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The evolution of supernova remnants is investigated numerically
for the various abundances of the ambient medium in order to see the
effects of a supernova explosion on the interstellar gas in various
stages of the galactic evolution. It is shown that the time-
evolution of a supernova remnant is delayed with the decrease in the
heavy element abundance because of the suppressed cooling efficiency
in the gas, and that the dynamical behavior of a remnant in the
regime of z (the ratio of heavy element abundance to cosmic one) less
than 107? is essentially the same as that in the case of no heavy
element. The heavy element cooling also affects properties of dense
shell behind the shock front, and the kinetic energy and the radius
of a remnant. A discussion is given that the pressure in the hot
gas, prdduced by supernova explosions, could be sufficiently high to
support against the gravitational contraction in the initial phase
of the Galaxy.

Keywords: Evolution of supernova remnant, Heavy element
abundance.

§1. Introduction

It has been recognized that the supernova explosion plays an important

role in the dynamics of the galactic gas, and also provides the heating and

1)
2,3,4)

the ionizing sources of the galactic gas such as cosmic rays and X rays.
Hitherto many authors have studied the gas dynamics of supernova remnants
and the nature of the galactic gas which is dominated and regulated by super-
nova explosions has been discussed extensively.5’6)

The previous investigations are, however, restricted to the "present"
state of the galactic gas, which has the "Population~-I abundance" of heavy
elements. The heavy element abundance is considered to be increasing from
nearly zero to the present cosmic abundance with supernova explosions in the
course of the galactic evolution. Heavy elements affect the thermal and the
dynamical behaviors of supernova remnents through its cooling ability. On the
other hand the supernova remnants themselves consist of the galactic gas,
affecting the properties of the galactic gas.
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In the present paper we investigate numerically the evolution of super-
nova remnants for the various abundances of the ambient medium in order to see
the effects of supernova explosions on the interstellar éas in various stages
of the galactic evolution.

The model and some assumptions for numerical experiments are described in
section 2, and the numerical results are presented in section 3. In section 4
the results are summarized and the implications of the results.are discussed
concerning the early evolution of the Galaxy.

§2. Model

We investigate the evolution of a supernova remnent using the following
set of equations:

_g_g.: —pV.V (1)
av 1

E: ——p—vP’ (2)
du P d

-dT= —pL +FE% 7 (3)
2 - - ngxaPN(m) + g-x) + ng (Amx)C(T), @)

and 4
P = ntkT. ().

Here p,V , P, and T are the mass density, the velocity, the pressure and the
temperature of the gas, respectively. U is the internal energy per unit mass,
L is the net cooling rate per unit mass, ng is the electron number density, X
is the ratio of the electron number density to that of hydrogen, ng is the
total number density of free particles, and k is the Boltzmann constant. The
ratio of helium to hydrogen number density, nHe/n, is assumed to be 0.1, and
the ionization degree of helium is adopted from the equiltibrium calculation by

Shapiro and Moore.7)

C(T) is the collisional ionization coefficient of
hydrogen, a(z)(T) is the hydrogen recombination coefficient excluding the
recombination to the ground state, and r is the photoionization rate including

 both direct photoionization and ionizations by secondaries. The values of
C(T) and a(z)(T) are given by Spitzer,l) and ¢ is estimated from the cooling
radiation as stated below.

We separate the cooling function into the light-element terms and the
heavy-element term in order to see the effects of cooling by the heavy elements.
Then the net cooling rate per unit mass consists of four terms:

L=LH+LHe+LZ-Lph, (6)

where LH' LHe' and LZ are the radiative loss by hydrogen atom, helium atom,

and heavy elements, respectively. Lph is the heating due to photoionization.
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As for Ly we consider the loss due to collisioha; excitations, radiative re-
combination, and bremsstrahlung radiation, with the values given by Spitzer}l)
For LHe we take account of only the loss due to La—excitation (13048), which
is the important coolant at TA10°K when the heavy element abundance is less
than about 1/30 of the cosmic one, and we use the cooling rate given by Stern
et al.B) As for L, we use the cooling rate given by Shapiro and Moore7) for
T>2x10%K, and by Dalgarno and McCrayg) fbr T<2x10"K both for cosmic abundance.
In the temperature region, 10“sT<10%°K, the cooling by the collisional excita-
tion of highly ionized heavy elements dominates the cooling by light elements
for the cosmic abundance. In the region T<10*K the cooling is only by the
collisional excitation of low ionized heavy elements. In the region Tz10%°K,
where bremsstrahlung is the main cooling process, the cooling by heavy elements
is less by a factor of about 3 than that of light elements.

