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weighting factors quantifying the contribution from each individ-
ual band image are determined from the entire data set through the
well-defined mathematical process of PCA. The image is con-
ceptually analogous to the hardness ratio images that many X-ray
astronomers use to identify spectral variations with position. The
PCA is a significant generalization of that technique, since it uses
the entire spectral range of a data set.

We found that the Tycho spectral data points, when projected
onto the new principal axes, were distributed in a well-behaved
manner: the points were spread out along, and very nearly parallel

to, the principal axes. The spread of data points along one of the
new principal axes need not correspond uniquely to variations in a
single physical parameter. In our application here, however, we
found that the first principal axis, which accounts for!43% of the
total spectral variation, allows for a simple physical interpretation.
The top right panel of Figure 1 shows the projection of theChandra
data onto this first principal axis (hereafter PC1). Comparison with
the color image suggests that regions appearing light-colored in the
PC1 image correspond to the ‘‘fleecy’’ Si- and Fe-rich emission,
while the dark regions correspond to the hard continuum emission.

Fig. 1.—Top left: Three-color composite Chandra image of Tycho’s SNR. The red, green, and blue images correspond to photon energies in the 0.95–1.26,
1.63–2.26, and 4.1–6.1 keV bands, respectively. Top right: An image of the first principal component (PC1) that separates line-rich emission ( light regions) from
featureless emission (dark regions). The green contour indicates the location of the contact discontinuity. Three spectral extraction regions are indicated. Bottom left:
Continuum (4–6 keV band) image with regions used to determine width of rim filaments indicated. Bottom right: Fe K! line image with continuum (4–6 keV band)
subtracted. The inner contour notes the location of the reverse shock and the outer contour the location of the blast wave. The field of view of each panel is 9A5 ; 9A5.
North is up and east is to the left.
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• Helium shell detonation triggers carbon core 
detonation 
!
!
!

• 1980s - 90s: Nomoto / Taam / Woosley+ / Livne+  
!
!
!

• 2000s - present: MPA / Woosley+ / Shen+ / et al. 
!
!
!

• Many nice features!  Rates, clean environment, 
Phillips relation (at least the trend)

(Fink+ 07)

Double detonation overview
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New variant: Ignition of helium detonation during merger
• Guillochon+ 10: Hotspots during double WD merger 
• Shen & Moore 14: Boost from full network [e.g. 12C(p,𝜸)13N(𝜶,p)16O] 

• Allows smaller helium ignition masses (smallest that can support detonation)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

(Guillochon+ 10)

Helium or low-mass 
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• 1D: helium burns to iron group elements (a problem in the 80s and 90s; Nugent+ 97) 
• Multi-D + smaller envelope mass: radial expansion stops burning, produces Si and Ca

(Shen & Moore 14)

Multi-D shell detonation produces Si and Ca
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• Most SNe Ia have additional absorption ~10,000 km/s faster than photosphere 
• Naturally produced by double detonation (and not by other scenarios)

(Silverman+ 15)

1976 J. M. Silverman et al.

Figure 1. Fits to CaHK (left-hand column) and CaIR3 (right-hand column) showing PVFs (red) and HVFs (blue, where required). Individual Gaussian
components are short dashed and their sum is solid. Also shown are the sum of the total fit (green), the data (black, solid), the linear continuum (black, dotted),
and a SYNAPPS (Thomas, Nugent & Meza 2011a) fit (purple, long dashed). Si II λ3858 is also required in the bottom-left fit ( orange, solid). Each spectrum is
labelled with its object name and age relative to B-band maximum brightness.

component of Si II λ3858 included), and a three-component fit
(both HVF and PVF, but with a single component of Si II λ3858
included). Each fit is then visually inspected, and in extreme cases
where the fits do not match the data well, the initial estimates
of local minima are changed and the fit is redone. As mentioned

above, some spectra, mostly ones with low S/N, did not yield any
acceptable fit.

While the relative separations and strengths of the spectral fea-
tures are fixed as mentioned above, we do not impose any other
constraints on the fit parameters. This differs from what was done
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High velocity calcium and silicon features are common

Ken Shen (UC Berkeley)



I. R. Seitenzahl et al.: Solar Mn abundance requires near-MCh SN Ia progenitors

Table 1. [Mn/Fe] yields for selected thermonuclear (Ia), core collapse
(II), and hypernova (HN) models of solar-metallicity progenitors.

