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ABSTRACT 
We have computed the He n, He i, and H i spectra (lines and continuum) for a model of Type I supernovae 

consisting of a spherically expanding shell with a stratification of ionization. We have assumed three different 
laws for the variation of the density p(v) with the expansion velocity v in the shell [p # po(volv)2; p # pu and 
P ä p2(volv)3]i and have determined p0, pi, or p2 by comparison of our theoretical spectrum with the observed 
spectrum of SN 1972 in NGC 5253 corresponding to the same stage of evolution. Helium is the most abundant 
element, but hydrogen must be present in the bulk of the ejected material if we want to explain the observed 
stratification of ionization. The relative abundance of H and He varies with the density law adopted. For all the 
density models the temperature Te in the inner layers of the shell must be close to 20,000 K. The expansion of 
the shell cannot be adiabatic, and our model requires the presence of a neutron star inside the shell. 
Subject headings: abundances, stellar — supernovae 

I. INTRODUCTION 

Different interpretations of Type I supernovae 
(SN I) have been proposed during the last few years. 
In the model of Morrison and Sartori (1969) the spec- 
trum is composed only of emission lines formed in a 
diffuse circumstellar medium (presupernova shell) 
excited by ultraviolet photons produced during the 
explosion. Gordon (1972) has interpreted the spectrum 
as emission and absorption lines over a weak con- 
tinuum whereas Kirshner et al. (1973) have interpreted 
it as a superposition of emission and absorption 
lines over a strong continuum. The most recent paper 
is that of Mustel (1974), who considers only the 
presence of absorption lines over a continuum. 

Calibrated spectra of the Type I supernova SN 
1972 in NGC 5253 have been recently published by 
Kirshner et al. (1973). As the distance of NGC 5253 
is known to be 4 Mpc (Sersic, Pastoriza, and Carranza 
1972), we have for the first time the opportunity to 
test on absolute data the model of Type I SN shell that 
we have previously proposed (Gordon 1912b). In this 
model each layer of the shell expands with a velocity 
v which is proportional to the radius r. The lower 
velocity is í;o ^ 108 cm s-1, and velocities up to 
v x 2 x 109cms_1 exist in the outer layers where 
the Ha absorption line is formed. Different theoretical 
models have predicted the existence of such dispersion 
of velocities (Colgate and White 1966; Hansen and 
Wheeler 1968) and have also given a variation of the 
density p(v) with the velocity v of the type p(v) x v~71. 
Using the identification of the different systems of 
absorption lines, we have shown (Gordon \912b) that 
a stratification of ionization exists in the shell. Helium, 
the most abundant element is successively in the state 
of He++ (zone A from a velocity v0 to a velocity 
tfi), of He+ (zone B from v1 to v<¿), and of He0 (zone 
C from ^2 UP to # 2 x 109cms_1). The He n 
spectrum is formed by recombination in zone A, the 

He i spectrum by recombination in zone B. Ha is 
absent in emission in the late stages of evolution of 
SN I 1937 in IC 4182 {t > 275 days). At that time the 
shell is optically thin and we see the inner regions of 
the shell. This lead us to believe (Gordon 19726) that 
the shell is poor in hydrogen. In this paper we will 
discuss more precisely the relative abundance of 
hydrogen and helium and show that hydrogen must 
be present in the bulk of the ejected material. 

Our first set of computations, whose results are 
given here, corresponds to a time t of 30 days after the 
explosion. At that date the three ionization zones A, 
B, and C are defined by the velocities vQ # 108-1.4 x 
108 cm s_1, ^ 7.5 x 108 cm s_1, v2 ^ 1.3 x 109 

cm s-1 and v3 x 2 x 109 cm s“1. 
We have computed successively the He n and H i 

spectra produced in zone A, the He i and H i spectra 
produced in zone B, the H i spectra produced in zone 
C for the three density laws p x v ~n with n = 2, 0, or 
3. Our final model, computed taking in account the 
absorption in zone B or C of the radiation emitted 
by zone A, is compared to the observed spectrum of 
SN 1972 in NGC 5253 corresponding approximately 
to the same stage of evolution of the SN I shell. 

II. GENERAL PROPERTIES OF THE MODEL 

The zones A, B, C are ionized by a primary radia- 
tion which can be formed around the pulsar or in the 
innermost regions of the ejected shell (region X) 
heated to a high temperature Tx by the absorption of 
magnetic dipole radiation or energetic particles. Our 
model does not depend upon the way the energy 
released by the pulsar is transferred to the shell. 

a) In zone A, helium is doubly ionized; hydrogen, 
if present, is totally ionized. The heavy elements C, 
O, Fe, Mg, ... are also highly ionized by absorption 
of the primary radiation. They emit ultraviolet 
photons (hv > 54 eV) able to ionize He + . We do not 
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know the abundance of these heavy elements, nor do 
we know the frequency dependence of the primary 
radiation, and we cannot compute the degree of 
ionization of He+. We introduce a parameter c = 
«1(He+)/«e where w1(He+) is the population of the 
ground level of He+ and ne the electron density. This 
parameter will characterize the degree of ionization 
of He + in zone A. 

