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ABSTRACT 
We have observed the optical spectrum of the transient X-ray burst source Centaurus X-4 

about 5 weeks after the source reached its maximum. The brightness of the optical counterpart had 
decreased to V = 18.2, and the star had become appreciably redder (B — F = 0.7) compared to 
its color at maximum. The spectrum of Centaurus X-4 is similar to that of cataclysmic variables, 
showing strong emission lines of H i and weaker lines of He i and He u. The N ui X4640 line is not 
visible. The continuum energy distribution of Centaurus X-4 shows the presence of a main-sequence 
star in the system, with spectral type between K3 and K7. This is consistent with the orbital 
period of 8.2 hr proposed by Kaluzienski et al., if the main-sequence star is close to filling its Roche 
lobe. Thus Centaurus X-4 is the first X-ray burst source for which the binary character has been 
established observationally. We discuss the very slow decay rate of the emission-line fluxes as com- 
pared to the X-ray and optical continuum fluxes. 
Subject headings: X-rays : binaries — X-rays : bursts — X-rays : sources 

I. INTRODUCTION 
Cen X-4, which reappeared in 1979 May after a 

period of invisibility lasting ^10 yr (Kaluzienski, 
Holt, and Swank 1980; Matsuoka et al. 1980) is a clear 
example of a soft X-ray transient. (For a discussion of 
the classification of X-ray transients see Kaluzienski 
et al. 1977 ; Cominsky et al. 1978). The source brightened 
between 1979 May 10 and 16, reached a maximum flux 
of ^1.6 X 10~7 ergs cm-2 s-1 between May 16 and 24, 
and from May 24 on declined rapidly with an e-folding 
time of about 3 days. Kaluzienski, Holt, and Swank 
(1980) found evidence for a regular small-amplitude 
(^10%) modulation of the X-ray flux with a period 
8.2 ± 0.2 hr. Matsuoka et al. (1980) reported the dis- 
covery of a type I X-ray burst (Hoffman, Marshall, and 
Lewin 1978) from Cen X-4 during the decline phase, 
which reached a maximum flux ^25 times the Crab. 

The optical counterpart of Cen X-4 (Cañizares, 
McClintock, and Grindlay 1979, 1980) brightened from 
B > 19 to B « 12.8 near May 20, and subsequently 
declined at an average rate of 0.12 mag per day, reach- 
ing B « 18.5 at the end of 1979 June. Near maximum 
the star was quite blue (B — F ~ 0.0), but during the 
decay it reddened appreciably. The optical spectrum 
near maximum was similar to that of other X-ray burst 
sources, showing weak emission lines of H i, He n, and 

1 Based on observations carried out at the European Southern 
Observatory. 

2 Supported in part by the National Aeronautics and Space 
Administration under contract NAS5-24441. 

N in, which indicate the importance of X-ray re- 
processing in the system (McClintock, Cañizares, and 
Tarter 1975). Near maximum the brightness of Cen 
X-4 showed significant flickering, which suggests that 
a nonnegligible fraction of the optical light comes from 
an accretion disk. 

In this Letter we present the results of spectroscopic 
observations of this object made 5 weeks after the 
source reached its maximum. 

II. OBSERVATIONS 
Spectroscopic observations were made on 1979 June 

24, 25, 26, and 27 using the image-dissector scanner 
attached to the Boiler & Chivens spectrograph on the 
ESO 3.6 m telescope. The spectra cover the wavelength 
interval from 4000 to 6800 Â with a dispersion of 
170 Â mm-1 and have a resolution of ^10 Â. A flux 
calibration of the spectra was made through observa- 
tions of the white-dwarf standard star LDS 749B (Oke 
1974), except on the night of June 26, when the ob- 
servations had to be prematurely terminated because 
of instrumental problems. The data were reduced using 
the ESO Image Reduction Facility in Geneva. 

in. results 

The spectra obtained during the nights when also 
standard stars were observed are shown in Figure 1. 
The most prominent features in the spectrum are the 
strong Balmer emission lines and the weaker emission 
lines of He i (XX4471, 4921, 5016, 5876, and 6678) and 
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Fig. 1.—Spectra of the optical counterpart of Cen X-4 as obtained on three different nights. Log F\ (ergs cm-2 s“1 Â) is plotted vs. 
X(Â). 

