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Abstract. By accumulating all available radial velocity datdNadzhip et al. 1996). The spectroscopic ephemeris has been re-
and combining it with our own spectroscopy we presertsed many times using a variety of lines. The results of Gies &
a new and improved ephemeris for Cygnus X-1 (V135Bolton (1982) have been useB,(, = 5.59974 + 0.0008 days)
Cygni/HDE226868). We initially calculate an orbital period o&s the definitive values for over a decade and there has been lit-
5.599847 + 0.000018 days and then, by including the morele disagreement; while a variable orbital period was tentatively
recent radial velocities of LaSala et al. (1998) and Sowerssiggested (Ninkov et al. 1987) this has never been confirmed
al. (1998) we refine this t6.599829 + 0.000016 days. Using and appears unlikely. Itis only recently that a new ephemeris has
27 years’ worth of photometry, we also calculate a photomédteen calculated,,., = 5.5998+0.0001 days) and this is within
ric period 0f5.599836 + 0.000024 — remarkably similar to the the errors ofthe Gies & Bolton (1982) result (LaSala et al. 1998).
spectroscopic one. A more accurate result is given &%5,, = 5.59977 4+ 0.00002

days (Sowers et al. 1998) which also takes Hipparcos photo-
Key words: X-rays: stars — stars: individual: Cygnus X-1 -metrical data into account. The spectrum is that of a typical
stars: binaries: spectroscopic — ephemerides 09 supergiant with moderateaHemission, presumably com-
ing from the supergiant (e.g. Brucato & Zappala 1974), and also
He1r \M4686 emission. Both of these emission lines are super-
imposed on absorption components and, by distinguishing the
1. Introduction two components, it has been shown by a number of authors (e.g.

Cygnus X-1 has become perhaps the most extensively studié@p 19832) that the He emission component is 115-120°
X-ray binary, particularly due to its providing the first observa2ut Of phase with the He absorption component and the su-
tional evidence for black holes. Webster & Murdin (1972) anf9iant. As a result of this it is thought that the idemission
Bolton (1972) independently associated the X-ray source wRAginates in the acgretlon stream. Nglther qf these a}bsorptlon
HDE 226868, found an orbital period of 5.6 days and Ca|cu|at§8m_ponents are _Su'table f_or measuring radial velocny due to
the first mass function to indicate a compact object more massiJg, inaccuracies involved in the removal of the superimposed
than 3M,, the generally accepted maximum mass of a neutr§R!ISSion. Instead, as previously, we turn to the Blesorption
star. The values of the masses of the two components have J&%% Which are uncontaminated by emission.

refined a number of times, most recently by Herrero et al. (1995)

giving 17.8M, for the supergiant companion starand 1073 2. Observations and discussion

for the _black. hole. A number of periods have .been reportedgny Spectroscopy

the various lightcurves of Cygnus X-1. These include 294 days

in the X-rays (Priedhorsky et al. 1983) and optical photometfur spectra were obtained in June/July 1997 using the €oud
(Kemp et al. 1987), 150 days in the radio (Pooley et al. 1998pectrograph of the Crimean Astrophysical Observatory’s 2.6
78/39 days in UV polarimetry (Kemp et al. 1977), optical phanetre telescope. The detector was a CDS9000 (@38 pix-
tometry (Kemp et al. 1978) and 4.5 years in optical photomet}s) CCD array. All observations were made in the seg:ond order
(Wilson & Fox 1981). However, the orbital period is the onlpf a diffraction grating with reciprocal dispersion ofA2mm

one that is confirmed in all wavebands and by most authorsaiid resolution of 25000. The typical exposure time for each
has been detected in the X-ray datafsfel V/ASM (Holt et spectrum totalled 1.5 hours resulting in a S/N-df00.

al. 1976),RXTHASM (Zhang et al. 1996) an6GROBATSE With a spectral width of 6@, our 20 spectra centred on
(Paciesas et al. 1997) and also in the radio (Pooley et al. 199911 A4686 also included the HEA4713 line. This is the line
optical photometry (Volushina et al. 1997), optical spectroscop#e have used for our radial velocity studies, although other