We do know that in zone A, the total number of 
recombinations «rec(He+ +) of He++ to He+ is equal 
to the total number of photoionizations from He+ to 
He+ +. The recombination time at i # 30 days is very 
short for all the density models (rr # 10-100 seconds) 
and ionizing photons must be continuously provided 
to zone A. If the shell is optically thin, we can estimate 
from «rec(He+ +) the energy furnished to the shell by 
the neutron star. In zone A, He++ will recombine, 
emitting the He n spectrum. In the absence of H in 
zone A, the He n La and Balmer continuum photons 
escaping the zone A will ionize He0 to He+ in zone B. 
However, if H is present, a part of these photons will 
be used to ionize H. The electron temperature Te in 
zone A cannot be determined directly from the energy 
balance since both heating and cooling rates are 
unknown. Te is determined empirically from the 
comparison of the observed and computed spectra. 

Zone A is limited by a velocity corresponding to 
the blueshift of the absorption line He i A5876 formed 
in zone B. 

b) In zone B, helium is singly ionized by absorption 
of the primary photons with an energy 24 éV < hv < 
54 eV and by absorption of the He n La and Balmer 
continuum photons produced in zone A. The total 
number of recombinations of He+ to He0 gives us an 
upper limit on the number of He n La and Balmer 
continuum photons escaping the zone A. We have 
assumed that the absorption of photons with an 
energy hv > 24 eV is complete in zone B. 

He+ will recombine, emitting the He I spectrum. 
Lines of He i are observed in emission and in ab- 
sorption. The opacity of the He i continuum due to 
absorption from the levels n = 2 must be large to 
explain the lack of ultraviolet (A < 3500 Â) emission 
in the early stages of evolution of the SN. But as we 
see the He n lines in the visible spectrum, the thickness 
of zone B at these wavelengths must be smaller than 
the thermalization length in the He i continuum 
throughout the visible range. The He i A584 resonance 
line can be absorbed in zone B to ionize H, or it can 
escape zone B and ionize H and heavy elements in 
zone C. In zone B, Na will be ionized to Na+2 by 
absorption of He n Lß photons and Ca will be ionized 
to Ca + 3 by absorption of He n Ly and L8 photons. 

The He i absorption line A5876 which has a maxi- 
mum of absorption close to vu and disappears at a 
wavelength corresponding to a velocity v2 ~ 1.3 109 

cm s_1. We have chosen this velocity to limit zone B. 
c) In zone C, helium is neutral. The Fe n absorption 

lines are formed in this zone. The presence of Ha in 
absorption with a blueshift corresponding to î; æ 
1.9 x 109cms“1 (position of the maximum of ab- 
sorption) shows that H does exist in this zone. Our 

model must explain this Ha absorption. Our computa- 
tions show that Ha has a maximum of absorption at 
the end of zone C (H+ zone), and we set v3 x 2 x 
109 cm s-1. In zone C, Ca will be mainly in the state 
of Ca+2 and Na in the state of Na+. The recombina- 
tion spectra of Ca n and Na i are formed in that 
region. The radial velocities corresponding to the 
maximum of absorption in the Ca n and Na i lines 
must be similar. The maximum of absorption in the 
line A8600 of Ca ii corresponds to ü # 1.3-1.5 x 
109 cm s_1 while the maximum of absorption in 
A5890 of Na i corresponds to v x % x 108 cm s_1 if 
the line in absorption is identified with A5730 (Kirshner 
et al. 1973). The main contribution to the absorption 
line A5730 must come from He i A5876. 

III. STUDY OF THE He+ + ZONE (ZONE A) 

The electron temperature Te and the degree of 
ionization of helium (parameter c) are supposed to be 
constant throughout the zone. The electron density 
at a velocity v9 ne(v), follows the same law that the 
mass density ne(v) = net0(v0/v)~n where net0 is the 
electron density in the innermost regions of the shell 
of velocity v0; the index n will take successively the 
values n = 2, n = 0 and n = 3. The hydrogen abun- 
dance is characterized by a parameter [a] = A(H)/ 
A(He) where N(H) and A(He) are the total densities 
of all the helium and hydrogen ions and atoms. Zone 
A is defined by the four parameters Te9 net09 c, and [a]. 

a) Continuum Spectrum 

Photons are created by free-free eff and free-bound 
emission €fb of He+ and H. They are absorbed by 
free-free or bound-free absorption of He+ and H and 
scattered by Thomson scattering. The total optical 
depth at each frequency v is 

tv = re + rff>v(He+ + H) + rbf>v(He+ + H). 

The optical depth rbf>v depends upon the populations 
of the different bound levels of He+ and H which 
are solutions of the statistical equilibrium equations 
relative to He+ and H. 

We have already shown (Gordon 1972è) that, at 
i = 30 days, re » (rff + rbf) in the visible range. The 
medium will be optically thin at a frequency v if 

Tv1 = Î{3Tc(lO[Tbf» + T«»]}1'2 < 1 . 
Vo 

If Tv1 > 1, photons produced in the inner layers of 
the shell may be destroyed before escaping, and the 
radiation transfer in the continuum must be solved to 
know the emerging intensity. 

b) Formation of the Line Spectrum 

The expansion velocity in the shell greatly exceeds 
the thermal velocity of atoms. The computation of the 
radiation transfer for line photons is replaced by 
the computation of their escape probability ß by the 
method introduced by Sobolev (1960), where we have 
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taken in account the increase of velocity v(r) with the 
radius following the law r — v(r)t, where t is the time 
in seconds elapsed since the explosion. This escape 
probability ß is similar to the simplified probability 
used by Castor and Van Blerkom (1970). 

If tVo
1 > 1, line photons of frequency v0 may be 

absorbed in the continuum. If vv* is the velocity at 
which r/ æ 1, we suppose that at frequency v only 
line photons produced in the layers of velocity v > vv* 
can escape. The value of vv* corresponds to the inte- 
gration over zone A only, and in our final model the 
line intensities will be corrected for the absorption in 
zone B. 

