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A b s tra c t

Abstract

A  STU D Y OF T H E  BRIG HTNESS V A R IATIO N S 

IN  T H E  RED SU PER G IAN T BC C Y G N I

By M ina Rohanizadegan

The va riab ility  o f the type C semi-regular (SRC) M3.5 la  supergiant variable BC Cyg is examined 

w ith  reference to  measurements o f its photographic B  magnitude derived from  866 archival plates 

in the Harvard and Sternberg collections as well as eye estimates o f its  visual V  magnitude made by 

members o f the AAVSO. BC Cyg is the brightest member o f 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 ligh t curve, as well as on ind iv idua l subsets o f the data. The analysis was made 

to  study the fundamental periods o f va riab ility  in  th is red supergiant variable. BC Cyg exhibits 

interesting features in  its  century-long baseline o f brightness variations th a t relate to fundamental 

mode envelope pulsation as well as evolution: an 0m.5 increase in (B ) over the past century in 

conjunction w ith  a steady decrease in  pulsation period from  <-n_; 697rf in  1900 to  688d in  2000. Despite 

the increase in  (B ),  the s ta r’s lum inosity appears to  have decreased over the past century, presumably 

as a result o f ste llar evolutionary effects. A  detailed exam ination o f a well sampled portion  of the 

s ta r’s ligh t curve, data spanning the interval HJD 2442000 to  2449000, by means o f non-linear 

least squares analysis indicates th a t only one period ic ity  (686 days) exists in  the observations. No 

secondary pe rid ic ity  can be detected, to w ith in  the constraints o f observational uncertainty.

Date: August 2006
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C h a p te r 1. In t ro d u c t io n 1

Chapter 1

Introduction

1.1 T y p e  C  Superg iant Sem iregular V a riab le  Stars

Red supergiants are the largest stars known, w ith  dimensions th a t can exceed the o rb it o f the 

planet Mars in  our solar system. They are also very luminous, although w ith  an upper lim it near 

M Boi — -9 .5  (Humphreys 1987) they are s till less lum inous than hot blue hypergiants found in  

many spiral galaxies. Even w ith  th a t restriction, they can s till radiate almost a m illion  times more 

ligh t than the Sun.

Cool M -type supergiants are fa irly  rare massive stars th a t display the physical properties of 

h igh ly evolved objects w ith  progenitor masses o f less than about 20M q according to  stellar evolu

tionary models by Meynet et al. (1993), in  which mass loss was considered w itho u t any assumption 

about ro ta tion. The upper lum inosity lim it for such stars is restricted by rad ia tion pressure to  the 

Eddington lim it and explains the fact th a t more massive stars cannot evolve in to  the red supergiant 

region, but remain as hotter stars u n til the ir eventual explosion as Type I I  supernovae (Chevalier 

1981). The upper lim it  to  red supergiant masses and lum inosities is a recognizable feature in  the 

H -R  diagrams for lum inous stars in  other galaxies (Humphreys 1987).

Photom etric m onitoring, the regular collection o f ligh t in  various pass bands, o f M  supergiants 

over the past century demonstrates th a t the ir ligh t ou tpu t tends to  be fa ir ly  periodic, yet w ith  

d istinct non-periodic trends w ith  time. Most are described as semi-regular, which, according to 

Hoffmeister et al. (1985), means th a t the ir periodic trends change w ith  tim e so th a t maxima and 

m inima cannot always be determined, even i f  regular periodic cycles are la ter re-established. The 

average quasi-period o f a supergiant can be anywhere from  a few hundred to  several hundred days
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C h a p te r 1. In t ro d u c t io n 2

in duration, depending upon the physical parameters o f its  atmosphere (m ain ly the mean density, 

temperature gradients, etc.). The period ic ity is usually ascribed to  vertica l displacements o f patches 

on the stellar surface or to  the m otion o f the complete stellar surface, which astrophysicists describe 

as envelope pulsation. The rather irregular behavior o f red supergiants indicates th a t the ir surface 

motions may behave in  a rather incoherent fashion. In  some cases the Fourier analysis o f temporal 

groupings o f data can reveal the existence of smaller am plitude periodicities in  the ligh t curve data. 

They may be the result o f large-scale motions in  the extended atmospheres, the ro ta tion  o f starspots 

across the visible hemisphere, or starspot cycles, bu t one must always be careful to  establish th a t 

they are not sim ply aliases o f other cycles occurring in  the data.

Sharpless et al. (1966) found th a t most M  supergiants are located in  or near OB associations, 

p rim arily  in  the Galactic plane. Because o f the ir high lum inosity, they can be observed to very 

great distances, p a rticu la rly  in  the infrared where the effects o f interste lla r extinction are reduced. 

Since supergiants are stars o f extreme Population I, they are very im portan t for studying Galactic 

structure.

The long period variables th a t include M  supergiants as members fa ll in to  d is tinc t groups, both 

from  an observational and evolutionary view point. M ira  variables are red giant variables tha t 

pulsate w ith  large amplitude, and have masses of only a few times the Sun’s mass. Closely related 

to M iras are the semi-regular variables o f types A  and B, SRA and SRB, th a t are also red giants but 

which display smaller am plitude variations. They too have masses close to  th a t o f the Sun. Type C 

semi-regular variables, SRC, constitute a separate category o f stars th a t include only red supergiant 

variables o f spectral type M  or the ir chemically peculiar equivalents. A ll are massive stars (<  2OM0 ) 

burning helium  or carbon in  or around a non-degenerate core. Members o f the class typ ica lly  have 

more irregular ligh t curves than M iras, and have a w ider range o f ligh t amplitudes.

The type C semi-regular variables, SRC, constitute a small group o f 55 stars in  the General 

Catalogue o f Variable Stars (GCVS; Kholopov et al. 1985) th a t, in contrast to  the SRA and SRB 

variables, include some o f the most massive and exotic stars in  the M ilk y  Way. A  prime example is

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



C h a p te r 1. In t ro d u c t io n 3

Betelguese (a  Orionis, spectral type M l-2  Ia-Iab), whose ligh t variations have been followed since the 

early 1800s. The orig in  o f va riab ility  in  such stars is not fu lly  understood, although, as mentioned 

above, pulsation and the ro ta tion  o f b righ t or dark spots across the visible hemisphere are believed 

to play an im portan t role. The brightness variations in  some o f the stars display abrupt changes in 

the ir mean values, which may be tied to  evolution near the red supergiant tip .

Because SRC variables have very long cycles, long tim e spans o f data are necessary to  reveal the ir 

pulsation characteristics. In  fact, considerable amounts o f observing tim e are necessary to  establish 

accurately the length o f a given s ta r’s pulsational cycle. Unfortunately, insufficient data or data tha t 

include large tem poral gaps can yield misleading results for the derived period.

This study presents and analyzes extensive photom etric data for a specific Type C semi-regular 

variable, BC Cygni, as a possible prototype o f 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  particu lar, are much more common than Cepheids in  spiral 

galaxies, are more lum inous than Cepheids, and also obey a period-lum inosity relation o f the ir own 

th a t makes them  inherently valuable distance indicators. They are therefore potentia lly  valuable 

standard candles for the distance scale to  nearby galaxies. The problem is th a t red supergiants tend 

to be relative ly lit t le  studied and less well understood than the ir yellow supergiant kin.

One o f the great discoveries in  modern astronomy was made by H enrie tta  Leav itt in  1912, who 

found tha t the apparent magnitude o f Cepheids in  the Small Magellanic Cloud decreased w ith  in 

creasing period, a feature now recognized as the period-lum inosity, or P -L  relation. Long period 

variable stars (LPVs) also exh ib it a period-lum inosity re lation th a t can be used to  determine dis

tances to  ste llar systems containing significant L P V  populations (Feast 1984, Wood and Bessell 

1985). Distance m oduli obtained from  the L P V  period-lum inosity re la tion are independent o f other 

methods th a t 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 o f M  supergiants 

in Per O B I, and used the results to establish distances to M33 and M101 from  R and I  pass band
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photom etry o f LPVs in  the galaxies (Jurcevic et al. 2000). Glass (1979) found th a t SRC variables 

in the Large and Small Magellanic Clouds also follow a PL relation, which was confirmed using data 

for additional LM C  SRC variables by Feast et al. (1980).

Stothers (1969b) used stellar evolutionary models w ith  convective envelopes in  adiabatic equi

lib rium , including rad ia tion  pressure, to confirm  pulsation as the like ly  o rig in  o f va riab ility  in  M  

supergiants, at the same tim e noting the existence o f a period-lum inosity re lation for cluster and as

sociation members. A  different treatm ent by L i and Gong (1994) th a t includes both  non-adiabatic ef

fects and the coupling between convection and pulsation also provides a theoretical period-lum inosity 

relation for M  supergiant variables. Such a too l can be used to  reveal stellar properties when com

pared w ith  existing observational counterparts, and can provide valuable in form ation  about stellar 

interiors through pulsation theory.

1.2 B ackground on the  program  star

BC Cygni is a cool, red supergiant th a t displays semiregular variab ility . I t  is listed in  the 

General Catalogue o f Variable Stars (GCVS; Kholopov et al. 1985) as a SRC variable w ith  a 

spectral classification o f M3.5 la , displaying moderate am plitude variab lity. More im portantly, i t  

is located near the edge o f the young cluster Berkeley 87 (=  Dolidze 7 =  C2019+372, I  =  75°.71, 

b — +0°.31), ly ing  in  a heavily-obscured region o f Cygnus (Turner and Forbes 1982), and is almost 

certa inly a cluster member. Because o f the likely cluster membership o f BC Cyg, its  age (~  107 

years) and orig ina l mass (~  2OM0 ) are known reasonably well.

BC Cyg is one o f the more lum inous M  supergiants, given th a t i t  is o f lum inosity  class la , so is 

more like ly  to  tu rn  in to  a Type I I  supernova sooner than many other, less lum inous, and hence less 

massive, members o f the class. A  m ajor obstacle to  a fu ll understanding o f the physical mechanism(s) 

responsible for the ligh t variations in  such stars is often the lack o f tem poral data on the ir brightness 

changes, which tend to  be repeatable, or nearly repeatable, over tim e scales o f several hundreds to
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C h a p te r 1. In t ro d u c t io n 5

Figure 1.1: A n  image o f the sky centred on BC Cyg, where Berkeley 87 is the cluster o f stars ly ing 
at the bo ttom  o f the image. N orth  is toward the top  of the image, and east is toward 
the le ft hand side o f the image.

thousands o f days or more. To th a t end we have managed to  collect a fa ir ly  extensive database 

of brightness variations in  BC Cyg th a t provides some clues on what may be responsible for its 

variab ility. Figure 1.1 shows the region o f sky th a t contains BC Cyg. The image is from  the STScI 

D ig ita l Sky Survey, and measures 30 arcm in by 30 arcmin.
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Chapter 2

D ata Acquisition and Prelim inary  
R eduction

2.1 D a ta  C ollection

An extensive set o f brightness data for BC Cyg was constructed from  eye estimates o f its  pho

tographic (B ) magnitude, relative to  a reference sequence o f stars in  Berkeley 87 observed pho- 

toelectrically, obtained from  plates in  the collection o f the Sternberg Astronom ical Ins titu te  by 

Elena N. Pastukhova and Leonid N. Berdnikov during Fall 2004, as well as from  patro l 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 m a jo rity  o f observations in  the data set 

come from plates in  the Harvard collection.

The astronomical collection at the Harvard College Observatory consists o f more than a half 

m illion  photographic plates taken between the m id 1880s and 1995 (w ith  a gap between 1953-68). 

The m a jo rity  are d irect blue plates taken w ith  a variety o f refractors, and have focal scales ranging 

from 60 to  600 arcsec/mm. M agnitude estimates for BC Cyg were made by comparing its image 

size and darkness to  s im ilar images o f nearby reference stars surrounding it ,  by the usual method 

of visual step in terpo la tion  and comparison employed for centuries by variable star observers. The 

brightness o f BC Cyg on all plates is a few magnitudes above the plate lim its , in  a region o f 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 

patro l series, the estimated uncertainties seem like ly  to  be smaller than ±0.1.

