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Abstract. We discuss the light variability of the Mira variable

x Cygni, present a homogeneous set of times of minimum a N
maximum light since its discovery date in 1686, and analyse t7gq0 L
variations of the pulsation period. There is a substantial cyc
to-cycle variation in the pulsations (standard er06<5) with

quite strong evidence for a linearly increasing period. Qua:6000
cyclic patterns in th® — C diagrams are visible, but there is nc
compelling evidence that these apparent cyclic period chansooo -
are real since the residuals left after fitting a linear period i
crease plus intrinsic period scatter have properties consist
with being white noise. The Lombard frequency domain te
for a changing period applied to the residuals also gives unct
vincing significance levels. The low gradient of the luminosit3°0°
change with period is compatible with the star undergoing a ri

in luminosity when H shell-burning takes over. 2000 -
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1. Introduction JD
\ Cygni (HD 187796 = HR 7564 = BD+32 3593) is famous foFig_' 1. Evolution of the number of magnitude estimates as a function
: . . of time.
having the largest visual amplitude amongst the well-observe
Mira variables. In early July 1686, Gottfried Kirch planned ob-
servations of Nova 11 Vulpeculae (discovered 16 years earligi@ntemporaries (specifically J. Schmidt-who was one of the first
and at this occasion he compared the surrounding field witho systematically monitored the star through its phase of min-
Bayer'sUranometriaatlas made in 1603. He could not find thémum light-and who provided an almost continuous sequence
star that was designed by Bayera<ygni (even Flamsteed of observations covering a time interval of nearly 40 years from
took the star 17 Cyg foy Cygni) and, consequently, Kirch kept1845 to 1884). From the beginning of the“?@entury the star
this region under close surveillance. On October 19, 1686 Was observed almostuninterruptedly by different observers, par-
found y Cygni again as a star of about fifth magnitude. Thigcularly by amateur astronomers. Hip. 1illustrates the evolution
appearance was the first reliable historical time of maximu®hthe number of magnitude estimates as a function of time, and
of this variable, andy Cygni is thus one of the oldest knownFig[2 shows the light curves available since 1865.
variable stars. The bulk of the historical data, transformed to fiescale
From the discovery date till 1738 the star was maini§f the Johnso/ BV sytem, has been published by Sterken &
monitored by G. Kirch and Christfried Kirch, and-ratheBroens (1998) and Broens et al. (1998).
occasionally—also by Cassini and Halley. But the really signifi-
cant observational contributions were made by Argelander afdrpe period of x Cygni

Send offprint requests 1€. Sterken To Gottfried Kirch,y Cygni was a regular variable with a period
* Belgian Fund for Scientific Research (FWO) of 404!5 days, but in 1713 already Maraldi found a period of
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! 1 Fig. 2. Light curves ofx Cygni available

“r S S SR IR S B since 1865. Note that the minima are not

2430000 2435000 2440000 2445000 2450000 always well-covered (data from Sterken &
JD Broens 1998, Broens et al. 1998).
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405 days and pointed out that deviations of the cycle length — ————
one month do occur, so that the time interval in between tv " [ XCyg D ..=2336436.4 +408.1E
maxima at some times would be 13 months and at other tim *° [
14 months. Indications that Cygni’s period was lengthening, 2°[
were also given by other observers (Le Gentil 1759, Pigott 17¢; o
Koch 1802). S0l
Olbers (1816) was the first who tried to mathematically de 4o |
scribe the period lengthening (through his first-time applic. ., [
tion of the least-squares method; the procedure was comr
nicated to him by Gauss in 1803). From a number of wel ool
determined maxima from 1687 to 1815 Olbers (1841) also ¢ I
. . . . . . 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280
rived a quadratic ephemeris—though some cycles with deviatic E
amounting to almost four V\(egks were not cor@dered becalﬁ 3.0 — C diagram covering the last 150 years, linear ephemeris.
Olbers regarded these _deV|at|on§ as irregularities of the per top curve is for the times of maximum and corresponds to the left
that could not be explained by his formula. The next to make ayis, the lower curve is for the times of minimum and relates to the
a deep investigation of the period was Argelander (1869), Wi0axis on the right side (th@ — Crmin, Were calculated with the linear
replaced the second-order term in Olbers’ solution by a peshemeris for the maxima given in the figure).
odic term. Chandler (1894), then, combined Olbers’ and Arge-
lander’s formulae by taking into account the quadratic as well
as the cyclic term, but a satisfactory formal description for tf2 The difference in base time is necessary due to the presence
period changes was never found. of the hump on the rising branch of the light curve, so both
Rosenberg (1906), in an extensive investigation of the stairgervals were chosen in such a way as to exclude any features
light variations, confined himself to a representation with laelonging to the hump phase. As such, the number of data points
quadratic term only, thus his elements turn out to be very closeminimum often exceeds the number available at maximum,
to those obtained by Olbers. though in many cases the maxima are better covered. The num-
ber of available magnitudes and their quality (especially during
minimum light) determine the accuracy of the calculated time
of extremum. We estimate the times of minimum/maximum to

