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Abstract i1

Abstract

A STUDY OF THE BRIGHTNESS VARIATIONS

IN THE RED SUPERGIANT BC CYGNI

By Mina Rohanizadegan

The variability of the type C semi-regular (SRC) M3.5 Ia supergiant variable BC Cyg is examined
with reference to measurements of its photographic B magnitude derived from 866 archival plates
in the Harvard and Sternberg collections as well as eye estimates of its visual V magnitude made by
members of the AAVSO. BC Cyg is the brightest member of the young open cluster Berkeley 87,
so it has a well established reddening, distance, and age. A discrete Fourier analysis was performed
on the BC Cygni light curve, as well as on individual subsets of the data. The analysis was made
to study the fundamental periods of variability in this red supergiant variable. BC Cyg exhibits
interesting features in its century-long baseline of brightness variations that relate to fundamental
mode envelope pulsation as well as evolution: an 0™.5 increase in (B) over the past century in
conjunction with a steady decrease in pulsation period from ~697¢ in 1900 to 688% in 2000. Despite
the increase in (B), the star’s luminosity appears to have decreased over the past century, presumably
as a result of stellar evolutionary effects. A detailed examination of a well sampled portion of the
star’s light curve, data spanning the interval HJD 2442000 to 2449000, by means of non-linear
least squares analysis indicates that only one periodicity (686 days) exists in the observations. No

secondary peridicity can be detected, to within the constraints of observational uncertainty.

Date: August 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgements iii

Acknowledgements

I acknowledge with thanks the variable star observations from the AAVSO International Database
contributed by observers worldwide and used in this research. I also thank my supervisor, Dr. David
Turner, who read my numerous revisions and for his guidance and support. I am also grateful to
my committee members, Dr. Gary Welch, Dr. Ian Short, and Dr. John R. Percy, for reading this

thesis and making helpful suggestions for improvement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents

Contents

Abstract

Acknowledgements

Contents

List of Figures

List of Tables . . . . . . . . . . . e
1 Introduction . . . . . . . . . . . e
1.1 Type C Supergiant Semiregular Variable Stars . . . . . .. ... ... .. .. ....
1.2 Background on the programstar . . . . . . . ... ..o L0000
Data Acquisition and Preliminary Reduction . . . .. .. ... .. ... ......
2.1 Data Collection . . . . . . . . . . . e e
2.2 Amplitude Variation with Brightness in SRC variables . . . . . . .. ... ... ...
2.3 Fourier Analysis and the Fourier Transform . . . . . . ... ... .. ... ......
2.4 Power Spectrum Analysis . . . . . . .. L e
2.5 Evolution of the main periodicity . . . . . . .. . ... ... o oo
2.6 Uncertainties In Period Determinations . . . ... .. ... ... ... ... .....
2.7 Period Estimates for a Few Other SRC Variables . . . . .. ... ... .. ......
2.8 Non-linear Least Squares Fitting . . . . . . . . . ... ... ... ... ... ...
3 The Period Searches and Their Results . . . . ... ... ... .. ... .......

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents v

4 Implication of the Results . . . . . .. ... ... ... .. 0. 42
4.1 Brightness Variation . . . . . . ... . . 42
4.2 Characteristics of the Light Curve . . . . . . . . . . ... . 0 L. 48

5 Summary . . ... e 49

6 Appendix . . . . ... e e e e 51

7 Bibliography . . . . . . .. e 67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures vi

List of Figures

1.1  An image of the sky centred on BC Cyg, where Berkeley 87 is the cluster of stars
lying at the bottom of the image. North is toward the top of the image, and east is

toward the left hand side of theimage. . . . . . . . . . ... ... .o oo 5

2.1 What we observe for a black-body at a temprature of 5000K, where the spectral peak,
Xs, falls to the redward side of the peak wavelength for the filter, A,. The effective
wavelength for the filter/spectrum combination is A, redward of A,. . . . . . . . .. 8
2.2 Nearly contemporaneous data for the Harvard (y-axis) and Sternberg (x-axis) data
sets. The least squares fit shown is described by: B(Harvard) = 4.17240.672 B(Sternberg). 9
2.3 The light curve of BC Cyg in the B band from the full dataset. . . . . ... ... .. 10
2.4 The B band light curve of BC Cyg at an expanded temporal scale. . . . . .. .. .. 11
2.5 The visual light curve of BC Cyg, data courtesy of the AAVSO international database
(Henden 2006). . . . . . . . . o i 12
2.6 The light curve of the SRC variable VX Sgr in the V band, data courtesy of the
AAVSO international database (Henden 2006). . . . .. ... ... ... .. ..... 14
2.7 The light curve of the SRC variable W Tri in the V band, data courtesy of the AAVSO
international database (Henden 2006). . . . . . . . . . . . ... ... ... ... 15
2.8 The light curve of the SRC variable AH Sco in the V band, data courtesy of the
AAVSO international database (Henden 2006). . . . . .. ... ... ... ...... 16
2.9 A power spectrum showing how power varies with frequency for the complete sample

of Bbanddatafor BC Cyg. . . . . . . . . . o e 19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

vii

2.10

2.11

2.12

2.13

2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

2.22

2.23

2.24

The period of BC Cyg decreased from 700 to 688 days over the interval spanned by
the observations. A least squares fit was made to the data, which is illustrated along
with the estimated uncertainties. . . . . .. . ... oo L0000
The evolution of the average brightness of BC Cyg as derived from running 50-day
means of the original data sample. A trend line was fitted to the data by means of a
least squares analysis. . . . . . . . . L L
A sample power spectrum of the envelope around the period peak. . .. ... .. ..
The light curve of the SRC variable AD Per in the V band, data courtesy of the
AAVSO international database (Henden 2006). . . . .. ... ... ..........
The power spectrum of AD Per. . . . . . . . . ...
The light curve of the SRC variable RS Per in the V band, data courtesy of the
AAVSO international database (Henden 2006). . . . .. . ... ... .........
The power spectrum of RS Per. . . . . . . . .. ... .. o oo
The light curve of the SRC variable S Per in the V band, data courtesy of the AAVSO
international database (Henden 2006). . . . . . .. ... .. ... ... ... ...,
The power spectrumof S Per. . . . . . . . . .. .. Lo
The light curve of the SRC variable SU Per in the V band, data courtesy of the
AAVSO international database (Henden 2006). . . . . . .. ... .. ... .. ....
The power spectrum of SU Per. . . . . . . ... ... ... . ..... EIETTIT I
The light curve of the SRC variable YZ Per in the V band, data courtesy of the
AAVSO international database (Henden 2006). . . . . . .. ... .. .. ... ....
The power specttum of YZ Per. . . . . . . . . ... e
The light curve of the SRC variable Alpha Her in the V band, data courtesy of the
AAVSO international database (Henden 2006). . . . .. ... ... ... ... ....

The power spectrum of Alpha Her. . . . . . . . ... ... ... ... ...

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

28



List of Figures viil

2.25 The light curve of the SRC variable T Cet in the V band, data courtesy of the AAVSO

international database (Henden 2006). . . . . . . ... ... ... .. .. ....... 32
2.26 The power spectrum of T Cet. . . . . . . . . . . .. . . 32
2.27 The power spectrum of VX Sgr. . . . . . . . .. . oo 33
2.28 The power spectrum of W Txi. . . . . . . . . . . .. . 33
2.29 The power spectrum of AH Sco. . . . . . . . . . L 34
3.1 The selected part of the light curve of BCCyg. . . . . . .. ... .. ... .. 38
3.2 Power spectrum of the original data spanning from HJD 2442000 to 2449000. . . .. 38

3.3 Power spectrum of the original data after prewhitening with a fitted sine function of

the form: B = Aysin((2.0mhjd/P1)+®1)+m. . . . . oo 39
3.4 A plot of Fourier amplitude versus frequency of the residual data (original - P;) .. 39
3.5 Residuals in the light curve of BC Cyg after fitting the data using a single period P, 40

3.6 Light curve of BC Cyg with the main frequency fittedonit. . . . . . .. ... .. .. 41

4.1 A finding chart for Berkeley 87, as derived from the POSS E-plate of the region.
North is toward the top of the image, and east is toward the left hand side of the image. 44
4.2 The observed colours of BC Cyg as a function of the stars’s photographic magnitude
as derived from averages of AAVSO visual estimates combined with photographic
estimates of the star made within roughly ten days of each other. . . . . . . . .. .. 45
4.3 A theoretical H-R diagram showing evolutionary tracks for stars of 9My, 15M, and
20M¢ and Z = 0.02 (Schaller et al. 1992), and the estimated parameters for BC Cyg
over its pulsation cycle around 1900 (filled circles) and 2000 (open diamonds). . . . . 46
4.4 A period-luminosity relation for SRC variables in Per OB1 (filled circles) and BC Cyg
(star) constructed from BV data for the stars. Shown for comparison is a theoretical

pulsation model for Galactic red supergiants with Z = 0.02 (solid line) from Guo and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

ix
*
List of Tables
2.1 A summary of the data for the frequency with the highest power and period peak,
the corresponding power and sigma, number of data points used in the fit, (HJD),
and the duration of each interval in the sample. . . . . . .. . ... ... ... .. .. 24
2.2 A summary of the peak period for the above SRC variables. . . . . . ... ... ... 34
6.1 Estimated values for BC Cyg at its faintest and brightest . . . . ... ... ... .. 52
6.2 Blue band data from the collection of the Sternberg Observatory . . .. . ... ... 53
6.3 Blue estimates from Harvard College Observatory plus converted blue band data from
Sternberg Observatory. . . . . . . . . . L 55
6.4 Visual observations from the AAVSO . . . . . . . . . . ... 62
6.5 Photographic visual estimates collected by the author at Harvard Observatory 66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Type C Supergiant Semiregular Variable Stars

Red supergiants are the largest stars known, with dimensions that can exceed the orbit of the
planet Mars in our solar system. They are also very luminous, although with an upper limit near
Mol ~ —9.5 (Humphreys 1987) they are still less luminous than hot blue hypergiants found in
many spiral galaxies. Even with that restriction, they can still radiate almost a million times more
light than the Sun.

Cool M-type supergiants are fairly rare massive stars that display the physical properties of
highly evolved objects with progenitor masses of less than about 20Mg according to stellar evolu-
tionary models by Meynet et al. (1993), in which mass loss was considered without any assumption
about rotation. The upper luminosity limit for such stars is restricted by radiation pressure to the
Eddington limit and explains the fact that more massive stars cannot evolve into the red supergiant
region, but remain as hotter stars until their eventual explosion as Type II supernovae (Chevalier
1981). The upper limit to red supergiant masses and luminosities is a recognizable feature in the
H-R diagrams for luminous stars in other galaxies (Humphreys 1987).

Photometric monitoring, the regular collection of light in various pass bands, of M supergiants
over the past century demonstrates that their light output tends to be fairly periodic, yet with
distinct non-periodic trends with time. Most are described as semi-regular, which, according to
Hoffmeister et al. (1985), means that their periodic trends change with time so that maxima and
minima cannot always be determined, even if regular periodic cycles are later re-established. The

average quasi-period of a supergiant can be anywhere from a few hundred to several hundred days
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Chapter 1. Introduction 2

in duration, depending upon the physical parameters of its atmosphere (mainly the mean density,
temperature gradients, etc.). The periodicity is usually ascribed to vertical displacements of patches
on the stellar surface or to the motion of the complete stellar surface, which astrophysicists describe
as envelope pulsation. The rather irregular behavior of red supergiants indicates that their surface
motions may behave in a rather incoherent fashion. In some cases the Fourier analysis of temporal
groupings of data can reveal the existence of smaller amplitude periodicities in the light curve data.
They may be the result of large-scale motions in the extended atmospheres, the rotation of starspots
across the visible hemisphere, or starspot cycles, but one must always be careful to establish that
they are not simply aliases of other cycles occurring in the data.

Sharpless et al. (1966) found that most M supergiants are located in or near OB associations,
primarily in the Galactic plane. Because of their high luminosity, they can be observed to very
great distances, particularly in the infrared where the effects of interstellar extinction are reduced.
Since supergiants are stars of extreme Population I, they are very important for studying Galactic
structure.

The long period variables that include M supergiants as members fall into distinct groups, both
from an observational and evolutionary view point. Mira variables are red giant variables that
pulsate with large amplitude, and have masses of only a few times the Sun’s mass. Closely related
to Miras are the semi-regular variables of types A and B, SRA and SRB, that are also red giants but
which display smaller amplitude variations. They too have masses close to that of the Sun. Type C
semi-regular variables, SRC, constitute a separate category of stars that include only red supergiant
variables of spectral type M or their chemically peculiar equivalents. All are massive stars (< 20M¢,)
burning heliumn or carbon in or around a non-degenerate core. Members of the class typically have
more irregular light curves than Miras, and have a wider range of light amplitudes.

