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Abstract. The extended photometry available for XZ Dra, a Blazhko-type RR Lyrae star, makes it possible to study its long-
term behavior. It is shown that its pulsation period exhibits cyclic, but not strictly regular variations with #7200 d period. The
Blazhko period (=76 d) seems to follow the observed period changes of the fundamental mode pulsation with dPg/dPy =
7.7 x 10* gradient. A binary model cannot explain this order of period change of the Blazhko modulation, nevertheless it can
be brought into agreement with the O—C data of the pulsation. The possibility of occurrence of a magnetic cycle is raised.
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1. Introduction

One of the unsolved problems, perhaps the most intriguing one
in RR Lyrae star research, is the Blazhko effect, the ampli-
tude and/or phase modulation of light curves with periods of
10-500 days. Although theoretical interpretations of the phe-
nomenon have been suggested (Shibahashi 2000; Van Hoolst
2000), a clear explanation of it is still lacking.

Blazhko (1907) was the first who recognized that the light
maximum of an RR Lyrae star (namely RW Dra) showed phase
modulation on a long time-scale (around 40 days). Subsequent
investigation has revealed that the phase modulation is accom-
panied by modulation of the light curve and the amplitude
of light variation. About one third of the fundamental-mode
RR Lyrae stars show the effect (Szeidl 1988), however, only
few have been investigated in detail yet. There are less than
10 galactic field stars which have sufficient observations to
permit deeper insight into their Blazhko properties, but these
studies have not been enough to expose the physical back-
ground of the observed modulation. The number of Blazhko
stars which have been observed for a long enough time to de-
tect any changes in their modulation properties is even fewer.
Most of the stars listed in the summary review paper of Blazhko
variables (Szeidl 1988, completed in Smith 1995) still have not
been studied in detail.

XZ Dra (BD+64°1332, HIP 94134, @000 = 19h09m42°6,
02000 = +64°51’32") is one of the best observed RRab stars.
Schneller (1929) discovered the star’s variability on Babelsberg
plates. Soon after the announcement of the discovery,
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Beyer (1934) observed the star visually and determined the cor-
rect value of the fundamental period. He also commented on
the strong oscillation in brightness of the individual light max-
ima. Based on the rough estimates of their photographic obser-
vations, Balazs & Detre (1941) showed that these oscillations
had a period of 76 days and that the star’s behaviour resembled
that of AR Her.

During the last century, continuous effort has been made at
the Konkoly Observatory to regularly observe RR Lyrae stars
with Blazhko effect. A collection of photometric and some ra-
dial velocity observations of XZ Dra has been recently pub-
lished in Szeidl et al. (2001). These data, together with all the
published measurements of XZ Dra, made it possible to follow
its photometric behaviour during a remarkably long (70-year)
period. Due to the extended data now available a detailed anal-
ysis of the properties of its pulsation and Blazhko behaviour
has become feasible.

2. The data

Both the extended photometric and the scarce radial velocity
observations available for XZ Dra have been utilized in the
present study. The photometric data used are the photoelectric,
CCD, photographic and visual observations collected in Szeidl
et al. (2001) and also all the other published photometries. A
complete reference list of all the available photometric data of
XZ Dra was also given in Szeidl et al. (2001).

In order to obtain the best possible time coverage of the ob-
servations the different types of measurements were combined
if they could be reliably transformed to the same magnitude
scale and if they belonged to a time interval for which data
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Fig. 1. O-C diagram of XZ Dra constructed from individual (red) and normal (blue) maxima compiled in Szeidl et al. (2001). Filled symbols
are for professional photographic, photoelectric and CCD observations. Open symbols show visual and amateur data, and also all the uncertain
observations marked by a colon in Szeidl et al. (2001). Horizontal bars indicate the time span of the observations the normal maxima were
derived from. The green line is the least-squares parabolic fit to all the data.

were analyzed together. Thus Bpe and V), (photographic) data
were transformed to Bpe and V). (photoelectric) magnitudes,
respectively, by correcting for zero point offsets. We note,

