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ABSTRACT 
The dynamical evolution and nonequilibrium X-ray emission of recurrent-nova remnants have been investi- 

gated by using a spherically symmetric hydrodynamic code. We assume that the nova ejecta expand into a 
wind from a red-giant companion. The wind material is blast shocked, and emits copious X-rays. The blast 
shock soon breaks out of the wind region which has formed since the previous outburst, and the remnant 
undergoes nearly unimpeded expansion. The rarefaction and adiabatic cooling of the remnant result in a 
drastic decline in the X-ray emission. At this stage the recombination exceeds the ionization, and the X-ray 
spectrum is characterized by strong recombination lines and continua. The blast shock eventually catches up 
with the relatively slow ejecta of the previous outbursts. The X-ray emission may then be rejuvenated in both 
luminosity and spectral shape. Observations of such an X-ray decline and rejuvenation may provide a clue to 
the outburst mechanism of recurrent novae. 
Subject headings: shock waves — stars: novae — stars: X-rays — X-rays: binaries 

I. INTRODUCTION 

Two mechanisms have been proposed for recurrent-nova 
outbursts: a thermonuclear runaway (TNR) model and a 
main-sequence accretor model (e.g., Webbink et al 1987). The 
TNR model resembles the widely accepted TNR model of clas- 
sical novae, except that the companion of the white dwarf 
is a red giant instead of a low-mass, main-sequence star (see 
Starrfield 1988 and Shara 1989 for reviews). In order for the 
outburst to recur every 10 years or so, however, the mass 
accretion rate has to be high and the white dwarf has to be 
both massive and luminous in comparison with those in 
classical-nova systems. The accreted material then cannot cool 
enough to become strongly degenerated before ignition, and 
the resulting outbursts are expected to be much weaker than 
the outbursts of classical novae. This prediction may be in 
conflict with strong outbursts observed in some recurrent 
novae. The strong outbursts may be due to a drastic enhance- 
ment of mass transfer from a red giant to a main-sequence star 
(Webbink etal 1987). 

X-ray observations play an important role in the study of 
recurrent-nova outbursts. It has long been known from optical 
observations that some recurrent-nova systems are associated 
with a dense circumbinary medium (CBM), which is most 
likely formed by the wind from the red giant between outbursts 
(see Rosino 1987 for a review). By interacting with nova ejecta 
having expansion velocities of several hundred or several thou- 
sand km s"1, the CBM will be shock-heated to X-ray-emitting 
temperatures (Brecher, Ingham, and Morrison 1977). The 
X-ray emission from RS Ophiuchi during the latest outburst in 
1985 (Mason et al 1987), the detection of which was the first in 
recurrent novae during the outburst, has been interpreted in 
terms of the shocked-CBM scenario (Bode and Kahn 1985; 
Mason et al 1987; O’Brien, Kahn, and Bode 1987). 

The blast shock eventually breaks out of the CBM into a 
rarefied ambient medium. The shocked CBM then undergoes 
an almost free expansion and, as a result of rarefaction and 

adiabatic cooling, the X-ray emission will fall sharply (Brecher, 
Ingham, and Morrison 1977). A steep decline of X-ray emission 
has been observed in RS Ophiuchi during the 1985 outburst 
(Mason et al 1987). Observations of the X-ray luminosity and 
spectrum and of their time developments will give us important 
information about the outburst energy, the mass-loss rate of 
the red giant, the wind velocity, and so on. 

After the CBM’s steep decline in X-ray emission, the black- 
body radiation from the hot surface of the erupted white dwarf 
may show up in the X-ray spectrum. The detection of this 
blackbody spectrum will constitute compelling evidence for the 
TNR model. It will also provide constraints on the model of 
the delayed mass ejection from the white dwarf. In classical 
novae, the explosive mass ejection is known to be followed by a 
quasi-steady, optically thick wind from the white dwarf with 
the luminosity being close to the Eddington limit (e.g., Sparks, 
Starrfield, and Truran 1978; Kato and Hachisu 1988). Soft 
X-ray emission intensifies as the photosphere contracts 
(Ögelman, Krautter, and Beuermann 1987). 

The delayed and relatively slow mass ejection from a pre- 
vious eruption of the star may have formed a slowly expanding 
gaseous shell around the stellar system; such a shell has 
actually been found around T Pyxidis (see Shara et al 1989 
and references therein). The shell will be hit by the blast shock 
which has broken out of the CBM, and will be heated to emit 
X-rays. A reverse shock will be reflected from the shell and 
reheat the CBM. 

