Photometric observations of two very long period eclipsing binaries: AZ Cas and EE Cep

M. Mikolajewski^1, S. Zola^{2,3}, M. Kurpinska-Winiarska^2, K. Gazeas^4, C. Galan^1, G. Stachowski^5, M. Winiarski^2, T. Tomov^1, M. Gromadzki^1, D. Graczyk^1, A. Majcher^1, M. Siwak^2, M. Drozdz^3, W. Ogloza^3, A. Majewska^2, J. Krzesinski^3, A. Pigulski^6, G. Michalska^6, Z. Kołaczkowski^6, M. Drahus^2, W. Waniak^2, D. Kolev^7, D. Dimitrov^7, E. Semkov^7, B. Bilkina^7, P. Niarchos^4, A. Dapergolas^8, I. Bellas-Velidis^8, B. Csak^9, B. Gere^9, P. Nemeth^9, G. Apostolovska^{10}

1 Uniwersytet Mikolaja Kopernika, Centrum Astronomii, ul. Gagarina 11, 87-100 Torun, Poland 2 Astronomical Observatory, Jagiellonian University, ul. Orla 171, 30-244 Cracow, Poland 3 Mt. Suhora Observatory, Pedagogical University, ul. Podchorazych 2, 30-084 Cracow, Poland 4 Department of Astrophysics, Astronomy and Mechanics, Faculty of Physics, University of Athens, Panepistimiopolis, GR-15784 Zografos, Athens, Greece 5 N. Copernicus Astronomical Center, ul. Bartycka 18, 00-716 Warsaw, Poland 6 Astronomical Institute of the Wrocław University, ul. Kopernika 11, 51-622 Wrocław, Poland 7 National Astronomical Observatory Rozhen, Institute of Astronomy, BAS, PO Box 136, 4700 Smolyan, Bulgaria 8 Institute of Astronomy and Astrophysics, National Observatory of Athens, PO Box 20048, 11810 Athens, Greece 9 Department of Experimental Physics and Astronomical Observatory, University of Szeged, Dom ter 9, H-6720 Szeged, Hungary 10 Institute of Physics, Faculty of Natural Sciences, PO Box 162, MK-9100 Skopje, Macedonia

1 Introduction

Light curves of eclipsing systems with long periods, even during the minima, are very difficult to obtain. Therefore, multisite campaigns needs to be organized to achieve good coverage of their light curves. These systems consist of a cool, evolved component (supergiant) and a hot companion and are important for understanding the evolution of stars with moderate and high masses. Such binary systems as well as other members of the VV Cep/ζ Aur types can provide reliable determination of masses and radii of the evolved supergiants as well as information about mass loss during their evolution off the Main Sequence. Some are unique systems showing evidence of harbouring dark discs (ϵ Aur as an example) or thermonuclear events (several eclipsing symbiotic stars).

In this paper we report photometric observations of minima of two very long-period eclipsing systems: AZ Cas (P=3402^d) and EE Cep (P=2050^d). Both systems have had the primary minima in 2003. We show unpublished observations of the AZ Cas primary minimum taken in 1994 and 2003, the latter being still in progress as the primary minimum has not yet reached the third contact. The predicted time of this moment is 27 October, a few days after this conference. This system seems to be a twin to VV Cep, whose last eclipse was late by about 1% (2 months) of the orbital period, caused probably by a significant mass loss from the supergiant (Graczyk et al. 2003). EE Cep is an unique system, being a cousin of ϵ Aur, where the eclipsing body is probably a dark extended disc around an invisible companion (Mikolajewski & Graczyk 1999). The 2003 minimum of EE Cep finished in the second half of June. The observations of EE Cep were conducted at several observatories as part of an international campaign which was the respond to the appeal published at the very beginning of the eclipse (Mikolajewski et al. 2003). The light curves obtained in several filters have extremely good time coverage and accuracy, not achieved during observations of the previous 10 eclipses between 1947 and 1997.

Figure 1: Photoelectric observations of AZ Cas in BVR filters taken at Mt. Suhora and Krakow Observatories in 1994

2 AZ Cas

AZ Cas consists of an M-type supergiant and a hot B-type component (Cowley & Hutchings 1977). Its orbital period is 9.3 years, the light curve shows flat-bottom minima of more than 100 days duration. The minima have been observed by several investigators. Cowley and Hutchings (1977 and references therein) summarized photometric data taken since AZ Cas was discovered by Ashbrook (1959) until the primary minimum which occurred in mid 70s. Observations made in UBV filters, outside the primary minimum (1985 Oct - 1990 Feb) have been reported by Nha (1994). He found no light variations in the V filter, however, a gradual decrease of light in the shorter (UB) passbands was observed. AZ Cas was also observed by Lee & Gim (1994) during three seasons: 1990 to 1993 in the RI filters. They found no significant light variations outside eclipse phases ranging from 0.54 to 0.87 in the near infrared.

