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ABSTRACT

We present two-dimensional and three-dimensional numerical simulations of asymmetric young supernova remnants
(SNRs) carried out with the hydrodynamical code Yguazú, aiming to quantitatively assess the role of different
factors that may give origin to such asymmetries in their expansion. In particular, we are interested in modeling the
morphology of Tycho’s SNR to address whether the companion star of a Type Ia supernova progenitor has played
a role in the subsequent evolution of the remnant. With the results from the numerical simulations, we can not only
study the morphology of the SNR but also compute the emission of the remnant in different spectral bands. In
particular, we simulate X-ray maps, which can be directly compared to recent and previous observations of Tycho’s
SNR. Our results suggest that the most likely explanation for Tycho’s morphology is that after the supernova (SN)
explosion the shock front stripped the envelope of its companion. We represent this effect by adding a conical
region with an enhanced density into the initial sphere immediately after the explosion. Assuming that Tycho’s
companion was a massive red giant star, we explore different values of the angle of aperture and mass excess of the
conical region. A good agreement with observational data was found for the model with a mass excess of 0.3 M�
and an aperture of 90◦. After the collision with the SN shock wave, the companion would become an He-rich star.
This scenario would gain observational support if a star with these characteristics is found in the vicinity of the
center of the SN explosion.

Key words: hydrodynamics – ISM: supernova remnants – methods: numerical – shock waves – supernovae:
individual (Tycho)

1. INTRODUCTION

Evolved stars can end their lives in one of the most energetic
phenomena known today: a supernova (SN) explosion. Depend-
ing on the presence of hydrogen in the light curve, SNe can be
broadly classified as Type I and Type II. While SN belonging
to most subclasses within this scheme originates in the gravita-
tional collapse of a massive star, a Type Ia SN originates in a
binary system when one of its components (the SN progenitor) is
a white dwarf (WD) accreting mass from its companion. In this
case, the SN explosion takes place when the WD approaches
the Chandrasekhar mass. In a Type II SN event, instead, the
progenitor is a giant star whose core loses equilibrium and grav-
itationally collapses while the outer shells are expelled away.
The energy released in either of these events will perturb the
surrounding interstellar medium (ISM) for a time span that can
be as long as tens or hundreds thousand years. As a result of
the SN explosion, a shock wave is generated and propagates
outward throughout the progenitor’s environment. The region
enclosed by this shock wave, which contains both the SN ejecta
and the swept up material, is known as the supernova remnant
(SNR).

Standard evolutionary models of SNRs yield morphologies
that are assumed to be spherical. According to the scheme pro-
posed by Woltjer (1972), young SNRs are theoretically expected
to undergo a free expansion stage (expansion at constant radial
speed) followed by the adiabatic or Sedov expansion stage (in
which the radius grows as t2/5; Sedov 1959). However, obser-
vations of the so-called historical SNRs (such as Tycho’s and

4 Fellow of Fundación YPF
5 Member of the Carrera del Investigador Cientı́fico, CONICET

Kepler’s SNRs) exhibit asymmetries both in their morphologies
and in their emission patterns (in radio and/or X-rays).

There is increasing interest in the literature to find out the
characteristics of the SN progenitors for these young remnants
and investigate if they can leave a signature in the subsequent
SNR. For instance, if the SN progenitor was a red giant (RG;
core-collapse SN explosion), it is expected that the dense and
slow wind typically blown by these stars would have modified
the density distribution of the surrounding circumstellar medium
(CSM) prior to the explosion. This seems to be the case for
Kepler’s SNR, which will be discussed in Section 2 (see also
Velázquez et al. 2006).

The SN explosion witnessed by Tycho Brahe in 1572, on
the other hand, is often regarded as the archetype for Type Ia
SN. Radio-continuum maps of Tycho’s SNR reveal an almost
spherical shell with a mean radius of 4′ (Figure 1). However,
while the western side of the shell is well defined, the eastern
side looks more evolved, with some departure from the spherical
shape. An expansion study made by Reynoso et al. (1997),
based on high-resolution radio data, shows that the eastern side
expands at a lower speed with respect to the western side. Very
Large Array (VLA) H i absorption studies toward Tycho’s SNR
(Schwarz et al. 1995; Reynoso et al. 1999) show a density
enhancement to the east. In particular, Reynoso et al. (1999)
detect a small H i clump at the location where the expansion
velocity is lowest. Lee et al. (2004) report the detection of a
CO cloud adjacent to the radio shell, giving further support to
the presence of a dense cloud to the east of Tycho’s SNR. In
X-rays, the western region displays strong emission (e.g.,
Warren et al. 2005; Vancura et al. 1995). The different expansion
rates of the eastern and western regions and the asymmetry
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Figure 1. Radio-continuum image of Tycho’s SNR at 1315 MHz obtained with
the VLA (from Reynoso et al. 1997). The gray scale is indicated at the top of
the image. The beam size is 1.′′45 × 1.′′38, and the sensitivity, 140 μJy beam−1.

in the X-ray line emission cannot be explained by standard
evolutionary models.