In the present paper, we investigate the time development of 
the X-ray emission from a recurrent-nova remnant sketched 
above. The evolutionary stage in which the blast shock propa- 
gates through the CBM has been investigated by Brecher, 
Ingham, and Morrison (1977), Bode and Kahn (1985), O’Brien, 
Kahn, and Bode (1987), and O’Brien and Kahn (1987). These 
authors derived analytical expressions for the dynamical evo- 
lution, and considered the X-ray emission under the assump- 
tion of coronal ionization equilibrium. We use a numerical 
code in the investigation of the dynamical evolution, and take 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
pJ

. 
. .

35
8.

 .
55

11
 

552 

account of the electron-ion temperature nonequilibrium and 
the ionization nonequilibrium in the calculation of the X-ray 
spectrum. Further, we extend the investigation to the evolu- 
tionary stages in which the blast shock breaks out of the CBM 
and hits the gaseous shell. It should be noted here that super- 
novae may undergo a similar breakout from a dense circum- 
stellar medium (Itoh and Fabian 1984; Band and Liang 1988; 
Itoh and Masai 1989). Also, the collision of the blast shock 
with a high-density region some distance away from the explo- 
sion site has been investigated for several remnants including 
SN 1572 and SN 1987A (Dickel and Jones 1985; Itoh et al 
1987; Masai et al 1987,1988; Itoh 1988; Chevalier and Liang 
1989). Because of the relatively short time scales involved in the 
evolution of recurrent novae, the study of recurrent novae will 
also help us understand the evolution of young supernova 
remnants. 

In the next section, we describe the physical assumptions 
used in the model calculations. Numerical results are presented 
in § III. Their implications for the observations and proposed 
outburst mechanisms of recurrent novae are discussed in § IV. 
A summary is given in the final section. 

H. THE MODELS 

a) Initial Conditions 

The incipient expansion of recurrent-nova ejecta should 
depend on the outburst mechanism. This mechanism is pre- 
sently controversial. Here we assume that the ejecta have a 
total mass M0, and spherically expand with a total kinetic 
energy E0. The expansion velocity, v, is taken to be proportion- 
al to the distance, r, from the center of the expansion. Although 
negative velocity gradients have been observed in classical 
novae, they are not prominent in the initial ejecta of recurrent 
novae (Friedjung 1987). The density profile, p(r), of the initial 
ejecta is taken to be uniform from the center out to a radius rc. 
For the outer regions, we assume a power law, p(rc)(r/rcy

n, 
with a constant index n out to a surface at a radius r0. Such a 
ramp in density may be formed when the shock propagates 
down the density gradients in the envelope and immediate 
surroundings of the erupting star. The delayed mass ejection 
mentioned in the previous section is not considered for the 
initial ejecta, since it does not affect the early interaction of the 
ejecta with the CBM. 

The red-giant companion is assumed to generate a spher- 
ically symmetric, steady wind between the outbursts. The 
density profile of the resulting CBM may be written as 

p(r) = M/4nr2W , (1) 

where M is the mass-loss rate of the red giant, and W is the 
wind velocity. Although the orbital motion of the red giant 
may result in the CBM being more extensive in the orbital 
plane than in the perpendicular direction, we ignore this effect 
for simplicity. The total mass and outer radius of the CBM are 
written as 

Mcbnl = MT , (2) 

and 
rcb„i = WT , (3) 

respectively, where T is the time elapsed since the previous 
outburst. 

The density in the immediate vicinity of the CBM is likely to 
be much lower than that in the CBM. We assume that a rela- 
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tively small mass, Mfl, is uniformly distributed from the radius 
rcbm out to a radius rshell. At r = rshell, a shell of a mass Mshell 
and of a uniform density /?shell is assumed to have been formed 
by the delayed and relatively slow mass ejection from the pre- 
vious outburst(s). The density outside the shell is taken to be 
uniform at p0. A temperature of 104 K is assumed everywhere. 
The initial expansion velocities of the CBM and the ambient 
media are much lower than those of the ejecta, and are ignored 
in the numerical calculations. 

