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Abstract

Supernova explosions are described as very violent events which transfer a significant amount of
energy to interstellar media and are responsible for a large variety of physical processes. This
study does not discuss the actual explosion mechanisms but follows the behavior of the dynamical
evolution of some selected type I and type Il supernova remnant and particularly after a thousand
years from their explosion and shows how the density of the medium affects the evolution and the
lifetime of each remnant. By studying such behaviors, a simplified model has been proposed here
for the velocity and radius of the remnant after thousand years of explosion that depends only on
the density of the medium and age of the remnant. It has been found that all types of supernova
remnants have similar behaviors after a thousand years from their explosion despite their origin
formation. Moreover, it is demonstrated that, when those selected remnants have entered or will
enter into their radiative phase, an idea on their physical properties will be obtained.
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1. Introduction

The mass of the star plays a significant role in the determination of its lifetime. Once the star reaches the giant
stage, its thermonuclear reaction will speed up and its fate will be determined. A star with mass < 8 Mg will
reach the carbon/oxygen reaction and cease since it has insufficient temperature to ignite further reaction and it
ends its life expelling its outer envelope in a planetary nebula and leaving behind a carbon/oxygen white dwarf
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[1]. However, the white dwarf is not always the end product in the collapse of a mid-sized star. If a white dwarf
is in a contact binary system it will accrete material from the companion star, and this will continue until its
mass exceeds the Chandrasekhar mass limit which is about 1.4 Mg [2]. At this moment the density and the tem-
perature in the center of the white dwarf become so severe that carbon starts fusing explosively and within one
second it will undergo a thermonuclear explosion and is completely destroyed, leaving nothing behind except
remnant, producing type la supernova [1]. While on the other hand, more massive stars (=8 M) will go beyond
carbon/oxygen reaction until they reach the iron reaction stage. At this point the thermonuclear reactions are no
longer exothermic, and the core cannot support itself against gravity [2]. The core collapses in a few millise-
conds, and an energetic shock propagates out through the envelope of the star to produce an energetic display of
electromagnetic radiation marking the catastrophic death of this massive star as a core-collapse supernova [3]. At
the same time, almost (99%) of the explosion energy will be released in the form of energetic neutrinos; the re-
maining energy is converted into kinetic energy, accelerating the stellar material to speed up greater than the speed
of sound and causing a shock wave (moving outwards from the central star) which will compress heat and sweep
the surrounding ambient gas as it expands [4]. With time, this expanding material from the explosion in addition to
the material that blast wave collects as it travels through the interstellar medium, will form a Supernova Remnant
(SNR) [5]. According to Green (Green 2009), more than 274 Galactic SNRs (Green 2009) have been recorded,
discovered, and detected and well known examples of these are the remnants of Tycho’s SN, Kepler’s SN, the
Cygnus loop, the Crab nebula, and SN1987A that provide delicate visual indication to their violent births [6].

The subject of supernova plays an important role across a wide range of fields in physics and astronomy as
they mark the end point in the life of stars and at the same time their remnants mark the formation of the com-
pact objects and the most massive black holes in the universe as well as they play a significant role in enriching
the interstellar medium with heavy elements (up to iron). Moreover, they are the source of much of the energy
that heats up the interstellar medium and interacting with it [4]. For these reasons, it is essential to study this re-
markable subject. In this paper, we investigate the influence of the density of the medium that surrounds some
type Ia and type II supernova remnants such as 1006 SNR, G1.9+0.3, Tycho, Kepler, SN1987A, CasA, Crab
nebula, Cygnus loop, and IC443 on their evolution. In addition, we provide a model for the velocity and radius
of the remnant when they enter the radiative phase (after thousand years of explosion) that depends only on the
density of the medium and age of the remnant.