Several attempts have been made to find the surviving
companion of Tycho’s SN progenitor. Ruiz-Lapuente et al.
(2004) proposed a main-sequence star which they called Tycho
G as a promising candidate based on its proximity to the
geometrical center of Tycho’s SNR and its high proper motion
and radial velocity. However, González Hernández et al. (2009)
note that the rotational velocity is too low and the Ni and
Li abundances are too high for Tycho G to be a giant star.
Further discussion about the likelihood of Tycho G as the
progenitor’s companion is given in Kenzendorf et al. (2009),
where the authors conclude that the evidence is interesting but
not compelling.

The likely companions of Type Ia SN progenitors are main
sequence, sub-giant, and RG stars. Marietta et al. (2000; and
references therein) studied the result of an SN shock wave
that originated in a Type Ia event impacting on the companion
star. They find that after the shock wave passes through the
companion, part of its upper atmosphere can be entrained into
the SN ejecta. We have carried out numerical simulations with
the adaptive grid code Yguazú-a (axisymmetric as well as three
dimensional) to study how the orbital motion and/or material
stripped from a companion star would affect the morphology
and evolution of young SNRs. In particular, we analyze the case
of Tycho’s SNR. In order to compare our numerical results with
observations, we have also obtained synthetic X-ray emission
maps.

The present paper is organized in the following way. In
Section 2, we describe possible causes for asymmetric expan-
sion. The theoretical background is presented in Section 3. In
Section 4, we provide the numerical setup and describe the gen-
eration of synthetic X-ray emission maps, as well as the overall
features of the Yguazú-a code. Our results are presented in
Section 5, along with comparisons with observations. Finally,
in Section 6 we present our summary and conclusions.

2. POSSIBLE CAUSES FOR ASYMMETRICAL
EXPANSION

When a star explodes as an SN, the first evolutionary phase
can be regarded as a free expansion, corresponding to a spherical
shell whose radius grows linearly with time. When the ISM
mass swept up by the expansion becomes comparable to the
mass of the progenitor, the deceleration of the expanding front
can no longer be neglected. At this stage the remnant evolves
adiabatically, according to Sedov’s scenario (Woltjer 1972), and
the radius expands like R ∝ t2/5. At a later stage, radiative losses
eventually become important and the expansion law changes to
R ∝ t1/4. If the mass of the ISM is homogeneously distributed,
the expansion will retain its spherical symmetry. However,
in most cases this morphology is not observed. A variety of
mechanisms to explain the departures from spherical shapes in
young SNRs have been proposed. Below, we list some of the
possible causes of asymmetry.

2.1. Inhomogeneous Interstellar Medium

A spatially inhomogeneous mass distribution in the ISM is
probably the most obvious cause for an asymmetric expansion
of SNRs. For example, the presence of atomic or molecular
clouds around the SN site might have a strong effect due to
the deceleration of the shock wave when impinging on a denser
medium. Also, the decreasing density gradient outward from the
Galactic plane may play an important role in shaping an evolved
SNR. The degree of asymmetry that can be attained depends
on the initial energy of the explosion and the steepness of the
density gradient. Examples of this scenario have already been
reported in the literature, such as the SNRs 3C 400.2 (Schneiter
et al. 2006) and W50 (Zavala et al. 2008).

2.2. Proper Motion of the Progenitor

Let us consider the case where the progenitor star moves
with a high velocity with respect to its CSM. If this star is
in its RG phase, which is likely to be the case of a Type II SN
explosion, there is a dense and slow stellar wind blowing toward
its CSM and generating a bubble. As a result of the interaction
between this moving isotropic stellar wind and the surrounding
medium, a bow shock will develop, giving rise to a cometary
structure. In this way, an anisotropy in the density distribution
around the progenitor is progressively being built, and when
the progenitor explodes, the SN shock wave will propagate
through this anisotropic background. Strong departures in both
morphology and emission would be observed when the SNR
shock reaches the border of the bow shock. This scenario has
been found to be appropriate to describe the main features of
Kepler’s SNR (Bandiera 1987; Borkowski et al. 1992; Velázquez
et al. 2006).

2.3. Unbinding a Binary System

In this scenario, the progenitor is a WD that belongs to a
binary system. If both stars are sufficiently close to each other,
mass can be transferred from the companion (a main sequence,
sub-giant, or RG star) to the WD (e.g., Marietta et al. 2000).
The total amount of mass transferred can be large enough to
break the internal equilibrium of the WD star, triggering its
explosion as a Type Ia SN. Assuming that all the mass of the
progenitor is ejected in the explosion, the gravitational binding
would disappear, in which case the ejecta would receive a “kick”
that will separate it progressively from the companion. This

2



The Astrophysical Journal, 727:32 (10pp), 2011 January 20 Vigh et al.