Spectrograms of AZ Cas covering the whole orbital period were analyzed by Cowley & Hutchings (1977). The derived orbital parameters revealed a very eccentric orbit (e=0.55). The mass function f(m)=2.2 M⊙ was found from the radial velocity curve of the cool M-type component. The spectral type of the hot component was estimated as B0V. Cowley & Hutchings argued that the masses of components were 13 and 18 solar masses for the B and M star, respectively. Kang (1994) analyzed the IUE spectra of AZ Cas and from the energy distribution

Figure 2: Comparison between the theoretical and observed light curves (BVR filters, Mt. Suhora data)

inferred the temperature of the B-type star in the range between 15000 K and 20000 K. He also revised parameters of the components: the temperature of components were reduced to 16000 K and 3800 K, the radii of stars were 10 and 320 R⊙. Kang obtained an even somewhat higher eccentrisity (e=0.61), while the result for periastron angle was 10.^∘5.

The primary minimum in 1994 was observed at two observatories: Mt. Suhora observatory (SUH) using the 60 cm Cassegrain telescope and a two-channel photometer equipped with the UBV R filters and the Astronomical Observatory of the Jagiellonian University (KRK) with a single channel photometer through BV R filters. BD+60^∘0321 was used as the comparison star. Unfortunately, due to bad weather no observations were obtained during the descending branch. The BVR data taken at Mt. Suhora Observatory and those from Krakow are shown in Fig. 1. Photometric observations of the current (2003) minimum are in progress, data has been obtained during 11 nights so far, all in the flat bottom phase. They are being made at the Astronomical Observatory in Torun using the 60 cm reflector and a single channel photometer with a cooled C31034 photomultiplier through the wide band UBV RI and H_β filters. BD+60^∘0306 is being used as the comparison star while BD+60^∘0317 as the check star.

We made the preliminary light curves modeling using BV observations taken by Larson-Leander (1959) and UBV R data obtained during the minimum in 1994. Computations were performed simultanously for 6 light curves with the Wilson-Devinney code. Due to the fact that these data cover only the phases in the vicinity of the primary minimum several parameters had to be fixed. Following Cowley & Hutchings we assumed the primary component to be a B0 type star, while the secondary the M0I star. Therefore their temperatures corresponding to these spectral types were fixed at 30000 K and 3200 K for the primary and the secondary, respectively. Furthermore, if the hot star has not evolved off the Main Sequence (Cowley & Hutchings), its mass should be 14M⊙, which with known mass function, gives a mass ratio q=1.5 (M_{M0}/M_{B0}). After Cowley & Hutchings, the orbit eccentricity and the longitude of periastron were fixed (e=0.55, ω=10^∘). The free parameters were: the phase shift, inclination, potentials of components and the luminosity of the primary. After several attempts, it turned out that for the star as described above it was not possible to obtain a good fit to observations. By adding a third light into the list of free parameters the theoretical light curves matched the observed depth of the primary minimum. The best fit was obtained for inclination i=82.^∘6±2.0 and the fractional radii of components

Figure 3: Observations of EE Cep obtained during the 2003 campaign (U and V filters)

r_1=0.0052, r_2=0.1488. The resulting third light was: 15% in the U filter, 53% in B, 80% in V and almost 83% in the R filter. The theoretical light curves corresponding to the best fit along with observed ones in the BV R filters (Mt. Suhora data) are shown in Fig. 2. We conclude that a third light is needed to obtain theoretical light curves resembling observations of AZ Cas. Its contribution to the total light of the system is very large and growing towards the long wavelenghts, reaching more than 80% in the R filter. Its amount needed to obtain a good fit can be lowered if the temperature of the primary is significantly lower than that corresponding to the B0V spectral type. A more extensive parameter search is in progress using the Monte Carlo search method and the final results will be published elsewhere.

3 EE Cep

Two first minima of EE Cep with a depth of more than 1.5^m have been discovered in 1947 and 1952 (Romano 1956, Weber 1956). The eclipsing nature of these minima with the period of 5.6 years was established after three subsequent events in 1958, 1964 and 1969 by Meinunger (1973). So far, there have been no traces of any secondary eclipse. Very few low-resolution spectroscopic observations were available until now. The spectrum was classified as that typical of a Be-type star with the B5 III spectral type (Baldinelli et al. 1981), however we cannot be sure that Hα and Hβ emissions indeed belong to the visible primary. No stellar spectrum of the secondary was ever detected even during the deep (about 1.5^m) minima. Any orbital parameters and the mass function remain absolutely unknown.