Obviously Lz is proportional to the amount of heavy elements, and we treat
the ratio, z, of the total abundance of heavy elements to the cosmic one as a
parameter to represent the amount of heavy elements. Here we assume simply a
constant relative abundance among the elements, though it may change during the
galactic evolution.

To estimate the photoionization rate, ¢, and the heating rate, L we

have to calculate the photo-emissivity in the supernova remnant. Herghwe
assume no ioﬂizing photon comes from outside the remnant. We compute the ion-
ization rate for two energy ranges, 13-41 eV and 41-150 eV. Beyond 150 eV, the
luminosity and absorption cross-section are small. The mean energy in the
former range is about 26 eV, which is sufficiently low that ionization by
secondaries can be neglected. The mean energy for the latter range is taken

to be 100 eV, and the data on the heating energy and the number of secondary
ionizations produced per photoionization are given in Dalgarno and McCray.g)
The radiation spectrum as a function of temperature is estimated from the work

by Stern et al.s)

10)

using equilibrium calculations of ionization degrees by
Jordan.

We neglect the radiative transfer, which is important when a dense cool
shell has formed, and assume the whole remnant is optically thin to the ioniz-
ing radiation, if not mentioned espécially. We also consider another case that
the dense shell is completely thick (z=0) after the formation of the neutral
shell. As will be discussed in section 3-b, the dynamics of supernova remnants
is scarcely different between the tow cases.

For numerical computations we assume spherical symmetry and the time
evolution of a supernova remnant is pursued by a one-dimensional Lagrangian
hydrodynamic program with artificial viscosity. Initially the supernova
energy Eg is deposited as a heat in a uniform medium with density ng and

3)

temperature Ty in a similar way to Chevalier. Computer runs were performed
for E0=3.7x105°erg, and the temperature of the ambient medium was assumed to

be 10K and pre-ionized, while the initial density and heavy element abundance
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in the medium were assumed to have various values likely to occur in the
galactic evolution. The results for other choise of EO can be obtained by

scaling the computed results.3'4) Lagrangian mesh points were used between
80-120, and rezoning of the mesh points was carried out during the expansion

of the blast wave.

§3. Results

a) Evolution of supernova remnant in a medium with cosmic abundance

As the evolution of a supernova remnant in the case of 2z=1 has been dis-
cussed in detail by previous authors, we here briefly inspect this case for
comparison with other cases. The results of numerical calculation for n0=0.l
cm™? are displayed in Fig. l-a, b, and ¢, where the hydrogen number density n,
the temperature T, and the pressure of the gas are plotted against the radial
distance R, respectively at four epochs. Until the first epoch, (1) 9.71x10*
years after the supernova explosion, radiative cooling is not yet important
and the situation is well described by the adiabatic similarity solution given

by Sedov.lz)

When the temperature of the shock front decreases down to about
5x10°K, the cooling by heavy elements causes the temperature to drop behind
the shock front at epoch (1). Because of the drop in pressure, a cool dense
shell forms behind the shock front at epoch (2), 15.28x10%years, when the
density of the shell reaches its maximum. After this epoch the velocity of the
shock front decreases, hence the pressure in the dense shell falls, givingvless
compression. The density in the shell decreases gradually, while the mass of
the shell increases (see the results at (3) and (4) in Fig. l-a. The tempera-
ture of the dense shell decreases slowly to about 5000 K at the epoch (4),
about 10°%years after the explosion.
Fig. 2 shows the radius Rs of the shock front, as a function of time, and