Table 1
Parameters of Possible Companions in Type Ia SN and Corresponding vk

Stage M2(M�) a10(1010 cm) vorb(km s−1) vk(km s−1)

MS 1.0 13.8 480 200
SG 1.1 19.2 420 185
SG 2.0 23.2 443 260
RG 1.0 1200.0 51 21

“kick” has a velocity (with respect to the mutual center of mass)
vk = M2vorb/(M1+M2), where M1 and M2 are the progenitor and
companion masses, respectively, and vorb is the orbital velocity,
given by

vorb = 1.16 × 108

√
M1 + M2

a10
cm s−1, (1)

where a10 is the orbital radius in units of 1010 cm and M1
and M2 are given in units of M�. In Table 1, we show the
parameters assumed for a list of possible companion stars and
the different values of the “kick” velocity that will be used in
our simulations. In all our runs, we assume that the mass of
the progenitor M1 is 1.4 M�. The first column indicates the
evolutionary stage of the companion star. The second one gives
the mass of the companion, the third one lists the orbital radius,
the fourth represents the orbital velocity of the reduced mass
of the binary system, and the last one is the “kick” velocity.

Another possible consequence of the presence of a companion
star is the so-called mass-loading effect that might take place
when the expanding shock encounters the companion and strips
a fraction of its atmospheric material. We describe the role of
this effect on the asymmetry of the SNR in Section 2.5.

2.4. Anisotropic Interior

If the mass distribution of the progenitor’s interior is itself
anisotropic, the subsequent explosion will be anisotropic as well.
This could be the case, for instance, for fast rotating stars.

2.5. Mass Loading Due to the Companion Star

This asymmetry is caused by the impact of the SNR shock
wave on the companion star. After this collision, the SNR shock
sweeps up material (mass loading) from the upper atmosphere
of the companion star. The material is embedded in the SN
ejecta, generating an asymmetric density distribution, which
would translate into a differential expansion of the remnant. The
collision between the shock wave of an SN and its companion
star has been studied numerically by Marietta et al. (2000). More
recent numerical studies have been performed by Kasen et al.
(2004) and Pakmor et al (2008). All these studies focus on the
first stages after the collision between the SN shock and the
companion star (from a few days up to a few months), where
physical processes other than the mass loading are also relevant.
Marietta et al. (2000) find that if the companion is a main-
sequence star it can lose about 15% of its mass, while an RG
companion can lose up to 98% of its envelope. Since the amount
of mass stripped from the companion can be an appreciable
fraction of the total mass of the progenitor’s mass, we believe
that this can be an adequate scenario for Tycho’s SNR.

3. THEORETICAL BACKGROUND

In this section, we briefly review the theoretical background
of SNR evolution, keeping in mind that we are mostly interested

in young remnants. We also consider the effects of the inhomo-
geneities of the ISM and proper motion of the progenitor due to
the disruption of a binary system.

3.1. Free Expansion and Sedov SNR Evolutionary Phases

We are interested in studying the evolution of Type Ia SNe,
such as Tycho’s SNR. The initial evolution of this kind of
remnant is usually described considering that by the time of
the SN explosion, the inner 4/7 of the total ejected mass has a
constant density ρc up to a radius rc, while the remaining outer
3/7 of the ejected mass follows a power-law density ρ ∼ r−7

(Colgate & McKee 1969; Chevalier 1982; Jun & Norman 1996).
Under this assumption, Truelove & McKee (1999) obtained

approximate shock trajectories for the free expansion and
adiabatic phases, which are given by

R∗
b = 1.06 t∗4/7 (2)

for the free expansion phase and

R∗
b = (1.42 t∗ − 0.321)2/5 (3)

for the adiabatic or Sedov–Taylor phase. In Equations (2)
and (3), R∗

b = Rb/Rch is a dimensionless SNR radius and
t∗ = t/tch is a dimensionless time, defined by characteristic
length and timescales, respectively, given by (Truelove &
McKee 1999)

Rch = 3.07

(
M∗
n0

)1/3

pc (4)

and

tch = 423
M

5/6
∗

n
1/3
0 E

1/2
51

yr, (5)

where M� is the ejected mass in units of M�, n0 is the
unperturbed ISM particle density in cm−3, and E51 is the initial
energy explosion in units of 1051 erg.