He il (X4686). The X4640 blend of N m, which was 
prominent in the spectra discussed by Cañizares, 
McClintock, and Grindlay (1980) is not visible in the 
present spectra. 

Perhaps the star was somewhat brighter during the 
last night (by ^0.4 mag). However, in view of the 
rather large uncertainty in the absolute photometry we 
do not consider this an established fact. Using the 
calibration of the UBV system of Johnson (1966), we 
derive an average V = 18.2 and B — V = 0.1. Thus, 
at the end of June the optical counterpart of Cen X-4 
had approximately reached its preoutburst magnitude 
oîB æ 19 (Cañizares, McClintock, and Grindlay 1980). 

The equivalent widths of the emission lines were sub- 
stantially constant during the observing period, and we 
present their average values only (see Table 1). For the 
conversion of the equivalent widths to integrated line 
fluxes we used the average values of the continuum 
fluxes. The errors in the equivalent widths are the 
standard deviations of the distributions of the indi- 
vidual values for the different nights. Especially for the 
weaker lines in the blue spectral region, possible errors 
due to the uncertainty in the continuum level may be 

TABLE 1 

Emission-Line Strengths 

Equivalent Flux 
Width (10-15 ergs 

Line (Â) cm-2 s-1) 

H8  36.6+7.5 5.1± 1.5 
Ht  45.5 ± 1.5 6.6+1.3 
4471  6.3± 1.8 1.0+0.4 
4686   9.4 + 0.8 1.5 ±0.4 
Hß  36.7 + 5.3 6.8+1.7 
5016  8.3±2.7 1.5±0.6 
5876  12.9 + 2.3 2.6 + 0.7 
Ha  59.0+5.4 14.2 + 3.1 

more important. The errors given for the integrated 
fluxes contain an additional estimated 20% error in the 
average continuum fluxes. 

A comparison with the line fluxes given by Cañizares, 
McClintock, and Grindlay (1980) shows that between 
about May 28 and about June 25 the Balmer lines had 
become weaker by a factor of 2.5, the He n X4686 line 
by a factor of ^6, and the N m X4640 line by more than 
a factor of 40. 

WyckofFs (1979) observation of Cen X-4 on 1979 
July 15, shows that H7 had by then slowly decreased by 
another factor of 1.5. The continuum flux near 4400 À 
is in good agreement with our results. As opposed to 
Wyckoff, we do not find evidence for a strong [O m] line 
at 4363 Â (see Fig. 1). 

Over a large wavelength range the continuum flux 
varies smoothly, except from ^4800 to ^5200 Â, 
where a depression relative to a straight-line interpola- 
tion appears to be present. Also below ^4400 Â the 
continuum is lower than expected from a smooth 
extrapolation from larger wavelengths. We have deter- 
mined the shape of the continuous energy distribution 
using those parts where no obvious contribution from 
emission lines is present. The results, normalized to 100 
at 5500 Â, are shown in Figure 2. 

IV. DISCUSSION 

a) The Continuous Energy Distribution 

The energy distribution of Cen X-4 clearly indicates 
a significant contribution from a cool stellar companion, 
whose spectral type was determined by a comparison 
with energy distributions of undisturbed stars (Straizys 
and Sviderskiene 1972). The data can be satisfactorily 
represented by the sum of a K3 to K7 main-sequence 
star and a smooth blue continuum. The companion 
cannot have a spectral type earlier than K3, because 
the dip near 5100 Â (due to MgH and the Mg b triplet) 
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Fig. 2.—The observed continuous energy distribution {filled 
circles) in regions where emission lines do not disturb are com- 
pared with theoretical energy distributions expected from a main- 
sequence star (spectral type indicated) to which a smooth blue 
continuum has been added. The wavelength dependence of this 
continuum has been represented by X-1, but either a X-0-5 or a 
X-2 dependence does not produce a significantly different result. 
The relative contribution of this blue continuum at 5500 Â 
equals 0% for a K3 companion, between 17% and 35% at K5, 
and between 27% and 50% at K7/M0. 

is too weak in those stars. Similarly, a spectral type 
later than K7-M0 can be excluded, since the TiO 
bands near 6200 Â, which strongly increase in those 
spectra, are not visible in the spectrum of CenX-4. 
(We can exclude a giant star because of the implausible 
distance of ^50kpc implied by the faint apparent 
magnitude.) 

