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ABSTRACT

We present two-dimensional numerical simulations of a model for Kepler’s supernova remnant (SNR) carried
out with the YGUAZU-A code. Following previous studies, we have assumed that the peculiar shape of this young
remnant arises as a consequence of the interaction of the SNR blast wave with the bow shock formed by the wind of
its high velocity progenitor. Furthermore, from our numerical results we have obtained synthetic X-ray emission
maps, which can be directly compared with recent and previous observations of this SNR. Our models show that a
nice fit with respect to the X-ray morphology and luminosity is obtained for a SN progenitor with mass-loss rate of
5x 107> M, yr~!, an ambient medium density of 10~2 cm—3, an initial explosion energy of 8 x 10> ergs, and a total
ejected mass within 1.4-2.5 M,,. In our simulations, parameters typical of a young population progenitor have not been
considered. This model also predicts a ~0.3% yearly decrease in the total X-ray luminosity, which is consistent with
observed values. The parameters employed in our runs correspond to a Type Ia supernova. Based on our simulations, we
find that the expansion rate increases after the SNR blast wave overruns the bow shock, and we discuss whether this can
explain the observed difference between the expansion rates measured from sequences of radio and X-ray images.

Subject headings: hydrodynamics — ISM: individual (Kepler SNR) — methods: numerical — shock waves —
supernova remnants — X-rays: ISM

1. INTRODUCTION

Kepler’s supernova remnant (SNR) exploded 400 yr ago and
is one of the few so-called historical SNRs. Both in radio and
X-ray wavelengths, it appears as a circular 200" radius shell,
brighter to the north and with two “ears” to the NW and SE. An
emission band crosses the disk of the SNR from NW to SE,
which might arise from material on the front and back sides of
the shell seen in projection (Blair 2005). Combining Very Large
Array (VLA) 6 and 20 cm observations, DeLaney et al. (2002)
found variations of the spectral index around the remnant, with the
steepest indices (~—0.85) at the NW ear and the flattest ones
(~—0.65) at the northern bright arc. Spectral differences are also
found in X-rays; while most of the X-ray emission is dominated by
lines from Si, S, Ar, Ca, and Fe (Becker et al. 1980; Kinugasa &
Tsunemi 1999), recent XYMM-Newton (Cassam-Chenai et al. 2004)
and Chandra (Bamba et al. 2005) observations have revealed non-
thermal thin filaments marking the outer edge of the SNR.

The distance to Kepler’s SNR is not well constrained; how-
ever, the most widely accepted value is ~5 kpc (Bandiera 1987;
Reynoso & Goss 1999). The type of SN event is still not clear
(see Blair 2005 for a review). While in recent years there was a
general agreement in favor of a core-collapse event rather than a
Type Ia, as was originally believed (Baade 1943), the abundances
recently determined, based on XMM-Newton data (Cassam-
Chenai et al. 2004), can be indicative of a Type Ia event.

' Member of the Carrera del Investigador Cientifico, CONICET.
2 Also at Departamento de Fisica, Facultad de Ciencias Exactas y Naturales
de la Universidad de Buenos Aires, Buenos Aires, Argentina.

779

The expansion of Kepler’s SNR has been studied in different
bands. In X-rays, Hughes (1999) found that the expansion time-
scale and the true age of the SNR are coincident within the un-
certainties, indicating that the shock front has undergone little
or no deceleration. This result is in contrast with that obtained in
the radio band, in which the SNR appears to be expanding as
R = 1% on the bright northern rim or as R = % on the eastern
part of the shell (Dickel et al. 1988). On the other hand, optical mea-
surements yield velocities of the order of 100 km s~ for compact
knots (van den Bergh & Kamper 1977; Bandiera & van den Bergh
1991) and in the range of 2000—2500 km s~ for the northern non-
radiative filaments (Sankrit et al. 2005). The optical knots are
believed to correspond to circumstellar material ejected by the pro-
genitor star prior to the SN outburst, which would therefore ac-
count for their low velocities. In addition, the expansion center
of the optical knots was found to be moving away from the Ga-
lactic plane at a speed of ~280 km s~! (Bandiera & van den Bergh
1991), a fact that accounts for the anomalous high Galactic lati-
tude of the remnant (6°8).