Since it is important to derive the times of minimum or maxibe accurate within-10d.
mum light with a consistent method, we have derived moments
of light extremum in the same way as applied by Sterken et al.
(1987), viz. by fitting a polynomial of third degree over a time”
interval that is symmetric with respect to an eye-estimated tirfieg.[3 illustrates the) — C diagram forP = 4081 resulting

of extremum. AllT},,.. were calculated using data in a time infrom applying a linear ephemeris to ttig, . over the last 150
terval of 60 days centered on the estimated maximuni/thge years—that is, the time interval with an almost uninterrupted
were calculated using a time interval of 120 days centered segquence of maxima and minima. The shape of the curve is
the estimated minimum. The results are given in Tables 1 arytlic, not strictly periodic. The 123 maxima wander between
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Fig. 5. Cycle lengths derived from 110 successive times of light maé 600
imum of x Cygni for the last 150 years. Average period is 408 ‘2‘22 .
o = 8%9. Successive maxima are connected by straight lines, thec *, [. s
tinuous curve is the running average (bin length 7 datapoints).

Frequency

6 weeks early and about 6 weeks late, in accord with Maraldﬂg' 6. Periodograms of the mean periods for the times of maximum
! and minimum.

early findings and with Argelander’s attempt to fit a cyclic term.
The minima follow the maxima b331 + 3 days on average. The

agreement between the twotrends |sverygood,whlleshort-termes_ Sterne (1934a,b) demonstrated that it is not necessarily

dlffere"n ces may be'due to measurement errors and CyCIe%r?fe that curvatures in th@ — C' diagramalwaysindicate pe-
cycle jitter in the period.

Fig @ illustrates the — C diagram resulting from applying riod variations: such deviations can also be caused by the cu-

a linear ephemeris over the time span of three centuries. Ir_nulatlve effect of random errors in the lengths of the cycles

i . .

the sake of illustration, we have highlighted datapoints wi Tihe star itself. In the case .Of M|r_a stars, for example, Koen
i A 992) even showed that white noise could lead t@an C

E > 140 that follow about the same sampling distribution a

the data belonging to the cycle interval 1-140 plot with apparently significant indications of the presence of

. . .an entirely spurious period variation. The question thus arises
Fig[3 shows cycle lengths derived from 110 SUCCESSIVHether the interesting structures revealed in [Elgs. 3And 4 do
times of light maximum ofy Cygni for the last 150 years. The 9 '

average period length is 408 and the apparent standard devi§tand for changes of the pulsation period.

ation is 89. Successive maxima are connected by straight lines,

the continuous curve is the running average (bin length 7 dat2. Is there a significant period change?

apoints). The diagram shows sequences of intervals where the .. . ,

cycle length seems to be highly erratic£ 16 d over 7 consec- In"a first approach we applied Sterne’s (1934b) procedure on

. ) . the almost uninterrupted sequencel@f,, from £ = 192 to
utive cycles: long cycles are typically followed by short ones) Y80. This results in an estimate of the standard deviation of
much less fluctuatings(= 6 d over 7 consecutive cycles). Th '

moving average also suggests that some real period variatic()etnhe mgasurgment errot, = 5.3 and standard deviation of the
present MFinsic period scattes, = 7.7. ' .