2. Evolutionary Stages of Supernova Remnant

Soon after the supernova explosion takes place, its new life as supernova remnant starts. All remnants from the
supernovae explosion seem to go through the same evolutionary phases regardless their differences in the origi-
nal spectra of supernovae when they all expand and evolve through a series of phases [7]. The first phase of
those evolutionary phases will begun almost immediately after the explosion when the shock wave from the su-
pernova expands supersonically into the surrounding medium which will accelerate and drive the interstellar
material away from the supernova site with a velocity less than the shock wave’s initial velocity which is typi-
cally in the order of 30,000 km/sec [4]. This phase in which the ejecta are expected to be mostly expanding
freely known as the free expansion phase which will last for a few hundred years before the remnant enters the
second evolutionary stage of its life as supernova remnant which is the adiabatic phase or the Sedov- Tyler
phase. At this phase the remnant will sweep up mass equal to its initial mass that ejected from the explosion
which made the shock wave to decelerate from 30,000 km/sec to about 10,000 km/sec, while the radius will in-
crease by R, oct?® [8].

After about (100 - 1000) years from the beginning of the Sedov-Tyler phase, the temperature of the matter left
behind the shock front will be decreased to about (10° - 10°) K, which allows to the recombination process of the
nuclei of abundant elements like C, N and O to recombine with electrons. Consequently, the radiation losses go
up (via electron transition) [9] and the remnant experiences its forth evolutionary stage which is the radiative
expansion phase that begins at [10]:

t=1.9x10"E)"*n™" (yr) (1)

and with a radius:
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R=162E"n"(pc) )

where Es; represents the explosion energy in unit of 10°" ergs and n, denotes the hydrogen number density in
the surrounding interstellar medium in the unit of 10 atom per cm”.

Once radiative losses become significant, the plasma flow of the remnant will rapidly change over: the gases
quickly cool down in the region of the shock front, and it forms a cold dense thin shell behind the radiative
shock [9]. This thin dense shell which is formed through the ISM is filled with a low-density, high-pressure in-
terior so it will be driven by the pressure of the hot, roughly isobaric interior in addition to its own momentum.
Subsequently, its velocity will be reduced which makes the post shock fluid velocity to approach shock velocity,
so the expanding remnant will passes from its blast wave phase to a snowplow phase which is also said to be the
pressure-driven snowplow (pds) stage of evolution [11]. The transition from the blast wave phase to the snow-
plow phase is illustrated in Figure 1 [12].

The remnant will stay in the radiative phase for tens of thousands of years, until the shock has radiated all its
energy and the remnant enters the last evolutionary stage of its life as a remnant which is the Dissipative phase.
In this phase, the expansion rate slows down; seeding the local neighborhood with heavy elements and the ex-
pansion velocity drops to below the local ISM dispersion velocity which is about 10 km/sec and becomes indis-
tinguishable from the surrounding medium [13]. In the next section we will obtain model for the expansion ve-
locity and the radius of the remnant for type Ia and type II supernova when it reaches the radiative phase (after
about 1000 years from the supernova explosion) which is independent on the supernova explosion energy.

3. Calculations and Discussion

Supernova remnants display a variety of shapes and features that are often remarkably influenced by the envi-
ronment into which the ejected material is expanding. In this paper some remnants of type Ia and type II super-
novae such as: 1006 SNR, G1.9+0.3, Tycho, Kepler, IC443, Cygnus loop, Crab nebula, CasA, and SN1987A,
the physical properties of which are listed in Table 1, have been taken in order to investigate how the density of
the region that surrounds it affects on the expansion rate of the remnant. In order to establish this, the Counting
Pixels Method (see ref. [20]) was applied on the images of the remnants that mentioned in Table 1 to determine
their current radius which in turn will be substituted in the following equation in order to calculate the explosion
energy (£) of each remnant [33]:

densi
>

blast wave
(energy conserving)

shell formation J Py

(radiative losses < E)

Py

snow plow
(momentum conserving)

3 hot
*s._ interior

cool dénse éffeil

Figure 1. An expanding supernova remnant makes the transition from the
blast wave phase (upper image) to the snowplow phase (lower image) [12].

()



B. T. Chiad et al.

Table 1. The physical properties of the selected remnants.