Images of Kepler’s SNR taken in radio, optical, or X-ray spec-
tral ranges show a rather asymmetric structure, with its northern
limb being much brighter than the rest of the remnant. This asym-
metric brightness distribution has been associated with a density
excess in the northern direction (D’Odorico etal. 1986). This over-
dense region also displays a spotlike distribution of matter, as
indicated by the knots shown in optical images.

The pronounced asymmetry in brightness has been a mat-
ter of debate. The most likely explanation is that the SN shock
front has evolved into a strong density gradient. However, high
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Fi. 1.—(a) Radio continuum image of Kepler’s SNR obtained with the VLA at 1.4 GHz (Reynoso & Goss 1999). The beam, 2277 x 12”8, P.A. = 17°1, is indicated
in the bottom left corner. (b) X-rays image of Kepler’s SNR obtained with Chandra in the range 2—10 keV.

densities are not expected as far away from the Galactic plane as
Kepler’s SNR is located. One way to produce asymmetries in the
density distribution is through an anisotropic stellar wind prior to
the SN explosion (e.g., Jura et al. 2001). In the case of Kepler,
even if the winds of the progenitor star were isotropic, the proper
motion must have led to the formation of a bow shock (Bandiera
1987). The SNR shock front has overrun the bow shock, thus
adopting the current asymmetrical morphology.

The main goal of the present paper is to quantitatively test
the main features of the scenario proposed by Bandiera (also
Borkowski et al. 1992) with the aid of numerical simulations.
We perform two-dimensional (2D) axisymmetric simulations of
the adaptive grid code YGUAZU-A in two stages: (1) the gen-
eration of the bow shock structure and (2) the expansion of the
SNR in this environment. X-ray emission maps and spectra were
obtained from numerical results, in order to perform a direct com-
parison with recent Chandra observations of this remnant.

The present manuscript is organized in the following way: in
§ 2 we describe the main features of Bandiera’s scenario; the ini-
tial conditions for numerical simulations and the overall fea-
tures of the YGUAZU-A code are given in § 2.1; the simulation
ofthe X-ray emission is discussed in § 2.2; the numerical results
and comparison with observations are given in § 3; and finally,
in § 4 we present our summary and conclusions.

2. DESCRIPTION OF THE MODEL

In Figure 1, we show images of Kepler’s SNR both in radio
wavelengths (1.4 GHz; Reynoso & Goss 1999) and in X-rays. The
latter, downloaded from Chandra Supermova Remnant Catalog,
includes emission between 2.1 and 10 keV and is a smoothed ver-
sion (using a Gaussian profile) of the raw data. Several lines are
present in this spectral range. Both radio continuum and X-ray
emission show a strong enhancement toward the NE direction.

Since Kepler’s SNR is located about 600 pc away from the
Galactic disk, where the ISM is expected to be very tenuous, it
is a challenging task to explain such an intense density gradient
over a typical distance of only 2 pc. Bandiera (1987) presented an
alternative and promising scenario to explain the asymmetry based
on the following two assumptions: (1) Kepler’s progenitor had
an intense stellar wind and (2) the progenitor had a fast proper mo-
tion with respect to the ISM in that region. A strong stellar wind
(with typical mass-loss rates of early-type stars) would provide an
overdense region in the surroundings of the progenitor, although
not in an asymmetric fashion as it is observed. However, a fast

proper motion toward the northern direction would generate a
bow-shock structure as a result of the collision between the
supersonic (spherically symmetric) stellar wind and the super-
sonic uniform motion of the ISM observed in the star’s frame-
work. This scenario is quite similar to the one assumed for comets.
The main difference is that cometary flows are essentially adia-
batic, while in this case radiative cooling plays a very important
role (Huang & Weigert 1982).

