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Abstract

:

We present the archive of spectroscopic photographic plates of the Universidad Católica historic observatory Manuel Foster. The archive includes more than 4800 plates covering the period of time from 1928 to 1991. The spectra present in the archive are mostly those of bright variable or binary stars observed at different epochs. We developed a method of digitalization and data processing for the plates and verified it through the analysis of a selected sample of spectra. As an example of the potential relevance of this Foster archive we studied the variation of helium, H β  and H γ  spectral lines over time (1980−1991), complementing with high resolution spectroscopic data from the “Be Star Observation Survey” (2012−2015), of four Be stars mainly,  α  Eri,  α  Col,  ω  Car and  η  Cen. The spectra of these stars show evidence of a circumstellar gas disk present in both periods of time. From the spectroscopic analysis, we found these stars are variable in helium and this variability presents an opposite behavior with the variability observed in the EW of the H β  line profile. This archive represents a unique source of data from past that is available for the use of the community.
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1. Introduction


The historical observatory Manuel Foster of Pontificia Universidad Católica de Chile (PUC) counts with an archive of spectroscopic photographic plates. The archive includes more than 4800 plates covering the period of time from 1928 to 1991 with wavelength range between 3900 and 5150 Å. All plates were obtained with the Cassegrain telescope of 93 cm in diameter and 16.9 m focal length (F/18). The spectrograph (a copy of the Mills spectrograph [1]) includes three prisms as dispersing elements, allowing the choice of three different spectral dispersion, using either 1, or 2 or all 3 prisms. The collimator of the spectrograph with 724 mm focal length provides a beam of 37.4 mm, the objective has an equivalent focal length of 16 inches [1]. The low resolution (∼700) optical spectra ( λ  3900−5150 Å) present in the archive (see Section 2.1 for details) are mostly those of bright variable or binary stars observed at different epochs (see [2]). A full list of observed targets is available in an excel online (https://docs.google.com/spreadsheets/d/1h2o_MItVYwjV8F2V3rpG0eLDCQiuq-43mYGuExAUFAY/edit#gid=0, accessed on 5 October 2022 document belonging to PUC. The vast majority of these spectroscopic plates have to be scanned, and represent a unique database that can be of significant use to the community. Digitalization of photographic plates is an on going effort at PUC because of the historic and scientific relevance of this archive. The aim of this paper is to introduce the Foster archive to the community and highlight the importance of the hidden spectra treasures of variable stars. In particular Foster spectra can be used to:




	
Identify hydrogen emission lines and quantify the strength through equivalent width (EW) measurements;



	
Measure the violet to red peak intensity ratio (V/R) and the double-peak separation (DPS) in the case of emission lines in the spectra;



	
Measure EW variations in photospheric spectral lines, e.g., HeI/MgII;



	
Look for asymmetry in spectral lines.








In this work we analyze the spectral variability of four Southern Classical Be stars (CBes) observed with Foster. CBes are non-supergiant massive stars with spectral type spanning from late-O to early-A stars that show at least once in their life hydrogen lines and, sometimes, metal lines in emission in their spectra (e.g., H α , H β , Br γ ). This emission arises from a gas disk placed at the stellar equator in a thin geometric structure and rotating in a quasi-Keplerian motion [3,4,5]. The different disk stages, quiescence, active and disk-feeding (definitions proposed by Rivinius et al. [6] under which the disk goes through, are studied following temporal variations. The mid-term variations (order of months) are associated to V/R variations which are well explained by the theory of one-armed over-density wave [7]. The long-term line intensity variations (months to years) are directly associated to the formation or dissipation of the circumstellar disk.



Several works have been done in the last years to constrain Be stars’ disk and stellar parameters. The main question converges in understanding the mechanism(s) triggering a higher mass-loss rate at the stellar equator capable of driving a rotating equatorial gas disk. The proposed mechanisms include fast rotation [8,9], non-radial pulsations [10,11], stellar winds [12,13] and binarity [14,15] (see [16] for a complete review and references therein). To investigate these mechanisms it is necessary to study a large number of Be stars in different disk phases and monitor them over time to follow the evolution of their disks. Furthermore, looking for a correlation between the behavior of the spectral lines formed in the photosphere and the emission lines from the disk can give insight into the physics of the disk’s formation and dissipation. In this context, spectroscopic databases of massive stars covering extended period of time become very important to search for variability. Then, historical archives can reveal unexpected hidden treasures (see [17] as an example of the value of ancient spectra).



Spectroscopic plates from the Foster Observatory were used earlier in some research on Southern Be stars [18] including the study of optical spectra (3900–5100 Å) of 36 Be stars with measurements of hydrogen, HeI 4471 Å and MgII 4481 Å line profiles. They mostly focused on the variability of the HeI and MgII line profiles over time, finding an anti-correlation of the EW ratios that could be related to non-radial pulsations. A similar work was made by [19] for 10 Be stars and 4 “normal” B-type stars. They obtained similar values of HeI and MgII EWs when comparing a B star and a Be star of the same spectral type. However, they observed dependence of the HeI/MgII EW ratio with stellar rotation, i.e., HeI EWs become larger for faster rotators. Finally, in the case of [20] the authors found similar conclusions but using the measurement of H α  EWs in the optical spectra of 42 Be stars observed at CTIO. They found a dependence between H α  EWs and spectral types, being lower for later-type Be stars.



Other publications describing variability of Southern Be stars observed with Foster, as well as estimations of the disk cycle, disk size and rotational velocity of the star are reported in the literature (see [21,22,23] as examples), probing the potential information contained in these spectroscopic plates.




2. Extracting the Spectra from Foster Plates


2.1. Observations and Archive Properties


The 2-prism version of the Mills spectrograph, used during the latest activity period of the Manuel Foster observatory, gives a dispersion of 20 Å/mm at H γ  and a useful wavelength range from 3900 to 5150 Å. The spectrograms were secured on Kodak II-aO plates (after baking with Forming gas). He-Ar lamps served as wavelength comparison line sources acquired before and after the science observations. The slit configuration of the spectrograph and the position of the He-Ar lamps can be seen in Figure 1 of [2] which also describes the method for intensity calibration. Calibration plates were taken during most observing nights; however, their posterior analysis showed that the final calibration curves (density to intensity relation) did not vary significantly from night to night, because during the entire campaign always the same plate type and the same baking and developing procedures had been applied. Therefore, we finally decided to use in our present analysis a mean calibration curve, as already presented in Figure 4 of [2].



