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ME2K3BE3/IHBIE JIMHUN B OIITUYECKUX CITEKTPAX
BBICOKOI'O PABPEHMIEHUNA CYG X-1 = V1357 CYG

Interstellar Lines in High-Resolution Optical Spectra
of Cyg X-1 = V1357 Cyg

Pesiome. llcciieoBainch y3kue MexK3BE3IHbIE JTUHUU TOTJIONEHUST B ONMTHYECKUX CITeK-
Tpax (3950 — 6690 A) Beicokoro paspemtenns (R = 75000) Cyg X-1 = V1357 Cyg, nomnyden-
ueix Ha 6-M Temeckone CAO PAH. BoigBieHsl Tpu OCHOBHBIX abCOPOIMOHHBIX KOMIIOHEHTA,
C TeJIMONEHTPUICCKIMA PAIUAIbHBIME CKOpocTamu V, = —1, —13 u —22 kM/c¢, KOTOpbIe
COOTBETCTBYIOT TPEM ra30MbLIEBBIM KOMILTEKCAM, PACIOIOKEHHBIM Ha JIyde 3peHusd 10 00b-
€KTa. JTO MO3BOJISET CYIUTh O PACIpe/IeIeHIN MeyK3BE3THOro BemecTBa Ha myTn K Cyg X-
1. B npoduisix mandojiee CUIbHBIX JUHUNA, BO3MOYKHO, HPUCYTCTBYET CJIA0BIH KOMIIOHEHT
¢ V., = —45 kmM/c, KOTODPBIl MbI CBSA3BIBAEM C DACITUPSIONIENHCST MeZK3BE3IHOM 060I09KOl
Bokpyr accormanuu Cyg OB3. Tloareepxkaeno, aro Cyg X-1 obpasoBajics u 10 CUX TOD
HaXOJUTCA B 3TOW acCOLUAIUH.

Abstract. High-resolution spectra (R = 75000) of Cyg X-1 = V1357 Cyg obtained with
the NES echelle spectrograph of the 6-meter telescope of SAO RAS (3950 — 6690 A) were
used for investigations of narrow interstellar absorption lines. The main three absorption
components with heliocentric radial velocities V,, = —1, —13 and —22 km /s were revealed.
They correspond to three interstellar gas-dust complexes on the line of sight toward the
object. This allows us to determine the interstellar matter distribution on the way to
Cyg X-1. In the profiles of the strongest lines a weak component with V, = —40...—50 km/s
is probably visible. We connect it with an expanding interstellar envelope around Cyg OB3
association. It is confirmed that Cyg X-1 was born and is up to now in this stellar association.

Keywords. Stars: X-ray binary: Cyg X-1 - Stars: V1357 Cyg - Stars: optical spectroscopy
- ISM: interstellar lines - ISM: structure

INTRODUCTION

Cyg X-1 is an X-ray binary system, whose relativistic component is the first black hole
candidate. The optical component, an O9.7 Iab supergiant, is responsible for about 95%
of the system’s optical luminosity. But its absolute X-ray and optical luminosity values
depend on the distance d to this X-ray binary. Recently it was determined (d = 1.8 —
2.0 kpc) by using trigonometric radio parallax measurements (Reid et al. 2011). Earlier we
supposed a somewhat larger distance (d = 2.0 — 2.3 kpc) based on interstellar extinction
measurements and Cyg X-1 location in the Cyg OB3 association, which lies at a distance
of 2.3 kpc according to the old Galactic scale (Bochkarev & Karitskaya 2007). According to
recent distance determination of OB-associations, Cyg OB3 is located at 1.8 kpc (Melnik &
Dambis 2009). Thus, d = 1.8 kpc for Cyg X-1 may be true.

An indirect test for what was said could be a determination of the number of interstellar
complexes on the way toward Cyg X-1 and its comparison with independently observed
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large-scale inhomogeneities of interstellar matter. For this purpose, this paper is devoted to
an investigation of interstellar line profiles. We have used high-resolution spectra obtained
on the 6-meter telescope in the framework of our program of long-term spectral monitoring
of Cyg X-1 in the optical range (Karitskaya 2003; Karitskaya et al. 2006; Karitskaya et al.
2008).