According to Bandiera’s scenario, the overdense region in
Kepler’s northern limb can be associated with the bow shock re-
sulting from the collision of these two supersonic flows. The center
of this bow shock is characterized by a stagnation point (zero
velocity in the star’s reference frame), where the ram pressures
of the stellar wind and the uniform flow of the ISM exactly
balance each other. This stagnation point and the rest of the bow-
shock structure, should move at the progenitor’s speed in the
observer’s reference frame. Van den Bergh & Kamper (1977)
studied the observed velocities of the optical knots present in
the northern limb of Kepler’s SNR, and their results are con-
sistent with a translational motion with no measurable signs of
expansion, as expected from Bandiera’s scenario. However,
Bandiera & van den Bergh (1991) reported some evidence (within
2.6 0) of expansion of these knots, with velocities between 40 and
90 km s~

According to this scenario, the observed knots in the bow-
shock region have been suggested to be the result of (1) the
Kelvin-Helmholtz instability caused by the interstellar flow slid-
ing tangentially through the external part of the shock and (2) ther-
mal instabilities leading to the cooling and condensation of clumps
surrounded by hotter and lighter plasma, while maintaining a pres-
sure equilibrium.

When Kepler exploded 402 yr ago, it probably first expanded
in the cavity blown by the stellar wind, with a typical density dis-
tribution p oc 72, and it is currently reaching and energizing the
bow shock. Even though the observed knots were formed before
the SNR shock front reached and energized them, they have not
yet been completely swept up by the corresponding contact dis-
continuity. Another possible origin for the observed knots would
be the action of the Rayleigh-Taylor instability caused by the de-
celeration of the contact discontinuity of the SNR when hitting
the overdense structure associated with the bow shock.

The main goal of the present paper is to quantitatively analyze
the feasibility of this scenario by means of numerical simulations
performed with the code YGUAZU-A. The technical features of
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YGUAZU-A are summarized in § 2.1, and the results of our
simulations are presented in § 3.

2.1. Initial Conditions and Assumptions

The axisymmetric simulations were carried out with the
YGUAZU-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), together with
a system of rate equations for atomic/ionic species, which are
used for computing a nonequilibrium cooling function (a param-
eterized cooling rate being applied for the high temperature re-
gime). Rate equations for H 1—n, He 1—m, C u—1v, and O 1-1v are
considered. The reaction and cooling rates which have been in-
cluded are described in detail in the Appendix of Raga et al. (2002).

A four-level binary adaptive grid with a maximum resolu-
tion of 2.05 x 10'® cm was employed in a (2.1 x10'?) cm x
(2.1 x 10') cm (axial x radial) computational domain. The first
stage of our numerical simulations consisted in generating the
bow-shock structure. This structure is produced by the stellar
wind of the runaway progenitor of Kepler’s SNR, which moves
into the ISM with velocity v,. Actually, we integrated the gas-
dynamic equations in the progenitor’s reference frame, where
the ISM displays a uniform motion with velocity —u,. Therefore,
in this reference frame we apply (1) a stationary and spherically
symmetric stellar wind at speed v, and mass-loss rate M, coming
out radially from point O (see Fig. 2) and (2) a uniform flow from
right to left (see Fig. 2) at speed v.. We extend these runs for a
total duration of 150,000 yr, the time at which the internal part
of the bow-shock density structure reaches the stagnation point.
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The parameters characterizing the stellar wind are its mass-loss
rate, M., and its terminal velocity, v,,. The plane-parallel wind is
characterized by the proper motion of the progenitor (v,) and the
particle density of the ISM (). After a transient time, the ram
pressure from the stellar wind balances the ram pressure from the
plane-parallel wind at a stagnation point, which is located at a

distance
. 0.5
M_s vis )
2
Vygo 113

from the progenitor, where M_s = M/10~° M, yr~', vjs =
v/15km s™L, vy = 0./280 kms~!, and n_3 = ny/1073 cm 3.

We carried out eight numerical simulations varying these
parameters, labeled M1 through M8, as described in Table 1. In
all models we have v, and v, equal to 280 and 15 km s~!, re-
spectively. The values of M and ny were chosen in such a way
to maintain the stagnation point location fixed in all models
from 1 to 8.

