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Figure 1. Hydrodynamic calculation of a Type Ia supernova colliding with a red giant star (R! = 1013 cm, a = 2.5×1013 cm). (a) Density structure during the prompt
emission phase (t = ti/2). The companion star (drawn in blue) diverts the flow and carves a hole in the ejecta. The black contour shows the region where the shocked
ejecta temperature exceeds 3 × 105 K. (b) Density structure at a later phase (t = 2ti, note change of scale). The shell of shocked ejecta has expanded to partially refill
the hole. The black contour shows the region where the temperature exceeds 105 K.

This hole will provide a channel for radiation to quickly escape
from the otherwise optically thick ejecta.

The ejecta displaced from the hole piles up into a compressed
shell along the cone surface. Assuming this shell layer is thin,
its thickness lsh can be estimated by mass conservation. The
volume of a region of radial extent dr within the conical cavity
is Vi = Ωha

2dr . The gas swept out of this region occupies a
volume Vf = 2πalshdr . The condition ρ0Vi = ρsVf gives

lsh

a
= Ωh

4π

2ρ0

ρs
≈ 1

35
. (10)

A dense shell of roughly this thickness is seen in Figure 1(a).
The actual dynamics can become quite complex, with the
shell broken in pieces by shear instabilities and the companion
envelope shredded.

After passing by the companion star, the shocked gas can
expand laterally to try to refill the evacuated hole. The situation
resembles the isentropic expansion of a gas cloud into vacuum
(Zel’Dovich & Raizer 1967); the front of the rarefaction
wave moves outward at the maximum escape velocity vl =

2/(γ − 1)cs , where cs = (γps/ρs)1/2 = (8/49)1/2 sin χv is
the sound speed of the shocked material. The net velocity in
the direction perpendicular to the symmetry axis is then vx =
v sin θh − vl cos θh ≈ −0.2v. The ejecta moving at velocity v
thus re-closes at a time R!/|vx | ≈ 5R!/v after passing by the
companion, or at a time th = (a + 6R!)/v after the explosion. In
the adiabatic calculation (Figure 1(b)), the rarefaction softens
the density gradient in the polar direction, but fails to refill the
shadowcone region uniformly before freezing out. If radiative
cooling is significant during these phases (see Section 3), the
sound speed will be reduced, which would further delay or halt
the closing of the hole.

The energy density of the shocked gas is εs = 3ps and so the
total energy dissipated in the collision shock is found to be

Eth = 18
49

sin2 χ
Ωh

4π
E ≈ 1.5 × 1049E51 ergs. (11)

Much of this thermal energy will be lost again to adiabatic
expansion, but if even a fraction is radiated the collision
luminosity should be quite bright.
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Fig. 1.— Images of the environs of SN 2011fe. The three-color image of the host galaxy, M101, features 21 cm emission (green; Walter et al.
2008) tracing neutral hydrogen, Hα emission (blue; Hoopes et al. 2001) tracing star formation, and 3.6 µm emission (red; Dale et al. 2009)
tracing the stellar mass. The bottom left image shows detail of the explosion site of SN 2011fe, while the bottom right image shows our
combined EVLA image at 5.9 GHz centered on the SN position (black circle has a radius of 10 arcsec).
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Figure 12. The time evolution of the total SN X-ray luminosity for a SN
evolving in a nova cavity (Case 1 and Case 2) in comparison with the X-ray
luminosity of a SN evolving in a wind bubble.

model, as the blast-wave interacts with the donor wind filling the
nova cavity. But the luminosity rapidly decreases as the blast wave
reaches the end of the wind, entering the nova cavity. As a result
the luminosity decreases from LX ! 2 × 1039 erg s−1 down to LX !
2 × 1037 erg s−1.

In general, the extracted luminosities of the SN Ia/SyRNe
models reveal a more complex and non-monotonous function with
time as compared to these of the SN Ia/wind models and they
strongly depends on the time delay between the last nova and the
SN Ia. However, for both Case 1 and Case 2 - which represent the
two extreme cases of this time delay - the SN Ia/SyRNe luminosity
is at least one order of magnitude lower that this of the SN Ia/wind
model. Thus, we conclude that the non-detection of X-rays follow-
ing SN Ia explosions can potentially be explained by a relatively
low density environment caused by nova outbursts.