The archive contains more than 4800 stellar spectrograms of 276 different target stars (see online excel document (https://docs.google.com/spreadsheets/d/1h2o_MItVYwjV8F2V3rpG0eLDCQiuq-43mYGuExAUFAY/edit#gid=0, accessed on 5 October 2022). For 88 of them ≥ 10 spectral plates at different epochs are available, the maximum number is 219 plates for the Wolf-Rayet star  γ  Velorum. 99 of these targets refer to B III-Ve spectral types with an average coverage of 45 spectrograms per star mostly observed between 1984 and 1990. The line profile variability was the main aim of this campaign. However, the number of plates should be taken as an upper limit, because some of the plates are probably not very useful, affected by bad weather conditions or technical problems, resulting in saturation or underexposure. The remaining targets refer to OB supergiants, A-K supergiants, A-M giants, A-F main sequence stars and Wolf-Rayet stars. The faintest star is V = 5.7 mag, but most of them are in the range    0.5 m  ≤ V ≤  4.5 m   . We recompiled names and observation years of all Be stars in the Foster archive which are list in Table A1.




2.2. Digitalization and Data Processing


We developed a procedure of digitalization of the plates which include scanning, processing and data analysis. In this way we were able to extract scientific information at a much deeper level than it could be done with previously employed techniques. For the scanning of the plates we used a digital scanner EPSON Perfection V600 which allows to scan negative plates with resolution up to 12,800 dpi and 16 bits. The plates have sizes 100 × 27 mm, while the stellar spectra cover an area of approximately 50 × 0.8 mm. This allows to scan up to 6 plates at a time. The scanning time per plate is about 180 s at 3200 dpi. In the upper image of the Figure 1 we present a typical example of a digitalized plate. A zoomed region is shown in the lower image, where the photographic grains are just resolved at 3200 dpi, which is equivalent to 7.9  μ m per pixel.



Data processing is necessary to transform the digitalized images delivered by the scanner in images that can be used to measure quantities of scientific interest. In particular the processing of the digitalized plates include:




	
conversion from scanner units to photographic density,



	
conversion from photographic density to intensity,



	
extraction of the target and calibration spectra and



	
wavelength calibration.








The scanner was set to work linearly and provide an output image which, in principle must be proportional to the amount of light transmitted by the plate, i.e., to the transmission T. All color or grey-level correction algorithms included in the software were set to OFF.



The photographic density is given by D =   − log  (T). To calibrate the relation between the 16-bit output of the scanner and the photographic density we used two neutral density filters spanning from density 0.04 to 2. One of them is a continuous filter with the density varying linearly with the position, in the other the density varies by known steps. We measured the transmission of the neutral density filters in the Lab and verified that their behavior was according to specs. The result obtained scanning the continuous filter is shown in Figure 2. The density to intensity conversion was made following the recipe of [2], in particular we fit the function (8) of [24] to the 130 points of Vogt & Barrera and inverted the function to calculate the relative illuminating 131 intensity.



A constant value of background was measured in the non exposed part of each plate and subtracted from each 2D spectrum once converted to intensity. The spectrum of the source was extracted with an aperture which traces the peak of emission in the direction of the spectral dispersion and averaged to produce a 1D spectrum. A linear trace proved to be good enough for this purpose, the optimization of the position and tilt of the extraction aperture is weighted for the brightness of the source. In this way possible misalignment of the plate or the scanning are compensated. Two calibration spectra are extracted following the same trace from the two sides of the spectrum of the scientific source. The extraction process was executed with an optimized procedure in IDL.



The wavelength calibration was performed with the task “identify” in IRAF using the comparison Argon spectra recorded in the plates on both sides of the scientific spectrum. Figure 2 shows a plot of lambda versus pixel position for the two-prism configuration of the spectrograph. Based on these results we found the average of the spectral dispersion to be 20 Å/mm and for the spectral resolution an average value   λ / δ λ   = 700, for the two-prism configuration. A typical 1D spectrum wavelength calibrated and normalized is shown in Figure 3.





3. The Sample


To conduct a pilot study of the variability of CBes and highlight the importance of the archives containing spectra observed several years ago, we started with four CBes which count on a large number of observations available:  η  Cen,  α  Eri,  ω  Car, and  α  Col. These stars were observed from 1980 to 1991 with Foster. In addition recent information about the disk phases is available in the literature making them perfect targets for this work. We complemented the data with spectra from BeSOS database 1 obtained with the “PUC High Echelle Resolution Optical Spectrograph”, Pucheros, [25] installed at the ESO 50 cm telescope of the Observatory Universidad Católica, Santa Martina, Santiago, Chile. These spectra cover the visible spectral range with a spectral resolution of ∼17,000. Observations were taken between 2012 and 2015, covering an effective wavelength range 4250–7000 Å. For details on the observations plan and reduction steps, the reader is referred to [26].




4. Method


Since the gas disk of Be stars is optically thin to the continuous radiation in the optical range, observing emission signatures in Balmer lines is usual, especially H α  and H β . We selected the most relevant spectral lines in common between the first (Foster) and second period (BeSOS) from Table 1 to perform the measurements (e.g., EW, DPS, and V/R). Spectral lines in Be stars are usually asymmetric due to non-radial pulsations. Here, the Foster spectra do not have enough spectral resolution to study asymmetries and in several cases the spectral lines are distinguishable from the spectra but very noisy. To avoid adding extra flux in the EWs calculation, we fit a Voigt function to the observed absorption line profiles (HeI and MgII lines) and then we integrated this function over the wavelength range. Because Balmer lines are stronger and emission features are presented in the spectral lines, we performed a piecewise (order-3) polynomial fit to the data points and then integrated this function over the spectral range to obtain the line EW (see [27]). The errors were calculated by following the procedure described in [27] for weak and strong lines. An example of the method is shown in Figure 4 for a Foster spectrum line (solid black line). The EW area is indicated as the shaded region in pink. In the left and right panel, the fitted function is represented by a dashed red line and the continuum was set to 1 in all cases (dashed black line). As this emission feature grows inside the absorption line, the EW value will be smaller. Then, small values of Balmer lines, in this work, will mean emission features appearing in the line.