For a transparent shell the total width of the line 
is 2AA = IXqvJc. However, our computations show 
that the broadening by Thomson scattering is large, 
since for most of the models which may be solutions 
re(zone A) æ 10-30 and re(zone B) ^ 1-2. For that 
reason we have computed not the line profiles but 
only the line total intensities. 

c) Method of Computation 

We divide the shell into layers of thickness A/z = 
íAü; and in each layer characterized by the parameters 
ne(v), Te, c, and [a], we solve the statistical equilibrium 
equations for an He+ or H atom represented by eight 
levels and a continuum (Gordon 1912b). We have in- 
cluded all the radiative and collisional processes be- 
tween the levels and continuum. For He+ we have 
the value of «1(He+) determined by c. For H, the 
degree of ionization is computed directly in each zone 
(see § Hie). 

We compute rf for 16 frequencies distributed in the 
spectrum. If rf < 1 in the visible range, lines and 
continuum intensities are computed as if the medium 
were optically thin. This is the case for the models 
p ä constant {n = 0). 

If rf > 1 in the visible range, we have to solve the 
radiation transfer in the continuum. To avoid the 

complexities of the solution of the radiation transfer 
for a spherically symmetric atmosphere, we have used 
the following simplifications which are justified at 
¿ æ 30 days when more energy is emitted in the lines 
than in the continuum. 

If vv* < 2v^ we have neglected the variation of the 
flux with the radius and have considered the inner 
layers as plane-parallel. The radiation transfer is 
solved by the linearization method of Feautrier (1964) 
neglecting the frequency shift of a continuum photon 
with increasing velocity along the line of sight 
(Av/v < 10_2). The contribution of the layers of 
velocity vv* < v < vx has been computed as if the 
medium were optically thin; however, we have intro- 
duced for the emissivity e(z;) of each layer a correction 
for occultation: 

*0) = tafO) + eî\>(v)]A(v), 

A(v) = 1 - W(v) = 0.5[1 + (1 - v^lv2)112}. 

W{v) is the geometrical dilution factor. We have 
assumed that the layers with v < z;v* are opaque to 
the radiation coming from the layers where v > vv*. 

In this category are all the models with a density 
law. The density p £ Po(vo/v)2 if v is in the visible 
range v # 1014 to 7.5 x 1014 Hz. 

If vv* > 2v0, the plane-parallel approximation is 
not valid any more. As the main source of opacity is / 
Thomson scattering, the source function Sy in the 
layer where rf = 1 is equal to the mean intensity 
Iv and not to the Planck function Bv(Te). If we can 
write /v = WBv(Te\ where W is a dilution factor 
(Gordon 1973), we know the shape of the continuum 
but not its absolute intensity. As the variation of the 
radius is large in the layers where rf < 1 (larger 
volume involved), an underestimate of the continuum 
intensity can be obtained from the emissivity of the 
optically thin layers of velocity z; > z;v*. This emis- 
sivity is corrected for the effect of occultation by the 
innermost optically thick layers. 

Fig. 1.—Variation of vv* in function of v for the three models: , p x v 2, ne,o = 2.5 1011, a = 0.2, Te = 2 x 104 K, 
c = 5 x 10"8; f p ~ est, ne,o = 1010, a = 0.5, Te = 2 x 104 K, c = 5 x lO"8; P ä t;’3, ne,o = 3 x 1012, a = 0.3, 
Te = 2 x 104 K, c = 10"8. vv* has only been computed far from a discontinuity limit. 
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TAELE 1 
Zone A: Models in p = pi(v0lv)2 

Te fte,0 
(104 K) (1011 cm"3) [a] 

^(5500 Â) 
(1027 ergs 

7(4686) 
(104' 

7(10123) 
(1040 

7(6562) 
(1040 

cm~2s~1) ergss"1) ergss-1) ergss-1) 

7(Ha) 
(1040 

ergs s“1) 
N 

(La, He ii) 
Nreo 

(He+) 