The type C semi-regular variables, SRC, constitute a small group of 55 stars in the General
Catalogue of Variable Stars (GCVS; Kholopov et al. 1985) that, in contrast to the SRA and SRB

variables, include some of the most massive and exotic stars in the Milky Way. A prime example is
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Chapter 1. Introduction 3

Betelguese (a Orionis, spectral type M1-2 la-Iab), whose light variations have been followed since the
early 1800s. The origin of variability in such stars is not fully understood, although, as mentioned
above, pulsation and the rotation of bright or dark spots across the visible hemisphere are believed
to play an important role. The brightness variations in some of the stars display abrupt changes in
their mean values, which may be tied to evolution near the red supergiant tip.

Because SRC variables have very long cycles, long time spans of data are necessary to reveal their
pulsation characteristics. In fact, considerable amounts of observing time are necessary to establish
accurately the length of a given star’s pulsational cycle. Unfortunately, insufficient data or data that
include large temporal gaps can yield misleading results for the derived period.

This study presents and analyzes extensive photometric data for a specific Type C semi-regular
variable, BC Cygni, as a possible prototype of the class. Long period variables (LPVs) have generated
interest as possible distance indicators. According to Pierce et al. (2000) and Jurcevic et al. (2000),
long period variables, and SRCs in particular, are much more common than Cepheids in spiral
galaxies, are more luminous than Cepheids, and also obey a period-luminosity relation of their own
that makes them inherently valuable distance indicators. They are therefore potentially valuable
standard candles for the distance scale to nearby galaxies. The problem is that red supergiants tend
to be relatively little studied and less well understood than their yellow supergiant kin.

One of the great discoveries in modern astronomy was made by Henrietta Leavitt in 1912, who
found that the apparent magnitude of Cepheids in the Small Magellanic Cloud decreased with in-
creasing period, a feature now recognized as the period-luminosity, or P-L relation. Long period
variable stars (LPVs) also exhibit a period-luminosity relation that can be used to determine dis-
tances to stellar systems containing significant LPV populations (Feast 1984, Wood and Bessell
1985). Distance moduli obtained from the LPV period-luminosity relation are independent of other
methods that have previously been used to determine distances to external galaxies. For instance,
Pierce et al. (2000) have established a P-L relation for Galactic SRCs from studies of M supergiants

in Per OB1, and used the results to establish distances to M33 and M101 from R and [ pass band
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Chapter 1. Introduction 4

photometry of LPVs in the galaxies (Jurcevic et al. 2000). Glass (1979) found that SRC variables
in the Large and Small Magellanic Clouds also follow a PL relation, which was confirmed using data
for additional LMC SRC variables by Feast et al. (1980).

Stothers (1969b) used stellar evolutionary models with convective envelopes in adiabatic equi-
librium, including radiation pressure, to confirm pulsation as the likely origin of variability in M
supergiants, at the same time noting the existence of a period-luminosity relation for cluster and as-
sociation members. A different treatment by Li and Gong (1994) that includes both non-adiabatic ef-
fects and the coupling between convection and pulsation also provides a theoretical period-luminosity
relation for M supergiant variables. Such a tool can be used to reveal stellar properties when com-
pared with existing observational counterparts, and can provide valuable information about stellar

interiors through pulsation theory.

1.2 Background on the program star

BC Cygni is a cool, red supergiant that displays semiregular variability. It is listed in the
General Catalogue of Variable Stars (GCVS; Kholopov et al. 1985) as a SRC variable with a
spectral classification of M3.5 Ia, displaying moderate amplitude variablity. More importantly, it
is located near the edge of the young cluster Berkeley 87 (= Dolidze 7 = C2019+372, £ = 75°.71,
b = +0°.31), lying in a heavily-obscured region of Cygnus (Turner and Forbes 1982), and is almost
certainly a cluster member. Because of the likely cluster membership of BC Cyg, its age (~ 107
years) and original mass (~ 20Mg) are known reasonably well.

BC Cyg is one of the more luminous M supergiants, given that it is of luminosity class la, so is
more likely to turn into a Type II supernova sooner than many other, less luminous, and hence less
massive, members of the class. A major obstacle to a full understanding of the physical mechanism(s)
responsible for the light variations in such stars is often the lack of temporal data on their brightness

changes, which tend to be repeatable, or nearly repeatable, over time scales of several hundreds to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1. Introduction 5

R *
-
. .
] 1
.
.
-
_"BCCyg
g
. R
.. -
* RN '
E '
A .
’0.’ .
. . .
v .- .

Figure 1.1: An image of the sky centred on BC Cyg, where Berkeley 87 is the cluster of stars lying
at the bottom of the image. North is toward the top of the image, and east is toward
the left hand side of the image.

thousands of days or more. To that end we have managed to collect a fairly extensive database
of brightness variations in BC Cyg that provides some clues on what may be responsible for its
variability. Figure 1.1 shows the region of sky that contains BC Cyg. The image is from the STScl

Digital Sky Survey, and measures 30 arcmin by 30 arcmin.
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Chapter 2

Data Acquisition and Preliminary
Reduction

2.1 Data Collection

An extensive set of brightness data for BC Cyg was constructed from eye estimates of its pho-
tographic (B) magnitude, relative to a reference sequence of stars in Berkeley 87 observed pho-
toelectrically, obtained from plates in the collection of the Sternberg Astronomical Institute by
Elena N. Pastukhova and Leonid N. Berdnikov during Fall 2004, as well as from patrol series plates
in the Harvard College Observatory Photographic Plate Collection obtained by David G. Turner
during Summer 2002, Fall 2004, and Spring 2005. The vast majority of observations in the data set
come from plates in the Harvard collection.

The astronomical collection at the Harvard College Observatory consists of more than a half
million photographic plates taken between the mid 1880s and 1995 (with a gap between 1953-68).
The majority are direct blue plates taken with a variety of refractors, and have focal scales ranging
from 60 to 600 arcsec/mm. Magnitude estimates for BC Cyg were made by comparing its image
size and darkness to similar images of nearby reference stars surrounding it, by the usual method
of visual step interpolation and comparison employed for centuries by variable star observers. The
brightness of BC Cyg on all plates is a few magnitudes above the plate limits, in a region of the
characteristic curve for the emulsions which is most sensitive to small changes in brightness. The
magnitude estimates for BC Cyg are therefore generally accurate to about 0.1, and probably not
larger than +0.2. In some cases, such as for plates in the high resolution series rather than the

patrol series, the estimated uncertainties seem likely to be smaller than £0.1.
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Chapter 2. Data Acquisition and Preliminary Reduction 7

The blue magnitude estimates for BC Cyg range from 12.0 to 13.4, as illustrated in Figures 2.3
and 2.4, and the interval of the observations spans just over a century, from Julian dates 2413452
to 2450284. The AAVSO international database visual estimates for BC Cyg range from 8.4 to 11.4
and spread over a time span from JD 2433264 to JD 2448458. The data used in making estimates
for B and V are summarized in Tables 6.2, 6.3, and 6.4 of the Appendix.

More recent additions to the Harvard collection include photographic visual (V) plates in the
Damon series. Most are contemporaneous with B plates in the same series. Magnitude estimates
were made from the plates by the author, and are presented in Table 6.5 of the Appendix, but the
values were found to be brighter than eye estimates made by AAVSO observers. It appears that the
telescope/filter /emulsion combination for the Harvard V plates overestimates the brightness of red
stars, so the data listed in Table 6.5 proved to be unsuitable for inclusion in the study. In order to
obtain the V magnitude estimates, a number of reference stars around BC Cyg were identified, their
magnitudes being obtained from sources in the VizieR data bases, Hipparcos measurements mainly.
The next step was to estimate BC Cyg’s magnitude on individual plates by comparing the size and
intensity of the image to the nearby reference sequence. The magnifier used for that purpose was
of low power, roughly 5 tol0 power, and typical uncertainties were estimated to be about +0.1 to
+0.2, as above. All of the plates in the Damon series are of excellent quality and resolution, much
more so than patrol series plates in the Harvard collection.

Note that Table 6.2 of the Appendix contains the combined Harvard and Sternberg Observa-
tory data sets. With regard to the Sternberg data, a transformation was necessary to account for
the different emulsion/filter systems employed at the Sternberg Observatory relative to those used
at Harvard sites. When we observe a star through a particular filter, the signal we measure is a
convolution of the pass band with the stellar spectrum, as in Figure 2.1. If a cool star is observed
photometrically, the spectral energy distribution for the star has a peak ()s) that falls to the red-
ward side of the peak wavelength for the filter, A,. What is measured is the convolved flux, which

has a maximum near )., redward of the peak wavelength sensitivity for the filter. A different tele-
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An unperturbed filter observes a cool star
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Figure 2.1: What we observe for a black-body at a temprature of 5000K, where the spectral peak,
As, falls to the redward side of the peak wavelength for the filter, A\;. The effective
wavelength for the filter /spectrum combination is A, redward of Ap.

scope/filter /emulsion combination will sample a different portion of the spectral energy distribution
for the star, and can result in a different total brightness for the star in the same filter band for ob-
servations made on the same date. There appear to be slight differences between the sensitivities of
the filter /telescope/ B emulsion combinations used at Sternberg and Harvard Observatories, as seen
in Figure 2.2, which plots Harvard B magnitudes as a function of Sternberg B magnitudes for nearly
couteniporaieous observations from the two sites. It was therefore necessary to correct observations
from Sternberg and Harvard to the same scale. That was done using the relationship obtained from
a least squares fit to the data of Figure 2.2, which should adjust values for B(Sternberg) to their

equivalent values in the B(Harvard) system.
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Figure 2.2: Nearly contemporaneous data for the Harvard (y-axis) and Sternberg (x-axis) data sets.
The least squares fit shown is described by: B(Harvard) = 4.172 + 0.672 B(Sternberg).
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Figure 2.3: The light curve of BC Cyg in the B band from the full data set.

Figure 2.3 shows the resulting B band data for BC Cyg from a combination of Harvard and
Sternberg plate estimates, while Figure 2.4 illustrates the same data on an expanded temporal scale
to illustrate the main periodicity of the star. Figure 2.5 shows similar V data for the star, as obtained
from the international database of the Amnerican Association of Variable Star Observers (AAVSO)

(Henden 2006).
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Figure 2.4: The B band light curve of BC Cyg at an expanded temporal scale.
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Figure 2.5: The visual light curve of BC Cyg, data courtesy of the AAVSO international database
(Henden 2006).
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2.2 Amplitude Variation with Brightness in SRC variables

Amplitude modulation in pulsating variables is mainly associated with RR Lyrae variables, with
d Scuti stars that have very complex light variations (e.g., Breger 1993; Mantegazza et al. 1996),
and with some Mira and semi-regular variables (Barthes and Mattei 1997; Mattei 1993; Mattei et al.
1997; Mattei and Foster 2000). The underlying physical cause is unknown, although several possible
mechanisms are suspected, such as rotation of star spots across the visible hemisphere, magnetic
activity cycles comparable to the sunspot cycle, or duplicity effects arising from companions (Kiss
et al. 1999). The characteristic time scales for amplitude modulation in such stars are around 4000
days, close to the typical theoretically calculated rate of rotation for red giant stars, as estimated
from rotational velocities by Schrijver and Pols (1993) and Kiss et al. (1999).

Figures 2.6, 2.7, and 2.8 demonstrate typical examples of light curves for three SRC variables
that display temporal variations in light amplitude. Both amplitude variations and slow changes in
mean light level are seen, in addition to regular cyclical variations. The luminous SRC variable VX
Ser, of spectral type M4 Iae according to Monnier et al. (1998), displays all three features most

noticeably.
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Figure 2.6: The light curve of the SRC variable VX Sgr in the V band, data courtesy of the AAVSO

international database (Henden 2006).
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Figure 2.7: The light curve of the SRC variable W Tri in the V band, data courtesy of the AAVSO
international database (Henden 2006).
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Figure 2.8: The light curve of the SRC variable AH Sco in the V band, data courtesy of the AAVSO
international database (Henden 2006).
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2.3 Fourier Analysis and the Fourier Transform

Fourier analysis is the technique of using a finite number of sine and cosine functions of different
periods, amplitudes, and phases to represent a given set of numerical data or an analytic function.
In so doing one can estimate the period (or periods) of variability by determining which functions
are statistically significant. The amplitudes (and phases) of the components are determined with a
Fourier transform.

If we are presented with a set of time-varying data, given by z(t), then the Fourier transform,

F(v), of the data set is given by the integral

Fv) = /00 z(t)exp(—i2nvt)dt, (2.1)

— o0

where v is the frequency, defined as v = 1/P (where P is the cyclical period of variability), ¢ is the
square root of —1, and the sine and cosine functions are represented by the complex exponential

function given by Euler’s formula:

exp(—i2mvt) = cos (—27vt) + ¢ sin (—2mwt). (2.2)

2.4 Power Spectrum Analysis

A power spectrum is the distribution of power values as a function of the trial frequency, where
“power” is considered to be Power(v) = |F(v)|? = F*(v)F(v), so total power = ffooo |F(v)|2dv
(Press et al. 1992).

An estimate of the power spectrum of a time series can be obtained by means of a discrete Fourier
transform. Suppose that the function c(¢) is sampled at N points to produce values cg...cn—1, and
that the points span a range of time T, that is T = (N — 1)A, where A is the sampling interval.

