
[Ten to the] Fifty-One Ergs (22 May 2019)

Confirmation of the D6 Type Ia supernova 
scenario with hypervelocity white dwarfs 

in Gaia DR2
Ken Shen (UC Berkeley) 

+Andrews, Chomiuk, Badenes, Miles, Townsley, et al.

(C
ou

rte
sy

 N
A

S
A

)



[Ten to the] Fifty-One Ergs (22 May 2019)

Do Dynamically Driven Double Degenerate 
Double Detonations Drive Dwarf Death?  

Definitely!
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• And others: tidal disruptions by BHs (Rosswog+ 09), WD+WD collisions (Raskin+ 10, 
Katz+ 12), violent merger / spiral instability (Pakmor+ 10, Kashyap+ 15)

The landscape of SN Ia progenitor scenarios
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Sub-MChandra double detonations
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No. 1, 2010 SURFACE DETONATIONS IN DD SYSTEMS L65

Figure 1. Setup of run Ba in FLASH, with several annotated regions of interest. The color scheme shows log T through a slice of the orbital plane. The cyan circle
shows the spherical outflow boundary condition centered about the secondary, while the cyan wedge shows a cross section of the cone used as the mass inflow
boundary. The dashed contour shows the system’s Roche surface. The white boxes with labels are described in Section 3.
(A color version of this figure is available in the online journal.)

Eulerian codes are able to provide high resolution based
on any combination of local and global simulation properties,
and thus are ideal for systems where the regions of interest
do not overlap with the regions of highest density (New &
Tohline 1997; Swesty et al. 2000). Unfortunately, it is difficult
to accurately simulate the overall orbital evolution for many
orbits in grid-based codes due to the non-conservation of angular
momentum (Krumholz et al. 2004), although a careful choice of
coordinate system has led to recent success (D’Souza et al. 2006;
Motl et al. 2007). Because the stability of the system depends
on the structure of the primary and the secondary, the grid-
based simulations that investigate stability must fully resolve
both stars, and thus the stream and the primary’s surface are less
resolved in these simulations.

Here we follow a hybrid approach that combines the strengths
of both SPH- and grid-based methods. We follow the impact of
the mass transfer onto the orbital evolution by performing an
SPH simulation (M. Dan et al. 2010, in preparation) and use the
obtained, time-dependent results for orbital separation and Ṁ
as boundary conditions for FLASH (Fryxell et al. 2000). This
combination allows us to realistically determine the dynamic
stability of the binary while not sacrificing our spatial resolution
of the accretion.

In FLASH, the primary is built under the assumption of
spherical hydrostatic equilibrium and a constant temperature
of 5 × 105 K, and is mapped into the simulation explicitly.
The secondary is not mapped directly into the grid and is taken
to be a point mass surrounded by a spherical outflow bound-
ary condition. The simulation is performed in a non-inertial
frame rotating with angular frequency ω =

√
G(M1 + M2)/a3

about the barycenter. The primary’s gravity is calculated using a
multipole expansion of its potential, and because the quadrupo-
lar contribution of the secondary is negligible, we approximate
the secondary’s gravitational field as a monopole. Because the
choice of frame and the presence of the secondary changes the
hydrostatic configuration of the primary, we first allow the pri-
mary to slowly relax in the presence of the secondary’s potential

by removing a fraction of its kinetic energy every time step over
many dynamical timescales.

The nuclear composition of the fluid is evolved via the 13
element α-chain network of Timmes (1999). Pressures and
temperatures are calculated using the Helmholtz equation of
state (Timmes & Swesty 2000). The accretion rate provided
by the SPH calculation is used to generate a quasi-hydrostatic
inflow boundary condition to replicate the flow of matter from
the secondary to the primary (Figure 1). The boundary we use
is cone-shaped with the apex located at L1, and mass is added to
the cone under the assumption that the stream is in hydrostatic
equilibrium in the direction perpendicular to the barycentric
line (Lubow & Shu 1976). The flow is directed toward the
barycenter of the system at velocity v = cs ∼ 108 cm s−1, the
sound speed within the secondary. In all simulations presented
here, the stream is assumed to be pure He. The four simulations
that we have performed are summarized in Table 1.