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



C h a p te r  2. D a ta  A c q u is it io n  a n d  P re l im in a ry  R e d u c tio n 7

The blue magnitude estimates for BC Cyg range from  12.0 to  13.4, as illus tra ted  in  Figures 2.3 

and 2.4, and the interval o f the observations spans jus t 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 tim e 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 o f the Appendix.

More recent additions to  the Harvard collection include photographic visual ( V) plates in  the 

Damon series. Most are contemporaneous w ith  B  plates in  the same series. Magnitude estimates 

were made from  the plates by the author, and are presented in  Table 6.5 o f the Appendix, bu t the 

values were found to  be brighter than eye estimates made by AAVSO observers. I t  appears th a t the 

te lescope/filter/em ulsion combination for the Harvard V  plates overestimates the brightness o f 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 o f reference stars around BC Cyg were identified, the ir 

magnitudes being obtained from  sources in  the V izieR  data bases, Hipparcos measurements mainly. 

The next step was to estimate BC Cyg’s magnitude on ind iv idua l plates by comparing the size and 

intensity o f the image to  the nearby reference sequence. The magnifier used for th a t purpose was 

o f low power, roughly 5 to lO  power, and typ ica l uncertainties were estimated to  be about ±0.1 to 

±0.2, as above. A ll o f the plates in  the Damon series are o f excellent qua lity  and resolution, much 

more so than  pa tro l series plates in  the Harvard collection.

Note th a t Table 6.2 o f the Appendix contains the combined Harvard and Sternberg Observa

to ry  data sets. W ith  regard to  the Sternberg data, a transform ation was necessary to  account for 

the different em u ls ion/filte r systems employed at the Sternberg Observatory relative to  those used 

at Harvard sites. When we observe a star through a particu la r filte r, the signal we measure is a 

convolution o f the pass band w ith  the stellar spectrum, as in  Figure 2.1. I f  a cool star is observed 

photom etrically, the spectral energy d is tribu tion  for the star has a peak (As) th a t falls to  the red

ward side o f the peak wavelength for the filte r, Ap. W hat is measured is the convolved flux, which 

has a maxim um  near Ae, redward o f the peak wavelength sensitiv ity for the filte r. A  different tele-
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An unperturbed filter observes a cool star

T  -  5000 K 
filter

reT3
JD

re 0 8
CD
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700 1000100 200 3 0 0 500 600 800 goo
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Figure 2.1: W ha t we observe for a black-body at a teraprature o f 5000K, where the spectral peak, 
As, falls to  the redward side o f the peak wavelength for the filte r, Ap. The effective 
wavelength for the filte r/spectrum  combination is Ae, redward o f Ap.

scope/filter/em ulsion combination w ill sample a different portion  of the spectral energy d is tribu tion  

for the star, and can result in  a different to ta l brightness for the star in  the same filte r band for ob

servations made on the same date. There appear to  be slight differences between the sensitivities of 

the filter/te lescope / B  emulsion combinations used at Sternberg and Harvard Observatories, as seen 

in Figure 2.2, which plots Harvard B  magnitudes as a function o f Sternberg B  magnitudes for nearly 

contemporaneous observations from  the two sites. I t  was therefore necessary to  correct observations 

from Sternberg and Harvard to  the same scale. T ha t was done using the relationship obtained from 

a least squares f it  to the data o f Figure 2.2, which should adjust values for B(Sternberg) to  the ir 

equivalent values in  the S(Harvard) system.
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BC Cyg
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13.0

12.5
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14.013.0 13.512.0 12.511.5
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Figure 2.2: Nearly contemporaneous data for the Harvard (y-axis) and Sternberg (x-axis) data sets.
The least squares f it  shown is described by: B (H arvard) =  4.172 +  0.672 B ( Sternberg).
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BC Cyg
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Figure 2.3: The ligh t curve o f BC Cyg in  the B  band from  the fu ll data set.

Figure 2.3 shows the resulting B  band data for BC Cyg from  a combination o f Harvard and 

Sternberg plate estimates, while Figure 2.4 illustrates the same data on an expanded temporal scale 

to illustra te  the m ain period ic ity  o f the star. Figure 2.5 shows sim ilar V  data for the star, as obtained 

from  the in terna tiona l database of the American Association o f Variable Star Observers (AAVSO) 

(Henden 2006).
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Figure 2,4: The B  band ligh t curve of BC Cyg at an expanded tem poral scale.
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Figure 2.5: The visual ligh t curve o f BC Cyg, data courtesy o f the AAVSO international database 
(Henden 2006).
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2.2 A m p litu d e  V a ria tio n  w ith  Brightness in  S R C  variables

Am plitude m odulation in  pulsating variables is m ainly associated w ith  RR  Lyrae variables, w ith  

(5 Scuti stars th a t have very complex ligh t variations (e.g., Breger 1993; Mantegazza et al. 1996), 

and w ith  some M ira  and semi-regular variables (Barthes and M atte i 1997; M a tte i 1993; M atte i et al. 

1997; M atte i and Foster 2000). The underlying physical cause is unknown, although several possible 

mechanisms are suspected, such as ro ta tion  o f star spots across the visible hemisphere, magnetic 

ac tiv ity  cycles comparable to the sunspot cycle, or dup lic ity  effects arising from  companions (Kiss 

et al. 1999). The characteristic tim e scales for am plitude m odulation in  such stars are around 4000 

days, close to  the typ ica l theoretica lly calculated rate o f ro ta tion  for red giant stars, as estimated 

from rota tiona l velocities by Schrijver and Pols (1993) and Kiss et al. (1999).

Figures 2.6, 2.7, and 2.8 demonstrate typ ica l examples o f ligh t curves for three SRC variables 

tha t display tem poral variations in  ligh t amplitude. Both  am plitude variations and slow changes in 

mean ligh t level are seen, in  add ition  to regular cyclical variations. The lum inous SRC variable V X  

Sgr, o f spectral type M 4 Iae according to  M onnier et al. (1998), displays a ll three features most 

noticeably.
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Figure 2.6: The ligh t curve o f the SRC variable V X  Sgr in  the V  band, data courtesy o f the AAVSO 
interna tiona l database (Henden 2006).
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Figure 2.7: The ligh t curve o f the SRC variable W  T ri in  the V  band, data courtesy o f the AAVSO 
interna tiona l database (Henden 2006).
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Figure 2.8: The ligh t curve o f the SRC variable A H  Sco in  the V  band, data courtesy o f the AAVSO 
in terna tiona l database (Henden 2006).
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2.3 F ourier Analysis and the  Fourier T ransfo rm

Fourier analysis is the technique o f using a fin ite  number o f sine and cosine functions o f different 

periods, amplitudes, and phases to  represent a given set o f numerical data or an analytic function.

In  so doing one can estimate the period (or periods) o f va riab ility  by determ ining which functions

are s ta tis tica lly  significant. The amplitudes (and phases) o f the components are determined w ith  a 

Fourier transform .

I f  we are presented w ith  a set o f tim e-varying data, given by x (t) ,  then the Fourier transform , 

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

/
OO

x( t)exp {—i2irv t)d t,  (2-1)

-O O

where u is the frequency, defined as v =  1 /P  (where P  is the cyclical period o f va riab ility ), i  is the 

square roo t o f —1, and the sine and cosine functions are represented by the complex exponential 

function given by E u le r’s formula:

exp(—i2nut)  =  cos {—2-nut) +  i  sin {—2nut). (2.2)

2.4 Pow er S p ectru m  Analysis

A  power spectrum is the d is tribu tion  o f power values as a function o f the tr ia l frequency, where 

“ power” is considered to  be Power(r') =  \F (u)\2 =  F * {u )F (u ) ,  so to ta l power =  \F (u ) \2du

(Press et al. 1992).

An estimate o f the power spectrum of a tim e series can be obtained by means o f a discrete Fourier 

transform . Suppose th a t the function c(t) is sampled at A  points to  produce values cq...c n - i , and 

th a t the points span a range o f tim e T, th a t is T  =  (A  -  1 )A , where A  is the sampling interval. 

Now, i f  we take an A -po in t sample o f the function c(t) at equal intervals and use the F F T  (Fast
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Fourier Transform) to  compute its discrete Fourier transform , then

TV — 1

ck = J 2  Cje ^ i jk /N , k =  0 ,1..., ( N  -  1), (2.3)
j=o

and the power estimate o f the power spectrum is defined at 4-1 frequencies as

P(0) =  P M  =  ^ | c o|2, (2.4)

P(vk)  =  ^ [ | c fe|2 +  Iciv-fcl2], k =  1,2..., (N / 2  -  1), (2.5)

P i y c ) =  P { v n / 2 )  =  ^ 2  Ic t v / 2 | 2 - ( 2 - 6 )

Note tha t the F F T  is the same as the discrete Fourier transform , w ith  the difference th a t a discrete 

length o f N  is rew ritten  as the sum o f two discrete lengths, each o f length N /2 .  One o f the two is 

formed from the even-numbered points o f the orig inal N, the other from  the odd-numbered points.

The software TS (tim e series, Foster 1996) is a Fourier-searching, FO R TR A N  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  th is thesis to  obta in power spectra for BC Cyg. As an 

example, Figure 2.9 is a power spectrum for the complete sample o f data for BC Cyg.

Because o f the manner in  which astronomical observations are obtained, most data samples 

contain certain alias signals corresponding to  cycle lengths o f one or more days, or o f one or more 

years. They are produced by the uncerta inty th a t arises in  the number o f cycles elapsed during times 

when the object is not observed. For data sets w ith  such an aliasing effect, one can usually ignore

peaks th a t do not have significant power relative to  the highest peak. However, for data containing

m ultip le, closely-spaced periodicities, the interaction o f two or more alias envelopes in  conjunction 

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

2.5 E vo lu tio n  o f th e  m ain  p erio d ic ity

In  Figure 2.9 a frequency o f 0.001445 cycle per day produces the largest observable power in  the 

data set. T ha t frequency is equivalent to a period o f 692 days, and is considered to  correspond to 

the main period ic ity  o f BC Cyg.

The complete data set was binned in to  ten selected tim e spans to  test whether the main period 

evolves over time. The reason th a t the data were binned in to  selected tim e intervals was to  avoid 

uncertainties arising from  the lim ita tions 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 w ith  its  power and associated uncerta in ty as described below, 

are given in  Table 2.1. Figure 2.10 demonstrates how the period o f BC Cyg decreased from  700 to 

688 days over the interval spanned by the observations.

A  noticeable feature o f the time-averaged <  B  >  estimates for BC Cyg is th a t the s ta r’s brightness
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Figure 2.10: The period of BC Cyg decreased from  700 to  688 days over the interva l spanned by the 
observations. A  least squares f it  was made to  the data, which is illustra ted  along w ith  
the estimated uncertainties.

appears to  evolve w ith  tim e, as indicated by the data o f F igure 2.11, where we show the entire data 

set averaged by running means over 50-day intervals. Such a systematic tem poral change m ight be 

tied to the s ta r’s main cyclical variations, which is why i t  was considered essential to test for such 

an effect.
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I
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Figure 2.11: The evolution o f the average brightness o f BC Cyg as derived from  running 50-day 
means o f the orig inal data sample. A  trend line was fitte d  to  the data by means o f a 
least squares analysis.
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2.6 U ncerta in ties  In  P eriod  D e term in a tio n s

As noted by Fernie (1989), the problem o f finding the actual points o f in flection (maxima, m inima) 

in variable star ligh t curves, along w ith  the ir associated uncertainties, from  noisy data, received an 

elegant solution by Kwee and van Woerden (1956, hereafter K v W ), based upon work orig inating w ith  

Hertzsprung (1928). The technique involves fitt in g  a parabolic curve to  the calculated uncertainties 

as a function o f the dependent variable, and using the parameters of the fitte d  parabola to  estimate 

the likely dispersion in  the dependent variable. We have used the same method here to  f it  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 tem poral sequences isolated from 

the fu ll ligh t curve data set.

