Sigismondi, JAAVSO Volume 32, 2004

Correlation of Successive Maxima in Mira, χ Cygni, R Leonis, and R Hydrae

Costantino Sigismondi

Yale University, Department of Astronomy, P.O. Box 208101, New Haven, CT

06520-8101 and International Center for Relativistic Astrophysics (ICRA), University of Rome ^La

Sapienza~, Physics Department, Piazzale Aldo Moro 5 00185, Rome, Italy

Received April 23, 2002

Abstract AnanalysiswasdoneofthemaximaofMiraCeti,χ Cygni,RLeonis,and

R Hydrae, four Mira-type variable stars chosen from among those studied by

Argelander in 1839. A negative correlation between the luminosity of consecutive maxima was found, except for R Hya. M^{i+1} ˘ M^i vs. M^i yields a correlation index of r_2 = 0.6forMiraandχCyg,r_2 = 0.44forRLeo,andr_2 = 0.25forRHya.Dataanalyzed range from the discovery of Mira (1596) to the present time; they include AAVSO data, and there are from 90 (R Hya) to 179 (Mira Ceti) pairs of consecutive maxima.

1. Introduction

In a previous work (Sigismondi, Hoffleit, and Coccioli 2001) we presented a study on all available maxima of Mira Ceti, made in order to ascertain the probability of the occurrence of two successive bright maxima. A negative correlation between

M^{i+1} ˘ M^i vs. M^i was found for Mira, which suggests that two bright consecutive maxima cannot occur.

I have extended that two-points analysis to three other long-period variable stars, χ Cyg, R Leo, and R Hya, selected among the first ones studied by Argelander

(1839,1869),andPickering(1900),forwhichthereistemporalcoverageoftheirlight curves greater than a century (see Table 1).

Previous studies on Mira-type variable stars show correlations between the time elapsed between two maxima and their luminosity (Harrington 1965), or an analysis of the fluctuations of the period (Eddington and Plakidis 1929; Percy et al.

1999). Monographic studies on those historical variable stars are the book of

Guthnik(1901)onMiraCeti,onitsperiodhistoryEddingtonandPlakidis(1929),and

Sigismondi, Hoffleit and Coccioli (2002) on the analysis of its maxima and on its discovery; on the period of χ Cygni Eddington and Plakidis (1929) and Sterken,

BroensandKoen(1999);ontheperiodofRLeonis,Hoeppe(1985);andontheperiod of R Hydrae, Zijlstra, Bedding and Mattei (2002).

Sigismondi, JAAVSO Volume 32, 2004

2. Data set and data analysis

Here is presented the analysis M^{i+1} ˘ M^i vs. M^i made on consecutive maxima of the four long period variable stars, Mira Ceti, χ Cyg, R Leo, and R Hya. The correlation coefficient r_2 indicates a strong correlation for Mira Ceti, χ Cyg, and R

Leo, while there is almost no correlation for R Hya (Table 2, Figures 1˘ 4). The four figures show the correlation between the gap in magnitudes between consecutive maxima M^{i+1} and M^i and the magnitude of the maximum M^i for these four stars.

Table 1 gives general information on these stars, with columns 2˘3 describing the data studied, columns 4˘5 containing mean period and rising time from minimum to maximum from the General Catalogue of Variable Stars (Kholopov et al. 1998), and columns 6˘7 the distance and parallax from the Hipparcos catalogue (Perryman et al. 1997).

From the law y = ˘ax + b, where y = M^{i+1} ˘M^i and x = M^i, by definition of absolute magnitude the following equation is valid:

y = ˘ aM^{abs} + c with c = b ˘5a(log d ˘ 1) and d the distance in parsecs of the star from us.

In Table 3 I report the parameters of the linear fits to the data plotted in Figures

1˘4 calculated for absolute magnitudes of the stars.