3. ACCRETION STREAM INSTABILITIES

In a binary system undergoing mass transfer, the fate of the
accretion stream is determined by ratio R1/Rh. For all three
of the binaries we describe Rh < R1 and thus the stream
would directly impact the surface of the primary assuming the
stream was collisionless. However, the stream can eventually be
deflected by the ram pressure of the thick torus of helium that
gradually accumulates on the primary’s surface, preventing a
direct impact.

As the sound speed within the torus is far smaller than the
Keplerian rotation velocity, the collision between the torus
and the stream is highly supersonic (M > 10), which leads
to the development of a standing shock (Figure 1, region I).
This shock establishes pressure equilibrium across the stream–
torus interface. Because of the temperature increase of the
material falling from L1 to the surface of the primary, the
torus consists of material heated to a temperature close to
the virial temperature of GM1mp/R1kb ∼ 108 K. Radiation
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Multi-D + helium shell + large net in LTE (1.0 + 0.02 Msol)
(Townsley+ 19)

• Reasonable spectra, but light curves evolve too rapidly: 
combination of multi-D + non-LTE + large network + helium shell? 

• See Dean's poster (#24)!  And Abi's and Fernando's posters (#18 and 14) for related work
Ken Shen (UC Berkeley)
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Surviving WD donors from D6 SN Ia systems

Ken Shen (UC Berkeley)

Helium layer

Helium or low-
mass C/O WD 

donor

C/O 
WD

D6 SN Ia destroys 
primary WD

Surviving 
WD donor

• Ignition can happen before companion fully disrupted 
- Avoids excess asymmetry, polarization of complete merger 
- Companion WD might survive explosion



Hypervelocity runaway D6 survivors

Ken Shen (UC Berkeley)

• ~25 within 1 kpc, 300-400 within 2.5 kpc 
• Gaia DR2 search: Shen +Andrews, Chomiuk, Badenes, Miles, Townsley, et al. 18
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The fastest unbound stars in the Milky Way

Ken Shen (UC Berkeley)

• 1000 - 2500 km/s (~0.02e51 erg!), consistent with WD companion in WD+WD system 
• Not ejected from Galactic center

(Shen+ 18b)

11

2, and D6-3, based on the reported r statistic (ranging
from r = 4 to 8). We average the resulting RVs and take
the scatter across templates to be indicative of the scale
of potential systematic uncertainties. We note that
cross-correlation among D6-1, D6-2, and D6-3 them-
selves results in a much higher r ' 15, showing that
these spectra are much more similar to each other than
they are to entries in the template library. The resulting
RV shifts are shown in Table 3.
Figure 4 shows the spectra of D6-1, D6-2, and D6-

3. An RV shift of 1200 km s�1 is applied to D6-1,
while the spectra of D6-2 and D6-3 are unshifted. The
spectra contain a multitude of absorption features. No
transitions of hydrogen or helium are detected, ruling
out canonical atmosphere compositions (Kleinman et al.
2013). Comparison with unusual WDs identified by
SDSS (Gänsicke et al. 2010; Gentile Fusillo et al. 2015;
Kepler et al. 2016) clearly reveals strong features of car-
bon, oxygen, magnesium, and calcium in the three can-
didates. Based on the comparison with the SDSS WDs,
we estimate temperatures for our hypervelocity candi-
dates in the range ' 12 000 � 20 000K.
As discussed in Section 2.3, the absence of hydrogen is

expected for a surviving D6 WD, as it would have been
transferred stably to the primary WD and ejected from
the system prior to the explosion. The non-detection of
helium is unconstraining due to the relatively low surface
temperatures. In fact, in their modeling of GD 492, a
hypervelocity star spectroscopically similar to our three
candidates, Raddi et al. (2018b) find significant helium
is required even though it is not directly observable.
The very low RVs for D6-2 and D6-3, consistent with

