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Summary.. We present new high-resolution, high signal-to-noise optical spectra of 
HD77581,, the optical counterpart of the X-ray source Vela X-l . We determine radial 
velocitiess from these spectra, as well as from high-resolution IUE spectra and from 
digitizedd photographic spectra. The velocities we find show strong deviations from a 
purelyy orbital radial-velocity curve. These deviations are correlated within one night, 
butt they are not correlated from one night to another. Since lines of different ions show 
veryy similar changes in profile, the deviations most likely reflect large-scale motion 
off  the stellar surface. A possible cause could be that the varying tidal force exerted 
byy the neutron star in its eccentric orbit excites high-order pulsation modes in the 
opticall  star which interfere constructively for short time intervals. We estimate the 
effectt of the velocity excursions with a Monte-Carlo technique, and discuss possible 
systematicc effects due to the tidal deformation of the star. We find that with 95% 
confidencee the radial-velocity amplitude is given by üfopt = 20.8  2.7 km s- 1. The 
correspondingg 95% confidence limits on the masses are Mx sin3 i = 1.68  0.31 M© 
andd Mopt sin3 i = 22.2  0.5 M©. We show that the inclination is close to 90°. For this 
value,, the 95% confidence lower limit to the mass of the neutron star is 1.43 M©. We 
criticallyy discuss the currently available mass estimates for neutron stars, and use these 
too constrain the mass range in which neutron stars occur. We find that at present this 
rangee does not allow one to derive firm constraints on the equation of state applicable 
forr neutron stars. 

1.1.. Introductio n 

Timingg observations of accreting and non-accreting neutron stars have provided most 
off  our knowledge on the structure and evolution of these objects, and on the properties 
off  the ultra-high density matter of which they are composed (for general references, 
wee refer the reader to Ögelman & Van den Heuvel (1989), Ventura & Pines (1991) 
andd Van den Heuvel & Rappaport (1992)). A basic property of neutron stars that is 
accessiblee to observational study is their mass or, more generally, their mass-radius 
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relation.. The relativistic (Oppenheimer-Volkov) stellar structure equation in combina-
tionn with an equation of state for the high-density matter determines a sequence of 
(zero-temperature)) neutron-star models that are distinguished by a single parameter, 
forr instance the central density (see, e.g., Shapiro & Teukolsky 1983), Corresponding 
too this sequence of models is a theoretical relation between the mass and radius of 
neutronn stars. To a large extent the equation of state affects this mass-radius relation 
(inn particular the maximum possible mass for a neutron star) through the compress-
ibilit yy of the high-density matter. For relatively compressible matter ("soft" equations 
off  state) the maximum mass is ~ 1.4M©, and the radii are expected to be £10 km, 
whilee for very "stiff" equations of state the corresponding values are up to ~ 1.8 M©, 
andd ~ 15 km, respectively (e.g., Arnett & Bowers 1977; Datta 1988). 

Attemptss have been made to constrain the neutron star mass-radius relation from 
X-rayy burst observations, but uncertainties in the interpretation of X-ray burst spectra 
havee so far precluded the derivation of meaningful results (for a review, see Lewin et 
al.. 1993). Observational constraints may also be derived from the limiting spin period 
off  neutron stars (Friedman et al. 1986), from their cooling history (Tsuruta 1986; 
Ögelmann 1991; Umeda et al. 1993), from a combination of magnetic-field strength 
estimatess from cyclotron line measurements and spin-up/spin-down behaviour due to 
accretionn torques (Wasserman & Shapiro 1983), from glitches in radio pulsars (for a 
review,, see Pines 1991; Alpar et al. 1993; cf. Lorenz et al. 1993), from the neutrino 
intensityy curve during a supernova explosion (Loredo & Lamb 1989, and references 
therein),, and perhaps from gravitationally redshifted annihilation lines in 7-ray burst 
spectraa (Liang 1986; see, however, Kluzniak 1989 and Meegan et al. 1992). So far, 
nonee of these methods have led to useful constraints on the mass-radius relation for 
neutronn stars. 

Directt mass estimates have been made for sixteen neutron stars in binary systems 
(seee Sect. 1.7; Fig. 1.11). Four binaries contain a millisecond radio pulsar in a tight 
orbitt around another neutron star. For two of those the masses of both neutron stars 
havee been determined with high accuracy from the (Newtonian) analysis of Doppler 
shiftss of the pulse arrival times in combination with purely general-relativistic effects 
(Taylorr & Weisberg 1989; Wolsczcan 1991). The four neutron star masses obtained for 
thesee systems range from 1.32  0.03 to 1.442  0.003 M©, i.e., they show significant 
differences,, but are all fairly close to the "canonical" value of 1.4 M©. The mass 
determinationn for the other two neutron star plus neutron star binaries is not yet as 
accurate,, as is the case for the two radio pulsars with low-mass companions for which 
aa mass estimate is available. 

Forr six binary X-ray pulsars the full set of orbital parameters could be derived 
usingg the Doppler shifts of the X-ray pulse arrival times, the radial-velocity variations 
off  the companion star obtained from optical spectra and the length of the X-ray eclipse 
(Rappaportt & Joss 1983; Nagase 1989). From the orbital parameters the masses of the 
neutronn stars can be determined. However, the determinations are not very accurate, 
mainlyy due to the relative inaccuracy of the optical data. With one possible exception 
thee masses determined for these accreting neutron stars are consistent with a single 
valuee near 1.4 M©. 



Thee mass of Vela X-l 23 3 

Thiss one case with evidence for a substantially higher mass is Vela X-l , for which 
Vann Paradijs et al. (1977b) derived M xsin3i = 1.67  0.12 M©, where i is the 
inclinationn of the system. This resultt was based on photographic spectra, and since the 
timee it was obtained the statistical and systematic accuracy of stellar spectroscopy has 
muchh improved, particularly by the introduction of CCD detectors. This improvement 
entailss the possibility of much more accurate radial-velocity measurements. Because of 
thiss prospect we decided to obtain new spectra of the optical counterpart of Vela X-1, in 
ann attempt to obtain a smaller error on the mass for this possibly quite massive neutron 
star.. We find that this is hampered by large-scale deviations from a purely orbital 
radial-velocityy curve. In view of these deviations, the high accuracy of the velocity 
determinationss became of rather limited use, and therefore we have also determined 
velocitiess for an older set of digitized photographic spectra and for the available IUE 
spectra.. In this paper, we present the results of the analysis of all these spectra. 

Inn Sect. 1.2, we briefly review the salient properties of Vela X-1 in order to provide 
aa framework for the rest of the paper. The observations and the data reduction are 
describedd in Sect. 1.3. In Sect. 1.4, we describe the cross-correlation technique used 
forr the determination of the velocities. In Sect. 1.5, we present a Monte-Carlo tech-
niquee with which we derive limits on the radial-velocity amplitude in the presence of 
excursions.. Furthermore, we discuss possible causes for the large velocity excursions, 
andd possible systematic effects that may influence the radial-velocity orbit. We use the 
limitss on the radial-velocity amplitude in Sect. 1.6 to determine the masses of the two 
componentss in the system. In Sect. 1.7, we discuss the constraints on the equation of 
statee set by the mass of Vela X-l , and by masses determined for other neutron stars. 
Finally,, in Sect. 1.8 we draw some conclusions. 

1.2.. Vela X-l 

Thee X-ray source Vela X-1 (Chodil et al. 1967) was found by Ulmer et al. (1972) to be 
ann eclipsing binary with an orbital period of 9 days. The orbital X-ray intensity curve 
iss extremely variable, with strong flares on time scales from hours to days (Watson & 
Griffithss 1977; Van der Kli s & Bonnet-Bidaud 1984; Haberl & White 1990). Also the 
shapee and duration of the X-ray eclipses are quite variable (e.g., Watson & Griffiths 
1977). . 

Positionall  coincidence and radial-velocity variations suggested that the B0,5Ib 
supergiantt HD 77581 (GP Velorum) was the optical counterpart of Vela X-l (Brucato 
&&  Kristian 1972; Hiltner et al. 1972). Optical brightness variations at the 9 day orbital 
periodd confirmed the identification (Vidal et al. 1973; Jones & Liller 1973). The 
opticall  light curve shows two maxima and two minima per orbital cycle, which reflects 
thee tidal and rotational distortion of the supergiant companion (for recent reviews of 
X-rayy binary light curves, see Van Paradijs 1991; Van Paradijs & McClintock 1993). 
Thee detailed analysis of Tjemkes et al. (1986) showed, however, that the so-called 
ellipsoidall  variations do not describe the average optical light curve of HD77581 
veryy well. Large short-term brightness variations, including missing maxima (e.g., 
Joness & Liller 1973; Zuiderwijk et al. 1977) and also short-term correlated non-orbital 
variationss of the radial velocity (Van Paradijs et al. 1977b) indicate that the shape of 
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thee supergiant star changes in a "wobbly" fashion. Perhaps these shape changes are 
inducedd by the varying tidal force exerted by the neutron star on its companion as the 
twoo stars approach and recede in their eccentric orbit (Tjemkes et al. 1986). 

Velaa X-l is an X-ray pulsar with a pulse period of ~ 283s (McClintock et al. 
1976).. The pulse profile is energy-dependent and quite complicated, with peaks and 
valleyss that remain stable over time intervals of many years (see, e.g., White et al. 
1983;; Nagase 1989; Orlandini 1993). Spin-up and spin-down of the X-ray pulsar have 
beenn observed on time scales ranging from a few days to several years, at rates P/P of 
upp to 10"2 yr_1 (e.g., Van der Kli s & Bonnet-Bidaud 1984; Deeteret al. 1987a, 1989). 
Thee spin-period behaviour can be well described as a random-walk in spin frequency, 
inn which the variations are due to unresolved, random episodes of angular momentum 
transferr to the neutron star (Deeter et al. 1989 and references therein; Raubenheimer 
&&  Ogelman 1990). On the basis of hydrodynamical simulations it has been suggested 
thatt these episodes of angular momentum transfer are due to instabilities inherent to 
thee accretion from the wind of the optical counterpart, which causes the formation of 
short-livedd accretion disks around the neutron star with alternating sense of rotation 
withh respect to the neutron star (Fryxell & Taam 1988; Blondinetal. 1990,1991;Taam 
ett al. 1991; Ishii et al. 1993; see also Wang 1981). 

Orbitall  parameters of Vela X-l from the varying Doppler shifts of the pulse arrival 
timess were first derived by Rappaport et al. (1976). They found that the orbit is 
moderatelyy eccentric (e ~ 0.1). This result has been confirmed by all subsequent 
studiess of the orbit, of Vela X-l (e.g., Rappaport et al. 1980; Van der Kli s & Bonnet-
Bidaudd 1984; Boynton et al., 1986; Deeter et al. 1987 a,b). In the present paper we have 
adoptedd the X-ray orbital parameters as derived by Deeter et al. (1987b; see Table 1.7). 
Apsidall  motion of the orbit of Vela X-l has not been detected (|TZT| < 1.9° yr^1 (2<x), 
Deeterr et al. 1987b). 

AA detailed study of the orbital parameters of the supergiant component, based on 
itss radial-velocity variations, was made by Van Paradijs et al. (1977b). The orbital 
eccentricityy and periastron angle they derived are consistent with the corresponding 
valuess of the X-ray orbit. From the optical and X-ray mass functions Van Paradijs 
ett al. (1977b) inferred the following mass parameters: M x sin3 i = 1.67  0.12M©, 
andd Mop, sin31 = 20.5  0.9 M®, where Mx and M ^ are the masses of the neutron 
starr and the supergiant, respectively. Rappaport & Joss (1983; see also Joss & Rap-
paportt 1984) made a new mass determination for Vela X-l based on a reanalysis of 
thee orbital parameters, in which they used Monte-Carlo simulations to estimate the 
propagationn of the observational errors on the resulting masses. These authors de-
rivedd M x = 1.85t3j33

5
0
 M © (9 5% confidence level error range). Nagase (1989) derived 

Mxx = 1.77^Q22i M© (90% confidence) applying the same technique on more recent 
X-rayy orbital parameters and using the rotational velocity of HD 77581 derived from 
IUEE spectra by Sadakane et al. (1985). 

1.3.. Observations and reduction 

Thee present study is based on 40 new high-resolution echelle CCD spectra obtained in 
1989,, combined with 13 nightly averages of digitized photographic coudé spectra taken 
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inn 1975 and 1976, and with 26 high-resolution spectra obtained with the International 
Ultraviolett Explorer (IUE) in observing runs from 1978 to 1992. The observations are 
summarisedd in Tables 1.1-1.3. Below we discuss the reduction of the individual sets 
off  data in detail. 