O-C [d]

phase

Fig.2. O-C data folded with 7200 d. The symbols are the same as
in Fig. 1, the parabolic fit to the data has been extracted. According
to this folded curve the maxima and the decline phases of the O-C
variation are more strictly repetitive than is the case around minimal
values.

however, that only very few and scarce photographic measure-
ments (Zaleski 1965; Harding & Penston 1966) were trans-
formed in this way, as for most of the photographic data there
were no contemporary photoelectric observations. The visual
observations were treated separately, simultaneous visual ob-
servations were linearly transformed to gain a common magni-
tude scale.

The most deviant points were omitted from each of the data
sets.

If there were no observations during the descending part of
the light curve (typically that was the case in the photoelectric
data and also in some parts of the photographic observations)
5-15 artificial data points were added in order to ensure the sta-
bility of the light curve solutions. The small number of artificial
data points compared to the total number of real observations
ensured that the results were not biased by the actual choice of
the artificial data.

When analyzing the magnitudes of the maxima, all the ob-
servations of the same wavelength were combined in order to
obtain the best possible time coverage. For this purpose the V
and visual magnitudes of maxima were also combined by sim-
ply correcting for zero point shifts between the V., V}, and the
visual data.

A complete list of individual and normal maximum timings
(an average maximum timing determined from observations of
more than one pulsation cycle taking into account the whole
light curve, not only the times of maxima) and O—C values us-
ing the ephemeris

Max(HJID) = 2431 244.383 + 0.4764955 E (1)
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were also given in Tables 10a and 10b of Szeidl et al. (2001).
In the present paper these O—C data are also used.

Although only very limited radial velocity observations of
XZ Dra are available, these observations are also reviewed
(Sect. 4.3) in connection with the possible explanations of the
photometric data.

3. Period changes

The collection of all the individual and normal maximum tim-
ings of XZ Dra allows us to follow its period changes using
a nearly continuous data base covering 70 years. The O-C di-
agram constructed from this compilation is shown in Fig. 1.
According to Fig. 1 the mean pulsation period of XZ Dra has
not changed significantly during the time covered by observa-
tions, but O—C variations ranging from 0.02 to 0.04 d in 2000-
5000 d intervals indicate that opposite sign period changes of
the order of 10~> d/d have been occurring.

A detailed inspection of the O—C data showed that besides
a small continuous period increase, a #7200 d cyclic variation
can be also detected. In Sect. 3.1 these long-term changes are
documented. Thorough analysis of all the available photomet-
ric observations have been performed in Sect. 3.2, with a spe-
cial focus on the possible changes in the Blazhko properties
that are a consequence of the detected variations of the pulsa-
tion period.

3.1. Long-term and sudden period changes

Fourier analysis of the O—C data shown in Fig. 1 revealed that
the period change behaviour of XZ Dra can be described with a
~7200 d asymmetric shape periodic modulation. Filtering out
this cycle, it becomes evident that a slight, continuous period
increase has also occurred, as the residual O—C clearly has a
parabolic shape. In Fig. 1 the parabolic fit to the data is also
shown. According to the parameters of the quadratic fit the
ephemeris of XZ Dra has been modified to:

Max(HJD) = 2435 819.2190(9) + 0.47649550(6) E

+1.93) x 1071 E2. (2)

The continuous period change corresponds to a 2 x 1076 d pe-
riod increase during the 25000 days covered by the observa-
tions. As this period change is negligible compared to the much
more effective, shorter time-scale period changes, in the course
of the analysis in Sect. 3.2 this continuous period increase has
been ignored.

In order to document the cyclic nature of the long-term
variability seen in Fig. 1, the O-C data, after removing the
parabolic fit, is folded with 7200 d in Fig. 2. The best pe-
riod found by fitting a sinusoid with 2 harmonics to the data
is 7198 + 100 d. The maxima and the descending parts of the
O-C data follow this periodicity well, but the larger scatter of
the folded curve around minimum and ascending branch indi-
cates that there are differences in the shape of the O—C changes
from one cycle to the other.