2.5 
2.0 

1.5 
2.5 
2.0 

2.0 

1.5 

2.5 
3.0 
2.5 
2.5 
1.8 
2.5 
2.5 
2.5 

1.8 

1.05 

0 
0 
0 
0 
0 
0 
0.2 
0.1 
0.2 
0.3 
0.2 
0.2 
0.3 
0.2 

lO”8 

10“8 

10"8 

lO"4 

10"8 

10"8 

io-8 

10"8 

lO"8 

IO“8 

10"3 

x IO"8 

x IO"8 

x IO"7 

2.8 
3.8 
2.8 
2.1 
1.9 
3.4 
2.2 
2.7 
2.4 
2.2 
1.1 
1.5 
1.4 
0.51 

4.0 
5.7 
4.1 
4.1 
3.0 
4.6 
2.7 
3.4 
2.9 
2.5 
2.3 
2.0 
1.8 
1.6 

6.7 
8.9 
6.9 
5.6 
5.1 
7.7 
4.3 
5.0 
4.8 
4.3 
3.3 
3.4 
3.1 
2.2 

5.3 
6.2 
5.3 
5.9 
3.7 
5.8 
3.8 
5.7 
4.3 
3.2 
3.7 
3.0 
2.4 
2.3 

2.2 
1.7 
2.5 
2.9 
1.4 
1.8 
2.2 
0.98 

1.4 
1.8 
1.4 
2.0 
1.2 
1.6 
3.1 
5.5 
3.3 
2.6 
3.1 
2.1 
1.5 
1.0 

IO54 

IO54 

1064 

1063 

1063 

1064 

1062 

1052 
IO52 

1052 

1052 
1052 
IO62 

1052 

3.8 
6.2 
4.3 
4.3 
2.2 
4.9 
3.8 
4.3 
4.3 
4.2 
2.2 
2.2 
2.1 
8.5 

1062 

1052 
1052 
1Q52 
IO52 

1052 

1Q52 
1Q52 
IO52 

1052 
1052 
1052 
1052 

1051 

In this category are all our models computed with 
a density law « = 2, 0, or 3 in the far-infrared or 
ultraviolet. Figure 1 shows the variation of vv* with 
v for three of the models studied. The He++ zone 
starts at = 1.4 x IO8 cm s-1. 

d) Results for a Shell of Pure Helium 

We have first investigated a series of models follow- 
ing the density law p x v~2. The results relative to 
some of the models which may be fitting the observed 
spectrum are in Table 1 {[a] — 0). In column (1) is Te, 
the electron temperature of zone A. Column (2) gives 
the electron density «e,o at = 108 cm s_1; column 
(3) gives [a], the relative abundance of H and He. 
Column (4) gives the value of c which characterizes 
the degree of ionization of He+ ; column (5), the flux 
in the continuum at A ^ 5500 Â. Columns (6)-(8) give 
the intensities of the three He n lines ÀÀ4686, 10123, 
and 6562, corrected for occultation but not for ab- 
sorption along the line of sight for the models [a] = 0. 
The correction for absorption has been done only for 
the models [a] ^ 0. In column (9) is the intensity of 
Hex for the models [a\ ^ 0. In column (10) is the 
number of He n La photons escaping zone A, corrected 
for occultation and absorption. In the last column is 
the number of He+ recombinations in zone B com- 
puted for the same density model, the same Te, and 

assuming a(He+) = 2? ccn(He+) since the “on the 
spot” approximation will be used to compute the 
ionization of He0 in zone B. 

The intensities of the He n lines increase as net0 in- 
creases or Te decreases. In no case we can match the 
numbers in the two last columns. The number of 
He ii La photons escaping zone A is always larger than 
the number of photoionizations of He0 in zone B. 
Zone A cannot be composed of pure helium. Any 
increase of the exponent n with v in the density law 
will increase even more the discrepancy between the 
two last columns. 

In our investigations with a density law p = p0 we 
have to add a new parameter, the velocity at which, 
following Colgate and White (1966) and Colgate and 
McKee (1969), the density law shifts from n = 0 
(p = p0) to n = 1 (p x v'7). We assume that > 
7.5 x 108 cm s"1, and in § IV we discuss this assump- 
tion. The results are in Table 2. The first 10 columns 
of Table 2 are similar to the first 10 columns of Table 
1. Column (11) gives the value of for which we have 
the equality between the number of He n La photons 
escaping zone A and the number of He + recombina- 
tions in zone B. 

In all the models the shell is transparent in the 
visible range for [a] = 0. The value of correspond- 
ing to [a] = 0 will be tested in § IV (opacity of zone B 
in the visible range). 

TABLE 2 
Zone A: Models in p = p0 

<¿(5500 Â) 7(4686) 7(10123) 7(6562) 7(Ha) 
Te ne,o (1027 ergs (1041 (1040 (1040 (1040 N vé 

(104 K) (cm-3) [a] c cm"2s_1) ergss"1) ergss"1) ergss"1) ergss“1) (La, He n) (xlO8) 

2  1010 0 1 x 10"4 2.3 6.8 8.1 1.1 ... 4.3 x 1063 

2  1010 0.2 1 x 10"4 2.2 6.4 7.8 1.1 3.5 1.3 x 1053 8.4 
1010 0.2 5 x IO"8 2.2 3.7 7.5 4.7 3.5 1.1 x 1053 8.2 

2  1010 0.5 1 x IO"4 1.9 5.9 7.5 7.8 5.2 8.3 x 1052 7.9 
1010 0.5 5 x IO"8 1.9 3.3 6.5 3.3 5.1 6.3 x 1062 7.7 

2  9 x 109 0.5 lx IO"6 1.5 4.0 6.7 2.4 4.9 6.9 x 1052 8.0 
2  8 x 109 0.5 lx IO"6 1.2 3.3 5.5 1.9 4.6 5.6 x 1062 8.0 
2  7 x 109 0.5 lx IO"5 0.93 2.6 4.3 1.5 3.8 4.9 x 1052 8.1 
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TABLE 3 
Zone A: Models in /> = PzivolvJ 

769 

3 

¿(A5500Â) 7(4686) 7(10123) 7(6562) 7(Ha) 
Te ne,o (1012 (1027 ergs (1041 (1040 (1040 (1040 N Nreo 

(104 K) cm-3) [a] c cm"2s"1) ergs s'1) ergss-1) ergss“1) ergs s"^ (La, He n) (He+) 

