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ABSTRACT

The progenitor of the supernova 1987 A, Sk-69 202 probably had losta few M@ in its stellar wind in the past
evolutionary track from the red supergiant through the blue supergiant. A part of the mass is thought to form the ring-
like nebula surrounding SN 1987A by the interaction with the faster wind in the later blue supergiant stage, and the
other must be left outside the ring. In 10-20 yr after the explosion, the expanding ejecta will catch up and collide with
the ring. Shocks due to the collision will propagate into and heat up the ejecta, the ring, and the matter outside. The

shocked matter will be a thermal X-tay source of temperature of several times 167 K, and the X-ray luminosity will
reach (O.4—1)x1037 erg s*! for the ring of 0.03-0.08M @ . The X-ray emission will last for a few decades with

laminosity higher than 1036 erg s”! depending also on the density outside the ring. We predict the X-ray spectrum as
well as the light curve with hydrodynamnical calculations taking into account the light travel effect and the opacity of the
unshoeked ejecta. The epoch of the flare-up depends on the mass inside the ring, and earlier X-ray observations can
give a constraint. 'We give the relations of the mass with the epoch and the pre-flare luminosity in an analytical way
based on the self-similar solutions with nonequipartition in the electron and the ion temperatures. Accordingly, the
ROSAT observation in 1991 suggests the collision with the ring in 20 yr after the explosion.

Subject headings: nebulae: supemova remnants - shock waves - interstellar: matter -
stars: circumstellar shells - stars: individual (SN 1987 A) - stars: supernovae



I. INTRODUCTION

The circumstellar structure of SN19387A has been investigated in various wavelengths (see e.g. Chevalier
1992). Within a few days after the explosion, the circumstellar matter became transparent for the emission in radio
wavelengths. Infrared and optical observations had suggested an asymmetry in the distribution of the circumsteliar
matter. Variabilities observed in soft X-rays could also indicate the asymmetry or the clumpy structure. The
asymmetry which had been suggested from these observations may be consequent to the less amount of matter in this
side on the iine of sight to the supemova.

For about 3 years after the explosion, IUE observed emission lines of B-, Be and Li-like ions of carbon and
nitrogen. These ions were produced by a UV fiash at the moment of the supermova explosion. The UV flux reached
its maximum at around 400 days, and indicated the presence of circumstellar matter at 0.5 It-yr or greater distance
from the supernova. Afterward, in visibie wavelengths, the Hubble Space Telescope (HST) (Jakobsen et al. 1991) as
well as the European Southern Observatory (ESO) (Wampler et al. 1990) gave images of ring-like circurnstellar matter,
This ring is identical to the matter observed by IUE, since the radius of the ring is coincident with the location of the
maiter responsible for the UV lines. ESO and HST also reveal that the axis of the ring inclines by about 43° wiih
respect to the line of sight; there is less amount of matter on the line of sight, as suggested by the earlier observations
in other wavelengths.

1t has been proposed by many anthors that the progenitor of SN 1987A had been a red supergiant (RSG) and
evolved to be a blue supergiant (BSG) exploding evennually (Saio et al, 1988a,b; Woosley 1988; Weiss 1989; Langer
etal. 1989; Tuchman and Wheeler 1991; Yamaoka et al. 1991; Amett et al. 1989; Hillebrandt and Hoflich 1989). The
ring structure could be formed by the interaction of the stellar wind of the BSG with the earlier wind of the RSG. The
BSG wind with a faster velocity could catch up with the RSG wind matter expanding with a slower velocity. Two
shocks arising from the wind-wind collision could propagate from the contact interface into the BSG wind and into the
RSG wind remnant, respectively. The shock propagating inward into the BSG wind could cause a turbulent structure
behind the shock front. The soft X-rays and their variability observed by Ginga (Inoue et al. 1991) might be related o
such matter in clumpy structire (Masai et al. 1988). On the other hand, the shock outward could form a dense shell
into the RSG wind matter. The dense shell should be partially photoionized by the UV flash to be bright like a
planetary nebula, as taken by HST. It is, however, still open to question how the wind interaction formed the ring-
like structure. This may be a question not only to SN 1987A but to ring nebulae observed around AGB stars. Some
models have been proposed {(Kahn and West 1985; Luo and McCray 1991b; Wang and Mazzali 1992), but further

studies are needed {e.g. see Lundqvist 1992; Eriguchi et al. 1992).