It is also important to note that besides the parabolic
and the 7200 d cyclic variations of the O—C there are also
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sudden changes observed, see e.g. the 0.02 d increase around
HID 2443 800.

3.2. Pulsation and Blazhko periods

The observed changes in the pulsation period raise the issue
of the concurrent behaviour of the Blazhko modulation. An
obvious way to follow the possible variations of the Blazhko
period is to construct the O—C diagram corresponding to the
Blazhko periodicity. Such an attempt has, however, failed. The
time coverage of the observations, and the not strictly regular
nature of the Blazhko modulation, in most cases permit only an
estimation of the observed times of maxima of the Blazhko cy-
cles with 5-15 days accuracy. To draw firm conclusions about
smaller period changes this accuracy is not enough. We thus
mention only that all the O—C values of the maximal phases
of the Blazhko period fall within a narrow, 15 days range, if
folded with a 75.7 d mean Blazhko period value.

We studied the simultaneous properties of the two periodic-
ities using all the available photometric observations. The data
were not corrected for the continuous period change shown in
Sect. 3.1, because of its negligible effect along the time inter-
vals of the analyzed data sets.

First, the data were divided into different segments accord-
ing to the structure of the O—C diagram. Linear parts of the
O-C were selected, assuming that along these segments no sig-
nificant period change has been occurring. From different trial
divisions of the data it turned out that the folded light curves of
those data sets which could definitely be described with a con-
stant pulsation period value always had a fix point in their rising
branch. This behaviour of the modulation was also a guide in
selecting data groups that were expected not to be biased by a
period change that mimics phase modulation.

Both the full light curves (Sect. 3.2.1) and the data of max-
imum timings and magnitudes (Sect. 3.2.3) were analyzed.

3.2.1. Analyzing light curves

Different methods were used to determine the pulsation and
Blazhko periods valid for the individual data sets. The gov-
erning principle was to find fy (fundamental mode frequency)
and fg (Blazhko frequency) that gave the best fit using fo,
4-8 of its harmonics, and 3-9 additional frequencies among
the modulation frequency pattern commonly found in the spec-
tra of Blazhko variables: kX fy = fg (k = 1,2,3,4) and f3. Fourier
decomposition using the MUFRAN program package (Kollath
1990), least-squares minimization technique and nonlinear re-
gression facilities of Maruemarica! (Wolfram 1996) have been
used in deciding which modulation frequencies to take into ac-
count for the individual data sets, and to determine the actually
valid fy and fg frequencies.

In many cases it was not possible, however, to decide which
modulation frequencies to take into account, as the shortness of
the data set and/or its high noise, limited the parameter num-
ber of the solutions. In these cases many possibilities were
tested and fy and fg were only accepted if the same periods

! Marnemarica is a registered trademark of Wolfram Research Inc.
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Table 1. Trial modulation frequency combinations used to fit the
Hipparcos (ESA 1997) (H1, H2 fits) and Dyachenko (1982) (D1, D2
fits) data. Besides the modulation frequencies listed, 5 and 4 harmon-
ics of the pulsation frequency were also taken into account in the H1,
H2 and D1, D2 fits, respectively. The Py, Pg periods correspond to the
minimum of the two dimensional rms distributions (see also Figs. 4
and 5).

H1 fit H2 fit D1 fit D2 fit
Py [d] 0.4764950  0.4764950  0.4765035  0.4765030
Py [d] 75.7 76.1 77.9 78.0
mod. fr. Amplitudes [mag]
fo—fs 0.0239 0.0255 0.0750 0.0676
fot+fs 0.0338 0.0311 0.0036 -
2fo— fs 0.0243 - 0.0622 0.0364
2fo + f 0.0200 0.0226 0.0298 -
3fo—fs 0.0088 - - 0.0551
3fo+ /s 0.0132 0.0240 - -
Mh-fo - - - -
4fo + fa - 0.0317 - -
fs - 0.0268 - -
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Fig. 3. Fourier spectra and folded light curves of the photographic ob-
servations between JD 2429084 and JD 2429734 in the course of
prewhitening first with the fundamental mode period and its harmon-
ics then with frequencies corresponding to one of the possible mod-
ulation frequencies appearing in the consequent prewhitened spectra
2fo + f8, 3fo — f8, 4fo + fs). These frequencies are indicated by ar-
rows in the spectra and the residual light curves are folded according
to these periods.

consistently appeared in the different solutions. Results with
unreliable large amplitudes of the modulation frequencies were
rejected.