3. Discussion and conclusions

The data are not rigorously homogeneous, since they span over four centuries and were taken by different observers. The first data of Argelander were calibrated by Pickering (1900) using the luminosities of some reference stars indicated by

Argelander. I did a similar calibration for the luminosities of Mira Ceti expressed in the Argelander´s units as used in Guthnik (1901). Thus Argelander´s sample and the data published in Guthnik (1900) for Mira have been made homogeneous with the others. The problem of the scattering of the observations recorded in the early stage of variable star science, and the reliability of a single determination of a maximum´s magnitude, remains open.

Müller and Hartwig (1920) gave a list of recorded maxima and minima, with references, ranging from the discovery to 1920. Several astronomers observed those stars, and the observations of a star are not necessarily continued for more than one cycle of variation. Very often they are observed again even after 10 years from the last observation. Since this analysis refers to pairs of consecutive maxima, in Müller and Hartwig (1920) I found data belonging to the same observer and consecutive cycles. When there are many observers, as in the case of Mira, an average was made of the reported magnitudes by all the observers for a given year. All the data have been considered for estimating the error-bar of a single data-point.

The problem of homogeneity is largely reduced after 1905 because Campbell gathered and published all the long period variable maxima/minima data obtained

Sigismondi, JAAVSO Volume 32, 2004

byHarvardandtheAAVSOfrom1905to1949(1918,1955).ThesubsequentAAVSO publication is made with the same criteria of Campbell and covers the years 1949˘

1975 (Mattei, Mayall, and Waagen 1990). For the last 27 years a similar publication does not exist, but the validated data of AAVSO are available upon request at the

AAVSO website (www.aavso.org). I have analyzed those complete light curves as well as the most recent not yet validated ones (2000˘2002) (Mattei 2002), with the same program (moving average with a five-day window) in order to have a homogenous sample of consecutive pairs in the last 27 years. Since several observers observed those stars it is fairly easy to cast out some data, which are clearly erroneous due to material errors. The method of evaluation of the maxima for the last 27 years was checked to match the data published for 1949˘1975 (Mattei,

Mayall, and Waagen 1990) by analyzing with the same method all the data of those stars available online at www.aavso.org upon request.

There is an evident correlation for three of the four stars: Mira Ceti, χ Cyg, and

R Leo, while no correlation has been detected in R Hya. Table 3 suggests also a significant difference in the properties of R Hya from those of Mira, χ Cyg, and R

Leo without having used the correlation index r. In the light curve of R Hya the maxima appear to follow a modulation with a period longer than the cycle period (see

Figure 5). In this case I expect a correlation index r ~0 because the differences M^{i+1}˘

M^i, at a given value of M^i are periodically positive and negative, filling the phasespace of (M^{i+1} ˘ M^i, M^i) in a homogeneous pattern.

The comprehension of that phenomenon requires indeed more effort in data analysis either extending to other stars, like R Cyg, as suggested by J. Mattei (2002), or, working with full light curves, performing an autocorrelation analysis, which is impossible with scattered data before 1905 and indeed challenging after 1905. For further information or discussion, the author may be reached at sigismondi@icra.it.

4. Acknowledgements

I am indebted to Dr. Dorrit Hoffleit who introduced me to the history and the literature of variable stars; and encouraged me to pursue this study with great enthusiasm. I dedicate to her this essay on the occasion of her 95th birthday, held on March 12, 2002.

Riccardo Coccioli at University of Roma ^La Sapienza~ has helped me in the organization of the data and their preliminary statistical analyses.

In this research, I have used, and acknowledge with thanks, data from the

AAVSO International Database, based on observations submitted to the AAVSO by variable star observers worldwide. This research has also made use of the VizieR catalogue access tool, CDS, Strasbourg, France.

Sigismondi, JAAVSO Volume 32, 2004

References

Argelander, F. W. A. 1839, Astron. Nach., 16, No. 377, 281.

Argelander, F. W. A. 1869, Astronomische Beobachtungen auf der Sternwarte, 7,

Adolph Marcus, Bonn, 315; 409.

Campbell, L. 1918, Ann. Harvard Coll. Obs., 79, part 1.

Campbell, L. 1955, Studies of Long Period Variable Stars, prepared by M. W.

Mayall, AAVSO , Cambridge, MA.

Guthnick,P.1901,NeueUntersuchungenueberdenveraenderlichenSternο (Mira)

Ceti, Ehrhardt Karras, Halle a. S.

