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CHAPTER 2

The imprint of a symbiotic binary
progenitor on the properties of Kepler’s

supernova remnant

A. Chiotellis, K.M. Schure, J. Vink
Astronomy & Astrophysics537, (2012)

Abstract We present a model for the Type Ia supernova remnant (SNR) of SN 1604, also
known as Kepler’s SNR. We find that its main features can be explained by a progenitor
model of a symbiotic binary consisting of a white dwarf and anAGB donor star with an
initial mass of4 − 5 M⊙. The slow, nitrogen-rich wind emanating from the donor starhas
partially been accreted by the white dwarf, but has also created a circumstellar bubble. On
the basis of observational evidence, we assume that the system moves with a velocity of 250
km s−1. Owing to the spatial velocity, the interaction between thewind and the interstellar
medium has resulted in the formation of a bow shock, which canexplain the presence of a
one-sided, nitrogen-rich shell. We present two-dimensional hydrodynamical simulations of
both the shell formation and the SNR evolution. The SNR simulations show good agreement
with the observed kinematic and morphological properties of Kepler’s SNR. In particular,
the model reproduces the observed expansion parameters (m = V/(R/t)) of m ≈ 0.35
in the north andm ≈ 0.6 in the south of Kepler’s SNR. We discuss the variations among
our hydrodynamical simulations in light of the observations, and show that part of the blast
wave may have completely traversed through the one-sided shell. The simulations suggest
a distance to Kepler’s SNR of 6 kpc, or otherwise imply that SN1604 was a sub-energetic
Type Ia explosion. Finally, we discuss the possible implications of our model for Type Ia
supernovae and their remnants in general.
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16 KEPLER’ S SNR

2.1 Introduction

Type Ia supernovae (SNe Ia) are of prime interest for many areas in astrophysics. They are
important cosmological standard candles, because of theirhigh, well-calibrated (Phillips et al.
1992) peak luminosities. The study of SNe Ia has led to the realization that we appear to live
in a Universe whose expansion is accelerating (Perlmutter et al. 1998, Garnavich et al. 1998).
In addition, SNe Ia are major contributors to the chemical enrichment of the Universe, as they
are the principal source of iron peak elements.

There is a consensus that SNe Ia are the result of thermonuclear explosions of CO white
dwarfs (WDs) in binary systems that approach the Chandrasekhar mass by means of either
accretion from a companion star (single degenerate scenario) or the merging of two WDs
(double degenerate scenario) (see the reviews by Hillebrandt & Niemeyer 2000, Livio 2000a).
The double degenerate (DD) scenario is more consistent withstellar population synthesis
models (e.g. Yungelson & Livio 2000, Ruiter et al. 2009, Claeys et al. 2010), but the explosion
mechanism itself is far from clear. The main problem is that WD mergers lead to an off-center
ignition that converts carbon and oxygen into oxygen, neon and magnesium. This results in an
accretion-induced collapse and the formation of a neutron star, rather than a thermonuclear
explosion (Saio & Nomoto (1985), Nomoto & Kondo (1991), although see Pakmor et al.
2010).

For the single degenerate (SD) scenario, the greatest problem remains to establish the
nature of the progenitor binary systems. To reach the Chandrasekhar limit, the WD should
accrete and burn the material from its companion star at a rate of around10−7 M⊙yr−1

(Nomoto 1982). For lower accretion rates, the accumulated material is liable to undergo
unstable burning, giving rise to nova explosions that expelmore mass than is accreted. On
the other hand, high accretion rates lead to the expansion ofthe WD’s photosphere to red giant
dimensions and, in the absence of the stabilizing effects ofstrong accretion winds (Hachisu
et al. 1996a, 1999a), the system will undergo a common envelope episode, which does not
lead to a SD SNe Ia (Iben & Tutukov 1984b). The finetuning needed to create a SN Ia
explosion is in sharp contrast to the relatively high probability of ∼ 15% for stars in the 3-8
M⊙ range to eventually explode as SN Ia (e.g. Mannucci et al. 2006, de Plaa et al. 2007,
Maoz 2008).

Our understanding of SN Ia would improve substantially if wewould identify progenitor
systems directly or indirectly by means of the imprints theyhave on the SN spectra, or the
supernova remnants (SNRs). Several studies have been conducted along these lines, which
reach different conclusions about the origin of the SNe Ia. On the one hand, an increasing
number of Type Ia SN and SNRs show evidence of interaction with the circumstellar medium
(CSM) (e.g. Sternberg et al. 2011a, Patat et al. 2007a, Borkowski et al. 2006a), which is most
consistent with a SD scenario and a non-conservative mass transfer history of the binary
progenitor. On the other hand, theHα, radio, UV, and X-ray observations of several SN Ia
place constrains on the outflows around Type Ia progenitors and the size of the donor star
(e.g. Mattila et al. 2005b, Panagia et al. 2006b, Hughes et al. 2007, Tucker 2011).

In this paper, we investigate the origin of the remarkable structure of the CSM shaping
Kepler’s SNR (hereafter Kepler), the remnant of the historical SN 1604 (Green & Stephenson
2003, Blair et al. 2007). As we discuss below, SN 1604 was verylikely a SN Ia and the CSM
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Figure 2.1: Chandra X-ray image of Kepler’s SNR, with red indicating Si-Kα emission (1.75-1.95
keV), green Fe-L emission (0.8-1.6 keV), and blue continuumemission (4-6 keV). The image is based
on a deep, 750 ks, Chandra observation (Reynolds et al. 2007).

observed in the evolved SNR places constraints on the type ofprogenitor of this SNR.
Kepler (G4.5+6.8) is located relatively high above the Galactic plane, at590d5 pc, where

d5 is the distance in units of 5 kpc. Its radius is 2.6d5 pc. The distance itself is not well-
known. Reynoso & Goss (1999a) used the HI absorption featureto place a lower limit
of (4.8 ± 1.4) kpc and independently determined an upper limit of6.4 kpc based on the
lack of absorption by an HI cloud. Sankrit et al. (2005) combined an estimate of the shock
speed based on the Hα line width with a proper motion measurement to derive a distance of
d = 3.9+1.4

−0.9 kpc. Although these distance measurements agree with each other within the
errors, the lack of a detection of Kepler in TeV gamma-rays byH.E.S.S. (Aharonian et al.
2008), coupled with gamma-ray model predictions (Berezhkoet al. 2006) and the energetics
of the SNR based on expansion measurements (Vink 2008), suggest a distance& 6 kpc, or
otherwise a subenergetic explosion.