K vW  show th a t a parabola th a t fits the power spectrum peak can be described by the equation

Y  =  a X 2 +  bX  +  c, (2.7)

where Y  represents power (P), and X  is tim e or frequency. For the co-efficients a, b, and c o f the 

fitted  parabola, the uncerta in ty in  the period is given by the standard error o f the mean dispersion 

in  time values, <r, where

cr2 =  (4ac — b2) /4a 2( Z  — 1), (2.8)

where Z  =  N ,  the number o f data points. Note th a t the appropriate data to  use in  the equation are

the power values P  as a function o f tim e rather than frequency.

Actua l power spectra can exh ib it fluctuations near m axim um  caused by incompleteness o f the 

data or by aliasing effects. To exclude alias signals, the tim e ranges around the period peak were 

chosen in  a manner to  isolate the main peaks in  the power spectra, as in  Figure 2.12. I f  there was fine 

structure in  the period peak, only those (power, tim e) pairs th a t delineated the envelope o f the peak 

were used. T ha t provided a more accurate fitt in g  procedure. In  the ID L  program m ing environment, 

the function P O L Y -F IT  performs the necessary task. I t  was used to  perform  a non-linear f i t  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 to ta l power spectrum calculated as a function of 

estimated period. A  second-order, least squares, non-linear, f itt in g  routine was used to  match the 

main power spectrum peak w ith  a parabola to determine its  co-efficients, and a script was w ritten  in 

ID L  to  perform  the f itt in g  routine. The same procedure was repeated for each o f the ten sub-samples 

selected from  the entire data set. Table 2.1 is a summary o f the data for the frequency, along w ith  

the highest power and period peak in  each selection o f ligh t curve data  obtained by using the TS 

software, along w ith  the corresponding power and estimated uncerta inty or sigma, the number of 

data points involved in  the run, the mean Heliocentric Ju lian Date (H JD ), and the tim e span for 

each interval used to  obta in  the sample.

BC Cyg
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Table 2.1: A  summary o f the data for the frequency w ith  the highest power and period peak, the 
corresponding power and sigma, number o f data points used in  the fit, (HJD ), and the 
duration  o f each interval in  the sample.

Frequency Period (days) Power cr(days) N (HJD) T im e span (HJD)

0.0014332 697.71 4.31 ±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 P eriod  Estim ates for a Few O th e r S R C  Variab les

Shown here are ligh t curves and power spectra for a few other SRC variables, A D  Per, RS Per, 

S Per, SU Per and YZ  Per, A lpha Her, T  Cet, as well as power spectra for the SRC variables AH  

Sco, V X  Sgr and W  T ri mentioned in  section 2.2. Table 2.2 is a summary o f the results for the main 

period estimates. The last line o f the table lists the periods given in the GCVS. Note th a t the larger 

time spans o f observation in  the AAVSO database generate quite different periods o f va riab ility  for 

these SRC variables than  the values given in  the GCVS, which were invariab ly based upon data 

obtained over much shorter tim e spans. C learly i t  is advantageous for the study o f such stars to 

have very long tim e spans o f observation available.
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Figure 2.13: The ligh t curve o f the SRC variable A D  Per in  the Fband, data courtesy o f the AAVSO 
interna tiona l database (Henden 2006).
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Figure 2.14: The power spectrum o f A D  Per.
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Figure 2.15: The ligh t curve o f the SRC variable RS Per in  the V  band, data courtesy o f the AAVSO 
interna tiona l database (Henden 2006).
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Figure 2.16: The power spectrum o f RS Per.
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Figure 2.17: The lig h t curve o f the SRC variable S Per in  the T band , data courtesy o f the AAVSO 
in terna tiona l database (Henden 2006).
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Figure 2.18: The power spectrum o f S Per.
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Figure 2.19: The ligh t curve o f the SRC variable SU Per in  the V  band, data courtesy o f the AAVSO 
interna tional database (Henden 2006).
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Figure 2.20: The power spectrum o f SU Per.
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Figure 2.21: The ligh t curve o f the SRC variable YZ  Per in  the Fband, data courtesy o f the AAVSO 
interna tional database (Henden 2006).
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Figure 2.22: The power spectrum o f YZ  Per.
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Figure 2.23: The ligh t curve o f the SRC variable A lpha Her in  the V  band, data courtesy o f the 
AAVSO in terna tiona l database (Henden 2006).
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Figure 2.24: The power spectrum o f A lpha Her.
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Figure 2.25: The ligh t curve o f the SRC variable T  Cet in  the V  band, data courtesy o f the AAVSO 
interna tional database (Henden 2006).
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Figure 2.26: The power spectrum o f T  Cet.
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Figure 2.27: The power spectrum o f V X  Sgr.
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Figure 2.28: The power spectrum o f W  T ri.
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Figure 2.29: The power spectrum o f A H  Sco.

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

Star Period (days) a(days) GCVS P (days)
A D  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
Y Z  Per 384 0.4 378
a  Her 116 0.4 ?
T  Cet 288 0.5 158.9

V X  Sgr 757 0.2 732
W  TYi 592 0.1 108

A H  Sco 769 0.9 713.6
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2.8 N o n -lin e a r Least Squares F it t in g

A  non-linear least squares f i t  was used to determine other parameters associated w ith  BC Cyg 

after Fourier analysis was used to  provide reliable estimates for the m ain periodicity. The quantities 

half-am plitude A,  phase <j), and an average magnitude scaling factor (zero point) fh, are needed to 

completely describe a sine function corresponding to  each frequency v:

y ( i )  =  A  sin(27r^a;(i) +  </>) +  fh, (2-9)

where x( i )  is the tim e o f sampling each data point, and i  =  1 , . . .N  data points. The f it  was made 

using the routine L M -F IT , a lib ra ry  program in  ID L . L M -F IT  requires th a t the user make reasonably 

accurate (to w ith in  a few percent) in it ia l guesses for the frequency, phase, average magnitude, and 

amplitude. The f it  was performed m ultip le  times, each tim e selecting the in it ia l parameters at 

random from  a range o f expected values from  which the best f itt in g  sine function was established. 

In  order to increase the p robab ility  o f finding the lowest possible x 2 value for the converged fit, the 

number o f iterations was adopted to  be 3000 for each in it ia l guess o f a fitte d  sine function.

For a given set o f data points, the frequency w ith  the highest power was chosen from  a plotted 

power spectrum. The routine L M -F IT  was then used to  perform  a non-linear, single-sine, least 

squares f i t  to  the data, using the dom inant frequency and guesses for A,  </>, and fh. The best (lowest 

X 2) converged f it  was then subtracted from  the data, th a t is, the data were “ prewhitened” . A  

new power spectrum was then created for the prewhitened data to see i f  any secondary period was 

apparent in  the absence o f the dom inant period. I f  any fu rthe r periodicities were present, the ir 

functional dependence was ind iv idua lly  fitted  to  the data using a single-sine function w ith  LM - 

F IT . The procedure was repeated u n til no fu rther period ic ity  o f reliable am plitude or power was 

detectable.
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Chapter 3

The Period Searches and Their 
R esults

As was shown in  Figures 2.9, the orig inal power spectrum o f BC Cyg contains a number o f peaks 

w ith  lower power relative to  the highest peak, which created the m otiva tion  for searching for any 

other possible periodicities. To search for other periods, part o f the lig h t curve w ith  the most evenly 

sampled data points, spanning from  H JD  2442000 to  2449000 (Figure 3.1), was chosen in  order to  get 

a converged solution using L M -F IT . Because the rest o f the dataset was not well enough sampled, 

no converged solution could be found using L M -F IT .

The firs t step in  the reduction was to use the non-linear least squares routine L M -F IT  to  de

term ine accurate parameters for the p rim ary frequency. A  power-spectrum p lo tted by TS for the 

selected part o f the dataset was used to  obtain the range o f in it ia l guesses for the am plitude (A j)  and 

period (P i). The in it ia l range o f values for fh, the mean magnitude o f the data, could be estimated 

reasonably by exam ination o f the ligh t curve. As </> was completely unknown, i t  was allowed to  be 

chosen at random between 0 and 27T.

A fter 3000 iterations, the program converged on the fo llow ing best-fitting  parameters w ith  the 

given standard deviations (sigma):

A i  =  0.57T0.12, P j =  686L23.47, $ i  =  3.17T5.2, and fh =  12.62±0.02

w ith  a reduced y 2 value o f 0.1.

Figures 3.2 and 3.3 show power-spectra resulting from  the o rig ina lly  selected dataset before and 

after prewhitening by the above estimated parameters for the p rim ary periodicity. A fte r the main 

period ic ity has been removed from  the BC Cyg data, we do not expect to  see any peaks o f importance 

in  comparison to  the orig ina l power spectrum, which turns out to  be the case. None o f the remaining 

peaks is significant relative to  the measuring uncertainties o f ± 0 m. l  to  ± 0 m.2 in  the eye estimates 

o f B, as shown in  Figure 3.4. Figure 3.5 also shows the residual ligh t curve after removal o f a sine 

wave w ith  the above estimated parameters. Figure 3.6 shows the fitted  sine function using the main 

frequency on the orig ina l ligh t curve.
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The remaining scatter about the best-fitting  sine wave can be readily accounted for by uncer

ta inties in  the orig ina l observations as well as by possible variations in  ligh t am plitude from  one 

cycle to the next, a common feature o f most semi-regular variables. BC Cyg is no different from 

other stars o f its  class in  th a t regard.
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Figure 3.1: The selected part o f the ligh t curve o f BC Cyg.
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Figure 3.2: Power spectrum o f the original data spanning from  H JD  2442000 to  2449000.
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Figure 3.3: Power spectrum o f the orig ina l data after prewhitening w ith  a fitte d  sine function o f the 
form: B  =  A\s in ( (2 .0 i rh jd /P \ )  +  $ i )  +  fh.
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Figure 3.4: A  p lo t o f Fourier am plitude versus frequency o f the residual data (original -  P i)
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Figure 3.5: Residuals in  the ligh t curve of BC Cyg after f it t in g  the data using a single period P\
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Chapter 4

Im plication of the R esults

4.1 Brightness V a ria tio n

The observed 700-day brightness variations in  BC Cyg must be a ttr ibu ted  to  rad ia l pulsation. 

T ha t was demonstrated by Stothers (1969b) 37 years ago using adiabatic models. We performed 

a simple test o f those orig ina l results using software from  R. G. Deupree (private communication) 

th a t generated simple non-adiabatic models for given inpu t parameters o f mass, radius, and surface 

temperature, and then performed a pulsation test w ith  the resulting model. For the parameters 

o f BC Cyg derived below, the test generated pulsation periods th a t were s im ilar in  magnitude to 

the observed 700-day period ic ity  o f BC Cyg. More detailed models by L i and Gong (1994) produce 

comparable results.

Because BC Cyg is a member o f a well studied open cluster, Berkeley 87, its  reddening and 

distance can be obtained d irectly  from  other cluster stars. According to  Table I I  in  Turner and 

Forbes (1982), space reddenings o f £ ’(S_v')(B0) =  1.554, 1.553, and 1.545, colour excesses adjusted 

to equivalent values for BO stars observed through the same amount o f interste lla r 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, £ ( S_ ^)(B 0 ) =  1.551 

±  0.003, is a good estimate for the space reddening o f 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 m in), and the cross depicting the location o f the cluster center (Turner and 

Forbes 1982).

