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Type Ia Supernovae are not all 
caused by accreting CO white 
dwarfs near the Chandrasekhar mass

Punchline:

There are several ways to explode WDs, 
examples include:

• WDs tidally pinched by black holes
• collisions of WDs
• ...
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Crowded places

• ~106 stars
• 102 - 104 per galaxy
• typical velocity dispersions σ ~ 5 km/s
• central densities up to  
  >106 stars/pc3 >> 1 star/pc3 (solar neighbourhood)

Globular clusters

• large, central number densities, ~ 108 stars/pc3

• σ ~ 200 km/s
• central ~0.1 pc as “stellar collider” (Alexander 2005)

frequent close encounters/collisions

Galactic centres

mass-segregation: massive stars sink towards centre
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Collision frequencies

• White dwarfs are so small, do they collide at all?

• collision rate of single star for Maxwellian velocity 
distribution with dispersion σ (closest approach rcoll < 2 R*, Binney & 

Tremaine 2008): 1
τcoll

= 16
√

πnσR2
∗(1 + Θ)

Safronov number Θ =
v2
esc

4σ2

• for WDs:

entirely dominated by gravitational focussing!

vesc ≈ 4000 km/s " σGC ≈ 5 km/s
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• multiply by average globular cluster space density 
(Brodie & Strader 2006)

• rate per globular cluster: RGC ∼
1
2

nWD

τcoll
× 4

3
πr3

c

• possibly further enhanced by

• binary fraction in cluster

• contrib. galactic centres, ultra-
compact dwarf galaxies etc ...

(Hut & Bahcall 1983)

RWDWD = 2× 102 yr−1Gpc−3≈ 0.01 SNIa rate



• distinguish: 

merger of WD binary                 collision of two WDs

Dan et al. in prep. Rosswog et al.  2009, Rosswog et al. in prep.

0.3 & 0.6 Msol 0.6 & 0.9 Msol
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Modeling of  WD-WD  collisions

• Lagrangian
• exact numerical conservation 
• Galiean invariant

• Hydrodynamics:    Smoothed Particle Hydrodynamics

• Equation of state: Helmholtz-EOS

• completely general e+e- treatment
• therm. consistent interpolation
• free specification of composition

 

(Timmes & Swesty 2000)



• Artifacts in non-Galilean invariant methods:

example: advecting a white dwarf across the grid

Adaptive mesh 
refinement 
code FLASH





• nuclear burning:  7-species, QSE-reduced alpha 

• tuned for correct energy production
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• nuclear burning:  7-species, QSE-reduced alpha 

• tuned for correct energy production
• coupled directly with hydrodynamics
  (implicit/explicit time integration)
• post-processing by 19-isotope network

(Hix et al. 1998)

• complementary approach: FLASH 

• 19-isotope network

• Helmholtz-EOS
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Simulations:

• relative velocities at impact entirely
  dominated by mutual gravity: 

vrel = 4000 km/s
(

Mtot

1.2 M!

2× 109cm
R1 + R2

)1/2

> cs >> σGC

M1
M2

vff

• initial orbits:     parabolae

•15 simulations, betw. 500 000 & 3 000 000 SPH particles

• WD masses:  0.2  ... 1.2 solar masses

• encounter strength measured by β =
R1 + R2

dperi
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• example: off-centre collision

M1 = 0.6 M!, M2 = 0.9 M!, β = 1, β ≡ R1 + R2

Rper



what about more central collisions?
M1 = 0.9 M!, M2 = 0.9 M!, headon

ρ

T6
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code comparison: SPH & FLASH, 2 x 0.6 Msol

!
lo

g
!

lo
g

T
T

SPH

FLASH

produced nuclear energy:    SPH:       1051.21 erg
                                         FLASH:   1051.11 erg
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resulting lightcurves: 
(SEDONA code, Kasen et al. 2006)

