
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Optical and ultraviolet studies of X-ray binaries and magnetic stars

Hammerschlag- Hensberge, G.C.M.J.

Publication date
1977

Link to publication

Citation for published version (APA):
Hammerschlag- Hensberge, G. C. M. J. (1977). Optical and ultraviolet studies of X-ray
binaries and magnetic stars. [, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/optical-and-ultraviolet-studies-of-xray-binaries-and-magnetic-stars(1f732c89-ff8c-4409-9019-27a09f43b23d).html


(Reprinted(Reprinted from Nature, Vol. 259, No. 5544, pp. 547-549, February 19, J976) 

Masss determination for the 
X-rayy binary system Vela X-l 
THEE 6.9 mag BO.5 lb supergiant HD77581 has been identified 
ass the optical counterpart of the X-ray eclipsing binary system 
3U090O-4OO (Vela X - l ) ^ , which eclipses with a period of 
8.955  0.02 d. The discovery of regular X-ray pulses in Vela 
X-ll  has also been reported3, with a mean pulse period of 
282.99 s, modulated because of the radial velocity variation of 
thee X-ray pulsar in its orbital motion. This makes Vela X-l 
thee third X-ray binary system in which the orbits of both the 
opticall  and the X-ray component can be studied, and the 
followingg orbital parameters have been derived4, ex = 

,, cox = ° and Kx = 2 km s~\ 
Analysess of the light curve of HD77581 have shown that the 
heatingg effect is too small to be detected2. Furthermore, the 
starr is bright and the spectral lines are not very broad. This 
meanss that here the first relatively accurate direct mass 
determinationn of both the X-ray and the early-type supergiant 
componentss of an eclipsing X-ray binary becomes possible. 

Earlierr studies of the radial velocity variation of HD77581 
havee given contradictory results5'7. For the semi-amplitude K 
off  the orbit, values between 19 and 40 km s_1 and for the 
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Fig.. 1 Radial velocity curve of HD77581 = Vela X-l for a 
periodd of 8.966 d. Phase zero corresponds to mid-eclipse time. 
Thee points denote mean values of the measurements of lines of 
Hee I and heavier ions. Mean errors per plate are indicated by the 

lengthh of the vertical bars. 

eccentricityy from 0.00 to 0.54 have been found. According to 
Wallerstein7,, the radial velocity data of HD77581 do not allow 
aa consistent solution of the orbit, because of mass transfer in 
thee system. Here we show that a consistent solution can be 
obtained,, however, provided that the lines of hydrogen— 
expectedd to be most sensitive to gas motions in the system— 
aree excluded from the analysis. Our analysis of the radial 
velocityy variations of HD77581 is based on 26 coudé 
spectrograms,, obtained with the 152-cm telescope of the 
Europeann Southern Observatory, La Silla, Chile, in 4 observing 
runss between April 1973 and June 1975. The spectra were taken 
onn Ila-0 emulsion, over wavelengths from 3,600-4,950 A. 
Thee dispersion of the plates is 12 A mm"1 or 20 A mm- 1. The 
platess obtained in the first observing period6 have been 
remeasuredd independently for use in this analysis (Fig. 1). 

Thee spectra were measured for line positions with the Grant 
comparatorr of the Kapteyn Astronomical Laboratory of the 
Universityy of Groningen. Al l absorption features visible in the 
spectrumm were measured, without selecting beforehand a 
particularr set of lines. Some very weak lines were thus missed 
onn some plates, but on the other hand, especially for the weak 
lines,, it was considered an advantage to measure without a 

Tablee 1 Journal of observations 

Platee no. 
G3834 4 
G3842 2 
G3848 8 
G3858 8 
G3866 6 
G3879 9 
G3896 6 
G3909 9 
G3923 3 
F1684 4 
F1694 4 
F1702 2 
F1709 9 
F1717 7 
F1727 7 
F1739 9 
F1750 0 
F1765 5 
G6480 0 
G6491 1 
G6497 7 
G6505 5 
G6511 1 
G6519 9 
F3116 6 
F3124 4 