The SNR displays a bright optical nebulosity with prominent[NII] line emission in the
north, indicating dense material with elevated nitrogen abundances,[N ]/[N ]⊙ > 2, but oth-
erwise roughly solar metallicity (Blair et al. 1991, Reynolds et al. 2007). The radio (Dickel
et al. 1988) and X-ray expansion measurements (Vink 2008, Katsuda et al. 2008) of the SNR
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indicate an overall expansion parameterm = V/(R/t) ≈ 0.6, whereV is the plasma or
shock velocity,R the corresponding radius, andt the age of the SNR. An exception is the
northern region, where the expansion parameter ism ≈ 0.35, which is lower than expected
for the Sedov–Taylor phase in a homogeneous medium (m = 0.4). On the basis of these
results, Vink (2008) estimates that the nitrogen-rich shell must have had a mass of at least
1 M⊙ (see also Blair et al. 2007).

The presence of the nitrogen-rich shell has puzzled astronomers for a long time and has
led to the claim that SN 1604 was a Type Ib SN (Bandiera 1987), where the northern shell of
Kepler represented the shedded outer envelope of the progenitor. To explain its height above
the Galactic plane, the one-sided morphology of the shell, and the high proper motion of the
nitrogen-rich knots, Bandiera (1987) argued that the progenitor had a high proper motion of
∼ 280 km s−1. This model formed the basis of the hydrodynamical simulations of Borkowski
et al. (1992). This high spatial velocity of Kepler’s progenitor was verified observationally
based on the proper motion and radial velocities of the nitrogen-rich knots of the remnant
(Bandiera & van den Bergh 1991) and theHα narrow component of the non-radiative shocks
of the SNR, which both imply thatu∗ ≈ 250 km s−1 (Blair et al. 1991, Sollerman et al.
2003).

Since the late nineties, it has become clear that SN 1604 was probably not a Type Ib,
but a SN Ia. The main reason for this is that its X-ray spectrumdisplays prominent Fe-L
emission (about 0.2-0.6 M⊙; Kinugasa & Tsunemi 1999) and relatively little oxygen emission
(Reynolds et al. 2007), which are both characteristic of Type Ia SNRs (Hughes et al. 1995).
Supporting evidence of a Type Ia identification is the presence of Balmer-dominated shocks
and the absence of an X-ray emitting, cooling, neutron star (Reynolds et al. 2007). This means
that the dense circumstellar nitrogen-rich shell must originate from the progenitor system of
the SN Ia. Velázquez et al. (2006) extended the hydrodynamical model of Borkowski et al.
(1992), by considering both core collapse and Type Ia origins. They found that the best
agreement with the observations was reached for models thatcorrespond to a Type Ia event.
Their choice of mass-loss parameters and the origin of the shell, however, were not based on
a physical model for the progenitor system. For example, their total integrated mass-loss for
the Type Ia cases was 7.5 M⊙, which exceeds the mass of a likely Type Ia donor star.

Here, we demonstrate that the characteristics of Kepler canbest be explained within the
framework of a single degenerate SN Ia model, assuming non-conservative mass transfer by
means of wind accretion from a 4 – 5M⊙ asymptotic giant branch (AGB) star. We retain in
this model the idea that the northern shell is the result of a bow shock caused by the motion
of the progenitor system (Bandiera 1987, Borkowski et al. 1992), and we adopt the observed
spatial velocity of 250 km s−1. We demonstrate using hydrodynamical simulations that this
model can account for the morphology of the SNR and its expansion characteristics.

In Sect. 2.2, we discuss the progenitor binary system and in Sect. 2.3 we determine
its implications for the properties of the interstellar medium (ISM) and the evolution of the
circumstellar medium and SNR. In Sect. 2.4, we model the system using hydrodynamic sim-
ulations with the appropriate parameters and discuss the differences when varying the exact
parameters. We evaluate the results of our simulations and our progenitor model in a broader
context in Sect. 3.4 and end with our conclusions in Sect. 2.6.
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2.2 A Type Ia progenitor scenario for SN 1604

Any model of Kepler’s progenitor system should explain the formation of a≥ 1 M⊙ asym-
metric shell of solar metallicity and enhanced nitrogen abundances, which lies at the northern
region of the remnant at a distance of 2 – 3 pc from the explosion center.

This shell might have been formed byi) substantial outflows from the WD’s surface, such
as nova explosions or ‘accretion winds’;ii ) the wind of the WD progenitor star (i.e. the SNR
interacts with a planetary nebula-like shell);iii ) the wind of the donor star; oriv) the ejected
common envelope, in the case of a DD progenitor scenario.

The nova explosions related to SNe Ia are the recurrent novaethat occur on the surface
of massive WDs (≥ 1.2M⊙) in the final phase of binary evolution (Hachisu & Kato 2001b,
Hachisu et al. 2008a). However, during the recurrent novae phase, the total mass that is
ejected from the WD surface is on the order of10−3 − 10−2M⊙ (Hachisu et al. 2008a).
Given that recurrent nova ejecta have abundances similar tosolar (see Livio & Truran 1992b,
for summary), they are not able to accumulate enough heavy elements into the CSM shell
to reproduce the observed chemical abundances. On the otherhand, an outflow in the form
of an accretion wind emanating from the WD surface is so fast (uwind ∼ 1000 km s−1)
that it would form a large low-density cavity around the progenitor system. Badenes et al.
(2007a) showed that these cavities are at odds with the observed radii, shock velocities, and
ionization timescales of Galactic, LMC, and M31 Type Ia SNRs(including Kepler ). Our
hydrodynamical simulation of a SNR evolution in a cavity formed by accretion winds verifies
their results.

Caseii can be excluded because of the length of the timescales involved. The time interval
between the planetary nebula phase and the Type Ia explosionshould be at least∼ 106 yr,
since the WD needs to accrete at least 0.2 – 0.4 M⊙(see the review by Weidemann 2000) at a
rate of10−7 M⊙ yr−1. During this period, the formed shell would have collapsed under the
ram pressure of the interstellar medium as the binary systemmoves with a velocity of 250
km s−1. The same line of argumentation can be applied to caseiv, since, after the ejection of
the common envelope the merging timescale of the two WDs is atleast 0.1 Myr (Claeys 2011,
private communication). Although this scenario seems unlikely, the lack of understanding
of the ejection of a common envelope and the subsequent evolution (e.g. Taam & Ricker
2010) prevents us from drawing a definitive conclusion aboutthe likelihood of caseiv as a
progenitor scenario.