The transition from the free expansion to the Sedov–Taylor
phase occurs when the amount of swept up mass is larger than
the ejected mass. Truelove & McKee (1999) estimated this
transition to occur at a time

tST = 0.732 tch yr (6)

and a radius
RST = 0.881 Rch pc. (7)

Depending on whether the remnant is in the free expansion or
in the Sedov–Taylor phase, it is possible to obtain an estimate for
E51 combining Equation (2) or Equation (3) with Equations (4)
and (5) for historical SNRs because their ages tf are known and
their radii Rf can be inferred. To this end, a value for the ISM
particle density n0 needs to be assumed, which will be one of
the inputs of our numerical simulations. It is straightforward to
show that E51 is given by

E51 = 2.9 × 104(n0 M�)1/2
R

7/2
f

t2
f

D2
3 (8)

if the remnant is in the first phase of evolution or by

E51 = 8.9×104 M
5/3
�

t2
f n

2/3
0

[
6.05×10−2 R

5/2
f

(
n0

M�

)5/6

+ 0.321

]2

D2
3

(9)
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Table 2
Estimate of Initial Energy Explosion and Initial Radius for the Sedov–Taylor

Phase for Different Input Parameters

n0(cm−3) M�(M�) RST(pc) tST(yr) E51(1051 erg)

0.5 1.4 3.8 516 1.0
0.5 1.7 4.1 579 1.1
0.5 2.0 4.3 634 1.2
1.0 1.4 3.0 346 1.4
1.0 1.7 3.2 380 1.6
1.0 2.0 3.4 423 1.7

if the SNR is in the Sedov–Taylor phase. In Equations (8)
and (9) tf is the SNR’s age given in years and Rf is the ra-
dius given in pc. The distance to Tycho’s SNR is ill constrained
and still in debate, with values ranging from 1.5 to 4.5 kpc
(e.g., Chevalier et al. 1980; Albinson et al. 1986; Schwarz et al.
1980, 1995; Smith et al. 1991; Ruiz-Lapuente et al. 2004). As
a working hypothesis, we shall adopt an intermediate value of
3 kpc throughout this paper, which is coincident with the dis-
tance suggested by Ruiz-Lapuente et al. (2004). In Equations (8)
and (9), D3 = D(kpc)/3 kpc is a correction factor if a different
distance to the source is assumed. In Table 2, we use differ-
ent values of ISM density (Column 1) and total ejected mass
(WD and companion’s envelope, Column 2) to compute the
radius of the shell, RST, at the beginning of the Sedov phase
(Column 3), the transition time to the Sedov phase (Column 4),
and the initial energy of the explosion (Column 5). In all cases,
the final age is 440 years and the final radius 3.5 pc, which is
estimated assuming a distance of 3 kpc.

The effects of deceleration of the forward SNR blast wave due
to the acceleration of cosmic rays have not been considered when
deriving Equations (8) and (9). This effect can be observationally
studied through the relative location between the forward shock
and the contact discontinuity. Warren et al. (2005) carried out
this analysis for the case of Tycho’s SNR and reported evidence
in support of this process. Similar results were reported by
Miceli et al. (2009) for the case of SN 1006. Recently, Ferrand
et al. (2010) have shown that this mechanism can produce a
difference of the order of 14 arcsec in the whole expansion of
a remnant such as Tycho. This process appears to have a global
effect on the SNR dynamics but it cannot explain the observed
asymmetries. Besides, it is not clear how much of the initial
energy is spent in accelerating particles at the main shock. For
these reasons we have not taken into account this effect in our
study.

3.2. ISM Density Gradient Versus Kick Scenarios

In this section, we compare two basic sources of asymmetry:
a kick velocity, vk , and a gradient in the ISM density of the form
nISM(x) = n0 exp(−x/H), where x is a Cartesian coordinate
with its origin at the remnant center and H is a density scale
length. We can think of vk as a perturbation to the expansion
velocity profile that translates into an energy perturbation E1,
i.e., E 	 0.5 m (v0 r̂ + vkx̂)2 ∼ E0 + E1, where E0 = 0.5 m v2

0
and E1 = m v0 vk cos θ (θ is the angle between the expansion
velocity and the “kick” direction). The relative importance
between these two effects can be evaluated taking into account
Equations (2) and (3). The perturbation caused by both effects
can be written as (see also Equation (5))

E1/2n
1/3
ISM ≈ E

1/2
0 n

1/3
0 (1 + εk)(1 − εn)

≈ E
1/2
0 n

1/3
0 (1 + εk − εn) , (10)

Figure 2. Phase map where the vertical axis represents perturbations to the
expansion radius due to density gradients and the horizontal axis represents
perturbations by kinematical effects. Region I is the zone dominated by density
anisotropies, and region II by the effects of the “kick.” We will focus on the
particular cases limited within the gray region.

where εk = vk cos θ/v0 and εn = x/3H . Therefore, replacing
Equation (10) into Equation (2), we obtain

(R∗
b )7/4 ≈ 2.6 × 10−3 E

1/2
51 n

1/3
0 t

M
5/6
∗

[1 + (εk − εn)] . (11)

Based on Equation (11), it is possible to assess which
of the two effects is quantitatively more important: the kick
(characterized by εk) or the density gradient (described by εn).
As a result of either εk or εn, RS(t) in any given direction could
depart from the symmetric case. Figure 2 shows the relative
importance between εn and εk . The solid straight line represents
the condition εk = εn, corresponding to comparable effects
between the kick and the ISM density gradient. In region II, the
asymmetries are dominated by the kick velocity, while region
I shows the zone where anisotropies due to a density gradient
are more important. Density gradients can arise, for example,
in the presence of local molecular clouds or in a turbulent ISM.
The gray area in Figure 2 displays the region of kick velocities
smaller than 500 km s−1, which is a reasonable assumption for
an SNR like Tycho. We find that even for relatively large values
of vk , between 100 km s−1 and 500 km s−1, and for reasonably
mild density gradients characterized by H between 5 pc and
50 pc, the most important cause of asymmetry is the density
gradient.