Some examples of the applied procedure are documented
in Figs. 3-6, showing results for different data sets.

Due to the shortness and inconvenience of the data sam-
pling of most of the data sets, their Fourier spectra are usu-
ally crowded by alias peaks which make it difficult to identify
the real frequencies. At least one of the possible modulation
frequencies, however, can be always detected in the spectra.
Interestingly, this dominant modulation frequency is usually
found near the higher harmonics (2—4) of the fundamental
mode frequency. We do not know at present whether this is
a real feature of the modulation, or an artefact arising from un-
favourable data distribution.

The Fourier analysis of some data sets with good phase
coverage can be also misleading in some cases. For exam-
ple, the Fourier spectrum of the photographic data between

JD 2430433 and JD 2431708 shows modulation frequencies
at 0.0187 and 0.0243 c/d (53.5 and 41.2 d) distant from the
harmonics of the pulsation frequency, which might be aliases
of the true modulation peaks. Notwithstanding this, a least-
squares fit using 8 symmetrically placed modulation frequen-
cies indicates better, more reliable solutions at 0.01302 and
0.01328 ¢/d (76.8 and 75.3 d).

Sample Fourier spectra of the photographic observations
between JD 2429084 and JD 2429734 are shown in Fig. 3.
The procedure of first prewhitening with the fundamental mode
period (with 6 harmonics), then with the modulation frequen-
cies appearing in the subsequent whitened spectra is docu-
mented in the left panels. The right panels show the folded light
curves using the periods indicated by arrows in the correspond-
ing spectra.

Figures 4 and 5 show the two-dimensional residual scat-
ter of the Hipparcos (ESA 1997) and Dyachenko (1982) light
curves fitted by two different “Blazhko-type” frequency pat-
terns listed in Table 1. For each possible Py and Pp pairs the
rms residuals are shown on an arbitrary gray scale to set off the
rms distribution in the vicinity of the best solution. It can be
seen in Figs. 4 and 5 that the structure of the minimum places
changes significantly for the different frequency solutions of a
given data set but the location of the absolute minimum place
remains very closely at the same Py and Pp period pair. Table 1
lists the modulation frequencies that were taken into account
when calculating the rms of the fits shown in Figs. 4, 5, and
their amplitudes at Py and Pg periods of the absolute mini-
mum places. It is worth noting that the amplitudes of the same
modulation frequency differ by as much as 30-50% if differ-
ent frequency patterns are used. This result indicates, that any
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Fig. 4. The rms scatter of the Hipparcos data on an arbitrary gray scale.
Fits were calculated using pulsation and Blazhko periods indicated in
the axes. The unit of the horizontal scale is 10~° d. The pulsation fre-
quency with 5 harmonics and modulation frequencies given in Table 1
were considered when determining the rms scatter of the fits. Solutions
using modulation frequencies listed in Table 1 for H1 fit are shown in
the upper, for H2 fit in the lower panels, respectively. The rms range
shown is the increment of the minimal rms value by ~10%.

speculation concerning possible amplitude changes of a given
modulation frequency has to be taken with caution.

The photoelectric observations seriously lack measure-
ments taken during the descending branch of the light curves.
It makes direct Fourier analysis almost impossible, but nonlin-
ear regression assuming appropriate frequencies can still yield
reliable solution for Py and Pg. For this purpose the nonlin-
ear regression facilities of MATHEMATICA assuming trial mod-
ulation frequency combinations were used. Figure 6 demon-
strates such a result, photoelectric V observations of the
JD 2440494-2440937 period are fitted with f; (and 6 of its
harmonics), 2 fy + fs, 3fo + fs, and 4 fy — f3, that was found, af-
ter many trials using different possible modulation frequencies,
as a reliable solution.