13.1.13.1. CCD echelle spectra 

Inn total 34 spectra of ~ 45 minutes exposure each were obtained during five nights 
inn February 1989. The wavelength range covered was 4190-4520 A with a resolving 
powerr of ~25 000. This range includes some strong photospheric lines such as H7 at 
43400 A and He 1 at 4471 A, as well as the interstellar lines of CH+ at 4232 A and of 
CHH at 4300 A. One more spectrum in the same wavelength region was kindly taken 
forr us by drs. Weiss and Schneider the night before our run, and five more, covering 
4390-47155 A, were obtained during the five subsequent nights. All spectra were taken 
withh the ECHELEC spectrograph, a Littrow echelle spectrograph with a grism as 
cross-disperser,, mounted in a "white pupil" configuration at the coudé focus of the 
1.52mm telescope at the European Southern Observatory at La Silla, Chile. The detector 
wass a thinned, back-illuminated RCA CCD with 1024x640 pixels. 

Inn each of the five full nights, bias, dark-current and flat-field frames were taken 
att dusk and dawn. For wavelength calibration, Th/Ar comparison spectra were used, 
takenn about 4 times each night in order to check for possible changes. Interspersed 
withh the observations of HD 77581, spectra were taken of the radial-velocity standard 
aa Hya. Usually, in each night also some other radial-velocity standards and some 
spectroscopicc standards were taken. 

Thee spectra have been reduced using the MIDAS image processing package sup-
plementedd with additional routines running in the MIDAS environment. The reduction 
proceduree entailed the following steps: (i) subtraction of the electronic bias and the 
darkk current (~ 30 electrons per pixel per hour, with a non-uniform distribution over 
thee chip); (ii) finding defective columns and pixels and setting them to a value indicat-
ingg 'undefined' for the subsequent steps; (iii ) correction of 32 rows for offsets, which 
aree constant at higher exposure levels, but approach zero non-linearly at low exposure 
levelss (the dependence of the offsets on exposure level is determined using flat-field 
framess of different exposure times); (iv) subtraction of the diffuse background light, 
causedd by scattering in the spectrograph (it is determined by interpolation between 
thee interorder values; see Verschueren & Hensberge 1990); and (v) global and local 
fiat-fieldd correction, detection and deletion of cosmic-ray events and order extraction. 

Forr the last step an optimal extraction algorithm was developed, which is based on 
thee method given by Home (1986), but generalised to allow for spectra not (closely) 
alignedd with one direction on the chip (for details, see App. l.A). Flat-field correction 
iss part of the extraction process, since the algorithm needs the observed count rate 
inn order to make an estimate of the error in each pixel. In the extraction process, 
cosmic-rayy events are detected by the change they cause in the spatial distribution of 
starr light. As a final check, we always inspect the extracted orders by eye, substituting 
eventss that escaped detection with a linear interpolation between the adjoining pixels. 
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Tablee 1.1. CCD observations of HD 77581 

Sequence e 
number* * 

JL'iiiid .. eip. 

-2440000 0 
Exp.. t. 
(min.) ) 

Orbital l 
phaseb b 

VeIocityc'd d 

(kms"1) ) 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 

11 1 
12 2 
13 3 
14 4 
15 5 

16 6 
17 7 
18 8 
19 9 
20 0 

21 1 
22 2 
23 3 
24 4 
25 5 

26 6 
27 7 
28 8 
29 9 
30 0 

31 1 
32 2 
33 3 
34 4 
35 5 

36 6 
37 7 
38 8 
39 9 
40 0 

7574.624 4 
7575.527 7 

.551 1 

.591 1 

.631 1 

.676 6 

.716 6 

.800 0 

.832 2 
7576.536 6 

.584 4 

.636 6 

.701 1 

.736 6 

.835 5 

.879 9 
7577.530 0 

.577 7 

.637 7 

.694 4 

.727 7 

.795 5 

.872 2 
7578.541 1 

.577 7 

.627 7 

.681 1 

.721 1 

.793 3 

.847 7 

7579.525 5 
.563 3 
.617 7 
.728 8 
.840 0 

7580.529 9 
7581.542 2 
7582.538 8 
7583.591 1 
7584.596 6 

15 5 
15 5 
45 5 
45 5 
45 5 

45 5 
45 5 
45 5 
45 5 
45 5 

45 5 
45 5 
45 5 
45 5 
45 5 

45 5 
45 5 
45 5 
45 5 
45 5 

45 5 
45 5 
23 3 
45 5 
45 5 

45 5 
45 5 
45 5 
45 5 
45 5 

45 5 
45 5 
45 5 
45 5 
60 0 

30 0 
30 0 
45 5 
30 0 
30 0 

0.629 9 
0.730 0 
0.732 2 
0.737 7 
0.741 1 

0.746 6 
0.751 1 
0.760 0 
0.764 4 
0.842 2 

0.847 7 
0.853 3 
0.860 0 
0.864 4 
0.875 5 

0.880 0 
0.953 3 
0.958 8 
0.965 5 
0.971 1 

0.975 5 
0.983 3 
0.991 1 
0.066 6 
0.070 0 

0.075 5 
0.081 1 
0.086 6 
0.094 4 
0.100 0 

0.175 5 
0.180 0 
0.186 6 
0.198 8 
0.211 1 

0.287 7 
0.401 1 
0.512 2 
0.629 9 
0.741 1 

-3.11 4 
-3.55 9 
-1.99 4 

0.00  0.5 
0.11 5 

1.88 5 
3.55  0.5 
7.55  0.6 
9.00  0.7 
0.33  0.5 

-0.33  0.5 
0.22  0.5 
0.44 8 
0.22  0.7 

-0.44  0.9 

1 1 
0.77  0.5 

-0.11 5 
-0.22  0.6 

1.66 6 

2.55  0.6 
3.88 7 
6.33 6 

25.22  0.5 
27.11 4 

26.66  0.5 
29.11 5 
28.44  0.5 
28.55 6 
29.00  0.7 

45.22  0.7 
46.55 7 
47.44  0.7 
46.33  0.9 
44.11 9 

1.00 9 
-1.22 6 
32.66  0.8 
28.77  0.7 
30.88  0.8 

**  Spectra 1-35 cover 4190-4520 A, 
36-400 cover 439(M715 A 
bb Using the ephemeris of Deeter et 
al.. 1987b 
cc Velocities are relative to spectrum 
55 for spectra 1-35, and to spectrum 
366 for spectra 36-40; all spectra 
aree corrected for the shift observed 
inn the interstellar lines using the tit 
withh hour angle shown in Fig. 1.5 
(duee to this correction, the veloci-
tiess of spectra 5 and 36 are not zero) 
dd Quoted are 1<T errors 
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Tablee 1.2. Photographic observations of HD 77581 

Platee J IW „p. Total exp. t. Orbital Velocity"'0 

number(s)) -2440000 (min.) phase' (kms"1) 
G71155 2720.874 102 0.183 37.0 9 
G7136-388 2721.842 93 0.290 37.9 0 
G7158-644 2722.825 139 0.400 27.2 7 
G7180-877 2723.832 103 0.512 7.0 7 
G7201-088 2724.835 112 0.624 0.0 6 
G7579-800 2908.557 38 0.119 32.4 5 
G7591-944 2909.516 79 0.226 39.4 9 
G7604-066 2910.518 70 0.338 31.1  1.3 
G7617-199 2911.505 52 0.448 9.2 3 
G7631-322 2912.626 109 0.573 -0.8 4 
G7639 5̂5 2913.554 202 0.676 3.1 8 
G7654-577 2914.513 89 0.783 -1.6 6 
G7668-777 2916.574 166 0.013 15.5  0.6 

""  Using the ephemeris of Deeter et al. 1987b 
bb Relative to G7201; corrected for shift of interstellar lines 
cc Quoted are \a errors 

Itt was found that despite the flat-field correction the extracted orders showed a 
residuall  effect of the blaze of the grating. This is generally attributed to a slight 
differencee in optical path between light from the star and light from the flat field lamp. 
Followingg Gehren (1990), we corrected for this residual by dividing the extracted 
orderss by a polynomial of the form 1 + ax + bx2 + cxy + dx2y + ex2y2, where x and y 
aree the pixel number in the dispersion direction and the order number, respectively. The 
coefficientss a, . . ., e are determined by the condition that the ratio between orders in 
thee overlapping parts should be as close to unity as possible (by minimizing X)(Q — l)2, 
wheree Q is the ratio between orders). 

Thee Th/Ar frames were reduced in a similar way, except that the orders were 
extractedd by directly adding a number of pixels around the centre of the order (after 
flat-fieldflat-field division), and that a possible residual blaze was not corrected for (because 
thee slit is uniformly illuminated and because the light path is similar to that of the 
flatt field). The positions of the lines were determined by taking the position of the 
maximumm of the interpolating parabola of the three highest points of each line. Next, 
thee lines were identified and a 2D-regression was made of wavelength as function 
off  pixel number and inverse order number. Typical r.m.s. residuals were 0.1 pixel 
(~~ 5 mA, corresponding to a velocity of ~ 0.3 km s"1). During the individual nights 
thee wavelength calibration remained the same to within 5 mA, while from night to 
nightt there were changes from 5 to 20 mA. 

Forr each object frame, the wavelength calibration determined from the nearest 
Th/Arr frame (in time) or the average of the two nearest frames was used to merge 
thee orders and rebin them on a log A scale (so that a velocity difference corresponds 
too a constant offset; see Sect. 1.4), with a bin size A A/A of 5 10~6 (~20mA). Since 
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Tablee I J. IUE observations of HD 77581 

SWP P 
number r 

1442 2 
1488 d d 

2087 d d 

3510 d d 

3519 d d 

3550 " " 
3649 9 
471 8 8 

1882 3 3 
1895 8 8 

1897 0 0 
1898 3 3 
1901 2 2 
19061 1 
2227 8 8 

2228 7 7 
2229 7 7 
2230 1 1 
2230 9 9 
2232 4 4 

3296 1 1 
3296 7 7 
3308 5 5 
4614 4 4 
4615 1 1 

4616 7 7 

JJ Maud. exp. 

-244000 0 0 
3628.70 7 7 
3634.11 8 8 
3712.99 4 4 
3845.20 6 6 
3846.18 8 8 

3850.01 3 3 
3862.53 1 1 
3954.26 7 7 
5323.01 9 9 
5341.59 0 0 

5343.51 0 0 
5345.59 5 5 
5351.27 4 4 
5357.30 2 2 
5746.81 4 4 

5747.81 9 9 
5748.98 9 9 
5749.81 8 8 
5751.80 7 7 
5752.85 6 6 

7214.28 5 5 
7215.28 2 2 
7233.26 9 9 
8933.05 6 6 
8934.07 1 1 

8935.21 6 6 

Exp..  tim e 
(min. ) ) 

180 0 
150 0 
125 5 
90 0 

140 0 

140 0 
130 0 
150 0 
150 0 
180 0 

180 0 
180 0 
180 0 
180 0 
150 0 

150 0 
125 5 
138 8 
150 0 
150 0 

141 1 
141 1 
130 0 
180 0 
160 0 

165 5 

Orbita l l 
phase " " 
0.45 3 3 
0.05 7 7 
0.85 6 6 
0.60 4 4 
0.71 4 4 

0.14 0 0 
0.53 7 7 
0.77 0 0 
0.45 7 7 
0.52 9 9 

0.74 3 3 
0.97 6 6 
0.60 9 9 
0.28 2 2 
0.73 3 3 

0.84 5 5 
0.97 5 5 
0.06 8 8 
0.29 0 0 
0.40 7 7 

0.43 2 2 
0.54 3 3 
0.55 0 0 
0.16 5 5 
0.27 8 8 

0.40 6 6 

Velocity"' 0 0 

(kms - 1 ) ) 
0. 00 ±  2. 2 
7. 44 ±  2. 6 

-24. 22 ±3. 1 
-18. 99 ±2. 9 
-13. 88 ±1. 9 

11. 44 ±2. 8 
-14. 44 ±2. 7 
-16. 44 ±2. 3 

12. 11 ±2. 1 
1.55 ±2. 1 

-6. 44 ±  2. 3 
-2. 33 ±  2. 0 

-19. 77 ±2. 2 
34. 11 ±  1. 8 

-14. 00 ±2. 6 

-8. 22 ±1. 9 
-7. 88 ±2. 1 

6. 22 ±  2. 8 
21. 55 ±  1. 6 
5. 11 ±2. 2 

1.66 ±2. 8 
-14. 22 ±2. 4 
-15. 55 ±3. 1 

20. 33 ±  1. 9 
15. 88 ±2. 0 

10. 55 ±2. 1 

**  Using the ephemeris of Deeter et al. 1987b 
bb Relative to SWP 1442; corrected for shift of interstellar lines 
cc Quoted are \<r  errors 
dd Reprocessed with IUESIPS#2 

thee resolution elements of the instrument were much larger than the pixel size, the 
spectraa were convolved with a Gaussian in order to remove high-frequency pixel-to-
pixell  noise. The width of the Gaussian was chosen such that the measured width of 
thee interstellar lines (~0.2 A) did not increase by more than 10%. 