The DPS and V/R measurements were performed over the H β  line profile. The only star with no evidence of emission (in the first period) was  α  Eri and in this case we set the DPS as the width of the wings. We select the violet and red peaks by visual inspection. An example of the method is shown in the left panel of Figure 5 for one epoch of the star  ω  Car in the Foster archive. To quantify the difference between values obtained with different spectral resolutions, we selected a BeSOS spectrum of the same star and convoluted it with several Gaussian profiles of different widths (i.e., spectral resolutions) and then we re-binned the degraded spectra. We did it up to fit an observed Foster spectrum (see right panel of Figure 5). We obtained an effective spectral resolution of R∼1500 measured on HeI 4471 Å and MgII 4481 Å line profiles (dashed red line). After this step, we measured the EW in the HR and LR spectrum. We obtained a difference of 38% between both lines. We used this effective spectral resolution to degrade a H β  line profile to quantify the V/R and DPS measured difference. We obtained a large difference of 61.7% for the DPS value and 1.6% for the V/R value. Also, we note that for a spectral resolution R∼1500 the minimum DPS resolved in terms of velocity is ∼200 km/s.



In the following, We present a detailed description of the EWs variation for H γ  and H β  Balmer lines; HeI   λ λ   4387, 4921, and 4471; and MgII line. In addition, we calculate the DPS and V/R variation for the H β  emission line for the four CBes studied in this paper (see Table 1). Information obtained from these measurements is used to study the connection between the variability of the photospheric lines with the disk phase. EW values for each star are displayed in the same figure from the latest (bottom) to the earliest spectral type (top). Each subplot is separated into two periods scaled by ten years (the period between 48,100 to 55,000 JD does not contain data) due to the lack of observations in both archives. Grid lines in the vertical axes of the plots indicate ranges of 500 Julian days. Then, the EWs for Balmer and helium/MgII lines are displayed in Appendix B in Figure A1 and Figure A2, respectively. On the other hand, DPS and V/R variations are displayed together with the spectral lines for both periods and for each star.



We discarded low exposure plates by selecting continuum regions around the analyzed lines and obtaining an average value, and its standard deviation,   σ s  , for each normalized spectrum of each star2. The implemented selection criterion rejects all spectra with    σ s  ≥   0.03. Because some   σ s   values were more significant than the standard deviation selection criterion for the Foster spectra, the number of EW values is not the same for each line, and the EW ratio between HeI 4471 Å and MgII 4481 Å is not presented.




5. Results


5.1. η Cen-HR 5440-HD 127972


 η  Cen is a B2 Ve type star [28,29] showing a shell signature in H α  line profile since the ’60s [30]. By modeling the spectral energy distribution, [26] estimated an earlier spectral type, B1 Ve, where the best Kurucz model is represented for the following stellar parameters: T   eff   = 21,000 ± 210 K, log g = 3.95 ± 0.04, R   ⋆   = 6.10 ± 0.12 R   ⊙   and   v sin i   = 240 km/s. The truncation radius estimated by modeling the H α  emission line is 12.5 R   ⋆   with a low density disk [31].  η  Cen is the third occurrence of Be stars showing the particular case of Stêfl frequencies [10,32,33]. These frequencies are usually temporary and about 10–20% slower than those associated to typical non-radial pulsations in Be stars. It is strongly suggested that they correlate with an outburst (mass-loss episodes that increase the emission line). From our observations archive, we have 40 spectra between 1984 and 1990 (first period) and 3 spectra spanning 2014 to 2015 (second period). As we can see in the EW plot for Balmer lines (see Figure A1), between 1984 to 1985, the values are between 3 and 4 Å and from 1987 a recurrent variation is observed, overall for the H β  EW, with values ranging between 1 and 4 Å being on average around 2 Å and representing an increment of the emission features in the line. In the second period these values are similar to those of early 1984. Although, as mentioned above, this star presents non-radial pulsations that seem connected with mass-loss episodes, a further study comparing photometric variations simultaneously with ground-based observations could help to determine the connection between these episodes and the changes observed in the disk. Balmer lines for this star have an EW value between ∼1.0 and 5.0 Å. At the top of Figure A2 the EW variation for helium lines and MgII is shown. The three lines of HeI maintain a similar behavior and constant range variation over time. The lines  λ 4471 and 4921 Å are the strongest. MgII is weak during the first period, and it was distinguished only in a few plates. During the second period was very weak and not measurements could be performed. H β  line profiles (see Figure 6) present emissions in the wings during a significant period and vary in time. This emission is present from 1984 to 1991 and it can still be seen from 2014 to 2016. V/R plot shows periodical variation and a small amplitude of ∼0.06. This variation correlates with the one observed in the DPS plot: V/R reaches the maximum value of ∼1.06 when also does the DPS, with a value of ∼750 km/s. The DPS ranges from 450 to 750 km/s. There are only three observations available in the second period and both quantities, V/R and DPS, also change in a correlated way. Since DPS is related to the rotational movement of the emitting region, e.g, Huang’s relation [34], these changes are also related with the EW of the H β  emission line. There is no evidence in the spectra, or information in the literature for a companion. In general terms, the disk of  η  Cen maintains almost constant in size and mass over the analyzed range of time presenting small changes most likely associated with recurrent episodes of mass-loss rates.