2  3 0 IO"6 ... 4.9 6.0 9.9 ... 9.1 x 1053 6.6 x 1052 

2  3 0.2 10"4 ... 3.6 4.6 7.5 2.8 9.1 x 1052 6.5 x 1052 

2  3 0.4 10"4 ... 3.3 4.4 6.6 3.7 5.7 x 1052 6.4 x 1052 

2.  2 0.2 IO"4 ... 3.4 4.4 5.8 2.2 5.5 x 1052 3.1 x 1052 

2  2 0.4 IO"4 ... 2.9 4.1 5.0 3.2 3.5 x 1052 3.0 x 1052 

2  1 0.2 IO"4 1.9 2.1 2.9 3.5 1.4 2.4 x 1052 7.7 x 1061 

2  1 0.6 IO"4 1.7 1.7 2.5 2.6 2.4 1.0 x 1052 7.3 x 1051 

2  1 0.6 IO"8 1.9 0.84 2.3 1.1 2.4 4.8 x 1061 7.3 x 1051 

We finally investigate the models where p x v~3. 
The results are in Table 3, where only one model is 
included since in no case can we match the two last 
columns for a shell of pure helium. 

e) Results for a Shell Composed of Helium and Hydrogen 

The ionization of He+ is always characterized by 
the same parameter c. We suppose that hydrogen in 
each layer of velocity v is ionized by He n La and 
Balmer continuum photons produced in the same 
layer. 

The computations are performed as before, com- 
puting for each layer of velocity v and electron density 
ne(v) the free-free and free-bound emission of He+ 

and H, the free-free and bound-free absorption 
of He+ and H. The thermalization length Av is 
computed, and a velocity vv* is defined by 

5 ÜTeWr^iv)]1'2 = 1 • 
Vv* 

At each frequency the value of the optical depth due 
to true absorption is the summation of the free-free 
and bound-free absorptions of He+ and H. 

Figure 1 shows the variation of vv* with the fre- 
quency v. The introduction of hydrogen increases the 
opacity for A < 912Â but does not significantly 
change the opacity in the visible range. For the models 
following the density law in v~2 the equality between 
the number of He n La photons escaping zone A and 
the number of He+ recombinations in zone B is 
obtained for 0.1 < [a] < 0.3. As can be seen from 
Figure 2, the value of [a] does not depend strongly 
on the value of c fixing the opacity in the He n Lyman 
continuum, since at the wavelength of He n La the 
main source of opacity is the Lyman continuum of 
hydrogen. Zone A is very opaque at A = 912 Â, and 
photons of the He n Balmer continuum will only 
escape from the last velocity zones (Ai; æ 300 km s-1). 
In Table 1 are some of the models computed. 

For the models following a density law p Po 
(Table 2) the value of [a] cannot be determined since 
each value of [a] has a corresponding value of r4. Only 
computations of the opacity of the He+ zone in the 
visible range can tell us which value of may be 
solutions. 

For the models following the density law p x v~3 

the introduction of hydrogen increases the opacity 
at all wavelengths. The best fit can be obtained for 
ne,o = 3 x 1012 cm-3 with 0.2 < [a] < 0.4 or nefQ = 
2 x 1012 cm-3 with 0.2 < [a] < 0.5. We have omitted 
in Table 3 the value of the continuous flux at A £ 
5000 Â for the models for which the approximation 
that we used is too rough. The radiation transfer has 
to be solved for a spherical atmosphere in most of the 
cases. However, the shell becomes transparent in 
X-rays; and even if the opacity in the shell is large 

Fig. 2.—Variation of the number of La He n photons 
escaping the zone A with the hydrogen abundance for the 
model p ä v~2, ne,o = 2.5 x 1011, Te = 2 x 104 K, c = 
5 x 10_8( ) or c = 10-4 ( ). The curve (-.-) re- 
presents the variation of the number of He+ recombinations 
in the zone B as a function of the H abundance. 
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close to 228 Â, He+ can still be ionized by X-rays of 
shorter wavelength or by photons of energy hv # 54 
eV produced by an indirect process in which X-rays 
ionize the heavy elements to the stage X+n and ions 
X+n radiate photons {hv x 54 eV) absorbed on the 
spot to ionize He+. 

IV. STUDY OF THE He+ ZONE (ZONE b) 

In this zone, helium is ionized by absorption of 
He ii La photons escaping zone A. The primary 
photons with an energy 24 éV < hv < 54 eV are 
absorbed in zone A. Hydrogen is ionized by absorp- 
tion of He ii Balmer continuum photons escaping 
zone A and by absorption of photons of the line A584 
of He i produced in the same zone. 

The degree of ionization of helium in each layer 
has been computed using the “on the spot” approxi- 
mation. Each photon emitted in the continuum n = l 
of He I is immediately reabsorbed. Singly ionized 
helium recombines, giving the He i spectrum. The 
emission in the He i continuum is weak. Our main 
concern is the opacity of the He i continuum in the 
visible range or in the ultraviolet (A < 3500 Â). In the 
visible range, the main absorption is the bound-free 
absorption from the levels « = 3 of He or H. In the 
near-ultraviolet it is the bound-free absorption from 
the levels « = 2 of He i and H, with the principal 
contribution coming from absorption from the 
metastable level 2s3S of He i. 

We solve the statistical equilibrium equations 
relative to the different bound levels of He i by the 
modified Sobolev method already used for He n and 
Hi. 