Thee spectra were normalised through division by a second-degree polynomial fitted 
throughh selected line-free parts of the spectrum. In Fig. 1.1a representative normalised 
spectrumm is shown for both wavelength intervals for which we have spectra, as well as 
thee normalised averages of the spectra in the two sets. The wavelength regions used 
forr the normalisation are indicated in the figure, and are listed in Table 1.4. 
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Tablee 1.4. The wavelength regions used for the normalisation 

"tatt "tatt 

(A) ) 
3700.0 0 
3707.0 0 
3716.0 0 
3739.0 0 
3741.5 5 

3761.4 4 
3780.0 0 
3810.2 2 
3825.0 0 
3843.0 0 

3845.0 0 
3851.0 0 
3853.0 0 
3874.0 0 
3876.0 0 

3895.0 0 
3897.5 5 
3900.0 0 
3902.5 5 
3907.0 0 

3909.5 5 
3912.0 0 
3914.5 5 
3930.3 3 
3939.0 0 

3941.5 5 
3944.0 0 
3946.5 5 
3949.0 0 
3976.5 5 

3987.5 5 
3990.0 0 
4012.0 0 
4019.0 0 
4030.0 0 

\ n d d 

(A) ) 
3701.5 5 
3708.0 0 
3717.0 0 
3741.5 5 
3744.0 0 

3762.2 2 
3782.0 0 
3811.9 9 
3827.4 4 
3845.0 0 

3847.0 0 
3853.0 0 
3855.0 0 
3876.0 0 
3878.0 0 

3897.5 5 
3900.0 0 
3902.5 5 
3905.0 0 
3909.5 5 

3912.0* * 
3914.5* * 
3917.0 0 
3931.9 9 
3941.5 5 

3944.0 0 
3946.5* * 
3949.0 0 
3951.5 5 
3979.0 0 

3990.0 0 
3992.5 5 
4014.0 0 
4022.0 0 
4032.0 0 

\an \an 

(A) ) 
4048.0 0 
4051.0 0 
4054.0 0 
4057.0 0 
4124.0 0 

4126.5 5 
4128.5 5 
4137.8 8 
4165.0 0 
4179.2 2 

4203.0 0 
4205.6 6 
4223.8 8 
4248.2 2 
4256.2 2 

4258.5 5 
4260.7 7 
4279.4 4 
4296.8 8 
4309.3 3 

4322.2 2 
4374.7 7 
4399.8 8 
4404.9 9 
4459.2 2 

4474.9 9 
4489.2 2 
4493.6 6 
4497.2 2 
4507.1 1 

4545.0 0 
4558.0 0 
4561.2 2 
4580.0 0 
4582.0 0 

\ n d d 

(A) ) 
4051.0 0 
4054.0 0 
4057.0 0 
4059.5 5 
4126.0 0 

4128.5 5 
4131.0 0 
4139.8 8 
4167.0 0 
4182.3 3 

4205.5 5 
4208.0 0 
4225.7 7 
4250.6 6 
4258.4 4 

4260.6 6 
4262.8 8 
4281.0 0 
4299.8 8 
4311.7 7 

4323.3 3 
4376.0 0 
4402.0 0 
4407.0 0 
4461.6 6 

4476.8 8 
4491.2 2 
4495.8 8 
4499.2 2 
4508.6 6 

4548.0 0 
4561.2 2 
4563.5 5 
4582.0 0 
4584.0 0 

^»un n 

(A) ) 
4584.0 0 
4624.0 0 
4669.3 3 
4679.5 5 
4691.0 0 

4693.0 0 
4717.0 0 
4719.5 5 
4732.0 0 
4735.0 0 

4738.0 0 
4741.0 0 
4744.0 0 
4751.0 0 
4754.0 0 

4769.0 0 
4772.0 0 
4786.0 0 
4789.0 0 
4808.0 0 

4811.0 0 
4835.0 0 
4838.0 0 
4844.0 0 
4847.0 0 

4873.0 0 
4876.0 0 
4890.0 0 
4893.0 0 
4904.0 0 

4907.0 0 

Aeod d 

(A) ) 
4586.0 0 
4626.0 0 
4670.8 8 
4681.5 5 
4693.0 0 

4695.0 0 
4719.5 5 
4722.0 0 
4735.0 0 
4738.0 0 

4741.0 0 
4744.0 0 
4747.0 0 
4754.0 0 
4757.0 0 

4772.0 0 
4775.0 0 
4789.0 0 
4792.0 0 
4811.0 0 

4814.0 0 
4838.0 0 
4841.0 0 
4847.0 0 
4850.0 0 

4876.0 0 
4879.0 0 
4893.0 0 
4896.0 0 
4907.0 0 

4910.0* * 

**  All regions were used for the normalisation of the photo-
graphicc coudé spectra. For the CCD spectra 1-35, the regions 
inn the range 4200-4500 A were used, and for CCD spectra 36-
400 the regions in the range 4390-4700 A. Wavelengths regions 
markedd with an asterisk contain weak lines (see Fig. 1.1), and 
althoughh the effect is minimal, it would probably have been 
betterr if they had not been used 
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13.2.13.2. Photographic coudé spectra 

Ann extensive analysis of photographic spectra obtained at the coudé spectrograph 
att the 1.52m telescope at the European Southern Observatory, La Silla, has been 
presentedd by Van Paradijs et al. (1977b). A subset of these spectra - the higher-
qualityy baked-IIaO plates taken at 12 A mm ~' (resolving power ~ 10 000) in observing 
runss in 1975 and 1976 - was digitized using the Faul-Coradi microdensitometer 
off  the Astronomical Institute in Utrecht. For the reduction, the standard calibration 
proceduress for photographically recorded spectra were followed (e.g., Underhill 1966; 
forr details, see Zuiderwijk 1979). Wavelength calibration was performed using Iron-
arcc comparison spectra taken both before and after the stellar exposure. To represent 
thee response curve, a simple analytical expression was used, whose parameters were 
determinedd from a fit to spectra of a continuum source fed through a rotating step 
sectorr with 13 transmission steps placed before the entrance slit of the calibration 
spectrograph.. Data processing was performed completely in batch mode on a CDC 
Cyberr computer system. During the process, only the averages of spectra taking within 
onee night were stored on magnetic tape. These averages have been used here. 

Forr the work described here, the spectra were rebinned to a logarithmic wavelength 
scale,, with a resolution of 5 10~6, the same as used for the echelle spectra (for con-
venience,, but substantially oversampling the plate resolution). Furthermore, like the 
CCDD spectra, the spectra were convolved with a Gaussian in order to remove high-
frequencyy noise, with the width of the Gaussian chosen such that the measured width 
off  the interstellar lines (~ 0.4 A) did not increase by more than 10%. The spectra were 
normalisedd by dividing by a seventh-degree polynomial fitted through selected parts 
off  the continuum spectrum. The normalised spectrum from one of the higher quality 
nightlyy averages and the normalised average of all spectra is shown in Fig. 1.1. The 
partss used for the normalisation are indicated in the figure, and are listed in Table 1.4. 

1.3.3.1.3.3. IUE spectra 

Thee IUE spectra were obtained with the Short Wavelength Prime camera, and cover the 
wavelengthh range 1150-1950 A. Some of the spectra have been published by Dupree 
ett al. (1980) and Sadakane et al. (1985). These and some new spectra have been 
(re)analysedd by Kaper et al. (1993). We refer to the latter authors for full details about 
thee reduction of the spectra, and for a figure showing a sample spectrum (the average 
obtainedd during X-ray eclipse). Briefly, the reduction was done with IUESIPS up to 
thee photometrically corrected images (older images processed with IUESIPS#1 that 
hadd ITF errors were reprocessed with IUESIPS#2). Subsequently, the Starlink IUEDR 
softwaree package (Giddings 1983) was used to extract the orders, and to perform 
thee wavelength-scale calibration by measuring the central wavelength of 3 selected 
interstellarr lines (CIIA1335.703, CIA 1656.928, and Al il l A 1862.790) and computing 
thee mean deviation of these lines with respect to their laboratory wavelengths. A check 
onn the wavelength alignment was made using the Fen A1608.456 interstellar line, 
whichh was found to have an instrumental mean wavelength of 1608.450 A, with a 
standardd deviation of 0.02 A and an extreme range of 1608.41-1608.49 A. (This rather 
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largee scatter is corrected for in the process of velocity determination. See Sect, 1.4.) 
AA first-order correction to the cross-dispersion order overlap problem was made using 
thee algorithm of Bianchi and Bohlin (1984). Barker's (1984) algorithm was used for 
thee echelle ripple correction. 

Initially ,, the spectra were mapped onto a uniform wavelength grid, sampled in 
0.055 A bins, but for the work described here, the spectra were rebinned on a log A scale 
withh a resolution A A/A of 2 10~5 (~35 mA). Furthermore, the small data gaps in the 
spectraa resulting from the reseaux pattern on the camera were set to a value indicating 
undefined.. The spectra were normalised by first scaling them to the same flux level, 
andd then dividing by a best-guess continuum obtained by interactively selecting points 
off  the average spectrum, and interpolating these with a quadratic spline. (Contrary to 
thee CCD and photographic spectra, for the IUE spectra the smoothing inherent in the 
reductionn was already so large that it was not useful to convolve the spectra with a 
Gaussiann to remove high-frequency noise.) 

1.4.. Velocity determination 

Alreadyy in the early stage of this project we decided to use cross-correlation of our 
spectraa for the radial-velocity determination. The advantage of this technique - com-
monlyy used for velocity and dispersion determination in galaxies (see, e.g., Tonry & 
Daviess 1979 and App. l.B) - is that one does not need to worry about the intrinsic 
shapee or symmetry of the lines, and whether they are blended or not. The only assump-
tionn made is that the template that is used to correlate the spectra with is a good model 
forr those spectra, differing only in velocity. If that condition is fulfilled, the errors on 
thee velocities can be derived in a straightforward way (similar to that used for a x2-fi t 
withh one free parameter; see App. l.B). 

Forr cross-correlation purposes, the spectra should be normalised, and sampled on 
aa logarithmic wavelength scale, so that a Doppler shift is a linear displacement through 
thee whole spectral range. The velocity difference between two spectra is then found 
byy fitting an analytic function to the peak of the discrete cross-correlation function 
(thee correlation coefficient between the two spectra as function of velocity shift; see 
App.. 1 .B), and determining the position of the maximum of that analytic function. For 
ourr spectra, we found that the best results were obtained when we fitted the sum of a 
Gaussiann and a line to the top 30% of the correlation peak. 

Becausee of the condition of similarity of template and spectrum, we first decided 
too use the average of each set of spectra taken in the same way as the template for 
thatt set. In principle, this induces a slight smearing of the lines due to the different 
velocitiess of the spectra. One could correct for this effect by making, after the velocity 
determination,, a new average of all spectra, with their velocities shifted to zero, and 
againn cross-correlating, etc., until a stable solution is reached. However, for HD77581 
thee expected velocities due to the orbital motion are only of the order of 20 km s_1, 
muchh smaller than the broadening of the lines by ~ 100 km s- 1 due to the rotation of 
thee star. Therefore, we have not used such a second-order template. 

Thee choice of the average of a set of spectra as the cross-correlation template leads 
too a complication, viz. that there will be a small excess peak at zero velocity superposed 
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Figuree 1.2. The cross-correlation of a spectrum with an average as a template. In the 
upperr panel the cross-correlation peak is shown of CCD spectrum 40 with the average of 
CCDD spectra 36-40. Notice the excess peak at zero velocity that is due to the correlation 
off  the noise in the spectrum with its diluted self in the average. In the middle panel 
thee residuals with respect to a fit made with the sum of a Gaussian and a first-degree 
polynomiall  arc shown. In the lower panel the same is shown for a fit  with an extra 
Gaussiann with its velocity fixed at zero and its width at 5 km s_1. The velocity difference 
betweenn the two fits is 0.2 km s_1 

onn all correlation peaks because the noise in each spectrum is also present in a diluted 
formm in the average, and thus correlates with itself (see App. 1 .B for an analysis of the 
expectedd behaviour of this autocorrelation of the noise). This effect became apparent 
inn the cross-correlations in the 4390-4715 A region, where we have only five spectra 
(seee Fig. 1.2). On close inspection, the autocorrelation peaks turned out to be present 
inn the correlations of the other sets as well (Fig. 1.3). Clearly, if a small peak at zero 
velocityy is present on the part of the correlation peak that is used to determine the 
velocity,, then the derived velocities will be slightly but systematically drawn to zero. 
Forr our photographic spectra, for instance, we found that the velocities were biased 
towardss zero by up to 0.6 km s_1 (~ 3%). The effect can be corrected for by either 
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Figuree 13. Same as Fig. 1.2, but for the cross-correlation of photographic spectrum 
G71155 with the average of the 13 photographic spectra. Notice that due to the lower 
resolutionn the excess peak at zero velocity is broader than in Fig. 1.2. The velocity 
differencee between the two fits is 0.6km s_1 

excludingg the points around zero velocity from the fit of the cross-correlation peaks, 
orr by including an extra Gaussian in the fit  with its centre fixed to zero and its width 
determinedd by the size of independent elements, i.e., the (filtered) pixel size. The latter 
iss easily determined from autocorrelations of the spectra (from the autocorrelations, we 
alsoo found that for our spectra a Gaussian is indeed a good model for the excess peak). 
Alternatively,, instead of using the average as the template, one can cross-correlate all 
thee spectra with each other, and determine the individual velocities from the velocity 
differencess (with one velocity fixed to zero; see App. 1 .B). 