5.2. α Eri-HR 0472-HD 10144


 α  Eridani or HD 10144 is the brightest Be star with a visual magnitude of 0.4   mag   and is located at a distance of 44 pc (Hipparcos). It is classified as a B6 Vpe spectral type, with a T   eff   = 15,000 ± 600 K, log g = 3.60 ± 0.10 and a   v  sin i   = 223 ± 15 km/s [28]. In a previous work, [31] studied the disk parameter for observations in BeSOS between 2013 and Jan 2014 (just a few months before a maximum intensity occurs in H α ). They found a base density disk of the order of ∼  10  − 11    g/cm   3   and a truncation radius of 6.0   R ⋆  . From the literature [35], we know the binary nature of this star. Using IR images, Refs. [35,36] detected a companion at a distance of ∼12.3 AU, with a projected angular separation of ∼6.7 AU and a spectral type A1/3V. They do not have enough data in their work but proposed an orbital period of about 15 years. There is no evidence that the companion influences the disk formation. Ref. [37] used spectroscopic observations of H α  from 1991 to 2002, as well as data available in the literature to collect EWs values before 1990, to construct the line’s variation history. The disk cycle proposed in their work is around 14–15 years. In addition, they studied the stellar surface activity by doing measurements on the line HeI 6678 Å, suggesting that the variation is due to non-radial pulsations. The observation dates studied in this work cover the years 1984, 1985, 1987, 1988, 1989, 1990, 2013, 2014, and 2015. We have 31 scanned plates from Foster and 12 spectra from BeSOS. The EWs variations for Balmer lines are shown in the second subplot from top to bottom in Figure A1. The EWs of both lines are very similar in their values and behavior in the first period of time, ranging between 2 and 4.5 Å. We know from the emission in the spectral lines that a disk formation phase is present for this star during the second period. However, the EW of H β  keep around 4.0 Å, which could mean that the emission is also present during the first period, also in a low-emission phase (e.g., years 1985, 1987 and 1990). This is also observed in intensity changes in the H β  line in Figure 7. The strongest Helium lines is 4471 Å with an almost constant EW value of 1 Å in both periods, and always stronger than MgII line. The EW variation for this star in the second period (active phase) is very low compared to the first one (see Figure A2). Figure 7 shows the V/R and DPS variations for this star. As we mentioned before, we cannot distinguish the emission from the H β  line profiles in the first period, but thanks to the EW values we can infer a low-emission phase; therefore, for this star we have selected the width of the wings to represent the DPS. From the V/R plot, a small asymmetry remains constant with an amplitude of ∼0.1, but with an opposite behavior compared to the second period. DPS values present an average value of ∼700 km/s during the first period corresponding to a small emitting size (similar to  η  Cen in its maximum DPS). During the visibly active phase, a smaller value of DPS ∼500 km/s is obtained. We remainder that a direct comparison between both periods, at least for the DPS, can not be done, and a difference of around 62% must be considered.




5.3. ω Car-HR 4037-HD 89080


 ω  Car is a B8 IIIe spectral type star, the stellar parameters have been derived by several authors, e.g., Ref. [8] estimated a T   eff   = 13,275 ± 251 K, log g = 3.581 ± 0.043 and a projected rotational velocity   v  sin i   = 245 ± 13 km/s. Using stellar atmospheres model to reproduce the spectral energy distribution [26] found a lower temperature value of T   eff   = 11,600 ± 116 K, a log g = 3.50 ± 0.04 and a stellar radius R   ⋆   = 7.20 ± 0.14 R   ⊙  . Optical and Near-IR spectroscopic and interferometric observations from 2012 show evidence of a Keplerian disk around  ω  Car. The emitting region has been estimated to be 3.1 ± 0.9 R   ⋆   at Br γ  ([5], they considered a R   ⋆   = 6.2 R   ⊙  ) and 25 R   ⋆   at H α  ([31], they considered a R   ⋆   = 7.20 R   ⊙  ).



We used Foster spectra from 1985 to 1990 (52 observation dates) and the BeSOS database from 2013 to 2015 (2 spectra). The EWs of Balmer lines (see Figure A1) present a similar variability than  η  Cen but with deeper lines, where values go around 3.0 to 4.0 Å. In 1988/89 a higher dispersion is observed in both lines, and the emission increases (see Figure 8). The emission observed in the H β  line profiles over time indicates that the disk has been present since the ’85s. Only two points are available in the second period, and maintain similar to the variation range of the first period. We note the strong separation in EW between H γ  and H β  in the second period. The helium lines for this star are weaker, with values between 0.5 and 0.6 Å, probably because of the low temperature. For the same reason a few EW values are available for this star because they do not fulfilled the criterion of  σ . MgII is the strongest line present in this star with EW values between 0.3 and 0.6 Å. This is the only star of our sample showing FeII 5316 Å in its spectrum. The H β  line profile shows a prominent DPS (see Figure 8) in both periods, but with the deepest central absorption during the second period. The variation of the V/R ratio is very similar to the one from  η  Cen, with a small amplitude of ∼0.06. The DPS ranges between ∼260 and 360 km/s.




5.4. α Col-HR 1956-HD 37795


 α  Col is classified as a B7 IIIe or B9 Ve spectral type [26,28]. First signatures of emission in Balmer lines was reported by [38] on Dec 1973. [8] derived the following stellar parameters: T   eff   = 13,695 ± 437 K, log g = 3.559 ± 0.069 and   v  sin i   = 192 ± 12 km/s. Similar values were found by [28] with a higher T   eff   = 14,200 ± 400 K, a log g = 3.50 ± 0.10 and   v  sin i   = 180 ± 15 km/s. Ref. [26] used rotational convoluted stellar atmosphere models and they found a T   eff   = 12,200 ± 122 K, a log g = 3.50 ± 0.04 and a R   ⋆   = 7.00 ± 0.14 R   ⊙  . On the other hand, Ref. [5] obtained for the first time simultaneous Br γ  spectroscopic observations and high angular resolution in the K-band of  α  Col using the ESO VLTI/AMBER instrument. To constrain the disk parameters, they used the stellar parameters derived by [8] in a simple two-dimensional kinematic model. A disk extension of 1.5 ± 0.3 stellar radii was estimated in the formation region of Br γ  line. Their observations were carried out between 2007 and 2011, indicating the existence of a disk at that time. [31] analyzed observations between 2012 and 2015 and found a truncation radius disk measured in H α  of 50.0 R   ⋆   and a disk base density constant of 2.5   ×   10  − 10      g / cm  3   ; they considered a B9 V spectral type for the central star. Our observations dates range from 1984 to 2015, corresponding to 50 scanned plates in Foster and 5 spectra in BeSOS. Figure A1 shows the EWs variation for Balmer lines. As  α  Col, Balmer lines are deeper compared to the other stars and the same EW separation from both lines, H β  and H γ , is observed. From the plot an increment of the emission is observed in 1988 and 1990. EWs values for HeI and MgII, are displayed in Figure A2. The HeI 4471 Å is the strongest Helium line for this star, but MgII has similar EW values. A high dispersion is presented during the fist period, with values ranging between 0.2 and 0.8 Å. In the second period, values are almost constant. On the other hand, the V/R ratio (see Figure 9) remains slightly below 1.0 until 1987 and above 1.0 up to 1990. Then in the second period, the V/R is symmetric and constant. The emission observed in the H β  line profile increases in the second half of this period. The star presents the highest variation range in DPS with values between ∼70 and 200 km/s and an almost constant value during the second period of 150 km/s. However, due to the low spectral resolution of Foster, we know that values lower than 200 km/s are not confident. Based on the DPS during the second period, we can trust values higher than 150 km/s in the first period of the plot, but having the consideration of 62% of difference that could exist between Foster and BeSOS data. From literature [17], a particular signature of a third peak is presented in H α  line-emission, varying in the order of days, shifting towards the central absorption, and sometimes disappearing. There is no evidence nor information in the literature of a companion for this star.