Now, if we take an N-point sample of the function c(t) at equal intervals and use the FFT (Fast
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Fourier Transform) to compute its discrete Fourier transform, then

N-1
k=Y ;e N £ =0,1.,(N-1), (2.3)
j=0

and the power estimate of the power spectrum is defined at %N + 1 frequencies as

P(0) = P(w) = #ICOIQ, (2.4)
Pr) = sogllesl? +lew—#l%), k= 1,2.., (N/2 = 1), 25)
P(ve) = P(uny2) = ﬁlz“lcN/2|2~ (2.6)

Note that the FFT is the same as the discrete Fourier transform, with the difference that a discrete
length of N is rewritten as the sum of two discrete lengths, each of length N/2. One of the two is
formed from the even-numbered points of the original N, the other from the odd-numbered points.

The software TS (time series, Foster 1996) is a Fourier-searching, FORTRAN based, time-series
statistical program designed to analyze variable star data, and is available on-line from the AAVSO
website. The software has been used in this thesis to obtain power spectra for BC Cyg. As an
example, Figure 2.9 is a power spectrum for the complete sample of data for BC Cyg.

Because of the manner in which astronomical observations are obtained, most data samples
contain certain alias signals corresponding to cycle lengths of one or more days, or of one or more
years. They are produced by the uncertainty that arises in the number of cycles elapsed during times
when the object is not observed. For data sets with such an aliasing effect, one can usually ignore
peaks that do not have significant power relative to the highest peak. However, for data containing
multiple, closely-spaced periodicities, the interaction of two or more alias envelopes in conjunction

with the harmonic phenomenon discussed below can be difficult to sort out.
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Figure 2.9: A power spectrum showing how power varies with frequency for the complete sample of
B band data for BC Cyg.

2.5 Evolution of the main periodicity

In Figure 2.9 a frequency of 0.001445 cycle per day produces the largest observable power in the
data set. That frequency is equivalent to a period of 692 days, and is considered to correspond to
the main periodicity of BC Cyg.

The complete data set was binned into ten selected time spans to test whether the main period
evolves over time. The reason that the data were binned into selected time intervals was to avoid
uncertainties arising from the limitations of unevenly spaced data. The next section describes how
the uncertainties in the periods were estimated. The averaged Julian date for each selected portion
of the data, as well as the peak period with its power and associated uncertainty as described below,
are given in Table 2.1. Figure 2.10 demonstrates how the period of BC Cyg decreased from 700 to
688 days over the interval spanned by the observations.

A noticeable feature of the time-averaged < B > estimates for BC Cyg is that the star’s brightness
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Figure 2.10: The period of BC Cyg decreased from 700 to 688 days over the interval spanned by the
observations. A least squares fit was made to the data, which is illustrated along with
the estimated uncertainties.

appears to evolve with time, as indicated by the data of Figure 2.11, where we show the entire data
set averaged by running means over 50-day intervals. Such a systematic temporal change might be
tied to the star’s main cyclical variations, which is why it was considered essential to test for such

an effect.
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Figure 2.11: The evolution of the average brightness of BC Cyg as derived from running 50-day
means of the original data sample. A trend line was fitted to the data by means of a

least

squares analysis.
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2.6 Uncertainties In Period Determinations

As noted by Fernie (1989), the problem of finding the actual points of inflection (maxima, minima)
in variable star light curves, along with their associated uncertainties, from noisy data, received an
elegant solution by Kwee and van Woerden (1956, hereafter KvW), based upon work originating with
Hertzsprung (1928). The technique involves fitting a parabolic curve to the calculated uncertainties
as a function of the dependent variable, and using the parameters of the fitted parabola to estimate
the likely dispersion in the dependent variable. We have used the same method here to fit a parabola
to the time series data near the peak period derived from the power spectrum analysis in order to
estimate the uncertainties in the periods derived from restricted temporal sequences isolated from
the full light curve data set.

KvW show that a parabola that fits the power spectrum peak can be described by the equation

Y =aX?4bX +¢, (2.7)

where Y represents power (P), and X is time or frequency. For the co-efficients a, b, and ¢ of the
fitted parabola, the uncertainty in the period is given by the standard error of the mean dispersion

in time values, o, where

o2 = (dac — b?)/4d*(Z - 1), (2.8)

where Z = N, the number of data points. Note that the appropriate data to use in the equation are

the power values P as a function of time rather than frequency.

Actual power spectra can exhibit fluctuations near maximum caused by incompleteness of the
data or by aliasing effects. To exclude alias signals, the time ranges around the period peak were
chosen in a manner to isolate the main peaks in the power spectra, as in Figure 2.12. If there was fine
structure in the period peak, only those (power, time) pairs that delineated the envelope of the peak
were used. That provided a more accurate fitting procedure. In the IDL programming environment,

the function POLY-FIT performs the necessary task. It was used to perform a non-linear fit to
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Figure 2.12: A sample power spectrum of the envelope around the period peak.

the narrow region about the highest peak in the total power spectrum calculated as a function of
estimated period. A second-order, least squares, non-linear, fitting routine was used to match the
main power spectrum peak with a parabola to determine its co-efficients, and a script was written in
IDL to perform the fitting routine. The same procedure was repeated for each of the ten sub-samples
selected from the entire data set. Table 2.1 is a summary of the data for the frequency, along with
the highest power and period peak in each selection of light curve data obtained by using the TS
software, along with the corresponding power and estimated uncertainty or sigma, the number of
data points involved in the run, the mean Heliocentric Julian Date (HJD), and the time span for

each interval used to obtain the sample.
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Table 2.1: A summary of the data for the frequency with the highest power and period peak, the
corresponding power and sigma, number of data points used in the fit, (HID), and the
duration of each interval in the sample.

Frequency Period (days) Power o(days) N (HJID)  Time span (HJD)
0.0014332 697.71 4.31 4+3.19 123 2416706 2411584-2421840
0.0014297 699.43 30.59 +1.23 264 2421620 2411584-2427641
0.0014341 697.29 46.34 +1.05 337 2423288 2411584-2430258
0.0014428 693.07 49.72 +3.83 211 2427072 2423637-2430092
0.0014447 692.18 58.27 +1.41 434 2429979 2423637-2438466
0.0014443 692.36 87.75 +0.45 866 2433694 2423637-2450284
0.0014458 691.65 88.59 +0.32 742 2436533 2411584-2450284
0.0014429 693.04 69.60 +0.62 605 2438946 2428021-2450284
0.0014506 689.33 64.34 +0.80 407 2443024 2432030-2450284
0.0014512 689.06 58.30 +£2.52 296 2446047 2441899-2450284
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2.7 Period Estimates for a Few Other SRC Variables

Shown here are light curves and power spectra for a few other SRC variables, AD Per, RS Per,
S Per, SU Per and YZ Per, Alpha Her, T Cet, as well as power spectra for the SRC variables AH
Sco, VX Sgr and W Tri mentioned in section 2.2. Table 2.2 is a summary of the results for the main
period estimates. The last line of the table lists the periods given in the GCVS. Note that the larger
time spans of observation in the AAVSO database generate quite different periods of variability for
these SRC variables than the values given in the GCVS, which were invariably based upon data
obtained over much shorter time spans. Clearly it is advantageous for the study of such stars to

have very long time spans of observation available.
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Figure 2.13: The light curve of the SRC variable AD Per in the V band, data courtesy of the AAVSO
international database (Henden 2006).

AD Per

—T T T T T T T T T

35 T T T T T T
Power
30

25

LANLENLENL SN L R B B BRI B

20

15

10

l]llll]llllllllllllllIlIIlllllIll

0.002 0.004 0.006 0.008 0.010
Frequency(cycles/day)

Figure 2.14: The power spectrum of AD Per.
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Figure 2.15: The light curve of the SRC variable RS Per in the V band, data courtesy of the AAVSO
international database (Henden 2006).
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Figure 2.16: The power spectrum of RS Per.
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Figure 2.17: The light curve of the SRC variable S Per in the V band, data courtesy of the AAVSO
international database (Henden 2006).
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Figure 2.18: The power spectrum of S Per.
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Figure 2.19: The light curve of the SRC variable SU Per in the V band, data courtesy of the AAVSO
international database (Henden 2006).

SU Per
L T T I T T T | T T T

— T —T— T
Power |

60 H —

40H .

0.002 0.004 0.006 0.008 0.010
Frequency (cycles/day)

Figure 2.20: The power spectrum of SU Per.
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Figure 2.21: The light curve of the SRC variable YZ Per in the V band, data courtesy of the AAVSO
international database (Henden 2006).
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Figure 2.22: The power spectrum of YZ Per.
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Figure 2.23: The light curve of the SRC variable Alpha Her in the V band, data courtesy of the
AAVSO international database (Henden 2006).
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Figure 2.24: The power spectrum of Alpha Her.
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Figure 2.25: The light curve of the SRC variable T Cet in the V band, data courtesy of the AAVSO
international database (Henden 2006).
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Figure 2.26: The power spectrum of T Cet.



Chapter 2. Data Acquisition and Preliminary Reduction

33

VX Sgr

1000

Power

800 —

600 -

400 |-

200}

-

T

T T T T T T T T T T T T T T T T

b Y AM—‘MM:.\A‘J_./V\..I_.. l

0.002 0.004 0.006 0.008 0.010
Frequency (cycles/day)

Figure 2.27: The power spectrum of VX Sgr.
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Figure 2.28: The power spectrum of W Tri.
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Figure 2.29: The power spectrum of AH Sco.

Table 2.2: A summary of the peak period for the above SRC variables.

Star  Period (days) o{days) GCVS P (days)

AD Per 371 0.1 362.5
RS Per 362 0.1 244.5
S Per 807 0.2 822
SU Per 469 0.4 533
YZ Per 384 0.4 378
o Her 116 0.4 ?
T Cet 288 0.5 158.9
VX Sgr 757 0.2 732
W Tri 592 0.1 108
AH Sco 769 0.9 713.6
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2.8 Non-linear Least Squares Fitting

A non-linear least squares fit was used to determine other parameters associated with BC Cyg
after Fourier analysis was used to provide reliable estimates for the main periodicity. The quantities
half-amplitude 4, phase ¢, and an average magnitude scaling factor (zero point) 7, are needed to

completely describe a sine function corresponding to each frequency v:
y(i) = A sin(27vz(i) + ¢) + m, (2.9)

where (i) is the time of sampling each data point, and ¢ = 1,...N data points. The fit was made
using the routine LM-FIT, a library program in IDL. LM-FIT requires that the user make reasonably
accurate (to within a few percent) initial guesses for the frequency, phase, average magnitude, and
amplitude. The fit was performed multiple times, each time selecting the initial parameters at
random from a range of expected values from which the best fitting sine function was established.
In order to increase the probability of finding the lowest possible x? value for the converged fit, the
number of iterations was adopted to be 3000 for each initial guess of a fitted sine function.

For a given set of data points, the frequency with the highest power was chosen from a plotted
power spectrum. The routine LM-FIT was then used to perform a non-linear, single-sine, least
squares fit to the data, using the dominant frequency and guesses for A, ¢, and M. The best (lowest
x?%) converged fit was then subtracted from the data, that is, the data were “prewhitened”. A
new power spectrum was then created for the prewhitened data to see if any secondary period was
apparent in the absence of the dominant period. If any further periodicities were present, their
functional dependence was individually fitted to the data using a single-sine function with LM-
FIT. The procedure was repeated until no further periodicity of reliable amplitude or power was

detectable.
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Chapter 3

The Period Searches and Their
Results

As was shown in Figures 2.9, the original power spectrum of BC Cyg contains a number of peaks
with lower power relative to the highest peak, which created the motivation for searching for any
other possible periodicities. To search for other periods, part of the light curve with the most evenly
sampled data points, spanning from HJD 2442000 to 2449000 (Figure 3.1), was chosen in order to get
a converged solution using LM-FIT. Because the rest of the dataset was not well enough sampled,
no converged solution could be found using LM-FIT.

The first step in the reduction was to use the non-linear least squares routine LM-FIT to de-
termine accurate parameters for the primary frequency. A power-spectrum plotted by TS for the
selected part of the dataset was used to obtain the range of initial guesses for the amplitude (A4;) and
period (P;). The initial range of values for m, the mean magnitude of the data, could be estimated
reasonably by examination of the light curve. As ¢ was completely unknown, it was allowed to be
chosen at random between 0 and 2.

After 3000 iterations, the program converged on the following best-fitting parameters with the

given standard deviations (sigma):
Ay = 0.57£0.12, P, = 686+23.47, &; = 3.17£5.2, and n = 12.6210.02

with a reduced x? value of 0.1.