Forr the CCD spectra and the photographic spectra we tried both cross-correlating 
alll  spectra with each other and including an extra Gaussian at zero velocity. We found 
thatt the derived velocities were the same to within 0.8 km s"1 for the CCD spectra, and 
too within 0.2 km s_1 for the photographic spectra (corresponding to a linear dependence 
deviatingg by less than 2 and 0.5% from unity, respectively). 
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Figuree 1.4. The cross-correlation of two IUE spectra. In the upper panel the 
cross-correlationn peak is shown of spectrum SWP 3550 with SWP 32967. Notice the 
largee excess peak at -40 km s~' that is probably due to the correlation of the fixed-pattern 
noisee in the two spectra. In the middle panel the residuals with respect to a fit  made with 
aa single Gaussian are shown. In the lower panel the same is shown for a fit  with an extra 
Gaussiann with its width fixed at 25 km s~'. The velocity difference between the two fits 
iss 1.5kms_1 

Forr the IUE spectra, the situation is somewhat more complicated, because indepen-
dentlyy of the chosen wavelength range there always remains an excess peak superposed 
onn many of the cross-correlation peaks (see Fig. 1.4). This effect has been reported 
previouslyy by Evans (1988). Most likely, it results from the presence of the so-called 
'fixed-patternn noise' in the spectra. This fixed-pattern noise is due to inadequately 
correctedd pixel-to-pixel variations in sensitivity. For spectra which are taken at the 
samee position of the detector it will be similar, and hence for those it will cause an 
enhancementt of the cross-correlation peak. We decided to correct for this by including 
ann extra Gaussian in the fit  which has only its width fixed. Due to the excess peaks, 
fittingfitting the cross-correlation peaks of spectra with the average becomes rather difficult, 
sincee now two excess peaks should be account for, one for the systematic pixel-to-pixel 
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Tablee 1.5. The wavelength regions used for the velocity determination 

OpticatOpticat Ultraviolet 
AjUr t t 

(A) ) 
Kni Kni 
(A) ) 

Interstellar Interstellar 
3932.0 0 
4231.0 0 
4298.5 5 

Stellar Stellar 
3700.0 0 
3974.0 0 
4235.0 0 
4303.0 0 
4450.0 0 
4500.0 0 
4586.0 0 
4696.0 0 

3936.0 0 
4235.0 0 
4302.5 5 

3932.0 0 
4231.0 0 
4298.0 0 
4400.0 0 
4476.0 0 
4582.0 0 
4690.0 0 
4720.0 0 

Main n 
line(s) ) 

CaiiK K 

or r 
CH H 

H8_16,Hei i 
Htf.Hei i 
(Sm) ) 
H7,Hci i 
Hee i 
Sim m 
On,, Cm 
(Cn) ) 

Afiar t t 

(A) ) 
Aeod d 

(A) ) 
Interstellar Interstellar 

1560.2 2 
1608.3 3 
1656.2 2 
1807.7 7 
Stellar Stellar 

1563.0 0 
1611.0 0 
1672.0 0 
1729.0 0 
1745.0 0 

1810.0 0 

1560.9 9 
1608.7 7 
1657.7 7 
1808.3 3 

1607.0 0 
1655.0 0 
1707.0 0 
1741.0 0 
1806.0 0 

1842.0 0 

Main n 
line(s) ) 

Ci i 
Fen n 
Ci i 
Sin n 

Feiv,, Cm 
Fee iv, He n 
Feiv v 
Feiv,, Nm,? 
Nn i .On i, , 
Feiv.Criv v 
Feiv.Criv v 

aa For the photographic spectra all regions are used; for CCD spectra 
1-355 the regions from 4231 to 4476 A, and for CCD spectra 36-40 the 
regionss from 4450 to 4690 A 

variations,, and one for the autocorrelation of the noise. Given the consistent results 
obtainedd from the optical spectra, we decided not to attempt this, but rather to use the 
velocitiess derived from the cross-correlations of all spectra with each other. 

Wee determined radial velocities for two sets of wavelength regions for each of 
thee data sets (listed in Table 1.5), one with small regions containing the interstellar 
liness and one with the remainder of the spectral region (excluding H/3, for which Van 
Paradijss et al. (1977b) found that it showed strong deviations from the other lines). 
Itt became clear that the velocity differences found for the interstellar lines are not all 
zero.. For CCD spectra 1-35 we found that the deviations could be well described by 
aa linear dependence on hour angle (see Fig. 1.5; x L = 37 for 33 degrees of freedom). 
Therefore,, we have corrected the stellar velocities for the CCD spectra using this 
relation.. We also applied the correction to spectra 36-40, in which no interstellar 
liness are present, but which were taken with the same instrumental setup except for the 
changee in central wavelength (notice that the range in hour angle spanned by spectra 36-
400 is small; hence, the results hardly depend on whether we apply the correction or not). 
Forr the photographic and IUE spectra, each stellar velocity was simply corrected with 
thee interstellar velocity determined for that spectrum. All corrected stellar velocities 
aree listed in Tables 1.1-1.3. 

1.5.. The radial-velocity orbit 

Thee stellar velocities determined from all spectra are plotted as a function of orbital 
phasee in Fig. 1.6. From this figure, it is obvious that the velocities deviate substantially 
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Figuree 1.5. The velocities derived from the interstellar lines in CCD spectra 1-35 as 
functionn of hour angle. Overdrawn is a linear fit, which has x2 = 37 for 33 degrees of 
freedom m 

fromm the smooth radial-velocity curve expected for pure Keplerian motion. The devia-
tionss seem to be correlated with each other within one night (see the CCD spectra), but 
nott from one night to the other. Such excursions were already noticed by Van Paradijs 
ett al. (1977b), and seem to be present as well in the data of Hiltner et al. (1972) and 
Zuiderwijkk et al. (1974). 

Duee to these correlated deviations, a direct x2-fi t of a radial-velocity orbit to the 
dataa is not meaningful, since not all the points are independent estimators of the 
velocityy of the star. For this reason, Van Paradijs et al. (1977b) made a x2_fi t to the 
averagess of the velocities obtained during one night. A problem with this approach is 
thatt there is no obvious way to obtain a reasonable estimate of the errors on the nightly 
averages.. As can be seen from Fig. 1.6, the observations during one night do not fully 
coverr an excursion, and hence the standard deviation around the mean in each night 
iss not necessarily a good estimate of the error. Also, there is, a priori, no reason to 
assumee a normal distribution of the deviations with respect to the radial-velocity orbit. 
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Figuree 1.6. The stellar velocities derived for all spectra as a function of orbital phase. 
Thee error bars indicate the 1<T uncertainties. The velocities in each data set have been 
shiftedd to zero system velocity based on the best-fitting (minimal root-mean-square 
deviation)) radial-velocity orbit. The latter is overdrawn. In the lower panel the residuals 
aree shown. For clarity, the error bars have been omitted. Points connected by lines were 
takenn within one night 
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ƒƒ 5.1. The uncertainty introduced by the velocity excursions 

Inn an attempt to get an idea of the effect of the excursions on the accuracy of the 
determinationn of the orbital elements, we made Monte-Carlo simulations. In these 
simulationss we generate artificial sets of velocity data using the (smooth) radial-
velocityy orbit determined from the real data plus a model for the velocity excursions. 
Wee generate velocities for each of the times real data were taken, and to each velocity 
wee add a 'measurement' error randomly drawn from a normal distribution with a 
standardd deviation corresponding to the real measurement error. The advantage of 
makingg Monte-Carlo simulations is that it allows one to explore the effects of different 
modelss for the excursions and the consequences of different fitting methods, and thus to 
searchh for the model that maximizes the range in parameters found (while statistically 
producingg the same kind of velocity sets as observed) and the fitting method that 
minimizess it (depending as littl e as possible on the model for the excursions). The 
onlyy assumption that has to be made is that the excursions do not depend on orbital 
phase.. We will assume no phase dependence at all, even though in principle a phase 
dependencee of, for instance, die amplitude of the excursions is allowed: a sufficient 
conditionn is that the average of many measurements at any phase reflects the orbital 
radiall  velocity at that phase. 

Inspiredd by the shape of the excursions shown by the CCD spectra (Fig. 1.6), we 
chosee to model the excursions with sinusoids whose frequency, amplitude and initial 
phasee are drawn randomly from given distributions for every date observations were 
takenn (remaining fixed throughout a night). The physical mechanism that might be 
responsiblee for such type of excursions could be that the star is pulsating with many 
modess (possibly excited by the varying tidal force exerted by the neutron star in its 
eccentricc orbit), which for short periods of time interfere constructively, leading to 
quasiperiodicc oscillations. 

Wee have tested three different fitting methods: (i) minimizing the mean absolute 
deviationn (mad); (ii) minimizing the root mean square deviation (rms); and (iii ) min-
imizingg x2' For all three, the velocities are fitted with a radial-velocity curve whose 
orbitall  period, time of mean anomaly u = 7r/2, eccentricity and periastron angle are 
fixedfixed at the values obtained from the analysis of the X-ray data by Deeter et al. (1987b; 
seee Table 1.7). The free parameters remaining are the radial-velocity amplitude and 
thee systematic velocity for each data set (since only relative velocities in each data 
sett are available). Of the three fitting methods, only the third takes into account the 
measurementt errors. Since these clearly do not correspond to good estimates of the 
reall  deviation from the radial-velocity curve, one expects a priori that this method will 
givee rather inaccurate results. However, the range should include the results from the 
otherr two methods. Similarly, since observations taken in one night show correlated 
deviations,, it seems reasonable to give those less weight. Therefore, we have made ad-
ditionall  simulations in which both the real and the simulated data are averaged within 
nightss before being fitted. 

Inn our simulations, amplitude, frequency and initial phase of the sinusoidal velocity 
excursionss are drawn from a population distributed according to the form C0 + Cuu + 
C„n,C„n,  where u is a uniform distribution in the range 0 . .. 1, n a normal distribution with 
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Tablee 1.6. Results of the Monte-Carlo simulations 

Ampl.. Freq. 
distr.**  distr.* 
(kms- 1)) (day"1) 

RealReal data 
8.44 0.6 

15.5uu 0.7 
9.5nn 0.7 

RealReal data 
9.00 0.6 

15.4uu 0.7 
9.Onn 0.7 

RealReal data 
9.00 0.6 

15.4uu 0.7 
8.9nn 0.7 

Fit t 
type" " 

mad d 

rms s 

Xred d 

AllAll  data 
Fit t 
val.b b 

4.65 5 
4.70 0 
4.67 7 
4.65 5 

7.28 8 
7.33 3 
7.28 8 
7.31 1 

52.6 6 
52.7 7 
52.5 5 
53.0 0 

t t 

(kms- 1) ) 
21.7 7 
16.8-26.8 8 
17.8-25.8 8 
18.1-25.4 4 

21.5 5 
18.1-25.0 0 
18.1-24.9 9 
18.0-25.0 0 

21.4 4 
15.7-27.2 2 
15.7-27.2 2 
15.5-27.3 3 

NightlyNightly averages 
Fit t 
val.b b 

4.76 6 
4.87 7 
4.79 9 
4.76 6 

6.47 7 
6.64 4 
6.59 9 
6.61 1 

t t 

(kms- 1) ) 
21.7 7 
17.6-25.9 9 
18.6-24.9 9 
18.9-24.5 5 

20.8 8 
18.2-23.5 5 
18.2-23.4 4 
18.2-23.5 5 

**  u, n indicate uniform distribution 0 . .. 1 and normal distribution 
withh mean zero and standard deviation unity, respectively. 
bb The quantity which is minimized: mean absolution deviation (mad), 
roott mean square (rms), or reduced chi-square (xLi)- The value is 
givenn under column Fit val. The unit is km s_1 for mad and rms, and 
dimensionlesss for xLa 
cc Best fit value for the real data, 95% confidence region for the simu-
lationss (with the best-fit value as input radial-velocity amplitude). 

meann zero and standard deviation unity, and C0, Cu and Cn are constants. Obviously, 
theree is no reason to assume that the phase at the beginning of a night has any preferred 
value,, hence we always use C^o = 0, C t̂U = 2TT, and C în = 0. 