Harrington, J. P. 1965, Astron. J., 70, 569.

Hoeppe, G. R. 1985, Inf. Bull.Var. Stars, No. 2830, 1.

Kholopov, P. N., et al. 1998, Combined General Catalogue of Variable Stars, http:/

/www.sai.msu.su/groups/cluster/gcvs/gcvs/.

Mattei, J. A. 2002, Observations from the AAVSO International Database, private communication.

Mattei, J. A., Mayall, M. W., and Waagen, E. O. 1990, Maxima and Minima of Long

Period Variables, 1949˘1975, AAVSO, Cambridge, MA.

Müller, G., and Hartwig, E. 1920, Geschichte und Literatur des Lichtwechsels,

Poeschel and Trepte, Leipzig.

Percy, J. R., and Bagby, D. H. 1999a, Publ. Astron. Soc. Pacific, 111, 203.

Percy, J. R., and Colivas, T. 1999b, Publ. Astron. Soc. Pacific, 111, 94.

Percy, J. R., and Au, W. W-Y. 1999c, Publ. Astron. Soc. Pacific, 111, 98.

Perryman, M. A. C., European Space Agency Space Science Department, and the

Hipparcos Science Team 1997, The Hipparcos and Tycho Catalogues, ESA SP-

1200, ESA Publications Division, Noordwiijk, The Netherlands.

Pickering, E. C. 1900, Ann. Harvard Coll. Obs., 33, 4, 29.

Sigismondi,C.,Hoffleit,D.,andCoccioli,R.2001, J.Amer.Assoc.VariableStarObs.,

30, 31.

Sterken, C., Broens, E., and Koen, C. 1999, Astron. Astrophys., 342, 167.

VizierService:http://vizier.u-strasbg.fr/viz-bin/VizieR.

Zijlstra, A. A., Bedding, T. R., and Mattei, J. A. 2002, Mon. Not. Roy. Astron. Soc.,

334,498.

Sigismondi, JAAVSO Volume 32, 2004

Table 1. General information on the data of the variable stars studied.

Star times of pairs of mean percent distance parallax data range consecutive period of rising Hipparcos [parsec] maxima (days) time

Mira(οCet) 1659˘2001 179 331.96 38% 131 ± 18 7.79[1.07] χ Cyg 1686˘2002 148 408.05 41% 108 ± 16 9.43[1.36]

RLeo 1847˘2001 124 309.95 43% 106 ± 22 9.87[2.07]

R Hya 1842˘2001 90 388.87 49% 617 ± 370 1.62[2.43]

Table 3. Correlation parameters for absolute magnitudes.

Star a c [log(absoluteluminosity)]

Mira(οCet) 1.134 ± 0.070 ˘2.45 ± 0.34 χ Cyg 1.208 ± 0.082 ˘0.11 ± 0.48

RLeo 0.940 ± 0.096 0.56 ± 0.48

R Hya 0.58 ± 0.11 ˘2.41 ± 0.34

Table 2. Correlation parameters for luminosity of successive maxima.

Star r_2

Mira(οCet) 0.60 χ Cyg 0.60

RLeo 0.44

R Hya 0.25

Figure1.CorrelationbetweenthemagnitudeofapairofconsecutivemaximaofMira

Ceti and the visual magnitude of the first maximum of the pair.

Sigismondi, JAAVSO Volume 32, 2004

Figure 3. Correlation between the magnitude of a pair of consecutive maxima of R

Leonis and the visual magnitude of the first maximum of the pair.

Figure 2. Correlation between the magnitude of a pair of consecutive maxima of Chi

Cygni and the visual magnitude of the first maximum of the pair.

Sigismondi, JAAVSO Volume 32, 2004

Figure 5. Light curve of R Hydrae 1969˘1999 from AAVSO data (dots). The continuous line is a moving average yielding a single point out of 5, for a quick idea of the pattern of the consecutive maxima.

Figure 4. Correlation between the magnitude of a pair of consecutive maxima of R

Hydrae and the visual magnitude of the first maximum of the pair.