6. Summary and Discussion


We have compiled spectroscopic observations from Foster and BeSOS databases for the southern Be stars:  η  Cen,  α  Eri,  ω  Car, and  α  Col. The archives cover different optical wavelength ranges, 3900 to 5150 Å for Foster and 4250 to 7000 Å for BeSOS. Furthermore, the spectral resolution differs between databases; Foster has an effective spectral resolution of R∼1500, while BeSOS spectra have a R∼17,000. We look at the spectra of these stars for Balmer, helium, iron, and Mg lines. A compilation of the lines present in each star and instrument is shown in Table 1. For the four stars, a DPS is observed in H β  for both periods, and only  α  Eri appears to be in a low-emission phase during the Foster period. The only star confirmed as binary is  α  Eri with an orbital period of ∼15 years [37]. We note from Figure A1 that the coolest star,  α  Col, show a more pronounced difference in the EWs values of H γ  and H β  line profiles, compared to the rest of the stars. In general B-types stars at different luminosity classes show a difference of around ∼1 Å in Balmer lines EWs values [39]. In this case, the variation is in the order of ∼2 Å. Therefore, this observed difference may be due to the star’s disk or changes in the effective temperature of the star. As a comment and possible relation, [31] found that late spectral types host less massive disks with smaller emission region compared to early spectral types and thus, lower density disks.



We note that no star shows iron lines, except for the FeII 5313 Å observed in  ω  Car. This is the only star of our sample classified as a giant luminosity class. The hottest star in our work,  η  Cen, has the strongest helium lines with high values of EWs and very low, or no presence of MgII 4481 Å in both periods, agreeing with early spectra types classification.  α  Eri (mid spectral type) presents many HeI lines in the spectra with EWs values to  η  Cen but with the presence of MgII 4481 Å in low intensity during both periods. For the late spectral types,  ω  Car and  α  Col, both stars show weak helium lines, but the EW(HeI 4471 Å) ∼ EW(MgII 4481 Å) in  α  Col, while for  ω  Car, EW(MgII 4481 Å) > EW(HeI 4471 Å). It is possible that this star corresponds to a later spectral type, but other studies must be done in comparison with line variability to re-classify it. Also, this star present a high Magnesium variability. This kind of variability has been reported before for magnetic chemically peculiar stars, which are mainly characterized by a dipolar magnetic field and their symmetry axis is inclined with respect to the rotational axis [40]. However, in the literature there is no evidence of magnetic fields for this star. Among the lines studied in this work, the four CBes are variable in helium. Also, the usual anti-correlation between MgII 4481 Å and HeI 4471 Å is also observed, i.e., as the EWs of MgII 4481 Å increase, the EWs of HeI 4471 Å decrease. Most likely, these changes are associated with the stellar photosphere rather than the disk.



From the EW variations plots, similar behavior is observed from Balmer and Helium lines. We remind the opposite meaning of EW values between absorption and emission features in the spectral lines. Then, when the EW value of H β  increases, we can say that the emission coming from the disk is decreasing. By looking at Figure A1 and comparing the same observations years, when this happens, in general, EW values of Helium lines in Figure A2 increase. This is seen in  η  Cen, between 1989 and 1990, when the disk decreases Helium lines,  λ 4387 increases from an average of 0.6 to 0.9 Å, same for  λ 4921, increases for an average of 1 to 1.2 Å. This is also observed in  α  Eri around 1988 and between 1989 to 1990. The other two targets present a larger error bar (because of the weakness of the lines and the low S/N in the Foster archive) and therefore it is difficult to attempt the same conclusion. A possible explanation could be the changes in the effective temperature of the star, which are also associated to non-radial pulsations. A next step will be to use stellar atmospheres models that consider the oblateness of the star due to fast rotation and try to measure the changes of the temperature. We test FT analysis of the V/R, DPS and EW data of the four targets, with the program PERIOD04 [41]. However, the data presented here include several gaps, leading spectral windows of the FT with very low signal to noise of the order of ∼3. Therefore, in order to estimate reliable periods is necessary to complement this set of data with information available in the literature or even in other spectroscopic plates.



Stellar parameters from the literature, together with DPS and V/R measurement on H β  line profiles are summarized in Table 2.  η  Cen and  α  Eri have the largest DPS and, therefore, should have the smallest emitting region sizes. On the other hand,  ω  Car and  α  Col have the smallest DPS and the largest sizes. We note that the size of the emitting region increases toward late spectral types in our sample (based on DPS values).




7. Conclusions


From 1928 to 1991, about 4800 spectroscopic plates were collected at the Observatory Universidad Católica Manuel Foster in Santiago, Chile. The plates contain spectra of various stellar sources in the southern hemisphere. We recovered the plates from the archive and developed a method of digitalization, processing, and analysis to extract valuable scientific information, which is useful to study long-term variability in different systems in the Foster archive. So the Foster archive stands in the tradition of those archive from the past that can contribute information about bright stars for several decades. In the same line, for example, the 2-meter telescope in Ondřejov, Czech Republic has been operating since 1967. The archive contains several thousands of photographic (up to 1992) and electronic (from 1992 to 2000) spectra. The spectra have been used to study Be stars, multiple spectroscopic systems, chemically peculiar stars, stellar pulsations, and symbiotic stars. A list of publications is available on the website https://stelweb.asu.cas.cz/en/telescope/date-archives/ (accessed on 5 October 2022). Recently, a digitalization project of spectroscopic plates taken in La Plata (Argentina) and Cerro Tololo (Chile) observatories between the ’20s and ’80s started at Universidad Nacional de La Plata, Argentina [42]. In total, there are around 15,000 photographic plates covering variable stars. Information on the ongoing project can be found on the website https://retroh.fcaglp.unlp.edu.ar/ (accessed on 5 October 2022).