Resultss of our simulations are listed in Table 1.6 for three different types of dis-
tributionn of the amplitude: constant, uniform, and normal. For each distribution, the 
appropriatee constant was chosen such that the average mad, rms or x2 from the sim-
ulationss was the same as the observed one. As a check, we determined for all three 
fittingg methods the cumulative distribution of the absolute value of the deviations of 
thee observed velocities from the fitted radial-velocity orbits, and compared these dis--
tributionss with the average cumulative distributions obtained from the Monte-Carlo 
simulations.. We found that the observational result could be reproduced with all three 
distributionss of the amplitude that we tried (see Fig. 1.7). 

Thee frequency distribution is reflected mostly in the rate of change of the velocity 
deviations.. The latter can be estimated to first order by A(t; - vf i l )/AJD, where 
A(vv - vfit) is the difference in deviation from the fitted radial velocity orbit for 
twoo subsequent observations, and AJD the corresponding time interval. In Fig. 1.8 
thee observed cumulative distribution of the absolute value of the estimated rate of 
changee is shown. From our simulations, we found that a good match to the observed 
distributionn can be obtained if the mean frequency is about 0.7 day-1 (consistent with 
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Figuree 1.7. Cumulative distribution of the observed absolute deviations with respect to 
thee radial-velocity orbit obtained from a root-mean-square fit (points). Overdrawn are 
thee mean distributions (full lines) and their standard deviations (dashed lines) derived 
fromm the Monte-Carlo simulations for three different probability distributions for the 
amplitudee of the excursions (for clarity, the cumulative distributions are shifted by 0.5 
withh respect to each other). The top distribution is for constant amplitude, the middle 
onee for uniformly distributed amplitudes, and the bottom one for normally distributed 
amplitudess (see Table 1.6 and text) 

thee fact that excursions do not seem to be covered well in one night). The results are 
ratherr insensitive to the exact form of the frequency distribution. Therefore, we list in 
Tablee 1.6 only the results for a constant value of the frequency (chosen such that the 
observedd cumulative distribution of rate of change was best reproduced; see Fig 1.8). 

Fromm Table 1.6 it is clear that minimizing the rms deviation provides the best 
results,, both in the sense that the range in radial-velocity amplitude is minimal, and 
inn the sense that the result depends least on the chosen form of the distribution of 
thee excursions. As expected, the range in radial-velocity amplitude found is somewhat 
smallerr when velocities are averaged within nights. Therefore, we will use those results 
fromm here on. 
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Figuree 1.8. Same as Fig. 1.7, but for the cumulative distribution of the rate of change 
off  the deviations as determined from CCD spectra 2-35 

Wee conclude from our simulations that the radial velocity amplitude is given by 
KgptKgpt = 20.8 7 km s_1 (95% confidence; the lo-error is 1.4 km s_1). The lower limit, 
whichh is the relevant quantity for the determination of a lower limit to the neutron star's 
mass,, is 18.6km s"1 with 95% confidence, and 17.7km s"1 with 99% confidence. 

1.5.2.1.5.2. The cause of the variations andpossible systematic effects 

Too improve our insight into the cause of the deviations, we plot the profile of He IA4471, 
correctedd for the orbital motion with the minimal rms solution, for all CCD spectra in 
Fig.. 1.9 (left-hand panel). It is clear that there are strong changes in the profile. The 
timescalee of these changes is longer than one night, as expected from the fact that the 
velocityy excursions do not seem to be covered within one night (see Fig. 1.6). This 
iss also consistent with the results of the Monte-Carlo simulations presented above, 
fromm which it follows that the distribution of the time derivate of the deviation is best 
reproducedd with frequencies of about 0.7 day-1 (see Fig. 1.8; values of k, lday- 1 

givee significantly worse results). 
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Figuree 1.9. Line profile vari-
ations.. In the left-hand panel 
thee line profile of HeiA4471 
iss shown for all CCD spectra. 
Thee spectra have been shifted 
vertically,, time increasing up-
wardd (nights being separated 
byy somewhat larger shifts). The 
profiless are shifted to the rest 
framee of the optical star using 
thee minimal root-mean-square 
orbitall  solution (see Fig. 1.6). 
Inn the right-hand panel, the av-
eragee profiles of HeiA4471, 
Hee i A4388, H7 and S m A4254 
aree shown for the five nights for 
whichh we have more than one 
spectrum.. The orbital phase is in-
dicatedd for HeiA4471. To ease 
comparison,, the profiles have 
beenn scaled to the same relative 
depth.. Notice that HeiA4471 is 
blendedd on the short-wavelength 
sidee and H7 on both sides (see 
Fig.. 1.1). Also, S in A4254 con-
tainss a contribution from On 
liness (at approximately the same 
wavelength) ) 
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Too show the changes more clearly, the average Hei A4471 profiles for the five 
nightss for which we have more than one spectrum are shown in the right-hand panel 
off  Fig. 1.9. Also shown are the average profiles of He IA4388, H7 and S il l A4254. 
Comparingg the different lines, it is clear that they show very similar profiles. 

Thee similarity suggests that the profile variations are not due to phenomena related 
too the wind, such as density enhancements due to an accretion wake or ionisation 
zone,, since these are expected to show up preferably in the strongest lines. Still, there 
iss evidence for the presence of density enhancements in VelaX-1 from variations 
off  Ha (e.g., Zuiderwijk et al. 1974), and from various features in the X-ray light 
curvee and in X-ray spectra (Watson & Griffiths 1977; Nagase et al. 1986; Haberl & 
Whitee 1990). Also, for our photographic spectra, Van Paradijs et al. (1977b) found 
thatt near inferior conjunction of the neutron star (phase 0.5), the velocities derived 
fromm the H/? line deviated systematically from those derived from the other lines. 
Fromm the H/3 line profiles, it is clear that this is due to an extra absorption component, 
whichh moves from a low velocity at phase 0.5 to a velocity of about -300km s^1 at 
phasee 0.9, whereafter it disappears (Zuiderwijk 1979; see also curve b in Fig. 1.1). 
Kaperr & Hammerschlag-Hensberge (1993) observe similar behaviour in new spectra. 
Furthermore,, these authors find that an extra absorption component is also present in 
Hee 1A4471, with the same velocity as in H/3, but with a much smaller relative strength. 
Unfortunately,, our photographic spectra are too noisy to confirm this behaviour. As 
cann be seen in Fig. 1.9, our CCD spectra do not show any clear evidence for absorption 
enhancements. . 

InIn order to check for a possible influence on the radial-velocity amplitude, we 
madee fits to the velocities excluding the phase range following inferior conjunction of 
thee neutron star. In this phase range, the star is moving towards us. Hence, one expects 
thatt if blue-shifted absorption enhancements were present, they would be reflected 
inn an increase in the apparent radial-velocity amplitude. Excluding the phase interval 
fromm 0.5 to 0.6, we find for the rms fit to the nightly averages that K  ̂ = 20.2 km s_1, 
somewhatt smaller than the value found for all data. However, if we exclude other phase 
intervalss from the fit, we find similar changes in K^. Excluding phase 0.5 to 0.7, K^ 
decreasess more strongly to 19.5 km s-1, but excluding phase 0.5 to 0.8, it increases 
too 22.6kms_1. Looking at Fig. 1.6, it seems clear that these changes are not related 
too systematic effects, but rather to statistical fluctuations. A similar conclusion was 
reachedd for the photographic spectra by Van Paradijs et al. (1977b) and by Tjemkes et 
al.. (1986) on the basis of their analysis of the optical light curve. 

Anotherr source of systematic velocity deviations that might affect the observed 
radial-velocityy amplitude could be the tidal deformation of the star. On the basis of 
numericall  calculations of the line profiles for a deformed star, Van Paradijs et al. 
(1977a)) found that systematic, orbital-phase dependent deviations in velocity of a few 
kmm s_1 are expected, with corresponding changes in apparent eccentricity and in radial 
velocityy amplitude of & 0.06 and a few km s- 1, respectively (see also Van Paradijs et 
al.. 1977b; Hutchings 1977; Wilson 1979). The amplitude of the velocity deviations is 
expectedd to depend on the line that is studied, but for our photographic spectra this 
effectt was not found by Van Paradijs et al. (1977b). For our observations, it is clear that 
thee systematic effects due to the deformation are not the main source of the velocity 
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deviations,, since the velocities deviate randomly with much larger amplitudes (see 
Fig.. 1.6). However, if we leave the eccentricity and periastron angle as free parameters 
inn the orbital fit to our radial velocities, we find a change in eccentricity that is of the 
expectedd order (we find e = 0.21, xu = 359° and K  ̂ = 21.5), although it follows 
fromm Monte-Carlo simulations of the excursions that the change is significant with 
90%% confidence only. 

Inn summary, we do not find evidence for systematic effects due either to phenomena 
relatedd to the stellar wind, or to tidal deformation of the optical star. However, we stress 
thatt while we are reasonably confident that the former are negligible, our observations 
doo not allow us to be so for the latter. In fact, it seems unlikely that while the tidal 
distortionn is reflected clearly in ellipsoidal variations in the light curve, there would be 
noo effect in the radial velocities. Since the amplitude of the light curve can be modeled 
quitee well (though not the exact shape; see Tjemkes et al. 1986), it seems reasonable 
too assume that the deviations of the radial-velocity amplitude that are expected will be 
aa reasonable measure of the uncertainty introduced by the tidal effects. 

Ass mentioned above, for Vela X-l changes in the apparent radial-velocity orbit 
off  a few kms-1 are expected (Van Paradijs et al. 1977a,b; Hutchings 1977; Wilson 
1979).. Other estimates for the tidal effect in massive X-ray binaries have been made 
forr SMC X-l (without X-ray heating, Wilson & Sofia 1976) and for 4U 1538-52 
(Reynoldss et al. 1992). Recently, model calculations have been used to correct radial-
velocityy curves of W Ursa Majoris binaries and Algols (Hill et al. 1989; Khalesseh 
&&  Hill 1992 and references therein; see also Van Hamme & Wilson 1985). Although 
thesee binaries contain components of later spectral type, the corrections that are found 
aree similar to what is found for the massive X-ray binaries: about 5% (for both 
componentss of the binary). Therefore, it seems to us that a reasonable estimate of the 
'lo-'' systematic uncertainty is given by a relative error of 5%. For this value, we find 
^optt = 20.8  1.7 km s"1. Taking a relative error of 10% for the 95% confidence limits 
leadss to K  ̂ = 20.8  3.4 km s"1. For the 95% and 99% lower limits, we use relative 
errorss of 8% and 12%, respectively, with which we find Km > 18.1 kms-1 (95% 
confidence)) and K  ̂ > 16.8 km s_1 (99% confidence). 

1.6.. The masses of the two components 

Thee limits on the radial-velocity amplitude K  ̂ derived in the previous section, in 
combinationn with the orbital period Porb, eccentricity e and semi-major axis ax sin i of 
thee X-ray orbit of Vela X-l (see Table 1.7), can be used to derive limits on the masses 
off  the two components (for formulae, see e.g. Rappaport & Joss 1983; Nagase 1989). 
Forr Vela X-l , one can use Fig. 1.10, where one can read off the masses for arbitrary 
radial-velocityy amplitude. We find Mxsin3t = 1.68  0.31 M© and M^sm3! = 
22.22  0.5 M© (where i is the inclination of the system). 

Iff  one had an estimate of the radius R  ̂ of the companion, the inclination i could 
bee estimated from the duration of the X-ray eclipse 9^. For Vela X-1, the optical light 
curvee shows strong ellipsoidal variations, which indicates that the optical companion 
iss close to filling  its Roche lobe (e.g., Tjemkes et al. 1986). For a circular orbit and 
aa corotating optical companion, this would mean that the radius of the star could be 
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Figuree 1.10. The masses of the two components in the Vela X-1 system as function 
off  the radial velocity amplitude üf0pt- Indicated are the 95% confidence intervals for 
bothh masses (short-dashed lines), and the 95% and 99% confidence lower limits to the 
neutronn star mass (long-dashed lines) 

estimatedd with the radius of a sphere with a volume close to the volume of the Roche 
lobe,, and hence that its size relative to the orbital separation would be a function of 
mass-ratioo q and fillin g fraction f3 only. For a non-corotating star and an eccentric orbit 
likee for VelaX-1, generalisations of the Roche potential have been derived by Avni 
&&  Bahcall (1975a) and Avni (1976) under the assumption that the star is in quasi-
hydrostaticc equilibrium at any given time with respect to the instantaneous potential. 
Usingg these generalisations, one can estimate the 'Roche' radius as a function of orbital 
phasee for given mass-ratio q, orbital eccentricity e, periastron angle w, and corotation 
factorr /a, (which can be derived from the measured rotation velocity vm sin i of the 
opticall  star), and hence the inclination for a given fillin g factor (3 at periastron. 