Figures 3.2 and 3.3 show power-spectra resulting from the originally selected dataset before and
after prewhitening by the above estimated parameters for the primary periodicity. After the main
periodicity has been removed from the BC Cyg data, we do not expect to see any peaks of importance
in comparison to the original power spectrum, which turns out to be the case. None of the remaining
peaks is significant relative to the measuring uncertainties of £0™.1 to +0™.2 in the eye estimates
of B, as shown in Figure 3.4. Figure 3.5 also shows the residual light curve after removal of a sine
wave with the above estimated parameters. Figure 3.6 shows the fitted sine function using the main

frequency on the original light curve.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3. The Period Searches and Their Results 37

The remaining scatter about the best-fitting sine wave can be readily accounted for by uncer-
tainties in the original observations as well as by possible variations in light amplitude from one
cycle to the next, a common feature of most semi-regular variables. BC Cyg is no different from

other stars of its class in that regard.
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Figure 3.1: The selected part of the light curve of BC Cyg.
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Figure 3.2: Power spectrum of the original data spanning from HJD 2442000 to 2449000.
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Figure 3.3: Power spectrum of the original data after prewhitening with a fitted sine function of the
form: B = A;sin((2.0mhjd/Py) + ®1) + 7.
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Figure 3.4: A plot of Fourier amplitude versus frequency of the residual data (original - P;)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3. The Period Searches and Their Results 40

BC Cyg

_2 —l TTT T T TTT l TTTTTETTT TIT T 1T TTrrr I TTITTTTTET l TI1 T T TTTTd I rrrrrvrrrT I TTTTETTT l-‘

B - i

oL R T A i

S ) S,

1H -

2 —I F I T LLL 1.1ttt 1] I N T T T I I | | I | S T T T S l 101 61 1111 I 111t 11 I_Ll-l

2442 2443 2444 2445 2446 2447 2448 2449

HJD/1000

Figure 3.5: Residuals in the light curve of BC Cyg after fitting the data using a single period P
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Figure 3.6: Light curve of BC Cyg with the main frequency fitted on it.
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Chapter 4

Implication of the Results

4.1 Brightness Variation

The observed 700-day brightness variations in BC Cyg must be attributed to radial pulsation.
That was demonstrated by Stothers (1969b) 37 years ago using adiabatic models. We performed
a simple test of those original results using software from R. G. Deupree (private communication)
that generated simple non-adiabatic models for given input parameters of mass, radius, and surface
temperature, and then performed a pulsation test with the resulting model. For the parameters
of BC Cyg derived below, the test generated pulsation periods that were similar in magnitude to
the observed 700-day periodicity of BC Cyg. More detailed models by Li and Gong (1994) produce
comparable results.

Because BC Cyg is a member of a well studied open cluster, Berkeley 87, its reddening and
distance can be obtained directly from other cluster stars. According to Table II in Turner and
Forbes (1982), space reddenings of E(g_y(B0) = 1.554, 1.553, and 1.545, colour excesses adjusted
to equivalent values for B0 stars observed through the same amount of interstellar extinction, are
estimated for stars numbered 53, 58, and 85, which are close enough to BC Cyg (star 78) to be
considered as reference stars for its reddening (Figure 4.1). The average value, E(p_v)(B0) = 1.551
+ 0.003, is a good estimate for the space reddening of BC Cyg. Figure 4.1 is the finding chart for
Berkeley 87, the large circle representing the outer cluster boundary determined from star counts
(diameter = 16 arc min), and the cross depicting the location of the cluster center (Turner and
Forbes 1982).

Blue magnitudes in the Johnson system are affected by the colour of a star, so colour excess is
highly dependent on the temperature of a star (e.g., Fernie 1963). A reddening of E(g_v) (B0) =
1.55 corresponds to E(g_yy = 1.32 for a star with the colour of a M3.5 Ia supergiant. Since such
stars have (B — V)o = 1.75 (Lee 1970), an observed value of (B — V')qs = 3.07 is expected for BC

Cyg, given its spectral type of M3.5 Ia.
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Turner and Forbes (1982) obtained a distance modulus of V5 — My = 9.88 and a distance of
d = 946 + 26pc to Berkeley 87. But ZAMS (zero-age main sequence) stars in the cluster CMD
(colour-magnitude diagram) appear to be more consistent with a slightly larger distance, up to
Vo — My = 10.25, or a distance of d = 1120 pec.

My and My, for BC Cyg depend upon the average value (zero point) for its V magnitude. The
extremes are given in Table 6.1 in the Appendix. Bolometric corrections are very uncertain for M
supergiants, which have very low temperatures by astrophysical standards. Although there are a
few sources of bolometric corrections for cool stars, the specific bolometric correction applying to
an individual star is very sensitive to its inferred temperature. Given existing uncertainties in the

effective temperatures of cool M supergiants, the BC scale for such stars remains very uncertain

(e.g., Johnson 1963; Flower 1977).
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Figure 4.1: A finding chart for Berkeley 87, as derived from the POSS E-plate of the region. North
is toward the top of the image, and east is toward the left hand side of the image.
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Figure 4.2: The observed colours of BC Cyg as a function of the stars’s photographic magnitude as
derived from averages of AAVSO visual estimates combined with photographic estimates
of the star made within roughly ten days of each other.

From AAVSO eye estimates of the visual magnitude of BC Cyg in combination with its photo-
graphic (B) magnitude estimated from survey plates, it is possible to track changes in the colour
of the star as it brightens and fades, as illustrated in Figure 4.2. The input data for Figure 4.2
actually consist of 66 data points selected from observations closely coincident in time, while the
plotted points represent running averages of the data closely adjacent in B magnitude. The data
appear to define a trend line when averaged in such fashion. It appears that the star gets redder
(cooler, larger (B) — (V)) as it gets fainter, bluer (hotter, smaller (B) — (V')) as it brightens.

The original data exhibit sizable scatter and, in some cases, systematic errors presumably tied
to the colour sensitivities of some AAVSO observers. Although the colour differences between
maximum brightness and minimum brightness for BC Cyg are relatively small, amounting to (~
0.15 in (B) — (V), they correspond to very large differences in bolometric correction, BC, of > 2™
(Lee 1970). Thus, while the photographic magnitude of BC Cyg increased by ~ 0.5 magnitude
over the past century, the star’s bolometric luminosity apparently decreased by about the same

amount over that interval, if the observed (B) — (V) colour decrease is accurate. If the associated
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Figure 4.3: A theoretical H-R diagram showing evolutionary tracks for stars of 9Mg, 15Mg, and
20Mg and Z = 0.02 (Schaller et al. 1992}, and the estimated parameters for BC Cyg
over its pulsation cycle around 1900 (filled circles) and 2000 (open diamonds).

colour changes and assigned bolometric corrections are correct, the star is most luminous when it
is faintest visually and photographically. Such features require more investigation and independent
confirmation.

It is instructive to show the corresponding position of BC Cyg in an H-R diagram. For that
purpose, it is necessary to estimate its luminosity and effective temperature. The conversion of B and
V magnitudes and colours into Tog and log(L/Lg) depends directly on the effective temperatures and
bolometric corrections adopted for M supergiants. The present calculations rely upon the parameters
tabulated by Lee (1970), and may not be ideal. But an alternate source of such parameters for cool
stars is not readily available.

In the H-R diagram of Figure 4.3, solid curves represent theoretical stellar evolutionary tracks
for stars with original masses of 9My, 15M¢, and 20Mg and Z = 0.02 (Schaller et al. 1992). The
parameters for BC Cygni in 1900 at light maximum, light minimum, and mean light are shown by
filled circles, those for 2000 by open diamonds.

It seems that BC Cygni has evolved downwards along the red supergiant branch towards lower
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Figure 4.4: A period-luminosity relation for SRC variables in Per OB1 (filled circles) and BC Cyg
(star) constructed from BV data for the stars. Shown for comparison is a theoretical
pulsation model for Galactic red supergiants with Z = 0.02 (solid line) from Guo and Li
(2002).

—

luminosities over the past century, as confirmed by its slightly decreasing pulsation period (Figure
2.10) which must be related to a smaller mean radius. In order to construct the H-R diagram of
Figure 4.3, Z = 0.02 was chosen as the metallicity since most nearby Galactic variables of population
I have heavy element abundances that are roughly solar (Guo and Li 2002).

It is certainly important to determine if the brightness change is intrinsic to the star, specifically,
whether it is interior to the photosphere (for example, it might alternately be explained by the
dispersal of an optically thin gas cloud around the star). The brightness change could also arise
from some modification of the effective temperature that does not affect the radius, and that would
not greatly affect the period. Existing stellar evolutionary models cannot replicate the observed
changes in the star’s parameters very well, according to the results of Figure 4.3. However, the time
steps of the evolutionary models plotted in Figure 4.3 are in some cases less than half a century
during the red supergiant stages, so stellar evolutionary changes in BC Cyg over the time interval
studied here (a full century) are not unexpected.

The regular periodic nature of the star’s brightness variations is clearly tied to pulsation, as
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evident from the fact that BC Cyg, as well as SRC variables in Per OB1, follow a period-luminosity
relation similar to that of Cepheids (Turner 2006). Figure 4.4 shows the calculated P-L data for
cluster M supergiant SRC variables (AD Per, RS Per, S Per, SU Per, YZ Per) in Per OB1 and
Berkeley 87 (BC Cyg), for which both their My, and light curves were available. My, estimates
for Per OB1 supergiants are adopted from data in Table 1 of Stothers (1969a), and periodicities for
the stars were calculated using TS software with their visual light curves obtained from the AAVSO
web site (Henden 2006). Also shown are predictions for the P-L relation deduced from theoretical
models which were constructed using a linear non-adiabatic pulsation analysis (Table 9) of Guo and

Li (2002) for red supergiants with Z = 0.02.

4.2 Characteristics of the Light Curve

A single period, ~ 686 days, was detected in BC Cyg over a restricted time interval using
non-linear least squares fitting with a reduced x2 value of 0.1. The given reduced x? is less than
the expected value of unity for a perfect fit, which might arise from the unevenly spaced temporal
sampling of the data. It is also possible that the star exhibits amplitude changes from cycle to cycle,
a common feature of the late-type semi-regular variables.

Existing information on SRC variables is naturally incomplete because of the limited availability
of observational data for them, and detection of periodicities is always accompanied by some un-
certainties. Certainly an extensive analysis of the light curves of some of the other SRC variables
listed in Chapter 2 displaying amplitude modulation might provide a clue regarding the source of
the phenomenon, with results perhaps leading to a better understanding of the nature of brightness

variations in such stars.
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Chapter 5

Summary

The light curve of the M3.5 Ia supergiant BC Cygni, an important SRC variable, was examined
in detail, particularly because its membership in the cluster Berkeley 87 provides basic information
about its reddening, luminosity, mass, and evolutionary stage, parameters that are not always readily
available for other members of the class. The recent collection of a century-long baseline of data on its
brightness variations provides a wealth of material for analyzing the nature of the star’s variability.
As described here, an extensive period analysis was performed on the light curve of BC Cygni,
and the evolution of the main periodicity was followed along with an estimate of its uncertainty
calculated for 10 selected portions of the complete dataset. The period of BC Cyg decreased from
697 to 686 days over the interval spanned by the observations, while the time-averaged < B >
brightness of BC Cyg appears to have increased with time.

A single period of ~ 686 days was found using non-linear least squares fitting with a smaller
subset of the B data. A detailed study of the data for this data subset reveals no evidence for a second
periodicity in the observations. The primary regular light variations in BC Cyg must therefore be
tied to pulsation, although the long-term trend has another origin. The present study of BC Cygni
is relatively unique, given that it is based upon data with a time coverage of over a century. That
is a long enough interval that stellar evolutionary changes may be detected. Stellar evolutionary
models for stars of roughly 20 Mg, the likely mass of BC Cyg, exhibit noticeable changes on time
scales as short as 35 years.

Estimates of pulsation periods were also derived for a few other SRC variables using data from
the AAVSO database and power spectra generated by the TS software. The derived periods range
from 116 to 822 days. The value of collected archival observations of brightness for members of the
SRC class is demonstrated by the differences between the newly-derived pulsation periods for the
variables with values cited in the GCVS. In some cases the original period estimates in the GCVS
based upon data with limited temporal baselines are in error by as much as a factor of six. There

have not been many period studies for SRC variables up until now owing to the lack of data with
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lengthy temporal baselines. That illustrates the importance of such studies, given that pulsation
period is a fundamental parameter for large and cool stars. Given the ease of detecting M supergiants
over large Galactic and extragalactic distances, studies of the light variations in such stars continue
to be of relatively high importance.

An optical calibration is presented for the period-luminosity relation of SRC variables, tied to M
supergiants in the region of Per OBI1 as well as BC Cyg in Berkeley 87. The results are compared
with existing theoretical pulsation models for massive M supergiants based upon linear non-adiabatic
pulsation analysis for stars pulsating in the fundamental mode. The theoretical P-L relation proves
to be in very good agreement with the observational data for the calibrating M supergiants, and
proves its usefulness for finding extragalactic distances. Since such stars are ultimately the source
of Type II supernovae, detailed studies of their current behavior may prove useful as the stars come

close to the ends of their evolutionary lifetimes.
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Chapter 6

Appendix

Tables of Data for BC Cyg

Table 6.1 contains estimated values of B, V, B-V, (B— V) and My for BC Cyg at its faintest
and brightest.

Table 6.2 is the blue band magnitudes from the collection of the Sternberg Observatory.