OBSERVATIONS

The observations were carried out with the NES echelle spectrograph of the 6-meter
telescope of SAO RAS (North Caucasus). The detector was a CCD-camera (2k x 2k pixels).
During 20 nights in 2005-2008 68 spectra were obtained. The red region of the optical
spectrum was observed in 2005 and 2008, and the blue one in 2006-2007 (Table 1). The
spectral resolution is R ~ 75,000. The signal-to-noise ratio S/N calculated per pixel in 1D-
spectra is up to 330, which corresponds to ~ 500 per resolution element ~ 4 km/s.

Tabmuma 1: Table 1. Spectral observations of Cyg X-1 on the 6-meter telescope

Dates N¢ | N® | Band, A
12.11.2005 1 2 | 45576015
13-19.11.2005 | 2 | 6 | 5274-6693
14-15.03.2006 | 2 | 7 | 3978-5462
6
7

7-15.08.2006 24 | 4010-5460
24.07-5.09.2007 22 | 3943-5398
17-19.08.2008 2 7 | 4548-6005

Notes: “number of nights; *number of spectra.

INTERSTELLAR LINES

The spectra reveal superstrong absorption lines of HI, Hel, Hell, blend CNO \4640 A,
a lot of other lines of heavy elements (C, N, O, Ne, Mg, Si, S, Fe, Zn), and strong emission
components of the Ha and HeITA4686 A lines with complicated and variable profiles. Also
the spectra show narrow interstellar absorption lines as well as numerous diffuse interstellar
bands (DIBs). In this paper we study only the profiles of narrow lines of atoms, of the
CH molecule and of their ions (Table 2). For this purpose, all spectra were reduced to the
heliocentric coordinate system and were added together. The resulting line profiles are shown
in Figure 1.

The first column of Table 2 contains wavelengths of the measured interstellar lines.
Wavelength <4045> corresponds to the averaged profile of the weak doublet of K1 4044
and 4047 A. It was smoothed by a Gaussian filter with a width of 2 km/s. The second
column contains the species forming the lines. For the Ca Il line and NaI doublet, Fraunhofer
notations are also given. The third column gives the number of the averaged spectra. The
fourth column gives the signal to noise ratio S/N calculated as square root of the number of
counts in the summarized spectrum in the lines’ neighbouring continuum. The fifth column
shows the depth of the spectral lines relative to the continuum. The sixth column contains
the radial velocity of the deepest part of the spectral lines. The next three columns give the
linewidth in km/s at the levels 0.25, 0.5 and 0.75 of the line depth, respectively. The next
to the last column gives the equivalent width of the line in mA. References to comments to
rows of the table are in the last column.
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Puc. 1: Figure 1. Profiles of interstellar lines obtained from the 6-meter telescope Cyg X-1 optical
spectra: relative intensity wvs heliocentric radial velocity Vi pe;. Profiles are shown by different
colors according to the imbedded panel. Black ticks labeled “atm” mark positions of the terrestrial
atmosphere Hy absorption lines on the D1 and D2 Nal line profiles. Red arrows indicate radial
velocities of the main components of the interstellar line profiles.

Depressions seen in Figure 1 within spectrum fragments containing the D1 and D2 Nal
line profiles marked by vertical black ticks are terrestrial atmospheric absorption lines of
molecular hydrogen we have not omitted. Pollution with terrestrial lines occurs only in the
red part of the spectrum, and within the shown spectrum fragments its depth does not
exceed 5% of the relative intensity of the stellar continuum. Fortunately, the terrestrial lines
overlapping with the interstellar absorption lines are weak enough and create distortion of
their profiles not exceeding 2%. A weak terrestrial line occurs in the central part of D2 Nal
line profile around V, = —16 km/s and distorts it by about 2%.

STRUCTURE OF INTERSTELLAR MATTER TOWARD CYG X-1

In Figure 1, in the profiles of all strong enough interstellar lines one can see three main
absorption components with heliocentric radial velocities V;, = —1, —13 and —22 km/s,
respectively. These components are considered as absorptions in interstellar gas-dust complexes
on the line of sight toward the object. In addition, a weak component with V, = —40...
—50 km/s with a greater dispersion of velocities may be seen. On the figure the four
components are marked with bold red arrows.
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Tabmurma 2: Table 2. Measured interstellar lines in the Cyg X-1 optical spectra

Wavelength, | Species | N, | S/N | Line Vi, AVhas, | AVhs, | AVhrs, | Wa, | Comm.