b) Hydrodynamics and X-Ray Emission 
The dynamical evolution of the recurrent-nova remnant is 

calculated from the equations of mass, momentum, and energy 
conservation for a spherically symmetric flow. The Lagrangian 
equations are written in explicit finite-difference form with an 
artificial viscosity as prescribed by Richtmyer and Morton 
(1967). Test calculations have shown that 40, 50, 20, 20, and 50 
zones suffice for the ejecta, the CBM, the adjacent low-density 
region, the shell, and the surrounding medium, respectively. In 
the course of the numerical calculation, the zone width 
becomes very small in the outer region of the cool ejecta, and 
we merge such zones to relax the Courant condition. The elec- 
tron and ion temperatures are treated separately. On the basis 
of the plasma measurements at the Earth’s bow shock (Bame et 
al 1979), we assume that only ions are heated at the shock 
front through collisionless processes. Electrons are assumed to 
be heated through Coulomb collisions (Spitzer 1962) with ions 
in the postshock region. The possibility of substantial electron 
heating at the fast collisionless shock front (McKee 1974) is 
ignored in the present calculations (see also Itoh, Masai, and 
Nomoto 1988). 

We assume that hydrogen and helium are completely 
ionized everywhere, and calculate the time-dependent ioniza- 
tion of carbon, nitrogen, oxygen, neon, sodium, magnesium, 
aluminum, silicon, sulfur, argon, calcium, iron, and nickel. 
Since we are interested in highly charged ions which can emit 
X-rays efficiently, only the ionization stages C2+, N2+, 02+, 
Ne2+, Na5+, Mg3+, Al6+, Si3+, S3+, Ar3+, Ca5+, Fe5+, and 
Ni5+, and higher ionization stages of the same atoms are con- 
sidered. The ionization and recombination coefficients are 
taken from Arnaud and Rothenflug (1985) and references 
therein. 

The nonequilibrium state of ionization is used in the calcu- 
lation of the X-ray spectrum. The radiation code (provided by 
K. Masai) uses spectral line data which are taken from Mewe, 
Gronenschild, and van den Oord (1985) and are modified by 
Masai; this version includes collisional excitation, innershell 
ionization, dielectronic recombination, and radiative recombi- 
nation. For the continuum emission, thermal bremsstrahlung, 
radiative recombination into n <3 levels of hydrogenic, He- 
like, and Li-like ions, and two-photon decay from 2s(2S) levels 
of hydrogenic ions and ls2s(1S) levels of He-like ions are taken 
into account. We adopt the cosmic abundances of elements 
(Allen 1973) for the CBM. For the other regions, we set the 
mass fractions of hydrogen and helium equal to 0.58 and 0.40, 
respectively, and those of the heavier elements to the cosmic 
values. 

The nonequilibrium X-ray emission is also calculated for the 
evaluation of the radiative cooling. Since this is very time con- 
suming, the radiative cooling is considered only for the nova 
ejecta having electron temperatures higher than 105 K in most 
of the models presented in the next section. The radiative 
cooling is relatively unimportant outside the ejecta. We ignore 
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TABLE 1 
Model Parameters3 

E0 Mchm 
Model (10-6Mo) (1044 ergs) (10~6 M0) 

A  1 1 1 
B  1 1 3 
C  0.1 0.1 1 

a For the parameters that are common among the 
models, see the text. 

the cooling by gas-grain collisions, although the nova ejecta 
and the CBM may be dusty. The ultraviolet radiation and 
X-rays from the erupted star are also ignored; although these 
emissions will significantly affect the ionization state and 
thermal balance of the relatively cool gas, they will have little 
effect on the X-ray emitting gas. Thermal conduction is also 
ignored. 

c) Calculated Models 
We have calculated three models (A, B, and C) by varying 

the value(s) of M0, E0, or Mcbm as summarized in Table 1. The 
adopted values of M0 sandwich an estimate of 5 x 10“7 M0 
for the 1958 outburst of RS Ophiuchi (Pottasch 1967; Snijders 
1987). The value of E0 is chosen so that the resulting maximum 
expansion velocity of the initial ejecta, 4.2 x 103 km s-1, is 
consistent with the measurements for RS Ophiuchi at optical, 
ultraviolet, and radio wavelengths (see, e.g.. Bode 1987; Forças, 
Davis, and Graham 1987; Taylor et al. 1989). The mass of the 
CBM is taken to be equal to or greater than that of the ejecta. 

