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1. Introduction 

Supersoft X-ray sources exhibit spectra that are remarkably steep, in that 
the ratio of low-to-high energy X rays is much larger than is characteristic 
of the spectra associated with the previously known classes of luminous 
X-ray sources. The first supersoft sources were discovered during a sur-
vey of the Large Magellanic Cloud with the EINSTEIN Observatory (Long 
et al. 1981). The all-sky X-ray survey carried out with ROSAT has now 
established that luminous supersoft X-ray sources constitute a distinct as-
tronomical class (see, e.g., Hasinger 1994). A number of the identified opti-
cal counterparts of the supersoft X-ray sources exhibit blue continua with 
emission lines of H and He l l (Smale et al. 1988; Pakull et al. 1988; Cowley 
et al. 1990), which are characteristic of accretion disks. The X-ray emission 
of some sources is steady, while others exhibit significant time variability. 
Table 1 briefly summarizes what is known thus far about the numbers and 
characteristics of supersoft X-ray sources (see Hasinger 1994, and references 
therein). 

In Section 2 we focus on a particular model for supersoft sources, one 
in which the observed luminosity is generated by the nuclear burning of 
matter that is accreting onto the surface of a white dwarf. We summa-
rize the results of an investigation in which the total population of sources 
consistent with this model was calculated. Section 3 describes a nearly 
model-independent theoretical investigation in which we utilized the ob-
served numbers and characteristics of supersoft sources to compute the 
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T A B L E 1. Supersoft X - R a y Sources: Propert ies a n d Statistics 

R a n g e of Propert ies N u m b e r s Identifications 

kT ~ 1 5 - 5 5 e V M 3 1 : - 1 5 Binaries ( 0 . 5 < P o r b < 3 .5 days ) : 4 

L ~ 1 0 3 7 - 1 0 3 8 ergs s - 1 G a l a x y ~ 6 Symbiot i c Novae: 3 

L M C - 6 Classical Nova: 1 

S M C - 4 P lanetary Nebula* : 1 

X - R a y Pulsar: 1 

Globu lar Cluster Source (low L): 1 

* W e note that this source also has a hard X - r a y c o m p o n e n t . 

size of the underlying population of these sources. In Section 4 we continue 

along a model-independent line of inquiry and sketch several investigations 

of the ionization nebulae which may be associated with supersoft sources. 

Section 5 is a summary and a look forward. 

2. Population Synthesis for the Steady Nuclear Burning Model 

Proposed models for the supersoft X-ray sources include nuclear burning 

on the surface of a white dwarf (Van den Heuvel et al. 1992; Rappaport, 

Di Stefano & Smith 1994 [hereafter RDS]) , and accreting black holes (Cow-

ley et al. 1990) or neutron stars (Kylafis & Xilouris 1993; Hughes 1994). In 

this section, we focus almost exclusively on the nuclear burning model since 

(1) it is the most quantitative and leads to specific predictions, and (2) the 

preponderance of evidence points toward a majority of the systems thus far 

identified having a white dwarf as the X-ray emitting object. Qualitatively, 

the model we consider invokes steady nuclear burning of accreted matter 

on the surface of a ~1 Μ Θ white dwarf with accretion rates of between ~1 

and 5 1O~ 7 M0 y r - 1 ; such rates are required to sustain the luminosity (Van 

den Heuvel et al. 1992; RDS and references therein). In the case of super-

soft X-ray sources that are in binary systems with orbital periods in the 

range of 0.5-3 days, the companion star is expected to be a main-sequence 

or subgiant of mass ~ 1 . 3 - 2 . 7 M 0 . 

The high mass-transfer rates are a natural consequence of unstable mass 

transfer, on a thermal time scale, via Roche lobe overflow from the more 

massive donor star to a less massive accreting white dwarf. In the case of 

supersoft X-ray sources that are associated with symbiotic novae, the mass 

transfer may be driven by the expansion of a low-mass giant companion as 

it ascends the giant branch. 