A depth | km/s | km/s | km/s | km/s | mA
3957.7 CHT 22 150 | 0.166 | —13.3 6.7 10.3 15.2 64 1
3968.468 | H Call | 22 | 170 | 0.843 | —13.8 5.9 30.4 41.8 | 354
4044.136 KI 93 200 | 0.027 | —11.5 5] 21 22 4.8
4047.206 KI 53 | 200 | 0.014 | —10.7 6 15 33 2.5
<4045> KI 53 | 250 | 0.021 | —11.3 4.7 10 24 4.1 2

4226.728 Cal 53 | 310 | 0.084 | —13.1 7.2 11.4 30.4 21
4232.548 CH* 53 | 290 | 0.230 | —13.0 8.4 12.8 23.4 52
4300.321 CH 93 | 330 | 0.233 | —11.7 7.1 11.1 18.3 45
5889.951 D2 Nal | 15 | 240 | 0.980 | —12.5 30.1 35.4 41 733 3
5995.924 DI Nal| 15 | 240 | 0978 | —14.4 | 2838 33.5 38.7 691 3

Notes: “number of the spectra.

Comments: 1 — defect in the spectra, profile is not very reliable; 2 — summary profile of the K1
doublet; 3 - profile is somewhat distorted because of overlapping weak terrestrial atmosphere line
in parts of spectra marked in Figure 1 by black ticks.

It should be emphasized that the radial velocities in Table 2 and Figure 1 are heliocentric
ones. To find the peculiar velocities of the gas clouds relative to local young Galactic objects
(interstellar matter and massive stars) we should correct for the Sun’s peculiar velocity.
Following Zabolotskikh et al. (2002) and Melnik & Dambis (2009), we adopted the value of
the Sun’s peculiar velocity components in the Galactic coordinate system as ug = 10 km/s,
vo = 1241 km/s, wy = 741 kmm/s. These three values do not depend on the adopted distance
Ry to the center of the Galaxy, in fact at least for the Ry range 7.0—9.0 kpc (Melnik & Dambis,
2009). In this case, the peculiar velocity of the Sun toward Cyg X-1is V5 = 15 km/s. For
the Visr velocities of the three main gas-dust complexes with respect to the Local Standard
of Rest we get about +14 km/s, +2 km/s and —7 km/s respectively. These velocities are
in a fair agreement with the Galactic rotation component toward Cyg X-1. For the fourth
absorption line component Vi gg ~ —30 km/s. The last component may be related generically
to the Cyg 3 interstellar loop structure around the Cyg OB3 stellar association (Brand &
Zealy, 1975; Bochkarev & Sitnik, 1985), on which the star Cyg X-1 is projected. In addition to
equal distances to Cyg X-1 and Cyg OB3 (d = 1.8 — 2.0 kpc , see Introduction), their proper
motions coincide within the accuracy of the measurements. Indeed, for Cyg X-1 the proper
motion as measured by Hipparcos is: p, = —0.00382 4 0.00079”; us = —0.00762 + 0.00091”.
According to Melnik & Dambis (2009), for Cyg OB3 the corresponding values are: p, =
—0.0031 £ 0.00025"; ps = —0.0071 £ 0.00025”. The radial velocities are somewhat different:
for Cyg X-1 V, = —=3.3 £ 1.1 km/s (Aab, 1983), V, = —2... — 11 km/s (Abubekerov
et al., 2004), and for Cyg OB3 V, = —9.5 £ 1.8 km/s (Melnik & Dambis, 2009). The
difference is about 6 km /s, within the limits of the velocity dispersion for stars in Cyg OB3
association (9.5 km/s). Thus, most probably, Cyg OB3 is the place of Cyg X-1 birth and
of its present location (Ziolkowski, 2005; Bochkarev & Kartiskaya, 2007). From the above
values we estimate the upper limit on the kick-effect for the Cyg X-1 binary to be 16 km/s.
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The 3D-distribution of obscuring interstellar dust in the region 2 kpc (in modern scale
~ 1.6 kpc) distance from the Sun constructed by Lucke (1978) with a resolution 200 pc
indicates three matter condensations (gas-dust complexes) in the direction of Cyg X-1. The
nearest (and the weakest) one is located at about 300 pc from the Sun. The second, the
largest and most dense condensation is connected with the Great Rift dissecting the Milky
Way from the constellation Cygnus to the galactic center and beyond. The edge of obscuring
matter in the direction of Cyg X-1 closest to the Sun is at distance about 800 pc, the farthest
edge being found at about 1300 pc (in the old galactic distance scale Ry = 10 kpc) and about
1 kpc in the modern one Ry = 7 — 8 kpc. The third gas-dust complex is located in Cygnus
constellation star-formation region, connected with the associations Cyg OB1, Cyg OB2,
Cyg OB3, and Cyg OB8 where Cyg X-1 is located. The nearest edge of the complex is at
about 1.5 kpc (for modern Ry).