3.3. Asymmetric Explosion Due to the Companion Star:
A Simple Model

To allow for the mass-loading effect described in Section 2.5,
our simplified model assumes that shortly after the explosion,
the mass distribution is given by two axisymmetric cone-shaped
regions, each one with a homogeneous density distribution, as
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Figure 3. Scheme showing the initial configuration for the asymmetric explosion
case due to the extra material from the companion star. Zone I represents the
region that has only mass from the progenitor, and Zone II the region with
progenitor mass and the excess due to its companion.

sketched in Figure 3. We calculated the total energy and mass
for such a density distribution, while maintaining the center of
mass at rest. Zone I contains only material from the progenitor
star, while Zone II also includes the extra mass provided by the
outer envelope of the companion, after the main SNR shock
wave collides with it. We have the following set of equations for
mass, energy, and momentum:

⎧⎪⎪⎨
⎪⎪⎩

M = MI + MII = 1
2 M0(1 + cos θ) + 1

2 M0(1 − cos θ)ε−1

E = EI + EII = 1
2 E0(1 + cos θ) + 1

2 E0(1 − cos θ)ε−1

ρI vI = ρII vII ⇒ vI = εvII

,

(12)
where we define the total energy as E0 = 2

5πr3
inρIv

2
I , the mass

as M0 = 4
3πr3

inρI , and the density contrast as ε = ρII

ρI
. The

mass excess, mexc = 1
2M0(1 − cos θ )(ε − 1), is included in MII

where we have assumed ε � 1. Additional parameters are rin,
the initial radius considered, and the aperture of the cone θ0. For
ε = 1, the problem reduces to the symmetric case with E = E0
and M = M0. We perform simulations with three different
masses: 1.4 M� for the symmetric explosion case, 1.7 M� and
2 M� for the models that include a binary system with a massive
companion.

4. NUMERICAL SIMULATION

4.1. Initial Setup and Code Description

The hydrodynamic numerical simulations shown in this work
were carried out with the two-dimensional axisymmetric and a
full three-dimensional version of the adaptive mesh Yguazú-a

code, which is described in detail by Raga et al. (2000).
In this code, the gasdynamic equations are integrated with a

second-order accurate (in space and time) implementation of the
“flux-vector splitting” algorithm of van Leer (1982). A system
of rate equations for atomic/ionic species is also integrated
together with the gas dynamic equations. With these chemical
equations, it is possible to compute a non-equilibrium cooling
function (with a parameterized cooling rate applied for the high-
temperature regime). Rate equations for H i ii, He i iii, C ii iv,
and O i iv are considered. The reaction and cooling rates which
have been included are described in more detail in Raga et al.
(2002) and Raga et al. (2007).

For the two-dimensional axisymmetric simulations, a five-
level binary adaptive grid with a maximum resolution of
3 × 1016 cm was used, in a 10 pc × 5 pc (axial × radial)
computational domain. The three-dimensional simulations are

also done in a five-level binary adaptive grid but with a maximum
resolution of 6 × 1016 cm. A cubic computational domain was
considered with a physical size of 10 pc along each Cartesian
direction.

As mentioned above, our main goal is to model an SNR
with the characteristics of Tycho’s SNR. The average radius of
this remnant is ∼3.5 pc if a distance of 3 kpc is considered
(Section 3.1), and its age is 440 years. If a number density
n0 of 0.5 cm−3 is assumed, from Table 2 and Equation (8),
we derive a value of E0 = 1051 erg for the initial SN energy
explosion. This value is in agreement with previous estimates
given by Badenes et al. (2006). Employing detailed one-
dimensional simulations, Badenes et al. (2006) showed that
delayed detonation models with kinetic energies around 1051 erg
can reproduce the fundamental properties of the X-ray emission
from the shocked SN ejecta, constraining the explosion of SN
1572 to be a normal Type Ia. In addition they were also able
to reproduce some morphological characteristics, such as the
positions of the reverse shock and contact discontinuity. This
has later been confirmed by the light echo spectrum presented
in Krause et al. (2008). Using these values for n0 and E0 in
Equations (6) and (7), we find that the remnant is close to finish
its free expansion phase (see Table 2).