Blue magnitudes in  the Johnson system are affected by the colour o f a star, so colour excess is 

h igh ly dependent on the temperature of a star (e.g., Fernie 1963). A  reddening o f f?(g_vq (BO) =  

1.55 corresponds to  E ^ g - y )  =  1.32 for a star w ith  the colour o f a M3.5 la  supergiant. Since such 

stars have (B  — V)o =  1.75 (Lee 1970), an observed value o f (B  — V ) 0bs =  3.07 is expected for BC 

Cyg, given its spectral type o f M3.5 la.
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Turner and Forbes (1982) obtained a distance modulus o f Vo — M y  =  9.88 and a distance of 

d =  946 ±  26pc to  Berkeley 87. B u t ZAMS (zero-age main sequence) stars in  the cluster CM D 

(colour-magnitude diagram) appear to be more consistent w ith  a s ligh tly  larger distance, up to 

Vo — M y  =  10.25, or a distance o f d =  1120 pc.

M y  and Mboi for BC Cyg depend upon the average value (zero po in t) for its  V  magnitude. The 

extremes are given in  Table 6.1 in  the Appendix. Bolom etric corrections are very uncertain for M  

supergiants, which have very low temperatures by astrophysical standards. A lthough there are a 

few sources o f bolom etric corrections for cool stars, the specific bolom etric correction applying to 

an ind iv idua l star is very sensitive to  its inferred temperature. Given existing uncertainties in  the 

effective temperatures o f 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  find ing chart for Berkeley 87, as derived from  the POSS E-p late o f the region. N orth  
is toward the top  o f the image, and east is toward the le ft hand side o f the image.
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Figure 4.2: The observed colours o f BC Cyg as a function o f the stars’s photographic magnitude as 
derived from  averages o f AAVSO visual estimates combined w ith  photographic estimates 
o f the star made w ith in  roughly ten days o f each other.

From AAVSO eye estimates o f the visual magnitude o f BC Cyg in  combination w ith  its  photo

graphic (B ) magnitude estimated from  survey plates, i t  is possible to  track changes in  the colour 

of the star as i t  brightens and fades, as illustrated  in  Figure 4.2. The inp u t data for Figure 4.2 

actually consist o f 66 data points selected from  observations closely coincident in  tim e, while the 

plotted points represent running averages o f the data closely adjacent in  B  magnitude. The data 

appear to define a trend line when averaged in  such fashion. I t  appears th a t the star gets redder 

(cooler, larger (B)  — (V )) as i t  gets fainter, bluer (hotter, smaller (B ) — (V )) as i t  brightens.

The orig ina l data exh ib it sizable scatter and, in  some cases, systematic errors presumably tied 

to the colour sensitivities o f some AAVSO observers. A lthough the colour differences between 

maximum brightness and m in im um  brightness for BC Cyg are re la tive ly  small, amounting to  (~  

0.15 in  (B)  — (V ), they correspond to  very large differences in  bolom etric correction, BC, o f >  2m 

(Lee 1970). Thus, while the photographic magnitude o f BC Cyg increased by ~  0.5 magnitude 

over the past century, the s ta r’s bolom etric lum inosity apparently decreased by about the same 

amount over th a t interval, i f  the observed (B)  — (V)  colour decrease is accurate. I f  the associated

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



C h a p te r  4. Im p lic a t io n  o f  th e  R e su lts 46

20 M,

1 5  M ,

9 W,

4-6 4.4 4.2 4.0 3.8 3.6 3.4
log  T _ e ff

Figure 4.3: A  theoretical H -R  diagram showing evolutionary tracks for stars o f 9M q ,  1 5 M q , and 
20M q  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 bolom etric corrections are correct, the star is most luminous when it  

is faintest v isua lly  and photographically. Such features require more investigation and independent 

confirmation.

I t  is instructive  to  show the corresponding position o f BC Cyg in  an H -R  diagram. For th a t 

purpose, i t  is necessary to  estimate its  lum inosity and effective temperature. The conversion o f B  and 

V magnitudes and colours in to  Teg and log ( L / L q ) depends d irec tly  on the effective temperatures and 

bolometric corrections adopted for M  supergiants. The present calculations re ly  upon the parameters 

tabulated by Lee (1970), and may not be ideal. B u t an alternate source o f such parameters for cool 

stars is not readily available.

In  the H -R  diagram o f Figure 4.3, solid curves represent theoretical ste llar evolutionary tracks 

for stars w ith  orig ina l masses o f 9M q , 15M q ,  and 20M q  and Z  =  0.02 (Schaller et al. 1992). The 

parameters for BC Cygni in  1900 at ligh t maximum, ligh t m inim um , and mean ligh t are shown by 

filled circles, those for 2000 by open diamonds.

I t  seems th a t BC Cygni has evolved downwards along the red supergiant branch towards lower

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



C h a p te r  4. Im p lic a t io n  o f  th e  R e su lts 47

-10

Mbol

3.0 3.5 4.01.5 2.0 2.5
log P (days)

Figure 4.4: A  period-lum inosity re lation for SRC variables in  Per O B I (filled circles) and BC Cyg 
(star) constructed from  B V  data for the stars. Shown for comparison is a theoretical 
pulsation model for Galactic red supergiants w ith  Z  =  0.02 (solid line) from  Guo and L i 
(2002).

luminosities over the past century, as confirmed by its s ligh tly  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 m eta llic ity  since most nearby G alactic variables o f population 

I have heavy element abundances th a t are roughly solar (Guo and L i 2002).

I t  is certa in ly im portan t to  determine i f  the brightness change is in trins ic  to  the star, specifically, 

whether i t  is in te rio r to  the photosphere (for example, i t  m ight a lternate ly be explained by the 

dispersal o f an op tica lly  th in  gas cloud around the star). The brightness change could also arise 

from some m odification o f the effective temperature th a t does not affect the radius, and th a t would 

not greatly affect the period. Existing stellar evolutionary models cannot replicate the observed 

changes in  the s ta r’s parameters very well, according to  the results o f F igure 4.3. However, the tim e 

steps of the evolutionary models p lo tted in  Figure 4.3 are in  some cases less than ha lf a century 

during the red supergiant stages, so stellar evolutionary changes in  BC Cyg over the tim e interval 

studied here (a fu ll century) are not unexpected.

The regular periodic nature o f the s ta r’s brightness variations is clearly tied  to  pulsation, as
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evident from  the fact th a t BC Cyg, as well as SRC variables in  Per O B I, follow a period-lum inosity 

relation sim ilar to th a t o f 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, Y Z  Per) in  Per O B I and 

Berkeley 87 (BC Cyg), for which both  the ir Mboi and ligh t curves were available. Mboi estimates 

for Per O B I supergiants are adopted from  data in  Table 1 o f Stothers (1969a), and periodicities for 

the stars were calculated using TS software w ith  the ir visual ligh t 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) o f Guo and 

L i (2002) for red supergiants w ith  Z  =  0.02.

4.2 C haracteris tics o f the  L ig h t C urve

A  single period, ~  686 days, was detected in  BC Cyg over a restricted tim e interval using 

non-linear least squares f itt in g  w ith  a reduced y 2 value o f 0.1. The given reduced y 2 is less than 

the expected value o f u n ity  for a perfect fit, which m ight arise from  the unevenly spaced temporal 

sampling o f the data. I t  is also possible th a t the star exhibits amplitude changes from  cycle to  cycle, 

a common feature o f the late-type semi-regular variables.

Existing in form ation  on SRC variables is na tu ra lly  incomplete because o f the lim ited  availab ility 

o f observational data for them, and detection o f periodicities is always accompanied by some un

certainties. C erta in ly  an extensive analysis o f the ligh t curves o f some o f the other SRC variables 

listed in Chapter 2 d isplaying am plitude m odulation m ight provide a clue regarding the source of 

the phenomenon, w ith  results perhaps leading to  a better understanding o f the nature o f brightness 

variations in  such stars.
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Chapter 5 

Summary

The ligh t curve o f the M3.5 la  supergiant BC Cygni, an im portan t SRC variable, was examined 

in  detail, p a rticu la rly  because its  membership in  the cluster Berkeley 87 provides basic inform ation 

about its reddening, lum inosity, mass, and evolutionary stage, parameters th a t are not always readily 

available for other members o f the class. The recent collection o f a century-long baseline o f data on its 

brightness variations provides a wealth o f m ateria l for analyzing the nature o f the s ta r’s variab ility. 

As described here, an extensive period analysis was performed on the ligh t curve o f BC Cygni, 

and the evolution o f the main period ic ity  was followed along w ith  an estimate o f its uncerta inty 

calculated for 10 selected portions o f the complete dataset. The period o f BC Cyg decreased from  

697 to  686 days over the interval spanned by the observations, while the time-averaged <  B  >  

brightness o f BC Cyg appears to  have increased w ith  time.

A  single period o f ~  686 days was found using non-linear least squares f itt in g  w ith  a smaller 

subset of the B  data. A  detailed study o f the data for th is data subset reveals no evidence for a second 

period ic ity in  the observations. The p rim ary regular ligh t variations in  BC Cyg must therefore be 

tied to pulsation, a lthough the long-term  trend has another origin. The present study o f BC Cygni 

is re lative ly unique, given th a t i t  is based upon data w ith  a tim e coverage o f over a century. Tha t 

is a long enough in terva l th a t stellar evolutionary changes may be detected. Stellar evolutionary 

models for stars o f roughly 20 M q , the like ly mass o f BC Cyg, exh ib it noticeable changes on time 

scales as short as 35 years.

Estimates o f 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 o f collected archival observations o f brightness for members o f the 

SRC class is demonstrated by the differences between the newly-derived pulsation periods for the 

variables w ith  values cited in  the GCVS. In  some cases the orig inal period estimates in  the GCVS 

based upon data w ith  lim ited  tem poral baselines are in  error by as much as a factor o f six. There 

have not been many period studies for SRC variables up u n til now owing to  the lack o f data w ith
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lengthy tem poral baselines. T ha t illustrates the importance o f such studies, given th a t pulsation 

period is a fundamental parameter for large and cool stars. Given the ease o f detecting M  supergiants 

over large Galactic and extragalactic distances, studies o f the ligh t variations in  such stars continue 

to  be of re la tive ly high importance.

A n  optica l ca lib ra tion  is presented for the period-lum inosity re lation o f SRC variables, tied to  M  

supergiants in  the region o f Per O B I as well as BC Cyg in  Berkeley 87. The results are compared 

w ith  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 w ith  the observational data for the ca lib ra ting  M  supergiants, and 

proves its  usefulness for finding extragalactic distances. Since such stars are u ltim a te ly  the source 

of Type I I  supernovae, detailed studies of the ir current behavior may prove useful as the stars come 

close to the ends o f the ir evolutionary lifetimes.
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Chapter 6

A ppendix

Tables of Data for BC Cyg
Table 6.1 contains estimated values o f B, V, B-V, (B — V )o  and M y  for BC Cyg at its  faintest 

and brightest.