Table 6.3 is the blue band magnitudes from the collection of astronomical plates at the Harvard
College Observatory plus converted blue band magnitudes from the collection of the Sternberg
Observatory.

Table 6.4 summarizes the visual magnitudes from the AAVSO.

Table 6.5 contains photographic visual magnitudes collected by the author at Harvard Observa-

tory.
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Table 6.1: Estimated values for BC Cyg at its faintest and brightest

B B-V AV MV (B — V)o BC Mpol
13.04 3.105 9.935 -4.97 1.785 -2.97 -7.94
12.54 3.062 9.488 -5.45 1.730 -1.92  -7.47
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Table 6.2: Blue band data from the collection of the Sternberg Observatory

HID

B

HID

B

HID

B

2413452.3590
2413479.2820
2413836.4420
2413840.4160
2413842.4030
2414422.3950
2414431.3960
2414582.2730
2414602.1670
2414928.2690
2415310.2450
2416734.3080
2417825.2960
2417850.2540
2417854.3210
2418240.2150
2424684.2100
2428654.4730
2429159.3090
2429161.2850
2429162.2650
2429167.2890
2429168.3130
2429170.2430
2429395.4490
2429485.4010
2429488.3680
2429491.3800
2429496.4110
2429496.4370
2429497.3830
2430585.3510
2430585.3740
2430587.3340
2430587.3580
2430592.2800
2430592.3160
2434239.3100
2434328.3440
2434330.1860
2434331.1890
2434333.1770
2434477.5110
2434480.4630
2434623.2620
2434678.2370
2434683.2270
2434869.4480
2434978.3650
2434980.3930
24349K0.4K90
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13.20
13.30
12.70
12.40
12.52
12.74
13.50
12.72
12.85
13.20
13.60
12.60
13.50
13.12
13.15
12.50
12.95
11.96
11.95
12.00
11.95
12.00
12.05
12.05
13.05
13.20
13.30
13.32
13.30
13.10
13.50
12.65
12.85
12.70
12.70
12.73
12.70
13.18
13.15
13.35
13.70
13.50
13.40
13.80
13.00
12.60
13.40
13.10
13.30
12.85
13.65

2435012.3610
2435041.2070
2435041.2320
2435334.4200
2435335.3310
2435336.4670
2435337.3300
2435341.4550
2435347.3910
2435347.4170
2435361.3290
2435362.3110
2435362.3380
2435363.3220
2435365.2940
2435366.3260
2435367.3530
2435369.2970
2435369.3220
2435395.2380
2435401.3910
2435723.3650
2436084.3880
2436100.3090
2436128.3170
2436134.3080
2436805.3240
2438299.3200
2438466.5300
2443806.2480
2443806.2770
2443806.3000
2447680.5050
2447681.4830
2447681.4930
2447683.3350
2447683.3590
2447683.3860
2447683.4140
2447683.4390
2447683.4660
2447683.4940
2447704.3310
2447705.3160
2447706.3240
2447707.3180
2447707.3450
2447710.4890
2447711.3140
2447716.4970
2447717.4500

13.20
13.50
13.30
13.40
13.10
12.90
12.72
13.05
12.68
12.75
12.70
12.70
12.73
12.80
12.80
13.10
12.85
12.93
12.92
13.20
12.90
12.85
12.76
12.80
12.80
13.00
13.12
13.50
13.40
12.20
12.80
12.05
13.05
12.75
12.72
12.60
12.75
12.70
12.76
12.76
12.76
12.72
12.75
12.72
12.60
12.36
12.50
12.35
12.50
12.52
12.22

2447733.3460
2447734.3600
2447735.4510
2447736.4880
2447737.3700
2447737.3990
2447740.5080
2447745.4990
2447746.5250
2447747.4750
2447748.3380
2447749.4300
2447766.3920
2447768.3910
2447773.3460
2447774.3350
2447776.3800
2447777.3840
2447778.4280
2447779.3950
2447789.2250
2447791.2620
2447792.3240
2447793.3090
2447797.3020
2447798.3780
2447802.2860
2447803.3230
2447805.2720
2447807.3490
2447808.3720
2447821.2610
2447821.2960
2447821.3340
2447825.3240
2447829.2550
2447835.2050
2448119.4510
2448122.4240
2448124.4290
2448128.3830
2448132.4470
2448153.3600
2448453.4790
2448475.4380
2448484.4180
2448814.3610
2448864.3440
2448886.3460
2448899.3420
2448916.2350

12.00
12.05
12.20
12.08
11.88
12.18
12.00
12.32
12.32
12.05
12.00
12.45
12.05
11.95
12.00
11.92
11.92
11.92
11.92
11.89
11.65
11.90
11.83
11.87
12.08
11.97
11.97
11.94
11.88
11.92
11.98
11.85
11.92
11.87
11.92
11.85
12.03
12.90
13.04
13.00
12.88
12.80
12.90
12.29
12.34
12.20
13.00
13.35
13.42
13.40
13.42
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HJD

2449570.4340
2449573.4460
2449601.3690
2449629.2530
2449892.4580
2449903.4900
2449931.4260
2449934.4260
2450014.2350
2450284.4370

13.40
13.35
13.32
13.32
12.34
12.37
12.72
12.80
12.80
13.10
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Table 6.3: Blue estimates from Harvard College Observatory plus converted blue band data from
Sternberg Observatory.

HID B HID B HJD B

2411584.7000 13.20 2416412.5330 12.80 2420384.5776 13.50
2412352.6050 12.80 2416420.5353 13.00 2420385.5880 13.40
2412359.5726 12.70 2416444.4724 12.90 2420390.6228 13.20
2412378.5977 12.60 2416461.4667 12.50 2420395.5634 12.90
2412679.7060 12.50 2416552.8968 12.70 2420460.4549 13.40
2412790.4290 13.60 2416556.8900 12.40 2420601.7732 13.40
2412993.8099 13.00 2416603.8333 12.40 2420833.5294 13.20
2413078.5827 12.80 2416617.7916 13.00 2421051.7732 13.20
2413155.4637 13.10 2416664.7415 13.00 2421105.7106 13.20
2413300.8556 12.60 2416680.8706 12.90 2421106.6116 13.20
2413385.7265 13.20 2416692.7041 12.90 2421128.5954 13.20
2413441.6041 13.00 2416693.7245 13.20 2421436.7035 13.00
2413450.7120 13.10 2416719.6275 12.70 2421519.4922 13.20
2413452.3590 13.05 2416733.0767 12.80 2421840.6054 13.00
2413479.2820 13.12 2416734.3080 12.65 2423637.4074 12.80
2413789.5471 12.50 2416754.5693 12.80 2423649.3133 12.70
2413836.4420 12.72 2416761.5867 12.80 2423649.3836 12.80
2413840.4160 12.52 2416771.5811 12.70 2423696.2417 13.00
2413842.4030 12.60 2416793.5420 12.60 2423723.2254 12.80
2413864.5645 12.60 2416794.5338 12.80 2423738.5152 12.80
2414189.6522 12.70 2416800.5235 12.80 2423899.8355 13.00
2414422.3950 12.74 2416817.4689 12.70 2423986.6740 13.20
2414431.3960 13.26 2416821.4657 12.70 2424000.6887 13.10
2414564.5576 12.30 2416966.7876 12.80 2424256.8535 12.40
2414582.2730 12.73 2416967.8376 12.90 2424288.8020 12.70
2414602.1670 12.82 2417053.7074 13.10 2424307.7751 12.70
2414643.4521 13.00 2417126.5564 12.80 2424334.7775 12.60
2414798.7889 12.80 2417145.4658 12.90 2424335.7737 12.40
2414799.7839 13.20 2417405.8368 13.00 2424362.5846 13.00
2414831.7736 12.80 2417523.5703 13.20 2424364.6271 12.70
2414928.2690 13.05 2417529.5658 12.50 2424380.6337 12.70
2415210.7257 12.40 2417564.4789 13.00 2424391.5426 12.40
2415310.2450 13.32 2417739.7528 12.70 2424420.5776 12.50
2415313.6238 13.30 2417825.2960 13.26 2424441.5152 12.50
2415634.5845 12.70 2417850.2540 13.00 2424476.4697 12.80
2415666.5625 13.80 2417854.3210 13.02 2424670.7657 13.20
2415693.4450 13.20 2418095.6838 13.20 2424684.2100 12.89
2415710.4769 13.80 2418119.6196 12.80 2424697.7801 13.20
2415928.7938 12.90 2418218.5950 12.80 2424709.7180 13.50
2415941.7720 13.00 2418227.6254 13.10 2424770.5954 13.10
2416030.5822 13.00 2418240.2150 12.58 2424808.5510 12.80
2416033.5505 13.20 2418290.4495 12.80 2424812.5385 13.10
2416033.6187 12.80 2418617.5285 12.70 2424831.4611 12.90
2416055.5405 12.80 2418637.4928 12.70 2424973.8570 12.80
2416061.5111 13.10 2418641.4456 12.70 2424994.8489 13.00
2416259.8273 12.70 2418925.5977 12.10 2425039.7867 12.70
2416386.5554 13.10 2418937.6887 12.90 2425066.7344 12.90
2416387.6063 12.90 2419263.6776 12.70 2425096.6156 12.80
2416394.5605 13.20 2419269.7357 13.00 2425098.6449 13.00

2416394.5955 12.90 2419292.5843 12.80 2425128.5592 12.90
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HJD

B

HID

B

HID

B

2425204.4752
2425354.8554
2425374.7692
2425410.7134
2425443.7097
2425522.6025
2425535.5223
2425557.4811
2425602.4703
2425729.8129
2425745.8045
2425764.8094
2425775.7282
2425790.7736
2425792.7389
2425795.7768
2425796.7701
2425800.7460
2425801.7798
2425805.7824
2425807.8287
2425809.6120
2425822.7469
2425823.7151
2425824.7337
2425825.7288
2425825.7842
2425830.7171
2425831.6813
2425831.7447
2425840.6031
2425870.6614
2425874.5544
2425878.5895
2425879.6292
2425889.5956
2425893.5498
2425895.5437
2425910.4860
2425921.4767
2425925.4681
2425937.4834
2426095.7911
2426172.6465
2426183.7024
2426187.6223
2426188.6530
2426190.6879
2426191.7073
2426205.6596
2426207.7059
2426209.6844
2426300.4679
2426307.4913
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12.90
13.00
13.10
13.00
13.10
13.30
12.90
12.90
12.70
12.90
12.40
12.80
12.50
12.80
12.60
12.70
12.60
12.40
12.70
12.50
12.40
12.40
12.70
12.70
12.70
12.60
12.20
12.20
12.50
12.40
12.40
12.80
12.90
12.70
12.80
12.50
12.70
12.70
13.20
12.80
13.00
13.10
13.60
13.00
13.00
12.90
13.00
13.10
13.00
13.00
13.30
13.20
12.90
12.90

2426547.7312
2426549.7117
2426592.6437
2426593.6375
2426595.6292
2426603.6035
2426609.5881
2426615.5825
2426653.5194
2426838.8274
2426901.5984
2426917.6554
2426957.5631
2426979.5874
2426984.5412
2427002.5556
2427215.7333
2427327.5528
2427329.5302
2427335.5536
2427346.5368
2427366.4751
2427378.5257
2427392.5226
2427397.4611
2427397.5225
2427600.7704
2427602.7478
2427641.6831
2427657.6901
2427658.6517
2427664.6501
2427668.6494
2427670.6608
2427681.6731
2427713.5036
2427744.5317
2427764.4798
2427953.7807
2427977.7835
2427984.6462
2428021.6671
2428033.7316
2428066.5409
2428092.5078
2428347.6221
2428356.7254
2428381.6653
2428399.6425
2428643.8454
2428654.4730
2428669.8044
2428722.7159
2428722.7975

12.70
12.90
12.90
13.10
12.80
12.80
13.10
12.80
12.90
13.20
13.40
13.40
13.00
12.80
12.40
13.00
12.70
13.20
13.00
13.00
13.10
13.20
13.10
13.20
13.00
13.30
13.10
13.00
13.00
12.80
12.90
13.00
12.80
12.80
13.20
13.00
12.90
12.90
12.90
12.80
12.40
13.20
13.00
13.00
13.10
12.70
12.70
12.80
12.80
12.40
12.22
12.90
12.90
12.80

2428749.6842
2428786.5856
2428814.5486
2428832.5123
2428873.4729
2429015.8321
2429071.8021
2429079.7825
2429082.7212
2429084.7385
2429086.7380
2429105.6580
2429159.3090
2429161.2850
2429162.2650
2429165.5365
2429167.2890
2429168.3130
2429170.2430
2429170.5361
2429179.4932
2429213.4931
2429223.4975
2429384.8266
2429395.4490
2429433.7355
2429455.7097
2429457.7433
2429483.7103
2429485.4010
2429488.3680
2429491.3800
2429491.5909
2429496.4110
2429496.4370
2429497.3830
2429509.5715
2429511.5547
2429514.5878
2429518.5286
2429522.5220
2429523.5619
2429551.4895
2429801.8096
2429804.7954
2429808.7815
2429816.7210
2429817.7577
2429821.7439
2429845.6381
2429845.6909
2429850.6659
2429869.5736
2429876.5958