The SNR was initialized by applying radial velocities to a
sphere of radius 6.2 × 1017 cm (21 cells in the finest grid) for
the axisymmetric simulations, centered along the symmetry axis
at x = 5 pc and r = 0, where a reflective boundary condition
is imposed. For the fully three-dimensional simulations, the
energy is placed into a sphere of radius 1018 cm (equivalent
to 16 pixels at the maximum resolution), centered on a cubic
Cartesian domain.

For the “kick” models (where the ejecta acquires an extra
velocity due to the orbital motion of the progenitor when it ex-
plodes as a Type Ia SN), we integrate the hydrodynamic equa-
tions in the reference frame of the progenitor. This condition is
equivalent to assuming that the ISM, with n0 = 0.5 cm−3 and a
temperature of 103 K, moves with a velocity vISM = −vk . Ac-
cording to Table 2, we choose “kick” velocities of 0, 200, and
500 km s−1. Furthermore, we assume that an initial mass for the
ejecta (M�) of 1.4 M� is uniformly distributed within the initial
remnant radius, i.e., the initial remnant density is constant. The
velocity was modeled with a linear profile, with a maximum
velocity at the initial SNR radius given by vmax =√

10
3 Ek/M�.

The initial kinetic energy, Ek, was set as 95% of E0, while the
remaining 5% was imposed as thermal energy.6

To model an asymmetric explosion due to a mass excess
from the companion, we initialize the internal structure of the
SN as shown in Figure 3 and Equation (12), for both our two-
dimensional and three-dimensional simulations considering
mass excesses of 0.3 M� and 0.6 M�. For the three-dimensional
simulations, in order to break the axisymmetry, we impose
a fractal density distribution with a spectral index of −11/3,
which is consistent with the turbulent ISM (see Esquivel &
Lazarian 2005; Esquivel et al. 2003; Ossenkopf et al. 2006).
The fractal density was imposed on the entire computational
domain and has an amplitude of fluctuations on the order of
20% of the mean value.

6 We also carried out numerical simulations using the initial setup of Type Ia
SN given by Jun & Norman (1996). We found that after 440 years both initial
setups give similar SNR radii, with difference of the order of 1% (i.e., a
difference of 3 arcsec).
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Figure 4. Density map distribution for the cases with a vkick of 500 km s−1

(top panel) and 0 km s−1 (bottom panel). These maps were obtained for an
integration time of 440 years. Both axes are given in units of pc. The vertical
bar on the right of the bottom panel gives the logarithmic scale of the density,
in units of g cm−3.

4.2. Simulating the Thermal X-ray Emission

To compare the results arising from our simulations against
observations, we also generated synthetic X-ray emission maps.

In the low-density regime, the emission coefficient is cal-
culated as jν(n, T ) = n2η(T ), where n and T are the particle
density and temperature distributions obtained from the numer-
ical simulations. The function η(T ) depends smoothly on T and
is computed over the energy band (0.3–1.6) keV using the chi-

anti
7 atomic database and its associated IDL software (Dere

et al. 1997, 2009), where the X-ray spectrum can be fitted with
a thermal plasma model, considering both the line and free–free
emission. Furthermore, the effects of the interstellar extinction
(considering the extinction curve of Morrison & McCammon
1983) have been taken into account. We used the ionization
equilibrium (IEQ) model developed by Mazzotta et al. (1998)
(also Landini & Fossi 1991) and the element abundances given
by Vancura et al. (1995).

5. RESULTS AND DISCUSSION

We first tested the effect of an explosion in a uniform ISM
where the ejecta receives a kick originated in the breakup of the
binary system. We carried out three runs for the following values
of vk: 0, 200, and 500 km s−1 (see Table 1). In these models,
the remnant was kept at rest at the center of the computational
domain, while the ISM moves with vk in the −x̂ direction. The
resulting density stratification maps for the two extreme cases
at an age of 440 years are shown in Figure 4. These maps
show virtually no difference between them: the positions of the

7 The 6.0.1 version of the chianti database and its associated IDL procedures
are freely available at: http://www.arcetri.astro.it/science/chianti/chianti.html
and http://www.chiantidatabase.org/chianti_download.html

Figure 5. Differential expansion for the case with vk : 500, 200, and 0 km s−1.
The curves display the difference ΔR between radii in the first and second
quadrants as explained in Section 4. The vertical axis is ΔR translated to
arcseconds, assuming a distance of 3 kpc, in order to compare our theoretical
results with observations of Tycho’s SNR. The horizontal axis is the azimuthal
angle in degrees.

shock front and even the Rayleigh–Taylor (RT) finger pattern
are almost identical.