' The best all-purpose test for changes in the mean period
we are aware of is the periodogram-based statistic of Lombard
5. Discussion (1998). Figl6 shows the periodograms of the mean periods for
the times of maximum and minimum. The lower pariél ),
especially, shows strong evidence for an increase in power at
Eddington & Plakidis (1929) were the first to infer the existhe lowest frequencies. Unfortunately, Lombard only presents
tence of cumulative errors in the periods of long-period varfierms of the test that are suitable for either complete datasets, or

5.1. The relevance of the — C' diagrams
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Table 1.JD of maximum lightT,.x and cycle numbeE.

Tmax E Tmax E Tmax E Tmax E Tmax E Tmax E

2337550.6 2 2395619.7 145 2407467.5 174 2420883.3 207 2431111.7 232 2441307.9 257
23424146 14 2396014.8 146 2408278.5 176 2421284.8 208 2431937.3 234 2441713.0 258
23428029 15 2396427.9 147 2408692.3 177 2421690.9 209 2432344.9 235 24421435 259
2344437.7 19 23972245 149 2409095.5 178 2422099.7 210 2432752.3 236 2442552.7 260
23481019 28 2397639.2 150 2409506.9 179 2422507.2 211 2433164.2 237 2442961.5 261
2348500.5 29 2398062.2 151 2411543.2 184 24229149 212 2433575.7 238 2443366.6 262
2351374.2 36 23984525 152 2411956.4 185 24233219 213 2433970.8 239 2443779.4 263
2351763.0 37 2398867.1 153 2412780.0 187 2423727.5 214 2434393.9 240 2444196.2 264
2356218.8 48 2399267.7 154 2413188.8 188 2424549.6 216 2434808.5 241 2444598.9 265
23594495 56 2399680.7 155 24147947 192 2424953.9 217 2435202.0 242 2445023.9 266
2363081.1 65 2400507.6 157 2415207.3 193 2425367.9 218 2435615.3 243 2445420.6 267
2363502.2 66 2401317.0 159 2415613.6 194 2425777.2 219 2436023.8 244 2445842.0 268
2372475.2 88 2401744.0 160 2416013.6 195 2426208.9 220 2436413.0 245 2446250.1 269
2372865.0 89 2402161.6 161 2416427.0 196 2426599.6 221 2436819.6 246 2446650.5 270
23732645 90 2402559.1 162 2416828.5 197 2427023.8 222 2437232.4 247 2447063.9 271
2384255.4 117 2402985.4 163 2417235.8 198 24274249 223 2437635.8 248 2447482.2 272
2384655.8 118 2403410.0 164 2417632.9 199 2427843.9 224 2438029.0 249 2447876.0 273
2385075.2 119 2403809.6 165 2418045.0 200 2428242.8 225 2438432.1 250 2448269.8 274
2386268.7 122 2404220.2 166 24184419 201 2428669.6 226 2438843.1 251 2448676.3 275
2386665.6 123 2404621.1 167 2418843.1 202 2429079.6 227 2439242.2 252 2449085.3 276
2387480.2 125 2405031.7 168 2419262.5 203 2429497.4 228 2439655.7 253 24494949 277
2393969.7 141 2405836.2 170 2419672.0 204 2429905.0 229 2440064.7 254 2449896.7 278
2394385.9 142 2406239.9 171 2420085.1 205 2430307.6 230 2440475.4 255 2450308.3 279
2395205.6 144 2406653.7 172 2420484.1 206 24307104 231 2440891.5 256 2450718.2 280

for incomplete sets with missing values which form a stationasjon methods to the problem, provided that account is taken of
sequence. Because theCyg sequences of times of minimumthe correlation between successive observations. We used the
or maximum are incomplete, a refinement of the method wismulation in Koen (1996), Sect. 2, to find

necessary (see also the discussion in Koen & Lombard 1995).