SNR Age (year) Distance (pc) ISM no. density (cm™) Radius (pc) Velocity (Km:s™)
G1.9+0.3 100 8500 [14] 0.03 [14] 22-4.7[14] 14000 [14]
Kepler 410 5000 - 6400 [15] 0.1[16] 2.5-3.8[15] 1550 - 2000 [17]
Tycho 442 1500 - 3100 [18] 0.2 [18] 3.7 (18] 1500 - 2800 [18]
1006 1000 2180+ 80 [19] 0.1[15] 7.1-7.5([19] 2890 + 100 [19]
SN 1987A 26 51000 [20] 10 [21] 0.39 [20] 4000 [21]
Cas A 358 3400 [22] 1.5[22] 2.6 [22] 1000 - 1500 [22]
Crab 958 2000 [23] 0.5[23] 3.4 [24] 1400 - 1500 [25]
Cygnus loop 17000 770 [26] 0.1-0.2[27] 21.5-27[28] 200 - 300 [29]
1C443 30000 1500 [30] 10 -20 [30] 9.6 [31]-15[32] 65-100 [30]
E=32x10"n Rt 3)

where n, represents the number density of the surrounding medium, R is the radius of the remnant in unit of
pc and ¢ is the age of the remnant in unit of year.

The output results of this method are listed in Table 2. In terms of the radius, the velocity (v) and the mss (m)
of the remnant can also be found by using the following equations:

v=" )
t

m= gnpR3 (5)

where p is the mass density of the interstellar medium.

Moreover, in order to demonstrate the behavior of the radius and the expansion velocity of each remnant with
time (which is taken from 1000 years to 30 x 10° years from the explosion) each of Equations (3) and (4) have
been applied and the attainable results are plotted in Figure 2(al) & Figure 2(a2)) for type Ia SNR and Figure
3(al) and Figure 3(a2) for type II SNR.

On studying the behavior of Figure 2(al) and Figure 2(a2)) and Figure 3(al) and Figure 3(a2) of those se-
lected remnants, we came up with new model of the radius and the expansion velocity of supernova remnant that
depend only on the density of the surrounding medium and the age of the remnant which works after thousand
year from the explosion, as follow:

R =0.34332t"n""? (6)
V =149666.25nt " n"? (7)

where (7) is the expansion factor which is given in the following equation [34]:

Vb

R v

]7:

where v,,and R, are the velocity and the radius of the blast wave respectively.

Subsequently, the results of applying Equations (6) and (7) have been plotted (Figure 2(al) and Figure 2(a2)
for type Ia SNR and Figure 3(al) and Figure 3(a2) for type II SNR) and compared with those obtained from
Equations (3) and (4) and it was found that, our results are in reasonable agreement with the observed results
more than that obtained from applying CPM as shown in Table 3. As well as the results of Table 3 also shows
that, our model do not apply to the early evolutionary stages of the SNR as shown in the results of SN1987A and
CasA since in these stages the explosion energy is dominant and it accelerates the remnant to higher velocity but
with time as the mass of the remnant increases the influence of the explosion energy decreases and the remnant
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Table 2. The result of applying counting pixels method on the selected remnants.

G1.9+0.3  Kepler Tycho 1006 SN 1987A CasA nS;fl‘l’a Cygnusloop  IC443
Radius (pc) 4.7 4 56 18 0.49 5.055 341 9.6 11.1
E"p"’s(‘e"r';)e“ergy 02x10°  0.02x10° 0.18x10° 6x10° 1.34x10° 0.86x 10™ 0.015x 10°" 026 x 10°  0.06 x 10°'
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Figure 2. Variation of the radius and velocity of Type Ia SNRs with age. (al) and (a2) by applying Equations (3) and (4), (b1)
and (b2) by applying the present model (Equations (6) and (7)).

is decelerated according to one major parameter which is the density of the surrounding interstellar medium as a
main parameter affecting the development and determination of the lifetime of each remnants for example the
entrance of IC443 to the dens molecular cloud (that lie in the northern portion of the remnant) made the remnant
experience an increasing in its mass which may reach a value of 1400 Mg. Consequently, its expansion velocity
has been reduced to a value of 83 Km-s ' and with current radius13.4 pc. In addition to that, each of Equations
(6) and (1) can be used in order to find when each remnants of type II supernova enters to radiative phase and
what its physical properties will be. When those equations were applied on our selected remnants, we came up
with the results that listed in Table 4 which show that (for example) the remnants of IC 443 undergoes into a di-
ative phase sooner than the other remnants even sooner than SN1987A even though they have the same inraterstel-
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Figure 3. Variation of the radius and velocity of Type II SNRs with age. (al) and (a2) by applying Equations (3) and (4)
while (bl) and (b2) by applying the present model (Equations (6) and (7)).