- 56 Ni-masses: 0.32 Msol (WD06-WD06) & 0.66 Msol (WD09-WD09)

- viewing angle dependence
- both (!) are broadly consistent with Phillips relation
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resulting lightcurves: 
(SEDONA code, Kasen et al. 2006)

- 56 Ni-masses: 0.32 Msol (WD06-WD06) & 0.66 Msol (WD09-WD09)

- viewing angle dependence
- both (!) are broadly consistent with Phillips relation

very similar to “normal”  SN Ia
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Summary
• about 20 % of WDWD collisions explode,       

explosion rate ~ few 10-3 SN Ia 

• lightcurves/spectra similar to “normal” SN Ia 

• large number of upcoming supernova/transient 
surveys: PAN-Starrs, PTF, LSST, ....



Summary
• about 20 % of WDWD collisions explode,       

explosion rate ~ few 10-3 SN Ia 

• lightcurves/spectra similar to “normal” SN Ia 

• large number of upcoming supernova/transient 
surveys: PAN-Starrs, PTF, LSST, ....

promise detection of  several 
105 supernovae per year 
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accuracy of A7- vs.  A19-network
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further collisions
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further collisions
M1 = 0.9 M!, M2 = 0.9 M!



• distribution of species:
0.0 0.1 0.2 0.3 0.4 0.5

10   cm
11

C

0.0 0.2 0.4 0.6 0.8 1.0

Ni

0.0 0.2 0.4 0.6

O Si

79.7 sec

0.0 0.2 0.4 0.6

result of 19-isotope network



MBH = 1000 M!, MWD = 0.2 M!, β = 12



 H1:     1.217106446584991E-030
 He3:    3.594750358430493E-030
 He4:    4.189043739183151E-003
 C12:    2.495319687911574E-002
 N14:    1.088185063636891E-02
 O16:    0.170741773936532     
 Ne20:   7.141123691408813E-003
 Mg24:   5.057439531547831E-002
 Si28:    0.401987526550706     
 S32:     0.165240570241805     
 Ar36:   2.791319887545398E-002
 Ca40:   2.435697639993441E-002
 Ti44:    2.373173078559460E-005
 Cr48:   2.760904614731734E-004
 Fe52:   5.274240424876457E-003
 Fe54:   1.572144622878850E-004
 Ni56:   0.317170878739039     
 neut:   1.214341784544193E-016
 prot:   2.099807811748382E-008

2 x 0.6 (sol. masses) 

 H1:      1.807451942143835E-030
 He3:    5.396365023403411E-030
 He4:    3.145408433755613E-003
 C12:    2.141777908098629E-002
 N14:    1.156883143104618E-025
 O16:    0.198799495867811     
 Ne20:   8.051318839390595E-003
 Mg24:   6.355383568977493E-002
 Si28:    0.528208291808507     
 S32:     0.223095866689290     
 Ar36:   3.957642941078928E-002
 Ca40:   3.694688547903079E-002
 Ti44:    2.218725646853336E-005
 Cr48:   5.049289284105797E-004
 Fe52:   1.169269997771984E-002
 Fe54:   5.935557993597524E-004
 Ni56:   0.664391266963926     
 neut:   1.272072363488627E-016
 prot:   1.474595322761357E-008

2 x 0.9 (sol. masses)

Post-processed mass fractions (Approx19 network)



“SPH can’t do shocks”
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“SPH can’t do shocks II”

4.1 Test 1: mildly relativistic shock tube

This mildly relativistic shock tube (γmax ≈ 1.4) has become a widespread
benchmark for relativistic hydrodynamics codes [25,7,39,8,26]. It uses a poly-
tropic exponent of Γ = 5/3, vanishing initial velocities everywhere, the left
state has a pressure PL = 40/3 and a density NL = 10, while the right state
is prepared with PR = 10−6 and NR = 1.
The SPH result (circles, at t= 0.35) agrees excellently with the exact solution
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Fig. 1. Mildly relativistic shock tube [26] at t= 0.35: velocity (in units of the speed of
light; upper left), thermal energy (upper right), pressure (lower left) and computing
frame number density (lower right). The SPH solution is shown as black circles, the
exact solution as the red line.