Model name SN type Masses [Mn/Fe] Ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1_0.9 Ia sub-MCh –0.15a (5)
1.06 M⊙ Ia sub-MCh –0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 –0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 –0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 –0.31c (9)

Notes. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥ 0.0. (a) The
given reference is for the explosion model; the respective [Mn/Fe]
yields are published here for the first time, assuming that the main se-
quence progenitor had a solar metallicity (Asplund et al. 2009) and pri-
mary C, N, O was converted to 22Ne during core He-burning. (b) We use
model B for M ≥ 30 M⊙. (c) Weighted with a Salpeter IMF. (d) We use
model sequence D throughout.
References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor
et al. (2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995);
(8) Limongi & Chieffi (2003); (9) Nomoto et al. (2006).

since they do not produce or destroy enough Mn or Fe to signif-
icantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries
(often likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9 M⊙ published in Pakmor et al. (2012), which can also be
thought of as a representative of the DDS. We have chosen these
two models since they produce rather typical 56Ni masses of
∼0.6 M⊙ and have already been compared in their optical (Röpke
et al. 2012) and gamma-ray (Summa et al. 2013) emission. Due
to a significant difference in central density, the production of
Mn is a factor ∼3 less for the merger model than for the delayed-
detonation model (see Sect. 2 and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-
MCh WDs that leave bound remnants behind – a model that
matches the observables of SN 2002cx-like SNe well (see
Phillips et al. 2007; Kromer et al. 2013). We therefore also in-
clude the N5def model of Fink et al. (2013).

4. Results

In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate
this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five

Fig. 1. [Mn/Fe] vs. [Fe/H] in the solar vicinity. Open black squares
are data from Sobeck et al. (2006), blue stars are from Reddy et al.
(2003), and red open dots are thin-disc data from Feltzing et al. (2007).
Top panel: thin lines are for massive star yields from Woosley & Weaver
(1995), thick lines enhanced their Mn yields by 25 per cent. Red lines
are for case MCh, blue lines for case sub-MCh , and case mix are the
purple lines. Bottom panel: dashed thick blue line is for case sub-
MCh+2002cx, dashed thick red line is for case MCh+. Thin blue and
red lines are as in the top panel.

different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as listed here:
– case MCh: SN Ia yields are from the N100 model of a delayed

detonation in a near-MCh WD (Seitenzahl et al. 2013).
– case sub-MCh: SN Ia yields are from the violent merger of a

1.1 with a 0.9 M⊙ WD (Pakmor et al. 2012).
– case mix: 50% of SNe Ia explode as in case MCh and 50% as

in case sub-MCh.
– case MCh+: similar to case MCh, but SN Ia yields de-

pend on progenitor metallicity (using models N100_Z0.01,
N100_Z0.1, and N100 from Seitenzahl et al. 2013).

– case sub-MCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013), and the remaining 80% explode as in case sub-MCh.

In Fig. 1 (top), we compare the results of the chemical evolu-
tion calculations for [Mn/Fe] of case MCh, case sub-MCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields from Woosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also include
evolution models with their Mn yield enhanced by 25 per cent.
These Mn-enhanced models demonstrate that the final Mn at
high metallicity is rather insensitive to the assumed massive star
yields at low metallicity. Naturally, owing to the sub-solar pro-
duction ratio of [Mn/Fe] of sub-MCh-based SNe Ia explosions,
case sub-MCh falls short of reproducing the observed trend. The
results of case MCh on the other hand reach and actually ex-
ceed the solar abundance. The data are best reproduced by a sce-
nario where both sub-MCh and near-MCh primaries are present
at roughly equal proportions. These results are a clear indica-
tion that SNe Ia cannot exclusively stem from sub-MCh WD pri-
maries, owing to their inability to produce enough Mn, as com-
pared to the solar abundance.

In Fig. 1 (bottom), we show the results of the chemical evo-
lution calculations for [Mn/Fe] of case MCh+ and case sub-
MCh+2002cx. It is evident that using the metallicity-dependent
yields reduces [Mn/Fe] somewhat, but the effect is secondary. In
light of Pakmor et al. (2013), we note that case sub-MCh+2002cx
also falls significantly short of reaching solar [Mn/Fe], even

L5, page 3 of 4

• Density too low in double detonation, underproduces 55Co (→ 55Fe → 55Mn) 
• Similar problem producing 54Fe and 58Ni (Mazzali+ 07, Yamaguchi+ 15) 
!

• Extra neutrons from 22Ne sedimentation? 
• Revised nucleosynthesis ongoing…?

(Seitenzahl+ 13)

Core detonation: n-rich isotopes?

Double detonation SNe Ia

MChandra SNe Ia

Ken Shen (UC Berkeley)



Preliminary work: Long-lived 56Ni- and 56Co-powered 
outflows from surviving WD companion

Ken Shen (UC Berkeley)
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Ionized 56Ni: Extremely delayed 
radioactive decays
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Figure A2. Rate of 56Ni decay (top plot) and 56Co decay
(bottom plot) used in this work. The rate is shown relative
to the “lab” rate. The grey shaded regions are the same as
in Fig. A1. Dashed contours are shown at the values of the
tick marks in the colorbars. Note the much smaller dynamic
range in the case of 56Co compared to 56Ni.