The periods obtained during the course of the above proce-
dure for the different time intervals (supposed not to be affected
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Fig.5. The same as in Fig. 4 but for Dyachenko (1982) visual obser-
vations. Solutions for D1 and D2 fits (Table 1) are shown in the upper
and lower panels, respectively. 0.086—-0.090 mag rms range is shown
in both panels.

by period changes), are summarized in Table 2. The periods de-
termined for the time intervals given in Col. 1 are the average
values of different solutions; while estimating their errors both
the range of the period values obtained and their individual er-
rors are taken into account.

3.2.2. Periods determined from maximum timings
and magnitudes

In Table 3 periods determined from maximum timings and
magnitudes are listed. V band (Vpe, Vpe and visual after trans-
formation so as to approximately match the V},. magnitudes), B
band (B, Bpe) maximum magnitudes and B — V photoelectric
observations of maxima were used independently. The B — V
maxima were determined from the Konkoly photoelectric B
and V observations. B — V curves were constructed by extrapo-
lating the observations to the same instants, and the maxima of
the colour curves were determined instead of taking Biax — Vinax
values.
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Fig. 6. Photoelectric V). light curves fitted with f; (and 6 of its har-
monics), 2y + fz, 3fo + fs, 4 fo — fz frequencies using Py = 0.476516 d
and Pg = 76.69 d determined from nonlinear regression to the data.

These data were also divided into segments corresponding
to linear parts of the O—C curve, however, the time intervals se-
lected were not exactly identical to those chosen in Sect. 3.2.1.

The Blazhko periods were determined from single sinu-
soidal fits to the maximum magnitude values while the simul-
taneous pulsation periods were obtained from linear fits to the
maximum timings, i.e. the O—C values (Szeidl et al. 2001,
Table 10a) of the time interval considered. From the slope of
the O—C curve it was determined what the instantaneous pulsa-
tion period actually was.

Table 3 lists Py and Py for the different time intervals de-
termined this way. Columns 1-3 give the starting and ending
dates of the O—C data the pulsation period was calculated from,
the Py period obtained, and its error. Columns 47, Cols. 8-11,
and Cols. 12-15 list similar data for the Blazhko period, deter-
mined from B, V, and B — V maximum magnitudes, and also
references of the photometries used.

To demonstrate the reality of changes in the length of the
Blazhko cycle the data sets of light maximum magnitudes cor-
responding to the shortest and longest modulation periods as
given in Table 3 are shown in Fig. 7 folded with the mean
Blazhko period value (75.75 d) and with the best Pg found
to be valid for the individual data sets. In each cases the rms

J. Jurcsik et al.: Long-term photometric behaviour of XZ Dra

Table 2. Pulsation and Blazhko periods derived from the light curves.

JD Py error Pg error source refs.
—2400 000 [d] 107°[d] [d]
25721-27556 0.476502 2 76.77 0.43 vis. 1,2,3
28356-29141 0.4764911 76.190.23 B, 1
29084-29734 0.4764851 74.740.35 By, 1
*30433-31708 0.4764952 75.270.30 By, 1
0.476495 2 76.80 0.25

33661-34627 0.4764624 73.730.55 B, 1,4
34335-35072 0.476483 3 73.00 1.40 vis. 5,6
35377-36347 0.4764992 76.64 0.37 B, 1,4
36041-37583 0.476491 3 76.13 0.59 vis. 7
36410-39403 0.476493 1 75.790.05 Vi, Vpe 1,4,8
36410-39403 0.476493 0.5 75.80 0.05 By, By, 1,4,8,9
3784440121 0.476487 3 75.59 0.65 vis. 7
40494-40937 0.4765151 76.750.42 V. 1
40494-40937 0.476514 1 76.400.45 By 1
41249-42636 0.476489 1 75.60 0.14 V. 1
41249-42636 0.476489 1 75.610.15 By, 1
42894-43308 0.476503 5 78.04 1.13 vis. 10
47865-49019 0.476496 3 75.90 1.25 Vi, 11