As a final remark, the International Astronomical Union has a commission Working Group (B2) on the Preservation and Digitization of Photographic Plates. This archive is in the context of the group aims and the analyzed and published spectra will be available in a section in the BeSOS database for the use of the community.



Besides their historical value, these plates and their ongoing efforts to recover the spectra represent a rich database that we believe can still be of scientific interest to modern researchers.
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Table A1. Be stars in the Foster archive.
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	ID
	HR
	HD
	HIP
	Spectral Type
	1981
	1983
	1984
	1985
	1986
	1987
	1988
	1989
	1990
	1991





	alf Eri
	472
	10,144
	7588
	B6Vpe
	
	
	x
	x
	x
	x
	x
	x
	x
	



	228 Eri
	1423
	28,497
	20,922
	B2(V)ne
	
	
	
	x
	x
	x
	x
	
	
	



	56 Eri
	1508
	30,076
	22,024
	B2(V)nne
	
	
	
	x
	x
	
	x
	
	
	



	3 Ori
	1552
	30,836
	22,549
	B2III
	
	
	x
	
	
	
	
	
	
	



	69 Eri
	1679
	33,328
	23,972
	B2III(e)p
	
	
	
	x
	x
	x
	x
	x
	x
	



	HD 35165
	1772
	35,165
	25,007
	B2Vnpe
	
	
	
	
	x
	x
	x
	
	
	



	25 Ori
	1789
	35,439
	25,302
	B1Vn
	
	
	
	
	x
	x
	x
	x
	
	



	123 Tau
	1910
	37,202
	26,451
	B1IVe    s h e l l   
	
	
	
	
	
	x
	
	
	
	



	47 Ori
	1934
	37,490
	26,594
	B3Ve
	
	
	
	x
	x
	x
	x
	x
	x
	



	alf col
	1956
	37,795
	26,634
	B9Ve
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 41335
	2142
	41,335
	28,744
	B3/5Vnne
	
	
	
	x
	x
	x
	x
	
	
	



	HD 42054
	2170
	42,054
	28,992
	B5Ve
	
	
	
	
	x
	x
	
	
	
	



	HD 43285
	2231
	43,285
	29,728
	B6Ve
	
	
	
	
	x
	x
	
	
	
	



	HD 43544
	2249
	43,544
	29,771
	B2/B3Ve
	
	
	
	
	x
	
	
	
	
	



	HD 44458
	2284
	44,458
	30,214
	B1.5IVe
	
	
	
	
	x
	
	
	
	
	



	HD 44506
	2288
	44,506
	30,143
	B3V
	
	
	
	
	x
	x
	
	
	
	



	bet01 Mon
	2356
	45,725
	-
	B4Veshell
	
	
	
	x
	x
	x
	x
	x
	x
	



	HD 45871
	2364
	45,871
	30,840
	B3Ve
	
	
	
	
	x
	
	
	
	
	



	15 Mon
	2456
	47,839
	31,978
	O7V+B1.5/2V
	
	
	
	x
	x
	
	
	
	
	



	10 Cma
	2492
	48,917
	32,292
	B2V
	
	
	
	x
	x
	
	x
	x
	
	



	13 Cma
	2538
	50,013
	32,759
	B1.5Ve
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 50123
	2545
	50,123
	32,810
	B6IVe+A
	
	
	
	
	x
	
	
	
	
	



	19 Mon
	2648
	52,918
	33,971
	B2Vn(e)
	
	
	
	x
	x
	x
	
	
	
	



	HD 54309
	2690
	54,309
	34,360
	B3Vne
	
	
	
	
	
	x
	
	
	
	



	27 Cma
	2745
	56,014
	34,981
	B3IIIe
	
	
	
	x
	x
	x
	x
	x
	x
	



	28 Cma
	2749
	56,139
	35,037
	B2.5Ve
	
	
	x
	x
	x
	x
	x
	x
	x
	



	ups01 Pup
	2787
	57,150
	35,363
	B2V+B3IVne
	
	
	x
	x
	x
	x
	x
	x
	
	



	ups02 Pup
	2790
	57,219
	35,406
	B3Vne
	
	
	x
	x
	x
	x
	x
	
	
	



	HD 58155
	2819
	58,155
	35,795
	B3V
	
	
	
	x
	x
	
	
	
	
	



	HD 58343
	2825
	58,343
	35,951
	B2Vne
	
	
	
	x
	x
	x
	
	
	
	



	bet Cmi
	2845
	58,715
	36,188
	B8Ve
	
	
	
	x
	x
	x
	x
	x
	x
	



	HD 58978
	2855
	58,978
	36,168
	B0.5IVe
	
	
	
	x
	x
	x
	
	
	
	



	z Pup
	2911
	60,606
	36,778
	B2Vne
	
	
	
	x
	
	x
	
	
	
	



	HD 60855
	2921
	60,855
	36,981
	B2Ve
	
	
	
	x
	x
	x
	
	
	
	



	omi Pup
	3034
	63,462
	38,070
	B1IVe
	
	
	x
	x
	x
	x
	x
	x
	
	x



	HD 66194
	3147
	66,194
	38,994
	B3Vn
	
	
	
	
	
	x
	
	
	
	



	r Pup
	3237
	68,980
	40,274
	B2ne
	
	
	x
	x
	x
	x
	x
	x
	
	



	HD 71510
	3330
	71,510
	41,296
	B3IV
	
	
	
	x
	x
	x
	
	
	
	



	HD 72067
	3356
	72,067
	41,621
	B2/3V
	
	
	
	
	x
	
	
	
	
	



	f Car
	3498
	75,311
	43,105
	B3V(n)
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 77320
	3593
	77,320
	44,213
	B2Vnn(e)
	
	
	
	
	
	x
	
	x
	
	



	E Car
	3642
	78,764
	44,626
	B2(IV)n
	
	
	x
	x
	x
	x
	x
	x
	
	