(e.g. Gies & Bolton 1982) and infrared (Leahy & Ananth 199&o0urces have used alternative helium lines.
The spectra were reduced using standard flat—field normal-

Correspondence teb@star.cpes.susx.ac.uk isation and sky subtraction techniques. Wavelength calibration
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was achieved using ThAr comparison spectra and to an accuraayle 1. Radial velocities for Crimean observations of 1997
of less than 0.5 km's'. The radial velocities were calculated by
fitting a Gaussian to the core of each line and valuel§.afan JDh (2400000+) V; (kms™') r.m.s. error

be found in Table 1. 50615.4956 —485 10
To obtain the orbital solution we initially considered all 0§pg23.4675 66.4 1.4
the radial velocity measurements. It was necessary to subtrsgg24. 4585 ~14.3 1.2
centre of mass velocitieg{velocities) for each source to ac-50625.4553 —63.3 2.3
count for differences between the data sets due to the vari60826.4792 —72.7 1.3
telescopes, instruments, choice of lines and methods of radi@$48.4623 —78.5 13
velocity determination used. The radial velocities of a total §0649.5196 —7.5 18
48 different lines were used in the calculation of our ephemeﬁ9650-5054 56.8 13
— the majority of these can be found in Table 2 of Gies gU051.5033 o 14
Bolton (1982); we also use additional H@ées (\4921, A5015, ggggg'igig :22"11 13
A5047, A5875, \6678), oxygen lines (QiA4349, O11\4366, 50660:3914 752:1 1:6
O111A4650), Mg 11 A4481 and Ni1,A4630. As with previous au- gnee1 3882 335 1.7
thors, all lines were treated equally, although we note that ighg63 4452 4.2 1.0
homogeneities in the atmosphere of the supergiant (due to thee7.4747 77.3 1.6
variety of velocities in the stellar wind) cause greater shifting 50668.4164 66.2 1.7
the red He | lines than the blue — unfortunately it is not possik©669.4382 10.0 25
to correct for this without knowing exactly which authors use@P675.3550 —44.7 1.2
which lines for each radial velocity measurement. 50676.4727 —86.0 14
With so many radial velocities from fourteen differenp0677.4751 —28.8 14

sources we were then able to omit those spectra for which O-C
> 20kms~! and still have a total of 421 points from which to

construct a radial velocity curve. We have also omitted the re- 5 naw high quality spectra have enabled us to extend the

sults of Seyfert & Popper (1941) for reasons discussed in LaSglaye|ine for the ephemeris by over 400 days. As well as improv-

et al. (1998). The resultant radial velocity curve is shown mg the accuracy of the radial velocity curve it also emphasizes
iy

Fig. 1; residuals are also plotted and show a definite lack @f siapility of the orbit of Cygnus X-1 over long time intervals.
structure. Weighting all points by the inverse of their r.m.s. er-