First He i was represented by an atom with 13 levels. 
We took all levels n = l,n = 2, w = 3in the singlet 
and triplet systems and included one common level 
w = 4 for the singlet, and one level w = 4 for the 
triplet system. But due to the slow convergence of our 
system of 13 nonlinear equations we have done most 
of our investigations with a simplified atom of eight 
levels and a continuum. The eight levels are the singlet 
levels l^1^, n = 2 {2s ^ + 2p 1P°), n = 3 {3s1S + 
3p1P° + 3d1D), and the triplet levels 2s3S, 2p3P°, 
3s3S, 3p3P°, and 3d3D. We put more emphasis on the 
triplet system since our first computations have shown 
an overpopulation of the triplet system in comparison 
with the singlet system even in the presence of the 
transfer of populations by electron collisions between 

the singlet and triplet systems. The atomic data and 
bound-free absorption coefficients are taken from 
Mihalas and Stone (1968); the spontaneous radiative 
probability and /-values from Wiese, Smith, and 
Glennon (1966); the radiative recombination rates 
from Burgess and Seaton (1960). The free-bound 
emission of He i was computed using the relation 
between an>v{Te) and /cbf>n given by Hummer and 
Seaton (1963). 

The collisional excitation rates for the optically 
permitted transitions have been computed following 
Van Regemorter (1963). The collisional excitation 
rates between the different n = 2 singlet and triplet 
levels have been computed with the analytic formula 
of Mihalas and Stone (1968). 

The electron temperature re(B) in zone B is assumed 
to be constant with T/B) < Te{A). The electronic 
density ne{v) is deduced from the density nef0{v0) 
adopted for zone A with [a] in the range 0.2-0.3 for 
the density model in ¿?-2, [a] unknown for the models 
P ~ Pon M between 0.3 and 0.6 for the models in 
p X v~3. 

For the models p x v~2, the optical depth due to 
Thomson scattering in zone B is smaller than the 
optical depth due to true absorption in the near- 
ultraviolet, A < 3500 Â, but is larger than the optical 
depth due to to true absorption in the visible range. 

The lack of ultraviolet radiation from the SN I for 
A < 3500 implies that 

V2 

2 '’’abs.vOO » 1 for A < 3500 Â . V = Vx 

As one can see through the B zone in the visible range 
(presence of He n lines), we have at the corresponding 
frequencies 

r/ < 1 . 

The results are in Table 4. In column (4) is the value 
of r1 for A = 5000 Â. Column (5) gives the value of 
rabs for A = 3000 Â. In columns (6)-(9) are the total 
intensities corrected for occultation of the He i lines 
AA5876, 10830, 3888, 7665. As the lines AA5876, 3888 
have an absorption component which has not been 
computed, the intensities quoted in Table 4 are upper 
limits of the observed intensities. In column (10) is the 
number of He i A584 photons available for photo- 
ionization of H in zone C. In column (11) is the 

TABLE 4 
Zone B: Models in p = pi{v0lv)2 

7(5876) 7(10830) 7(3888) 7(7065) 
Te ne,o (1011 (1040 (1041 (1040 (1040 

(104 K) cm"3) [a] ^(5000) r(3000) ergss“1) ergss“1) ergss"1) ergss"1) 77(584) 7/reo(H+) 

2.5.. .. 2.5 0.2 0.72 16.9 3.9 2.5 3.6 4.3 1.4 x 1051 8.2 x 1050 

2  2.5 0.2 0.98 27.5 3.8 2.9 4.1 4.8 1.3 x 1051 8.2 x 1050 

2  1.8 0.2 0.56 21.0 2.7 2.2 2.2 3.2 8.4 x 1050 4.3 x 1050 

2  1.8 0.3 0.58 21.3 2.8 2.3 2.3 3.4 7.8 x 1050 9.8 x 1050 

1.5.. .. 1.05 0.2 0.38 29.5 1.4 1.7 0.95 2.1 3.9 x 1050 4.0 x 1050 
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TABLE 5 
Zone B : Models in p x p0 

7(5876) 7(10830) 7(3888) 7(7065) 
Te ne,0 (1010 Ü4 (108 (1040 (1041 (1040 (1040 

(104 K) cm-3) [a\ cms-1) ^(5000) r(3000) ergs s-1) ergs s“^ ergs s"^ ergss-1) V(584) VreC(H
+) 

2.5  1 0.3 7.7 1.88 1 8.0 3.9 2.2 6.8 5.6 1.6 x 1051 1.4 x 1049 

2.5  1 0.5 7.7 0.84 11.2 2.8 1.4 3.8 2.9 1.5 x 1051 3.3 x 1049 

2  1 0.5 7.7 1.1 18.0 2.6 1.6 4.0 3.2 1.1 x 1051 3.3 x 1049 

2  0.7 0.5 8.0 1.0 18.5 2.5 1.6 3.6 3.0 7.3 x 1050 1.6 x 1049 

number of H+ recombinations in zone C computed 
for Te = 104 K assuming everywhere the same density 
law, the same value of [a], and zone C limited by 
v3 = 2 x 109 cm s_1. 

The inner regions of the He+ zone must be at a 
temperature Te # (2-2.5) x 104 K for the density 
models adopted. The outer regions of zone B may be 
at a lower temperature since their contribution to the 
opacity is small. 

In all the models the opacity in the ultraviolet 
(À £ 3000 À) is large, and the ultraviolet flux observed 
by satellite (Holm, Wu, and Caldwell 1974 in the 
bands at 3320, 2980, and 2460 Â must come from the 
outer regions of zone B or from zone C (Fe n, Mg n, 
and Ca n lines) at ¿ = 30 days. The escape prob- 
abilities ß for the four He I lines included in Table 5 
are very small throughout zone B for all the computed 
models. As ß ~ 1/Tline, the four lines may have an 
absorption component on their shortward side corre- 
sponding to the absorption by He i of the radiation 
emitted by zone A. The line A584 has been corrected 
for the absorption by the H Lyman continuum along 
the line of sight. 