References: 1 Szeidl et al. (2001), 2 Beyer (1934), 3 Lange (1938),
4 Zaleski (1965), 5 Batyrev (1955), 6 Klepikova (1958), 7 Lebedev
(1975), 8 Sturch (1966), 9 Harding & Penston (1966), 10 Dyachenko
(1982), 11 ESA (1997).

* Two Blazhko periods are equally possible.

scatter of a sine fit to the data is 20-30% larger if folded with
the mean Py value.

3.2.3. Relation between P, and Pg

The Blazhko periods as a function of the pulsation periods de-
termined for the different linear segments of the O—C are shown
in Fig. 8. Filled symbols denote results obtained from analyz-
ing the light curves (Table 2) and open circles show the periods
determined from maximum timings and magnitudes (Table 3).
The large uncertainties of the periods are mostly due to either
the unfavourable data sampling or the shortness of the analyzed
data sets. The length of the linear parts of the O—C, however,
seriously delimits the length of the data sets used to determine
the actual period values.

Both sets of data plotted in Fig. 8 indicate a linear corre-
lation between the two periodicities. A least-squares linear fit
to the combined data gives a 7.7 + 1.1 x 10* d/d slope of the
regression line.

The fact that not only data around the extreme P, values
indicate the correlation but the “mid points” also follow a def-
inite trend, strengthens the validity of the result, namely that
in the case of XZ Dra, Py and Py periods are not independent
quantities but exhibit parallel changes.

Similar connected changes of the pulsation and Blazhko pe-
riods have been already suggested for XZ Cyg (LaCluyzé et al.
2002), RW Dra (Firmanyuk 1978), and RV UMa (Kany6 1976).
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Table 3. Pulsation and Blazhko periods derived from times and magni
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tudes of maxima.

D Py  error JD Py error refs. D Pg error refs. D Py error refs.
—2400000 [d] 107°[d]  —2400000 [d] —2400 000 [d] —2400 000 [d]
25850-27556 0.476501 1 25850-27556 77.461.03 1,2,3
2755628409 0.476486 2 27618-28409 75.03 1.49 4
2908429734 0.476482 3 29084-29734 73.520.83 1
33740-34627 0.476473 4 34234-34627 73.032.10 1
35377-36289 0.476502 4 35377-36289 77.18 2.31 1,5
36410-39406 0.4764951 36410-39403 75.820.20 1,5,6 36410-39403 75.950.20 1,5,6
40434-40966 0.4765163 40500-40937 77.26 0.90 1 40434-40966 76.30 0.98 1,7 40500-40937 78.101.80 1
4118742739 0.476489 1 4124942636 75.78 0.49 1 4118742739 75.280.33 1,7 4124942636 76.431.56 1
4284043795 0.476512 2 42895-43763 75.882.22 1,8

References: 1 Szeidl et al. (2001), 2 Beyer (1934), 3 Lange (1938),
(1982), 8 Dyachenko (1982).
? Py determined from combined By, By maximum magnitudes.
® Py determined from combined Vg, Vi, visual maximum magnitu
¢ Pg determined from (B — V), maximum magnitudes.

4 Klepikova (1958), 5 Zaleski (1965), 6 Fitch et al. (1966), 7 Wenske

des.
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In these three stars, however, instead of parallel, reverse
changes of the two periods are suggested.

Possible explanations of the phenomenon are given in
Sect. 5.