4 DISCUSSION

In Sect. 2, we performed numerical calculations in order to in-
vestigate the thermal X-ray emission due to interaction of the SN
Ia blast wave with CSM formed by the donor star’s stellar wind.
We found that even though the assumptions made by Immler et al.
(2006) deviate from the numerical results, eventually the total lu-
minosities extracted from our model are similar, or higher, depend-
ing on the choice of the explosion model. Thus, our work ver-
ifies the existing constraints on the mass loss rate of the donor
star ( Ṁ < 3 × 10−6 M$ yr−1) or even imposes stricter limits in
the case of the W7 deflagration model. Such a result excludes an
evolved RG/AGB companion stars, in the SD regime, but allows a
main-sequence donor star, which stellar wind is much more tenu-
ous (Ṁ ∼ 10−11 M$ yr−1, uw ∼ 1000 km s−1). Moreover, a double
degenerate white dwarf system is also not excluded, as long as the
ejection of the common envelope (CE) occurred well before the fi-
nal merger of the two WDs, leaving a ‘clean’ environment around
the explosion centre.

In Sect. 3, we simulated the interaction of a SN Ia with
the CSM shaped by the mass outflows of a SyRNe system.
The motivation for this simulation was the suggestion of
Wood-Vasey & Sokoloski (2006) that a nova explosion that

occurred before the SN Ia, creates an evacuated region around the
explosion centre and therefore can naturally explain the lack of X-
ray emission at the early SN Ia phase. In addition, SyRNe systems
have been proposed as viable candidates of SNe Ia progenitors
(Miko!ajewska 2013; Dilday et al. 2012; Patat et al. 2011) and thus
it is worthwhile to investigate if these systems are aligned with the
X-ray observations of SNe Ia. The outcome of our work is that
nova outbursts are capable of creating a low dense ambient medium
in which the subsequent SN Ia evolution is not detectable in X-rays.

4.1 Similarities of SyRNe CSM with observed SNe Ia

Although our intention was not to model any specific SN Ia, and
our approach of modelling a SN Ia explosion in a SyRNe system
is somewhat simplified (see Mohamed, Booth & Podsiadlowski
2013, for a detailed 3D simulation the SyRN RS Oph), the similar-
ities between our SyRNe models and the recently observed proper-
ties of the CSM that appear to surround a number of SNe Ia justifies
a closer comparison.

The idea of an evacuated region around the explosion cen-
tre shaped by a nova explosion was first suggested to explain the
density variations in the CSM of the remarkable SN Ia SN 2002ic
(Wood-Vasey & Sokoloski 2006). SN 2002ic showed no signs of
CSM interaction during the first 5 - 20 days after the explosion
(there are no observations prior to day 5). However, 22 days af-
ter the explosion, its brightness increased sharply revealing strong
Hα-line emission (Hamuy et al. 2003). A second brightening oc-
curred around 60 days after the explosion, implying a second in-
crease in the CSM density. Such a non-monotonous density dis-
tribution suggests the existence of periodic shells around the SN.
Wood-Vasey & Sokoloski (2006) showed that a nova explosion in
a symbiotic binary system that took place ∼ 15 years before the
SN Ia forms an evacuated region with a radius of 1.5 × 1015 cm.
Such a structure can explain brightness evolution during the first
22 days of SN 2002ic. Finally, they interpreted the secondary rise
of the SN light curve (at 60 days) is the result of the collision of
the SN blast wave with a second shell, formed by the previous nova
explosion. Our SyRNe simulations reveal a similar multiple-shell
structure, while the first two shells are located to similar radii with
these predicted by Wood-Vasey & Sokoloski (2006). For instance
for the ‘Case 1 model’ (see Fig. 10) the first nova shell is placed at
a radius of 4 × 1015 cm, and the second shell at 3.9 × 1016 cm. The
interaction of the SN with the first shell takes place for the model
∼ 10 days after the SN explosion, while the interaction with the
second shell at 75 days (top right of Fig. 10).