If the ejecta envelope is expanding with a velocity of a few times 10% cm 57! as suggested by the explosion




models, it will collide with the ring in 10-20 years afier the explosion. The shock waves wilt propagate into and heat
up the ring and the ejecta. Thermal X-rays from the shocked matter will rapidly increase and the luminosity will
exceed 10°¢ erg 5’1 (Masai and Nomoto 1991; Luo and McCray 1991a, b; Itob, Masai and Nomoto 1992; Suzuki,
Shigeyama and Nomoto 1993). This enhancement in soft X-rays will last for several decades depending on the mass
of the ring and the matter outside, or on the mass loss rate during the RSG stage. X-ray probing of the RSG wind
matter will give information on the formation of the ring, the process of the wind-wind interaction, and the chemical
composition which may be a clue for understanding the blueward transition of $k-69 202.

On the basis of the above picture, we predict the epoch and the luminosity of X-ray enhancement due to the
interaction with the circumsteliar ring and the RSG wind matter, and discuss the dependence of the enhancement on
the quantities of the circumstellar matter. The predictions with 2-D hydrodynamics codes have been made available
(Luo and McCray 1991b; Suzuki et al. 1993). We employed primarily a 1-D hydrodynamics (HD) code, of which
results can be examined by analytical way, and made a ring-geometry correction based on the UV line data observed
by TUE 1o obtain the emergent radiation. Our interest here is focused more on the properties of X-ray emission
expected rather than the dynamics. First we describe the model for HD calculations, and give the results in the
following sections. In § V we discuss the quantities which are responsible for the X-ray enhancement in an analytical

way, and summarize the prediction in the last section.

il. MODEL FOR HYDRODYNAMICAL CALCULATIONS

The density of the ring is estimated by IUE and HST observations to be p;,, = 3x10* amu cm3 or (1-4)x104

amu cm> (Jakobsen et al. 1991; Lundqvist and Fransson 1991). Observation with New Technology Telescope (NTT)

gives the electron density of the ring to be 7x10% cm3 (Wampler ¢t al. 1990). These observations give M. ring ™ 0.03 -

0.08 Mo for the mass of the ring. The iniensities of UV lines observed by IUE reached their maxima at around 400

days after the explosion. This gives 2 lower limit of 5x10'7 ¢m for the distance from the supernova to the matter
emitting UV lines.
At densities of 10* amu cmn the recombination time of photoionized species is about a few years. Therefore,

the epoch of the intensity maximum can be predominantly determined by the light travel effect depending on the
geometrical structure. If the circumstellar matter were a spherically symmetric shell, the line intensities could increase

linearly up to the maximum in proportion io #/,, . at ime £, as shown in Fig. 1 (a), where ¢, = 400 d is the time at



which the intensity reached its maximum. In practice, however, the intensity came up at about 70 days and evolved

approximately as

(1)

Lops(t) o< cos-T(I-M) ,

Rgcost

where [, (1) is the light curve to be observed at time 1 after the explosion and Ry = ¢ 1, J(1+cos6) with the

inclination angle 8. As compared in Fig. 1, about 45 -inclined ring geometry can account for the UV light curve
observed. This result is consistent with a picture taken by HST. Hence, we estimate the distance to the ring matter to
be about 6x10'7 cm taking the light maximum at 400 d and the inclination angle of 45° into account.

The ring is thought to form by the interaction of the wind of a BSG with the wind matter emitted earlier bya
RSG. A shock due to the collision of the two winds may propagate and form a dense rir into the RSG wind matter.
The dense rim can be photoicnized by the UV flash of the supernova to emit UV lines as observed by IUE and fook

like a ring-like nebula observed by HST. Then there likely exists unshocked RSG wind matter outside the ring. This
matier may be extended in proportion to 72 at a distance r from the supernova, if the wind velocity and the mass loss
rate does not change so much during the RSG phase and there is no significant disturbance but the wind-wind
interaction afterward. If the RSG had lost its mass at a rate 10 0 10~ Mg yr'l in its stellar wind, the mass of a
few Mo in total could be emitied during the RSG phase and left around the supernova. A part of this mass could be
shocked by the wind-wind interaction afterward to be taken into the ring, and other most of the RSG wind matter is to

be left outside. For the matter outside the ring, we assume the density as PoudD) = 20 lpc)‘2 amu cm™ at a distance 7

(>R,_mg) from the supernova, where Rn-ﬂg is a radius of the ring. Then the total mass lost by the RSGis = 2.7 Mg if
the wind matter is extended up to being 0.1 amu cm™ in density comparable to the ambient interstellar/cloud medium,

or the mass loss rate = 6.3x10° Mo  if the wind blew with a constant velocity of 10 kms'1.