An evolutionary scenario for the formation of supersoft X-ray sources 

with orbital periods near a day is shown in Fig. 1 (which has been adapted 
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from Van den Heuvel 1994). 

We have carried out a population synthesis calculation of supersoft X-

ray sources that are formed via the scenario described above (RDS) . We 

used Monte Carlo techniques to generate the initial binary system, includ-

ing the primary mass, the mass ratio, and the orbital period. A range of 

distributions for each of these system parameters was tested. The evolution 

of each binary was followed through a series of phases (several of which are 

depicted in Fig. 1) to determine which binaries evolved into systems con-

sisting of a white dwarf accreting matter within the requisite range of rates 

from a low-mass companion. When a "successful" system was obtained, we 

recorded the properties of that system. 

When properly normalized to the absolute birth rate of stars in the 

Galaxy, our results yield the number of supersoft X-ray sources, with orbital 

periods near a day, that should be active in the Galaxy at the present epoch. 

The results are shown in Fig. 2 in the form of normalized histograms of the 

predicted properties of (a subset of) the luminous supersoft X-ray sources. 

The calculated distributions of properties of supersoft X-ray sources 

shown in Fig. 2 were for a set of "nominal" input model parameters and 

assumptions (see RDS) . For these assumptions (the "standard" model of 

RDS) , the total number of expected supersoft sources in the Galaxy at the 

current epoch is about 1000. We can also scale to the blue magnitudes of 

other galaxies in the local group to estimate their population of supersoft 

X-ray sources (see Di Stefano & Rappaport 1994). Such a procedure yields 

~2500, 100, and 30 sources for M31, the LMC, and the SMC, respectively. 

We have also repeated the above population synthesis calculations for a 

wide range of input parameters and assumptions (see RDS) . The range of 

values for the predicted numbers of supersoft X-ray sources for the Milky 

Way, M31, the LMC, and the SMC are summarized in Table 2. 

3. Estimating the Underlying Population of Supersoft Sources 

Radiation at the wavelengths emitted by supersoft sources is readily ab-

sorbed by the interstellar medium. It is therefore clear that, whatever the 

physical nature of the sources (and it is unlikely that any single model will 

apply to all supersoft sources), ROSAT has not been able to detect a large 

fraction of the supersoft source population. The question we ask then is: 

how can we use the relatively small numbers of observed sources to derive 

an estimate of the true underlying population of presently active sources? 

The approach that we have taken (Di Stefano & Rappaport 1994) is to 

use Monte Carlo techniques to "seed", with a population of sources, each of 

the galaxies in which supersoft sources have been detected. We then model 

the gas distribution of each galactic system in order to be able to compute 
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Μ 2 ~ 2 Μ Θ 

M. 
4 / X**> 

M c o r e ~ 0 - 8 M 0 

M; 

M0 

1. W i d e Binary 

P o r b ~ weeks to years 

2 . C o m m o n Envelope Phase 

(large loss of mass 

and angular momentum) 

3 . Post Spiral-in Binary 

P o r b = 0 . 5 - 1 . 0 days 

Secondary evolves to fill 

its Roche lobe. Unstable 

mass transfer onto the 

white dwarf commences 

on a thermal timescale. 

Figure 1. Evo lut ionary scenario for the format ion of a particular class of supersoft X - r a y 

sources. T h e initial (pr imord ia l ) b inary consists of two main-sequence stars where the 

p r i m a r y has a m a s s in the range of ~ 2 - 8 M 0 , the secondary has a m a s s of > 0 . 8 M Q , 

a n d the orbital per iod is weeks to years. If the pr imary overfills its R o c h e lobe while 

ascending the giant branch, the result will likely b e a c o m m o n - e n v e l o p e s tage (see, e.g., 

Sparks & Stecher 1 9 7 4 ; Paczynsk i 1 9 7 6 ; T a a m , B o d e n h e i m e r & Ostriker 1 9 7 8 ; M e y e r & 