Therefore, the wind from the donor star (caseiii ) appears to be the most likely origin of
this circumstellar shell as the wind velocities of evolved stars are much smaller than those
of the WD’s outflows, resulting in smaller and denser cavities, and their formation continues
until the moment of the explosion.

2.2.1 The case for a symbiotic binary

Nitrogen-rich stellar winds can emanate from the surfaces of evolved stars, which are either
on the first giant branch (FGB) or on the asymptotic giant branch (AGB). This suggests that
the progenitor system of Kepler’s SN was a symbiotic binary consisting of a giant star and a
CO WD.
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Among these two evolutionary stages of either FGB or AGB donor star, the latter seems
the more suitable for the formation of the observed shell. The AGB stars are characterized by
much stronger stellar winds than FGB stars, and are able to eject> 1 M⊙ at a distance of 2-3
pc (see section 2.3.1). In addition, even if the FGB stars areable to enrich their surfaces with
nitrogen during the first dedge-up, the amount of nitrogen isalways limited by their initial
metallicity, as they have not yet produced carbon. It is, therefore, difficult to explain the
nitrogen overabundance that is observed in the northern shell. In contrast, the most massive
AGB stars (M > 4 M⊙, depending on the metallicity) can enrich their surfaces with copious
amounts of nitrogen by means of the hot bottom burning (HBB) process. HBB converts12C
into 14N and if the third dredge-up occurs, the star becomes nitrogen rich (N/C > 1). On the
basis of the results of Karakas & Lattanzio (2007), the chemical composition of the shell can
most accurately be reproduced by an AGB donor star of4− 5 M⊙ with solar metallicity (see
Table 2.1).

2.2.2 The mass transfer process

Efficient mass accumulation on the WD requires stable mass transfer. Roche-lobe overflow
(RLOF) from stars with deep convective envelopes, such as the AGB star considered here,
leads to dynamical unstable mass transfer and the formationof a common envelope. Such
a system does not evolve towards a SD Type Ia SN. Thus, the progenitor system was most
likely a wide symbiotic binary, for which the AGB star remained within its Roche lobe. This
implies that the orbital radius was larger than∼ 1600 R⊙ for typical mass ratios.

The accretion process should take place through non-conservative mass transfer, where
a part of the wind is trapped by the WD, while the remainder is ejected from the system
forming the circumstellar shell.

However, the HBB process takes place during the thermal pulsating AGB phase where the
wind reaches the maximum mass-loss rate of a few10−5 M⊙ yr−1. Since the stable accretion
rate at the WD surface is on the order of10−7 M⊙ yr−1, the accretion efficiency has to be
∼ 1%. If this efficiency were representative of the average accretion rate, an insufficient
amount of mass would be transferred to the WD during the evolution. Thus, a more efficient
mass-transfer period must have occurred during an earlier evolutionary stage of the donor.
This mass transfer process might have been either pure wind accretion or a more efficient
process, such as the tidally enhanced wind accretion (Chen et al. 2011) or the wind-RLOF
accretion (Mohamed & Podsiadlowski 2007). In any case, since the WD needs to accrete at
least 0.2-0.4 M⊙ to approach the Chandrasekhar mass and the envelope mass of the AGB is
∼ 3 − 4 M⊙, an average accretion efficiency of≥ 5 − 10 % is required during the binary
evolution.

2.2.3 The bow-shock formation and the spatial velocity

The high spatial velocity of Kepler’s SNR of 250 km s−1implies that Kepler originates from
a runaway star that was ejected from the Galactic center/disk. The asymmetric accumulation
of the circumstellar shell at Kepler’s SNR can be readily explained by this supersonic motion
away from the Galactic plane. The interaction of the wind with the ram pressure of the inter-
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Production Factor: Wind’s Abundances:
F = log[< Xi,final > / < Xi,initial >] [Xi]/[Xi,⊙]
12C 16O 14N 12C 16O 14N

4 M⊙ 0.33 −2.6× 10−2 0.42 2.1 0.9 2.6
5 M⊙ 0.14 −4.3× 10−2 0.61 1.4 1.0 4.1
6 M⊙ −0.22 −8.1× 10−2 0.91 0.6 0.8 8.1

Table 2.1: The production factor and the chemical abundances as a function of the stellar (initial) mass
of an AGB star of solar metallicity (Karakas & Lattanzio 2007). For the case of5 M⊙, the AGB
mass-loss rates of Vassiliadis & Wood (1993) were used.

stellar medium has caused the formation of a bow-shaped shell. The subsequent supernova
has produced a blast wave that currently interacts with the nearest part of this shell.

However, since SN 1604 was likely a SN Ia event, the progenitor must have been part of
a binary system. This implies that the progenitor must have been a rather rare type of object,
because runaway stars are usually single stars. Theoretical predictions based on binary-binary
collisions, indicate that 10% of the runaway stars are binaries (e.g. Leonard & Duncan 1990),
in agreement with observational studies (Gies & Bolton 1986, Martin 2006, McSwain et al.
2007a,b). Moreover, the creation of a runaway star or binarysystem is expected to take place
early in the life of the stars, when they are still part of a dense star cluster. Comparing the
relatively short time travel time for Kepler’s progenitor to reach its current position above
the Galactic plane,∼ 3 × 106 yr, with the typical timescale for a white dwarf to form (&

30 × 106 yr), or for a 4 – 5 M⊙ donor star to reach the AGB phase (& 100 × 106 yr),
shows that the runaway system must have been created late in the life of the progenitor star.
However, we point out that observationally it is found that many runaway stars seem to have
lifetimes that are substantially longer than their travel timescales (see Fig. 7 of Martin 2006).

2.3 Formation and evolution of the wind bubble and the
subsequent SNR

After outlining the properties of the progenitor binary system, we can now study the forma-
tion and evolution of the wind bubble and the subsequent interaction of the SNR with it. We
consider the wind and SNR dynamics analytically and introduce the range of variables in our
model.