The BSG wind matter is likely left inside the ring. Before colliding with ring, the expanding ejecta must
interact with this mater. The interaction yields thermal X-rays and decelerates the expanding ejecta. The X-ray

luminosity observed before the enhancement can give a constraint on the mass or the density of the matter inside the

ring. As of 1991, ROSAT observed no X-rays with energy levels higher than 3x1034 erg s' in luminosity (T riimper

1992). This result may impose an upper limit on the matter inside the ring to be = 6x10> M@ in mass or ~ 80 amu
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a3 in density if it is distributed homogeneously within R,y as discussed in § V.

Based on the above picture of the circumstellar structure, we have investigated the dynamical evolution of
SN1987A remnant and the X-ray emission therefrom using a spherically symmetric hydrodynamics - radiation code.

For the ejecta we adopt the SN14E1 model proposed by Shigeyama and Nomoto (1990). The total mass of the ejecta

is about 14.6 Mo and the kinetic energy is 1x10°! erg. The chemical composition of the ejecia envelope is as
follows: H = 0.566, He = 0.430, C = 2.11x10%, N = 1.42x1073, O = 1.14x10" and (1/4)Zo for the other heavier

elements in mass fraction, where Z@ represents the value of solar abundance. For the chemical composition of the

circumstellar matter, ring and inside/outside the ring, we assume the same composition as the ejecta envelope of the

SN14E1 model.
As mentioned above, the radius of the ring is = 6x10'7 cm with inclination angle = 45°. On account of this

geometry, the X-rays emitted from a different part of the ring must travel different distance to reach us, as observed by
IUE for UV lines. In order to take this light travel effect into account for the titne evolution to be observed, we

convolute the temporal data primarily obtained from the 1-D calculation to the kernel derived from the IUE UV-line

analysis (Fig. 1). The X-ray flux to be observed at timne 1= 1, + R(1p){1-cos8)/c is oblained approximately as

10

Fo(1) COS‘I(I Sedof ) ar
R(to) cos@

tp - ZRMSD) cos@ (o)

Fo = Hio+ 29 (1 - cosg)) =

' (2)

0

005'1(1 -c -—m—'wil-—-) dr

Ri 7]
1o~ 2R conp (o) cos

where £, is the time on the 1-D calculation and F is the flux at that moment. The convolution by eq. (2) with a kernel
as drawn in Fig. 1 (b) - (e) works as if the radiatior sources, which are distributed like a shell in the framework of

spherically symmetric calculation, get together uniformly along its equator with the inclination angle 8. The delay

between ! and #; expressed in the left-hand side of eq. (2) reflects the inclination; in the case of 8 = 45°, the flux

comes up at = 70 d after the explosion (= 0), as shown in Fig. 1 (d) and also snggested from IUE UV-lines.

X-rays from the far side are absorbed by the intervening vnshocked gjecta. With mmitiplying an effective solid

angle aXr,EF), this process is taken into account for the emergent flux Fi(E,1,) in the interval of photon energy dE as
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Fo(Eto) = f Solr.E.z0) aXr E) r2dr , (3)

Fin

where f(.E, Iy) is the flux from a zone specified by radius r, and r;, and r,,, are the innermost radius of the reverse-

it

shocked ejecta and the outermost radius of the forward-shocked ambient matter, respectively. aXr. E) is given by

Tin

o(r.E) = 2x 1-&-‘\1’1—(r,o,,lr)2+L2 expl -
T

Fin

)

() rdr dx
oUr.E) — x L@
N2 -1 141 - wn? J

where n(r} is the density and (r, E) is the absorption cross section depending on the elemental abundance at a radius r

of the ejecta. Absorption by the circumstellar matter is negligible. As to the intersteliar matter, absorption by the
equivalent hydrogen column is taken into account separately, as mentioned in the next section.