With these three gas-dust complexes we connect the observed three components of the
interstellar absorption line profiles (marked by arrows in Figure 1). The most powerful central
component near the heliocentric radial velocity V. po = —13 km/s probably originates in the
Great Rift. The other two are probably connected with the nearest and the farthest of the
complexes. As the line of sight toward Cyg X-1 runs almost along the Local spiral arm, V.
is nearly constant along the way to this object: V,. variations are comparable with peculiar
velocities of as interstellar clouds as OB-associations (Melnik & Dambis 2009). Namely V. in
respect to local standard of rest are close to zero. It does not allow to tell which component
is related to the farthest, and which to the nearest complex, although one can expect the
line component with heliocentric velocity —1 km/s (Visg = +14 km/s) to be connected with
the farthest gas-dust complex.

The interstellar absorption line profile components at heliocentric radial velocity —1 km /s
appear not only in the three strongest lines but also in the lines of CHT and Cal. Line
components at the radial velocity —20 km /s appear in the same lines, but are a bit weaker.
High velocity —45 km/s components are detectable only in the strongest lines D1 and D2
Nal and H Call. It may indicate on differences of physical conditions and probably chemical
composition in gas-dust complexes occurring on line sight.

CONCLUSIONS

On the base of Cyg X-1 = V1357 Cyg high resolution spectra (R = 75,000) obtained
with the NES echelle spectrograph of the 6-meter telescope of SAO RAS, narrow interstellar
absorption lines were studied. As a result of the investigation of interstellar line profiles, three
main absorption components with heliocentric radial velocities V,, = —1, —13 and —22 km/s
(Visgr = +14 km/s, 42 km/s and —7 km/s) were revealed.

These components were identified with interstellar gas-dust complexes on the line of
sight toward Cyg X-1 up to its distance 1.8 kpc by comparing with the 3D-distribution of
obscuring interstellar dust constructed by Lucke (1978). One of the dust complexes is located
at about 300 pc from the Sun. The second, the largest and densest condensation producing
the most powerful central absorption component is the Great Rift dissecting the Milky Way
(located at distances 800 — 1300 pc). The rest one is produced in the Cygnus star-forming
region containing Cyg OB associations, among them Cyg OB3, where Cyg X-1 is located
(> 1500 pc).

In adiition, in the most strongest line profiles a weak component with V, = —40... —
50 km/s and a greater dispersion of velocities may be seen. It may be connected with the
expanding interstellar envelope around the Cyg OB3 association.
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Thus, the investigation of interstellar line profiles allows us to determine the interstellar
matter distribution on the way toward Cyg X-1. The obtained pattern of this distribution
is the extra argument in favor of the Cyg X-1 localization in the Cyg OB3 association at
a distance of 1.8 kpc from the Sun. Other arguments are: coincidence of their localizations
in the sky, proper motions, independently obtained distances. The difference in their radial
velocities is found to be less than the velocity dispersion 9.5 km/s of the Cyg OB3 stars.
Consequently, the X-ray binary Cyg X-1 was born in this association. The upper limit on
the peculiar velocity acquired as a result of the SN explosion (kick-effect) for this object is
about 16 km/s.
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