2.3.1 The formation of the wind bubble and the bow shock model

The properties of a supersonically moving wind bubble that interacts with the ISM, is a func-
tion of four variables; the mass loss rate,Ṁ , the wind velocityuw, the spatial velocity,u∗,
and the ISM density,nism. The system is in a steady state when the timescale of the in-
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teraction process between the wind and the ISM is longer thanthe flow timescale defined
as

tflow ≡

(

r

uw

)

≈ 105
(

r

2 pc

)

( uw

15 km s−1

)−1

yr, (2.1)

wherer in this case indicates the distance of the bow shock from the mass-losing star.
In a steady state, the position of the bow-shock shell is determined by the balance of the

stellar wind and the ISM ram pressure. At the so-called stagnation point, the wind termination
shock is at its shortest distance,r0, from the mass losing star. Equating the momentum fluxes
of the ISM to those of the CSM, this can be estimated to be around

r0 = 1.78× 103

(

Ṁwuw

nismu2
∗

)1/2

pc, (2.2)

when the velocities are measured inkm s−1, Ṁw in M⊙yr
−1, andnism in cm−3 (Huang &

Weigert 1982).
In Sect. 2.2, we argued that the donor star of the progenitor system was a4− 5 M⊙ AGB

star. These stars are characterized by dense, slow, radiation-driven stellar winds with typical
terminal velocities of5−20 km s−1 and temperatures of1000−2000K (Habing & Olofsson
2003). The mass loss rates fluctuate across a wide range, starting from10−8−10−6 M⊙yr−1

during the early AGB phase to10−6 − 10−5 M⊙yr−1 at the thermal pulsating AGB phase
(Vassiliadis & Wood 1993, Karakas & Lattanzio 2007). The total duration of the AGB phase
is on the order of 1 Myr. Assuming typical wind-loss parameters appropriate for the thermal
pulsating AGB phase, a steady state situation is reached after tflow ≈ 0.1 − 0.3 Myr for
r0 = 2 pc andtflow ≈ 0.1− 0.4 Myr for r0 = 3 pc (Eq. 2.1), which is well within the limits
of the lifetime of an AGB star.

To reproduce the radius of the stagnation point, we also needto estimate the ISM density.
We do not have a priori estimates of this density, as there areno clear observational indications
of its properties in Kepler’s neighborhood. Both the neutral/ionized warm and the hot ionized
component extend to the latitude of Kepler (Reynolds 1991).However, the constraint on the
distance of the stagnation point (r0 ≅ 2− 3 pc, see eq. 2.2) implies thatnism ≤ 10−3cm−3.
This value is characteristic of the hot ionized component (T ≈ 106 K), wherenism ∼ 10−4−

10−3cm−3 (McKee & Ostriker 1977), and was also used by Borkowski et al.(1992) based
on the observed densities of the wind shell (nshell ≈ 1 − 10 cm−3, Smith et al. 1989, Blair
et al. 1991).

Figure 2.2 shows the possible combinations ofṀw anduw that result inr0 = 2 pc for the
lower distance estimate of Kepler, andr0 = 3 pc for the larger distance estimate. In this plot,
we have adoptednism = 0.5× 10−3 cm−3 for the hot ionized ISM, andu∗ = 250 km s−1.

2.3.2 Supernova properties and evolution

The canonical values of the mass and energy of Type Ia SNe areMej = 1.4 M⊙ and
Eej = 1051 erg (Woosley et al. 2007), respectively. We apply the self-similar solution of



2.4 Hydrodynamic modeling 23

Figure 2.2: The mass loss rates versus the wind velocity of the AGB star for values satisfyingr0 = 2 pc
andr0 = 3 pc fornism = 0.5× 10−3 cm−3 andu∗ = 250 km s−1.

Chevalier (1982b) describing how a SNR expands into anρ ∝ r−2 wind profile, to our model
corresponding to the regions interior to the shell. The ejecta is assumed to consist of a con-
stant density core with an envelope that follows aρ ∝ r−7 density profile, while the velocity
in the ejecta increases linearly. By assuming energy conservation, the expansion of the ejecta
in a wind bubble withρwind = qr−s, wheres = 2 andq = Ṁw/(4πuw) is given by

Rsnr = 1.3× [Agn/q]1/(n−s)t(n−3)/(n−s), (2.3)

whereA is a constant equal to0.27, andt is the age of the remnant (in sec). Finally,g is a
constant given by

g7 = (25/21π)(E2
ej/Mej).

Given the age of Kepler’s SNRt ≈ 400 yr, and using mass-loss parameters ofṀw =
10−6 − 10−5M⊙yr

−1, anduw = 10− 20 km s−1, we find thatRsnr = 3.0− 4.7 pc. These
values of the SNR radius correspond to a distance of Kepler ofaroundd = 6.2 − 9.7 kpc.
To obtain a SNR radius consistent with a distance ofd = 4 kpc, we also have to consider a
subenergetic explosion ofE = 0.2 × 1051 erg. In that case, we obtainRsnr = 1.6− 2.4 pc
andd = 3.3− 4.9 kpc.

2.4 Hydrodynamic modeling

We employ the hydrodynamic code of the AMRVAC framework (Keppens et al. 2003a) to
simulate the circumstellar bubble around Kepler’s progenitor system and the subsequent evo-
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lution of the supernova ejecta. We perform the calculationson a 2D grid in spherical coor-
dinates and assume symmetry in the third dimension. The Euler equations are solved con-
servatively with a TVDLF scheme, using the adaptive mesh strategy to refine the grid where
needed as a result of large gradients in density and / or energy. Our radial span is2×1019 cm
and the range of the polar angle is from0◦ to 180◦. On the base level, we use240× 120 cells
(R × θ) and allow for three refinement levels during wind evolutionand four for the SNR
evolution, at each of which the resolution is doubled. The maximum effective resolution,
thus, becomes1.04 × 1016 cm by0.188◦. Radiative cooling is prescribed using the cooling
curve of Schure et al. (2009a).

We first simulate the formation of the CSM bubble with the ISM bow shock shell. We
model the system in the rest frame of the progenitor system and model the ISM interaction
as an inflow. The ISM of densityρi enters the grid antiparallel to the y-axis and with a
momentummr = ρiu∗ cos θ (see Fig. 2.3). Thus, the symmetry axis is aligned with the
systemic direction of motion, roughly corresponding to thenorthern region of Kepler’s SNR.
In the inner radial boundary, we impose an inflow in the form ofa cold, slow, stellar wind
with a density profile ofρ = Ṁw/(4πr

2uw) and momentummr = ρuw andmθ = 0. In the
second stage, we introduce the supernova ejecta into the wind bubble and allow the SNR to
evolve.

Figure 2.3: The 2D density profile of the simulation of the bow-shocked wind bubble. The mass-losing
star is located in the origin where we allow a radial wind flow to enter the grid. Isotropic, homogeneous
gas simultaneously enters the grid antiparallel to the y-axis, which represents the motion of the ISM in
the star’s rest frame. The arrows correspond to the vectors of the momentum of each flow.