(solid line), see Fig. 1. Only the contact discontinuity at x ≈ 0.25 is somewhat
smeared out. A striking difference to earlier SPH results [18,40] is the absence
of any spike in u and P at the contact discontinuity.
To explore the dependence of the results on the various new elements we per-
form the following low-resolution (600 particles between -0.5 and 0.5) runs:
i) use the new equation set, ii) the reference equation set of Chow and Mon-
aghan [7] iii) the new equation set, but Ω = 1 to explore the importance of
the “grad-h”-terms and iv) the new equation set, but K = Kmax = 0.5 to

12

mildly relativistic shock tube (Lorentz factor=1.4)



“SPH can’t do shocks III”

strong, relativistic blast wave (Lorentz factor= 6.0)
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Fig. 3. Strong blast [26]: velocity (in units of the speed of light; upper left), thermal
energy (upper right), pressure (lower left) and computing frame number density
(lower right). The SPH solution is shown as black circles, the exact solution as the
red line.

large velocity, an effect that continuously decreases with increasing numerical
resolution. In comparison to [7] both these artifacts are substantially reduced,
but nevertheless still present.
To explore the dependence of the results on the various new elements we per-
form the following low-resolution (400 particles between -0.5 and 0.5) runs:
i) use the new suggested equation set, ii) the reference equation set of Chow
and Monaghan [7] iii) the new suggested equation set, but Ω = 1 to ex-
plore the importance of the “grad-h”-terms and iv) the new equation set, but
K = Kmax = 0.5 to explore the effect of the time-dependent viscosity pa-
rameters. The results are displayed in Fig. 4 together with a zoom-in from
the calculation shown in Fig. 3. At the given resolution, the new formulation
(blue) performs best, but the differences between either keeping the dissipa-
tion constant (dot-dashed line) or setting Ω = 1 (dashed, green) are very
small. All of them show a substantially higher peak density value and a sig-
nificantly smaller shock-velocity excess than the reference formulation. This
comparison suggests that the main difference comes again from using a differ-
ent prescription for the signal velocity, the other modifications are negligible
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“SPH can’t do shocks IV”

super-ultra-hyper-relativistic wall shock
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Fig. 7. Ultra-relativistic wall shock test: an ultra-relativistic, cold fluid with
(N, v, u) = (1, 0.9999999998, 10−5) moves towards a reflecting wall at x=1. Note
that the initial velocity corresponds to a Lorentz factor as large as γ = 50000. The
SPH result is shown as black circles, the exact result in the ultra-relativistic limit
as red lines.

4.5 Test 5: Relativistic advection of a sine wave

In this test we explore the ability to accurately advect a smooth density pat-
tern. We choose a sine wave that propagates towards the right through a
periodic box. Since this test does not involve shocks, we switch off the ar-
tificial dissipation terms. We apply 500 aequidistantly placed SPH particles
in the interval [0,1], use periodic boundary conditions and a polytropic equa-
tion of state with Γ = 4/3. We impose a computing frame number density
N(x) = N0 + 1

2 sin(2πx), a constant velocity v0 = 0.997 corresponding to a
Lorentz factor γ ≈ 12.92 and we instantiate a constant pressure correspond-
ing to P0 = (Γ − 1)n0u0, where n0 = N0/γ, N0 = 1 and u0 = 1. The specific
energies of the particles are chosen so that each particle has the same pressure
P0.
The advection of this relativistic sine wave is essentially perfect, see Fig. 8: the
result after as many as 100 box crossings (circles) is indistinguishable from the
initial setup (red line), neither wave amplitude nor phase have been affected

18

γ = 50 000, v = 0.9999999998c