We adopted analogous estimators, and tested their adequacf’s = 405.273(0.80) o, =45 0, =66

by simulating 2000 datasets with realistic zero-mean Gaussi#i/dt = 3.19 x 107 (1.2 x 107)

measurement errorg ¢, = 5d) and intrinsic period scatter . ) )

(¢ = 6d), using cycle numbers for the the times of maximuﬁ?r the maxima Pg pelng the period at the stqrt of the observa-
and minimum ofy Cyg. Our result establishes that the Lombartons)- The model fit was assessed by checking the transformed
statistic is significant at better than the 5% level for the makesiduals, as described by Koen (1996): the residuals were un-
ima, while the significance level for the minima is between 5&pPrrelated, mean-stationary and Gaussian. The best model for
and 10%. We conclude that there is quite strong evidence 8¢ Minima had

a ch_angmg mean period in the dataset comprising the tlmesfpf — 407.8776 (1.45) or = 5.0 —

maximum, while the support for a changing period is somewhaf’

weaker in the other dataset. and the residuals again satisfied the relevant tests for random-
ness, stationarity and normality.
5.3. What is the form of the period change? Further models in which the intrinsic period scatter standard

deviation was constrained to be the same as for the maxima (i.e.

A variety of continuous time state space models as descrihed_ ¢ ) were also fitted to thg Cyg minima. The best such
by Koen (1996) were fitted to the two datasets. The Akaike aﬂﬁ)del, again, had a constant period

Bayes Information Criteria (see e.g. Koen & Lombard 1993)

were used to compare the models. The best results, accorditig= 407.8935 (1.31) Om = 5.8

to these criteria, were a deterministic, linear period change for

the maxima, and no period change in the case of the minind@d the residuals’ properties were satisfactory.

Both the optimal models also required non-zero intrinsic period A simple quadratic fit.x = Ty + PpE +0.55E%, where

scatter. B = PdP/dt over the complete range of available data yields
The particularly simple solutions selected by the state spa@e= 0-013dy ", implying thaty Cygni's pulsation period has

modelling technique imply that we can apply ordinary regreicreased by about 4 days or 1% since the discovery date three
centuries ago.
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Table 2.JD of minimumTy,i, and cycle numbeF.

T‘min E Tmin E T‘min E Tmin E Tmin E Tmin E

2406884.2 172 2421119.8 207 2426436.4 220 2432178.9 234 2439884.3 253 2446077.3 268
2410147.2 180 2421513.7 208 2426848.4 221 2432993.3 236 2440297.7 254 2446465.6 269
24142279 190 2421932.1 209 2427255.2 222 2433397.5 237 2441128.9 256 2446891.7 270
2417059.9 197 2422326.1 210 2427664.7 223 2433795.9 238 2441546.5 257 2447294.4 271
2417469.1 198 2422747.7 211 2428083.3 224 2434215.0 239 2441965.1 258 24477075 272
2417872.1 199 24231429 212 2428502.6 225 2434629.9 240 2442380.7 259 2448113.8 273
2418268.2 200 2423565.7 213 2428891.1 226 2435044.0 241 2442795.7 260 2448519.2 274
2418674.3 201 2423973.1 214 2429314.3 227 2435437.2 242 2443215.0 261 2448907.8 275
2419074.1 202 2424375.8 215 2429731.1 228 2436253.7 244 2444026.4 263 2449328.0 276
2419496.3 203 2424786.9 216 2430529.3 230 2437058.4 246 2444431.8 264 2449721.0 277
2419902.2 204 2425197.0 217 2430946.8 231 2437446.3 247 2444855.8 265 2450134.1 278
2420305.8 205 2425611.6 218 2431360.6 232 2437847.1 248 2445254.7 266 2450522.2 279
2420713.2 206 2426042.3 219 2431763.0 233 2438655.1 250 2445661.2 267

helium shell expands till most of the helium is consumed, the
shell shrinks and the star returns to hydrogen burning, and the
building up of a new helium shell. This process repeats a num-
.« 7 ber of times, shell ignition and burning being called the “shell