The relative amount of continuum light to be added 
to the stellar continuum to fit the observed energy dis- 
tribution of Cen X-4 depends on the spectral type of 
the companion. It is not possible to put strong limits 
on the wavelength dependence of this additional light. 
If we assume it is smooth, simple power-law repre- 
sentations F(X) = K\~n will fit for n in the range 0.5- 
2. Near 5500 Â the contribution from the companion 
star lies between ^100% (for a K3 V star) and ^60% 
(for a K7 V star). 

With the luminosity calibration of Blaauw (1963) 
the distance to Cen X-4 then turns out to lie between 
1 and 2.5 kpc. This is consistent with the value of 1.5 
kpc derived by Matsuoka el al. (1980) from the assump- 
tion that the peak luminosity of the X-ray burst from 
Cen X-4 equals the Eddington limit of a 1 M0 object 
(cf. van Paradijs 1978, 1980). 

The period of 8.2 hr found by Kaluzienski, Holt, and 
Swank (1980) allows an estimate of the companion star 
mass if we make the following assumptions (Faulkner, 
Flannery, and Warner, 1972; Warner 1976): 

a) The 8.2 hr correspond to the orbital period. 

b) The companion star is a Roche-lobe-filling main- 
sequence star. 

c) The mass-radius relation for main-sequence stars 
is given. We then find (see Warner 1976) that the mass 
of the companion star equals 0.94 MQ. 

The masses of main-sequence stars with spectral 
types between K3 and M0 lie between 0.5 and 0.75 MQ 
(Allen 1973). These slightly lower values may indicate 
that the companion underfills its Roche lobe by a small 
amount or that the assumed mass-radius relation is not 
entirely applicable (e.g., the star may have evolved a 
bit off the main sequence). 

We conclude that the combined X-ray and optical 
data consistently show that Cen X-4 is a binary system, 
in which a neutron star is accompanied by a star near 
the main sequence, with a mass between 0.5 and 0.9 M0. 
Thus Cen X-4 is the first case of an X-ray burst source 
for which direct observational evidence has been ob- 
tained supporting the long-held hypothesis that these 
systems are accreting neutron stars in low-mass binary 
systems (see Lewin and Clark 1980). 

The properties of the low-mass companion of Cen 
X-4 are strikingly similar to those of the other soft 
X-ray transients for which the companion star has been 
discovered: A0620 — 00 and Aql X-l, which have K7 V 
and KO V companion stars, respectively (Oke 1977; 
Thorstensen, Charles, and Bowyer 1978). The masses 
suggested by these spectral types (just a bit below 
1 Mg) are appreciably larger than the values that 
have been suggested for the steady, soft galactic X-ray 
sources, based in particular on eclipse considerations 
(Joss and Rappaport 1979). Perhaps this rather high 
mass is somehow connected to their transient character. 

b) The Emission Lines 

If the decay rate of the X-ray intensity observed in 
the Hakucho and Ariel 5 data (Matsuoka et al. 1980; 
Kaluzienski, Holt, and Swank 1980) between 1979 
May 24 and June 11 persisted until the end of June, 
the decrease in the X-ray flux between the times of 
Cañizares, McClintock, and Grindlay^ (1980) observa- 
tions and the present observations is approximately a 
factor of 104. During this period the optical brightness 
in the B and V bands dropped by 5.5 and 4.8 mag, 
respectively. Since, furthermore, a significant, and 
possibly a major, fraction of optical brightness at the 
end of June is due to the photospheric flux of a com- 
panion star (see the discussion above), the correspond- 
ing decrease of the optical flux related to the X-ray 
emission is at least a factor of 100 (and could be as high 
as ^103). 

