Effects of the soft X-ray burst from SN 1987A on its circumstellar medium
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ABSTRACT: The observations of the narrow UV and optical emission lines from SN 1987A are
modelled as reprocessed radiation in a shell around the supernova, heated and jonized by the soft
X-ray and EUV radiation at the shock breakout. Constraints on the early soft X-ray burst are
discussed, as well as the physical conditions and abundances in the shell.

1. Introduction

Since May 1987 the spectra of SN 1987A have shown a number of narrow emission lines in
the UV (Fransson et al., 1989, hereafter F89). During the first ~400 days after the
explosion, the luminosity of most of the lines (C IIT] A1909, N III} A1750, O III] A1664 and N
V A1240) increased nearly linearly with time, while He II 41640 and N IV] 11486 were
nearly constant. After ~400 days a decline of the line fluxes started (Sonneborn et al,,
1988). Narrow optical [O IIl], He II A4686 and Balmer emission lines have also been
observed (Wampler and Richichi 1988). For a more detailed discussion of the
observations, we refer to the paper by Panagia in this volume.

The observations provide important constraints on the parameters of the emitting gas. In
F89, the electron density of the emitting gas was found to be ~2.6x104 cm™3, and an analysis
of the [O IIT] AA 4959-5007/ 4363 ratio gave a gas temperature of ~5x10% K, ~300 days after
the explosion (Wampler and Richichi 1988). A simple abundance analysis gave N/C and
N/O ratios corresponding to ~37 and ~12 times solar, respectively (F89), indicating that
the gas has been CNO-processed. The elapsed time between the explosion and the turn-
over of the UV line fluxes indicates that the shell radius is ~5x1017 cm (Sonneborn et al.
1988), consistent with the optical determination by Wampler and Richichi.

In this paper we summarize some recent attempts to model this emission. A more
detailed discussion of the constraints on the ionizing radiation, may be found in Fransson
and Lundgqvist (1988), and of the physical conditions of the emitting shell in Lundqvist and
Fransson (1989).
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2, Modelling the narrow emission lines

Due to the high ionization potential of the UV line emitting ions (77 eV for N V), it was in
F89 and Lundqvist and Fransson (1987) argued that the most likely source of excitation is
the strong burst of EUV radiation expected to occur when the shock wave breaks through
the surface of the supernova progenitor. This ionizes and heats the circumstellar gas
around the progenitor. The emitting gas is likely to be in the form of a dense, thin shell at
a distance, ~5x1017 ¢m from the supernova. The time evolution of the lines is then
determined by a combination of light travel time effects and recombination of the gas. The
observed emission at time t is

t
Lobs=3g; | Letto)dte M

tmin

Here Le(te) is the total emitted luminosity at time te and tmin = maxw, t - 2 Rg/0). If the
emissivity of the gas drops quickly after the initial ionization this becomes Lobs =
constant. If instead the emissivity is constant, Lobg =c t Le/2 Rg. Since the emissivity in
the different lines is controlled by the recombination and cooling of the gas, a constant flux
indicates either that the gas is recombining fast, or that the emissivity drops quickly
because of cooling. A linear increase of the flux consequently implies fairly constant
conditions of emission.

To test this scenario we have done detailed calculations of the temperature and
ionization of the shell. Since the problem is time dependent, we have calculated the
evolution of the physical quantities from the initial ionization until the final
recombination of the shell. The evolution of the ionizing radiation is from hydrodynamic
models of the explosion (Shigeyama et al. 1988; Woosley 1988; Arnett 1988). These show
that immediately after the outbreak the effective temperature was (2-5)x10° K, after
which the temperature decreased to less than 3x104 K in ~5 hours. The time integrated
sum of the ionizing radiation from the photosphere has a form quite different from a
blackbody, with an excess of soft photons.

As an illustration, we show in Fig. 1 the temperature and ionization in the middle of the
shell as a function of time, together with the instantaneous and integrated (i.e. observed)
line luminosities from the shell. For this model we have used the spectrum from the
Shigeyama et al. 11E1Y6 model, a density of 2.6x104 cm™3, and a shell distance of 5x1017
cm. The elements included are H, He, C, N, O, Ne and S with abundances He/H=0.1,
N/C=5, N/O=2 and an overall metallicity of 0.3 times solar. The upper panel of Fig. 1
shows that the temperature immediately after the burst is 1.35x10% K. Hydrogen as well
as helium is fully ionized, while most of the metals are in their helium like stages, like N
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VI. Recombination, however, sets in fairly rapidly and a population of N V builds up,
which then recombines to N IV and N III. The rate at which recombination proceeds is
directly determined by the density of the gas, since the recombination time trec = (0 ne)”
1, where oy is the recombination coefficient. At a temperature of 10° K and a density of
2.6x104 ¢m3, the recombination time scales are 206 days for N VI to N V, 13 days for N V
to N IV, 7 days for N IV to N III, and 14 days for N III to N II. These are thus short, or
comparable, to the evolutionary time scale, and recombination is indeed important for the
evolution. These time scales show that the gas would quickly become neutral if only
recombination was involved. The gas temperature is, however, high enough for collisional
ionization to prevent the gas from recombining more than to C III, N III etc., explaining
why lines from these ions display the linear increase typical for a non-recombining ion. N
IV, on the other hand, is less affected by collisional ionization and recombines, giving a
roughly constant flux. This explains the qualitative behaviour of the observed fluxes in
F89. The time scale determining the evolution is the longest of these time scales, i.e. the N
VI to N V recombination time scale. The cooling also occurs on this time scale, and proceeds
rather smoothly. At ~300 days the temperature is ~5.5x10% K, close to that determined
from the [O 111} lines. The ionic abundances of C III, N III and O III are all similar, until
~600 days. This is due to the importance of collisional ionization, which for these ions
give a situation close to the coronal case. When the temperature decreases below ~3x10% K
recombination of N III etc. sets in, and the different ions evolve differently on their
respective recombination time scale. This calculation thus justifies the relations between
the ionic and total abundances in F89. The middle panel of Fig. 1 shows the instantaneous
values of the emission in the different lines. The N III] line e.g. has a very broad
emissivity peak, due to the slow recombination, giving a nearly linear increase in the
observed flux (lower panel). The emissivity of N IV] 11486 is more concentrated to the
early stages, and thus has a more constant observed flux.