	HD 81753
	3745
	81,753
	46,329
	B5V(e)
	
	
	
	
	
	x
	
	
	
	



	I Hya
	3858
	83,953
	47,522
	B5V
	
	
	x
	x
	x
	x
	x
	x
	
	



	HD 86612
	3946
	86,612
	48,943
	B5Ve
	
	
	
	
	
	x
	
	
	
	



	HD 88661
	4009
	88,661
	49,934
	B5Vne
	
	
	
	x
	x
	x
	x
	
	
	



	HD 88825
	4018
	88,825
	50,044
	B5(III)e
	
	
	
	
	
	x
	
	
	
	



	ome Car
	4037
	89,080
	50,099
	B8IIIe
	
	
	x
	x
	x
	x
	x
	x
	x
	



	J Vel
	4074
	89,890
	50,676
	B5II
	
	
	
	x
	x
	x
	x
	x
	x
	



	HD 91120
	4123
	91,120
	51,491
	B8/9IV/V
	
	
	
	x
	x
	x
	x
	
	
	



	p Car
	4140
	91,465
	51,576
	B4Vne
	
	x
	x
	x
	x
	x
	x
	x
	x
	



	HD 93237
	4206
	93,237
	52,340
	B5III
	
	
	
	
	
	x
	
	
	
	



	HD 93563
	4221
	93,563
	52,742
	B8/9III
	
	
	
	x
	x
	
	
	
	
	



	A Cen
	4460
	100,673
	56,480
	B9V
	
	
	
	x
	x
	x
	x
	x
	
	



	j Cen
	4540
	102,870
	57,757
	B3V
	x
	
	
	
	
	
	
	
	
	



	HD 105382
	4618
	105,382
	59,173
	B3/5III
	
	
	x
	x
	x
	x
	
	
	
	



	del Cen
	4621
	105,435
	59,196
	B2Vne
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 105521
	4625
	105,521
	59,232
	B3IVe
	
	
	
	x
	x
	x
	x
	
	
	



	zet Crv
	4696
	107,348
	60,189
	B8V
	
	
	
	
	
	x
	
	
	
	



	39 cru
	4823
	110,335
	61,966
	B5III
	
	
	
	x
	x
	x
	x
	x
	
	



	HD 110432
	4830
	110,432
	62,027
	B0.5IVpe
	
	
	
	
	
	x
	
	
	
	



	lam Cru
	4897
	112,078
	63,007
	B3Vne
	
	
	x
	x
	x
	x
	x
	x
	x
	



	mu.02 Cru
	4899
	112,091
	63,005
	B5Vne
	
	
	x
	x
	
	x
	x
	x
	
	



	mu. Cen
	5193
	120,324
	67,472
	B2Vnpe
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 120991
	5223
	120,991
	67,861
	B2Ve
	
	
	
	
	x
	x
	
	
	
	



	HD 124367
	5316
	124,367
	69,618
	B4Vne
	
	
	x
	x
	x
	x
	x
	x
	x
	



	eta Cen
	5440
	127,972
	71,352
	B2Ve
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 129954
	5500
	129,954
	72,438
	B2V
	
	
	
	
	
	x
	x
	
	
	



	tet Cir
	5551
	131,492
	73,129
	B2IV/V
	
	
	
	
	x
	x
	x
	x
	
	



	kap Lup
	5646
	134,481
	74,376
	B9.5Vne
	
	
	x
	
	x
	x
	x
	x
	x
	



	mu. Lup
	5683
	135,734
	74,911
	B8Ve
	
	
	x
	
	x
	x
	x
	x
	x
	



	kap01 Aps
	5730
	137,387
	76,013
	B2Vnpe
	
	
	
	x
	
	x
	x
	
	
	



	d Lup
	5781
	138,769
	76,371
	B3V
	
	
	x
	
	
	
	
	x
	x
	



	HD 142184
	5907
	142,184
	77,859
	B2V
	
	
	
	
	
	x
	
	
	
	



	48 Lib
	5941
	142,983
	78,207
	B5IIIp    s  h  
	
	
	x
	
	x
	x
	x
	x
	
	



	7 Oph
	6118
	148,184
	80,569
	B2Vne
	
	
	x
	x
	x
	x
	x
	x
	
	



	eta01 TrA
	6172
	149,671
	81,710
	B7V
	
	
	
	
	
	x
	
	
	
	



	13 Oph
	6175
	149,757
	81,377
	O9.2IVnn
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 155806
	6397
	155,806
	84,401
	O7.5V((f))z(e)
	
	
	
	
	
	x
	x
	
	
	



	iot Ara
	6451
	157,042
	85,079
	B2(V)nne
	
	
	
	x
	x
	x
	x
	
	x
	



	alf Ara
	6510
	158,427
	85,792
	B2Vne
	
	
	x
	x
	x
	x
	x
	x
	x
	



	51 Oph
	6519
	158,643
	85,755
	A0V
	
	
	
	x
	
	x
	
	
	
	



	66 Oph
	6712
	164,284
	88,149
	B2Ve
	
	
	x
	x
	x
	x
	x
	x
	
	



	HD 167128
	6819
	167,128
	89,605
	B3II/III
	
	
	
	x
	
	x
	x
	
	
	



	lam Pav
	7074
	173,948
	92,609
	B2Ve
	
	
	x
	x
	x
	x
	x
	x
	x
	



	HD 178175
	7249
	178,175
	93,996
	B2Ve
	
	
	
	x
	
	x
	x
	
	
	



	46 Sgr
	7342
	181,615
	95,176
	B2Vp    s  h  
	
	
	
	x
	x
	x
	x
	
	
	



	39 Cap
	8260
	205,637
	106,723
	B3V
	
	
	
	x
	x
	x
	x
	x
	x
	



	12 PsA
	8386
	209,014
	108,661
	B8/9V+B8/9
	
	
	
	
	x
	
	x
	
	
	



	31 Aqr
	8402
	209,409
	108,874
	B7IVe
	
	
	
	
	x
	x
	x
	x
	x
	



	HD 209522
	8408
	209,522
	108,975
	B4IVe
	
	
	
	
	x
	
	x
	
	
	



	31 Peg
	8520
	212,076
	110,386
	B2IV-Ve
	
	
	
	
	x
	x
	x
	
	
	



