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Abstract

Recent observations of Cas A suggest that the element distributions for silicon (Si) and iron (Fe) are very peculiar:
Fe locates in front of Si. We investigate the formation of the remnant of Cas A and hydrodynamical calculations are
performed from the beginning of explosion to the present stage. It is found that the Rayleigh-Taylor instability is
developed from the boundary between hydrogen and helium layers. The instability between Si and Fe layers is not
grown enough to induce the observed matter mixing if only the mass loss is included during the red super giant stage.
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Introduction

The young supernova remnant in our Galaxy, Cassiopeia A (Cas A), is the brightest radio source so far [1]. On the
other hand, it has been observed in possible bands of the spectrum: radio [2], infrared [3], visible [4] and X-ray [5].
The yields of hydrodynamical simulations are compared in detail with the observed properties. Therefore, Cas A
becomes one of the main targets for numerical studies of supernova and progenitor. The central object has been
identified to be a neutron star; Ref. [6] has analyzed the X-ray spectra of Cas A, and gives the effective temperature
(Tegr = 1.61f8:(1f5L x 10% K) and possible regions occupied by mass and radius relations. Since Cas A is the isolated
remnant, uncertainty of mass and radius relation could be large. The lowest mass obtained by x? fitting is about
1.5Ms. However, the progenitor of the object is not identified; from the observations of the remnant, the progenitor
is at least considered to be a massive star. As a result, the mechanism to produce enough energy to explode the
progenitor star is not known well and the structure of the compact object is also controversial [7]. Furthermore,
Ref. [8] reported the observation of Teg for Cas A in recent 10 years, where the rapid decrease in Tog during the years
shows that the transition to nucleon superfluidity occurs.

The observations of X-ray from Cas A indicate that the progenitor exploded in A.D. 1681 £ 19 [9]. The distance
to Cas A is determined to be 3.4f8'€’ kpc [10] and its size is 2 — 3 pc. Although the type of the supernova for Cas A
was inferred to be Ib/c [11], it has been finally identified to be type IIb from the observation of light echo [12], which
indicates the explosion of a helium star. The estimated mass of the progenitor star is in the range of 15 — 25 M
for the main sequence era [13, 14]. The ejecta includes radioactive nuclei *'Ti and 5°Ni whose masses have been
obtained [15, 16, 17, 18]. From the studies of supernova 1987A, it is considered that the production process of the
abundances can be understood well as far as the spherical explosion is concerned [19]. On the contrary, non-spherical
explosion should result in for all supernovae, which is concluded by multi-dimensional numerical simulations [20].

The observations indicate peculiar regions where Fe distributes outside the Si-rich layer [21]. Recent observations
of the 3D structure of Cas A [18, 22, 23] also show the same kind of distributions. Since this observational evidence
cannot be explained in terms of a spherical explosion model, some kinds of mixing should occur in large scale. Here, we
infer the mechanism of the mixing processes: the Rayleigh-Taylor instabilities inside the star [24], interactions between
supernova shock and circumstellar medium [25], and the non-spherical explosion such as jets and /or standing accretion
shock instability [20, 26]. In particular, we notice the fact that the Rayleigh-Taylor instability develops for an interface
between two fluids of different densities, which occurs when the lighter fluid presses the heavier one [27, 28, 29]. This
situation is expected to be realized inside a progenitor star. However, since a detailed calculation from an early stage
of a progenitor to the explosion does not exist due to numerical difficulty of simulations, some calculations having a
model of circumstellar gas, progenitor, and explosion should be desirable.
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In the present paper, we investigate whether mixing occurs between Si- and Fe-layers due to the Rayleigh-Taylor
instability during supernova explosion, where we adopt a presupernova model and construct circumstellar matter
ejected from a progenitor. Two dimensional hydrodynamical simulations are performed from the onset of the explosion
to the present remnant phase of Cas A by extending the technical method used for the mixing in supernova 1987A [24,
30].

1 Basic Equations

Let D/Dt be the Lagrange differentiation (D/Dt = 9/0t+wv-V), which varies along the fluid particle with the velocity
v. The non-relativistic equations of fluid dynamics relevant for the simulations are as follows [31]

D
=V, (1)
Do GM,
Py = VP =V <<b—ﬁ>, (2)
D (e
Pt (p) =—PV -, (3)

where p, P, e and v are the density, pressure, internal energy density, velocity of fluid, G is the gravitational constant
and My, is the mass of the point source at the center. Self gravitational potential ® is obtained from solving the

following Poisson equation
V20 = 47Gp. (4)

We define the radius Ry, of the photosphere to be

> 2
/ P(T)Resdr = =,
Rph 3

where ks is the opacity due to the electron scattering: xes = 0.20(1+ X ) cm? g=! with the hydrogen mass fraction X.
The above set of equations (1)—(4) are closed with an equation of state included. Inside the photosphere, r < Ry,
we take a mixture of radiation and gases composed of electrons and ions:

P:Prad+Pga57

1

3
e = 3P4 + 7Pgasa

2
with
1
Prad = §GT47
R
Pg,as = —pT,

where T is the temperature, a is the radiation constant, R is the gas constant and p is the mean molecular weight.
Since outside Ry, radiation becomes free, we set

P = Pgasv
3
e = §Pgas-

Supernova explosions make the high temperature region, where explosive nucleosynthesis occurs significantly. For
a high temperature region above 5 x 10° K, all materials are in nuclear statistical equilibrium. When 7 < 5 x 10° K,
nuclear reactions build up elements toward Fe-group nuclei. Therefore, we take into account 14 species of nuclei: p,
4He, 12C, 160, 2°Ne, 24Mg, 28Si, 228, 36 Ar, 49Ca, *4Ti, *8Cr, 52Fe and °5Ni. The abundance flow (advection) can be
followed by solving (1) for individual elements k with the mass fraction Xy, where X = pi/p.

Once p and T are determined by solving hydrodynamic equations (1)—(4), the nuclear reaction rates are evaluated
and abundance changes can be calculated. Consequently, the generated nuclear energies are added to the internal
energy. In the numerical calculations, we utilize the Zeus-2D code [32] from the onset of the explosion to the present
era.
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Figure 1: Evolution of WR wind and RSG wind. Wind shells are formed at the boundary between the two winds.

2 Initial Models

2.1 Construction of the Circumstellar Matter

It is observed that a progenitor of Cas A had lost most hydrogen-rich envelope before the explosion [12]. We may infer
that the progenitor was a Wolf-Rayet (WR) star: the progenitor experiences three stellar evolutionary stages from
main sequence (MS) via redsuper giant (RSG) finally to WR.

According to the calculation of stellar evolution [25], the RSG stage continues over 0.6 Myr with a typical wind
velocity 10 km s~!. The boundary between the MS and RSG winds locates at about 6 pc, which is compared to the
forward shock front of 2.5 pe [33]. Therefore, we neglect the effects of the MS wind on the evolution of stellar wind.

If we assume the RSG wind is spherical and steady [34], then the density in the wind is written from (1) as

Mgrsc
) = g, 5)
where Mgsq is the mass loss rate and vrsg is the velocity of the RSG wind. From the stellar evolution calculations
[35], we adopt Mgsa = 1.54 x 1075 Mgyr™!, vgrsg = 4.7 km s~ ! and Trsq = 103K. Under the above condition
of the RSG wind, the WR winds are advected [36] with Mg = 9.6 x 1076 Moyr~!, vwr = 1.7 x 10°km s~ ! and
Twr = 10* K.

We calculate the spherical stellar wind from 0.01 to 2 pc with the 2000 equally stretched meshes. The evolution of
the winds is shown in Fig. 1. Since the WR wind becomes three orders in magnitude faster than the RSG wind, the
WR wind pushes the back of the RSG wind. Consequntly, high density shells (WR+RSG shells) are formed around
the boundary between the two winds.

It has been reported that the duration twr of the WR stage could be less than about 3500 yr [37]. Taking into
account the uncertainty in twr, we consider two cases for the duration twgr = 0 (RSG only) and 2000 yr.

Table 1: Models associated to stellar winds. twg is the duration of the WR stage, Ej, is the input energy of explosion, Ry
and Rys are the locations of the forward and reverse shocks, respectively

Models WROE2 WROE3 WROE4 WR2E2 WR2E3 WR2E4
twr (10% yr) 0 0 0 2 2 2
Ein (10°! erg) 2 3 4 2 3 4

Ris(pc) 1.8 2.1 2.5 1.9 2.3 2.6

Ris(pc) 1.3 1.6 1.7 1.0 1.2 1.3
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Figure 2: Density distribution of the initial models for twr = 0 (left panel) and 2000 yr (right panel). The original presupernova
core of 6Mg lies inside 10! cm. The knob around 10'® c¢m in the right panel is ascribed to the WR+RSG shell.

2.2 Observational Constraints Due to One Dimensional
Simulations

We adopt the presupernova model of a He-core of 6 M, [19] which corresponds to MS of around 20 M. This model
is consistent with the evaluation of the progenitor of Cas A [13, 14]. Our initial models are constructed by connecting
this presupernova model with the WR and RSG winds described in the last subsection. Figure 2 shows the density
distribution of the initial models. The left panel indicates the case twgr = 0 and the right one is the case tywg = 2000
yr. Note that there appears a knob around 10'® cm, which is ascribed to the WR + RSG shell.