One may notice that neither the convolution kernel in eq. (2) nor the effective solid angle given by eq. (4)
includes the correction in the radiation intensity for the solid angle Qﬁng covered with the ring. If the density is given
for the matter with which the €jecta interacts, such a correction as multiplying .Qn-ngl47r would be consistent with the

mass responsible for the interaction and the resultant emission. In our calculation, however, the mass is defined as an
explicit parameter for the circumstellar matter except for the RSG wind outside the ring. Therefore, the intensity is
integrated over the whole mass being able to be responsible for. Actually, when the mass is given, the free-free
Iuminosites obtained from our sphericaily symmetric HD are consistent with those obtained by Suzuki et al. (1993)

from 2-D HD modeling, which provides a moie realistic geometry of the ring.

We carried out the HD calculations for the cases: (M, Mrﬂ,,g, pn-ng) ={4,8,3),4,3,3),4,3,2), 4,3,
0.7). (8, 3, 0.7) and (2, 3, 0.7) in units of 10 Mo , 102 Mo and 10 am cm3, respectively, where M, is the
mass of the BSG wind matter inside the ring. In all cases p,, = 2(/1pcy? ammem® at r > Rn-ng is assumed for the

matier outside the ring. Since the thickness of the ring is not given explicidy, larger Pring TEADS the thinner ring for
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the same M nng- In the following sections, we describe the interaction and the emission calculated for the case M, =

4x103 Mo Mmg =3x102Mp and Prng = 0.7x10% amu e, referring as well to the results of other cases.

L. TIME EVOLUTION OF INTERACTION

The dynamical evolution is shown in Fig. 2 (a), where the radii to bound the ejecta, matter inside the ring

(BSG wind matter), the ring and the matter outside (RSG wind matter) are drawn together with r;, and r, as

functions of time. The supernova cjecta expand compressing the BSG wind matter bounded by the ring. The blast
shock from the supernova ejecta hits the ring at around 12 yr and compresses the ring as well. Since the ring is so
thin, as = 10'> ¢m in the spherically symmetric HD here, the shock soon breaks out of the ring forward into the RSG
wind matter of lower density. The reseltant rarefaction wave propagates backward into and cools adiabatically the
ring; it should be noticed that such rarefaction is important in the interaction with a dense clump in the free expansion
phase, and works on cooling much more rapidly than radiation (e.g. Masat et al. 1988). The reverse shock
propagating inward is reflected by the ejecta, and propagates outward again into and reheats the ring. These processes
are Tepeated many times decreasing the practical amplitude with expanding the ring. The reverse shock heats up also
the ejecta envelope. At about 15 yr the reverse shock propagates further into and heats the ejecta. This enhances the
fluorescence Kor-lines of iron and hard X-rays, as seen in the spectrum at 17 yr of Fig. 5 (b).

Fig. 2 {b) shows the thermnal energy contained in the ejecta, the matier inside the ring, the ring and the matter
outside, respectively. One can sce the above processes in the time evolution of the thermal energy. To see the
influence of the dynamics shown in Fig, 2 on the radiation shown in Figs. 3 - 5, one must recall the delay due to the
light travel effect discussed in § T1. It should be also noted that the thermal energy contained in each matter is not
linearly reflected by the radiation therefrom. Though the thermal energy of the ring is much smaller than that of the
other circumstellar matter, the thermal emission from the ring is larger becanse of its much higher density. In
cooperation with a magnetic field thermal energy can be responsible for acceleration of charged particles to resalt in

emission of high enérgy Y-1ays.

Shown in Fig. 3 (a) is the time evolution of the apparent luminosity in the range from 0.2 to 20 keV, where
apparent means that the light travel effect and the intrinsic absorption by the unshocked ejecta are taken into account,

as described in § II. The X-ray enhancement due to interaction with the ring and the matter outside will last for several
decades with the luminosity higher than 1036 erg 5”1, The epoch of the enhancement depends not only on the location

of the ring but also the amount of the matter inside, as mentioned in § 1. The mass inside the ring is also responsible
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for the X-ray luminosity before the enhancement, which can give information for the epoch of the enhancement

following. In this sense, it is of practical interest how the earlier light curve depends on the mass inside the ring. For

illustrative purpose, the early light curves are shown in Fig. 3 (b) for the three cases, M, = 8x10°3 Mo , 2x10° Mo
and 4x10* Mo . The processes taken into account and the parameters but M;,, are the same in all three cases. The