	52 Aqr
	8539
	212,571
	110,672
	B1III-Ive
	
	
	
	x
	x
	x
	x
	x
	
	



	18 PsA
	8628
	214,748
	111,954
	B8Ve
	
	
	
	x
	x
	x
	x
	x
	x
	



	4 Psc
	8773
	217,891
	113,889
	B6Ve
	
	
	
	x
	x
	x
	x
	x
	x
	



	eps Tuc
	9076
	224,686
	118,322
	B8V
	
	
	
	
	
	x
	x
	x
	x
	









Appendix B. EWs Variation for the Four CBes Studied in This Work
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Figure A1. EWs variation for H γ  and H β  for each star. Plots are sorted from the latest stellar type (Bottom), to the earliest type (Top). In each plot the name and spectral type of the star is indicated in the vertical axes. Vertical grid lines are disposed every 500 Julian days. 
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Figure A2. EWs variation for HeI lines   λ λ   4387, 4471, 4921 and MgII 4481 lines for each star. 
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Notes


	
1

	

http://besos.ifa.uv.cl/, (accessed on 5 October 2022)






	
2

	

Spectra are normalized by intensity leading the continuum to 1.
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Figure 1. (Upper) Example of a digitalized plate from the Foster archive scanned with 3200 dpi. (Lower) Zoom of the previous plate where emission lines of the calibrated spectrum and the photographic grains are visible. 
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Figure 2. (Left) Signal generated by the scanner for the neutral density filter. The 2D image has been averaged in the spatial direction. The curve shows the conversion from scanner output to photographic density assuming linear behavior for the filter according to the manufacturer specifications and also verified by measurements in the Lab. (Right) Example of typical wavelength versus position solution for the 2 prism configuration. 
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Figure 3. View of a typical 1D spectrum extracted from a scanned plate. The flux normalized spectrum corresponds to the star  η  Cen (HR 5540). 
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Figure 4. Example of the method used to measure the EW in Helium/MgII lines (Left) and Balmer lines (Right). The shaded region in pink indicates the EW. 
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Figure 5. Example of the method used. (left) visual inspection to select V and R peaks on the H β  line profile in the Foster archive. (right) degraded BeSOS spectrum (solid blue line) to lower resolutions of R = 1500 (dashed red line) and R = 700 (dotted pink line). In both panels the Foster spectrum is represented by a solid black line. 
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Figure 6.  η  Cen: V/R (Top) and DPS (Middle) variation measured on the H β  emission line. Results are separated into two plots for the Foster (first column) and BeSOS (second column) periods. Spectral lines (Bottom) are over-plotted only to show variability purposes. Grid lines in the vertical axes are displayed every one year. DPS values measured in the first period can present until ∼62% of difference respect to the second period. 
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Figure 7. Same than Figure 6 but for  α  Eri. Changes in the spectral lines during the Foster period (first column) indicate a low-emission phase. In the Foster period we measured the DPS as the width of the wings. 
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Figure 8. Same than Figure 6 but for  ω  Car. The disk has been present since the ’85s. 
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Figure 9. Same than Figure 6 but for  α  Col. The star present the lowest variation range in DPS. Only values higher than 150 km/s are reliable in the first period of data. 
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Table 1. Lines present in at least one observed epoch in each star.
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	Lines

(Å)
	H  ζ  

3889
	H  ϵ  

3970
	HeI

4009
	HeI

4026
	H  δ  

4101
	HeI

4143
	H  γ  

4340
	HeI

4387
	HeI

4471
	MgII

4481
	HeI

4713
	H  β  

4861
	HeI

4921
	HeI

5015
	HeI

5047
	FeII

5316
	HeI

5876
	H  α  

6562
	HeI

6678





	Name/Sp.T
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	 η  Cen

B2Ve
	F
	F
	F
	F
	F
	F
	F/B
	F/B
	F/B
	F/B
	B
	F/B
	F/B
	F/B
	F/B
	-
	B
	B
	B



	 α  Eri

B6Vpe
	F
	F
	F
	F
	F
	F
	F/B
	F/B
	F/B
	F/B
	B
	F/B
	F/B
	B
	B
	-
	B
	B
	B



	 ω  Car

B8IIIe
	F
	F
	-
	F
	F
	-
	F/B
	B
	B
	F/B
	-
	F/B
	B
	B
	-
	B
	-
	B
	-



	 α  Col

B9Ve
	F
	F
	-
	F
	F
	-
	F/B
	F/B
	F/B
	F/B
	-
	F/B
	F/B
	B
	B
	-
	-
	B
	-







Note: F and B symbols indicate if the line is present in Foster and BeSOS spectra, respectively. For cases without a line (or difficult to distinguish), the symbol–appears. In the case of FeII lines λλ 4549, 4556, 4584, 4629, 4667 and HeI λλ 4437, 4120, there are no signatures of these lines in the spectra.
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Table 2. Summary of the measurements on the emission lines for the 4 Be Stars.
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Literature

	

	

	

	




	
Name

	
Sp.T

	
T   eff  

	
vsini

	
R    H α   

	
N   ∘  

	
N   ∘  

	
V/R

	
 DPS (H β )




	

	

	
(K)

	
(km/s)

	
(R   ☆  )

	
Foster

	
BeSOS

	

	
(km/s)






	
 η  Cen

	
B1Ve

	
21,000 a

	
240 a

	
12.5 d

	
40

	
3

	
0.95–1.05

	
450–750




	
 α  Eri

	
B6Ve

	
15,000 b

	
223 b

	
6 d

	
31

	
12

	
0.95–1.20

	
500–700




	
 ω  Car

	
B8IIIe

	
11,600 a

	
245 c

	
25 d

	
52

	
2

	
0.94–1.07

	
260–360




	
 α  Col

	
B9Ve

	
12,200 a

	
180 b

	
50 d

	
50

	
5

	
0.95–1.11

	
70–200








References: a [26], b [28], c [8] and d [31]. RHα is the disk size calculated by comparing theoretical Hα line profiles with observations. DPS(Hβ) is the double-peak separation measured on the Hβ emission line. Comments: α Eri is in a binary system and is the only target with a low-emission phase during the first period. For the other targets there is not evidence of binary systems and they are in an active phase during both periods.
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