ror and assuming an orbit of zero eccentricity the orbital pa-

rameters were obtained using i® TEL3 software (Hadrava 2-2. Photometry

1998). They can be found in Table 3, along with the elemenfe photometridJBV data were obtained on the 60 cm tele-
calgulated using the photometric data. We calcula_te the orbg@bpe at the Crimean Laboratory (Nauchny, Crimea) of the
period to bePy,s,s, = 5.599829 & 0.000016 and define T as  gternperg Astronomical Institute during 1971-1997. The pulse-
the time of superior conjunction of the black hole. counting photometer was used except for eight nights in July—
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Table 2. Sources of RV velocities for Cygnus X-1
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JD (2400000+)  Source No. of spectray-velocity (kms™') O-C (kms™)
41159-41588 Smith et al., 1973 9 @22 6.3
41163-41255 Webster & Murdin, 1972 16 @17 10.5
41213-44795 Gies & Bolton, 1982 78 —1.8+:0.8 6.6
41214-41477 Brucato & Kristian, 1973 12 17 5.8
41269-41012 Mason et al., 1974 14 243 8.7
41515-42670  Walker et al., 1978 13 —0.6+1.0 3.7
41844-41290 Brucato & Zappala, 1974 17 —3.9£1.8 7.6
42205-42910 Abtetal., 1977 79 —7.9£1.1 7.9
43090-44768 Aab, 1983b 24 —6.3+1.3 5.9
44513-45895 Ninkov et al., 1987 84 —5.6+£0.7 6.6
46332-46635 Sowers et al., 1998 14 —-9.8£1.4 5.1
49217-49538 Canalizo et al., 1995 6 10169 3.6
50228-50255 LaSala et al., 1998 33 —0.9£1.8 10.2
50615-50677 Crimea 1997 (this work) 20 —4.1£1.9 8.4
L |/ ahomogeneous photometric data set containing more than 800
8.82 i/} N TN - observations. For this reason we did not use the photometric data
i ;b //? P /| ofother authors except those of Khaliullin & Khaliullina (1981)
& L i ] ' | | {1 which were obtained with the same telescope, photometer and
® g/ \ /E E\ ’ | local standard.
@ S \ / ) S Using a DFT we obtained the photometric period in each of
- o I\ /E I\ /t 7] theU,BandVfilters. The mean for the three filtetB,, 4 prot =
et 1 3 b tpf ] 5599836 + 0.000024 days, is in remarkable agreement with
L - 1 the spectroscopic period. We do not present the power spectrum
* * * * here as the peak corresponding to the photometric period (and
%3; £ 1. . | its aliases) is the only significant peak in the frequency range
| ; i 4 1 } 1 from zero up to the Nyquist frequency.
s i/ \E K | HA Previously Kemp et al. (1987) gave the most accurate value
: r / N ¥ ‘i /1 for the photometric period and the epoch of primary minimum
g sl }/ \E L/ \{ £/ | (superior conjunction of X-ray source):
| \ \ /
L I )] I I/ \{ } /1 Minl = JD2441163.631(+0.005) 4 5.59985(+0.00012).
9.67 , Ry —
a L B 4 The low accuracy of the period value may be due to combin-
! ‘ ‘ ‘ ing different data sets. However, using the same data Lloyd
osl H f 1 & Walker (1989) obtained,,;, = 5.59982 + 0.00005, which
5 K i { /T ‘I 4 coincides with the more accurate value50$9982(4-.00004)
S L \ ! [ Li (Voloshina et al., 1997). Nadzhip et al. (1996) also improved
£ i I / \ & \ } /1 the epoch of primary minimum to JD 2441163.54%005.
ey L \ L \ ’ 0 h of superior conjunction (Table 3) corre-
3 I I / ) / \& E . ur new epoch of sup j
> - \ { K \ E sponds to primary minimum at J41163.529 + 0.009, so,
; 365 )/ \E I K \i { K 1 we can give the most accurate ephemeris as:

0.0

0.6
Phase

Min | = JD2441163.529(£0.009) + 5.599829(+0.000016) E.

Using this ephemeris we have constructed the mEé#i/

Fig. 2. Observed mean lightcurves for 1971-1997 compared with tHedrves for our 27 years’ worth of photometric data (Fig. 2). To

oretical ellipsoi

dal curve

increase the homogeneity of the data set we have not used all
available measurements, but only 1-5 per night, totalling 827
U BV measurements. The observed mean curves are compared

August 1997 when it was changed to a CCD photometer withth the theoretical ellipsoidal curves of Balog et al. (1981), for
ST6V Camera (SBIG). All observations were made with refewhichi = 50°, ¢ = 0.33, u = 0.9, T, = 30000 K.

ence to the standard BB35°3816, V = 9™.976,B — V =
0m.590,U — B = 0™.064 (Lyuty 1972). We therefore haveand the theoretical curve is probably due to the stellar wind.

The discrepancy between the observed mean light curves
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Table 3. The orbital elements of Cygnus X-1 Brucato R.J., Kristian J., 1973, ApJ 179, L79

Brucato R.J., Zappala R.R., 1974, ApJ 189, L71
Element Spectroscopic Photometric Canalizo G., Koenigsberger G.,ieD., Ruiz E., 1995, Rev. Mex. 31,
Period (days) 5.5998290.000016 5.5998360.000037 GieSG:’l;.R., Bolton C.T., 1982, ApJ 260, 240
To (JDh) 2441874.70%0.009  2441163.5280.009 Hadrava P., 1998, ftp:sunstel.asu.cas.cz, pub/fotel/fotel3.tex
Ky (kms™) 74.93£0.56 - Herrero A., Kudritzki R.P., Gabler R., Vilchez J.M., Gabler A., 1995,
f(M)(Mo) 0.244 - A&A 297, 556