‘ .1 flash”. Continuous period variation are expected via surface lu-
e . 2 frequency o ** minosity and radius changes: indeed, period changes consistent
jth such a flash have been described by Wood & Zarro (1981,
refater WZ), see also&b& Szatnary (1995) for the Mira
stars R Hya, R Aqgl, W Dra and T UMa. WZ compared rates
of period change with rates of changes predicted by theoreti-
cal flash calculations. One of their stars, W DFa£ 26449),
5.4. The apparent cycles in the O-C diagram shows arO — C diagram with similar characteristics as seen in

The above suggests that there is a systematic linear perjizd .[Z},thoughwnhamuch stronger parabolic gharacterand with
atively less-pronounced short-term fluctuations (note that the

change which is only detectable in the times of maximum, wi .
g y ﬁ’ge base over which W Dra was observed was only about 100

its longer baseline. Nonetheless, the pattern of cycles in ’

O — C diagrams is seductive, and it must be checked whet lg_:les, (_)r~_70 years_). WZ place W Dra b_etween points B and
thereis any evidence for residual period changes once the ove Al thelr F'g' L Wh'ch shows the behaviour of the surfa‘ce lu-
linear change has been prewhitened from the times of maxim nosity during a ty.p|ca|.f_u||y-developed flash cygle. Baash

We therefore studied thentransformeg(i.e. raw) residuals af- “Chf“a.” (1994) identified the dommant pulsation mode of
ter subtraction of the linear trend. A little thought shows that C.ygr." V.V'th the first overtone, and derived a mas8 4fM©, .
Lombard’s theory as described above applies also to these reyB'-Ch IS In the range (?f the masses.used by WZ. We used this
uals. The periodogram of the residuals is shown in[Hig. 7: th Ss estimate in WZ's formulae with their parameter values

still appears to be an excess of low-frequency power. Howe 1oy first overtone pulsation, and calculated that the luminos-

the residuals’ statistics attain significance levels of around 105%/1var|at|on corresponding to the period variatiging(L/Lo)

which is not entirely convincing: it may be, for example, that th Mounts to 0.00002, about 20 times less than WZ's result

global period change is slightly nonlinear, so that prewhiteni ﬁrw Dra. The three-centurles time span qf;h@yg dqta, an.d
by a linear trend is not quite appropriate. tHe low gradient of the luminosity change is compatible with a

location of this star after point E in WZ's Fig. 1-that is, during
_ _ _ the rise in luminosity when the H shell takes over as the main
5.5. The interpretation of the period changes energy producer. We then calculated.® as a function of time

Mira stars are highly-evolved stars with strongly-reduced su ra igquencefc;f core ”f‘asgf%/MQ = 0.610 Ol.09, an(()d Imdo 20
plies of nuclear fuel and dense carbon/oxygen cores surroun this rate of luminosity change occurs at about 0.15-0.

by a growing thin layer of helium. They represent a very shofd! the total flash cycle length after point E. We stress that the

lived phase in stellar evolution, and in the H-R diagram they a(':glculated Iuminosity-cha_nge rate anq _the derived epoch within
located at the top of the AGB. Contrary to popular belief, thereljd® flash cycle are not c;rmcally sensitive to numerlcgl values
no evidence that Miras systematically evolve to longer peri08 the palramet;:‘rshenter_mg the ef(;]_ugtlons. IC\(/jZe ed, dusr:ngl the ex-
asthey age (Whitelock 1996). When helium-burning begins, tfgme values of the various coefficients in and the lowest

. . . . . W
Fig. 7. Periodogram of the residuals after subtraction of a linear peripx
trend (times of maximum).
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