Fig. 3 shows the temperature Ts of the shock front as a function of the radius
(see the curves for z=1). In the adiabatic phase Rs is well approximated by
the Sedov solution, Rsatzé, which is represented by the left thin straight line
in Fig. 2, and by the thin straight line in Fig. 3, respectively. When the

shock front temperature drops to about 5x10°K, the pressure behind the shock
. front drops because of rapid cooling as stated above. The gas flows into the
pressure dip, so the velocity of the shock front decreases, departing from the
Sedov solution. The shock temperature drops rapidly until the density of the
shell reaches its maximum. This transient phase corresponds to a isothermal
spherical shock solution,lB) RsmtVﬁ. The shell loosen after the maximum
density, and then the velocity of the shock front, hence the shock temperature
also increases slightly, as seen in Fig. 3. 1In the last phase the shock front
propagates approximately as Rsmtyé, which is represented by the right thin line
in Fig. 2. This relation coincides with that given by Chevalier,>) R_«t03
at the same phase for the case n0=0.01 cm~?® and z=1l, or Rscxt‘L31 for n0=l cm” 3
and z=1 case. This last phase will continue until the velocity of the shock
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front approaches the sound velocity of the ambient medium.
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Fig. l-a, b, and c¢. Profiles of (a) hydrogen number density, n; (b) tempera-
ture, T; and (c¢) gas pressure, P, at four epochs in the evolution of a 3.7x
10°° erg supernova explosion in a medium with z=1, n,;=0.1 cm™3 and T0=10“K.
Each curve is labelled by the time elapsed after the supernova explosion in
units of 10%yr.
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b) Effects of heavy element abundance

Computer runs were performed for various values of z in the possible

range, 0<z<l. If z is less than about 1/30, the He cooling dominates the
cooling by heavy elements at T™.10%°K, and the cooling efficiency does not depe
on z. Therefore the evolutions in the case of z less than about 10™2 can be
almost the same as that in the case of z=0. This is confirmed by numerical

results. We here inspect the characteristic three cases of z=0, 0.1, and 1
all for ny=0.1 cem™? as the representatives.

Figs. 2 and 3 display the results for z=0, and 0.1 as well as those for
z=1 which is discussed in the previous subsection. As shown in the figures,
the decrease in z results in the delay of the evolutionary phases such as the
shell formation epoch, though the qualitative features of the evolution are

not changed.
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Fig. 2. The radius of the shock front Fig. 3. The temperature TS of the
as a function of time for the three shock front as a function of the
cases of z. The left thin straight radius for the three cases of z.
line represents the Sedov solution, The thin straight line represents
RS«t°”, and the right one represents the Sedov solution.

the relation, Rsmtva.
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Fig. 4-a and b. Profiles of (a) hydrogen number density n, and (b) tempera-
ture at the three characteristic epochs for the three cases of z. The given
values of the ordinate are for the case of z=1l. The curves for z=0.1l and 0
are shifted downward in Fig. 4-a, and upward in Fig. 4-b, by one and two
orders of magnitude, respectively. The thin level lines represent the
ambient interstellar values, n0=0.1 cm™3 and T0=10“K. The time of each epoch

is given in Table 1. Epoch (2) for z=1 is omitted for greater clarity.
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Table 1. Characteristic times and the radius for the three cases of z
z | ty(yr)® Ry(pe) | t,(yr) Ry(pe)| t3(yr)  Ry(pe)|(t3-ty)(yr) np../n,
0.97x10°  43.6 1.39x%10° 49.4 1.53x10° 50.3 0.56x10° 70
0.1 1.64 53.7 2.97 66.0 3.87 70.8 2.23 25 '
0.0 2.56 63.6 3.89 74.7 5.86 84.4 3.30 15

Fig. 4-a shows the density profiles at some epochs for

of z.

case z=1l.

orders of magnitude in the ordinate scale, respectively.

The given values of the ordinate are hydrogen number density for the

The curves for z=0.1l and 0 are shifted downward by one and two

the three values

Each profile repre-

sents the characteristic epoch: .(1) is the epoch when the temperature behind
the shock froht first drops lower than that of the shock front, t=tl, (2) is
when the dense shell forms with the temperature decreased to about 10K, t=t2,
(for z=1 the density profile at this epoch is not represented because it is
very close to that at t=tl), and (3) is when the densityrof the shell reaches
The times elapsed after the supernova explosion till each
The
table also. lists the radii of shock fronts at each epoch for the three cases.

its maximum, t=t3.

epoch as well as the shell formation time, t3—tl, are given in Table 1.