Rappaportt & Joss (1983; also Joss & Rappaport 1984; Nagase 1989) have used 
thiss method to estimate the inclination, the semi-major axis, the radius and mass of the 
companion,, and the neutron-star mass for Vela X-1 and for the five other X-ray binaries 
forr which all necessary parameters are known. The corresponding uncertainties are 
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foundd by means of a Monte-Carlo error propagation technique, in which a large number 
off  trial evaluations are made for values of Pad,, e, w, a\ sin i, 0^, K^, fay and 0 
drawnn from random distributions which reflect the experimental uncertainties. We have 
triedd to use this method for Vela X-l , using the X-ray orbit of Deeter et al. (1987b) 
andd the radial-velocity amplitude derived in Sect. 1.5. For the eclipse half-angle, we 
conservativelyy used a range 30°-36°, which encompasses the values quoted by Watson 
&&  Griffiths (1977; 33?8  1?3, ARIEL V), Nagase et al. (1983; 32°  1°, Hakucho 
9-22keV)) and Sato et al. (1986; 34?4  1?1, Tenma 10-20keV). For the projected 
rotationall  velocity we find from the CCD spectra a value of 110  15 km s_1. Based on 
aa comparison of the photographic spectra with model profiles calculated for a deformed 
star,, Zuiderwijk (private communication) found that the corotation factor was given by 
fcofco = 0.67  0.04. This corresponds to a projected rotational velocity of ~ 115 km s"1, 
consistentt with our estimate. Other estimates based on photographic spectra were 
madee by Mikkelsen & Wallerstein (1974; 130km s_1) and Wickramasinghe et al. 
(1974;; 90km s_1). Sadakane et al. (1985) found that the rotational broadening shown 
inn the IUE spectrum of HD 77581 was similar to that seen in the spectrum of K Ori, 
andd they concluded that v„*  sini = 80  10km s_1. However, from an echelle CCD 
spectrumm of K Qri taken in our February 1989 run, it is clear that the lines of ic Ori are 
lesss broadened than those of HD 77581. In view of the above, we decided to use a range 
off  80-140 km s- 1 for the simulations. All parameters we use are listed in Table 1.7, 
andd the results of the simulations are listed in Table 1.8. 

AA problem that arose in doing the Monte-Carlo simulations was that with the 
parameterss listed above for one out of three trials the parameters are inconsistent with 
eachh other in the sense that the width of the eclipse can not be reproduced, not even 
forr an inclination of 90° and a filling  factor of unity at periastron. It is not clear how 
too treat these events. One might just reject them, but in that way the estimates will 
bee based on distributions of observed quantities which no longer reflect the observed 
ones.. For the case mentioned, one expects that only trials with low 0  ̂ and/or low K^ 
willl  not be rejected, leading to low mass estimates. 

Thee discrepancy between the predicted and observed eclipse angle might be due 
too systematic errors in K  ̂ or 6^. If the former were the case, the masses might 
reallyy be lower. However, most likely the cause is also at least partly to be found in 
thee assumption that the star is in quasi-hydrostatic equilibrium with respect to the 
instantaneouss potential. Noteworthy in this respect is that in the optical light curve of 
thee system the two minima do not exactly coincide in time with superior and inferior 
conjunction,, as would be expected if the star did adjust instantaneously to the varying 
potentiall  (Tjemkes et al. 1986). The minimum closest to X-ray eclipse is shifted by 
aboutt 0.05 in orbital phase. Hence, at the time of X-ray eclipse the observed size of the 
starr is not yet as small as one would expect, and the measured X-ray eclipse will be 
longerr than the expected one. (Notice that the inclination is quite sensitive to changes 
inn eclipse width. Changing 6  ̂ from the observed value of ~ 34° to 30°, e.g., changes 
thee inclination from ~90° to ~75°.) 

Fromm the above, we conclude that although it seems likely that the inclination will 
bee close to 90°, we can not exclude lower values.. For the lower limits to the mass of 
thee neutron star, which is the most interesting quantity with respect to observational 
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constraintss on the equation of state, we will make the conservative assumption that 
tt = 90°. For this value, we find from thee lower limits on K  ̂ that with 95% confidence 
M\M\ > 1.43 M0 and with 99% confidence M x > 1.32M©. These limits are lower 
thann the ones found previously, because in those determinations the influence of the 
correlatedd deviations and of the systematic changes due to the tidal deformation were 
nott taken fully into account. 

1.7.. Constraints on the equation of state 

Itt is clear that the lower limit to the mass of Vela X-l derived above does not allow 
onee to derive strong constraints on the equation of state. In order to determine what 
constraintss can still be set, we have carefully checked the sixteen mass estimates that 
aree currently available. These are from two groups of binaries, one with X-ray pulsars 
andd one with radio pulsars, which we wil l discuss separately below. 

17.1.17.1. X-ray pulsars 

Forr six X-ray binaries the orbit can be determined completely, because both the X-ray 
andd optical orbits are known, and a handle on the inclination is available from the 
combinationn of the X-ray eclipse duration and estimates of the fillin g factor and 
thee rotational velocity (which determines the corotation factor; see Sect. 1.6). Such 
determinationss have been made by Rappaport & Joss (1983) and Nagase (1989). 
Fromm these investigations (and also from Sect. 1.6), it follows that the most uncertain 
elementss in the final orbital determination are the radial-velocity amplitude of the 
opticall  component and the duration of the X-ray eclipse (in combination with the 
corotationn factor). This is both because of the large observational uncertainties involved 
andd because of the possibly large systematic effects. 

Forr a new determination of the masses, we have therefore focussed on these 
quantities.. For the radial-velocity amplitudes, we will assume, like for Vela X-l , that 
apartt from the observed uncertainty there is an additional uncertainty of 5% due to the 
possiblee presence of tidal effects. For systems where also X-ray heating is or might 
bee important, we wil l use a relative uncertainty of 10%. For the determinations of 
thee duration of the X-ray eclipse, we wil l as much as possible use determinations 
madee at hard X-ray wavelengths, since in soft X-ray bands the eclipses might be 
systematicallyy longer due to absorption at the base of the stellar wind of the optical 
star.. Different determinations of the eclipse duration often are not consistent with each 
otherr (possibly related to changes in the shape of the star like in Vela X-l) . Therefore, 
wee wil l determine a range within which the duration almost certainly lies, rather than 
aa number with a corresponding 'la- ' error. Often, the different determinations for the 
projectedd rotational velocity are inconsistent as well. Hence, for this quantity we wil l 
alsoo determine a range rather than a number with error. 

Thee observed parameters of the X-ray pulsars that we find are listed in Table 1.7. 
Withh these values, we have determined the corotation factor, the inclination, the semi-
majorr axis, the radius and mass of the optical component, and the mass of the neutron 
starr using the method described by Rappaport & Joss (1983). These 'inferred' param-
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Tablee 1.7. Orbital parameters of the X-ray pulsars* 

Name e 

Velaa X-l 

4U1538+52 2 

SMCC X-l 

LMCX-4 4 

CenX-3 3 

Herr X-l 

To o 

(JD-2440000) ) 

4279.0466(37)b b 

5518.15(5) ) 

2836.68277(20) ) 

7742.4904(2) ) 

958.8509(3) ) 

3805.019980(14) ) 

Port t 

Portt  /Port 

(day) ) 
(yr-1) ) 

axsint t 
e e 
(lt-s) ) 

Kop Kop 

vsin» » 
(fans-1) ) 
(kms-1) ) ) ) 

8.964416(49) ) 
<< 1.910-5 

3.72847(6) ) 
<5.610~6(3<r) ) 
3.89229118(48) ) 
-3.36(2)) 10-6 

1.40839(1) ) 
<310~6 6 

2.0871390(9) ) 
-1.78(8)) 10-6 

1.700167720(10) ) 
-1.32(16)-1.32(16) 10"* 

112.98(35) ) 
0.0885(25)c c 

52.8(18) ) 
<0.25 5 
53.4876(4) ) 

<< 0.00004 
26.31(3) ) 

<0.01 1 

39.636(3) ) 
<< 0.0008 
13.1831(3) ) 

<< 0.0003 

20.8(17) ) 
80-140 0 

20(3) ) 
140-220 0 

23(3) ) 
130-220 0 
38(5) ) 
120-220 0 
24(6) ) 
190-310 0 

90(20) ) 

30-36 6 

20-35 5 

27-31 1 

24-29 9 

31-37 7 

24-25 5 

**  Numbers in parentheses indicate approximate Iff confidence limits in the final decimal 
place.. Upper limits represent approximate 95% confidence limits, except when indicated 
otherwise.. For references, see Sect. 1.6,1.7.1 
bb Tune of mean anomaly v = 90° 
c 8 8 

eterss are listed in Table 1.8. Like Rappaport & Joss, we have used a range 0.95-1.0 for 
thee filling  factor (3 in Her X-l (for a justification, see, e.g., Bahcall & Chester 1977) 
andd 0.9-1.0 for the other systems (for which it follows from the optical light curves 
thatt they are close to filling  their Roche lobe; e.g., Avni & Bahcall 1975a,b). 

Beforee discussing the five sources other than Vela X-l in detail, we note that we 
havee excluded a priori the neutron-star mass determinations made for 4U 1700—37 
(Afxx = 1.8  0.4 M 0, Heap & Corcoran 1992) and 4U1626-67 (M x = l-8t?if3, 
Middleditchh et al. 1981). For 4U1700-37, the mass estimate is based on a mass of 
thee optical companion determined from its spectrum. In our opinion this introduces 
ann additional systematic uncertainty, which may well be much larger than the quoted 
error.. For 4U1626-67, the observational error is too large to help to constrain the 
equationn of state. Also, the orbital period found in the optical pulsations has not yet 
beenn confirmed by X-ray observations (Levine et al. 1988). 

4U1538-52.4U1538-52. The most recent determination of the X-ray orbit for this source was 
madee by Makishima et al. (1987). The orbital period and a constraint on the orbital-
periodd derivative have been derived by Cominsky & Moraes (1991). Makishima et 
al.. (1987) found an eclipse half-angle of 25°  5° from their Tenma data. Other 
determinationss were made on the basis of OSO-8 data (30?5  3?5; Becker et al. 1977) 
andd of ARIEL V data (28°  3°; Davison et al. 1977). From these data a range of 20°-
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Tablee 1.8. Inferred parameters for the X-ray pulsars* 

Name e 

Velaa X-l 

4UU 1538-52 

SMCC X-l 

LMCX- 4 4 

Cenn X-3 

Herr X-l 

HerX-ld d 

ƒ« « 

0.47-0.84 4 

0.69-1.26 6 

0.68-1.29 9 

0.45-0.88 8 

0.67-1.13 3 

0.0-1.5° ° 

0.0-1.5° ° 

* * 

O O 
>73 3 

66t!9
7 7 

70^ ^ 

65+_7
6 6 

>65 5 

>72 2 

>79 9 

a a 

(R®) (R®) 

53.1+_2i°o o 

26.4+Ji!8 8 

26.4t!i43 3 
i ii  7+0.6 
1 J ' ' - 0 . 6 6 

is-n'v v 
8.7t3iS S 
oo r*>- 3 

-^opt t 

(RQ) (RQ) 

30.3t2£ £ 

15.4+J£ £ 

lS-Ot^i3! ! 

8-0t!ó°9 9 

l l- l t?i?a a 
oo QO+0.27 

2 2 
4 f l i+0 .23 3 

Mop, , 

(M 0) ) 

23.2+J{8
2 2 

16.7^458 8 

15.T3& 15.T3& 

15.8+_2^ ^ 

19.0?i28 8 

2.04^9
5 5 

TT 'l'VtO.1 6 
zz 9 

Mx x 

( M 0 ) ) 

l-75t°ó3|3 3 

i .os^ ^ 
i . i m m 
11 47+0-44 

,, m+O.58 

11 04+0-75 

jj  4 7+ 0 . 23 

/had d 

(%) ) 
32 2 

0.4 4 

0 0 
0 0 

9 9 

18 8 
32 2 

""  Errors and lower limits are 95% confidence 
bb Fraction of trials rejected because eclipse width could not be fit 
cc Fixed. No information on the rotational velocity is available 
dd Results for the optical pulsation Doppler-shift amplitude of 4 kms"1 (seeSect. 1.7.1) 