The code is then restarted for a second stage, in which the
wind is suspended and a blast wave of total energy E is initiated
at the progenitor’s location. The initial remnant is modeled as a
sphere, with a radius of 0.15 pc and several progenitor masses
(see Table 1). We initialized the density profile as a constant
within the initial remnant radius, while the velocity profile was
modeled as a linear ramp increasing with radius, with a maxi-
mum velocity Viyax = [(10/3)Ey /M*]I/2 (where Ej, is the initial
kinetic energy) at the outer edge of the remnant. The initial
energy Ey is split, into10% kinetic energy, with the remaining
90% thermal energy, distributed uniformly within the initial SNR
radius. Several total initial explosion energies have been con-
sidered (see Table 1). The material within the initial remnant is
assumed to be fully ionized.

ro =2.15 pc( (1)

2.2. Simulation of X-Ray Emission

In order to compare the results arising from our simulations
against observations, we generated synthetic X-ray emission maps.
Thermal X-ray emission from young SNRs has been studied with
the assumption that the emitting gas is in nonequilibrium ioni-
zation (NEIL; e.g., Badenes et al. 2005; Hughes & Helfand 1985;
Borkowski et al. 1994). Most of these studies make use of one-
dimensional (1D) SNR expansion laws, such as the ones obtained
by Sedov (1959) and Chevalier (1982), and 1D hydrodynamic
codes to describe the evolution of the remnant. Hughes & Helfand
(1985) carried out a self-consistent model for the X-ray emission
from SNRs, and applied their results for the particular case of
Kepler. They computed spectra under the assumptions of NEI
as well as ionization equilibrium (IEQ) and compared these theo-
retical results with observations from Rontgensatellit (ROSAT).
They found that the difference between the NEI and IEQ assump-
tions becomes important for the low-energy band (energies lower

TABLE 1
PARAMETERS FOR THE NUMERICAL SIMULATIONS AND STAGNATION POINTS

MobEL
PARAMETER M1 M2 M3 M4 M5 M6 M7 M8
M (107> Mg yr 1) ... 1.0 1.0 5.0 5.0 5.0 5.0 5.0 5.0
no (1073 em™).......... 2.0 2.0 10.0 10.0 10.0 10.0 10.0 10.0
Ey (10°! ergs)........ 0.4 0.55 0.40 0.80 0.40 0.80 0.80 0.80
M, Mg).ooeennnn 5.0 5.0 5.0 5.0 1.4 2.5 1.4 2.0
LN (S15) U 1.52 1.52 1.52 1.52 1.52 1.52 1.52 1.52
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Fic. 3.—Density stratification of the bow shock (previous to the SN ex-
plosion) for models 1 and 2 (top) and 3-8 (bottom). The logarithmic gray
scale is in units of g cm ™. Vertical and horizontal axes are given in pc.

than 2 keV') but are practically negligible at higher energies. All
these 1D models provide a partial hydrodynamic description
for the evolution of SNRs but are clearly unable to explain the
asymmetries shown by Kepler in both Ha and X-ray images.
Borkowski et al. (1994) carried out an X-ray spectrum study
based on 2D numerical simulations reported by Borkowski et al.
(1992), considering low overabundances in S, Si, and Fe.

The YGUAZU-A code only includes chemical species up to
O 1v (see § 2.1); hence, it is not possible to calculate a complete
NEI X-ray emission coefficient from the simulations. Therefore, in
order to compare our results with recent Chandra observations,
we combined the T'and n (temperature and electronic density,
respectively) distributions obtained from our numerical results
with a CHIANTI® IEQ thermal X-ray emission model for the
energy band 2—10 keV, which is a reasonable approximation ac-
cording to Hughes & Helfand (1985). We computed the emis-
sion coefficient j,(n, T') over the energy band 2—10 keV using
the CHIANTI atomic database and its associated IDL software
(Dere etal. 1997; Landi et al. 2006), where the effects of the inter-
stellar extinction (considering the extinction curve of Morrison &
McCammon 1983) have been taken into account. Here we used
the IEQ model developed by Mazzotta et al. (1998; also, Landini
& Fossi 1991), where solar abundances were assumed with an ex-
cess in S and Si of 2.15 and 4.29, respectively.

3 Version 5.1 of the CHIANTI database and its associated IDL procedures
are freely available at: http://wwwsolar.nrl.navy.mil/chianti.html, http://www.arcetri
astro.it/science/chianti/chianti.html, and http:/www.damtp.cam.ac.uk/users/astro/
chianti/chianti.html.
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3. RESULTS
3.1. Interacting Winds and SNR Evolution

As mentioned above, our numerical simulations have two
stages: the first one consists of generating a cometary or bow-
shock structure produced by the interaction of the isotropic stellar
wind of the progenitor with the plane-parallel ISM wind and the
second one is the evolution of a SNR expanding into this aniso-
tropic medium.