dependence of M, on the epoch of the flare and the pre-flare luminosity is discussed further in § V.
The X-ray flux expected at the earth is shown in Fig. 4, where the distance of 52 kpc to the sapernova and the

intersteflar absorption equivalent to hydrogen column density of 2x102! Ny cm? with solar abundances are assumed

in addition to absorption by the unshocked ejecta. The two energy bands, 0.2-2 keV and 2-20 keV, are chosen to
demonstrate a contrast in their time evolutions. The 0.2-2 keV flux rapidly rises to reach its maximum in several
. years, while the 2-20 keV flux increases gradually. As shown later, this contrast may come from a difference in
emission processes coniributing to the two energy bands; below 2 keV, the line emission due to L-shell excitation is
dominant whereas the free-free continuum dominates above 2 keV. In Fig. 4, also the light curve obtained
straightforwardly from the spherically symmetric calculation is also shown to demonstrate the light iravel effect. The
spikes in the beginning are due to the reflections of the shock wave between the two contact interfaces of the ring, as
described above. One can see that the convolution process with the light travel effect lets the spikes diffuse and the

epoch of the enhancement delay by about a year

IV. PROPERTIES OF THERMAL X-RAYS

We calculate the X-ray spectrum from the shocked matter taking into account nonequilibrivm ionization as well as
nonequipartition in thermal energy of protons and electrons. Free-free, free-bound up to n = 3 Jevels of H-, He- and
Li-like ions, two photon decay fromn = 2 metastable Ievels of H- and He-like ions, and line transitions are considered
for the 15 elements, H, He, C, N, O, Ne, Na, Mg, Al Si, S, Ar, Ca, Fe and Ni with their elemental abundances
described in § II. Fluorescence following innershell ionization, cascade following radiative recombination and
innershell excitation as well as excitation from ground states and dielectronic recombination satellites are taken into
account for line transitions in nonequilibrium ionization. Collisional innershell ionization - fluorescence and
recombination - cascade play important roles in line emission in compression waves and rarefaction waves,
respectively (Masai 1993), as demonstrated for the shock wave breaking out of the dense circumstellar matter (Itoh
and Masai 1989). This is the case also for the interaction of SN 1987A with the ring, as the dynamics is described in
§ [iL.




The contribution of each emission process above can be seen in Fig, 5 (a), which shows the X-ray spectrum at
about 22 yr after the explosion. Here the total emission and the line emission are convoluted to a Gaussian kernel with

FWHM = 0.18E at a photon energy E keV. The distance 52 kpc to the sepemova with intersteliar absorption of

2x10?! Ny em? is taken into account as well. The X-ray emission in the 0.2-2 keV range is dominated by the

prominent lines due to K-shell ransitions of C, N and O and L-shell transitions of heavier elements. With the energy
resolution taken here, these lines are not resolved but are blended to an enhancernent with a peak around 0.5-0.8 keV.
K-shell transitions of §i, 8, Ar, Ca, Fe and Ni can be distinguished from each other. But, the line of each element is
also blended with many transitions unresolved.

Fig. 5 (b) shows the snap shots of the specira in course of the interaction. Also the time evolution of iron
Ka-line blend (n = 1-2 transitions including sheir satellites of various ionic states) is shown with its equivalent width
and mean energy weighted with each line emissivity. In the calculation here, the Doppler shift due to expansion is not
taken into account. It takes = 3(p/104 amu cmy>)! yr for the shocked matter to reach an ionization equilibrium (Masai
1993}. Nonequilibrium ionization affects the spectra at energies substantially below 2 ke'V, where the line emission
dominates, At energies above 2 keV, free-free emission dominates the whole spectrum. Since the free-free emission

is dominated by abundant species of low ionization potentials such as H and He, the emissivity is almost free from
nonequilibrium ionization and follows immediately the increase in the electron temperature. During the X-ray
enhancement, an average temperature weighted by the free-free volume emissivity is in a range of a few 107 K,
though the free-free spectrum can not be reproduced by the single temperature. X-lines of elements such as Si, S, Ar,
Ca, Fe and Ni are subject to nonequilibrium, One can notice that L-shell and K-shell lines of iron coexist in a

spectrum. In the 17-yr spectrum where the L-line is enhanced, the K-line also is enhanced at an energy lower than the

later ones; the K-line emission is characterized by innershell processes.