M e y e r - H o f m e i s t e r 1 9 7 9 ; Liv io & Soker 1 9 8 8 ; W e b b i n k 1 9 9 2 ) , leading to the eject ion of 

the giant's envelope. T h e resultant post-spiral- in b inary m a y consist of a white dwarf ( the 

core of the g iant) a n d a l ow-mass main-sequence star wi th an orbital per iod of a b o u t a 

day. Af ter s o m e t i m e has elapsed, either the orbit or the main-sequence star wil l evolve so 

that m a s s transfer onto the whi te dwarf will c o m m e n c e . If the donor star is m o r e mass ive 

than the accreting white dwarf, the m a s s transfer will t end to b e unstable . A s long as 

the donor star is not sufficiently evolved, the m a s s transfer will b e unstable on a t h e r m a l , 

rather than a d y n a m i c a l t imescale (Paczynsk i 1 9 6 5 , 1 9 6 7 ; K i p p e n h a h n , K o h l & W e i g e r t 

1 9 6 7 ; W e b b i n k 1 9 7 9 , 1 9 8 5 , 1 9 9 2 ; D e K o o l 1 9 9 2 ) . It is i m p o r t a n t to unders tand whether 

the m a t t e r so accreted can undergo stable (rather than explosive) nuclear burning. T h i s 

quest ion has been studied b y a n u m b e r of authors (Paczynski 1 9 7 0 ; Sion, Ac i erno & 

T o m c s z y k 1 9 7 9 ; T a a m 1 9 8 0 ; N o m o t o 1 9 8 2 ; Iben 1 9 8 2 ; Sion & Starrfield 1 9 8 6 ; L iv io , 

Prialnik b R e g e v 1 9 8 9 ; Prialnik & K o v e t z 1 9 9 4 ) . A l t h o u g h the range of m a s s transfer 

rates consistent wi th s teady nuclear burning depends on the m a s s of the whi te dwarf, 

typical values are in the range of ~ ( l - 5 ) 10~~ r Mq y r - 1 . 
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LOG[P (days) ] LOG[T] 

Figure 2. Panels ( a ) through ( d ) show the expected distributions of POTb, whi te dwarf 

a n d donor star m a s s , a n d effective t emperature , T e ff, respectively, as derived in the p o p -

ulat ion synthesis s tudy of R D S . T h e m e a s u r e d values of T efr for 1 2 observed sys t ems are 

superposed on the calculated distr ibution in ( d ) , while the m e a s u r e d values of P o r b for 4 

observed sys t ems are superposed on the calculated distr ibution in ( a ) . In each case the 

expec ted distr ibution is in g o o d agreement wi th the observational results. T h e skew in 

the m e a s u r e d values of T eff toward the high end of the distr ibution is a l m o s t certainly an 

observat ional selection effect. (See Sect ion 3 . ) T h e distribution of white-dwarf a n d donor 

star masses indicate m o s t probable values in the ranges of 0 . 6 5 - 1 . 1 M.Q a n d 1 . 5 - 2 . 5 M Q , 

respectively. 
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the column density encountered by the radiation from each source as it 

travels toward Earth. Using the PIMMS software (Mukai 1993), we then 

compute the number of counts that would be recorded by ROSAT and, 

depending on the ROSAT observation time for that portion of the sky, we 

determine whether or not ROSAT would have detected the seeded source. 