The remaining parameters are common among the three 
models. In each case, we assume that the ejecta expand freely 
until their outer boundary meets the CBM, and start the 
numerical calculation by setting r0 = 1013 cm. This value for r0 
is of the same order as the separation between the binary com- 
ponents of RS Ophiuchi (Livio, Truran, and Webbink 1986). 
The values of rc and n are arbitrarily set equal to 9.1 x 1012 cm 
and 12, respectively. Since the mass contained between radii rc 
and r0 is taken to be much smaller than Mcbm, the numerical 
results are insensitive to the value of n. For the CBM, we 
assume rcbm = 1015 cm. For the latest outburst of RS 
Ophiuchi, relations (2) and (3) with T = 17 yr yield plausible 
values for M ( = 5.9 x 10“8 M0 yr-1 in models A and C and 
1.8 x 1(T7 Mq yr"1 in model B) and W (=19 km s"1). The 
parameters for the matter outside the CBM are taken to be 
Ma = 10“7 Mq, rshell = 7 x 1015 cn^ Mshell = 10“6 M0, 
Z7shell = 5 x 103 amu cm 3, and p0 = 10 1 amu cm 3. 

Figure 1 shows the radial distributions of the density and 
velocity at time i = 0.31 days after the outburst in model A. In 
model B the density of the CBM is higher than that shown in 
Figure 1 by a factor of 3, while in model C the density of the 
ejecta is lower by a factor of 10. 

III. NUMERICAL RESULTS 

We first describe the numerical results for model A in some 
detail. Subsequently we present the results for models B and C 
to examine the effects of increasing the density of the CBM and 
lowering both the ejected mass and the outburst energy. 

a) Model A 
i) Expansion in the CBM 

The collision of the ejecta with the CBM gives rise to two 
shock waves : a blast shock into the CBM and a reverse shock 

Fig. 1.—The radial profiles of the density (labeled RHO) and velocity (V) at 
t = 0.31 days in model A. The surface of the ejecta is at a radius of 1.13 x 1013 

cm, the outer boundary of the CBM at 1015 cm, and the shell at 7 x 1015 cm. 

into the ejecta. To exemplify the dynamical structure of the 
nova remnant in this evolutionary stage, Figure 2a shows the 
radial profiles of the density, velocity, mean temperature (Tm) of 
electrons and ions, and electron temperature (Te) at i = 28 days 
in model A. A sharp density peak at a radius of 6.32 x 1014 cm 
marks the outermost region of the reverse-shocked ejecta. 
Since the deceleration of the sharp density peak by the less 
dense CBM is subject to a Rayleigh-Taylor instability, the 
shocked ejecta will in reality fragment into many pieces. 

The density, velocity, and temperature profiles are qualitat- 
ively the same as those in models of young supernova remnants 
(e.g., Itoh and Masai 1989). The blast-shocked CBM is hotter 
than the reverse-shocked ejecta. As shown in Figure 1, the 
density of the initial ejecta is higher than that of the CBM by 
three orders of magnitude or more. This density contrast, in 
conjunction with an approximate pressure equilibrium within 
the remnant, implies a temperature contrast of a similar mag- 
nitude across the contact discontinuity between the ejecta and 
the CBM. The mean temperature rises toward the shock front 
in both the ejecta and the CBM, since the immediate preshock 
density decreases with time. The shocked ejecta may cool by 
radiation, because of the relatively high density and low- 
postshock temperature. The sharp density peak is due in part 
to the compression that accompanies the radiative cooling. 
Thermal instabilities may set in during the radiative cooling to 
facilitate the fragmentation of the shocked ejecta. The cooling 
of the shocked ejecta will eventually be balanced with the 
heating by the ultraviolet radiation and X-rays from the 
erupted star. Detailed treatment of the thermal evolution of the 
shocked ejecta would be necessary in studying their optical 
and ultraviolet emission, but is beyond the scope of the present 
paper. A separate calculation has been made for the early 
stages of the evolution by including the radiative cooling of the 
CBM. The results show that the radiative cooling is insignifi- 
cant in the blast-shocked CBM in model A. 