For the models where p = p0 until and p x v~7 

thereafter the opacity in the visible range is large and 
it seems that is in the range 7.7 x 108 to 8 x 108 

cm s_1 with a close to 0.5. The intensity of À5876 is 
small, and the line À10830 outside the range of the 
observed spectra cannot be used as a test of the model. 
The results are in Table 5. 

For the model where p ^ i>-3, the opacity of zone 
B is too large for ne^ — 3.1012 unless Te ^ 25000°K. 
If nefQ ^ 2.1012 cm-3, [a] ^ 0.5 while for nej0 = 1012 

cm“3, [a] ^ 0.6. The results are in Table 6. 

V. STUDY OF THE He0, H+ ZONE (ZONE C) 

In this zone, helium is neutral, hydrogen is ionized 
by the absorption of À584 radiation escaping zone B. 

The maximum of absorption in the line Ha occurs 
at a wavelength corresponding to a radial velocity 
v ^ 1.9 — 2.109 cm s“1. H is present throughout the 
shell but so heavily ionized that the probability of 
escape ß23 is large. Our computations show that ß23 
becomes smaller in the region where the degree of 
ionization of H decreases, at the limit of the C zone. 
The temperature Te (zone C) is assumed to be less 
than 15000° since helium is neutral in this zone. We 
have adopted Te ~ 10000°K. A variation of Te be- 
tween 8 x 103 K and 1.2 x 104 K does not change 
the results. 

Our computations start at v2 = 1.35 x 109 cm s“1 

and can be performed up to z; = 2.35 x 109 cm s“1. 
They are stopped at the velocity i?3 where hydrogen 
becomes mainly neutral since in the outer layers both 
ne and Te are unknown (photoionization of heavy 
elements such as Fe, Mg,.. .). The model is acceptable 
if ^ 2 x 109 cm s“1. 

For the models in p # z;“2, the presence of Ha in 
absorption can be explained without changing the 
abundance of hydrogen in the outer layers. While 
the intensity /(À584) does not depend strongly on the 
value of [a], the number of H+ recombinations 
>W(H+) is proportional to [a]2, and for the models 
studied 0.2 < [a] < 0.3. 

For the models in p ^ in zone C, the intensity 
of 7(584) is so large that H is completely ionized until 
v > 2.5 x 109cms"1. No absorption in Ha can be 
observed even if [a] = l. This assumption is not 
justified since on the spectrum corresponding to 
t # 250 days we have /(Ha) < /(À5876 He i). The 
shell is optically thin at that time, and we have a pure 
recombination spectrum where n(H) < «(He). To 
test our assumption of > 7.5 x 108cms_1 we 
have computed models of zones A and B with = 
5 x 108 or 6 x 108 cm s“1. In both cases Ha could 
not be observed in absorption. An increase or de- 
crease of «e#0 cannot solve the problem. We are left 

TABLE 6 
Zone B: Models in p = p2(volv)3 

7(5876) 7(10830) 7(3888) 7(7065) 
Te «e,o(1012 (1040 (1041 (1040 (1040 

(104 K) cm"3) [a] r^SOOO) r(3000) ergss"1) ergss"1) ergss"1) ergs s"1) V(584) Vrec(H+) 

2 5 3 0.3 1.0 17.7 4.3 2.6 4.7 4.9 1.5 x 1051 9.5 x 1050 

3 0.3 1.5 31.4 4.3 3.2 5.6 6.0 1.3 x1o51 9.5 x1o50 

2 .. 2 0.5 0.7 19.4 2.8 2.2 2.7 3.3 8.1 x IO50 9.9 x 1050 

2 1 0.6 0.2 8.9 1.0 1.0 0.59 1.1 3.3 x 1050 3.3 x 1050 
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T 
(lO^K) «e,o(cm-3) la] 

/(4686) 
(1041 

ergs s"1) 

7(6562) 
(1046 

ergs s_1) 

/(Ha) 
(1040 

7(5876) 
(1040 

ergss-1) ergss-1) 
7(3888) 

(ergs s"1) M/Mo 

2.5 
2 
1.5 
2.5 
2 
2 
2 

2.5 x 1011 

1.8 x 1011 

1.05 x 1011 

1010 

7 x 109 

2 x 1012 

1 x 1012 

Maximum “observed” intensity 
(ergss"1) 

0.2 
0.2 
0.2 
0.5 
0.5 
0.5 
0.6 

1.3 
1.3 
1.0 
1.5 
1.0 
1.3 
1.4 

1.4 
2.1 
1.3 
2.8 
2.0 
2.5 
2.1 

30 

1.3 
1 
1.2 
1.8 
1 
2.2 
2.2 

30 

3.9 
2.7 
1.4 
2.8 
2.5 
2.8 
1.0 

20 

3.6 x 
2.2 x 
9.5 x 
4.0 x 
3.6 x 
2.7 x 
5.9 x 

1040 

1040 

1039 

1040 

1040 

1039 

1039 

2.0 
1.5 
0.9 
0.9 
0.6 
2.1 
1.0 

2 x 1041 

with the only possibility of an increase of the hydrogen 
abundance in the outer layers. 

If a ^ 0.5 in zones A and B, the ratio nR/nKe is 
found to be close to 12 in the outer layers. The value 
of «He is deduced from the assumption that dM(v)¡dv = 
constant, where dM(v) is the mass of the layers be- 
tween the velocity v and v + dv. Finally for the model 
in p x v~3 the Ha absorption can be explained 
without any change of chemical composition in the 
outer layers. For the model defined by net0 = 1012 

cm-3, the Ha absorption is rather weak. 