TABLE 2 . Der ived N u m b e r s of Supersoft X - R a y Sources 

Popula t ion Synthesis Inferred f r o m Observat ion 

M 3 1 4 0 0 - 6 0 0 0 8 0 0 - 5 0 0 0 

M i l k y W a y 1 0 0 - 1 5 0 0 4 0 0 - 3 0 0 0 

L M C 2 0 - 3 0 0 1 5 - 6 0 

S M C 5 - 6 0 1 0 - 4 0 

In this way, we have been able to compute the fraction, / , of all super-

soft sources that would have been detected by ROSAT, and hence to use 

the size of the observed population to infer the size of the total population 

of presently active sources. The results are summarized in the right-hand 

column of Table 2, above. In comparing the population estimates (Table 2) 

with the numbers of sources observed (Table 1), one can see that the frac-

tion of sources that ROSAT detects is different for different host galaxies 

in the Local Group. The value of 1 / / lies between ~2.5 and 10 for the 

Magellanic Clouds, but ranges from ~100 to 750 for the Milky Way, where 

the majority of sources would have to be detected through the large col-

umn densities associated with the disk. Distance plays a significant role in 

decreasing the number of sources detectable in M31. However, whatever 

the differences in the values of / from galaxy to galaxy within the Local 

Group, in all cases / is small. 

The fact that there might be a large population of supersoft sources not 

detectable with ROSAT motivates a search for other ways to detect and 

study supersoft sources. A promising line of research is the study of the 

ionization nebulae which may be associated with at least some supersoft 

sources. These nebulae are described in the next section. 

4 . I on i za t ion N e b u l a e Su r round ing Supersof t X - R a y Sources 

4.1. THEORY 

Regardless of what the nature of luminous supersoft X-ray sources is, it 

is clear that they emit copious quantities of highly ionizing photons in the 

range 20 eV to 200 eV. Thus, we expect that there will be ionization nebulae 

surrounding these sources (Rappaport et al. 1994). 
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We have carried out calculations of the ionization and temperature 

structure of the nebulae expected to surround supersoft X-ray sources, as 

well as their optical line fluxes (Rappaport et al. 1994). The models for 

ionization nebulae were calculated with the XSTAR code (Kallman & Kro-

lik 1993) which uses the computational methods described by Kallman & 

McCray (1982). The models consist of a spherical gas cloud with a point 

source of continuum radiation at the center. The input parameters include 

the source spectrum, the gas composition and density, the initial ionization 

parameter (which determines the initial radius), and the column density 

of the cloud (which determines the outer radius). Construction of a model 

consists of the simultaneous determination of the state of the gas and the 

radiation field as a function of distance from the source. The state of the gas 

at each radius follows from the assumption of a stationary local balance be-

tween heating and cooling and between ionization and recombination. The 

calculated characteristic radius of the ionized regions ( ~ 6 p c for an ISM 

density of 10 c m - 3 ) agrees with what one obtains from a rough estimate 

based on the Strômgren-sphere formula. 

An important question to answer is whether it is possible to distinguish 

the nebulae associated with supersoft sources (hereafter called supersoft 

nebulae) from the nebulae associated with other astrophysical objects. In 

this regard, geometrical considerations are useful. For example, the size of 

supersoft nebulae can be used to distinguish them from planetary nebulae 

which typically have radii that are an order of magnitude smaller. It may 

also be possible to use geometrical considerations to distinguish supersoft 

nebulae from HII regions. The reason for this is that it is expected that 

the boundary of supersoft nebulae will be less sharply defined than that 

of classical HII regions since there is substantial power in photons with 

energies (100-300 eV) that are able to reach moderate and even arbitrarily 

large distances from the source. 

Moreover, it may also be possible to draw spectral distinctions between 

supersoft nebulae and other astrophysical nebulae. For example, Rappaport 

et al. (1994) showed that these ionization nebulae should be very bright in 

[0 III] A5007, with the ratio of [Ο III]/H/3 in the range of - 1 2 - 2 6 for a solar 

composition. In the inner parts of these nebulae, this ratio may be larger 

than for any other known astrophysical object (see, e.g., Osterbrock 1989). 