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

Table 6.3 is the blue band magnitudes from  the collection o f astronomical plates at the Harvard 

College Observatory plus converted blue band magnitudes from  the collection o f 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: Estim ated values for BC Cyg at its  faintest and brightest

B B -V V M v (B  -  V ) 0 BC rfibol
13.04 3.105 9.935 -4.97 1.785 -2.97 -7.94
12.54 3.052 9.488 -5.45 1.730 -1.92 -7.47
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Table 6.2: Blue band data from  the collection o f the Sternberg Observatory

H JD B HJD B H JD B

2413452.3590 13.20 2435012.3610 13.20 2447733.3460 12.00
2413479.2820 13.30 2435041.2070 13.50 2447734.3600 12.05
2413836.4420 12.70 2435041.2320 13.30 2447735.4510 12.20
2413840.4160 12.40 2435334.4200 13.40 2447736.4880 12.08
2413842.4030 12.52 2435335.3310 13.10 2447737.3700 11.88
2414422.3950 12.74 2435336.4670 12.90 2447737.3990 12.18
2414431.3960 13.50 2435337.3300 12.72 2447740.5080 12.00
2414582.2730 12.72 2435341.4550 13.05 2447745.4990 12.32
2414602.1670 12.85 2435347.3910 12.68 2447746.5250 12.32
2414928.2690 13.20 2435347.4170 12.75 2447747.4750 12.05
2415310.2450 13.60 2435361.3290 12.70 2447748.3380 12.00
2416734.3080 12.60 2435362.3110 12.70 2447749.4300 12.45
2417825.2960 13.50 2435362.3380 12.73 2447766.3920 12.05
2417850.2540 13.12 2435363.3220 12.80 2447768.3910 11.95
2417854.3210 13.15 2435365.2940 12.80 2447773.3460 12.00
2418240.2150 12.50 2435366.3260 13.10 2447774.3350 11.92
2424684.2100 12.95 2435367.3530 12.85 2447776.3800 11.92
2428654.4730 11.96 2435369.2970 12.93 2447777.3840 11.92
2429159.3090 11.95 2435369.3220 12.92 2447778.4280 11.92
2429161.2850 12.00 2435395.2380 13.20 2447779.3950 11.89
2429162.2650 11.95 2435401.3910 12.90 2447789.2250 11.65
2429167.2890 12.00 2435723.3650 12.85 2447791.2620 11.90
2429168.3130 12.05 2436084.3880 12.76 2447792.3240 11.83
2429170.2430 12.05 2436100.3090 12.80 2447793.3090 11.87
2429395.4490 13.05 2436128.3170 12.80 2447797.3020 12.08
2429485.4010 13.20 2436134.3080 13.00 2447798.3780 11.97
2429488.3680 13.30 2436805.3240 13.12 2447802.2860 11.97
2429491.3800 13.32 2438299.3200 13.50 2447803.3230 11.94
2429496.4110 13.30 2438466.5300 13.40 2447805.2720 11.88
2429496.4370 13.10 2443806.2480 12.20 2447807.3490 11.92
2429497.3830 13.50 2443806.2770 12.80 2447808.3720 11.98
2430585.3510 12.65 2443806.3000 12.05 2447821.2610 11.85
2430585.3740 12.85 2447680.5050 13.05 2447821.2960 11.92
2430587.3340 12.70 2447681.4830 12.75 2447821.3340 11.87
2430587.3580 12.70 2447681.4930 12.72 2447825.3240 11.92
2430592.2800 12.73 2447683.3350 12.60 2447829.2550 11.85
2430592.3160 12.70 2447683.3590 12.75 2447835.2050 12.03
2434239.3100 13.18 2447683.3860 12.70 2448119.4510 12.90
2434328.3440 13.15 2447683.4140 12.76 2448122.4240 13.04
2434330.1860 13.35 2447683.4390 12.76 2448124.4290 13.00
2434331.1890 13.70 2447683.4660 12.76 2448128.3830 12.88
2434333.1770 13.50 2447683.4940 12.72 2448132.4470 12.80
2434477.5110 13.40 2447704.3310 12.75 2448153.3600 12.90
2434480.4630 13.80 2447705.3160 12.72 2448453.4790 12.29
2434623.2620 13.00 2447706.3240 12.60 2448475.4380 12.34
2434678.2370 12.60 2447707.3180 12.36 2448484.4180 12.20
2434683.2270 13.40 2447707.3450 12.50 2448814.3610 13.00
2434869.4480 13.10 2447710.4890 12.35 2448864.3440 13.35
2434978.3650 13.30 2447711.3140 12.50 2448886.3460 13.42
2434980.3930 12.85 2447716.4970 12.52 2448899.3420 13.40
2434980.4590 13.65 244771 7.4500 12.22 2448916.2350 13.42
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HJD B

2449570.4340 13.40
2449573.4460 13.35
2449601.3690 13.32
2449629.2530 13.32
2449892.4580 12.34
2449903.4900 12.37
2449931.4260 12.72
2449934.4260 12.80
2450014.2350 12.80
2450284.4370 13.10
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Table 6.3: Blue estimates from  Harvard College Observatory plus converted blue band data from 
Sternberg Observatory.

HJD B HJD 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
2 4 1 5 7 1 0 .4 7 6 9 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
9 4 1 6 4 0 1  6 9 2 8 19  sn 041 QfiQ4 47 8 Q io  sn 949S 1  4 7  K K 87 13 n n
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HJD B HJD B H JD B
2425204.4752 12.90 2426547.7312 12.70 2428749.6842 12.90
2425354.8554 13.00 2426549.7117 12.90 2428786.5856 12.80
2425374.7692 13.10 2426592.6437 12.90 2428814.5486 13.00
2425410.7134 13.00 2426593.6375 13.10 2428832.5123 12.90
2425443.7097 13.10 2426595.6292 12.80 2428873.4729 12.90
2425522.6025 13.30 2426603.6035 12.80 2429015.8321 12.80
2425535.5223 12.90 2426609.5881 13.10 2429071.8021 12.60
2425557.4811 12.90 2426615.5825 12.80 2429079.7825 12.60
2425602.4703 12.70 2426653.5194 12.90 2429082.7212 12.50
2425729.8129 12.90 2426838.8274 13.20 2429084.7385 12.60
2425745.8045 12.40 2426901.5984 13.40 2429086.7380 12.20
2425764.8094 12.80 2426917.6554 13.40 2429105.6580 12.50
2425775.7282 12.50 2426957.5631 13.00 2429159.3090 12.21
2425790.7736 12.80 2426979.5874 12.80 2429161.2850 12.25
2425792.7389 12.60 2426984.5412 12.40 2429162.2650 12.21
2425795.7768 12.70 2427002.5556 13.00 2429165.5365 12.20
2425796.7701 12.60 2427215.7333 12.70 2429167.2890 12.25
2425800.7460 12.40 2427327.5528 13.20 2429168.3130 12.28
2425801.7798 12.70 2427329.5302 13.00 2429170.2430 12.28
2425805.7824 12.50 2427335.5536 13.00 2429170.5361 12.30
2425807.8287 12.40 2427346.5368 13.10 2429179.4932 12.40
2425809.6120 12.40 2427366.4751 13.20 2429213.4931 12.30
2425822.7469 12.70 2427378.5257 13.10 2429223.4975 12.60
2425823.7151 12.70 2427392.5226 13.20 2429384.8266 12.60
2425824.7337 12.70 2427397.4611 13.00 2429395.4490 12.95
2425825.7288 12.60 2427397.5225 13.30 2429433.7355 12.80
2425825.7842 12.20 2427600.7704 13.10 2429455.7097 13.10
2425830.7171 12.20 2427602.7478 13.00 2429457.7433 12.80
2425831.6813 12.50 2427641.6831 13.00 2429483.7103 13.00
2425831.7447 12.40 2427657.6901 12.80 2429485.4010 13.05
2425840.6031 12.40 2427658.6517 12.90 2429488.3680 13.12
2425870.6614 12.80 2427664.6501 13.00 2429491.3800 13.13
2425874.5544 12.90 2427668.6494 12.80 2429491.5909 13.10
2425878.5895 12.70 2427670.6608 12.80 2429496.4110 13.12
2425879.6292 12.80 2427681.6731 13.20 2429496.4370 12.99
2425889.5956 12.50 2427713.5036 13.00 2429497.3830 13.26
2425893.5498 12.70 2427744.5317 12.90 2429509.5715 13.00
2425895.5437 12.70 2427764.4798 12.90 2429511.5547 13.20
2425910.4860 13.20 2427953.7807 12.90 2429514.5878 13.20
2425921.4767 12.80 2427977.7835 12.80 2429518.5286 13.30
2 4 2 5 9 2 5 .4 6 8 1 13 .00 2 4 2 7 9 8 4 .6 4 6 2 1 2 .40 2 4 2 9 5 2 2 .5 2 2 0 13.40
2425937.4834 13.10 2428021.6671 13.20 2429523.5619 13.30
2426095.7911 13.60 2428033.7316 13.00 2429551.4895 13.20
2426172.6465 13.00 2428066.5409 13.00 2429801.8096 13.00
2426183.7024 13.00 2428092.5078 13.10 2429804.7954 12.70
2426187.6223 12.90 2428347.6221 12.70 2429808.7815 12.70
2426188.6530 13.00 2428356.7254 12.70 2429816.7210 12.80
2426190.6879 13.10 2428381.6653 12.80 2429817.7577 12.60
2426191.7073 13.00 2428399.6425 12.80 2429821.7439 12.70
2426205.6596 13.00 2428643.8454 12.40 2429845.6381 12.70
2426207.7059 13.30 2428654.4730 12.22 2429845.6909 12.80
2426209.6844 13.20 2428669.8044 12.90 2429850.6659 12.80
2426300.4679 12.90 2428722.7159 12.90 2429869.5736 12.90
2426307.4913 12.90 2428722.7975 12.80 2429876.5958 12.80
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HJD B HJD B H JD B

2429903.5249 12.80 2431329.6362 12.90 2431701.5675 13.00
2429908.5200 12.80 2431341.5279 13.00 2431701.5708 12.80
2429910.5157 12.80 2431341.5979 12.80 2431701.7019 12.90
2429921.4842 12.80 2431342.6721 12.90 2431702.5434 12.80
2429926.4731 12.80 2431343.6265 12.80 2431707.5452 12.90
2430092.8475 12.80 2431344.5338 12.80 2431707.5599 12.90
2430186.7364 13.00 2431349.6389 12.80 2431707.6395 12.80
2430258.5311 13.20 2431350.6286 12.80 2431709.5579 12.90
2430526.7558 12.90 2431356.5988 12.80 2431711.5969 12.90
2430531.7727 12.80 2431356.6459 12.90 2431711.6385 12.90
2430548.7599 12.40 2431357.5733 12.80 2431712.5866 12.80
2430554.7251 12.90 2431357.6197 12.80 2431712.5887 12.90
2430585.3510 12.68 2431357.6640 12.90 2431729.5421 12.70
2430585.3740 12.82 2431359.5548 12.90 2431731.5825 12.70
2430587.3340 12.72 2431367.5185 12.80 2431756.5247 12.70
2430587.3580 12.72 2431375.4909 12.90 2431757.5027 12.80
2430592.2800 12.74 2431375.5346 12.90 2431759.4967 12.80
2430592.3160 12.72 2431375.5830 12.70 2431811.4664 12.80
2430604.5736 12.80 2431375.6287 12.70 2431813.4632 12.80
2430616.5503 13.00 2431378.5204 12.90 2432030.6680 12.40
2430643.5594 12.80 2431378.5703 12.80 2432064.6923 12 .20

2430996.5463 13.20 2431379.5143 12.80 2432084.5442 12.30
2431028.4936 12.90 2431380.5380 12.80 2432168.4852 12.40
2431227.7720 12.80 2431382.5320 12.70 2432170.4888 12.50
2431230.7914 12.80 2431383.7153 12.70 2432353.7725 13.10
2431230.8075 12.80 2431386.4979 12.70 2432365.7740 12.80
2431231.7802 12.90 2431398.5223 12.70 2432391.7676 12.90
2431236.7646 12.90 2431399.4909 12.70 2432468.6502 12.80
2431268.6833 12.90 2431638.7877 13.00 2432728.6976 12.30
2431281.6332 12.80 2431640.5870 13.00 2432729.6300 12 .20

2431281.7488 12.80 2431640.7145 13.10 2432731.6536 12.50
2431285.7084 12.80 2431643.5891 13.20 2432733.6817 12.30
2431293.6996 13.10 2431643.7131 13.20 2432734.7782 12.60
2431303.5886 12.80 2431644.5850 13.00 2432735.7714 12.40
2431303.6094 12.80 2431647.6806 13.20 2432736.6146 12.30
2431303.6302 13.00 2431647.7997 13.00 2432737.6831 12 .20

2431303.6447 13.00 2431648.5871 12.90 2432740.6700 12.70
2431303.6586 13.00 2431649.5754 13.00 2432741.6105 12.40
2431303.6703 12.90 2431667.5574 13.00 2432742.6659 12.30
2431308.5681 13.00 2431671.5742 13.00 2432743.7158 12.80
2 4 3 1 3 1 1 .5 8 8 4 1 3 .10 2 4 3 1 6 7 2 .6 3 5 2 13 .00 2 4 2 5 4 1 0 .7 1 3 4 13 .00