The X-ray spectrum at i = 28 days in model A is shown in 
Figure 2b. It has been convolved with a Gaussian to a 
resolution of 0.1£0*5 keV (FWHM), where E is the photon 
energy in units of keV. The distance and interstellar column 
density to the remnant are set equal to 1.6 kpc and 2.4 x 1021 
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H atoms cm-2, respectively, which are estimates for RS 
Ophiuchi (Hjellming et al. 1986). The ejecta could absorb some 
of the X-ray photons produced in the CBM. However, this 
effect will be significantly reduced by the fragmentation of the 
shocked ejecta, and therefore it is ignored in the spectral calcu- 
lations. The absorption by the CBM is also ignored; this is 
acceptable since the column density of the unshocked CBM is 
smaller than the interstellar value adopted here when i > 1 day 
in model A. The most conspicuous feature in the spectrum is an 
iron Ka emission line blend centered at a photon energy of 6.69 
keV, with an equivalent width of 1.45 keV. As indicated by the 
mean photon energy of the emission feature, iron is mostly 
ionized to a helium-like stage in the shocked CBM. Lighter 
elements also emit appreciably in K lines, though they are 
more fully stripped of their bound electrons than iron. If the 
CBM were enriched with metal elements, the X-ray lines would 
be enhanced accordingly. 

The averaged electron temperature within the remnant and 
the 0.1-30 keV luminosity are plotted against time in Figures 
3a and 36, respectively. In order to focus on those regions that 
contribute to the X-ray emission, we average the electron tem- 
perature over the remnant using the bremsstrahlung emissivity 
as a weighting factor. While the blast shock expands in the 
CBM, the luminosity of the CBM, Lcbm, may in principle be 
estimated by approximating the blast wave by a uniform shell 
in which the density is higher than the immediate preshock 
value by a factor of 4. We thus obtain 
Lcbm = 3 x 1033(e/10“23 cm3 ergs s_1XMcbm/10_6 M0)2 

X (^cbm/lO15 cm) - 2(rblast/1015 cm) “1 ergs s “1 , (4) 

where e is the X-ray emissivity and rblast is the blast-shock 
radius. Unfortunately, however, the evaluation of the emiss- 
ivity is not straightforward in general, since the emissivity may 
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be affected appreciably by the departure of the ionization state 
from equilibrium. 

ii) Breakout from the CBM 
The blast shock breaks out of the CBM at f æ 36 days in 

model A. The time of the breakout may be written as 

^break ^*cbin/^ ^blast^ » (5) 

where (Vhlllst) is the average expansion velocity of the blast 
shock in the CBM, and may be approximated as 

Oblast) = (§)[1 + (1 + Mcbm/M0)~ 1](2£0/M0)1/2 . (6) 

In equation (6) the shock velocity is assumed to be larger than 
the velocity of the shocked gas by a factor of four-thirds, the 
momentum is assumed to be conserved in a given solid angle, 
and an arithmetic mean of the initial and final velocities is 
taken. Equations (5) and (6) yield ibreak = 36 days for the 
parameters of model A, in agreement with the numerical result. 

After the breakout into the surrounding rarefied medium, 
the blast shock is accelerated for a while by the pressure gra- 
dient in the CBM (Itoh and Fabian 1984; Band and Liang 
1988; Itoh and Masai 1989). Thereafter the CBM undergoes 
nearly unimpeded expansion, and is subject to significant adia- 
batic cooling as seen in Figure 3a. Consequently, the X-ray 
emission declines steeply as shown in Figure 36. The adiabatic 
cooling of the CBM is so rapid that the recombination lags 
behind the decline of the electron temperature. The CBM thus 
becomes over ionized, and the recombination lines and contin- 
ua, especially those of iron at F > 6 keV, become very con- 
spicuous in the X-ray spectrum, as exemplified in Figure 4 

Fig. 2a Fig. 2b 
Fig. 2.—{a) The radial profiles of the density (labeled RHO), velocity (V), mean temperature (TM), and electron temperature (TE), and (b) the X-ray spectrum, at 

i = 28 days in model A. The spectrum is shown for the total emission (thick solid line), line emission (thin solid line), bremsstrahlung (B), recombination radiation (R), 
and two-photon emission (T). The total and line spectra are convolved with a Gaussian to a resolution of 0.1 is0 5 keV (FWHM). The distance and interstellar column 
density to the remnant are set equal to 1.6 kpc and 2.4 x 1021 H atoms cm-2, respectively, which are estimates obtained for RS Ophiuchi (Hjellming et al. 1986). The 
emission from the central star is not included. 
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Fig. 3d 
Fig. 3.—Time evolution of (a) the averaged electron temperature within the remnant, (b) the 0.1-30 keV luminosity, and (c) the equivalent width and (d) mean 

photon energy of an iron Ka emission feature, in model A. For the definition of the averaged electron temperature, see the text. The secondary X-ray flare around 
t = 480 days might be an artifact of the numerical scheme, as discussed in the text. 