The most striking features of the EE Cep minima are large changes of their shape (Graczyk et al. 2003). The observed depths range from about 2^m in 1958 and 1964 to about 0.^m6 in 1969. Also, the total duration of particular eclipses changes from about 3 weeks in 1992 to about 2 months (in 1969). Multicolor UBV RI observations of the previous eclipse in 1997 (Mikolajewski & Graczyk 1999) showed that the contribution of the secondary in the red RI bands is negligible. In their preliminary model the obscuring body is a dark disc around a low-luminosity companion, likely an invisible low-massive close binary system. The observed changes of the dephts of the

Figure 4: Observations of EE Cep obtained during the 2003 campaign (B and I filters)

minima can be understood if the disc has varying inclination to the line of sight during different eclipses, for example due to precession. If the disc is not transparent, the deeper eclipses could be observed when it is visible closer to a pole-on configuration, whereas the shallower ones, when it is seen almost edge-on.

We collected photometric observations during the recent eclipse of EE Cep between May and July 2003 obtained with ten different telescopes (with diameters from 40 cm to 2 m) in eight observatories from four countries: Poland (Torun, Krakow and Wroclaw), Greece (Athens, Kryoneri and Crete), Bulgaria (Rozhen) and Hungary (Piszkesteto). Most of these telescopes were equipped with CCD cameras. Only two 60 cm reflectors, at Torun and Rozhen, worked with onechannel aperture photometers equipped with a photomultiplier. All observations were shifted to the same comparison star, BD+55^∘2690.

Most of our observations were carried out with standard UBV (RI)_C broad band filters. The preliminary reduced data (U and V filters) is shown in Fig. 3. During the whole eclipse there are only two nights when we gathered no observations. This time-coverage and good accuracy of observational points allows one to notice the characteristic shape of the minimum (Fig. 5). This light curve can be easy understood if the projection of an eclipsing body is not circular but has an extremely oblong shape, just as a visible edge-on dark disc (Graczyk et al. 2003). The outer regions of such a disc should be semitransparent and they are responsible for lowinclination ingress and egress phases. The central parts of the minimum show characteristic four contacts similar to those observed in Algols, where a flat-bottomed phase reflects the transit of a spherical body. Instead, the slope-bottom phase in EE Cep eclipses seem to be appropriate to the transit of a flat, extended object. Changing space orientation of such a flat object varies both the inclination to line of sight and the tilt into direction of motion. For extremely rare configuration, when inclination is close to 90^∘and tilt is close to 0^∘, the eclipse should be shallow with a flat-bottom phase, just as observed in 1969.

Unlike the latter, the currently observed eclipse had moderate duration (about 44 days) and was rather shallow, from about 0.7^m to 0.5^m, U and I bands, respectively. The following characteristic phases of the eclipse can be distinguished: (i) a relatively extended atmospheric part of ingress - 17 days; (ii) a 9 days-long phase of ingress into occultation by an opaque

Figure 5: The schematic shape of the primary minimum of EE Cep in 2003

body; (iii) a short, slope-bottom phase - about 6 days; (iv) very sharp egress - 5 days; (v) short atmospheric egress - 7 days. During the 2003 eclipse the spatial orientation of the disc should be characterised by an incliniation close to 90^∘and a relatively large tilt into the direction of motion. Very broad (20–30 days) weak wings best visible in the shorter wavelenghts (BU) were also observed. Spectacular spectral changes in the NaI D_{1,2} doublet (Mikolajewski et al. 2003) about one month before the start of the eclipse suggest the existence of significant amount of circumstellar matter in the system.

4 Bibliography

Ashbrook J., 1956, Harvard Ann. Card No. 1340 Baldinelli L., Ferri A., Ghedini S., 1981, IBVS 1939 Cowley A.P., Hutchings J.B., 1977, PASP 89, 882 Graczyk D., Mikolajewski M., Tomov T., Kolev T., Iliev I., 2003, A&A, 403,1089 Kang Y-W., 1994, J. of Astr.Sp.Sci. 11, p.31 (No.1) Larson-Leander G., 1959, Arkiv für Astr. 2, 347 Lee Y-S., Gim D-W., 1994, J. of Astr.Sp.Sci. 11, p.175 (No.2) Meinunger L., 1973, Mitt. Veran. Sterne 6, 89 Mikolajewski M., Graczyk D., 1999, MNRAS 303, 521 Mikolajewski M., Tomov T., Graczyk D., Kolev D., Galan C., Galazutdinov G., 2003, IBVS 5412 Nha I-S., 1994, J. of Astr.Sp.Sci. 11, p.21 (No.1) Romano G., 1956, Coelum 24, 135 Weber R., 1956, Documentation des Observateurs Circulaire 9