The delays of the characteristic epochs and the longer shell formation time
for the smaller value of z is obviously attributed to longer cooling time for
smaller z, and hence the radii at the characteristic epochs become larger for
smaller z.

The last column of Table 1 is the ratio n
of the shell to the ambient density. If we assume an isothermal shock at the
shell formation epoch, the ratio is given by ns/n0=v;/ca, where v

s is the

velocity of the shock front and Cy is the sound speed in the ambient gas,

ax/nO’ of the maximum density

hence the difference in the maximum density of the shell can be explained by
that of the shock speed when the effective cooling acts in the shell.
4-a

Fig. 4-b shows the temperature profiles at the same epochs as in Fig.

for the three cases of z. The temperature values of the ordinate are for z=1.0.

~The curves for z=0.l1 and 0.0 are shifted upward by one and two orders of magni-
It is remarkable that the temperature in the dense shell
behind the shock front at the epoch (3) is about 10*K for all cases of z

contrary to the case n0=1 cm”®

tude, respectively.

and z=1 for which the numerical calculation
shows that the shell temperature rapidly drops to 10-102K at the shell forma-

tion epoch.3’4)

The temperature of the shell is practically determined by the
balance condition between the radiative cooling by heavy elements such as C+,
o, Fe+, and Si+, and the heating by photoionization. Since the dense shell
becomes optically thick to the hard-ultraviolet radiation, our assumption of
optically thin is invalid then, and this may cause the shell temperature high
unreasonably.

The assumption is, however, appropriate as following. We can
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estimate the behavior of the optically thick shell setting =0, then the
temperature of the shell drops within the cooling time scale 3x106(nsz)'1years
provided that x=10"?. For nsz%3, the typical value for the nO:O.l cm™?® and
z=1 case, the cooling time scale is about 10° years, which is approximately
the same as the dynamical time scale of the supernova remnant. The cases of
further small n,z (noz<él em™®) the cooling time in the shell, of cause,
exceeds the evolution time, hence the formed shell will be relatively warm
(Tnv10%%K) and rarefied (ns/nONIO) regardeless of the optical thickness, as
confirmed by several numerical calculations for various values of nyz less
than 0.l1l.° Thus it seems that dense, cold shell as the interstellar "standard
cloud"l) does not forms during the evolution of supernova remnants in the
interstellar medium of low n,z.

The abundance of heavy elements also affects the energetics of a whole
supernova remnant. The energetics for the three cases of z are represented as
a function of the remnant radius in Fig. 5, where the curves labeled by E in

represents the kinetic energy, the curves in the middle represent Ek plus

in

the internal energy Ein and the curve labeled by E represents the total

t’ tot
energy within a supernova remnant all in uni?s of the initial supernova energy

Eq- (Etot minus the curve E +E. denotes the energy radiated away). The

total energy increases due tglghelgﬁternal energy added by surrounding gas
which is assumed to be ionized and T=10"K. The kinetic energy is conserved in
the adiabatic phase, increases temporarily when the material is accelerated
into the dense shell, then decrease because of dissipation at the shock front.
The internal energy is radiated away in the cooling phase, vastly in a shell
formation epoch, then turn to increase because of expansion into the surround-
ing gas and the decrease of cooling efficiency by radiation. The small tempo-
ral increase of E

and rapid decrease of Ei are more prominent for large z.

kin nt
In the case of small z a large amount of the internal energy remains in

the inner hot region, and the kinetic energy is transported to the larger

radius. The results show that the decrease in the kinetic energy after the

. aR—26
kin s
of z values. If we estimate the kinetic energy available to stir up the

epoch of the maximum shell density is approximated by E independently
interstellar medium as that at the time when the shell velocity has slowed
down to 14 km s~ !, the rms velocity of random motion of the interstellar
cloud,l) it is found to be 6, 8, and 10 percent of the initial supernova