(t = 159 days). The time evolution of the equivalent width and 
mean photon energy of the iron Ka emission feature is shown 
in Figures 3c and 3d, respectively. The drastic increase of the 
equivalent width after the breakout displays the growing 
departure from ionization equilibrium. For 100 days < t < 200 
days, the mean photon energy corresponds approximately to 
the ls2p(3P)-ls2(1iS) transition in Fe24+, indicating the domin- 
ance of the recombination process in the iron Ka emission. 

The expansion of the CBM is eventually decelerated by the 
ambient medium. This is accomplished through propagation 
of a reverse shock from the contact surface between the two 
media into the CBM. The second reverse shock reheats the 
CBM, and leads to an upturn of the averaged electron tem- 
perature within the remnant as seen in Figure 3a. 

iii) Collision with the Shell 
The blast shock reaches the shell at i « 210 days in model A. 

If the shock expanded at a constant velocity, the time of the 
collision would be (rshell/rcbm)ibreak, which is about 250 days in 

model A. In reality, the acceleration of the shock immediately 
after the breakout hastens the collision. As the blast shock 
moves into the dense shell, the X-ray luminosity increases 
steeply and the X-ray spectrum changes its shape. The recom- 
bination lines and continua emitted from the over-ionized 
CBM become overwhelmed by the collisionally excited lines 
and bremsstrahlung continuum from the shocked, under- 
ionized shell material. The spectrum thus recovers its more 
conventional shape, as exemplified in Figure 5 (i = 258 days). 
The line emission is significantly enhanced by the nonequilib- 
rium ionization (e.g., Itoh 1979). The X-ray luminosity attains a 
local maximum when the transmitted shock reaches the outer 
boundary of the shell. This maximum may be estimated as 

¿shell, max = 4 X 1032(e/10"23 CHI3 CrgS S“1) 
x (/>sheii/l°4 amu cm“3) (7) 

X (Mshell/10-6 Mq) ergs s_1 , 
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by assuming that the shell is compressed by a factor of 4. The 
X-ray luminosity begins to decline at i æ 260 days, when the 
blast shock breaks out of the shell. 

In addition to the transmitted shock, a reflected (reverse) 
shock is excited upon collision of the blast shock with the shell. 
In model A, this third reverse shock overtakes the second one, 
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Fig. 5.—Same as Fig. 2b, but at i = 258 days 

and reaches the ejecta at i æ 460 days. As shown in Figure 36, 
this collision gives rise to a secondary X-ray flare. We note, 
however, that the luminosity and spectrum of the rejuvenated 
ejecta should be sensitive to the density, which is not calculated 
in detail in our models as mentioned in § IIIa(i). The fragmen- 
tation of the shocked ejecta will also affect the luminosity 
profile of the secondary flare significantly. 

b) Model B 
The CBM of model B is denser and more massive than that 

of model A by a factor of 3. The averaged electron temperature 
and 0.1-30 keV luminosity of the remnant, and the equivalent 
width and mean photon energy of the iron Ka emission feature 
in model B are plotted against time in Figures 6a, 66, 6c, and 
6d, respectively. Evidently the relatively dense and massive 
CBM hastens the deceleration of the remnant expansion, and 
delays the collision with the shell, as seen by comparing Figure 
6 and Figure 3. The higher density and mass also lead to 
enhancement of the X-ray emission before the breakout, as 
suggested by equation (4). On the other hand, the maximum 
X-ray luminosity during the primary flare is scarcely affected, 
because it is determined mainly by the shocked shell. The prob- 
lematic secondary flare is not seen in Figure 66, since the 
reverse shock from the shell has not reached the ejecta as of 
t = 1000 days in model B. 

In model B, the innermost regions of the shocked CBM are 
dense enough to cool appreciably by radiation. We have made 
a separate model calculation (model Bm) for f < 31 days, 
including the radiative cooling of the CBM. The global proper- 
ties of the remnant are not much different between models B 
and Bm. For instance, the averaged electron temperature and 
0.1-30 keV luminosity at i > 15 days in model Bm agree with 
those in model B to within 10%. The X-ray spectra at i = 26 
days in models B and Bm are shown in Figures la and 76, 
respectively; they differ only slightly from each other at 
E < \ keV. The equivalent width and mean photon energy of 
the iron Ka emission feature do not differ appreciably between 
the two models. 