35°° seems indicated. A new determination of the radial-velocity curve was recently 
madee by Reynolds et al. (1992). The authors list two values of K  ̂ one for the 
velocitiess as derived (K  ̂ = 19.2  1.2 km s_1), and one for the velocities found after 
correctionn for the tidal distortion of the star (.ftTopt = 19.8Ü.1 kms- 1) . As discussed in 
Sect.. 1.5.2, we think such corrections are highly uncertain, especially since in this case 
thee phase coverage of the observations does not allow one to check predicted effects 
suchh as an apparent eccentricity. In fact, the system may well be genuinely eccentric, 
givenn the upper limit of 0.25 of Makishima et al. (1987). If this is the case, systematic 
velocityy excursions like the ones we observe for Vela X-l might be present. From the 
velocityy data of Reynolds et al. (1992), it is not clear whether this is the case. However, 
thee profile of the line they use for the velocity determination (He IA6678) does show 
systematicc changes similar to those observed by us (Fig. 1.9). If systematic, night-long 
deviationss are present, the error on the radial-velocity amplitude will be larger by at 
leastt a factor \/ns/nn, where ns is the number of spectra and nn the number of nights. 
Forr the data of Reynolds et al. (1992), this would imply a factor of £ v^S. A different, 
additionall  uncertainty in the work of Reynolds et al. (1992) is that the velocities are 
derivedd from cross-correlations of the spectra with the average spectrum. As shown 
inn Sect. 1.4 and App. l.B, this leads to systematic deviations if proper precautions are 
nott taken. For their rather noisy spectra, the radial-velocity amplitude may well be too 
loww by up to 10%. In order to account for all uncertainties mentioned above, we set the 
radial-velocityy amplitude to K  ̂ = 20  3 km s- 1. Rotational velocity determinations 
havee been made by Crampton et al. (1978; 200  20kms- 1) and by Reynolds et al. 
(1992;; - 1 plus a possible systematic error). For our calculations, we used 
aa range 140-220kms-1. 
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SMCSMC X-l. The X-ray orbit was recently redetermined by Levine et al. (1993). The 
durationn of the X-ray eclipse is listed as 28?2  0?9 ('extreme' limits) by Primini et al. 
(1976;; S AS-3) and as 29?9 2 by Bonnet-Bidaud & Van der Klis (1981; COS-B). We 
usedd a range 27°-31°. A recent determination of the radial-velocity curve was made 
byy Reynolds et al. (1993). Like for 4U1538-52, the authors list both the 'uncorrected' 
valuee of the radial-velocity amplitude (23.0  1.9 km s-1), and the value found after 
correctionn for tidal effects and X-ray heating (27.5  1.9km s_1). We feel that this 
correctionn is even more uncertain than that for 4U 1538+52, since, as the authors point 
out,, their model does not allow for the presence of an accretion disk, while from 
thee optical light curve it is almost certain that one is present (Tjemkes et al. 1986 
andd references therein), and its shadow may well reduce the effect of X-ray heating. 
Furthermore,, the size and even the sign of the effect strongly depends on the presence 
orr absence of a substantial soft X-ray flux, a factor which is badly known. Therefore, 
wee just use our estimate of a relative error of 10% to account for possible systematic 
effects,, i.e., K  ̂ = 23  3 km s_1. (Notice that contrary to the case of 4U1538-52, 
thee orbit of SMC X-1 is not eccentric, and hence no systematic velocity excursions 
aree expected (nor observed). Also, no systematic effects in-the velocity determination 
aree expected, since the cross-correlation was not done with the average spectrum.) 
Forr the rotational velocity, we used a range 130-220 km s-1, which encompasses the 
valuess listed by Hutchings et al. (1977; ~ 200 km s-1) and Reynolds et al. (1993; 
~~ 150 km s_1 with a possible systematic error). 

IMCIMC X-4. A recent determination of the X-ray orbit was made by Levine et al. 
(1991).. The X-ray eclipse half-angle is listed as 29?0  2?5 by Li et al. (1978; SAS-
3,, 6-12 keV), 26?2  1?1 by White (1978; ARIEL V), and 27? 1  1?0 by Pietsch 
ett al. (1985; EXOSAT). We use a range 24°-29°. The radial-velocity curve was 
determinedd by Kelley et al. (1983a) based on radial velocities of Hutchings et al. 
(1978)) and unpublished data of Petro & Hiltner. Kelley et al. (1983a) found K  ̂ = 
37.99  2.4 km s_1, but for the calculation of the masses they set the error to 5 km s_1 in 
orderr to account for possible systematic effects due to both tidal distortion and X-ray 
heatingg (both effects are seen in the optical light curve; see Heemskerk & Van Paradijs 
1989).. With our estimate of 10% relative uncertainty, we find the same value. The 
rotationall  velocity has been estimated at ~ 170 km s_1 by Hutchings et al. (1978). On 
thee basis of the differences between the different determinations for the other sources, 
wee conservatively use a range of 120-220 km s_1. 

CenCen X-3. The most recent X-ray orbit was determined by Kelley et al. (1983b). A 
thoroughh study of the eclipse of Cen X-3 was made by Clark et al. (1988) on the 
basiss of SAS-3 observations. These authors find that the eclipse half-angle at high 
energiess (10-20keV) ranges from 33° to 37° for different eclipses, while at lower 
energiess (3-6 keV) a range of 35°-40° is observed. (For comparison, Pounds et al. 
(1975;; ARIEL V) list 39°  2°, and Schreier et al. (1972; UHURU) find 42°  1°.) 
Clarkk et al. (1988) fit the eclipses observed in different energy bands with a simple 
modell  for the wind, and find that the "real" eclipse half-angle is most likely in the 
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rangee 31°-36°. In our calculations, we conservatively used a range 31°-37°. Radial 
velocitiess of the optical counterpart of Cen X-3 were determined by Hutchings et al. 
(1979).. These authors derive K  ̂ = 24  6kms_ I . Given the large observational 
error,, it is rather immaterial whether we account for possible systematic effects with 
ann additional relative error of 5 or 10%. However, for completeness we note that it 
followss from the analysis of the optical light curve by Tjemkes et al. (1986) that most 
likelyy an accretion disk is present in the system, but that it is not clear whether X-ray 
heatingg is important. The. rotational velocity is given as 250  30 km s- 1 by Hutchings 
ett al. (1979). For the determination of the masses, we use a range 190-310km s- 1. 

HerHer XL The X-ray orbit was determined by Deeter et al. (1981, 1991). Deeter et 
al.. (1981) determined an eclipse duration of 24?56  0?03 (OSO-8). However, this 
determinationn is based on observations of an ingress and an egress of different orbital 
cycles,, and Copernicus results indicate a somewhat larger range in eclipse angle. 
Therefore,, we used a range 24°-25°. The mass determinations that have appeared in 
thee literature for this source are based on two different methods for the determination 
off  the mass ratio. One is based on the observed radial-velocity amplitude, like for the 
otherr sources. Hutchings et al. (1985) cite a value K  ̂ = 83  3 km s_1. However, 
thee error quoted by these authors reflects solely the observational error, and not the 
errorr associated with the (model-dependent) correction for the tidal deformation and 
especiallyy the intense X-ray heating (which is known to vary with the 35 day precession 
period).. In this regard, it should be noted that Koo & Kron (1977) found a value of 

- 11 after correction of their data, indicating that the error associated with 
thee correction may well be large. In order to account for this uncertainty, we rather 
arbitrarilyy used K  ̂ = 90  20 km s_1. We have not been able to find a limit on the 
rotationall  velocity. Therefore, we have used a range of 0-1.5 for the corotation factor 
(ass used by Rappaport & Joss 1983). 

Anotherr estimate of the masses can be made on the basis of the analysis of the 
opticall  pulsations (Middleditch & Nelson 1976; Middleditch 1983). These are due to 
reprocessingg of the X-ray pulsations in the accretion disk and on the surface of the 
opticall  star. The frequency of the pulsations that originate from the counterpart's surface 
showss a Doppler shift with respect to the X-ray pulsations due to the orbital motion. 
Usingg a geometrical model for the location of the reprocessing regions (Middleditch 
&&  Nelson 1976; Bahcall & Chester 1977), it is therefore possible to derive the orbital 
parameterss and limits on the masses of the two components from the observed Doppler-
shiftt amplitude of 20.0  1.4 km s_1 in combination with the X-ray orbit and the 
durationn of the X-ray eclipse. Rappaport & Joss (1983) used a modified version of 
theirr Monte-Carlo code to estimate the uncertainties involved in these estimates. For 
ourr estimates, we used their code, and the velocity estimate of Middleditch (1983) 
withh an additional relative uncertainty of 10% to account for the uncertainty in the site 
wheree the reprocessing takes place (i.e., 20.0  2.4 km s- 1) . We note that for this mass 
determination,, one of the largest uncertainties results from the fact that the corotation 
factorr is not known. If one assumes it is unity instead of within a range 0-1.5, one 
findss a 95% confidence error of 0.12 M© instead of ~0.3 M©. 
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Tablee 1.9. Parameters for the radio pulsars* 

PSR R 

1913+16 6 
1534+12 2 
2127+11C C 
2303+46 6 

1855+09 9 

1802-07 7 

Poib Poib 

(day) ) 
0.323 3 
0.421 1 
0.335 5 

12.34 4 

12.33 3 

2.62 2 

Aftool l 
(M 0) ) 
2.82837(4) ) 
2.679(3) ) 
2.712(5) ) 
2.53(8) ) 

1.50t?62f7b b 

1.7(4) ) 

Afpik t t 

<M©) ) 

1.442(3) ) 
1.32(3) ) 
1.34(23) ) 
<1.5 5 

1 . 2 « « 
<2.1 1 

iHOWim . . 

(M@) ) 
1.386(3) ) 
1.36(3) ) 
1.37(23) ) 
>1.1 1 

0.233t?6a a 

>0.2C C 

**  Numbers in parentheses indicate l<r confidence limits in the 
finalfinal decimal place. Upper and lower limits represent approxi-
matee 95% confidence limits. For references, see Sect. 1.7.2 
bb The total mass is not independently determined. The value 
quotedd is the sum of the masses of the two components 
cc The companion is not a neutronn star 

1.72.1.72. Radio pulsars 

Inn close binaries composed of a radio pulsar and another compact object, mass estimates 
cann be made on the basis of the analysis of the arrival times of the radio pulses alone, if 
onee assumes that general relativity correctly describes the gravitational interaction in 
thesee systems (e.g., Taylor & Weisberg 1989). With this assumption, the orbital period, 
eccentricityy and rate of change of periastron angle provide one relation between the 
twoo masses in the system (they determine the total mass), while the combined effect of 
thee orbital-phase dependent components of the gravitational redshift and the transverse 
Dopplerr shift provide another one. Alternatively, if the Shapiro delay can be measured, 
onee obtains constraints on both the inclination and the mass of the companion, and 
thus,, using the mass function, also on the mass of the pulsar. 

Inn Table 1.9, we list the (limits on the) masses that are currently available. For 
PSRR 1913+16 (Taylor & Weisberg 1989) and PSR 1534+12 (Wolszczan 1991) the 
massess of the two components have been determined to a very high degree of accuracy 
usingg the rate of change of periastron angle and the orbital-phase dependent variation 
duee to transverse Doppler shift and gravitational redshift. For PSR2127+11C, the 
determinationn is not yet as accurate, but given that it has an orbital period similar to 
thosee of PSR 1913+16 and PSR 1534+12, it wil l certainly improve the coming years 
(Andersonn 1993). Only the rate of change of periastron angle has been measured for 
PSRR 2303+46 and PSR 1802-07, and hence only the total mass is known for those 
systemss (Thorsett et al. 1993). Given the much longer orbital periods, it is not likely 
thatt another quantity can be measured with which the masses could be determined 
individually.. For PSR 1855+09, the eccentricity and orbital period are such that the 
ratee of change of periastron angle is not observable. However, for this pulsar the 
inclinationn is close enough to 90° to allow the Shapiro delay to be observed, and hence e 
thee masses to be determined (Ryba & Taylor 1991). 
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Figuree 1.11. The currently known masses of neutron stars. Shown are both the masses for 
thee X-ray pulsars (as listed in Table 1.8) and for the radio pulsars (and their companions; 
Tablee 1.9). The error bars indicate 95% confidence limits. For the radio pulsars, these 
havee been obtained by multiplying the \<r  errors listed in Table 1.9 by two (except for 
PSRR 1855+09, for which we used Mpuliar = 1.27t_Vf3; see Fig. 8ofRyba&Taylor 1991) 

1.7.3.1.7.3. Discussion 

Thee constraints on neutron star masses derived both from X-ray and radio pulsars 
aree displayed in Fig. 1.11. From this figure, it is clear that at the present moment the 
observationss are consistent with a very narrow range of neutron star masses. The limits 
off  this range are defined by the masses of PSR 1913+16 and its companion, at 1.44 
andd 1.38 M© on the upper and lower side, respectively. Assuming that the companion 
off  PSR 2303+46 is also a neutron star, the lower limit can be set a littl e bit lower at 
1.355 M Q (this is because the average mass of the system is quite well constrained). 
Thee upper limit of 1.44 M 0 does not provide strong constraints on the equation of 
state.. For the equations of state listed by Arnett & Bowers (1977), it implies that, 
ass was already clear, equation of state 'H' (ideal neutron star gas) can be ruled out. 
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Furthermore,, probably also the very soft equations of state G and B can be ruled out 
(dependingg somewhat on the theoretical uncertainty in the gravitational masses). 

1.8.. Conclusions 

Onn the basis of a set of new high-quality spectra of the optical counterpart of Vela X-1 
wee found that this star shows strong, erratic changes in its line profiles. These are 
reflectedd in large excursions in velocity with respect to the expected radial-velocity 
curve.. Since, therefore, high accuracy of the velocity determinations becomes of littl e 
use,, we also made determinations for an older set of digitised photographic spectra, 
ass well as for the available IUE spectra of the star. From an analysis of all velocities 
andd taking into account possible systematic effects, we found a 95% confidence lower 
limi tt to the mass of the neutron star of 1.43M0. 