2431311.6708 13.10 2431672.7086 13.00 2425443.7097 13.10
2431311.7435 13.00 2431673.5674 12.90 2425522.6025 13.30
2431312.6106 13.00 2431673.7121 13.00 2425535.5223 12.90
2431312.7499 13.00 2431677.6588 12.80 2425557.4811 12.90
2431318.5654 12.90 2431678.5636 13.10 2425602.4703 12.70
2431318.6211 12.90 2431683.5521 12.90 2425729.8129 12.90
2431318.7787 13.00 2431683.5951 12.90 2425745.8045 12.40
2431321.5919 13.10 2431683.6744 12.90 2425764.8094 12.80
2431321.6446 13.10 2431684.5529 12.90 2425775.7282 12.50
2431321.6670 12.80 2431684.5896 12.80 2425790.7736 12.80
2431322.5960 13.00 2431685.5565 12.80 2425792.7389 12.60
2431323.5762 12.90 2431686.6805 12.90 2425795.7768 12.70
2431323.6572 12.90 2431686.6909 12.90 2425796.7701 12.60
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2425801.7798 12.70 2427329.5302 13.00 2429170.2430 12.28
2425805.7824 12.50 2427335.5536 13.00 2429170.5361 12.30
2425807.8287 12.40 2427346.5368 13.10 2429179.4932 12.40
2425809.6120 12.40 2427366.4751 13.20 2429213.4931 12.30
2425822.7469 12.70 2427378.5257 13.10 2429223.4975 12.60
2425823.7151 12.70 2427392.5226 13.20 2429384.8266 12.60
2425824.7337 12.70 2427397.4611 13.00 2429395.4490 12.95
2425825.7288 12.60 2427397.5225 13.30 2429433.7355 12.80
2425825.7842 12.20 2427600.7704 13.10 2429455.7097 13.10
2425830.7171 12.20 2427602.7478 13.00 2429457.7433 12.80
2425831.6813 12.50 2427641.6831 13.00 2429483.7103 13.00
2425831.7447 12.40 2427657.6901 12.80 2429485.4010 13.05
2425840.6031 12.40 2427658.6517 12.90 2429488.3680 13.12
2425870.6614 12.80 2427664.6501 13.00 2429491.3800 13.13
2425874.5544 12.90 2427668.6494 12.80 2429491.5909 13.10
2425878.5895 12.70 2427670.6608 12.80 2429496.4110 13.12
2425879.6292 12.80 2427681.6731 13.20 2429496.4370 12.99
2425889.5956 12.50 2427713.5036 13.00 2429497.3830 13.26
2425893.5498 12.70 2427744.5317 12.90 2429509.5715 13.00
2425895.5437 12.70 2427764.4798 12.90 2429511.5547 13.20
2425910.4860 13.20 2427953.7807 12.90 2429514.5878 13.20
2425921.4767 12.80 2427977.7835 12.80 2429518.5286 13.30
2425925.4681 13.00 2427984.6462 12.40 2429522.5220 13.40
2425937.4834 13.10 2428021.6671 13.20 2429523.5619 13.30
2426095.7911 13.60 2428033.7316 13.00 2429551.4895 13.20
2426172.6465 13.00 2428066.5409 13.00 2429801.8096 13.00
2426183.7024 13.00 2428092.5078 13.10 2429804.7954 12.70
2426187.6223 12.90 2428347.6221 12.70 2429808.7815 12.70
2426188.6530 13.00 2428356.7254 12.70 2429816.7210 12.80
2426190.6879 13.10 2428381.6653 12.80 2429817.7577 12.60
2426191.7073 13.00 2428399.6425 12.80 2429821.7439 12.70
2426205.6596 13.00 2428643.8454 12.40 2429845.6381 12.70
2426207.7059 13.30 2428654.4730 12.22 2429845.6909 12.80
2426209.6844 13.20 2428669.8044 12.90 2429850.6659 12.80
2426300.4679 12.90 2428722.7159 12.90 2429869.5736 12.90
2426307.4913 12.90 2428722.7975 12.80 2429876.5958 12.80
2426471.7974 12.50 2428724.7240 12.90 2429883.5830 12.80
2426547.7312 12.70 2428749.6842 12.90 2429903.5249 12.80
2426549.7117 12.90 2428786.5856 12.80 2429908.5200 12.80
2426592.6437 12.90 2428814.5486 13.00 2429910.5157 12.80
2 4 2 6 5 9 3 .6 3 7 5 13 .10 2 4 2 8 8 3 2 .5 1 2 3 12 .90 2 4 2 9 9 2 1 .4 8 4 2 12 .80

2426595.6292 12.80 2428873.4729 12.90 2429926.4731 12.80
2426603.6035 12.80 2429015.8321 12.80 2430092.8475 12.80
2426609.5881 13.10 2429071.8021 12.60 2430186.7364 13.00
2426615.5825 12.80 2429079.7825 12.60 2430258.5311 13.20
2426653.5194 12.90 2429082.7212 12.50 2430526.7558 12.90
2426838.8274 13.20 2429084.7385 12.60 2430531.7727 12.80
2426901.5984 13.40 2429086.7380 12.20 2430548.7599 12.40
2426917.6554 13.40 2429105.6580 12.50 2430554.7251 12.90
2426957.5631 13.00 2429159.3090 12.21 2430585.3510 12.68
2426979.5874 12.80 2429161.2850 12.25 2430585.3740 12.82
2426984.5412 12.40 2429162.2650 12.21 2430587.3340 12.72
2427002.5556 13.00 2429165.5365 12.20 2430587.3580 12.72
2427215.7333 12.70 2429167.2890 12.25 2430592.2800 12.74
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2430604.5736 12.80 2431375.6287 12.70 2432803.5427 12.60
2430616.5503 13.00 2431378.5204 12.90 2432827.5324 12.60
2430643.5594 12.80 2431378.5703 12.80 2432828.5936 12.60
2430996.5463 13.20 2431379.5143 12.80 2433090.7446 12.90
2431028.4936 12.90 2431380.5380 12.80 2433155.5769 12.80
2431227.7720 12.80 2431382.5320 12.70 2433203.5246 12.70
2431230.7914 12.80 2431383.7153 12.70 2433210.5069 12.30
2431230.8075 12.80 2431386.4979 12.70 2433210.5736 12.30
2431231.7802 12.90 2431398.5223 12.70 2433236.4990 12.40
2431236.7646 12.90 2431399.4909 12.70 2433448.7539 12.20
2431268.6833 12.90 2431638.7877 13.00 2433458.7780 12.50
2431281.6332 12.80 2431640.5870 13.00 2433470.7439 12.50
2431281.7488 12.80 2431640.7145 13.10 2433471.6642 12.20
2431285.7084 12.80 2431643.5891 13.20 2433805.7777 13.10
2431293.6996 13.10 2431643.7131 13.20 2433835.7657 13.10
2431303.5886 12.80 2431644.5850 13.00 2433840.7349 13.20
2431303.6094 12.80 2431647.6806 13.20 2433861.6748 13.10
2431303.6302 13.00 2431647.7997 13.00 2433864.7248 13.20
2431303.6447 13.00 2431648.5871 12.90 2433882.6114 13.00
2431303.6586 13.00 2431649.5754 13.00 2433882.6415 13.10
2431303.6703 12.90 2431667.5574 13.00 2433932.5134 12.70
2431308.5681 13.00 2431671.5742 13.00 2434183.7380 12.80
2431311.5884 13.10 2431672.6352 13.00 2434207.7206 12.90
2431311.6708 13.10 2431672.7086 13.00 2434239.3100 13.04
2431311.7435 13.00 2431673.5674 12.90 2434263.5849 13.00
2431312.6106 13.00 2431673.7121 13.00 2434264.5420 12.80
2431312.7499 13.00 2431677.6588 12.80 2434328.3440 13.02
2431318.5654 12.90 2431678.5636 13.10 2434330.1860 13.15
2431318.6211 12.90 2431683.5521 12.90 2434331.1890 13.39
2431318.7787 13.00 2431683.5951 12.90 2434333.1770 13.26
2431321.5919 13.10 2431683.6744 12.90 2434477.5110 13.19
2431321.6446 13.10 2431684.5529 12.90 2434480.4630 13.46
2431321.6670 12.80 2431684.5896 12.80 2434623.2620 12.92
2431322.5960 13.00 2431685.5565 12.80 2434678.2370 12.65
2431323.5762 12.90 2431686.6805 12.90 2434683.2270 13.19
2431323.6572 12.90 2431686.6909 12.90 2434869.4480 12.99
2431329.5614 12.90 2431687.6972 12.80 2434978.3650 13.12
2431329.6362 12.90 2431701.5675 13.00 2434980.3930 12.82
2431341.5279 13.00 2431701.5708 12.80 2434980.4590 13.36
2431341.5979 12.80 2431701.7019 12.90 2434982.3650 13.12
2 4 3 1 3 4 2 .6 7 2 1 1 2 .90 2 4 3 1 7 0 2 .5 4 3 4 12 .80 2 4 3 4 9 8 2 .4 1 6 0 13 .12