In Sect. 2.3, we defined the constraints on the spatial velocity, mass-loss rate, and wind
velocity. These constraints allow some variation in these parameters, which all infer roughly
similar values for the radius of the shell, but which may nevertheless influence the properties
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of the SNR. To investigate this, we performed several hydrodynamical simulations, varying
the wind parameters and spatial velocity. In addition, as there is some uncertainty in the
distance to Kepler, we study the cases where the stagnation point is placed at∼ 2 pc and
∼ 3 pc from the explosion center, corresponding to the SNR distances of 4 kpc and 6 kpc,
respectively. The grid of models is summarized in Table 2.2.

Initial conditions modelA modelB modelC modelD modelDsub
Ṁ (M⊙ yr−1) 10−5 7.5× 10−6 3× 10−6 7× 10−6 7× 10−6

uw (km s−1) 17 18 12 13 13
u∗ (km s−1) 250 250 240 250 250
nism (cm−3) 7× 10−4 5× 10−4 1.3× 10−4 10−3 10−3

tbubble (Myr) 0.38 0.52 0.85 0.57 0.57
Esn (erg) 1051 1051 1051 1051 0.2× 1051

Table 2.2: The properties of the five studied models. Additional parameters that have been used for all
the models areTw = 1000 K, Tism = 106 K, andMej = 1.4 M⊙.

2.4.1 Wind bubble evolution

Figure 2.4 illustrates the evolution of the pre-supernova wind bubble using model A (see
Table 2.2). It shows the typical four-zone structure of a stellar wind bubble, consisting, from
inside out, of the freely streaming wind withρ ∝ r−2, the shell of shocked stellar wind, the
shell of shocked ISM, and the unperturbed interstellar gas.At the border of each ‘zone’ a
density jump occurs that is caused by the termination shock,the contact discontinuity, and
the outer shock. The shear flow at the interface of the two fluids is susceptible to the Kelvin-
Helmholtz instability, which produces a wavy structure of the contact discontinuity.

The wind termination shock initially propagates rapidly outwards, but then decelerates,
until it is stabilized, due to the momentum equilibrium between the wind and the ISM. This
equilibrium is first achieved at the stagnation point, and then propagates to larger azimuthal
angles.

We introduce the SN explosion once the stagnation point is at2-3 pc, while taking care to
ensure that the mass lost by the donor star is less than the mass of the envelope of the AGB
star and the duration is shorter than the lifetime of an AGB phase. In model A, we find that
these conditions are met at a timet = 0.38 Myr after initializing the evolution of the bubble.
The stagnation point in this case is located at a distance of∼ 2.7 pc, the outer shock is at a
distance of5.2 pc, and the donor’s mass loss is equal toṀt = 3.8 M⊙.

2.4.2 SNR evolution

Figure 2.5 shows the evolution of the SNR for model A in an ambient medium that corre-
sponds to the wind bubble at timet = 0.38 Myr. Initially, the SNR evolves in a spherically
symmetric, freely expanding, wind-blown bubble (left panel). The freely streaming ejecta,
shocked ejecta, contact discontinuity, and the shell of theshocked CSM can be distinguished.
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Figure 2.4: The evolution of the wind bubble of model A. The snapshots from left to right correspond
to the times 0.10 Myr, 0.29 Myr, 0.38 Myr, and 0.57 Myr.

Figure 2.5: SNR evolution of model A. The snapshots from left to right correspond to the times 158
yr, 285 yr, 349 yr, and 412 yr.

Rayleigh-Taylor instabilities develop at the contact discontinuity between the ejecta and the
shocked CSM. The thin black lines outline the interaction regions between the ejecta and the
CSM, while the white ones indicate the interface between theCSM and the ISM. Around
∼ 285 yr after the explosion (second panel), the blast wave startsto interact with the shocked
stellar wind of the circumstellar shell in the area of the stagnation point. The blast wave
sweeps up the dense shell’s material and the deceleration inthis area is therefore stronger,
something that breaks the spherical symmetry of the SNR.

With time, a larger portion of the SNR starts to interact withthe circumstellar shell. In
the snapshot that corresponds to the age of Kepler’s SNR (t = 412 yr, right panel in Fig. 2.5),
more than one third of the remnant interacts with the wind shell. Around the stagnation
point, the blast wave has slightly penetrated the shell. At this moment, the blast wave in the
southern region is located at a distance ofRblast ≈ 3.6 pc, and the contact discontinuity
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lies atRcd ≈ 2.7 pc. The highest densities are found in the area around the stagnation point,
where it reaches values ofn ≈ 4.0 cm−3. This area is expected to have the highest emissivity.

Figure 2.6: Model A SNR properties at 412 yr. From left to right: density,expansion parameter,
pressure, and temperature.

Fig. 2.6 shows the density, expansion parameter, pressure,and temperature of the simu-
lated SNR at the age of Kepler. The expansion parameter, as expected, is much lower in the
region where the interaction with the circumstellar shell takes place. Around the stagnation
point, we find values as low as∼ 0.35, while for the non-interacting areas, the expansion
parameter is0.6. These values correspond to the expansion parameter of the plasma and are
consistent with results from X-ray observations. The thirdpanel shows the pressure, which
clearly marks that the shocked plasma is rather homogeneousin the entire SNR, in agreement
with the expectation of pressure equilibrium between the shocks. The stronger interaction in
the region around the stagnation point causes the SNR to be thinner and to have higher pres-
sure than the rest of the remnant. The temperature plot (right panel) is limited to the range
logT = 6.0−9.5, corresponding only to the shock-heated SNR shell. Note that X-ray obser-
vations usually provide electron temperatures, which may be lower than the overall plasma
temperatures depicted here owing to the non-equilibrationof ions and electrons.

Fig. 2.7 shows the position and the velocity of the blast wave(upper plot) and its ex-
pansion parameter (lower plot) for two different azimuthalangles ofθ = 0◦ andθ = 180◦.
During the evolution of the SNR in the freely-expanding windregion, these three quantities
are identical for the two angles. After 300 yr, the collisionwith the shell starts and at the
interacting region (θ = 0◦) the shock wave is strongly decelerated, while the SNR becomes
slightly aspherical. The expansion parameter is∼ 0.8 for the areas that are still within the
unshocked-wind region, while forθ = 0◦ it drops to∼ 0.5 for the SNR at Kepler’s age.

2.4.3 Comparison of the different models

We now evaluate differences in the morphology of the SNR by varying the mass loss proper-
ties and the spatial velocity of the system, as summarized inTable 2.2.
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Figure 2.7: Model A blast wave properties. The upper plot shows the position (solid lines) and the ve-
locity (dotted lines) of the shock versus the time. The lowerplot displays the evolution of the expansion
parameter. The black color (lower lines) corresponds to theazimuthal angle of0◦, while the red (upper
lines) represents180◦.