Table 3. Comparison between the present CPM. and our model results and others published elsewhere.

Velocity (Km-s™) Radius (pc)
SNR
Our CPM. Researchers Our CPM. Researchers
G1.9+0 14200 11700 14000 [14] 4.37 4.7 4.7[14]
kepler 2360 2420 1550 -2000 [17] 6 4 4[15]
Tycho 2442 3147 1500 - 2800 [18] 5.4 5.6 3.7[18]
1006 1755 4436 2890 + 100 [19] 8.6 18 7.1-75[19]
SN 1987A 6246 4113 4000 [21] 0.78 0.49 0.39 [20]
Cas A 1755 3872 1000 - 1500 [22] 3.32 5.055 2.637 [22]
Crab 1220 1414 1500 [25] 6.1 3.41 3.4[24]
Cygnus loop 260 224 200 - 300 [29] 23 9.6 20 -25[28]
1C443 83 101 65-100 [30] 13.4 11.1 9.6 [31]-15([32]
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Table 4. The physical properties of the selected remnants at the beginning of the radiative phase.

Crab Cygnus

nebula loop LiAi Y

Parameter Unit G1.9+0 kepler Tycho 1006 SN 1987A CasA

theginning of radiative phase YT 227x10*  7x10*  75x10* 24x10* 2x10* 1.46x10* 4.28x10* 3.57 x 10* 1.04 x 10*

R Pc 63.9 19.7 27.5 100.7 17.6 13 17.62 22 725
v Kms™ 280 279.5 364 417 394 355 163.6 244.6 277
T Kelvin ~ 1.8x10° 1.77x10° 3x10° 3.9x10° 3.5x10° 2.86x10° 0.6x10° 1.35x10% 1.7 x 10°
M Mo 255 25 135 3321 557 336 279.5 217.6 389

lar density. The reason behind that, is the relatively lower explosion energy of IC 443 made it entered to the ra-
diative phase earlier than the remnant of SN1987A. Which means that, not only the density of the medium de-
termine the transition time to the radiative phase but there is another is another important parameter that play a
significant role in this transition which is the explosion energy as demonstrated in the result of the remnant of
Crab nebula and Cygnus loop which they will take longer time in order to enter into radiative phase according to
their explosion energy and interstellar density.

4. Conclusion

The aim of this study is to show that all the remnants of supernovae have the same behavior as each other after
1000 years from the explosion but are shifted up or down depending on the one and the only parameter that ef-
fects the development and determination of the lifetime of each remnant which is the interstellar density in
which they explode since after this time the explosion energy will not have the strength influence on the expan-
sion and specially in the radiative phase. According to our model, we can calculate the expansion velocity and
the radius of any supernova remnant (type Ia and type II) after 1000 years from its explosion by knowing only
the density of the medium. When we applied our model on those selected remnant, we indicated that SNR which
exploded under low density environment would expand freely and take almost a uniform shape (as almost all
type Ia SNR and some of type II SNR such as Crab nebula, CasA). And it takes longer time in order to enter the
radiative phase. On the other hand, the remnant that evolves primarily in the interclump medium, which has a
density n = (5 - 25) H atoms per cm’ such as IC443 (one of the best studied cases of supernova remnants inte-
racting with surrounding molecular clouds) and SN1987A (that surrounded by a region with presupernova mass
loss), will have ununiform shape. Since it interacts with the dense clumps, the molecular shock fronts is driven
by a considerable overpressure (pressure driven snowplow) compared with the pressure in the rest of the rem-
nant, and thus the remnant enters the radiative phase earlier than other remnants
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