Table 1 gives the positions Ry of the forward shock and R4 of the reverse shock for models with the input energy
of explosion Fj, = 2 —4 x 10%! erg in two cases. The observed locations are Rg = 2.5+ 0.2 pc and R, = 1.6 0.2 pc
in Cas A [33]. Therefore, only a model WROEA is fitted to the observations of both Ry and R,s, which is consistent
with the previous study [38]. As a consequence, we examine matter mixing due to the Rayleigh-Taylor instabilities
for this model.

3 Rayleigh-Taylor Instabilities
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Figure 3: Contours of the logarithm of density in units of g cm ™3 (left panel) and the distribution of major elements
(right panel) at ¢t = 330 yr after the explosion. The dashed region of Si includes O, where the mass fraction of Si is
larger than 5 % of that of O. The regions of He and O are occupied by almost these elements.

We perform two dimensional simulations of supernova explosion for the initial model WROE4. Our region of
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calculation is divided into 1000 x 100 meshes in the 78 plane. When the shock wave passes the boundary between
C+0 and He-rich layers at ¢t = 3.9 s after the explosion, we specify perturbations in the r-component of velocities as

dv, = evy cos(206), (6)
where we set € = 0.1. The Rayleigh-Taylor instability is judged from the criterion [39]
Vp-VP <. (7)

This condition is satisfied in most regions of the boundary layers after the shock passes through.

During the propagation of the shock wave, we follow the abundance change using an « network code [40] which
contains 13 nuclei from *He to 56Ni. Furthermore to evaluate the amount of radio actives, nucleosynthesis is calculated
in detail for tracer particles using the post process method with a large network code [31] of 464 nuclei. The produced
amounts are found to be *Ti of 1.3 x 10~* M, and %°Ni of 0.123 M, whose values are consistent with the observed
abundances [15, 17, 18].

Figure 3 shows our results of simulations at ¢ = 330 yr after the explosion. The left panel indicates the density
contours, where the instability developes at r >~ 0.4 and 1.6 pc. The former region is attributed to the boundary
between original O- and Si-rich layers. The latter corresponds to the boundary between H- and He-rich layers. We
note that in the deep O-rich layer, both Si and Fe are produced through the explosive O-burning. Most Fe are
daughters of radioactive nuclei **Ni. As seen from the right panel, no mixing occurs between Si and Fe in the present
simulations.

4 Discussion
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Figure 4: Development of the forward shock (FS), the reverse shock (RS) and the surface of the Fe layer (Fe) for models of
WROE4 (left panel) and WR2E4 (right panel). The Fe-surface overtakes RS at t ~ 2.5 x 10° s in WR2E4, where jumps near
the location of FS appear during (0.16 — 1.6) x 10° yr. Since FS collides with the WR4RSG shell, it is difficult to determine
the position of FS. After 1.6 x 10° yr, we can exactly calculate that of FS because it completely passes through the WR+RSG
shell.

We have performed two dimensional simulations of supernova explosion and followed the abundance change during
the propagation of the shock wave. Adopting a specific circumstellar model, we cannot find mixing between Si and
Fe-layeres due to the Rayleigh-Taylor instability. However, after the shock passage, instability criterion (7) always
holds in a region of abundant Si and Fe. We would suggest possible issues for the mixing to occur.

Different initial models are worthwhile studying. As seen from Fig. 3, the Si layer extends only to about 2 pc, which
is inconsistent with the observations. This is ascribed to the distribution of the circumstellar matter. Figure 4 shows
development of the forward shock, the reverse shock and the surface of Fe layer for models of WROE4 (left panel) and
WR2E4 (right panel). It is clear that there appears the difference in the way of shock propagation. In particular, the
Fe layer catches up with the reverse shock at ¢t ~ 2.5 x 10° s due to the collision of shocks and WR+RSG shell. Much
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larger scale mixing would be expected because the Rayleigh-Taylor instability is developed at the front of the reverse
shock [41]. Our model WROE4 could be inappropriate to induce the hydrodynamical instabilities in circumstellar
medium. Therefore, shock propagation should be examined for different distributions of circumstellar medium.

The resolution of calculations should be refined. We have divided the region into 1000 x 100 domains. It is difficult
to follow both the shock wave outside the star and the Fe layers confined deep inside the star. Simulations of a core
collapse supernova with higher resolution by using adaptive mesh refinement [41] may imply that our calculation is
not enough to resolve the instabilities for matter mixing. Large scale mixing could be realized through the three
dimensional calculations as suggested by the observations. It is proposed that the Rayleigh-Taylor instability could
be more sufficiently developed in three dimensional calculations than two dimensional ones [42]. Matter mixing could
be originated from the mechanism of core collapse supernova. For example, standing accretion shock instability may
induce the significant mixing between Si and Fe layers [20].
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