VI. MODEL OF THE SUPERNOVA SHELL, COMPARISON 
WITH THE OBSERVATIONS 

Our final models are computed taking in account 
the absorption occurring in zone B over the radiation 
emitted by zone A. The intensities of the main lines 
are in Table 7 where in column (1) is the exponent n of 
the density law. The observed spectra (Kirshner et al 
1973) are published in a logarithmic scale (log <j>v, 
log v), where <£v is the flux observed at the Earth. We 
have transformed them in a scale (Fv, v) where Fv 
is the flux at the supernova, assumed to be at a distance 
of 4Mpc. We have compared our results with the 
spectrum relative to the JD 2,441,461. The comparison 
is done in the following way: For each density model, 
we place the continuum at the value given by our 

theoretical model (Fig. 3) and we then estimate, by 
numerical integration, the total observed intensity of 
the lines. Most of the lines are blended or modified by 
absorption. We have taken into account the presence 
of blends whenever possible, but in most of the cases 
we can only deduce from the observations an upper 
limit to the line intensity. Among the He n lines À4686 
is blended with C m A4647 formed in zone B. Its 
longward wing, according to our computations, is 
only slightly affected by H/3 absorption. Its intensity 
lies between 6 x 1041 ergs s_1, a value corresponding 
to the total observed band, and approximately 
1.5 x 1041 ergss-1, a value corresponding to a 
Doppler width due to the expansion velocity in zone 
A. The composite line A6562 He n + Ha is also 
blended on its shortward side with a line which could 
be [Fe x] A6374. The maximum intensity reached by 
the line is (2.5-3) x 1041 ergs s-1. The He H A10123 
line is at the limit of the recorded spectra, and only 
its shortward wing is observed. The line is weak with 
a total intensity in the range 1040-5 x 1040 ergs s-1. 
Among the He i lines A5876 is affected by a blend on 
its longward side where a shoulder is visible on the 
spectrum. The maximum intensity is of the order of 
2x 1041 ergss-1. The maximum intensities asso- 
ciated with the bands A7065 and A3888 are respectively 
/(A7065) ^ 1.5 x 1041 ergss-1 and /(A3888) ä 2 x 
1041 ergs s-1. 

A (A) 

10000 8000 6000 4000 3500 

LOG v 

Fig. 3.—Position of the continuum on the observed spectrum for the model Te = 2.5 x 104 K, neto = 2.5 x 1011 cm 3, 
p ä t>“2, a = 0.2. The units are the units used by Kirshner et al. (1973). 
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The comparison between observed and theoretical 
spectra is difficult in the presence of so many blends, 
and we can only eliminate the models giving a too 
high or too weak intensity of some of the lines. 

For the models following the density law p x 
Po(vo/v)2 the best fit is obtained for 1.8 x 1011 < 
ne90 < 2.5 x 1011 cm-3. The line À4686 is perhaps 
weak, but any increase of net0 increases the opacity of 
zone B and the line intensity does not change sig- 
nificantly. The other He n and He i lines have also a 
theoretical intensity smaller than the observed in- 
tensity. They are probably blended. 

For the models following the density law p = p± 
until the intensity of the He n lines depends upon 
the degree of ionization of He + in zone A (Table 2). 
Tentatively we have assumed that He+ is ionized only 
by the primary radiation with c x 10 “5. The corre- 
sponding line intensities are in Table 7. In this case also 
the He n and He i lines must be blended. 

For the model following the density law p = 
p2(vo/v)3 the He n and He i lines must also be blended. 

VII. CONCLUSION 

Our theoretical computations of the He n, He i, 
and H i spectra show that we can reproduce the ob- 
served spectrum. The large opacity of zone B makes 
difficult any increase of the theoretical intensities. As 
the distance of NGC 5253 is only approximately 
known, the study of the evolution of the spectra with 
time will tell us if the distance determined by Sersic 
et al. (1973) is slightly underestimated or if important 
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blends do exist at the position of the He n and He i 
lines. 

The densities in the inner layers of the shell are 
very different for the three density laws investigated. 
Later in the evolution {t > 250 days) as the shell ex- 
pands, the inner layers of the shell are the only layers 
ionized (Gordon 1972a). A study of the forbidden 
lines observed at that time can give one a clue to 
determine the density in the inner layers and conse- 
quently to determine the density law existing in the 
inner layers of the shell. 

The relative abundance of hydrogen and helium 
in the shell varies with the density law adopted, but 
in all cases helium is more abundant than hydrogen. 
The Balmer lines of H are weak. The models p = 
Pi(vo/v)2 and p = p2(volv)3 have a homogeneous ratio 
[H]/[He], but the models p = p0 require a higher 
hydrogen content in the outer layers to explain the 
Ha absorption. The temperature Te is mainly deter- 
mined by the He i opacity in zone B (visible range). A 
decrease in the central density ne0 will lead to a de- 
crease of Te but also to a decrease of the theoretical 
intensities of the lines (more important blends). A 
smooth increase of the exponent w with the velocity 
v in the density law p x v~n will also lead to a lower 
T -1 e* 

The mass of the ejected shell varies with the density 
law adopted. The masses corresponding to the density 
law in p x v~n with « = 2 or 3 have been computed 
assuming a change in the density law at f 3 = 2 x 109 

cm s-1. We adopt for v > v3 sl density law p ^ v~7. 
The value of the masses obtained, for our final 
models are in the range 0.6-2 M© (Table 7). 
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