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ABSTRACT 

Lists are given of single-line, spectroscopic binaries with large mass functions. The absence of a 
secondary spectrum in these systems could, in principle, result from the secondary star’s being either a 
collapsed star or a massive neutron star. For all these systems, however, other explanations are possible 
in the light of present observations. Statistical considerations suggest that few, if any, of the systems in 
these lists contain collapsed or neutron-star secondaries. None of these binary systems coincide with any 
published X-ray source position. 

I. NON-ECLIPSING, SINGLE-LINE BINARIES WITH LARGE MASS FUNCTIONS 

Theoretical considerations suggest that some massive stars should terminate their 
evolution by gravitational collapse (see, e.g., Wheeler 1966; Thorne 1967). The end 
products of such collapse—“neutron stars” of 9W< 1.5 â)îo, and “collapsed stars” of 

> 1.5 SJîo—have never been observed and, indeed, should be virtually impossible to 
observe directly because of their small size. 

ZePdovich and Guseynov (1965) have proposed that collapsed stars and neutron stars 
might be found among the unseen companion stars of single-line spectroscopic binaries. 
Motivated by this suggestion, we have searched the Sixth Catalogue of the Orbital Ele- 
ments of Spectroscopic Binary Systems (Batten 1968) for systems which could harbor 
collapsed or neutron-star secondaries. The results of this search are contained in Tables 
1 and 2, which extend a table of seven systems given by ZePdovich and Guseynov (1965). 

Our search of the binary catalogue followed the procedure of ZePdovich and Gusey- 
nov. For each system, the mass, ÜDîi, of the primary star was estimated from its spectral 
type; and an approximate lower limit, äfe min, to the mass of the unseen companion was 
then calculated from the observed mass function, /(9Ä) = 5DÎ23 sin3 if (3)?i + Sfe)2, using 
sin ¿ = 1 (orbit seen edge-on). 

The systems divide into three classes. Class I systems, in which the minimum mass 
of the unseen star is less than the Chandrasekhar limit (1.4 9Ko), are of little interest to 
the search for collapsed and neutron stars since the unseen companion may well be a 
white dwarf. 

The class II systems, in which the unseen secondary star is larger than 1.4 SDîo but is 
less massive than the primary star, are listed in Table 1. For most of the class II systems 
the difference between the primary and the secondary mass is rather large, so that the 
secondary is probably too dim for its lines to have been detected on the available spectro- 
grams. Of the four systems in which the two stars have similar masses (nos. 2, 6, 18, and 
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NOTES TO TABLE 2 

General—The entries in this table include all single-line, non-eclipsing binaries listed in Batten’s (1968) 
catalogue, for which (i) min > 9#i, (ii) Mi min >1.4 9ftO; and (iii) our own survey of the literature 
yielded no convincing evidence for the presence of a normal secondary star. See note (*) to Table 1 for 
further discussion. 

1. 71 Tau = HD 28052 .—The broad, poor lines of the primary (only H and Ca n are measureable) may 
well conceal a second spectrum. The second set of lines reported by Frost, Barrett, and Struve (1929) 
would seem to imply a period near 100d, while Abt (1965) derived a period of 5200d from the primary 
spectrum and saw no lines at all that could be attributed to the second star. Abt suggests that in this and 
other long-period, well-separated binaries, the secondary is itself double or multiple, thus producing a 
much smaller luminosity than would be produced by a single star of the same mass. 

2. K5 Per = HD 30353.—The hydrogen deficiency of the primary suggests to Wallerstein, Greene, 
and Tomley (1967) that it is a highly evolved, overluminous star with present mass about 1 9fto and 
absolute magnitude about —3. If this is the case, the secondary will have a mass of about 6 9ftO, which 
corresponds to a main-sequence spectral type of B5 with absolute magnitude near —1. Such a secondary 
might well have remained undetected in the observations that have thus far been carried out. 

3. co Eri = HD 31109.—This system has both a rather large separation and an overluminous (evolved) 
primary. The more massive secondary might therefore be either itself multiple, or single but fainter than 
the primary. 