Concerning the wind bubble formation

In Fig. 2.8, we show the densities of the bubbles for the different models, at the moment
immediately prior to the SN explosion. The left panel shows model A, which was described
in section 2.4.1.

In model B, we use a slightly lower mass-loss rate for the formation of the wind bubble.
Owing to the longer duration of the shell formation, the Kelvin-Helmoltz instability at the
contact discontinuity has developed more prominently. Thechosen wind velocity is slightly
higher, while the ISM density is lower to ensure that the stagnation point is at a distance of
∼ 3 pc. The wind termination shock and the contact discontinuity are farther from the star
than in model A. This model was considered to retain the blastwave of the SNR within the



Figure 2.8: Comparison of the four models of the wind shells. The plots from left to right correspond
to model A, B, C, and D (the bubble for model Dsub is the same as the one for model D).

shocked wind shell at the current age of Kepler.
For model C, we use an even lower mass-loss rate and velocity of the AGB wind. These

values provide a closer fit to the Reimers model for AGB mass-loss parameters (Reimers
1975), or an AGB at the early phase, according to the Vassiliadis & Wood (1993) description.
To keep the stagnation point at a distance of 3 pc, the spatialvelocity and the interstellar
medium density were decreased from the values of the previous models. We consider a longer
duration of the shell formation/mass transfer phase than inmodels A and B to accumulate
enough mass and let the shell evolve to a distance of∼ 3 pc. The lower mass-loss rates
and wind velocities yield a lower momentum in the wind material, resulting in a weaker
interaction and thus a thicker and comparatively more tenuous shell.

The final panel shows the bubble for the model D. The wind mass-loss rate and duration
of the shell formation are similar to those of model B. However, a lower wind velocity and
a higher ISM density is applied. This causes the shell to be closer to the binary and denser.
This shell model was considered in order to be able to includea case where Kepler is located
at a distance of4− 5 kpc, for which we need the shell at a radial distance of2.0− 2.6 pc.

The SNR evolution

The location, density, thickness and radius of curvature ofthe shell all determine the mor-
phology of the SNR upon interaction with the ejecta. Figure 3.5 shows the resulting densities
and expansion parameters of the SNR at an age of 412 yr, which is similar to the current age
of Kepler.

As we noted in Sect 2.4.2, in model A the SNR blast wave reachesslightly beyond the
shell in the region around the stagnation point, and accelerates again as it protrudes. The
expansion parameter of the plasma in the interaction regionis consistent with the observed
values and it reaches a minimum (∼ 0.33) just behind the blast wave. This region is charac-
terized by the highest densities, thus the emissivity is also expected to be relatively high.

Apart from the protrusion through the shell, model B yields similar properties. At the
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Figure 2.9: Comparison of the density and the expansion parameter of thefive models, from left to right corresponding to: A, B, C, D, and Dsub.
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snapshot, which corresponds to the current age of Kepler, almost one third of the remnant
interacts with the wind shell. The radius of the SNR is larger(4 pc compared to 3.8 pc in
model A), and the minimum expansion parameter is slightly higher due to the lower densities
of the wind region and wind shell, respectively.

These effects are even stronger for the case of model C. Owingto the much lower mass
loss rates, the radius of the remnant is 4.1 pc, while the minimum expansion parameters tend
to the value of 0.4. However, a similar morphology with the other two models was also found
in this case.

In model D, the asymmetry is the highest. The interaction is strong because of the prox-
imity and higher mass of the wind bubble, which was designed to accommodate the small
distance estimate of 4 kpc to Kepler. The blast wave reaches well beyond the extent of the
shell resulting in a high expansion parameter (≥ 0.7) in that area. This, together with the
high degree of asymmetry, makes this model inconsistent with the observations of Kepler.

In all of these models, the radius of the SNR is fairly consistent with the larger distance
estimate (∼ 6 kpc) of Kepler. For a distance of 4 kpc we need a sub-energeticexplosion to
explain the observed morphology. We adopt the parameters ofmodel D for the bubble, so as
to have a wind shell relatively close to the star, while decreasing the explosion energy to one
fifth of the canonical value in model Dsub. The radius of the SNR then becomes∼ 2 pc, and
the asymmetry and expansion parameters are consistent withKepler.

From these models, it is clear that the morphology does not depend on the fine-tuning of
the parameters. For a reasonable range of values for all of the parameters, the expansion pa-
rameter, size, density, and morphology of Kepler are well-reproduced. The different models
show some variation in the blast wave position and locationsof both the maximum density
and the minimum expansion parameters.

2.5 Discussion

2.5.1 Comparison of Kepler’s SNR with the models

We have argued that the kinematics, morphology, and chemical abundances in the northern
shell of the Type Ia SNR Kepler are best explained by a model inwhich the origin of the
northern shell was the slow (10–20 km s−1) wind from an AGB donor star in a symbiotic
binary system. The strong outflows of the donor star provide asufficient wind luminosity, to
create a> 1 M⊙ shell at a distance of 2 – 3 pc away from the explosion center. The initial
mass of the AGB star must have been 4 – 5 M⊙, to explain the enhanced nitrogen abundances
in the northern part of the SNR. With this mass deposit of the donor star, a minimum average
accretion efficiency on the order of 5-10% is required duringthe binary evolution to produce
in a Type Ia SN.

The wind emanating from the system creates a bubble, which, owing to the supersonic
space motion of the system (250 km s−1), is surrounded by a one-sided shell created by the
bow shock. This explains both the morphology of Kepler’s SNR, and its height above the
Galactic plane of 590d5 pc. In this sense, our model is reminiscent of the stellar runaway
model for Kepler proposed by Bandiera (1987) and Borkowski et al. (1992), but applied to a
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Type Ia progenitor system.
The parameters of the model are well-constrained, as the distance between the progenitor

system and the wind shell depends on a combination of the spatial velocity, wind velocity,
mass-loss rate, and ISM density (Eq. 2.2, Fig. 2.2). An extraconstraint is that the wind
velocity should be high enough to allow for the creation of the shell within the lifetime of the
AGB phase (Eq. 2.1).

We tested our model with several hydrodynamic simulations of both the creation of the
stellar wind bubble and the subsequent SNR evolution, by varying the spatial velocity, the
wind velocity, and mass loss rate. Since there is some uncertainty in the distance to Kepler,
hence the size of the wind shell, we also included two models (model D and Dsub ), resulting
in a stagnation point at 2 pc instead of 3 pc.