**  Phase 

JD2440000+ + 
1773.626 6 
1774.608 8 
1775.582 2 
1776.583 3 
1777.613 3 
1779.535 5 
1780.632 2 
1781.631 1 
1782.556 6 
2169.522 2 
2170.522 2 
2171.477 7 
2173.593 3 
2174.581 1 
2175.594 4 
2176.559 9 
2177.492 2 
2180.463 3 
2439.647 7 
2440.710 0 
2441.734 4 
2442.684 4 
2443.658 8 
2444.729 9 
2560.509 9 
2566.531 1 

phase* * 

0.480 0 
0.590 0 
0.699 9 
0.810 0 
0.925 5 
0.139 9 
0.262 2 
0.373 3 
0.476 6 
0.636 6 
0.747 7 
0.854 4 
0.090 0 
0.200 0 
0.313 3 
0.421 1 
0.525 5 
0.856 6 
0.763 3 
0.882 2 
0.996 6 
0.102 2 
0.211 1 
0.330 0 
0.243 3 
0.915 5 

VradOcmS- 1) ) 

-- 8.64 
-18.02 2 
-22.03 3 
-11.00 0 
-- 7.72 
++ 16.74 
++ 13.85 
-- 2.37 
-20.48 8 
-32.65 5 
-26.57 7 
-14.37 7 
++ 5.68 
++ 14.16 
-- 3.27 
-13.00 0 
-11.60 0 
-12 .23 3 
-27.27 7 
-23.62 2 
-- 8.92 
++ 12.98 
++ 22.75 
++ 3.80 
++ 1.18 
-18.34 4 

m.e. . 
7.79 9 
3.18 8 
3.22 2 
3.36 6 
4.14 4 
5.24 4 
3.35 5 
3.11 1 
3.51 1 
3.33 3 
3.46 6 
4.06 6 
5.52 2 
4.58 8 
4.94 4 
6.06 6 
6.31 1 
7.00 0 
4.80 0 
6.72 2 
3.82 2 
4.23 3 
5.54 4 
3.72 2 
5.44 4 
4.19 9 

O-C O-C 

++ 8.00 
++ 4.77 
4-- 1.76 
++ 9.25 
4-- 3.93 
++ 3.11 
++ 2.68 
++ 2 18 
-- 4.18 
-- 8.88 
-- 3.76 
++ 3.25 
-- 2.80 
-- 1.39 
-- 7.56 
-- 2.36 
++ 8.22 
++ 5.23 
-- 4.9S 
-- 8.12 
-- 5.24 
++ 3.03 
++ 7.51 
++ 2.08 
-11.90 0 
-- 5.73 

zeroo corresponds to mid-eclipse time JD2441446.54 + n x 
8.9666 d. 

predeterminedd expectation of where lines should be found. 
Liness of H I, He I, O II , N III , N II , Si II I and Si IV were 
presentt in at least half of the spectra. From the measurements 
off  the radial velocity of the interstellar Ca II K-line, we found 
v c .. ii = 6 (m.e.) and 0 km s~' for the 
122 A mm-1 and the 20 A mm-1 spectra, respectively. To increase 
thee homogeneity of the data we reduced the measurements of 
thee 20 A mm- 1 plates to the 12 A mm"1 system, by applying the 
correctionn of 2.4 km s _1. 

Too get an impression of the internal accuracy of these 
measurementss five plates were measured twice. The differences 
inn the mean velocity obtained from two such measurements of 
onee plate vary between 0.3 and 4.2 kms"1 ; the s.d.m. per line 
forr  one plate varies from 8.0-11.5 km s"1. 

Inn the analysis we used mean values of the radial velocity as 
obtainedd from the He I lines and from the lines of heavier ions. 
Thesee average radial velocities are given in Table 1. A full table 
off  all individual line radial velocity measurements wil l be 
publishedd elsewhere. 

Wit hh the computer program 'Orbit', based on a program 
off  Wolfe et al.*, the best fitting radial-velocity curve through 
thee points was computed. This was done for all lines of He I 
andd the heavier ions together. Also separate solutions for the 
Hee I lines and the heavier ion lines were made. The radial 
velocityy measurements were weighted according to w, = 1/CT,2, 
wheree a, is the s.d.m. of the measurements. The average orbital 
periodd P determined in these solutions is 8.966-0.005 d, 
whichh agrees well with Hutchings' resu l t6^ = 1 d), 
basedd on radial velocity determinations by several observers,' 
overr a time interval of 17 yr. We therefore subsequently used 
thiss period as a fixed parameter in our calculations. The 
orbitall  parameters derived from all lines together—except the 
hydrogenn lines—are given in Table 2. The errors quoted in 
Tablee 2 are ICT (68% confidence) limits. The separate solutions 
forr He I and the heavier ions are in good agreement with the 
meann solution (see Table 2), and give good agreement with the 
X-rayy pulsar data, which for convenience are also given in 
Tablee 2. In particular the values of the eccentricity and the 
anglee of periastron, which should be 180° apart for the optical 
andd the X-ray solution, agree well (within the quoted accuracy 
intervals). . 
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TaNee 2 Orbital elements for HD77581 = Vela X-l 