In the rising phase of the X-ray luminosity through about 14 yr, K-lines of carbon and oxygen still dominate
the emission below 1 keV. Afterward metal 1.-lines, e.g. Ne-like iron Fe XVII 2p (!S) - 3d (D) and its sateliites, take
the place to enhance the emission at around (.8 keV. Most of these X-rays below 1 keV comes from the blast-shocked
circumstellar matter. The X-rays above 2 keV rise behind those below 0.2 keV and the higher erergy spectrum due to
free-free cmission reaches its maximmm hardness at around 20 yr. A few years later, the mean energy of the iron Ko~
line reaches its maximum because of nonequilibrium ionization as mentioned above. Through about 18 yr, the line
emission is dominated by innershell excitation/ionization of ions keeping L-shell eiectrons. This results in the mean
line energy to be lower than 6.63 keV of the He-like forbidden line (1s (1S) - 25 {38)), which is produced by

excitation from the ground state of He-like as well as fluorescence following innershell ionization of Li-like ions, The

equivalent width reaches its maximum to be about 240 eV at around 22 yr.
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When a supernova eaplodes into a medium where the density is uniform or monotonically distributed, in the
early phase up to the dynamical time scale, the X-ray emission from the supernova remnant is dominated more by that
irom the reverse-shocked ejecta envelope than the shocked ambient matter. Here the dynamical time scale may be
defined by the time at which the mass of the swept-up ambient matter becomes comparable to the initial ejecta mass, or
by the time at which the reverse shock propagating into the ejecta reaches its core. The above case may be attained for

the early X-ray emission from SN 1993], if the progenitor is surrounded by its past stellar wind as expressed simply
by p = r2. In the interaction of SN 1987A with the circumstellar matter including the ring, however, this is not the

case but the X-ray emission from the shocked circumstellar matter can be comparable to or exceed that from the

shocked ejecta envelope, though SN 1987 A is too young for the reverse shock to propagate into the ejecta core.

V. DISCUSSION

The epoch and the characteristics of the X-ray enhancement depend on the quantities of the circumstellar

matter, suchas M. , M

in» Myng Prings Pour 304 50 OB, and the ejecta model. The X-ray luminosity at the flare-up depends

substantially on the mass of the ring, and can be approximately estimated as Ly = 3x103% MM )5 for Prng =
10* amm co3. Suzuki et al. (1993) give an empirical scaling for the maximum lyminosity based on 2-D HD, as L,

=4.2x10%8 M,;, /Mo )34 (,on.,,g/m4 amm enr3)0-33, In the former, line, free-bound and 2y-decay emission as well
as free-free emission, and absorption by unshocked ejecta are taken into account, while in the latter only free-free
emission is taken into account without absorption. In both cases the SN14E1 model is applied for the ejecta. Within
the estimates of Mﬁng =0.03 - 0.08 Mo so far, the both estimations of the luminosity fall in the same range of (0.4-

1.4)x10% erg st for Prng= 10 amm cm3.

Compared to the quantities of the ring, which are deduced from observations, the quantities of the matter
inside are quite uncertain. We here discuss the interaction of the ejecta with the matter inside to get the M,

dependence of the epoch of the X-ray enhancement and the pre-flare luminosity, which will be useful to forecast the

enhancement following. For the interaction concerned, only the envelope of the ejecta can be responsible, and its

steepness affects the quantities in the reverse shock and the blast shock. With the density disiribution p =7 U "

for the ejecta envelope (r > 5), self-similar solutions are found by Chevalier (1982) for the two shocks. The

interaction with the matter inside the ring decelerates the ejecta expanding. The time when the blast shock reaches o
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strike the ring is given by the self-similar solution depending on the ejecta model as well as M, (Chevalier and Liang

1989; Luo & McCray 1991b). With the density being constant at r < R ;.. the epoch of the collision is estimated as,

1/6 -3/2
tong = 14(—2m__ ( Ue | ( Rong | yr | 5)
1020 | 3.4x10°)  \6x10Vcm/

hereafter n = 9 is assumed; the envelope of SN14E1 gives n = 8.6. The X-ray flare-up will delay from Ling given by

eq. {5) by about a year due to the light travel effect discussed in § 11.