Inn order to determine what limits on the equation of state can be set using neutron-
starr mass determinations, we redetermined the masses for other X-ray binaries, taking 
intoo account possible systematic effects in the observed quantities. Furthermore, we 
collectedd the mass determinations made for radio pulsars from the literature. We find 
thatt at the present time all masses are consistent with being in a very small range, 
1.38-1.444 M©, which is determined by the two components of the Hulse-Taylor pulsar 
PSR1913+16.. This range does not allow one to put stringent constraints on the equation 
off  state of matter at ultra-high density. 

Fromm our analysis, we find that in order to derive more accurate constraints on 
thee orbital parameters and the neutron star's mass in the Vela X-l system, many more 
spectraa are necessary. For this purpose, very high accuracy is not essential, since the 
variationss of the star cause intrinsic velocity shifts of ~ 5kms_ 1. Also, since the 
deviationss are correlated within single nights, only one spectrum needs to be taken 
eachh night. However, high resolution, high time-coverage observations like the ones 
presentedd in this paper are interesting from the viewpoint of using the system as a test 
sitee of the effects of tidal interaction on a star. 
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LA .. Optimal extraction of echelle spectra 

Thee optimal extraction method introduced by Home (1986) is based on the idea that, 
givenn knowledge of the spatial distribution of the star light along the slit, every pixel 
alongg the slit can be used to obtain an independent estimate of the total flux. This 
estimatee is given by fx,\/Pz(X), where fx,x is the flux at the pixel corresponding to 
positionn x in the spatial direction and wavelength A in the dispersion direction and 
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ppxx(X)(X) is the probability that a photon from the star is registered in a pixel centred on 
positionn x. We have written p*(A) to indicate that the spatial profile can be a slowly 
changingg function of wavelength, due to, e.g., optical and geometric distortion in 
thee spectrograph, differential diffraction in the Earth's atmosphere, and wavelength-
dependentt seeing. 

Thee total flux at wavelength A can be estimated by making a weighted average 
off  the individual estimates. These estimates have identical mean values but different 
variances,, and hence the variance on the total flux can be minimized by choosing 
weightss wXix that are inversely proportional to the variances of the individual estimates, 
orr w~*x = «X,A/P^(A), where vXj\ are the variances associated with the measurements 
fx,\-fx,\- Thus, the total flux f\ is given by 

rr  = £ , ™ S , A / » , A / P S ( A) _ Y.x /»,AP»(A)/t>,,A 

E«W»,AA  Y,xPz(X)/vx,\ 

andd its variance by 

Thesee formulae are equivalent to determining fx and v\ by scaling a known spatial 
profilee Px(A) to the data. 

Ann initial estimate for the variances vXi\ is derived from the variances vx x associ-
atedd with the raw data numbers ƒ£ A (corrected only for the electronic bias). The latter 
variancess can be estimated by 

<**  = # + £*/<?, (1-3) 

wheree v i P is the root-mean-square readout noise (in data numbers) and Q the number 
off  electrons per data number. For a general reduction process, we have 

fxfx A — ^x,X 
Jx,xJx,x = —'-r= SXt\. (1.4) 

J**,A A 

Here,, CXi\ is the sum of the dark current, interorder light and column offsets, FXix the 
flatflat field, and SXjx the contribution of the sky (negligible for our spectra). Neglecting 
aa possible dependence of CXi\ on f*xX (e.g., through the non-linearity of the column 
offsets),, one finds that 

v. v. »°xA A 
v*,\v*,\ = -=j-. (1.5) 

rrx,X x,X 

Afterr a first estimate of the spectrum fx is obtained, the initial variance estimates 
aree replaced by the better estimates V^A = vx X{F\  A, where 

»oo -JAJ. f*> x _ i?2 .,_ ( /AP«(A) + 5,,A) FXIX + Cx>x 
}}xx A = -"  + xi — K + — 

== R2 + tI^^ R2+ W W  »*,*/  ' *  "».* m ( 1 6 ) 
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Thiss substitution of observed data ƒ£ x by predicted data ƒ£ A guards against the 
assignmentt of excessive weight to pixel values that are low as the result of statistical 
fluctuations. . 

Fromm the last equation, it follows that vXj\ oc p*(A) when the dominant source of 
noisee is Poisson noise (/AP*(A ) > (QR2, SXf\, C*,A) ; also Fx>\ should not strongly 
dependd on x), and hence that the best estimate of the total flux given by Eq. 1.1 reduces 
too a simple add along the slit 

Thee spatial profile is obtained by first making estimates px,\ at every wavelength 
byy dividing the observed fluxes by the sum over all pixels along the slit (i.e., px,\ = 
fx,x/fx,x/ Ylx fx,\X and then using the fact that it can only be a slowly varying function of 
A.. When dealing with spectra closely aligned to one direction on the chip, the position n 
xixi along the slit for a given pixel number i in the spatial direction will also be a slowly 
varyingg function of A. Hence, for this case the spatial profile can be written as a slowly 
varyingg function pi(\) (instead of px(X))f and modeled by making independent fits 
forr every pixel number i (for instance with polynomials in A; see Home 1986). For 
echellee spectra this is not possible, since the pixel i number corresponds to a position 
XiXi along the slit that is rapidly changing with A. Instead, one obtains for every A a 
differentt set of positions E,-(A with respect to the centre of the slit and the probabilities 
Pzi,xPzi,x at those positions (see Fig. 1.12). 

Thee fact that for echelle spectra the spatial profile is sampled at different positions 
allowss one to make a fit to the profile itself. For this fit, in our procedure the probability 
estimatess pXi,x are binned in one-pixel wide bins, with the bin centres separated by one 
thirdd of a pixel (oversampling the pixels three times). Within each bin, the least-squares 
best-fitt parabola is determined. The probability at a given position x is then calculated 
byy linear interpolation of the predictions determined from the two bins closest to that 
position.. We chose this method, because it is computationally easy to add or delete 
profiless from the ensemble on which the fit is based (as one only has to keep track of 
thee sums of combinations of x, x2, px and p\\ The slow changes of the profile with 
AA are taken into account by making a kind of running average profile which for each 
positionn A is based on the 50 profile estimates closest to that position. 

Forr the extraction of an order first an initial estimate of the spatial profile is made 
usingg the probability estimates from the 50 wavelength positions closest to the centre 
off  the order. Next, the individual estimates are compared with the fit, and those that 
havee pixels deviating by more than 4<r are replaced by new estimates. With the initial 
profilee thus formed, the flux at the position closest to the average wavelength position 
off  the ensemble is determined in the way suggested by Home (1986). First, an estimate 
iss made using Eq. 1.1. If there are any pixels which deviate more than 5c from the 
expectedd value, the one which deviates most is rejected and a new estimate is made 
withh the remaining pixels. This process is iterated until all pixels deviate by less than 
5<r.. Having determined the flux, a new profile estimate is made at the long-wavelength 
side.. If it has no pixels deviating by more than 4<r it is added into the ensemble, and the 
estimatee in the ensemble with the shortest wavelength position is subtracted. With the 
neww profile fit  the next flux is determined. In this way, all fluxes in the long-wavelength 
directionn are determined. Subsequently, the initial profile determined at the centre of the 
orderr is restored, and the same procedure is applied in the short-wavelength direction. 
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Figuree 1.12. Sample slit profile. Drawn are estimates of the slit profile derived at fifty 
positionss in the dispersion direction. For two of those, the error bars are indicated. One 
off  the latter contains a cosmic ray event, and its pixels deviate strongly. Therefore, it is 
excludedd from the ensemble used to derive the model profile (drawn line) 

l.B.. Velocity and error  determination by cross-correlation 

Lett 3] (x) and s2(x) be two spectra which are identical apart from a shift due to a velocity 
difference.. Both spectra are discretely sampled in n bins on a logarithmic wavelength 
scalee x = log A. This ensures that through the whole spectral range a Doppler shift v 
correspondss to a uniform shift 8 = log(l + v/c) in logarithmic wavelength (where c is 
thee velocity of light). 

Ann estimate of the shift between the two spectra can be obtained by maximizing 
thee cross-correlation function c(S) (Tonry & Davis 1979), which for discretely sampled 
spectraa is approximated by (Press et al. 1986) 

c(Sc(Skk)) = (1.7) ) 
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wheree 8\ and «2 are the averages of s\ and &t, and 8k is the shift in logarithmic 
wavelengthh associated with a shift of k pixels. Writing 

SiSi ~ * (1.8) 

Eq.. 1.7 reduces to 

C(^)) = - Y ; * 2 ) , * I , . - * . (1.9) 

(  * \2 

XKOk)XKOk) = 7 . ,2 ^ -2 tl.10) 

Maximizingg c(6k) is equivalent to minimizing 

forr the case that the errors «h,,- and trj,; associated with ii, ; and 32,1 are independent 
off  t. From Eqs. 1.9 and 1.10 one finds 

,_««,>.. « « U I » * . (U1) 
nn 2 

Thee relation between c(6k) and x2(£*) suggests that we may treat the cross-
correlationn process as a least-square fit with one free parameter, 6, and that we can 
derivee the one-sigma confidence error by finding the values 8 for which 

* 2(* )) = xS(l + ^ ) (1.12) 

or,, equivalently, the value of 6 for which 

1-C(* )) = ( 1 - C Ö )A + - L V (1.13) 

wheree £0 and co are the minimum and maximum values of x2(£) and c(6), respectively, 
andd N is the number of independent data points in the sampled spectra. Generally, the 
latterr number is not equal to the number of bins n in the spectra, as the original pixels 
inn the spectra usually oversample the resolution elements of the spectrograph, and 
ass these pixels themselves are usually oversampled while rebinning to a logarithmic 
wavelengthh scale. 

Noticee that in order to find the best estimate of the position of the maximum of 
thee cross-correlation function and the corresponding positions for which it is a factor 
11 + 1/JV smaller, one can not directly use Eq. 1.9, since that gives the cross-correlation 
functionn for discrete shifts 6k only. Therefore, one usually approximates the continuous 
cross-correlationn function c(6) with a suitable analytical function fitted to the discrete 
valuess c(6k) given by Eq. 1.9. For the purpose of determining the position of the 
maximum,, only the top part of the cross-correlation function is of interest, and usually 
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itt is sufficient to fit  only the values c(6k) which are close to the top with a simple 
functionn like a Gaussian or a polynomial of a low degree. 

Whenn using the error estimate given by Eqs. 1.12 & 1.13, one has to keep in mind 
thee condition underlying this estimate, which is that the two spectra are independent 
measurements,, with normally-distributed measurement errors, of a spectrum of a star 
thatt has not changed except for a shift in velocity (see Tonry & Davis (1979) for a 
discussionn on the derivation of error-estimates using the noise in the cross-correlation 
function).. The condition that the spectra must be independent is not fulfilled when 
thee average of a number of spectra is used as a template with which all spectra are 
correlated,, because the measurement errors associated with each spectrum will be 
presentt in thee average as well, albeit in a diluted form. From Eq. 1.9 it is clear that this 
wil ll  lead to an extra peak in the cross-correlation function at k = 0, i.e., at zero velocity. 
Forr an average of iVsp spectra, the expected height is ~ &2/Nsp. The width will be given 
byy the size in logarithmic wavelength of the original pixels (somewhat broader if the 
spectraa have been filtered). This auto-correlation peak is obvious if only a few spectra 
havee been used for the average (see Fig. 1.2, Sect. 1.4). However, also for averages for 
whichh it is less obvious such as shown in Fig. 1.3, it leads to systematic deviations of 
aboutt 3%. In general, it wil l lead to systematic deviations towards zero-velocity if it is 
onn the part of the correlation-peak that it used for deriving the velocity. For studies of 
early-typee stars, whose broad absorption lines will cause broad correlation peaks, this 
wil ll  often be thee case. 

InIn order to avoid this problem, one can - as we have done - cross-correlate all 
spectraa with each other, and determine the individual velocities Vi from the differences 
vijvij  and corresponding uncertainties a  ̂ by minimizing 

22 _ y*  fa "  (Vi ~ Vj)f 

Obviously,, to be able to find a solution one velocity has to be fixed. 
Thee uncertainties o-j associated with the velocities v{ are related to the uncertainties 

<rij<rij  by 

^ j - ^^  + ^j-  (1.15) 

Takingg the summation of Eq. 1.15 over j ^ i and over i, j>   ̂ i, one finds, respectively, 

EE °i = E *J+<** - * ) * ? = E °J+<**  - 2 ) ^ o-1* ) 

and d 
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Combiningg Eqs. 1.16 and 1.17, one finds 

2(^-i)E^^^r^ 44 (118) 
* ""  2 ( ^ - 1 ) ^ - 2) * ' 
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