All models reproduce the overall characteristics of Kepler; they have one-sided shells,
and the expansion parameter of the SNR inside this dense shell drops tom = 0.3 − 0.4,
in agreement with observations (Dickel et al. 1988, Vink 2008, Katsuda et al. 2008). An
exception is model D. This model has the stagnation point of the wind at 2 pc, which is
relevant to a distance of Kepler of∼ 4 kpc. The shock of the SNR has moved completely
through the dense shell after 400 yr, and has an expansion parameter ofm > 0.7, which is
inconsistent with the observations. In this case, to match the model with the observations,
the SN explosion energy has to beE = 0.2 × 1051 erg (model Dsub). Since normal SNe Ia
have explosion energies in excess of1051 erg (Woosley et al. 2007) and given the high iron
content1 and historical light curve (Baade 1943), SN 1604 must have been a fairly normal
Type Ia. Our models are therefore most consistent with the larger distance estimate of Kepler,
d ≈ 6 kpc.

Although the overall morphology and kinematics of Kepler can be reproduced, there are
some interesting differences among the models. The most notable is that in model A the blast
wave has just emerged out of the shell near the stagnation point. The question is now whether
this is also true for Kepler.

Non-radiative shocks associated with fast shocks in low density gas are more prevalent
toward the north (Sankrit et al. 2005). The presence of X-raysynchrotron radiation (blue
in Fig. 2.1) requires fast shock velocities (& 2000 km s−1, e.g. Zirakashvili & Aharonian
2007a). This perhaps suggests that the shock has picked up speed by having penetrated the
shell in the northern region. In addition, theHα images display a much thinner region of
the emission due north than both the rest of the ‘shell’ and the X-ray images. This could be
because in the ISM, hydrogen is completely ionized and no Balmer shocks can be expected
beyond the shell. However, to draw a firm conclusion based on this feature, a more detailed
comparison between the X-ray andHα images is required. Although, in our view, model A
seems to reproduce Kepler’s SNR the best, slight adjustments to the parameters of models B
and C may also result in a blast wave extending just beyond theshell. Additional asymme-
tries in the real Kepler system may lead to an offset of the region where the blast wave has
penetrated the shell with respect to the direction of the spatial velocity.

1 Even if the iron mass of Kepler’s SNR is as low as 0.2 M⊙(the lower limit of Kinugasa & Tsunemi 1999) and
the total mass burnt to silicon and heavier elements is 1 M⊙(the lower range to be considered according to Woosley
et al. 2007), then the explosion energy must have been at least 0.8 × 1051 erg according to Eq. 1 of Woosley et al.
(2007).
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Finally, we point out that the SNR shell in the models is thinner in the direction of the
systemic motion than in the opposite direction. This also results in ejecta being closer to the
shock front, as, indeed, seems to be the case in Kepler (Cassam-Chenaï et al. 2004). A similar
situation seems to arise in Tycho’s SNR, where the proximityof the ejecta to the shock front
has been attributed to a change in the effective equation of state as a result of efficient cosmic
ray acceleration (Warren et al. 2005b). Our simulations, however, can explain this, at least
partially, based on pure hydrodynamics alone (c.f. Kosenkoet al. 2010a).

2.5.2 On the current appearance of the donor star

The symbiotic binary model that we advocate here for Kepler has some interesting conse-
quences for the current state of the donor star. To date, the identification of a donor star of a
historical supernova has only been claimed for Tycho/SN 1572 (Ruiz-Lapuente 2004), which
was mainly based on its large proper motion. However, this result is still debated, since the
large proper motion of the candidate star is not accompaniedby a high spin velocity as would
be expected for close Roche-lobe overflowing binary progenitors (Kerzendorf et al. 2009b).
In our model, no such high orbital and spin velocities are expected for the donor star because
we require a wide symbiotic binary. It should nonetheless maintain the high spatial velocity
of the progenitor system of∼ 250 km s−1, something that constitutes a clear signature of its
identification.

The donor star of Kepler is expected to be, according to our model, an AGB star with
an initial mass of 4 – 5 M⊙, which has lost almost its entire envelope as a consequence of
the mass transfer and the subsequent collision with the blast wave of the supernova (Marietta
et al. 2000). After the collision and the mass stripping effect, the donor star adjusts its radius
to re-establish its thermal equilibrium. Stars with convective envelopes are characterized by
short thermal timescales, which means that the donor star has most likely already attained
its original size. In this case, the donor star should be an evolved star with a bolometric
luminosity similar to that of an AGB star with an initial massof 4 – 5 M⊙. This is because
giants’ luminosity is mainly determined by the mass of the core, which remained unaffected
by the collision. We therefore expect an absolute magnitudeof MV = −4.5 ± 0.5, which
at a distance of 6 kpc andAV = 2.8 (Reynolds et al. 2007) implies an apparent magnitude
of mV = 12.0 ± 0.5. Due to the mass loss, the surface gravity of the donor must belower
than that of a 4 – 5 M⊙ AGB star and perhaps the remaining envelope has picked up ejecta
material with elevated abundances of iron and intermediatemass elements (Si, S, Ar, Ca).

However, further investigation is needed before a firm conclusion can be drawn about the
present-day characteristics of the donor star, as it may still be at the re-equilibration phase.
In this case, the star may be either overluminous or underluminous depending on the mass of
the stripped layers and the energy deposited at the remaining layers of the donor star by the
collision with the SNR (Podsiadlowski 2003).

A final possibility is that the donor star has lost its entire envelope. In this case, the
donor’s remnant should be a massive (∼ 0.8 M⊙) , young CO white dwarf.
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2.5.3 Is the progenitor system of SN1604 typical of Type Ia supernovae?

The model outlined here is specifically intended to explain many characteristics of Kepler’s
SNR. Nevertheless, given the many problems surrounding conventional models for Type Ia
progenitors (see the Introduction), it is worthwhile to discuss whether our model could be
more widely applicable than just to this historical SN.

The progenitor system in our model is a symbiotic binary consisting of a CO WD and a
AGB star during the last phase of its evolution. This progenitor system is not a conventional
progenitor in the rich literature of Type Ia SNe. This is because RLOF is prone to unstable
mass transfer, whereas wind accretion is characterized by low accretion efficiencies (≤ 10%),
making it difficult to evolve toward a Type Ia event. However,the mass transfer process in
these systems is currently still far from being understood.The Bondi-Hoyle model that is
generally used to describe the wind accretion is rather simplified and not applicable to slow
winds (Edgar 2004), while for the case of RLOF a sharp stellarrim is assumed, which is not
applicable to giant stars. Mohamed & Podsiadlowski (2007) simulated the Mira system and
show that the mass transfer process is between that of a RLOF and wind accretion, where the
accretion efficiencies are much higher than these of the Bondi-Hoyle description.