HoltS.S., KaluzienskiL.J., Boldt E.A., Serlemitsos P.J., 1976, Nat 261,

215

Were the accretion disk to be responsible then we would expgeginp J.C., Herman L.C., Rudy R.J., Barbour M.S., 1977, Nat 270,
to see the maximum additional emission in thdand (assum- 227

ing disk temperature of 10000 K) at inferior conjunction of Kemp J.C., Herman L.C., Barbour M.S., 1978, AJ 83, 962
the black hole (phase 0.5). Clearly this is not the case, the masgmp J.C., Karitskaya E.A., Kumsiashvili M.1., et al., 1987, SvA 31,
mum additional emission being in theband at phase 0.05and 170

; P ; Khaliullin Kh.F., Khaliullina A.l., 1981, SvA 25, 593
.5. Further analysis of the photometry is in preparation. ' ' ' '
0.5. Further analysis P y prep LaSala J., Charles P.A., Smith R.A.D., Baluska—Church M., Church

M.J., 1998, MNRAS 301, 285
3. Conclusion Leahy D.A., Ananth A.G., 1992, MNRAS 256, 39

. . . Lloyd C., Walker E.N., 1989, Proc. 23rd ESLAB Symp.,Two Topics
We have refined the orbital period of Cygnus X-1 and remain 7, X-ray Astronomy. vol.1, X-ray Binaries. Bologna, Italy, 13—20

within agreement of the results of many other authors. Our value sept. 1989. Paris, Noordwijk, p. 511
0f 5.599829 days for the orbital period also provides an accuraigity V.M., 1972, Peremennye zvezdy 18, 417
fit to 27 years’ worth of photometry. Further multiwavelengtivason K.O., Hawkins F.J., Sanford P.W., Murdin P., Savage 3 A., 1974,
analysis will follow in another paper. ApJ 192, L65

Nadzhip A.E., Khruzina T.S., Cherepashchuk A.M., Shenavrin V.I.,
AcknowledgementsiVe gratefully acknowledge receipt of financial 1996, Astron. Rep. 40, 338
support from the Royal Society for collaborative work with the Formedinkov Z., Walker G.A.H., Yang S., 1987, ApJ 321, 425
Soviet Union. C. Brocksopp acknowledges a PPARC studentship;Réaciesas W.S., Robinson C.R., McCollough M.L., et al., 1997, IAU
Lyuty and A. Tarasov are grateful to RFBR (grant 98-02-17067) for Symp 188, 222
support in part. The majority of this work was accomplished on theooley G.G., Fender R.P., Brocksopp C., 1999, MNRAS 302, L1
SusseXSTARLINK node. Priedhorsky W.C., Terrell J., Holt S.S., 1983, ApJ 270, 233

Seyfert C.K., Popper D.M., 1941, ApJ 93, 461

Smith H.E., Margon B., Conti P.S., 1973, ApJ 179, L125

References Sowers J.W.,, Gies D.R., Bagnuolo W.G. Jr., et al., 1998, ApJ 506, 424
Aab O.E., 1983a, SVA 9, 60 Walker E.N., Yang S., Glaspey J.W., 1978, ApJ 226, 976

Aab O.E., 1983b, Izv. S.A.0. 17, 6 Webster B.L., Murdin P., 1972, Nat 235, 37

Abt H.A., Hitzen P., Levi S.G., 1977, ApJ 213, 815 Wilson R.E., Fox R.K., 1981, AJ 86, 1259

Balog N.I., Goncharskij A.V., Cherepashchuk A.M., 1981, SvA 25, 6Yolushina |.B., Lyuty V.M., Tarasov A.E., 1997, SvA 23, 3
Bolton C.T., 1972, Nat 235, 271 Zhang S.N., Robinson C.R., Cui W., 1996, IAU Circ. 6510



	Introduction
	Observations and discussion
	Spectroscopy
	Photometry

	Conclusion

