎
x-ray ○ ? 

mid-infrared ◎
x-ray ◎

inner size ?
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Oskinova+ 2020



Our X-ray analysis by Suzuki-san
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鈴⽊寛⼤ san at Konan University



Chandra observation

r = 0.77–1.60 arcsec
→ 0.0087 – 0.018 pc

comparing with 
photosphere radius ~10!" cm
This region is certainly spread

13



XMM observation
inner shocked region
(pure metal abundance)

outer shocked region
(near solar abundance)

EM 14

temperature

0.3 keV1.2 keV



Outer modeling
• We calculate the shock evolution using                              

self-similar solution by Chevalier+82
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log ρ

log r

Unshocked
ejecta

Unshocked 
ISM

𝜌 ∝ 𝑟!"

𝜌 ∝ 𝑟!#

log ρ

log r

Unshocked
ejecta

Unshocked 
ISM

𝜌 ∝ 𝑟!"

𝜌 ∝ 𝑟!#

𝜌 = const

fallback 
ejecta

homologous
expansion

𝜌 = const

𝛿 = 1.5, 𝑛 = 6

Oskinova+ 2020



Outer modeling ~Result~
• The radius of the region →

• Emission measure (our model)→

• X-ray analysis → 𝐸𝑀 = 𝑛#𝑛$%&𝑉 = 1.74×10'' /cm^3

• From above, 𝑛%() = 0.146, 
𝑛%() : number density of CSM
𝐸#* : SN explosion energy
𝑀#* : SN ejecta mass

definition of EM

Here we assume explosion occured at 1181

16



Inner modeling
• We use thin shell approximation.
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1.46 pcOskinova+ 2020



Inner modeling
• We use thin shell approximation.
• EOM + energy conservation of the shell

• If the observed wind is released steadily from the time of 
merger (1181 AD)

→ r_inner >> 0.018 pc （X-ray analysis）
18



Wind started blowing recently?
• Wind is produced by the surface burning of the massive WD

• This timescale can be estimated by Kelvin-Helmholtz timescale

• We consider the wind started blowing recently

Schwab+ 2016

19



Wind started blowing recently?
• If the wind started blowing recently
→ inner region becomes smaller

• Our model can constrain when the wind started blowing

• 𝑡+$&, ∶ how many years after the explosion the wind started blowing
• 𝑡+$&, < 828 yr

20

A Swift XRT Observation confirmed a point source
(ID 00358336000, 26th July 2009, Evans+2014)
This means that the wind should begin flowing before 2009.



Our modeling
By giving 5 parameters:
𝑛()*, 𝐸+,, 𝑀+,, 𝑀̇-./0, 𝑡-./0

We can solve this remnant

21

𝑛"#$ = 0.146
&

Outer analysis gives



Inner region calculations
We solve these 3 equations
for each parameter sets:

𝑀-., 𝑀̇/012, 𝑡/012

22

EOM

Energy conservation

Mass conservation

compared with



explanation of the parameter sets
• 𝑀̇/012 : mass-loss rate from the central WD
→ Observations have shown that it can take a variety of values.

Lykou+2022

They tried to fit the infrared spectra using CMFGEN model 23



Inner region calculations
We solve these 3 equations
for each parameter sets:

𝑀-., 𝑀̇/012, 𝑡/012
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EOM

Energy conservation

Mass conservation

compared with



Time 
evolution of 

the shell

𝑀̇/012 = 3×1034𝑀⊙ /yr
𝑀-. = 0.6𝑀⊙
𝑡/012 = 810 yr

Time evolution of the shell radius

25
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mid-infrared ◎
x-ray ○ ? 

inner shocked region

𝑀̇/012 = 3×1036𝑀⊙ /yr
𝑀-. = 0.6𝑀⊙
𝑡/012 = 810 yr

Failure Example

0.0087 < r < 0.018 pc at 2021
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mid-infrared ◎
x-ray ○ ? 

inner shocked region

Failure Example

0.0087 < r < 0.018 pc at 2021

𝑀̇/012 = 3×1034𝑀⊙ /yr
𝑀-. = 0.6𝑀⊙
𝑡/012 = 790 yr



Overview of our model
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Results
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𝑑𝑡 = 840 yr - 𝑡+$&,

𝑡1234 < 828 yr → 𝑑𝑡 > 12 yr

𝑑𝑡 > 12 yr



Compared with typical SN Iax
• SN 1181 maximum luminosity is compared to Saturn
→ absolute magnitude of M ~ -14 to -12.5 (fainter than SN Ia)
• SN 1181 left WD J005311 as remnant

SN 1181 is SN Iax?

30



What is SN Iax?
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• Type Iax SN → sub-luminous Type Ia SN
• thought to leave a white dwarf as a remnant
• typical ejecta mass ~ 0.5 solar mass
• rate → ~10% of SN Ia rate
• progenitor → ONe WD + CO WD with super-Chandrasekhar
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• Type Iax SN → sub-luminous Type Ia SN
• thought to leave a white dwarf as a remnant
• typical ejecta mass ~ 0.5 solar mass
• rate → ~10% of SN Ia rate
• progenitor → ONe WD + CO WD with super-Chandrasekhar

Consistent!

SN 1181 is SN Iax?
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• Type Iax SN → sub-luminous Type Ia SN
• thought to leave a white dwarf as a remnant
• typical ejecta mass ~ 0.5 solar mass
• rate → ~10% of SN Ia rate
• progenitor → ONe WD + CO WD with super-Chandrasekhar

Only one SN Iax as historical SN

We humans are not especially lucky
c.f., one SN Ia per a few hundred years in the Galaxy

SN 1181 is SN Iax?
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• Type Iax SN → sub-luminous Type Ia SN
• thought to leave a white dwarf as a remnant
• typical ejecta mass ~ 0.5 solar mass
• rate → ~10% of SN Ia rate
• progenitor → ONe WD + CO WD with super-Chandrasekhar

SN 1181 is SN Iax?

1.2 solar mass ONe WD + 1.1 solar mass CO WD 
→ SN Iax with 0.1 solar mass ejecta
(Theoretically predicted by Kashyap+2018)



Progenitor mass
• progenitor binary mass = remnant mass +ejecta mass

• progenitor binary mass : 1.4 − 2.0 𝑀⊙

• ONe WD + CO WD → WD J005311 with SN 1181
• e.g., 1.1 solar mass ONe WD + 0.5 solar mass CO WD 
→ ejecta heavier than 0.1 solar mass ? (Future work)

35

1.1 < 𝑀56 < 1.3𝑀⊙(Kashiyama +2019) 
(This work) 



Conclusion
• ejecta from SN 1181 : 𝑀#* ≥ 0.3𝑀⊙

• SN 1181 energy : 𝐸#* ≥ 1.6×1078 erg
• These values are consistent with the assumption that type Iax SN 

occurred at 1181 
→ strongly supports that WD J005311 is a SN 1181 remnant

• Fast wind started blowing recently!

• WD J005311 was formed by ONe WD + CO WD
and mass of the binary system is 1.4 − 2.0 𝑀⊙ 36



Future work
• 2D simulation of ONe WD + CO WD merger
→ejecta mass, explosion energy, its spherical shape
• Calculating the evolution of the central WD
→the KH timescale of the WD → when the wind started blowing?
• XRISM X-ray observation
→precise abundance
• Optical deep survey to find H and He in the outer region
→confirm our calculation
• 2D simulation of this total system including some instabilities

37