2431343.6265 12.80 2431707.5452 12.90 2435006.3740 13.13
2431344.5338 12.80 2431707.5599 12.90 2435011.3400 13.29
2431349.6389 12.80 2431707.6395 12.80 2435012.3610 13.05
2431350.6286 12.80 2431709.5579 12.90 2435041.2070 13.26
2431356.5988 12.80 2431711.5969 12.90 2435041.2320 13.12
2431356.6459 12.90 2431711.6385 12.90 2435334.4200 13.19
2431357.5733 12.80 2431712.5866 12.80 2435335.3310 12.99
2431357.6197 12.80 2431712.5887 12.90 2435336.4670 12.85
2431357.6640 12.90 2431729.5421 12.70 2435337.3300 12.73
2431359.5548 12.90 2431731.5825 12.70 2435341.4550 12.95
2431367.5185 12.80 2431756.5247 12.70 2435347.3910 12.70
2431375.4909 12.90 2431757.5027 12.80 2435347.4170 12.75
2431375.5346 12.90 2432747.7626 12.70 2435361.3290 12.72
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2435362.3380 12.74 2442611.7830 12.80 2444543.5610 12.20
2435363.3220 12.78 2442634.6790 13.00 2444761.7710 12.90
2435365.2940 12.78 2442655.8360 13.40 2444783.7570 12.90
2435366.3260 12.99 2442659.6050 12.40 2444819.6720 13.10
2435367.3530 12.82 2442666.7720 13.00 2444837.5870 13.30
2435369.2970 12.87 2442694.5170 12.80 2444868.6040 12.70
2435369.3220 12.87 2442710.5190 13.00 2444899.5080 13.30
2435395.2380 13.05 2442714.4870 12.50 2444934.4730 12.90
2435401.3910 12.85 2442934.7850 12.70 2445082.8000 12.50
2435723.3650 12.82 2442952.7220 12.20 2445083.8160 12.50
2436084.3880 12.76 2442965.7060 12.30 2445141.7670 12.50
2436100.3090 12.78 2442982.6790 12.30 2445165.7180 12.00
2436128.3170 12.78 2442992.7640 12.10 2445173.7200 12.40
2436134.3080 12.92 2443010.6400 12.20 2445203.6620 12.20
2436805.3240 13.00 2443020.6520 12.20 2445223.6250 12.00
2437849.7113 12.80 2443041.6500 12.10 2445232.5520 12.20
2437851.7214 12.50 2443050.6610 12.20 2445253.6120 12.20
2437873.6500 12.90 2443063.5140 12.20 2445260.5260 12.10
2437873.6600 12.80 2443096.4610 12.00 2445281.5190 12.00
2438200.6910 12.40 2443135.4660 12.30 2445312.4790 12.20
2438202.6125 12.30 2443289.7910 12.60 2445317.4590 12.20
2438299.3200 13.26 2443307.7730 12.80 2445342.5080 12.20
2438466.5300 13.19 2443317.7800 12.60 2445438.8510 12.40
2440067.6850 12.40 2443334.7910 12.70 2445464.8150 12.60
2440395.7687 12.60 2443347.7010 13.10 2445496.7960 12.70
2440417.7079 12.60 2443366.6630 12.80 2445519.7410 13.10
2440418.7190 12.80 2443376.7250 13.00 2445525.6900 13.00
2440448.6302 12.80 2443395.6180 12.90 2445550.7210 12.90
2440452.6193 12.90 2443421.5780 13.00 2445556.6960 13.00
2440774.7376 12.10 2443449.5380 12.80 2445579.6470 13.10
2440775.7348 12.20 2443489.4680 12.80 2445587.5990 13.20
2440824.5975 12.20 2443659.7940 12.10 2445606.5830 12.90
2441181.6199 12.80 2443690.7200 12.10 2445614.5360 13.10
2441899.7050 13.10 2443716.6860 12.00 2445637.5200 13.00
2441900.6930 13.10 2443753.6590 12.00 2445646.4900 12.80
2441915.7050 13.20 2443776.5740 12.20 2445670.4710 12.80
2441943.5460 13.20 2443791.6840 12.00 2445694.4720 13.00
2441957.6130 13.10 2443806.2480 12.38 2445699.4440 12.40
2441971.5090 13.30 2443806.2770 12.78 2445728.4660 12.90
2441983.5000 13.20 2443806.3000 12.28 2445760.9180 12.60
2442211.7380 12.20 2443815.5240 12.20 2445786.8810 12.80
2442217.7980 12.20 2443838.4620 12.40 2445823.8190 12.30
2442219.7950 12.10 2444024.7930 12.70 2445823.8430 12.50
2442220.7940 12.10 2444045.7730 13.10 2445848.7840 12.20
2442248.7590 12.10 2444102.6800 13.10 2445855.7780 12.40
2442272.6600 12.20 2444128.5550 12.80 2445878.7970 12.20
2442303.5380 13.00 2444140.6220 12.90 2445884.6950 12.30
2442328.5910 12.60 2444197.4730 12.40 2445906.6960 12.10
2442362.4720 12.20 2444401.7770 12.30 2445910.6660 12.30
2442386.4560 12.20 2444439.7320 12.30 2445933.6460 12.10
2442397.4560 12.60 2444467.6670 12.20 2445938.6340 12.30
2442541.7700 12.90 2444486.6070 12.20 2445961.6210 12.30
2442543.8160 12.70 2444494.6610 12.00 2445989.5450 12.40
2442544.7830 12.90 2444513.5990 12.40 2446019.5320 12.30
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2446061.5300 12.20 2447324.7060 12.70 2447776.3800 12.19
2446079.4860 12.20 2447330.7650 13.00 2447777.3840 12.19
2446124.9000 12.60 2447353.7510 12.90 2447778.4280 12.19
2446139.8620 12.70 2447378.6300 12.70 2447779.3950 12.17
2446180.8380 13.00 2447383.7370 12.30 2447789.2250 12.01
2446206.7890 13.00 2447411.5930 12.50 2447791.2620 12.18
2446231.7930 12.90 2447441.5740 12.50 2447792.3240 12.13
2446237.7400 12.90 2447466.5220 13.20 2447793.3090 12.16
2446264.7270 12.70 2447480.4890 12.80 2447797.3020 12.30
2446270.7270 13.00 2447497.4830 13.20 2447797.5270 12.10
2446287.7150 12.80 2447505.4850 13.00 2447798.3780 12.23
2446295.6420 13.00 2447628.8380 13.10 2447802.2860 12.23
2446316.6550 13.00 2447680.5050 12.95 2447803.3230 12.21
2446325.6610 13.10 2447681.4830 12.75 2447805.2720 12.17
2446345.6280 13.20 2447681.4930 12.73 2447807.3490 12.19
2446355.5270 13.20 2447683.3350 12.65 2447808.3720 12.23
2446378.5030 13.20 2447683.3590 12.75 2447821.2610 12.15
2446414.5130 13.30 2447683.3860 12.72 2447821.2960 12.19
2446435.4520 12.90 2447683.4140 12.76 2447821.3340 12.16
2446523.8850 12.20 2447683.4390 12.76 2447823.5920 12.20
2446534.8640 12.30 2447683.4660 12.76 2447825.3240 12.19
2446560.7870 12.60 2447683.4940 12.73 2447829.2550 12.15
2446565.8150 12.20 2447689.7580 12.60 2447835.2050 12.27
2446585.8020 12.40 2447704.3310 12.75 2448119.4510 12.85
2446590.8110 12.30 2447705.3160 12.73 2448122.4240 12.95
2446615.7200 12.50 2447706.3240 12.65 2448124.4290 12.92
2446622.7890 12.30 2447707.3180 12.49 2448128.3830 12.84
2446646.7960 12.70 2447707.3450 12.58 2448132.4470 12.78
2446651.7030 12.30 2447710.4890 12.48 2448153.3600 12.85
2446671.5920 12.70 2447711.3140 12.58 2448453.4790 12.44
2446681.5730 12.60 2447716.4970 12.60 2448475.4380 12.47
2446698.6380 12.70 2447716.7620 12.80 2448484.4180 12.38
2446709.5470 12.70 2447717.4500 12.39 2448814.3610 12.92
2446726.5260 12.70 2447718.4540 12.50 2448864.3440 13.15
2446733.5250 12.80 2447729.3190 12.60 2448886.3460 13.20
2446757.4980 13.00 2447730.2950 12.55 2448899.3420 13.19
2446769.4900 12.80 2447732.3750 12.31 2448916.2350 13.20
2446788.5070 12.50 2447733.3460 12.25 2449156.4170 12.52
2446915.8360 12.50 2447734.3600 12.28 2449163.4670 12.73
2446946.7980 12.30 2447735.4510 12.38 2449189.4340 12.50
2 4 4 6 9 7 0 .7 9 8 0 12 .80 2 4 4 7 7 3 6 .4 8 8 0 1 2 .30 2 4 4 9 2 4 1 .3 3 9 0 12 .77

2446975.7350 12.20 2447736.7300 12.20 2449249.4580 12.78
2446999.7640 12.60 2447737.3700 12.17 2449271.2340 12.77
2447005.6900 12.40 2447737.3990 12.37 2449281.2910 12.92
2447028.6440 12.60 2447740.5080 12.25 2449570.4340 13.19
2447033.6230 12.30 2447745.4990 12.46 2449573.4460 13.15
2447064.6460 12.60 2447746.5250 12.46 2449601.3690 13.13
2447082.6140 12.70 2447747.4750 12.28 2449629.2530 13.13
2447087.5750 12.30 2447748.3380 12.25 2449892.4580 12.47
2447112.5590 12.70 2447749.4300 12.55 2449903.4900 12.50
2447148.4980 12.70 2447762.6660 12.20 2449931.4260 12.73
2447167.4570 12.50 2447766.3920 12.28 2449934.4260 12.78
2447237.8900 12.70 2447768.3910 12.21 2450014.2350 12.78
2447270.8350 13.00 2447773.3460 12.25 2450284.4370 12.99
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2433264.5000 09.80 2440725.0000 10.70 2441992.7000 10.80
2433267.5000 09.60 2440740.8000 09.60 2441999.7000 10.70
2433283.5000 09.30 2440759.8000 10.00 2442006.7000 10.40
2433291.5000 09.40 2440772.7000 09.30 2442015.5000 10.50
2433570.8000 09.30 2440773.7000 10.70 2442018.7000 10.70
2433584.8000 09.60 2440797.7000 09.80 2442024.7000 10.40
2433854.6000 09.40 2440804.6000 09.30 2442027.6000 10.60
2433860.6000 10.50 2440830.7000 10.40 2442041.6000 10.10
2433910.6000 10.60 2440838.8000 10.00 2442057.6000 10.20
2433924.6000 10.00 2440878.7000 09.50 2442163.0000 10.50
2433941.6000 10.10 2440886.7000 09.50 2442166.0000 09.70
2433945.6000 09.60 2440896.6000 09.40 2442186.9000 09.80
2435186.8000 09.80 2440949.7000 09.50 2442188.8000 09.80
2435197.8000 10.30 2441030.8000 09.80 2442199.8000 09.70
2435208.8000 10.50 2441045.9000 10.70 2442207.9000 10.00
2435245.6000 10.60 2441077.9000 10.80 2442211.8000 09.40
2435388.7000 10.30 2441114.8000 10.30 2442214.8000 10.10
2439658.8000 09.80 2441121.7000 09.50 2442225.8000 09.70
2439699.8000 09.70 2441148.7000 10.90 2442226.9000 09.20
2439729.7000 10.10 2441177.7000 10.90 2442237.8000 09.70
2439755.9000 09.90 2441190.7000 10.50 2442247.7000 09.60
2439795.7000 10.00 2441206.6000 10.60 2442269.7000 09.70
2439851.7000 10.00 2441235.7000 10.80 2442294.7000 09.60
2439941.9000 10.90 2441244.7000 10.60 2442326.8000 09.70
2439977.8000 10.10 2441245.8000 10.60 2442345.7000 09.70
2440029.7000 10.00 2441250.6000 10.20 2442358.7000 09.80
2440036.8000 10.00 2441256.7000 10.60 2442390.7000 09.90
2440043.7000 09.60 2441273.7000 10.60 2442393.5000 10.00
2440056.8000 10.00 2441276.6000 11.00 2442584.8000 10.00
2440073.6000 09.20 2441286.6000 10.80 2442599.8000 10.70
2440115.8000 10.00 2441295.6000 10.50 2442631.7000 10.60
2440126.8000 10.00 2441316.6000 10.90 2442663.8000 10.70
2440154.7000 09.70 2441327.6000 10.70 2442690.7000 10.80
2440155.7000 09.10 2441423.8000 10.70 2442715.8000 10.80
2440174.7000 09.00 2441431.0000 10.60 2442726.7000 10.40
2440193.7000 08.50 2441447.8000 09.90 2442748.7000 10.90
2440266.9000 09.60 2441521.7000 10.50 2442771.7000 10.80
2440297.9000 10.30 2441522.7000 09.20 2442949.8000 10.70
2 4 4 0 3 2 2 .8 0 0 0 10 .10 2 4 4 1 5 2 2 .7 0 0 0 1 0 .10 2 4 4 2 9 8 3 .7 0 0 0 10 .10

2440355.8000 10.60 2441650.7000 09.30 2442994.7000 09.80
2440381.7000 10.70 2441763.9000 10.30 2443040.7000 09.90
2440386.8000 10.50 2441795.9000 10.60 2443075.7000 09.70
2440414.7000 10.00 2441805.8000 10.60 2443098.7000 09.70
2440436.6000 10.70 2441844.8000 10.00 2443121.6000 09.80
2440479.8000 10.90 2441857.7000 09.90 2443313.8000 10.10
2440506.8000 10.40 2441868.7000 10.90 2443332.8000 10.80
2440512.7000 10.70 2441897.7000 10.60 2443363.7000 10.90
2440531.7000 10.30 2441899.7000 10.70 2443404.6000 10.90
2440548.7000 10.50 2441927.7000 11.30 2443439.7000 11.10
2440582.5000 09.90 2441941.8000 10.20 2443460.7000 10.80
2440592.7000 10.70 2441952.7000 10.20 2443658.8000 10.70
2440643.0000 10.70 2441964.7000 10.50 2443675.8000 10.10