4. HD 33232.—The observed spectrum is a complicated one, with lines of various elements yielding 
different values of the orbital elements, especially Ki (Merrill 1934). The values tabulated are those de- 
rived from the hydrogen lines. The lines of Fe n, Si n, Si m, and Mg n show larger amplitudes, while the 
amplitudes obtained from Ca n (probably affected by interstellar lines) and He are smaller. The mass 
function might therefore be seriously in error; and the secondary star might be little, if at all, more mas- 
sive than the primary. As in other long-period systems, a double or multiple secondary is also a possi- 
bility. 

5. 49 Ori = HD 37507.—Lines of a second star, consistent with the period of 445d74 and implying a 
mass ratio of about 2, were reported on five plates by Frost et al. (1929). These lines were not detected by 
Abt (1965). 

6. ô Gem = HD 56986.—This system, like co Eri, may include either a multiple secondary or an over- 
luminous primary. The large mass ratio (at least 3) makes it seem unlikely that the primary can be 
sufficiently luminous to mask a secondary of normal spectrum. 

7. £ Pav = HD 168339.—This system also has a rather large separation and a primary which may be 
overluminous. 

8. HD 187399.—This close system is completely inclosed in an expanding cloud giving hydrogen 
absorption lines at —95 km sec“1. (The system velocity is —19 km sec“1.) There is also hydrogen emission 
which gives velocities near that of the system. No good spectral type is available for the primary, and its 
mass is, therefore, poorly determined. If it is an overluminous, evolved star, the complex spectrum could 
well conceal any lines due to the secondary. 

9. HD 193928.—1The primary is a Wolf-Rayet star. At least six systems are known consisting of a 
Wolf-Rayet and an O or early B star. In each case the early-type star is the more massive, by a factor of as 
much as 3-5, without being necessarily the more luminous. The mass ratio of less than 2 for this system is 
therefore consistent with the secondary star’s being sufficiently less luminous than the primary that its 
spectrum is completely lost among the complicated WN fines. 

10. £ Aqr = HD ,205767.—This long-period system could contain a double or multiple secondary. 

40 of Table 1), three contain a primary which has evolved off the main sequence and is 
probably somewhat overluminous for its mass, thereby concealing the secondary spec- 
trum. The remaining system (no. 6, p Tau) has been reported to show two sets of 
spectral lines on some plates (Lee 1910), although the velocities found from the second 
set are quite unreliable. It is unlikely that further optical studies can yield convincing 
evidence for collapsed or neutron stars among these systems. If any of them should prove 
to be a strong source of X-rays or gamma rays, however, the case for a collapsed or 
neutron-star secondary would be greatly strengthened (see § II below). 

The systems of class III, those in which the unseen secondary is more massive than 
1.4 9fto and more massive than the primary, are by far the most interesting, since, other 
things being equal, the more massive star should be the brighter and should contribute 
the stronger lines to the combined light of the system. Table 2 lists the class III systems 
and suggests reasons for the absence of the secondary spectra. Three factors seem to be 
important. First, in long-period systems of large separation (nos. 1, 3, 4, 6, 7, and 10), 
the secondary star may itself be double or multiple, rendering it much fainter than ex- 
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No. 3, 1969 COLLAPSED STARS 1017 

pected, since two main-sequence stars of mass 9D?/2 give less light than one star of mass 
Second, in many of the systems (nos. 2, 3, 5, 6, 7, and 9), the observed primary star 

has evolved well off the main sequence and could easily be more luminous than a main- 
sequence star of larger mass. Third, several of the systems (nos. 2, 4, 8, and 9) have 
complicated spectra, including emission components, which may help to mask the lines 
of the secondary star. 

For all of these class III systems and for numbers 2, 6,18, and 40 of class II an effort 
should be made to detect the secondary, both in high-resolution spectrograms and in 
color measurements over the entire accessible spectrum. Presence of a normal secondary 
could be definitely established by detection of its spectral lines or could be strongly sug- 
gested by color anomalies. (If the observed light of a system in fact comes from two stars, 
its intensity distribution might not be normal for the observed spectral type as deduced 
from the lines.) Failure to detect the secondary star cannot, on the other hand, rule out 
its normalcy. 

TABLE 3* 

Single-Line Eclipsing Binaries of Class II 

(^i>^2min> 1 mo) 

No. 

B8 . 
B15 
B22 
B176 
B183 

Star 

TV Cas 
ZZ Cas 
YZ Cas 
EY Ori 
e1 Ori 

No. 