In order to perform a more detailed study of the expansion,
we proceed as follows: in our numerical results we measure
the radius as a function of angular position in the first quadrant
and do the same in the second quadrant. Then, we compute
the difference ΔR between pairs of radial distances taken at
α and 180◦ − α, where α is the azimuthal angle measured
counterclockwise from the +x direction. For α = 90◦, both
radii are of course coincident, while at α = 0◦, the difference
attains its maximum value (see Figure 5). For the extreme case
vk = 500 km s−1, a difference of up to 13 arcsec is obtained.
For the intermediate case, vk = 200 km s−1, this difference
reduces to 6 arcsec. These results show that this mechanism
actually produces a differential expansion, but it is quantitatively
insufficient to explain the degree of departure from spherical
symmetry observed in Tycho’s SNR. Regardless of the actual
location of the center of the explosion, we estimate the degree of
asymmetry in Tycho’s SNR to be of the order of ΔR ≈ 40 arcsec.

Another mechanism that we explored was an inhomogeneous
ISM, characterized by exponential density gradients with differ-
ent intensities. Since Tycho’s SNR is expanding into a molecular
cloud to the east (Lee et al. 2004; Cai et al. 2009), we modeled
the ISM with a density gradient that spanned from 0.1 cm−3

(typical density for the diffuse ISM) to 103 cm−3 (typical den-
sity of a molecular cloud) within a scale length equivalent to half
the width of the computational domain, i.e., 5 pc. The result was
an elongated SNR with the brighter, smaller hemisphere closer
to the molecular cloud, similar to that observed and modeled
for the case of the Magellanic SNR N120 (Reyes-Iturbide et al.
2008). However, the direction of the elongation and emission
enhancement observed in Tycho’s SNR is opposite the predic-
tions of the model. For these reasons we discard this mechanism
as the source of asymmetry of Tycho’s SNR.
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Figure 6. Density map distribution for the case of a mass excess of 0.3 M�
considering aperture cone angles of 110◦ (top panel), 90◦ (central panel), and
70◦ (bottom panel). The morphology of the 90◦ case resembles that of Tycho’s
SNR.

Alternatively, we analyze the influence of the material from
the companion star on the remnant expansion. For that purpose,
we carried out three runs considering a mass excess of 0.3 M�
and different aperture angles θ0: 70◦, 90◦, and 110◦. Figure 6
displays density stratification maps for these cases. There is a
clear difference between the expansion of the right and left sides
in all three cases. The case with θ0 = 90◦ exhibits both a good
morphological agreement with the radio-continuum images of
Tycho’s SNR and a radius difference ΔR of 38 arcsec, which
is comparable with the observed one. Keeping θ0 = 90◦, we
explored the cases with mass excess of 0.3 M� and 0.6 M�.
Their density maps are shown in Figure 7. The difference in
the expansion radius between the opposite sides reveals that
models with mass excesses between 0.3 M� and 0.6 M� are
good candidates to explain the differential expansion of Tycho’s
SNR (see Figure 8).

Based on these axisymmetric numerical results, we generated
synthetic X-ray emission maps to compare with X-ray obser-
vational data obtained with Chandra in 2000. These maps are
displayed in Figure 9 and correspond to an integration time
t = 440 yr. The bottom panel of this figure shows the case when
the symmetry axis lies on the plane of the sky, while the top panel
represents the map when the symmetry axis is tilted 25◦ with

Figure 7. Density stratification for a fixed aperture angle of 90◦ with different
values of mass excess. A mass excess of 0.6 M� (top panel), 0.3 M� (middle
panel), and no excess (bottom panel). These maps were obtained for an
integration time of 440 years. Both axes are given in pc. The vertical bar on the
right of the bottom panel gives the logarithmic scale of the density, in units of
g cm−3.

respect to the plane of the sky. We note that the pattern of the
RT fingers observed in the density stratification maps turns into
annular structures in the synthetic X-ray maps. These annular
structures are artifacts introduced by the process of constructing
maps from axisymmetric simulations.

In order to avoid these artifacts, we performed three-
dimensional numerical simulations for the case θ0 = 90◦ and
a mass excess of 0.3 M�. To break the axisymmetry of the
problem, we set the remnant to evolve into a medium with a
fractal density structure, consistent with a turbulent ISM. The
result is shown in Figure 10, which displays the density distri-
bution on the xz and yz planes across the center of the remnant.
The distribution of the RT fingers looks very different on both
projections. X-ray simulated maps were also generated from
this three-dimensional simulation, considering xz and yz pro-
jections. These synthetic maps, shown in Figure 11, were per-
formed considering an angle of 25◦ between the x axis (y axis)
and the plane of the sky for the xz projection (yz projec-
tion). In this case, the RT fingers develop into entangled bright
X-ray filaments, resulting in a clumpy or patchy appearance.
Such bright filaments, and an enhancement in the X-ray emis-
sion, are observed on the right side of the simulated map.