The collision between the isotropic stellar wind and the plane-
parallel ISM wind generates a bow-shock morphology. Figure 3
shows the initial (previous to the SN explosion) density distri-
bution for models 1 and 2 (fop panel) and 3-8 (bottom panel),
where the stagnation point is located at 1.52 pc from the star po-
sition, which is consistent with equation (1). A double-shock struc-
ture is observed in Figure 3; it is formed by (1) a main shock or
bow shock that sweeps up the incoming ISM wind and (2) the
reverse shock which decelerates the stellar wind material. The
shocked ISM and the stellar wind gas are separated by a contact
discontinuity, located between the main and the reverse shocks.
The reverse shock becomes radiative, and therefore the density
of the internal part of the bow-shock structure increases. The
wavy aspect present in the reverse shock is likely to arise as a
consequence of thermal instabilities. The ISM density, ng, and
the mass-loss rate, Ms, in models 3—8 is 5 times larger than in
models 1 and 2 (see Table 1).

In this scenario, the SN explodes and its remnant evolves in a
medium strongly modified by the stellar wind of its progenitor.
The SNR shock wave expands in an environment with decreas-
ing density (p oc 7~2) until it reaches the bow shock structure.
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Fig. 5.—Density stratification of the interaction region between the SNR shock wave and the bow-shock structure at integration times of 100, 200, 300, and 400 yr for model 6.

Figure 4 is a comparison of the density distribution for all mod-
els at an integration time ¢ = 400 yr. All maps, except model 3,
show that the SN blast wave and the bow-shock structure are or
have been interacting. Model 3 has an initial energy explosion
Ey = 4 x 10 ergs and an ejected mass M, = 5 M. The com-
bination of a low Ej and high M, is responsible for the slow
expansion. Maps corresponding to models 2 and 6—8 generate
SNRs with radii of the order of 2 pc, which are similar to the
radius observed for Kepler’s SNR (considering a distance of
5 kpc; Reynoso & Goss 1999).

The X-ray morphology and luminosity obtained for models
6—8 are comparable to the observed ones (this is further discussed
in § 3.3); therefore, we select models 6—8 as the better candi-
dates to explain the observed characteristics of Kepler’s SNR.

In order to study the evolution of the SNR—bow-shock in-
teraction (shown in Fig. 5), the temporal evolution of the SNR
density stratification for model 6 (models 7 and 8 behave
similar to model 6) is integrated in the time range 100—400 yr.
At early times, as long as My, < M, (Mg, is the stellar wind mass
swept up by the SNR shock wave and M., is the ejected mass),
the temporal evolution of the SNR radius can be described as
(Borkowski et al. 1992; Chevalier 1982)

> 3/4

Egl 1/8 1/4 ;
R= rol\ ——
Ms 169 yr

where Ms = M../5 M., Es; = E¢/10°! ergs, and ry = 1.52 pc
is the distance from the stagnation point to the star given by equa-

V15
M_s

(2)

tion (1). At later times, when the interaction between the SN blast
wave and the bow shock is in progress, this equation is no longer
valid.

Equation (2) corresponds to a similarity solution that de-
scribes the interaction between stellar ejecta characterized by a
power-law density profile, pej o< 77", and the external medium
(Chevalier 1982). The parameter # is related to the size of the
SN progenitor. In our case n = 6, which corresponds to the rel-
atively compact progenitor of a Type la SN (Borkowski et al.
1992). A comparison of equation (2) with our simulations at early
times is a useful test of the compatibility between our code and
these self-similar solutions. For instance, applying the parameters
of model 6 to equation (2) at# = 100 yr, a SNR radius of0.75 pc is
obtained, very close to the radius of 0.77 pc given by our simu-
lations (see Fig. 5).

Equation (2) is also useful for estimating the time at which
the encounter between the SN blast wave and the bow shock will
take place, at least in those cases for which Mg, < M,. For in-
stance, this is the case for our model 3, since the swept-up mass
and the ejected mass are equal at a distance of 1.5 pc from the
SNR center, which is almost the distance to the stagnation point.
The estimated collision time for model 3 is approximately 450 yr,
which is larger than the age of Kepler’s SNR.