B191 
B194 
B199 
B237 
B263 

Star 

32 TU Cam 
ZOri 
SV Gem 
AR Mon 
UU Cnc 

No 

B380 
B453 
B504 
B534 
B535 

Star 

UX UMa 
W UMi 
ß Sgr 
ß Lyr 
HS Her 

No 

B556 
B578 
B664 
B721 
B727 

Star 

FL Lyr 
V505 Sgr 
EK Cep 
AR Cas 
UU Cas 

* For detailed spectroscopic data on these stars see Batten (1968) The numbers given here for each star are those of 
Batten. 

II. X-RAYS AND GAMMA RAYS FROM MASS ACCRETION 

As pointed out by ZePdovich and Guseynov (1965), the discovery of X-rays or gamma 
rays from a single-line binary system, such as those in Tables 1 and 2, would constitute 
positive evidence for the presence of a collapsed star or neutron star: Matter flowing out 
from the primary star should accrete onto the collapsed or neutron-star secondary. 
During this accretion, infalling particles of matter acquire velocities approaching that of 
light. Collisions of the infalling particles with each other and with the surface of a neutron 
star should produce gamma rays and X-rays (see Salpeter 1964; Shklovsky 1967; 
Cameron and Mock 1967). 

None of the binary systems of Tables 1 and 2 fall within the error limit of any pub- 
lished X-ray position (tables and references in Friedman, Byram, and Chubb 1967 and 
in Gorenstein, Giacconi, and Gursky 1967). The positions of the systems in Tables 1 
and 2 should be compared with additional X-ray and gamma-ray positions as these be- 
come available. 

HI. ECLIPSING BINARIES OF CLASSES II AND III 

For the purpose of comparison with the systems of Tables 1 and 2, we have also com- 
piled from Batten’s catalogue lists of single-line eclipsing systems in which the mass of the 
unobserved star is greater than 1.4 Sfto. These are given in Tables 3 and 4. In these 
systems, the secondary is certainly not either a collapsed star or a neutron star, since the 
small size of such stars (radius <20 km) would prevent them from eclipsing any normal 
star. Their intrinsic faintness, of course, prècludes their being the stars eclipsed, even 
at secondary minima. 

The gravitational lens effect is also unimportant for a binary system containing one 
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COLLAPSED STARS 1019 

collapsed star or neutron star; the “lens” is too small and too near the normal star to 
produce a noticeable effect.1 

The twenty eclipsing binaries for which 9JÎ2 min < 93îi resemble the class II systems 
discussed above in that, in most cases, the disparity of masses is sufficiently large that 
one would not really expect to see the second set of lines. Of the four eclipsing systems 
for which m2 min ^ Sîi, one has a large separation and may harbor a multiple secondary, 
three have non-main-sequence primaries, and all four have complex spectra, including 
emission lines or a shell spectrum. These eclipsing stars are, therefore, very much like 
the non-eclipsing class III systems, a fact which certainly does not support the con- 
clusion that the latter include many collapsed or neutron stars. 

A second consideration indicates that collapsed stars and neutron stars are, at best, 
infrequent among the systems of Tables 1 and 2. Single-line binaries with large mass 
functions are more common among the eclipsing systems in Batten’s catalogue than 
among the non-eclipsing systems. Ten class III systems and forty class II systems were 
found among about 400 single-line, non-eclipsing binaries, while about seventy eclipsing 
systems yielded four of class III and twenty of class II. 

In spite of possible differences in the selection effects entering into the eclipsing and 
non-eclipsing samples, it seems highly unlikely that a statistically significant fraction of 
the class III and III systems harbors collapsed or neutron stars, although a small number 
of them may do so. 

We thank Dr. A. H. Batten for providing us with a copy of his catalogue of spectro- 
scopic binaries in advance of its publication, and we thank Barbara A. Zimmerman for 
computational assistance. We also gratefully acknowledge helpful discussions with Drs. 
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effect, when the two stars and the observer are lined up perfectly, is = (1 + %rga/Ri2)ll2 — 1 <C 1, 
where rg = IGfRz/c2 is the gravitational radius of the collapsed or neutron-star secondary, i?i is the radius 
of the normal primary, and a is the separation of the two stars. 
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