If there exists no collective mode excited through the magnetic field, the ions are heated within the shock and
their energies are transferred to electrons through Coulomb collisions in the post-shock region, Taking this process
into account, Masai (1993) derives the electron temperatures and the free-free luminositics for the blast and the reverse

shocks based on the seif-similar analysis. The results give the electron temperatures, as

T.p = 4.4x107

M, \1#45
102Mo )

U, ]445( Rying )'14"15( ; )2/15 K 6
34x10%)  \6x107cm 10yr

for the blast shock and T, ~ 0.83 T, for the reverse shock. Here the mass density inside the ring = 1.8mpgny, the
electron number density = 1.4ny and the mean molecular weight = 0.68 according to the elemental abundance
described in § IT, where my; and ny are the mass and the number density, respectively, of hydrogen. The free-free

luminosity both from the blast and the reverse shocks is obtained, as

LFF 1.6x10“(ﬁ)8y45( U, \17.'5( Rring \-8?115

( y )31/15
102Mo 34x10°)  \6x107cm/  \10¥T

ergsli. ()

A correction factor 1o eq. (7) for the X-ray photons in the 0.2-20 keV range is around 0.9 at T, = a few 107 K. The
ling emission is subject to nonequiiibrium ionization because ting is still smaller than the ionization time scale (Masai
1993). If equilibria were attained, taking into account the elemental abundances described in § I1, we would have the

line luminosity at tn-ng, as
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ergs! ,

L;%zsmeZ( M l5’3( Ue 1—3/5( Rppg  [115
3 6

10240 | B.4ax109)  lex10%em

in the 0.2-20 keV range. The line lumijnosity may be larger in nonequilibria by a factor, which decreases with

increasing M;,,. Att<t;, theline luminosity does not likely exceed this value, since the line luminosity in equilibria
varies oc 28/15 although the emissivity is enhanced with ionizing,

The above analysis is valid after the maximum light through 1 < 7,,,,.. The values obtained for M, = 4x107 M
© and the dependence are fairly in good agreement with the HD calculation. In 1991 ROSAT obtained the upper liit
=3x10% erg s~ on the luminosity (Triimper 1992). Eq. (6) gives the electron temperatures of a few 107 K for the
blast and the reverse shocks at 1= 4 yr. Then, with a correction factor = 0.5 to eq. (7) for the observation energy band
of ROSAT (0.1-2.4 keV), we have an upper limit M, < 6x102 Mo for the mass inside the ring. The ROSAT
observation gives a constraint also on the epoch of the X-ray enhancement. Using eq. (5}, we have a limit ling < 19

¥r, i.e., the X-ray flare-up will be observed in about 20 yr after the explosion. In addition, if the density inside the

ring is likely higher than 1 amm cmi3, the epoch is probably in a range from 10 to 20 yr.

VI, SUMMARY AND REMARKS

The expanding ejecta of SN 1987A will collide with the ring in 10-20 yr after the explosion depending on the
mass inside. The resultant shocks will propagate into and heat up the ¢jecta envelope and the ring to cause a soft X-
ray enhancement. An associated rarefaction wave will cool the shocked ring adiabaticaily and the reflected shock

wave reheat it. This repeated processes may be observed as a fluctuation of the X-ray intensity in the early Light
curve. The X-ray luminosity will reach (0.4-1)x10%7 erg s°! for the ring of 0.03-0.08 Mg . The enhancement

initiated by the collision with the ring will last for a few decades with luminosity higher than 103¢ erg s°! depending

also on the thickness of the ring and the distribution of the maiter outside.

The thermal emission can be expected also in other wavelengths, ultraviolet, optical, infrared and radio (Luo &
McCray 1991a, b). There may also be radio and high energy y-rays due to non thermal particles associated with

shocks. The propagating shock wave will be a probe to diagnose the circumstellar structure, the BSG wind, the ring
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and the RSG wind, with expanding the ejecia. The observations will give some clue for understanding the wind-wind
interaction and the ring formation. The earlier observations can give a constraint on the mass of the BSG wind matter
inside the ring as well as to forecast the flare-up. Continual observations are desired to improve the apper limits on

M, and 1t ,,as discussed in the last section.

Apart from the uncertainty in the quantities of the circumstellar matter, the following questions still remain to
be discussed.