3.2. Expansion Rates

The expansion rate of a SNR can usually be approximated by
apower law R o ¢, where R is its radius, ¢ is its age, and m is the
corresponding expansion parameter. In the case of Kepler, the
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line) and m; (dash-dotted line) for model 6, where (m) is the total expansion
parameter and m; represents the expansion in the direction of the stagnation
point. These parameters were obtained considering time intervals of a decade
for integration times between 200 and 400 yr.

mean expansion parameter (m) has been determined observa-
tionally to be (m) = 0.5 (Dickel et al. 1988, based on radio
continuum observations) and (m) = 0.93 (Hughes 1999, com-
paring X-ray images from ROSAT and Einstein). Hughes (1999)
suggests that this discrepancy indicates that the structures in the
remnant giving rise to the X-ray emission have been decelerated
considerably less than the radio-emitting structures. It is impor-
tant to note that these observations were obtained during different
time periods. Dickel et al. (1988) analyzed the Kepler expan-
sion using VLA data observed between 1981 and 1985, while
Hughes (1999) employed X-ray images from a wider temporal
range, 1979-1981 (Einstein) and 1991-1997 (ROSAT).

We used our simulation data to generate images of Kepler at
different integration times, in steps of 1 yr, in order to measure
the temporal evolution of the expansion parameter (m) for model 6.
We obtained (m) by comparing these images in time intervals of
a decade, within the range 200—400 yr.

The results are given in Figure 6, where a comparison between
the global expansion parameter (m) (solid line) and the expan-
sion in the direction of the interaction region m; (dash-dotted
line) are plotted. An increase in the expansion rate of the remnant
is observed in both cases.

During the interval 200—255 yr, both (m) and m; remain close
to 0.74, in reasonable agreement with Chevalier (1982; for the
“n = 6" case). The collision between the SNR and the bow-
shock structure occurs at ¢ >~ 275 yr, observed in Figure 6 as a
“dip” in both (m) and m;, with a smaller minimum for m; (dash-
dotted line). For the Sedov solution, in the case where the SN
explosion takes place in a circumstellar medium, a value of 0.66
is expected (Cavaliere & Messina 1976), which coincides with
the minimum of (m). Nevertheless, as seen in the Figure 6, m;
(dash-dotted line) shows a more pronounced downfall reaching
a minimum value of 0.47 which cannot be explained with the
Sedov model. This behavior is a result of the interaction of the
dense bow-shock structure with the SNR. Later, when the main
SNR shock front has overrun the bow shock, the expansion rate
suddenly grows, reaching values of (m) = 0.83 and m; = 0.96
at 400 yr. The latter value is in excellent agreement with the
expansion parameter obtained by Hughes (1999). Furthermore,
the minimum value m; = 0.47 is close to the radio expansion
parameter reported by Dickel et al. (1988).
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expansion was obtained considering integration times from 250 to 400 yr. A
minor expansion rate of ~0.6 occurs at § = 35° and 57°5, where 6 is measured
with respect to the direction of the stagnation point.

Figure 7 shows the expansion parameter as a function of 6,
where 6 is the azimuthal angle with respect to the stagnation
point. The sites with lower expansion rates coincide with denser
regions of the bow shock structure.

Therefore, our results provide an alternative explanation for
the incompatibility between the expansion rates given by Dickel
et al. (1988) and Hughes (1999); the observations might be de-
scribing different phases of the interaction between the SNR shock
wave and the surrounding bow-shock structure. Although the time
baselines involved in the observations (~10 yr between the sec-
ond epoch data of each expansion measurement) are shorter than
the theoretical time interval for the expansion parameter to in-
crease from 0.46 to 0.96 (for m; in the temporal range 325—400 yr,
according to Fig. 6), we suggest that this hypothesis should re-
main open for further discussion. It would be helpful to analyze
existing archival high-resolution radio continuum observations
of Kepler’s SNR to investigate the trend followed by the expan-
sion parameter since the last expansion measurement, which oc-
curred about 20 yr ago. Besides, a deeper analysis of the model
parameters may reveal if, under certain conditions, the measured
difference (from (m) = 0.5 to 0.93) can realistically occur within
only 10 yr.