The decay of the emission-line fluxes (by a factor of 
2.5 and 6 for H i and He n, respectively) has been 
extremely slow compared with that of the X-ray and 
optical fluxes. This very large difference in the decay 
rates suggests that mechanisms other than X-ray re- 
processing play a role in the formation of the emission 
lines. A similar slow decay of the emission lines was 
found for A0620 - 00 (Whelan et al. 1977 ; Oke 1977). 

The line spectrum of Cen X-4 is quite similar to 
those of cataclysmic variables (Warner 1976; Robinson 
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1976), in which the emission of the B aimer lines and 
He il X4686 is determined primarily by the disk as a 
whole. The luminosity in the H7 line of Cen X-4 during 
our observation (^2 X 1030 ergs s-1) is about an order 
of magnitude larger than the typical value given by 
Warner (1976) for dwarf novae. If the line emission 
from Cen X-4 is also determined by the accretion disk 
as a whole, it is unlikely that the mass transfer rate in 
Cen X-4 could have been much less than the typical 
value for dwarf novae (^lO-9 M0 yr-1 according to 
Warner 1976). The absence of X-ray emission (the 
Hakucho data imply an upper limit to the accretion 
rate of ^lO-11 MQ yr-1) makes a cataclysmic variable 
type of model for the line emission of Cen X-4 rather 
unattractive. 

The later appearance of the [O in] X4363 line in the 
spectrum of Cen X-4 (Wyckoff 1979) suggests that part 
of the line emission may originate in a low-density 
environment. This raises the possibility that during the 
process underlying the X-ray transient phenomenon 
some matter is expelled from the system. (Evidence for 
large mass loss in the case of the dwarf nova Z Cam 
has been presented by Robinson 1973). On the other 
hand, the relative intensities of the Baimer lines (Ha/ 
Hß =2.1; Hy/Hß = 1.0; Hö/Hß = 0.75) suggest that 
a major fraction of their energy is emitted from a region 
of quite high density. The presence of the He 11 X4686 
line suggests electron temperatures of ^2 X 104 K. 
According to the calculations by Drake and Ulrich 
(1980), the observed B aimer decrement indicates an 
electron density between 1012 and 1013 cm-3. From their 
tables of Hß emissivities we then derive that the size 
of the emitting region is of the order of a few times 

1010 cm, which is appreciably smaller than the distance 
between the two components of Cen X-4 (^1.5 X 
1011 cm). This suggests that most of the Balmer emis- 
sion originates from a region well contained within the 
binary system. 

A possible source of radiation to keep this matter 
ionized might be the neutron star heated by the energy 
generated during the high state of the transient source. 
In calculations of the spectrum due to accretion onto 
white dwarfs, it is assumed that half of the energy 
liberated by accretion is radiated away and the other 
half is heating the accreting object (Kylafis and Lamb 
1979). Even with a much smaller fraction (^10%) of 
the energy going into the neutron star there would be 
in principle sufficient energy available to, for example, 
maintain blackbody radiation at a temperature of 3 X 
106 K for 2 yr (for an assumed neutron star radius of 
10 km). In view of the expected blackbody-like charac- 
ter of this radiation, only a minor fraction of this radia- 
tion would appear at energies above 1.5 keV, and the 
source would be below the detection limit of the 
Hakucho instruments. On the other hand, this emission 
would be sufficient to power the observed line emission. 

If such a hot neutron star were present in Cen X-4, 
another mechanism that might contribute to the line 
emission is the formation of a large chromospheric tem- 
perature rise in the outer layers of the K-type com- 
panion, as a result of X-ray heating (Milgrom 1976a, h; 
c, d). 

We thank Drs. J. McClintock and J. Krolik for 
stimulating discussions. F. V. is supported by the 
Netherlands Foundation for Pure Research Z. W. O. 
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