Observations already seem to reveal symbiotic systems withAGB donor stars, which,
despite their large separation, show evidence of substantial hydrogen burning at the WD
surface (Mira AB: Karovska et al. (2004); V 407 Cyg: Mikołajewska (2011) ). Interestingly,
these two systems reveal some similar characteristics withour model for the progenitor of
SN 1604. Mira AB shows the presence of a bow shock structure and a relatively high spatial
velocity of∼ 130 km s−1(Matthews et al. 2008), while the lithium lines that were observed
in the spectrum of V407 Cyg indicate that the donor is a HBB AGBstar (Tatarnikova et al.
2003). Finally, two Type Ia SN, SN 2002ic (Hamuy et al. 2003b)and SN 2005gj (Aldering
et al. 2006), display spectroscopical evidence of a strong interaction between the ejecta and a
dense CSM originating from an AGB wind.

The accreting WD in our model is enshrouded by the dense wind from the donor. The
column density towards the WD in such a case is given by

NH = 3.6× 1022
( Ṁw

10−5M⊙ yr−1

)( uw

20 km s−1

Rin

3 · 1014 cm

)−1

cm−2,

with Rin corresponding to the separation of donor star and WD. Even for a mass-loss rate of
Ṁw = 3 × 10−6 M⊙ yr−1, we still haveNH = 1022 cm−2, which is sufficient to attenuate
the UV/X-ray flux by a factor104 (based on the absorption model of Wilms et al. 2000).
This does not only explain the lack of extended HII regions around young, nearby Type Ia
SNRs, but also suggests that the progenitors of SNe Ia may notnecessarily be detectable in X-
rays. This solves two major problems with the SD model of a Roche lobe overflowing donor
star and an accreting WD. Owing to the resulting absorption of the UV/X-ray flux, it can
explain the lack of extended HII regions around young nearbyType Ia SNRs (Ghavamian
et al. 2003) and the lack of the X-ray emission expected from accreting WDs in elliptical
and spiral galaxies (Gilfanov & Bogdán 2010b, Di Stefano 2010, respectively). Finally, this
absorption may also significantly reduce the X-ray/UV flux originating from the collision of
the blast wave with the donor star, as predicted by Kasen (2010).
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One could test whether non-conservative mass transfer is more common in Type Ia pro-
genitors by looking for signatures of CSM shells in other SNRs. Even if most other systems
have much more modest spatial velocities than that of SN 1604, aspherical shells can easily
be created. Several Type Ia SNRs indeed appear to have an axisof symmetry, and to expe-
rience a density enhancement in one direction. Two examplesare Tycho’s SNR (SN1572),
which has a lower expansion velocity in the east (Katsuda et al. 2010), and SN 1006, which
is very symmetric in the northeast/southwest direction, but has a higher density in the north-
west. Additional evidence of an interaction between SNe Ia and non-spherically symmetric
CSM material is provided by X-ray observations of the Large Magellanic Cloud SNRs DEM
L238 and DEM L249 (Borkowski et al. 2006a).

2.6 Conclusions

We have presented evidence that the observational characteristics of the Type Ia SNR Ke-
pler/SN1604 can be reproduced most closely by a moving progenitor system, in which the
AGB donor star forms a wind-blown bubble, while at the same time the WD accretes part of
the wind up to a mass of 1.38 M⊙ . Due to the spatial velocity the wind bubble is surrounded
by an asymmetric shell, reaching its highest densities in the direction of the motion of the
progenitor. To explain the nitrogen abundance in the northern shell of Kepler, the donor star
probably had an main-sequence mass of 4 – 5M⊙, which are known to have nitrogen-rich
envelopes in the AGB phase.

We have used hydrodynamic simulations to show that the wind properties of the system
can explain the observational characteristics of Kepler, namely a one-sided shell with which
the SNR is interacting and a slower expansion velocity in that region.

Our simulations show that in the direction of the progenitor’s velocity the SNR blast wave
may just have completely penetrated the wind blown shell, orstill be inside it. On the basis
of the possible X-ray synchrotron radiation in the north of Kepler, the lack of it from adjacent
regions, and the absence of nitrogen-rich knots from that direction, we argue that in Kepler
part of the blast wave may indeed have penetrated all the way through the shell. However, the
presence of Balmer-dominated shocks indicate that at leastpart of the blast wave must still
be within the cool, neutral, wind shell.

Our results also show that the distance to Kepler is likely tobe around 6 kpc. This
value is still within the measurement errors of3.9+1.4

−0.9 kpc (Sankrit et al. 2005) but is also
in agreement with model-dependent estimates based on the absence of gamma-ray emission
(Berezhko et al. 2006, Aharonian et al. 2008) and the kinematics of Kepler (Vink 2008).
However, a distance of 4 kpc can be reconciled with the simulations if the explosion energy
was2× 1050 erg. This would make SN 1604 a subenergetic explosion, whichseems unlikely
given its historical light curve and the copious amount of Fepresent in the SNR. According
to our scenario, the donor star should still be present within the SNR. It is likely to be an
evolved star from which most of its envelope mass has been stripped.

For the pre-supernova appearance of the system, the large absorption column blocks out
most of the X-rays from the accreting WD. These systems would, therefore, be classified as
symbiotic binaries, and not as supersoft sources. This alsoexplains the presence of neutral
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hydrogen near young Type Ia SNRs, which cannot be present around supersoft sources owing
to their high X-ray/UV flux (Ghavamian et al. 2003).

Another consequence of the model, if it is more widely applicable to Type Ia progenitors,
is that many SNRs should be interacting with one-sided shells. For Tycho’s SNR this could
explain the low expansion parameter in the east, and even, atleast partially, the proximity of
the ejecta close to the forward shock, an observational characteristic usually attributed to the
presence of cosmic rays (Warren et al. 2005b).

In the context of a Type Ia supernova explosion, Kepler’s SNRrequires special cir-
cumstances regarding its dependence on a runaway binary andinteraction with substantial
amounts of nitrogen-rich material. A major question remains whether SN 1604 was a very
special event with an unusual progenitor history and thus should be studied as a unique case,
or whether some characteristics are typical of SNe Ia in general. In the second case, Kepler’s
SNR may help to provide important insight into the evolutionof Type Ia SNe.
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