12.90
12.80
13.00
12.90
12.90
12.80
12.60
12.60
12.50
12.60
12.20
12.50
12.21
12.25
12.21
12.20
12.25
12.28
12.28
12.30
12.40
12.30
12.60
12.60
12.95
12.80
13.10
12.80
13.00
13.056
13.12
13.13
13.10
13.12
12.99
13.26
13.00
13.20
13.20
13.30
13.40
13.30
13.20
13.00
12.70
12.70
12.80
12.60
12.70
12.70
12.80
12.80
12.90
12.80
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HID

B

HJD

B

HJD

B

2429903.5249
2429908.5200
2429910.5157
2429921.4842
2429926.4731
2430092.8475
2430186.7364
2430258.5311
2430526.7558
2430531.7727
2430548.7599
2430554.7251
2430585.3510
2430585.3740
2430587.3340
2430587.3580
2430592.2800
2430592.3160
2430604.5736
2430616.5503
2430643.5594
2430996.5463
2431028.4936
2431227.7720
2431230.7914
2431230.8075
2431231.7802
2431236.7646
2431268.6833
2431281.6332
2431281.7488
2431285.7084
2431293.6996
2431303.5886
2431303.6094
2431303.6302
2431303.6447
2431303.6586
2431303.6703
2431308.5681
2431311.5884
2431311.6708
2431311.7435
2431312.6106
2431312.7499
2431318.5654
2431318.6211
2431318.7787
2431321.5919
2431321.6446
2431321.6670
2431322.5960
2431323.5762
2431323.6572
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12.80
12.80
12.80
12.80
12.80
12.80
13.00
13.20
12.90
12.80
12.40
12.90
12.68
12.82
12.72
12.72
12.74
12.72
12.80
13.00
12.80
13.20
12.90
12.80
12.80
12.80
12.90
12.90
12.90
12.80
12.80
12.80
13.10
12.80
12.80
13.00
13.00
13.00
12.90
13.00
13.10
13.10
13.00
13.00
13.00
12.90
12.90
13.00
13.10
13.10
12.80
13.00
12.90
12.90

2431329.6362
2431341.5279
2431341.5979
2431342.6721
2431343.6265
2431344.5338
2431349.6389
2431350.6286
2431356.5988
2431356.6459
2431357.5733
2431357.6197
2431357.6640
2431359.5548
2431367.5185
2431375.4909
2431375.5346
2431375.5830
2431375.6287
2431378.5204
2431378.5703
2431379.5143
2431380.5380
2431382.5320
2431383.7153
2431386.4979
2431398.5223
2431399.4909
2431638.7877
2431640.5870
2431640.7145
2431643.5891
2431643.7131
2431644.5850
2431647.6806
2431647.7997
2431648.5871
2431649.5754
2431667.5574
2431671.5742
2431672.6352
2431672.7086
2431673.5674
2431673.7121
2431677.6588
2431678.5636
2431683.5521
2431683.5951
2431683.6744
2431684.5529
2431684.5896
2431685.5565
2431686.6805
2431686.6909

12.90
13.00
12.80
12.90
12.80
12.80
12.80
12.80
12.80
12.90
12.80
12.80
12.90
12.90
12.80
12.90
12.90
12.70
12.70
12.90
12.80
12.80
12.80
12.70
12.70
12.70
12.70
12.70
13.00
13.00
13.10
13.20
13.20
13.00
13.20
13.00
12.90
13.00
13.00
13.00
13.00
13.00
12.90
13.00
12.80
13.10
12.90
12.90
12.90
12.90
12.80
12.80
12.90
12.90

2431701.5675
2431701.5708
2431701.7019
2431702.5434
2431707.5452
2431707.5599
2431707.6395
2431709.5579
2431711.5969
2431711.6385
2431712.5866
2431712.5887
2431729.5421
2431731.5825
2431756.5247
2431757.65027
2431759.4967
2431811.4664
2431813.4632
2432030.6680
2432064.6923
2432084.5442
2432168.4852
2432170.4888
2432353.7725
2432365.7740
2432391.7676
2432468.6502
2432728.6976
2432729.6300
2432731.6536
2432733.6817
2432734.7782
2432735.7714
2432736.6146
2432737.6831
2432740.6700
2432741.6105
2432742.6659
2432743.7158
2425410.7134
2425443.7097
2425522.6025
2425535.5223
2425557.4811
2425602.4703
2425729.8129
2425745.8045
2425764.8094
2425775.7282
2425790.7736
2425792.7389
2425795.7768
2425796.7701

13.00
12.80
12.90
12.80
12.90
12.90
12.80
12.90
12.90
12.90
12.80
12.90
12.70
12.70
12.70
12.80
12.80
12.80
12.80
12.40
12.20
12.30
12.40
12.50
13.10
12.80
12.90
12.80
12.30
12.20
12.50
12.30
12.60
12.40
12.30
12.20
12.70
12.40
12.30
12.80
13.00
13.10
13.30
12.90
12.90
12.70
12.90
12.40
12.80
12.50
12.80
12.60
12.70
12.60

. Further reproduction prohibited without permission.



Chapter 6. Appendix

58

HJD

B

HJD

B

HJD

B

2425801.7798
2425805.7824
2425807.8287
2425809.6120
2425822.7469
2425823.7151
2425824.7337
2425825.7288
2425825.7842
2425830.7171
2425831.6813
2425831.7447
2425840.6031
2425870.6614
2425874.5544
2425878.5895
2425879.6292
2425889.5956
2425893.5498
2425895.5437
2425910.4860
2425921.4767
2425925.4681
2425937.4834
2426095.7911
2426172.6465
2426183.7024
2426187.6223
2426188.6530
2426190.6879
2426191.7073
2426205.6596
2426207.7059
2426209.6844
2426300.4679
2426307.4913
2426471.7974
2426547.7312
2426549.7117
2426592.6437
2426593.6375
2426595.6292
2426603.6035
2426609.5881
2426615.5825
2426653.5194
2426838.8274
2426901.5984
2426917.6554
2426957.5631
2426979.5874
2426984.5412
2427002.5556
2427215.7333
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12.70
12.50
12.40
12.40
12.70
12.70
12.70
12.60
12.20
12.20
12.50
12.40
12.40
12.80
12.90
12.70
12.80
12.50
12.70
12.70
13.20
12.80
13.00
13.10
13.60
13.00
13.00
12.90
13.00
13.10
13.00
13.00
13.30
13.20
12.90
12.90
12.50
12.70
12.90
12.90
13.10
12.80
12.80
13.10
12.80
12.90
13.20
13.40
13.40
13.00
12.80
12.40
13.00
12.70

2427329.5302
2427335.5536
2427346.5368
2427366.4751
2427378.52587
2427392.5226
2427397.4611
2427397.5225
2427600.7704
2427602.7478
2427641.6831
2427657.6901
2427658.6517
2427664.6501
2427668.6494
2427670.6608
2427681.6731
2427713.5036
2427744.5317
2427764.4798
2427953.7807
2427977.7835
2427984.6462
2428021.6671
2428033.7316
2428066.5409
2428092.5078
2428347.6221
2428356.7254
2428381.6653
2428399.6425
2428643.8454
2428654.4730
2428669.8044
2428722.7159
2428722.7975
2428724.7240
2428749.6842
2428786.5856
2428814.5486
2428832.5123
2428873.4729
2429015.8321
2429071.8021
2429079.7825
2429082.7212
2429084.7385
2429086.7380
2429105.6580
2429159.3090
2429161.2830
2429162.2650
2429165.5365
2429167.2890

13.00
13.00
13.10
13.20
13.10
13.20
13.00
13.30
13.10
13.00
13.00
12.80
12.90
13.00
12.80
12.80
13.20
13.00
12.90
12.90
12.90
12.80
12.40
13.20
13.00
13.00
13.10
12.70
12.70
12.80
12.80
12.40
12.22
12.90
12.90
12.80
12.90
12.90
12.80
13.00
12.90
12.90
12.80
12.60
12.60
12.50
12.60
12.20
12.50
12.21
12.25
12.21
12.20
12.25

2429170.2430
2429170.5361
2429179.4932
2429213.4931
2429223.4975
2429384.8266
2429395.4490
2429433.7355
2429455.7097
2429457.7433
2429483.7103
2429485.4010
2429488.3680
2429491.3800
2429491.5909
2429496.4110
2429496.4370
2429497.3830
2429509.5715
2429511.5547
2429514.5878
2429518.5286
2429522.5220
2429523.5619
2429551.4895
2429801.8096
2429804.7954
2429808.7815
2429816.7210
2429817.7577
2429821.7439
2429845.6381
2429845.6909
2429850.6659
2429869.5736
2429876.5958
2429883.5830
2429903.5249
2429908.5200
2429910.5157
2429921.4842
2429926.4731
2430092.8475
2430186.7364
2430258.5311
2430526.7558
2430531.7727
2430548.7599
2430554.7251
2430585.3510
2430585.3740
2430587.3340
2430587.3580
2430592.2800

12.28
12.30
12.40
12.30
12.60
12.60
12.95
12.80
13.10
12.80
13.00
13.05
13.12
13.13
13.10
13.12
12.99
13.26
13.00
13.20
13.20
13.30
13.40
13.30
13.20
13.00
12.70
12.70
12.80
12.60
12.70
12.70
12.80
12.80
12.90
12.80
12.80
12.80
12.80
12.80
12.80
12.80
12.80
13.00
13.20
12.90
12.80
12.40
12.90
12.68
12.82
12.72
12.72
12.74
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HID

B

HID

B

HIJD

B

2430604.5736
2430616.5503
2430643.5594
2430996.5463
2431028.4936
2431227.7720
2431230.7914
2431230.8075
2431231.7802
2431236.7646
2431268.6833
2431281.6332
2431281.7488
2431285.7084
2431293.6996
2431303.5886
2431303.6094
2431303.6302
2431303.6447
2431303.6586
2431303.6703
2431308.5681
2431311.5884
2431311.6708
2431311.7435
2431312.6106
2431312.7499
2431318.5654
2431318.6211
2431318.7787
2431321.5919
2431321.6446
2431321.6670
2431322.5960
2431323.5762
2431323.6572
2431329.5614
2431329.6362
2431341.5279
2431341.5979
2431342.6721
2431343.6265
2431344.5338
2431349.6389
2431350.6286
2431356.5988
2431356.6459
2431357.5733
2431357.6197
2431357.6640
2431359.5548
2431367.5185
2431375.4909
2431375.5346
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12.80
13.00
12.80
13.20
12.90
12.80
12.80
12.80
12.90
12.90
12.90
12.80
12.80
12.80
13.10
12.80
12.80
13.00
13.00
13.00
12.90
13.00
13.10
13.10
13.00
13.00
13.00
12.90
12.90
13.00
13.10
13.10
12.80
13.00
12.90
12.90
12.90
12.90
13.00
12.80
12.90
12.80
12.80
12.80
12.80
12.80
12.90
12.80
12.80
12.90
12.90
12.80
12.90
12.90

2431375.6287
2431378.5204
2431378.5703
2431379.5143
2431380.5380
2431382.5320
2431383.7153
2431386.4979
2431398.5223
2431399.4909
2431638.7877
2431640.5870
2431640.7145
2431643.5891
2431643.7131
2431644.5850
2431647.6806
2431647.7997
2431648.5871
2431649.5754
2431667.5574
2431671.5742
2431672.6352
2431672.7086
2431673.5674
2431673.7121
2431677.6588
2431678.5636
2431683.5521
2431683.5951
2431683.6744
2431684.5529
2431684.5896
2431685.5565
2431686.6805
2431686.6909
2431687.6972
2431701.5675
2431701.5708
2431701.7019
2431702.5434
2431707.5452
2431707.5599
2431707.6395
2431709.5579
2431711.5969
2431711.6385
2431712.5866
2431712.5887
2431729.5421
2431731.5825
2431756.5247
2431757.5027
2432747.7626

12.70
12.90
12.80
12.80
12.80
12.70
12.70
12.70
12.70
12.70
13.00
13.00
13.10
13.20
13.20
13.00
13.20
13.00
12.90
13.00
13.00
13.00
13.00
13.00
12.90
13.00
12.80
13.10
12.90
12.90
12.90
12.90
12.80
12.80
12.90
12.90
12.80
13.00
12.80
12.90
12.80
12.90
12.90
12.80
12.90
12.90
12.90
12.80
12.90
12.70
12.70
12.70
12.80
12.70

2432803.5427
2432827.5324
2432828.5936
2433090.7446
2433155.5769
2433203.5246
2433210.5069
2433210.5736
2433236.4990
2433448.7539
2433458.7780
2433470.7439
2433471.6642
2433805.7777
2433835.7657
2433840.7349
2433861.6748
2433864.7248
2433882.6114
2433882.6415
2433932.5134
2434183.7380
2434207.7206
2434239.3100
2434263.5849
2434264.5420
2434328.3440
2434330.1860
2434331.1890
2434333.1770
2434477.5110
2434480.4630
2434623.2620
2434678.2370
2434683.2270
2434869.4480
2434978.3650
2434980.3930
2434980.4590
2434982.3650
2434982.4160
2435006.3740
2435011.3400
2435012.3610
2435041.2070
2435041.2320
2435334.4200
2435335.3310
2435336.4670
2435337.3300
2435341.4550
2435347.3910
2435347.4170
2435361.3290