3.3. Simulated X-Ray Emission Maps

Figure 8 shows a comparison between the simulated X-ray emis-
sion maps of models 6 and 7 (top and bottom panels, respectively),
at an integration time ¢ = 400 yr (the age of Kepler’s SNR). In
the left panels, we observe the simulated emission for the case
¢ = 0°, where ¢ represents the angle between the plane of the sky
and the symmetry axis (given by the ISM wind velocity direction).
Observationally, it is known that the star’s velocity forms an angle
of 35° (Bandiera & van den Bergh 1991) with respect to the line of
sight (i.e., 55° with respect to the plane of the sky). Hence, we also
generated synthetic X-ray emission maps at ¢ = 55° (right panels
of Fig. 8).

In both models, an enhancement in X-ray emission is observed
on the right side of the remnant shell for both projection angles
(¢ = 0° and 55°). The annular structures are artifacts of the pro-
cess of obtaining simulated maps from axisymmetric simulations.
They appear when the clumps, produced by the collision between
the shock and the dense shell formed behind the reverse shock, are
projected all around the symmetry axis. Both models show a sim-
ilar morphology, but the X-ray emission for model 7 is globally
lower than that obtained for model 6.

The time evolution of the total X-ray luminosity Lx for model 6
is plotted in Figure 9. The luminosity Lx exhibits a local maximum
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Fic. 8.—Comparison of the simulated X-ray emission maps for models 6 (fop panels) and 7 (bottom panels). Left and right panels show ¢ = 0 and ¢ = 55 cases,
respectively, where ¢ is the inclination between the symmetry axis and the plane of the sky.

at t ~ 345 yr which later decreases at a rate of 3% every 10 yr, in
very good agreement with the observational results reported by
Hughes (1999).

The synthetic spectrum obtained from model 6 is plotted in
Figure 10. Several spectral lines are observed superimposed on

Ly(10%erg s7")

0,9:I...I...I...I...I...I...I...I:

260 280 300 320 340 360 380 400
time (yr)

Fic. 9.—Plot of the total X-ray luminosity Lx vs. time (after the SN explo-
sion) for model 6. After the collision of the SNR shock wave with the wind bow
shock at # ~ 290 yr, a remarkable decrease in Ly is observed.

the continuum. These lines were identified by comparison with
the spectrum presented in Figure 2 of Kinugasa & Tsunemi (1999),
where the Si xm K3, S xv Kar, and S xv K3 lines are observed in the
energy interval 2—3 keV; lines corresponding to Ar xvit Ko and
Ca xix Ko are observed between 3 and 4 keV; and finally, the
Fe-K blends are identified close to 6.4 keV.

4. SUMMARY AND CONCLUSIONS

We present 2D axisymmetric numerical simulations to model
the evolution of Kepler’s SNR based on the scenario proposed
by Bandiera (1987). Our simulations were carried out with the
YGUAZU-A code. The simulations were carried out in two
steps: (1) the interaction of the progenitor’s stellar wind with the
plane parallel ISM wind to form a bow-shock structure and (2) the
propagation of the SNR in the anisotropic density structure formed
in the previous step.

In order to make a direct comparison with recent Chandra ob-
servations, our numerical results were combined with the CHIANTI
database to simulate X-ray emission maps and spectra in the 2—
10 keV energy band. In these calculations an IEQ scheme was
employed since the difference between the NEI and IEQ schemes
is negligible for the energy band under consideration (Hughes &
Helfand 1985).

Borkowski et al. (1992) carried out 2D numerical simulations
based on Bandiera’s scenario. In their work, the density distri-
bution and the shape of the bow-shock structure were calculated
analytically and this density distribution was used as an initial
condition for their simulation. As a result, they concluded that
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Fic. 10.—Synthetic X-ray spectrum for 2—10 keV energy band. For extinction
calculations we use Ny, =~ 5 x 10?! cm~2. The intensity flux is normalized with
respect to the maximum value of the continuum emission.

both the ISM density (70 = 1073 cm™3) and the stellar mass-
loss rate (M = 5 x 107 M, yr~') are lower than the one esti-
mated by Bandiera (1987).

We quantitatively reexplored Bandiera’s scenario varying
several input parameters, such as the initial energy explosion of
the SN, the progenitor’s mass-loss rate, the progenitor’s stellar
mass, and the unperturbed ISM density, in an attempt to repro-
duce several observational features, such as the overall morphology,
X-ray spectra, and total X-ray luminosity, Lx, shown by Chandra
observations.