Table 1 (continued)

Reaction “Lab” Rate Q⌫ �
1

�
2

(s) (MeV) (keV) (keV)

56Co ! 56Fe 1.04⇥ 10�7 0.84 10.012 9.544

Note—The values of the “lab” rate and Q⌫ are from Nady-
ozhin (1994). The values �

1

and �
2

are the the ionization
energies of the hydrogen-like and helium-like states respec-
tively, and are drawn from Kramida et al. (2015).

A.2. Rate Calculations

We assume that atoms with two (or more) bound elec-
trons decay at the “lab” rate and that atoms with ex-
actly one bound electron decay at one-half of the lab
rate. Atoms that are fully ionized decay at the rate

given by the weaklib tables. Therefore, the total decay
rate is

�total = (f2 + 0.5f1)�lab + f0�weaklib . (A4)

As shown in Fig. A1, the tabulated weaklib rates do
not extend to densities lower than log(⇢Ye/g cm�3) = 1.
Therefore, in order to construct smooth decay rates for
the fully-ionized atoms, we make the following simple
extensions of these tables.

In the case of 56Ni, since the positron decay rate is so
slow, we need only to consider electron capture from the
continuum. The electron-capture rate corresponding to
a single transition can be written as

�ec /
Z 1

1

✏

2(✏ + q)2

1 + z

�1 exp (✓✏)
G(Z, ✏)d✏ (A5)

with the usual thermodynamic definitions � = (k
B

T )�1,
✓ = �mec

2, and z = exp(�µ), where the T is the
temperature and µ is the electron chemical potential.
We have also defined a dimensionless energy di↵erence
q = Q/(mec

2) and a a dimensionless energy and mo-
mentum for the electron, ✏ = E/(mec

2). In the non-
relativistic limit, G(Z, ✏) ⇡ 2⇡↵Z (equation 5c in Fuller
et al. 1980) where ↵ is the fine structure constant. In
the non-degenerate limit, we can replace the Fermi-
Dirac distribution with a Boltzmann distribution where
z = (ne/nQ) exp(✓). Thus to leading order in ✓,

�ec / 1

✓

ne

nQ
/ ⇢T

�1/2
. (A6)

Therefore, when we are o↵ the table, we use the rate

�o↵,Ni(⇢Ye, T ) =

✓
⇢Ye

1 g cm�3

◆✓
T

107 K

◆�1/2

�ref,Ni

(A7)
where �ref,Ni is the weaklib rate at log(⇢Ye/g cm�3) = 1
and T = 107 K.

In the case of 56Co, the dominant decay is positron
emission. The positron-emission rate corresponding to
a single transition can be written as

�pe /
Z

q

1

✏

2(✏ � q)2G(�Z, ✏)d✏ (A8)

with the symbols having the same definitions as in equa-
tion (A5). We have assumed that positron phase space
is empty. In the non-relativistic limit, G(�Z, ✏) ⇡
2⇡↵Z exp(�2⇡↵Z✏/

p
✏

2 � 1) (equation 5d in Fuller
et al. 1980). Therefore equation (A8) is simply a con-
stant, and thus the rate has no density or temperature
dependence. This is only true for a single transition. A
significant temperature dependence can still exist, and
does in this case, due to the thermal occupation of the
first nuclear excited state at E = 0.158 MeV, allowing
additional positron-decay transitions to be come impor-
tant. However, this does not introduce a density depen-

(Shen+ 16)

(Colgate & McKee 69)
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(Shen+ 16)

(Tsvetkov+ 13, 
Kerzendorf+ 14, 

Shappee+ 16)

Standard Ni+Co decay

0.3 + 0.006
0.6 + 0.03
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SNe Iax and extremely delayed radioactive decays

(Shen+ 16)
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• MCh explosion, but no deflagration-
detonation transition 

• Only ~0.5 Msol burns 
• ~0.1 Msol 56Ni-rich bound to remnant

Standard Ni+Co decay

(McCully+ 14)
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Double WD double detonationSingle degenerate

Explode as SN Ia SNe Iax?

No shock interaction

No hydrogen seen

Nothing seen pre-
explosion

Circumstellar material

Rates

High-velocity Ca and Si

n-rich nucleosynthesis

Ex-companion not seen 
post-explosion

C/O 
WD

Helium 
WD

or+ +

Summary

C/O 
WD

Ken Shen (UC Berkeley)



Thank you!

Ken Shen (UC Berkeley)