t>(d) t>(d) 
K„(ki nn s ') 
K{kmsK{kmsll) ) 
e e 
too (deg) 
aa sin(/) (km) 

Meann values for 
Hee i and heavier 

elements s 
8.966 6 

-7.977  0.82 
19.811 9 
0.200 6 

7 7 
« « 

Opticall  observations 
Hee I 

8.966 6 
-8.455 4 
20.544 9 
0.233 4 

1 1 
2.55 » 

Heavierr ions 

8.966 6 
-7.166 1-1.06 
21.199 2 
0.222 7 

9 9 
« « 

X-rayy pulsar 

8.96 6 

2688 h 12 
0.155 4:0.05 
1577 4 

77 2 xlO7 

inn our opinion this agreement lends confidence to the orbital 
characterr of the optical radial velocity variations; the non-
orbitall  (gas streams, stellar wind fluctuations) component does 
nott seem to have much effect on the results from He I and 
heavierr elements. Using aopt sin/ = 2.5 2 10*  ( la) as a com-
promisee value, we find the following values for the system 
parameters s 

masss rati o '.JtapJJ(^ = (axlaopx) = 13.1 5 
totall  mass: (Mopt + * # x ) sin'O") = © 

.. / / x sin3(/) = © a n d 0̂ p t sin»(/) = . 
Fromm a detailed analysis of the optical-light variations, Avni 
andd Bahcall9 have found that the inclination i should be >74° 
too get a consistent picture of both the observed light curve and 
thee duration of the X-ray eclipse. Taking 74° and 90° as lower 
andd upper limits of the angle of inclination we get 

M*M* = 1.61 0 a n d ^ o p, = . 

Al ll  quoted errors in the mass parameters are 90% confidence 
limits.. This result shows that the compact component is very 
probablyy too heavy to be a white dwarf. 

Iff  it is a white dwarf, its evolutionary history implies that it 
shouldd consist mainly of carbon and oxygen10; the upper mass 
limit ""  for such white dwarfs is - 1 A * © . Its most probable 
masss of 1 . 6 1 ,̂ is just consistent with the presently allowed 
theoreticall  masses of neutron stars12 {M «Sl.6.*©). 

Thee mass determination of the supergiant allows a test of the 
theoreticallyy computed evolution of massive stars, through a 
comparisonn with theoretical evolutionary tracks. The luminosity 
off  HD77581 can be inferred in two ways. The spectral type and 
luminosityy class (B0.5 lb) provide, in principle, the absolute 
magnitudee M¥, bolometric correction BC and effective tempera-
turee Teff. Using the luminosity calibration of Blaauw13 or 
Keenan144 we derive M v = —5.9 4 mag. For the bolometric 
correction,, values between 2.4 and 2.6 mag have been given1*-" . 
Thiss gives A/boi = 5 mag. For the orbital parameters 
givenn here and by Rappaport and McClintock4, and assuming a 
minimumm observed eclipse angle of 34°, Avni and Bahcall" 
derivee for the radius of HD77581 R = 30 RQ. For the effective 
temperature,, values ranging from 22,000 K (ref. 17)-29,000 K 
(ref.. 18) have been given for early B-type supergiants. Adopting 
TTctIctI 0 K we find MM = 5 mag. 
Fromm a comparison with evolutionary tracks19,80 we then find 
thee following values of the evolutionary mass: M\MQ> = 

77 and , respectively; these values, although not very 
accurate,, are consistent with the presently determined value of 
21.2 ©̂© 2 A * © . Therefore, the early-type supergiant in this 
X-rayy binary system does not seem to be particularly under-
massivee for its spectral type (as has been suggested21 for 
Cygnuss X-l) . 

E.J.Z.. acknowledges support by the Netherlands Organ-
izationn for the Advancement of Pure Research (Z.W.O.). 
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