In models (or runs) 1 and 2, we employed an ISM density ry and
a mass-loss rate M that are twice the values used by Borkowski
etal. (1992). In spite of this, the X-ray luminosity corresponding
to these runs are 1 order of magnitude lower than that observed.
This result motivated us to try even higher values for ny and M.
For an integration time ¢ = 400 yr, runs 6—8 yield values for Lx
and the X-ray emitting mass Mx of the order of the observational
values (Table 2). The mass M is estimated considering the mass
of gas with temperature higher than 2 x 10® K. Dynamically, models
6—8 display a similar evolution to the one reported by Borkowski
et al. (1992). However, in order to reproduce the observed X-ray
luminosity, these models required mass-loss rates and interstellar
densities about 1 order of magnitude higher than the ones used by
Borkowski et al. (1992). Furthermore, model 6 shows a decrease
in the total luminosity of the order of 3% every decade, which is
comparable with the observational decreasing rate reported by
Hughes (1999). Variations of the SN initial energy and progen-
itor’s stellar mass did not show any appreciable variation in the
total luminosity (see Table 2).

Decourchelle & Ballet (1994) carried out 1D simulations of
the evolution of Kepler’s SNR, exploring different scenarios in
which Type Ia, Ib, and II events were considered. They found
that the Type II assumption with no mass loss from the progen-
itor is able to reproduce the observed spectrum. On the other hand,
Kinugasa & Tsunemi (1999) observed Kepler’s SNR using ASCA
and found abundances consistent with a Type Ia SN explosion. The
synthetic spectra obtained from our simulations, where a modest
enhancement of Si and S typical of Type la events was used, are
also in qualitative agreement with observations, reproducing sev-
eral of the emission lines reported in Kinugasa & Tsunemi (1999).
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TABLE 2

X-Ray LumiNosITIES AND EMITTING MAss FOR DIFFERENT MODELS FOR AN
INTEGRATION TIME OF 400 yr

MobEgL
PARAMETER Ml M2 M3 M4 M5 M6 M7 M8
Lx (10%* ergs s™1) ........... 05 07 73 110 64 95 75 86
Mx (M) oo 33 38 74 94 59 83 75 8.0

Moreover, a Type la event is in agreement with the results found
by Borkowski et al. (1994), who in addition assumed an Fe
overabundance.

It is important to stress that our 2D simulations account not
only for the spectrum but also for the size, morphology and
total X-ray luminosity of the remnant. In particular, models 6—
8 are the best candidates to explain the origin of Kepler’s SNR
(see Figure 8). It is very hard to reproduce the morphology
of this remnant without a combination of mass loss and high
proper motion from the progenitor; therefore, we believe that
our model provides a thorough explanation to the origin of this
source.

Model 6 also predicts an increase in the expansion rate due to
the passage of the SNR shock front through the bow shock. Radio
and X-ray expansion measurements of Kepler’s SNR indeed yield
very different values of the expansion parameter, with the earlier
determination being almost half the value of the latest one. Note,
however, that the predicted increase in the expansion parameter is
not fast enough to quantitatively explain the reported difference.
Analysis of high-resolution radio observations of Kepler during
different epochs (which can be found in VLA archives), should
confirm whether Kepler’s SNR is actually undergoing an increase
in its global expansion or not.

As can be observed in Table 2, Figure 8, and Figure 10, the
controversy about the characteristics of Kepler’s progenitor (for
instance, its initial mass), is left as an open question. More ob-
servational and theoretical work is necessary to shed light on this
issue.

In summary, our results confirm that Bandiera’s progenitor
runaway model is a plausible scenario for explaining several ob-
served features in Kepler’s SNR, such as its overall morphology
(shown in X-ray and radio images), its X-ray spectra, or its total
X-ray luminosity. Our results are also consistent with Kepler’s
progenitor being a Type Ia SN (in agreement with Borkowski
etal. 1992, 1994). However, higher ISM densities and mass-loss
rates of the progenitor must be considered. These last conditions
are in agreement with Bandiera (1987); although, he also con-
sidered young population progenitors with masses above 10 M,
which we do not explore here.
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