(i) Suzuki et al. {1993) based on 2-D HD show a much slower increase in the 0.2-2 keV luminosity in the
collision with the ring than with the spherical shell. Our calculation is based on spherically symmetric HD although
the geometrical effect of the ring on the emergent radiation is taken into account in the post process. On the other
hand, the former ignores the line emission which should rise in the first mainly below 2 keV, as seen in Fig. 5 (b). In
the 2-20 keV flux predominantly due to free-free emission, our calculation also gives as slow an increase as Suzuki et
al., which shows no appreciable difference between the ring and the shell. However, Luo & McCray (1991b) based
on 2-D HD shows a faster increase in X-rays < 3.5 keV than in > 3.5 keV, but slower than their previous 1-D HD
(Luo & McCray 1991a). From these comparisons, we cannot exclude the possibility that the X-ray luminosity may
increase more slowly than predicted in the present work, in relation also with the following question.

(1) As discussed in § II, we calculate the radiation for the responsible mass to be consistent with the realistic

structure. In the argument in § V we choose not density but M;, as a parameter for the matter inside the ring. If the
realistic structure is far from the spherically symmetric configuration, M, does not represent all the mass in a sphere

of radius R nng but shonld be read as an amount which is practically responsible for the interaction and the resultant
radiation; the matter within .Qn-ng likely gives a larger congribution than the matter far outside. In the case of the ring,

the mass and the density given must be linked with a geometrical parameter of thickness. The radial thickness of the
ring o< .Qn-ng'l (Mn-"g/pmg) would be smaller in the spherically symmetric HD than the realistic geometry. This is the

most serious issue in the spherically symmetric HD and may be influential on the light curve, though the integrated
radiation is not altered but determined predominantly by M., o

(iti) The density outside the ring can influence the long-term light curve. In the calculation here, we assume
the RSG wind matter being adjacent to the ring outside. However, outer loops of the circumsteflar matter are found to
have much greater dimensions than the ring, and are likely related to the inner boundary of the RSG wind matter. The
presence of another medium between the ring and the loops may alter the light curve predicted, yet the luminosity at
the flare-up is little influenced.

{iv) We treat all the matter being in the gas phase. Observations suggest the dust formation in the ejecta, and

also a part of the matier of the RSG wind is likely in a form of dust. If it is the case, nonequilibrium ionization is
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more enhanced (Troh 1988), and thus the resultant X-ray emission could be affected at the initial phase of the
interaction. Itoh et al. (1992) take into account the processes in the gas-dust mixture and predict the enhancement in

infrared wavelengths as well as X-rays.

The authors would like to thank H. Itoh and R. McCray for their invaluable comments. K. M. is grateful to
C. Cezarsky, M. Amaud and their cofleagues for their hospitality at Service d'Astrophysique, CEN Saciay, and also to
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Figure Captions

Fig. 1 Time evolution of the radiation flux expected with the light travel effect from the matter distributed as (a)
spherically symmetric shell, (b) edge-on ring (0’-inclination), (c) 30°-inclined ring, (d) 45°-inclined ring and (e) 60°-

mchned ring with respect to the line of sight. The flux is assurned to be its maximurn at 400 d in every case.

Fig. 2 Hydrodynamical evolation of the interaction between the ejecta and the circumstellar matter: (a) time variation
of the radius of each contact interface of the ejecta, the matter inside the ring (BSG-W), the ring and the matter outside

(RSG-W), and (b} time evolution of the thermal energy contained in each matter.

Fig, 3 Time evolution of 0.2-20 keV luminosity: (a) long-term variation in case of 4x10'3Mo and (b) flare-up phase

expanded in cases of 2x10°Mg , 4x10 Mg and 8x103Mgp for the mass inside the ring. Light travel effect is

taken into account by convoluting the temporal emissivity to the curve of Fig. 1{d). Also is taken into account the

absorption of the X-rays from the other side through the unshocked ¢jecta.

Fig. 4 X-ray flux in 0.2-2 keV and 2-20 keV at a distance of 52 kpc from the supernova, Interstellar absorption

equivalent to 2x102! Ny cm? with solar abundances is taken into account. The solid lines and the broken lines

represent the cases with and without the light ravel effect, respectively.

Fig. 5 X-ray spectra ai a distance of 52 kpc with interstellar absorption of 2x1021 N " am?: (a) contribution of each

emission process at = 22 yr after the explosion, and (b) time evolutions of the whole spectrum and the iron Kot-line.

The spectra except for the contributions of the continua are convoluted to a Gaussian kernel with FWHM=0.18E

(keV).
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