If the density of the CBM is high or the outburst energy low 
compared with that in model B, the correspondingly high- 
postshock density or low-postshock temperature may make 
the bulk of the blast-shocked CBM cool appreciably by radi- 
ation. Since the departure from ionization equilibrium may be 
insignificant in the radiatively cooling gas, the dynamical evo- 
lution and X-ray emission of the radiative CBM before the 
breakout may be calculated semianalytically by assuming the 
equilibrium emission coefficients (Bode and Kahn 1985; 
O’Brien, Kahn, and Bode 1987; O’Brien and Kahn 1987). 

Since the CBM is formed by a wind from a red giant, it is 
likely to be dusty. Thus the shocked CBM may also cool sig- 
nificantly through gas-grain collisions. The evaluation of this 
effect and the calculation of the infrared and X-ray spectra 
would require taking into account dust destruction through 
sputtering (e.g.. Callus, Evans, and Albinson 1986; Evans 1987; 
Itoh 1989). These considerations are beyond the scope of the 
present paper. 

c) Model C 
The ejecta mass and outburst energy of model C are both 

lower than those of model A by a factor of 10. The averaged 
electron temperature and 0.1-30 keV luminosity of the 
remnant, and the equivalent width and mean photon energy of 
the iron Ka emission feature in model C are plotted against 
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Fig. 6.—Same as Figs 3a, 36,3c, and 3d, but in model B 

time in Figures 8a, 85, 8c, and 8d, respectively. Because of the 
low outburst energy, the breakout of the blast shock from the 
CBM and its collision with the shell occur much later than in 
model A. The shock heating of the shell is relatively weak in 
model C, as inferred from a comparison of Figures 8a and 3a. 
Thus the nonequilibrium X-ray emissivity of the shocked shell 
material is relatively low, and the maximum X-ray luminosity 
during the flare is correspondingly low, in model C. 

IV. DISCUSSION 

The breakout of the blast shock from the CBM has distinc- 
tive observational consequences, as described above. It is pre- 
dicted that the breakout is followed by a steep decline in the 
X-ray emission (Fig. 35), softening of the spectral shape (Figs. 
25 and 4), and prominence of recombination lines and contin- 
ua in the spectrum (Fig. 4). A rapid decline of the X-ray flux 
was actually observed between 2 and 3 months after the 1985 
outburst of the recurrent nova RS Ophiuchi (Mason et al 
1987). Mason et al (1987) interpreted this as being due to the 
shock breakout. Unfortunately, however, no conclusive evi- 

dence was found for (or against) the predicted softening of the 
X-ray spectrum during the decline (see Fig. 3 of Mason et al 
1987). Thus the above interpretation should be tested by spec- 
tral observations of the next outburst. It should be noted that 
the nonthermal radio emission also declined rapidly ~ 40 days 
after the 1985 outburst (Hjellming et al 1986); the rate of the 
decline can be shown to be consistent with free expansion of an 
optically thin synchrotron source. 

The rejuvenation of the recurrent-nova remnant via shock 
collision with a dense shell is also yet to be confirmed by 
observations. In the recorded outbursts in 1866 and 1946, T 
Coronae Borealis exhibited secondary brightening ~ 106 days 
after the primary light maximum (see Kenyon 1986 and 
Webbink et al 1987 for reviews). The secondary brightening 
may have been due to the collision of the nova ejecta, expand- 
ing at a velocity of 4500 km s~ \ with the material at a distance 
of 250 AU away from the stellar system (Gratton 1952). Alter- 
natively, it may also be explained within the context of an 
accretion-powered outburst model for recurrent novae 
(Webbink 1976; Webbink et al 1987). The former model pre- 
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a 

Fig. 7.—Same as Fig. 2b, but at f = 26 days in (a) model B and (b) model Bm 

diets copious X-ray emission during the secondary light 
maximum; such an emission provides an observational test for 
the model. 

If Gratton’s model is correct, it is very likely that the 
material at a distance of 250 AU is ejecta of the previous 
outburst(s), since this type of secondary brightening was 
observed at both outbursts. The material is probably formed 
by a slow stellar wind having an expansion velocity of ~ 20 km 
s-1 (e.g., Kato and Hachisu 1988), which is obtained by taking 
account of the interval between the two outbursts. Therefore, if 
the copious X-ray emission is confirmed, then it may pose a 
clue to the outburst mechanism of recurrent novae. 