Another recent SN Ia that reveals evidence of a multiple
shell structure around the explosion centre is the PTF 2011kx
(Dilday et al. 2012). The time variability of the optical absorption
lines detected in the spectra of this SN suggests the existence of
an inner shell at a radius of 1 × 1016 cm with an expansion ve-
locity of ∼ 100 km s−1, which was surrounded by a more distant,
second shell moving at ∼ 65 km s−1. Two other SN Ia, SN 2006X
(Patat et al. 2007) and SN 2007le (Simon et al. 2009), also showed
a similar variability of optical absorption lines during the early SN
phase, indicating the presence a dense CSM (n ∼ 105 cm−3, needed
to satisfy the required recombination timescale) at a distance of
1016 − 1017 cm from the explosion centre moving outwards with a
velocity of 50 - 100 km s−1.

The results of our hydrodynamical simulations are in accor-
dance with these observations. The histograms in Fig. 8 show the
column density distribution as a function of the plasma velocity for

c© 2014 RAS, MNRAS 000, 1–10
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Fig. 2.— Deep limits on the radio luminosity of SN 2011fe. Our 5.9 GHz upper limits (black arrows; 3σ) from six EVLA epochs

are compared with model light curves for three different progenitor wind mass loss rates: Ṁ/vw = 1.5 × 10−8 M! yr−1

100 km s−1 (gold); 3 ×

10−9 M! yr−1

100 km s−1 (red); 6× 10−10 M! yr−1

100 km s−1 (blue). Each swath spans εB = 0.01− 0.1 (with the intermediate boundaries between shades

corresponding to εB =0.033 and 0.066) and assumes εe = 0.1, Mej = 1.4 M", and EK = 1051 erg. We also plot our stacked limit as a
white arrow, used to constrain a model for uniform-density CSM with a particle density of ! 6 cm−3 (for εB = 0.1; dashed black line).
Finally, overplotted as grey arrows are additional data from Horesh et al. (2011), scaled to 5.9 GHz.

of electrons to ions in the shocked gas (for solar abun-
dance, µ = 1.4 and ne/ni = 1.14). The shock-accelerated
electrons gyrate along the magnetic field lines, giving
rise to synchrotron radiation that peaks in the radio
shortly after explosion with a spectrum, Lν ∝ νβ ; here
β = −(p − 1)/2. The high velocity shockwaves of Type
I SNe minimize opacity to external free-free absorp-
tion, such that synchrotron self-absorption dominates the
spectral energy distribution, suppressing the emission at
low frequencies (Chevalier 1998). For sources charac-
terized by synchrotron self absorption, the shock radius
may be robustly inferred from the synchrotron light curve
(Readhead 1994), thus enabling a direct tie between the
observed radio properties and the SN self-similar solution
(Chevalier 1998).
For SN2011fe, we assume p = 3, εe = 0.1,

and a range of εB = [0.01 − 0.1] as inferred for
SN Ib/c (Chevalier & Fransson 2006; Zhang et al. 2009;
Soderberg et al. 2011). In this framework, the radio lu-
minosity at a given frequency and time after explosion
depends only on nCSM, and is calculated using Equation
1 of Chevalier (1998) Therefore, radio observations probe
the environment of SNe Ia and may distinguish between

different progenitor systems (see Soderberg et al. 2012,
in preparation, for a detailed discussion).

3.1. Wind Density Profile for the CSM

A commonality among SD progenitor channels is the
accretion of material onto a WD due to its interaction
with a donor star. While possible progenitor scenarios
span a wide parameter space (Hillebrandt & Niemeyer
2000), most scenarios may be characterized by the WD’s
accretion rate, Ṁacc, and efficiency of accretion, εacc,
such that the rate of mass lost into the local environs
is Ṁloss = (1 − εacc)Ṁacc (Nomoto et al. 2007). Here
we define, εloss = (1 − εacc). In this non-conservative
mass transfer scenario, we assume that the lost material
is blown outward with a wind velocity, vw, and radially
distributed as nCSM = Ṁ/(4πvwr2).
Using the similarity solutions of Chevalier (1982a), we

estimate the blastwave velocity to be:

Rs = 5.5×1014 (Ṁ/vw)
−0.12 E0.43

51 M−0.31
ch t0.8810 cm, (4)

where t10 is the time since explosion in units of 10
days (Soderberg et al. 2012, in preparation). For t10 =

0.21, Ṁ/vw = 10−10M! yr−1

km s−1 , E51 = 1, and Mch = 1,
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