Since the initial state of the gas is determined by the ionizing burst, the lines give
constraints on this. In Fig. 2 we show an analogous calculation for the Woosley 10L model.
Because of the lower radiation temperature (2x10° K), the initial ionization and
temperature is lower, giving a more rapid recombination and thus a "flatter” light curve
for N V. Also the final decay is faster. In order to reproduce the observed state of
ionization, the spectrum must contain a sufficient number of photons above ~100 eV. This
implies that the peak temperature must be more than ~(3-6)x10° K. The Shigeyama et al.
11E1Y6 model reproduces the increasing part well, while Woosley's models appear to
have too low a peak temperature to reproduce the initial rise. This illustrates how these
models can give unique information on the unobserved, but important early stages of the
explosion.

We have also calculated models with different densities. Since both the cooling and
recombination are governed by this, the time evolution and line ratios are sensitive to the
density. It is encouraging that a density of (2-3)x10% cm3, very close to that derived from
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the C III] diagnosis, gives the best agreement with the observations. The total mass in the
shell is somewhat sensitive to the ionizing spectrum, with a typical range of 0.02 - 0.05
M, .

It is of great interest to determine the absolute metallicity, as well as the He/H ratio.
Unfortunately, the errors in the observed HB and He II A4686 fluxes are quite large, so the
results should be taken with some caution. Preliminary results, however, suggest that the
total CNO abundance is 0.2 - 0.3 times solar, while the He/H ratio is uncertain, but in the
range 0.1-0.2, by number. The N/C and N/O ratios are for these models ~5 and ~2,
respectively, confirming that the assumptions in F89 are reasonable approximations.
These are within the errors given in F89.

Except for the observed UV, and optical [O III], He 1I and Balmer lines, there are also
other lines that may be observable. In the far UV the C III A990 and N III A970 resonance
lines are both strong. In the same way as the C IV A1550 line they may, however, be
unobservable due to interstellar absorption. The O VI 11034 line is especially sensitive to
the peak temperature of the radiation (Figs. 1 and 2). The possibility of actually
observing this (Shull, priv. comm.) is thus extremely interesting. In the optical the [N II}
AA6548-83, 5755 lines are expected to become strong after ~300 days. This coincides with
the recombination from N III to N II. Also the [Ne III] AA3869-3968 lines can be fairly
strong, as well as at late times [O II] AA3726-29.

3. Discussion

The observations of the narrow emission lines of SN 1987A have given us direct
information about the structure of the circumstellar medium, which is of great importance
for understanding the history of the progenitor. The radio observations by Turtle et al.
(1987) were interpreted by Chevalier and Fransson (1987) as evidence for a wind with
mass loss of 6x100 M, yr'1 for a wind velocity of 550 km s'1. The density of this gas at
~5x1017 cm is, however, far too small to explain these observations. The dense gas we
observe in these emission lines probably only constitute a minor fraction of all the gas
around the supernova. The total number of ionizing photons is ~10°7 from the supernova,
enough to ionize ~0.8 M, , i.e. roughly 15-40 times that of the shell. The gas inside the
shell is mainly shocked gas from the blue stellar wind and does not absorb many of the
photons from the supernova. The gas outside the shell is due to the red superglant (RSG)
wind, with a density of ~20 (r/1018 ¢m)-2 (M/105 M, yr-1) eme3. Here M is the mass loss
rate of the RSG. Of this gas, ~0.8 M, will be ionized by the burst in a way similar to the
shell, but then recombine on a much longer time scale (~103 years for N VI to N V). In
addition, the radiation from the blue progenitor will ionize the hydrogen in the RSG
wind, as long as M is less than ~2x10° (Rg/1018 cm)1/2 M, yr-l. Since the emission
measure of this gas is a factor of ~25 (M/10°5 M, yr'l)'2 smaller, emission from this gas
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will be difficult to observe. The column density in ions like C IV, N V and Si IV etc. may,
however, be large enough (1014-1015 cm2) to contribute to the absorptions observed in the
early spectra (de Boer et al. 1987; Dupree et al. 1987). Also from radio observations it is
difficult to obtain any constraints on the total amount of gas lost by the progenitor. The
free-free optical depth at a wavelength A is given by 7¢£=6.1x10-30 A2 T5-1.5 EM, where
EM is the emission measure and T the gas temperature in 10° K. For a RSG wind with
inner boundary Rjp and a velocity of 10 km s-1, the emission measure of the gas is only
~1.8x1020 (I;/I/ 10 M, yr'l)2 (Rin/ 1018 ¢m)-3 em-5. It is thus easy to "hide" several solar
masses of circumstellar gas, lost in the main sequence and red supergiant phases.
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