The detection of an ionization nebula around a supersoft X-ray source 

should lead to a better understanding of both the source luminosity (since, 

in a sense, the interstellar medium acts as a giant bolometer) and the 

properties of the surrounding interstellar medium itself. The development of 

efficient techniques for searching for such ionization nebulae would represent 

a new means of discovering supersoft X-ray sources using ground-based 

observations (i.e., at optical wavelengths). This could lead to the optical 
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discovery of many of the supersoft X-ray sources that are undetectable in 

the UV and soft X-ray bands because of severe attenuation by interstellar 

gas (Di Stefano & Rappaport 1994). 

4.2. OBSERVATIONS 

Recently, a comprehensive search for ionized gaseous nebulae surround-

ing 9 known supersoft X-ray sources in the Large and Small Magellanic 

Clouds was carried out (Remillard, Rappaport & Macri 1994). (One source, 

CAL 83, was already known to have an associated nebula [Pakull & Motch 

1989]). Deep images were made using narrow-band filters to isolate the 

emission lines of Ha and [OUI] (A5007). In the narrow-band images of 

Remillard et al. (1994) the CAL 83 nebula is detected out to distances as 

far as 20 pc from the central source, and the integrated luminosity in each 

line is of the order of 100 L 0 . If we interpret the observed line luminosi-

ties in terms of the model nebula calculations (Rappaport et al. 1994), we 

conclude that the time-averaged X-ray luminosity of CAL 83 over the past 

~3 10 4 years is ~3 1 0 3 7 e r g s s _ 1 . The bright inner nebula contains ~ 1 5 0 Μ Θ 

within ~ 8 p c of the central source, which clearly indicates that the nebular 

material is part of the interstellar medium and has not been ejected from 

the binary system. 

In contrast, Remillard et al. (1994) reported no detections of nebulae 

associated with the other 8 luminous supersoft X-ray sources in the Magel-

lanic Clouds, with upper limits for the [0 III] luminosity that are a factor of 

~10 below that for the CAL 83 nebula. For these sources, either the time-

averaged X-ray luminosity of the central source is substantially below that 

of CAL 83, or the local interstellar medium in the vicinity of these sources 

is much less dense. 

4.3. IMPLICATIONS 

The association of nebulae with even a subset of all active supersoft sources 

may have interesting implications. For example, typical supersoft nebula 

luminosities in the Λ5007 line of [OUI] can be on the order of several times 

1 0 3 6 e r g s _ 1 . This is comparable to the value of the cut-off luminosity in 

this line for the planetary nebula luminosity function (PNLF) (see, e.g., 

Jacoby et al. 1992). We therefore note that these nebulae may possibly 

be confused with the most luminous planetary nebulae in distant galaxies 

(Di Stefano, Paerels & Rappaport 1994). Such confusion would have two 

potential consequences. First, it might mean that a subset of the nebulae 

identified through programs designed to study the PNLF may, in fact, be 

supersoft nebulae. If this subset can be identified, then this would give us 

a new store of supersoft nebulae to study. Second, such an effect would 
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possibly have a small, but systematic influence on the results obtained by 

using the PNLF to compute intergalactic distances. 

5. Conclusions and Future Directions 

In Sections 2 and 3 we have described investigations which indicate that 

the underlying population of presently active supersoft sources may be 

large—on the order of several thousand sources for a galaxy such as M31. 

Although it will be difficult for observations at X-ray wavelengths to study 

this population, the ionization nebulae that are likely to be associated with 

at least a subset of them may provide another way for us to discover and 

study supersoft sources. 

An important implication of the white dwarf accretor model for super-

soft sources is the possibility that some of these systems will accrete enough 

mass to explode as type la supernovae. The computations in RDS assess 

the number of potential supernovae across a range of model parameters, 

including the uncertain retention of accreted matter by the white dwarf 

for different mass accretion rates. For at least one set of plausible model 

parameters, the computed rate of type la supernovae was comparable to 

the observed rate (Cappellaro et al. 1993). A more detailed investigation is 

underway. 

In short, supersoft sources seem likely to be related to a number of 

interesting astrophysical phenomena. The study of these objects should 

provide continuing insights for a number of years to come. 
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