¥ and for z=1, 0.1, and 0.0, respectively. If the ultimate

energy for n0=l cm”
radius of a supernova remnant is limited to a certain range, say RsmlOO pc,
because of, for example, coarescence with other remnants, the available kinetic
energy is 6, 10, and 17 percent for z=1, 0.1, and 0.0, respectively. Any how
the supernova remnants supply the larger kinetic energy accordingly as the

heavy element abundance decreases.
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Fig. 5. The energetics for the three cases of z as a function of the remnant

radius Rs’ The curves labeled by E represent the bulk kinetic energy,

kin
the curves in the middle represent Ek
the curve labeled by Etot

remnant all in units of the initial supernova energy EO'

in plus the internal energy Eint'

represents the total energy within a supernova

and

§4. Summary and Discussion

In the present paper the evolution of a supernova remnant is pursued
numerically for the various abundances of the ambient medium. The results are
summarized as follows:

(1) If the abundance of the heavy elements is low, the cooling rate at
T.10*°"¢°K is reduced so that the dynamical evolution of a supernova remnant
is delayed. ' The cooling by the heavy elements at high temperature of T>10"K
is negligible compared with the cooling by H and He atom if z<<3x107?, then
the evolutionary features are similar to the metal free case of z=0.

"(2) Since the cooling at low temperature of T<10*K is also reduced in
‘the medium of the low heavy element abundance, the physical properties of the
. shell formed behind the shock front markedly differ from the case of z=1 and
ﬁoﬁl cm'3. The temperature T, and the density ng in the shell have the values
of TsmlO“K and ns/nowlo, respectively, in the case of noz<<l, while TSNIOZK
and ns/nomlo“ in the case of njz=1l.
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(3) The kinetic energy of the remnant is estimated at the time when the
shell velocity has slowed down to 14 km s—!, the rms velocity of the random
motion in the interstellar gas. It becomes larger as the heavy element
abundance decreases.

(4) The final rad%us, RSNR’ of a remnant when the shell velocity :reaches
14 km s™! also becomes larger for the lower values of z. The final radius of
z=0 is found to be 25 percent larger than that of z=1.

To consider the effects of supernova explosions on the galactic evolution,

we now introduce a parameter f defined as f=V G’ where V is the

sNrBsn " snr”Y SNR
volume of a supernova remnant, TSNR is the life time of a supernova remnant,

BSN is the birth rate of supernovae in the Galaxy, and V. is the volume of the

G
Galaxy. The parameter f means the filling factor of supernova remnants in the

Galaxy if £<l1.

The value of f under the "present" condition of the Galaxy is estimated
as fn0.06. Here RSNR is given by the present computation for z=1 on n0=l cm™ 3,
the mean gas density in the galactic disk, then Venr 1S 2x10°pc?. Tgyr 1S the
cooling time scale of the hot interior of a remnant. Vg is 1.3x10" pc?® if the
Galaxy has a radius of 15 kpc and the thickness of 200 pc. BSN is ~1/30 y~!
L The above value of f shows that the hot gas in the

supernova is isolated in the galactic disk.

in the "present" Galaxy.

In the early phase of the galactic evolution, both the gas density and
the heavy element abundance are supposed to have lower values, and the birth
rate of supernovae is higher than that at the "present" Galaxy. These all
make the value of f larger, and the state of the galactic gas will be much
different from the "present" interstellar gas. We here consider the initial
contracting phase of the Galaxy adopting the evolutionary model of Daido,l4)
which can properly explain the distribution of the heavy element abundance in
the halo objects. In the early phase of the galactic contraction, the galactic
radius, the hydrogen number density, and the heavy element abundance are 50
kpc, 107%cm™%, and less than 10”2, respectively. The time scale, VG/VSNR Boy
in which the filling factor becomes 1 is 1x10° years, which is somewhat shorter
than the free-fall time, 3x10° years, of the overall Galaxy with the mass
2><10“MO and the initial radius 50 kpc. Therefore the filling factor of the
hot gas will eventually exceeds 1 before the contraction completes. The newly
formed supernovae are to explode in the hot gas. The galactic gas is heated
further and kept at high temperature of 10°K, and the cooling time scale is
210° years, much larger than the free-fall time. The pressure of the hot gas
will sufficiently high to support against the gravitatioﬁal contraction, and
the initial contraction of the Galaxy is supposed to be much slower than the
free-fall contraction due to gravitation. This conclusion is compatible with
the "slow' contraction model obtained from the kinematical study of old stars
and from the study of the chemical evolution of the Galaxy.l4)

15)
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