being < 100 km s�1, cast doubt on the interpretation of
these stars as hypervelocity stars: it seems unlikely that
these stars would have a combination of very high proper
motion velocities but very low RVs. As a check, all the
Gaia proper motions were confirmed through examina-
tion of the fields of these candidates in epochs 1 and 2
of the Digitized Sky Survey, and also the Sloan Digital
Sky Survey (Alam et al. 2015) for D6-2. In all cases the
long baseline proper motions are consistent with Gaia’s
values. If we assume that the measured parallaxes of
D6-2 and D6-3 are instead systematically incorrect and
that the transverse velocities of D6-2 and D6-3 are a
more typical 100 km s�1, then the implied distances are
⇠ 100 pc. This would suggest absolute magnitudes of
G = 12�13. Thus, a possible interpretation is that these
two objects are faint, nearby white dwarfs and that the
parallax measurements have extremely large systematic
uncertainties.
On the other hand, the Gaia noise values for D6-2 and

D6-3 imply clean measurements. Moreover, D6-1’s ex-
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Figure 5. Posterior probabilities of total Galactocentric ve-
locities for D6-1, D6-2, and D6-3. An exponentially decreas-
ing space density distance prior is used, and the parallax,
proper motion, and RV errors are assumed to be normally
distributed.

Table 3. Velocity information of the hypervelocity candidates

Nickname RVhelio
a vproper,helio

b vGalacto
c

(km s�1) (km s�1) (km s�1)

D6-1 1200± 40 2200 [1400� 6800] 2300 [1600� 6600]

D6-2 20± 60 1200 [700� 1500] 1300 [1000� 1900]

D6-3 �20± 80 2400 [1700� 11100] 2400 [1400� 9000]

aHeliocentric radial velocity, with 68.3% uncertainties.

bHeliocentric proper motion velocity, posterior maximum with 99.7%
credible intervals.

cTotal Galactocentric velocity, posterior maximum with 99.7% cred-
ible intervals.

tremely high RV makes its proper motion velocity credi-
ble.6 Finally, the fact that all three candidates, selected
for their extreme proper motion velocities, are similar to
each other and to GD 492, another hypervelocity star
(Vennes et al. 2017; Raddi et al. 2018b,a), suggests that

6 D6-1’s RV was confirmed on a subsequent night, ruling out
the possibility that the high RV is due to orbital motion in a tight
binary system.
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Similar and unique CMD positions

Ken Shen (UC Berkeley)

• Not on the WD cooling track … energy injection during / after unstable mass transfer?

(Shen+ 18b)



Similar and unique spectra

Ken Shen (UC Berkeley)

• As expected: no H; strong C, O, Mg, Ca, and Fe! 
• Have high-res spectra, but log(g), Teff, abundances, etc. need UV spectra to 

break degeneracies

(Shen+ 18b)
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Similar and unique spectra

Ken Shen (UC Berkeley)

First toy modeling

• As expected: no H; strong C, O, Mg, Ca, and Fe! 
• Have high-res spectra, but log(g), Teff, abundances, etc. need UV spectra to 

break degeneracies
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And one comes from a SN remnant!

Ken Shen (UC Berkeley)

• Fesen et al. (2015): farthest off the plane → SN Ia? 
• Age matches travel time; distance also consistent 
• The only D6 star with high-resolution H-alpha

(Shen+ 18b)



Summary

Ken Shen (UC Berkeley)

• Sub-MChandra double detonation simulations reproduce overall observations 
- But some deviations from observations 
- Non-LTE + multi-D work may solve these issues (hopefully!) 
- See posters #14, 18, and 24 

• For the first time, we have detected SN Ia surviving companions! 
- Three stars picked only for velocity: same part of CMD, very similar and unique 

spectra, with predicted compositions 
- And one comes from a likely SN Ia remnant with matching age and distance 
- Dynamically driven double degenerate double detonations do definitely drive 

dwarf death! 

• Future work & remaining mysteries: 
- UV spectroscopic follow-up for abundances, atmospheric parameters, M, R 
- Modeling of the high-resolution spectra: do abundances match sub-Chandra yields? 
- Do the others have associated SN remnants? 
- What is the current structure of the D6 stars?  Stellar evolution and explosion 

calculations, high-cadence photometry to look for pulsations 
- What is their future evolution?  Where are the other 300-400?  Are these just the 

three brightest ones?  Do dynamically driven double degenerate double 
detonations dominate dwarf death?