In the 1985 outburst of RS Ophiuchi discussed above, X-ray 
observations were performed on six occasions, ending 250 days 
after the optical light maximum (Mason et al. 1987). These 
observations showed no evidence for secondary brightening. 
The soft X-ray flux measured on the final occasion lies above 
the extrapolation of the earlier measurements. This might be 
due to the collision of the blast shock with a relatively dense 
ambient medium. However, there was no accompanying 
enhancement of the radio emission around that time (see 
Hjellming et al. 1986), as would be expected if the nonthermal 
radio emission is due to the particle acceleration near the blast- 
shock front. Alternatively, the soft X-rays observed on the final 
occasion may have originated primarily on the surface of the 
erupted white dwarf which had a temperature of 3.5 x 105 K 
(Mason et al. 1987). If this is the case, there remains a possi- 
bility that RS Ophiuchi will flare up in the near future. We note 
in passing that if the shell is dusty the flaring may also occur at 
infrared wavelengths owing to the collisional heating of the 
dust grains by the shocked gas, as has been predicted for the 
remnant ofSN 1987A (Itoh 1988). 

In the 1989 outburst of V745 Scorpii, spectroscopic observa- 
tions indicated the presence of tenuous material near the nova 
(Duerbeck and Schwarz 1989). This material might be a wind 
from the companion star or slow ejecta from the previous 
outburst(s). In any case, however, positive detection of the 
expected X-ray emission is hindered by the presence of a bright 
X-ray source in the vicinity of the nova (Makino 1989). 

The X-ray and radio flares, and possibly the infrared flare 
also, may be observed first in T Pyxidis, This system under- 
went recorded outbursts in 1890,1902,1920,1944, and 1966. It 
is very likely that the next outburst will occur soon. Further, a 
slowly expanding shell has been detected around that stellar 
system (see Shara et al. 1989 and references therein). The next 
outburst of this nova will provide an opportunity for coordi- 
nated observations at various wavelengths to test our predic- 
tions. 

Future investigations of the dynamical evolution and non- 
equilibrium X-ray emission of a recurrent-nova remnant 
should take account of the asphericity of the remnant. An 
Ha + [N ii] photograph of T Coronae Borealis has shown 
that the nebular remnant consists mainly of two condensations 
on either side of the stellar system (Williams 1977). Similarly, 
the Very Long Baseline Interferometry observations of RS 
Ophiuchi during the 1985 outburst have shown two extensions 
on either side of the central bright feature (Hjellming et al. 
1986; Forças, Davis, and Graham 1987; Taylor et al. 1989). 
Further, the Balmer-line profiles of U Scorpii and V394 
Coronae Austrinae during the 1987 outbursts indicate defi- 
ciencies of the ejecta moving in the plane of the sky (Sekiguchi 
et al. 1988, 1989). The expansion of the ejecta may be signifi- 
cantly impeded in that plane by the accretion disk around the 
erupted star (Sekiguchi et al. 1988), as has been proposed for 
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classical novae (Sparks and Starrfield 1973). Alternatively, the 
mass ejection itself may be bipolar. The CBM in these systems 
may also be aspherical owing to the orbital motion of the 
red-giant companion, as mentioned in § II. Thus aspherical 
expansions occur in almost all observed recurrent novae, 
although the degree of asphericity varies markedly among 
them. 

V. CONCLUSIONS 
When the ejecta of a recurrent nova collide with the dense 

CBM which has been formed by a wind from the red-giant 
companion, the blast-shocked CBM emits copious thermal 
X-rays. After the blast shock breaks out of the CBM, the CBM 
cools substantially by adiabatic expansion. As a result, the 
X-ray emission declines steeply, the shape of the X-ray spec- 
trum softens, and the recombination lines and continua 
become prominent in the X-ray spectrum. The recurrent-nova 
remnant may be rejuvenated when it collides with the dense 

shell which has been ejected slowly during the previous 
outburst(s). The collision is accompanied by X-ray and radio 
flares, and possibly by an infrared flare also. These signatures 
may be detected in the next outburst of T Pyxidis, which is very 
likely to occur in a few years. They may also be detected 
shortly in RS Ophiuchi and U Scorpii, which underwent their 
latest outbursts in 1985 and 1987, respectively. 
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