12.60
12.60
12.60
12.90
12.80
12.70
12.30
12.30
12.40
12.20
12.50
12.50
12.20
13.10
13.10
13.20
13.10
13.20
13.00
13.10
12.70
12.80
12.90
13.04
13.00
12.80
13.02
13.15
13.39
13.26
13.19
13.46
12.92
12.65
13.19
12.99
13.12
12.82
13.36
13.12
13.12
13.13
13.29
13.05
13.26
13.12
13.19
12.99
12.85
12.73
12.95
12.70
12.75
12.72
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HID

B

HJD

B

HIJD

B

2435362.3380
2435363.3220
2435365.2940
2435366.3260
2435367.3530
2435369.2970
2435369.3220
2435395.2380
2435401.3910
2435723.3650
2436084.3880
2436100.3090
2436128.3170
2436134.3080
2436805.3240
2437849.7113
2437851.7214
2437873.6500
2437873.6600
2438200.6910
2438202.6125
2438299.3200
2438466.5300
2440067.6850
2440395.7687
2440417.7079
2440418.7190
2440448.6302
2440452.6193
2440774.7376
2440775.7348
2440824.5975
2441181.6199
2441899.7050
2441900.6930
2441915.7050
2441943.5460
2441957.6130
2441971.5090
2441983.5000
2442211.7380
2442217.7980
2442219.7950
2442220.7940
2442248.7590
2442272.6600
2442303.5380
2442328.5910
2442362.4720
2442386.4560
2442397.4560
2442541.7700
2442543.8160
2442544.7830
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12.74
12.78
12.78
12.99
12.82
12.87
12.87
13.05
12.85
12.82
12.76
12.78
12.78
12.92
13.00
12.80
12.50
12.90
12.80
12.40
12.30
13.26
13.19
12.40
12.60
12.60
12.80
12.80
12.90
12.10
12.20
12.20
12.80
13.10
13.10
13.20
13.20
13.10
13.30
13.20
12.20
12.20
12.10
12.10
12.10
12.20
13.00
12.60
12.20
12.20
12.60
12.90
12.70
12.90

2442611.7830
2442634.6790
2442655.8360
2442659.6050
2442666.7720
2442694.5170
2442710.5190
2442714.4870
2442934.7850
2442952.7220
2442965.7060
2442982.6790
2442992.7640
2443010.6400
2443020.6520
2443041.6500
2443050.6610
2443063.5140
2443096.4610
2443135.4660
2443289.7910
2443307.7730
2443317.7800
2443334.7910
2443347.7010
2443366.6630
2443376.7250
2443395.6180
2443421.5780
2443449.5380
2443489.4680
2443659.7940
2443690.7200
2443716.6860
2443753.6590
2443776.5740
2443791.6840
2443806.2480
2443806.2770
2443806.3000
2443815.5240
2443838.4620
2444024.7930
2444045.7730
2444102.6800
2444128.5550
2444140.6220
2444197.4730
2444401.7770
2444439.7320
2444467.6670
2444486.6070
2444494.6610
2444513.5990

12.80
13.00
13.40
12.40
13.00
12.80
13.00
12.50
12.70
12.20
12.30
12.30
12.10
12.20
12.20
12.10
12.20
12.20
12.00
12.30
12.60
12.80
12.60
12.70
13.10
12.80
13.00
12.90
13.00
12.80
12.80
12.10
12.10
12.00
12.00
12.20
12.00
12.38
12.78
12.28
12.20
12.40
12.70
13.10
13.10
12.80
12.90
12.40
12.30
12.30
12.20
12.20
12.00
12.40

2444543.5610
2444761.7710
2444783.7570
2444819.6720
2444837.5870
2444868.6040
2444899.5080
2444934.4730
2445082.8000
2445083.8160
2445141.7670
2445165.7180
2445173.7200
2445203.6620
2445223.6250
2445232.5520
2445253.6120
2445260.5260
2445281.5190
2445312.4790
2445317.4590
2445342.5080
2445438.8510
2445464.8150
2445496.7960
2445519.7410
2445525.6900
2445550.7210
2445556.6960
2445579.6470
2445587.5990
2445606.5830
2445614.5360
2445637.5200
2445646.4900
2445670.4710
2445694.4720
2445699.4440
2445728.4660
2445760.9180
2445786.8810
2445823.8190
2445823.8430
2445848.7840
2445855.7780
2445878.7970
2445884.6950
2445906.6960
2445910.6660
2445933.6460
2445938.6340
2445961.6210
2445989.5450
2446019.5320

12.20
12.90
12.90
13.10
13.30
12.70
13.30
12.90
12.50
12.50
12.50
12.00
12.40
12.20
12.00
12.20
12.20
12.10
12.00
12.20
12.20
12.20
12.40
12.60
12.70
13.10
13.00
12.90
13.00
13.10
13.20
12.90
13.10
13.00
12.80
12.80
13.00
12.40
12.90
12.60
12.80
12.30
12.50
12.20
12.40
12.20
12.30
12.10
12.30
12.10
12.30
12.30
12.40
12.30
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HJID

B

HJID

B

HID

B

2446061.5300
2446079.4860
2446124.9000
2446139.8620
2446180.8380
2446206.7890
2446231.7930
2446237.7400
2446264.7270
2446270.7270
2446287.7150
2446295.6420
2446316.6550
2446325.6610
2446345.6280
2446355.5270
2446378.5030
2446414.5130
2446435.4520
2446523.8850
2446534.8640
2446560.7870
2446565.8150
2446585.8020
2446590.8110
2446615.7200
2446622.7890
2446646.7960
2446651.7030
2446671.5920
2446681.5730
2446698.6380
2446709.5470
2446726.5260
2446733.5250
2446757.4980
2446769.4900
2446788.5070
2446915.8360
2446946.7980
2446970.7980
2446975.7350
2446999.7640
2447005.6900
2447028.6440
2447033.6230
2447064.6460
2447082.6140
2447087.5750
2447112.5590
2447148.4980
2447167.4570
2447237.8900
2447270.8350
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12.20
12.20
12.60
12.70
13.00
13.00
12.90
12.90
12.70
13.00
12.80
13.00
13.00
13.10
13.20
13.20
13.20
13.30
12.90
12.20
12.30
12.60
12.20
12.40
12.30
12.50
12.30
12.70
12.30
12.70
12.60
12.70
12.70
12.70
12.80
13.00
12.80
12.50
12.50
12.30
12.80
12.20
12.60
12.40
12.60
12.30
12.60
12.70
12.30
12.70
12.70
12.50
12.70
13.00

2447324.7060
2447330.7650
2447353.7510
2447378.6300
2447383.7370
2447411.5930
2447441.5740
2447466.5220
2447480.4890
2447497.4830
2447505.4850
2447628.8380
2447680.5050
2447681.4830
2447681.4930
2447683.3350
2447683.3590
2447683.3860
2447683.4140
2447683.4390
2447683.4660
2447683.4940
2447689.7580
2447704.3310
2447705.3160
2447706.3240
2447707.3180
2447707.3450
2447710.4890
2447711.3140
2447716.4970
2447716.7620
2447717.4500
2447718.4540
2447729.3190
2447730.2950
2447732.3750
2447733.3460
2447734.3600
2447735.4510
2447736.4880
2447736.7300
2447737.3700
2447737.3990
2447740.5080
2447745.4990
2447746.5250
2447747.4750
2447748.3380
2447749.4300
2447762.6660
2447766.3920
2447768.3910
2447773.3460

12.70
13.00
12.90
12.70
12.30
12.50
12.50
13.20
12.80
13.20
13.00
13.10
12.95
12.75
12.73
12.65
12.75
12.72
12.76
12.76
12.76
12.73
12.60
12.75
12.73
12.65
12.49
12.58
12.48
12.58
12.60
12.80
12.39
12.50
12.60
12.55
12.31
12.25
12.28
12.38
12.30
12.20
12.17
12.37
12.25
12.46
12.46
12.28
12.25
12.55
12.20
12.28
12.21
12.25

2447776.3800
2447777.3840
2447778.4280
2447779.3950
2447789.2250
2447791.2620
2447792.3240
2447793.3090
2447797.3020
2447797.5270
2447798.3780
2447802.2860
2447803.3230
2447805.2720
2447807.3490
2447808.3720
2447821.2610
2447821.2960
2447821.3340
2447823.5920
2447825.3240
2447829.2550
2447835.2050
2448119.4510
2448122.4240
2448124.4290
2448128.3830
2448132.4470
2448153.3600
2448453.4790
2448475.4380
2448484.4180
2448814.3610
2448864.3440
2448886.3460
2448899.3420
2448916.2350
2449156.4170
2449163.4670
2449189.4340
2449241.3390
2449249.4580
2449271.2340
2449281.2910
2449570.4340
2449573.4460
2449601.3690
2449629.2530
2449892.4580
2449903.4900
2449931.4260
2449934.4260
2450014.2350
2450284.4370

12.19
12.19
12.19
12.17
12.01
12.18
12.13
12.16
12.30
12.10
12.23
12.23
12.21
12.17
12.19
12.23
12.15
12.19
12.16
12.20
12.19
12.15
12.27
12.85
12.95
12.92
12.84
12.78
12.85
12.44
12.47
12.38
12.92
13.15
13.20
13.19
13.20
12.52
12.73
12.50
12.77
12.78
12.77
12.92
13.19
13.15
13.13
13.13
12.47
12.50
12.73
12.78
12.78
12.99
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Table 6.4: Visual observations from the AAVSO

HJD

Vv

HJD

\4

HJD

\4

2433264.5000
2433267.5000
2433283.5000
2433291.5000
2433570.8000
2433584.8000
2433854.6000
2433860.6000
2433910.6000
2433924.6000
2433941.6000
2433945.6000
2435186.8000
2435197.8000
2435208.8000
2435245.6000
2435388.7000
2439658.8000
2439699.8000
2439729.7000
2439755.9000
2439795.7000
2439851.7000
2439941.9000
2439977.8000
2440029.7000
2440036.8000
2440043.7000
2440056.8000
2440073.6000
2440115.8000
2440126.8000
2440154.7000
2440155.7000
2440174.7000
2440193.7000
2440266.9000
2440297.9000
2440322.8000
2440355.8000
2440381.7000
2440386.8000
2440414.7000
2440436.6000
2440479.8000
2440506.8000
2440512.7000
2440531.7000
2440548.7000
2440582.5000
2440592.7000
2440643.0000
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09.80
09.60
09.30
09.40
09.30
09.60
09.40
10.50
10.60
10.00
10.10
09.60
09.80
10.30
10.50
10.60
10.30
09.80
09.70
10.10
09.90
10.00
10.00
10.90
10.10
10.00
10.00
09.60
10.00
09.20
10.00
10.00
09.70
09.10
09.00
08.50
09.60
10.30
10.10
10.60
10.70
10.50
10.00
10.70
10.90
10.40
10.70
10.30
10.50
09.90
10.70
10.70

2440725.0000
2440740.8000
2440759.8000
2440772.7000
2440773.7000
2440797.7000
2440804.6000
2440830.7000
2440838.8000
2440878.7000
2440886.7000
2440896.6000
2440949.7000
2441030.8000
2441045.9000
2441077.9000
2441114.8000
2441121.7000
2441148.7000
2441177.7000
2441190.7000
2441206.6000
2441235.7000
2441244.7000
2441245.8000
2441250.6000
2441256.7000
2441273.7000
2441276.6000
2441286.6000
2441295.6000
2441316.6000
2441327.6000
2441423.8000
2441431.0000
2441447.8000
2441521.7000
2441522.7000
2441522.7000
2441650.7000
2441763.9000
2441795.9000
2441805.8000
2441844.8000
2441857.7000
2441868.7000
2441897.7000
2441899.7000
2441927.7000
2441941.8000
2441952.7000
2441964.7000

10.70
09.60
10.00
09.30
10.70
09.80
09.30
10.40
10.00
09.50
09.50
09.40
09.50
09.80
10.70
10.80
10.30
09.50
10.90
10.90
10.50
10.60
10.80
10.60
10.60
10.20
10.60
10.60
11.00
10.80
10.50
10.90
10.70
10.70
10.60
09.90
10.50
09.20
10.10
09.30
10.30
10.60
10.60
10.00
09.90
10.90
10.60
10.70
11.30
10.20
10.20
10.50