7
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exc=0.3
exc=0.6

Figure 8. Bottom: comparison of the differential expansion for the cases with
a mass excess of 0.3 M�, considering different aperture cone angles. The lines
represent the difference ΔR between radii of the right and left part of the SNR
shock. The vertical axis is the radius difference in units of arcseconds (assuming
a distance of 3 kpc for Tycho’s SNR). The horizontal axis is the azimuthal angle
in degrees. Top: idem, but for the case where the aperture of the cone is 90◦,
considering mass excesses of 0.3 M� and 0.6 M�.

Figure 9. Synthetic X-ray emission maps obtained for the case of an excess
mass of 0.3 M� and an aperture angle of 90◦. The X-ray emission corresponds
to the energy band 0.3–1.6 keV. The bottom panel shows the X-ray energy flux
when the symmetry axis is on the plane of the sky, while the top panel shows
the resulting X-ray map when the symmetry axis is tilted 25◦ with respect to the
plane of the sky. Both axes are given in pc and the vertical bar shows the linear
gray scale of the X-ray emission in units of erg s−1 cm−2 sr−1.

Figure 10. Density distribution maps for the case of an excess mass of 0.3 M�
and an aperture angle of 90◦, obtained from a three-dimensional simulation and
an integration time of 440 years. The top panel displays the density distribution
on the yz plane, while the bottom panel shows the density on the xz plane, both
passing through the remnant center. Both axes are given in units of pc, while
the vertical bar on the right of the bottom panel shows the logarithmic scale of
the density, in units of g cm−3.

Figure 11. X-ray emission maps for the three-dimensional simulation. The line
of sight is tilted by 25◦ with respect to the plane of the sky and the x-axis (top
panel) or the y-axis (bottom panel). Both axes are given in pc while the vertical
bar on the right of the bottom panel gives the linear gray scale of the X-ray
emission in erg s−1 cm−2 sr−1.
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It must be kept in mind that the method to construct simulated
X-ray maps through the chianti database makes use of IEQ
models, which are an approximation for the case of young
SNRs, because it provides a lower limit to the total X-ray flux
(Schneiter et al. 2010). Also, note that the element abundances
that we use are those from Vancura et al. (1995), which are not
complete. Therefore, our results are not suitable for quantitative
comparisons with observations. Nevertheless, it is striking that
our simulations (Figure 11) and the X-ray images obtained with
ROSAT, Einstein (Vancura et al. 1995), and Chandra (Warren
et al. 2005) all display an incomplete arc of enhanced intensity
to the west. Also, Vancura et al. (1995) associated this X-ray
emission asymmetry with an anisotropic element distribution of
the SN ejecta. This result is consistent with our scenario, since
this kind of element distribution can be produced by the stripped
material from the companion star. Spectral analyses of the X-ray
data show that this emission arises in shocked ejecta. According
to Chandra observations (see Figure 1, bottom right, in Warren
et al. 2005), the FeKα line is a major component of this emission.
A better determination of the actual abundances in Tycho’s
SNR, supplied by an increased amount of observational data,
will certainly help simulate the X-ray emission with improved
accuracy.

6. CONCLUDING REMARKS

The main goal of this study has been to consider different
potential causes for the asymmetric expansion observed in
many young SNRs. In this paper, we focused our attention on
Tycho’s SNR. We performed several numerical simulations to
assess whether inhomogeneities in the ISM or the existence of
a companion of Tycho’s progenitor can have any appreciable
effect on the subsequent evolution of the remnant.

The most obvious cause of asymmetry in SNRs is the presence
of an inhomogeneous ISM in the surroundings of the progenitor.
However, for the particular case of Tycho and considering the
distribution of molecular clouds in its vicinity, we find that it
cannot be the cause for the observed asymmetry.

Considering that Tycho’s progenitor was part of a binary
system, the companion star might have produced two effects
in the expansion of the SNR shell: a kick (of the order of the
orbital velocity of the progenitor) as a result of the breakup
of the binary system after the explosion and the mass-loading
effect of the atmospheric material of the companion. For a range
of reasonable orbital parameters, we find that the addition of
a velocity kick to the expanding shell produces a negligible
effect for the case of Tycho’s SNR. The mass-loading effect,
on the other hand, might lead to asymmetries comparable to
those observed, provided that we assume a swept-up mass
between 0.3 and 0.6 solar masses. This scenario is consistent
with the companion being in an RG stage by the time of
the explosion (see Marietta et al. 2000; Wheeler et al 1975),
which does not give support for the hypothesis of Tycho G
as the companion star of Tycho SN. This kind of scenario is
called the WD+RG (white dwarf plus red giant) channel and is
suggested as a likely mechanism for producing SN Ia explosions
(Meng et al. 2009; Hachisu et al. 2007; Hachisu & Kato 2006).
Moreover, after its envelope is stripped by the SN shell in its
expansion, the companion should become an He-rich star (as
discussed by Marietta et al. 2000). The finding of such a star
among the companion candidates of Tycho’s progenitor will
certainly provide a strong support to the scenario presented in
this paper.
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