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



C h a p te r  6. A p p e n d ix 63

H JD V HJD V H JD V

2443793.7201 09.60 2445550.3000 10.00 2447065.3000 09.40
2443804.8000 08.80 2445558.3000 10.20 2447075.4000 09.40
2443819.7000 09.90 2445605.3000 10.30 2447086.3000 09.50
2443854.6000 09.70 2445610.3000 10.40 2447139.2000 09.40
2444090.4000 10.00 2445630.3000 10.00 2447159.2000 09.50
2444097.4000 10.40 2445643.3000 10.30 2447167.2000 09.50
2444131.3000 10.30 2445648.3000 10.20 2447352.4000 09.50
2444136.3000 10.20 2445658.2000 10.40 2447359.7000 09.40
2444143.3000 10.30 2445674.2000 10.30 2447361.4000 09.50
2444148.9000 10.20 2445867.5000 10.00 2447372.4000 09.50
2444155.3000 10.60 2445874.5000 10.30 2447412.3000 09.70
2444164.4000 10.20 2445890.3000 10.30 2447416.6000 09.70
2444174.2000 10.20 2445911.3000 09.90 2447426.3000 09.70
2444180.3000 10.40 2445923.4000 09.50 2447435.3000 09.60
2444187.2000 10.30 2445930.3000 09.50 2447446.3000 09.70
2444192.3000 10.20 2445965.3000 09.70 2447456.3000 09.70
2444196.2000 10.20 2445973.3000 09.50 2447466.2000 09.70
2444210.2000 10.20 2445986.3000 09.60 2447472.3000 10.20
2444444.4000 10.30 2445994.3000 09.70 2447473.5000 10.20
2444454.4000 09.50 2446005.3000 09.70 2447480.2000 10.10
2444467.3000 09.50 2446012.2000 09.40 2447480.6000 10.20
2444471.3000 10.10 2446040.2000 09.60 2447489.2000 10.70
2444501.3000 09.50 2446056.2000 09.30 2447503.2000 10.40
2444510.3000 09.70 2446244.4000 09.50 2447696.4000 10.40
2444516.3000 09.50 2446258.4000 09.70 2447704.4000 09.50
2444520.3000 09.50 2446271.4000 10.00 2447738.4000 09.60
2444532.2000 09.50 2446279.4000 10.10 2447775.3000 09.00
2444540.3000 09.50 2446319.3000 09.90 2447786.3000 09.00
2444567.3000 09.60 2446328.3000 09.90 2447794.3000 09.10
2444581.2000 09.50 2446335.3000 09.60 2447803.3000 09.10
2444600.2000 09.50 2446349.4000 10.10 2447810.3000 09.10
2444814.4000 09.30 2446359.3000 10.00 2447817.3000 09.00
2444821.4000 10.30 2446368.3000 10.20 2447824.3000 09.20
2444831.4000 10.40 2446376.3000 10.20 2447837.3400 09.10
2444871.3000 10.40 2446385.2000 10.10 2447846.3000 09.30
2444914.2000 10.50 2446401.2000 10.10 2447854.3000 09.10
2444929.2000 10.50 2446418.2000 10.10 2447859.3568 09.20
2444937.2000 10.50 2446423.2000 10.10 2447859.3568 09.00
2445158.4000 10.30 2446593.5881 10.10 2447859.3569 09.20
2445170.4000 09.50 2446616.4000 09.70 2447859.3711 09.00
2 4 4 5 1 7 8 .3 0 0 0 0 9 .7 0 2 4 4 66 2 3 .4 0 0 0 0 9 .6 0 2 4 4 7 8 5 9 .3 7 1 1 09.20
2445183.4000 09.50 2446639.4000 09.50 2447859.3712 09.40
2445193.4000 09.70 2446648.4000 10.00 2447859.3712 09.20
2445225.3000 09.50 2446652.4340 09.70 2447859.3712 09.30
2445233.4000 09.60 2446684.3000 10.10 2447859.4457 09.40
2445241.3000 09.90 2446694.3000 09.70 2447859.4457 09.40
2445269.4000 09.60 2446700.3000 09.90 2447859.4458 09.40
2445282.3000 09.40 2446707.3000 09.70 2447859.4600 09.40
2445294.3000 09.40 2446716.3000 09.90 2447859.4601 09.50
2445303.2000 09.30 2446730.3000 09.90 2447859.4601 09.90
2445327.2000 09.40 2446739.2000 09.90 2447859.4601 09.40
2445505.4000 09.60 2446746.2000 09.90 2447861.3000 09.40
2445524.4000 09.90 2446761.2000 09.90 2447870.2500 09.40
2445533.3000 10.20 2447047.3000 09.90 2447883.2400 09.50
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H JD V HJD V H JD V

2447891.8004 09.70 2447977.0966 09.00 2448153.3100 10.10
2447891.8004 09.80 2447977.0966 09.00 2448154.7804 10.30
2447891.8005 09.90 2447977.0968 09.50 2448154.7947 09.90
2447891.8892 09.70 2447977.1109 09.70 2448154.8692 10.30
2447891.8893 09.80 2447977.1109 09.80 2448154.8692 09.70
2447891.9782 09.90 2447977.1109 09.60 2448154.8834 09.00
2447912.1374 09.90 2447977.1111 09.80 2448154.8834 09.40
2447912.1374 09.50 2447977.1854 09.80 2448154.8835 09.00
2447912.1374 09.30 2447977.1855 09.70 2448154.8835 09.20
2447912.1517 09.30 2447977.1855 09.80 2448154.9724 09.20
2447912.1518 09.20 2447977.1857 09.90 2448154.9724 09.00
2447912.2263 09.30 2447977.1998 09.90 2448154.9724 09.00
2447912.2263 09.30 2447977.1998 09.90 2448162.3000 09.40
2447912.2263 09.30 2447977.1998 09.90 2448170.4100 09.00
2447912.2264 09.20 2447977.2000 09.80 2448170.4211 09.00
2447912.2406 09.30 2447977.2745 09.80 2448170.4211 09.30
2447912.2406 09.50 2447977.2888 09.90 2448170.4212 09.70
2447912.2406 09.30 2448031.5300 09.90 2448170.4354 09.20
2447912.2407 09.30 2448042.2273 09.80 2448170.4355 09.40
2447912.3152 09.30 2448042.3162 09.90 2448170.5099 09.70
2447912.3152 09.20 2448042.3305 09.90 2448170.5099 09.50
2447912.3152 09.30 2448042.4051 09.90 2448170.5100 09.30
2447912.3152 09.50 2448042.4194 10.00 2448170.5101 09.20
2447912.3153 09.20 2448047.4200 09.90 2448170.5243 09.50
2447912.3295 09.20 2448058.5000 09.90 2448170.5243 09.70
2447912.3295 09.30 2448062.8449 10.00 2448170.5243 09.60
2447912.3295 09.40 2448062.8593 09.20 2448170.5245 10.30
2447912.3296 09.30 2448062.9338 09.10 2448170.6133 09.60
2447956.2107 09.30 2448062.9482 09.00 2448181.3200 09.40
2447956.2107 09.40 2448072.4300 09.40 2448191.3400 09.80
2447956.2107 09.30 2448082.4500 09.50 2448200.3000 10.50
2447956.2108 09.80 2448089.4000 09.00 2448204.3551 09.50
2447956.2250 09.50 2448098.3000 09.10 2448204.3694 10.50
2447956.2250 09.90 2448102.8249 09.00 2448204.4438 09.50
2447956.2250 09.30 2448102.8993 09.50 2448204.4438 09.90
2447956.2252 09.30 2448102.8993 09.50 2448204.4438 09.10
2447956.2995 09.90 2448102.8993 09.10 2448204.4438 09.70
2447956.2996 09.50 2448102.8995 09.50 2448204.4440 10.00
2447956.2997 09.50 2448102.9136 09.30 2448204.4581 09.10
2447956.3139 09.60 2448102.9136 09.40 2448204.4581 10.10
2 4 4 7 9 5 6 .3 1 3 9 0 9 .9 0 2 4 4 8 1 0 2 .9 1 3 8 0 9 .5 0 2 4 4 8 2 0 4 .4 5 8 2 0 9 .7 0

2447956.3139 09.90 2448105.3800 09.50 2448204.4582 09.10
2447956.3141 09.90 2448113.3900 09.90 2448204.4583 10.40
2447956.3884 09.90 2448113.8317 10.10 2448204.5328 09.80
2447956.3884 09.90 2448113.8317 09.90 2448215.2400 09.30
2447956.3886 10.00 2448113.8317 09.90 2448223.2300 09.70
2447956.4029 10.20 2448113.8317 09.70 2448231.2015 10.30
2447977.0079 10.10 2448113.8318 09.90 2448231.2400 09.80
2447977.0220 10.10 2448113.8460 09.80 2448231.3650 09.60
2447977.0220 09.80 2448113.8460 09.70 2448231.3791 10.10
2447977.0220 09.60 2448113.8462 10.40 2448231.3792 10.20
2447977.0220 09.60 2448113.9206 10.40 2448231.3792 09.30
2447977.0222 09.70 2448113.9207 10.80 2448231.3793 09.20
2447977.0966 09.10 2448124.3600 09.70 2448238.2400 09.40
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H JD V H JD V

2448255.6232 09.60 2448314.8052 09.20
2448255.6375 09.60 2448314.8194 09.30
2448255.7264 09.90 2448314.8194 09.30
2448255.8010 09.10 2448314.8194 09.30
2448255.8153 09.90 2448314.8194 09.70
2448261.2400 09.00 2448314.8196 09.50
2448297.3101 09.10 2448314.8941 09.60
2448297.4733 09.20 2448314.9083 10.20
2448297.4734 09.90 2448314.9083 09.50
2448297.4735 10.30 2448314.9084 09.10
2448297.4877 09.00 2448354.5246 09.50
2448297.4877 09.70 2448354.5246 09.10
2448297.4877 09.30 2448354.5246 09.40
2448297.4879 09.10 2448354.5247 10.40
2448297.5622 09.10 2448354.5389 09.00
2448297.5622 09.10 2448354.5389 09.10
2448297.5623 10.20 2448354.5389 09.80
2448297.5623 09.00 2448354.5389 10.20
2448297.5624 09.80 2448354.6136 09.40
2448297.5766 09.20 2448381.9831 10.30
2448297.5766 09.60 2448382.0718 09.40
2448297.5766 09.00 2448382.0719 09.20
2448297.5766 10.00 2448382.0719 09.30
2448297.5768 09.50 2448382.0720 09.90
2448297.6511 09.00 2448382.0863 09.60
2448297.6511 09.70 2448402.4600 09.00
2448297.6512 09.70 2448407.5754 09.80
2448297.6512 10.00 2448407.5754 09.30
2448297.6513 09.40 2448407.5755 10.00
2448297.6655 08.70 2448407.5897 10.20
2448297.6655 09.80 2448407.5898 09.30
2448297.6656 09.10 2448407.5899 09.90
2448297.7402 09.20 2448418.4000 10.20
2448297.7545 09.20 2448429.4500 09.60
2448314.4640 09.50 2448438.4800 09.70
2448314.5384 09.20 2448444.5471 10.10
2448314.5384 09.10 2448444.5471 09.20
2448314.5384 09.20 2448444.5472 09.60
2448314.5385 09.20 2448444.6216 09.70
2448314.5527 09.20 2448444.6216 10.10
2 4 4 8 3 1 4 .5 5 2 7 0 9 .10 2 4 4 8 4 4 4 .6 2 1 7 1 0 .20

2448314.5527 09.10 2448444.6218 09.50
2448314.5529 09.70 2448444.6359 10.30
2448314.6273 10.50 2448444.6360 10.20
2448314.6273 09.20 2448444.6362 09.70
2448314.6273 10.50 2448447.4600 10.00
2448314.6273 10.20 2448458.6646 09.80
2448314.6275 09.60
2448314.6416 09.60
2448314.6416 09.60
2448314.6418 09.60
2448314.8051 09.90
2448314.8051 09.40
2448314.8051 09.20
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Table 6.5: Photographic visual estimates collected by the author at Harvard Observatory

HJD V

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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