2441992.7000
2441999.7000
2442006.7000
2442015.5000
2442018.7000
2442024.7000
2442027.6000
2442041.6000
2442057.6000
2442163.0000
2442166.0000
2442186.9000
2442188.8000
2442199.8000
2442207.9000
2442211.8000
2442214.8000
2442225.8000
2442226.9000
2442237.8000
2442247.7000
2442269.7000
2442294.7000
2442326.8000
2442345.7000
2442358.7000
2442390.7000
2442393.5000
2442584.8000
2442599.8000
2442631.7000
2442663.8000
2442690.7000
2442715.8000
2442726.7000
2442748.7000
2442771.7000
2442949.8000
2442983.7000
2442994.7000
2443040.7000
2443075.7000
2443098.7000
2443121.6000
2443313.8000
2443332.8000
2443363.7000
2443404.6000
2443439.7000
2443460.7000
2443658.8000
2443675.8000

10.80
10.70
10.40
10.50
10.70
10.40
10.60
10.10
10.20
10.50
09.70
09.80
09.80
09.70
10.00
09.40
10.10
09.70
09.20
09.70
09.60
09.70
09.60
09.70
09.70
09.80
09.90
10.00
10.00
10.70
10.60
10.70
10.80
10.80
10.40
10.90
10.80
10.70
10.10
09.80
09.90
09.70
09.70
09.80
10.10
10.80
10.90
10.90
11.10
10.80
10.70
10.10
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HJD

\4

HJD

v

HJD

\4

2443793.7201
2443804.8000
2443819.7000
2443854.6000
2444090.4000
2444097.4000
2444131.3000
2444136.3000
2444143.3000
2444148.9000
2444155.3000
2444164.4000
2444174.2000
2444180.3000
2444187.2000
2444192.3000
2444196.2000
2444210.2000
2444444.4000
2444454.4000
2444467.3000
2444471.3000
2444501.3000
2444510.3000
2444516.3000
2444520.3000
2444532.2000
2444540.3000
2444567.3000
2444581.2000
2444600.2000
2444814.4000
2444821.4000
2444831.4000
2444871.3000
2444914.2000
2444929.2000
2444937.2000
2445158.4000
2445170.4000
2445178.3000
2445183.4000
2445193.4000
2445225.3000
2445233.4000
2445241.3000
2445269.4000
2445282.3000
2445294.3000
2445303.2000
2445327.2000
2445505.4000
2445524.4000
2445533.3000
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09.60
08.80
09.90
09.70
10.00
10.40
10.30
10.20
10.30
10.20
10.60
10.20
10.20
10.40
10.30
10.20
10.20
10.20
10.30
09.50
09.50
10.10
09.50
09.70
09.50
09.50
09.50
09.50
09.60
09.50
09.50
09.30
10.30
10.40
10.40
10.50
10.50
10.50
10.30
09.50
09.70
09.50
09.70
09.50
09.60
09.90
09.60
09.40
09.40
09.30
09.40
09.60
09.90
10.20

2445550.3000
2445558.3000
2445605.3000
2445610.3000
2445630.3000
2445643.3000
2445648.3000
2445658.2000
2445674.2000
2445867.5000
2445874.5000
2445890.3000
2445911.3000
2445923.4000
2445930.3000
2445965.3000
2445973.3000
2445986.3000
2445994.3000
2446005.3000
2446012.2000
2446040.2000
2446056.2000
2446244.4000
2446258.4000
2446271.4000
2446279.4000
2446319.3000
2446328.3000
2446335.3000
2446349.4000
2446359.3000
2446368.3000
2446376.3000
2446385.2000
2446401.2000
2446418.2000
2446423.2000
2446593.5881
2446616.4000
2446623.4000
2446639.4000
2446648.4000
2446652.4340
2446684.3000
2446694.3000
2446700.3000
2446707.3000
2446716.3000
2446730.3000
2446739.2000
2446746.2000
2446761.2000
2447047.3000

10.00
10.20
10.30
10.40
10.00
10.30
10.20
10.40
10.30
10.00
10.30
10.30
09.90
09.50
09.50
09.70
09.50
09.60
09.70
09.70
09.40
09.60
09.30
09.50
09.70
10.00
10.10
09.90
09.90
09.60
10.10
10.00
10.20
10.20
10.10
10.10
10.10
10.10
10.10
09.70
09.60
09.50
10.00
09.70
10.10
09.70
09.90
09.70
09.90
09.90
09.90
09.90
09.90
09.90

2447065.3000
2447075.4000
2447086.3000
2447139.2000
2447159.2000
2447167.2000
2447352.4000
2447359.7000
2447361.4000
2447372.4000
2447412.3000
2447416.6000
2447426.3000
2447435.3000
2447446.3000
2447456.3000
2447466.2000
2447472.3000
2447473.5000
2447480.2000
2447480.6000
2447489.2000
2447503.2000
2447696.4000
2447704.4000
2447738.4000
2447775.3000
2447786.3000
2447794.3000
2447803.3000
2447810.3000
2447817.3000
2447824.3000
2447837.3400
2447846.3000
2447854.3000
2447859.3568
2447859.3568
2447859.3569
2447859.3711
2447859.3711
2447859.3712
2447859.3712
2447859.3712
2447859.4457
2447859.4457
2447859.4458
2447859.4600
2447859.4601
2447859.4601
2447859.4601
2447861.3000
2447870.2500
2447883.2400

09.40
09.40
09.50
09.40
09.50
09.50
09.50
09.40
09.50
09.50
09.70
09.70
09.70
09.60
09.70
09.70
09.70
10.20
10.20
10.10
10.20
10.70
10.40
10.40
09.50
09.60
09.00
09.00
09.10
09.10
09.10
09.00
09.20
09.10
09.30
09.10
09.20
09.00
09.20
09.00
09.20
09.40
09.20
09.30
09.40
09.40
09.40
09.40
09.50
09.90
09.40
09.40
09.40
09.50
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HJD

Vv

HID

\%

HJID

Vv
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2447891.8004
2447891.8004
2447891.8005
2447891.8892
2447891.8893
2447891.9782
2447912.1374
2447912.1374
2447912.1374
2447912.1517
2447912.1518
2447912.2263
2447912.2263
2447912.2263
2447912.2264
2447912.2406
2447912.2406
2447912.2406
2447912.2407
2447912.3152
2447912.3152
2447912.3152
2447912.3152
2447912.3153
2447912.3295
2447912.3295
2447912.3295
2447912.3296
2447956.2107
2447956.2107
2447956.2107
2447956.2108
2447956.2250
2447956.2250
2447956.2250
2447956.2252
2447956.2995
2447956.2996
2447956.2997
2447956.3139
2447956.3139
2447956.3139
2447956.3141
2447956.3884
2447956.3884
2447956.3886
2447956.4029
2447977.0079
2447977.0220
2447977.0220
2447977.0220
2447977.0220
2447977.0222
2447977.0966

09.70
09.80
09.90
09.70
09.80
09.90
09.90
09.50
09.30
09.30
09.20
09.30
09.30
09.30
09.20
09.30
09.50
09.30
09.30
09.30
09.20
09.30
09.50
09.20
09.20
09.30
09.40
09.30
09.30
09.40
09.30
09.80
09.50
09.90
09.30
09.30
09.90
09.50
09.50
09.60
09.90
09.90
09.90
09.90
09.90
10.00
10.20
10.10
10.10
09.80
09.60
09.60
09.70
09.10

2447977.0966
2447977.0966
2447977.0968
2447977.1109
2447977.1109
2447977.1109
2447977.1111
2447977.1854
2447977.1855
2447977.1855
2447977.1857
2447977.1998
2447977.1998
2447977.1998
2447977.2000
2447977.2745
2447977.2888
2448031.5300
2448042.2273
2448042.3162
2448042.3305
2448042.4051
2448042.4194
2448047.4200
2448058.5000
2448062.8449
2448062.8593
2448062.9338
2448062.9482
2448072.4300
2448082.4500
2448089.4000
2448098.3000
2448102.8249
2448102.8993
2448102.8993
2448102.8993
2448102.8995
2448102.9136
2448102.9136
2448102.9138
2448105.3800
2448113.3900
2448113.8317
2448113.8317
2448113.8317
2448113.8317
2448113.8318
2448113.8460
2448113.8460
2448113.8462
2448113.9206
2448113.9207
2448124.3600

09.00
09.00
09.50
09.70
09.80
09.60
09.80
09.80
09.70
09.80
09.90
09.90
09.90
09.90
09.80
09.80
09.90
09.90
09.80
09.90
09.90
09.90
10.00
09.90
09.90
10.00
09.20
09.10
09.00
09.40
09.50
09.00
09.10
09.00
09.50
09.50
09.10
09.50
09.30
09.40
09.50
09.50
09.90
10.10
09.90
09.90
09.70
09.90
09.80
09.70
10.40
10.40
10.80
09.70

2448153.3100
2448154.7804
2448154.7947
2448154.8692
2448154.8692
2448154.8834
2448154.8834
2448154.8835
2448154.8835
2448154.9724
2448154.9724
2448154.9724
2448162.3000
2448170.4100
2448170.4211
2448170.4211
2448170.4212
2448170.4354
2448170.4355
2448170.5099
2448170.5099
2448170.5100
2448170.5101
2448170.5243
2448170.5243
2448170.5243
2448170.5245
2448170.6133
2448181.3200
2448191.3400
2448200.3000
2448204.3551
2448204.3694
2448204.4438
2448204.4438
2448204.4438
2448204.4438
2448204.4440
2448204.4581
2448204.4581
2448204.4582
2448204.4582
2448204.4583
2448204.5328
2448215.2400
2448223.2300
2448231.2015
2448231.2400
2448231.3650
2448231.3791
2448231.3792
2448231.3792
2448231.3793
2448238.2400

10.10
10.30
09.90
10.30
09.70
09.00
09.40
09.00
09.20
09.20
09.00
09.00
09.40
09.00
09.00
09.30
09.70
09.20
09.40
09.70
09.50
09.30
09.20
09.50
09.70
09.60
10.30
09.60
09.40
09.80
10.50
09.50
10.50
09.50
09.90
09.10
09.70
10.00
09.10
10.10
09.70
09.10
10.40
09.80
09.30
09.70
10.30
09.80
09.60
10.10
10.20
09.30
09.20
09.40
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HJD

v

HJD

2448255.6232
2448255.6375
2448255.7264
2448255.8010
2448255.8153
2448261.2400
2448297.3101
2448297.4733
2448297.4734
2448297.4735
2448297 4877
2448297.4877
24482974877
2448297.4879
2448297.5622
2448297.5622
2448297.5623
2448297.5623
2448297.5624
2448297.5766
2448297.5766
2448297.5766
2448297.5766
2448297.5768
2448297.6511
2448297.6511
2448297.6512
2448297.6512
2448297.6513
2448297.6655
2448297.6655
2448297.6656
2448297.7402
2448297.7545
2448314.4640
2448314.5384
2448314.5384
2448314.5384
2448314.5385
2448314.5527
2448314.5527
2448314.5527
2448314.5529
2448314.6273
2448314.6273
2448314.6273
2448314.6273
2448314.6275
2448314.6416
2448314.6416
2448314.6418
2448314.8051
2448314.8051
2448314.8051

09.60
09.60
09.90
09.10
09.90
09.00
09.10
09.20
09.90
10.30
09.00
09.70
09.30
09.10
09.10
09.10
10.20
09.00
09.80
09.20
09.60
09.00
10.00
09.50
09.00
09.70
09.70
10.00
09.40
08.70
09.80
09.10
09.20
09.20
09.50
09.20
09.10
09.20
09.20
09.20
09.10
09.10
09.70
10.50
09.20
10.50
10.20
09.60
09.60
09.60
09.60
09.90
09.40
09.20

2448314.8052
2448314.8194
2448314.8194
2448314.8194
2448314.8194
2448314.8196
2448314.8941
2448314.9083
2448314.9083
2448314.9084
2448354.5246
2448354.5246
2448354.5246
2448354.5247
2448354.5389
2448354.5389
2448354.5389
2448354.5389
2448354.6136
2448381.9831
2448382.0718
2448382.0719
2448382.0719
2448382.0720
2448382.0863
2448402.4600
2448407.5754
2448407.5754
2448407.5755
2448407.5897
2448407.5898
2448407.5899
2448418.4000
2448429.4500
2448438.4800
2448444.5471
2448444.5471
2448444.5472
2448444.6216
2448444.6216
2448444.6217
2448444.6218
2448444.6359
2448444.6360
2448444.6362
2448447.4600
2448458.6646

09.20
09.30
09.30
09.30
09.70
09.50
09.60
10.20
09.50
09.10
09.50
09.10
09.40
10.40
09.00
09.10
09.80
10.20
09.40
10.30
09.40
09.20
09.30
09.90
09.60
09.00
09.80
09.30
10.00
10.20
09.30
09.90
10.20
09.60
09.70
10.10
09.20
09.60
09.70
10.10
10.20
09.50
10.30
10.20
09.70
10.00
09.80
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Table 6.5: Photographic visual estimates collected by the author at Harvard Observatory

HID \Y%

2439679.7390 09.10
2439732.5940 09.30
2439735.5930 09.30
2439738.5880 09.30
2440067.6760 08.50
2440417.7110 09.50
2440452.6220 09.70
2440774.7410 09.00
2440776.7350 09.35
2440824.6010 08.30
2442637.6550 09.30
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