4. The Blazhko variations
4.1. Stability of the Blazhko phase

The best studied Blazhko variable, RR Lyrae, shows pro-
nounced cyclic behaviour of its Blazhko modulation. This can
be described as a decrease of the amplitude of the modulation
and a jump in the Blazhko phase about every four years (Detre
& Szeidl 1973). In contrast, XZ Dra shows surprising stability
of the Blazhko phases during the entire time interval covered
by observations, notwithstanding the changes of its Blazhko
period.
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Fig. 9. Folded curves of maxima magnitudes using P = 75.75 d mean
Blazhko period. Panel a) shows B, (filled circles) and By, +074 (open
circles) data of the JD 2428 404-2 447 462 time interval. Panel b)
shows Viispe pe.ccp maxima magnitudes transformed to the same mag-
nitude scale (JD 2425 850-2 452 100), professional photoelectric and
CCD observations are denoted by filled circles. ¢) In the panel show-
ing (B — V)max magnitudes only photoelectric observations are plotted,
the less certain values obtained preceding JD 2438 000 Szeidl et al.
(2001) are denoted by open circles. Panel d) shows artificial maxi-
mum magnitudes which were generated by taking into account the
observed Blazhko period changes. Each of the folded curves show
relatively small scatter that indicates phase stability of the Blazhko
modulation along the entire time interval covered by the observations.

In Fig. 9 all the observed maxima (Bps and B, be-
tween JD 2428 404-2447 462, and visual and V. between JD
2425850-2452100) are shown. The B — V maximum mag-
nitudes are from photoelectric observations. The fact that all
these maximum magnitudes can be folded with a common
Blazhko period indicates strong stability of the Blazhko phases.

The relatively small scatter of the folded curves of maxi-
mum magnitudes seems to contradict the detected changes of
the Blazhko period (see Sect. 3). To examine the phase in-
coherence of the maximum magnitudes induced by the de-
tected Blazhko period changes, artificial data (ART,x) were
generated and treated similarly to true observations. Using
the Blazhko periods listed in Tables 2 and 3 for the different
time intervals, artificial maximum magnitudes were generated
for the JD 2425850-2443300 interval assuming sinusoidal
changes with varying period. The data sampling follows the
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distribution of the real observations and an arbitrary magnitude
scale is used.

Although the selection of the periods used to fill the gaps in
the observations is somewhat ambiguous, the simulation shows
that the detected period changes do not give rise to a large di-
vergence in the Blazhko phases. The artificial maximum mag-
nitudes, folded with the same Blazhko period as the measured
instants of maxima, are shown in the bottom panel of Fig. 9.
The scatter of the folded ART,,,x curve seems to be similar
to that of the true observations, thus we can conclude that the
phase stability does not contradict the period changes of
the Blazhko modulation. We also recall that the light curve of
the pulsation shows similar behaviour. The influence of the de-
tected changes of the pulsation period on the folded light curve
of the entire set of observations is not larger than phase shifts
of about 10-15% of the period, which means that all the photo-
metric data can be folded with a mean pulsation period without
large phase incoherences.

4.2. Colour changes

The colour changes of Blazhko variables during their modula-
tion cycles have not been studied in detail yet. Multicolour ob-
servations show that the maximum magnitudes are bluer in the
larger amplitude phase of the modulation. However, because of
the lack of complete colour curves along the Blazhko cycle we
still do not know whether these colour changes are incidental
to mean colour changes, or reflect only differences in the shape
of the colour curves.

The photoelectric observations of Szeidl et al. (2001) also
limit us to detect only B — V colour changes of light maxima.
Figure 9 shows the B, V and B — V magnitudes of maxima
folded with the mean Blazhko period value (75.7 d). The B and
V maximum magnitudes exhibit 0.2-0.3 mag changes along
the Blazhko period, while the amplitude of the B — V colour of
the maxima is about 0.06 mag; again, the colours of maxima
are bluer in the larger amplitude phases of the Blazhko cycle.

As the sampling of the photoelectric data is not suitable for
the investigation of possible colour changes of the minima or
the mean colours, the interpretation of this result needs further
multicolour observations of complete light curves along the en-
tire Blazhko cycle.

4.3. Radial velocity changes

Three sets of radial velocity measurements of XZ Dra are avail-
able. Woolley & Aly (1966) published 9 radial velocity ob-
servations that covered the different phases of the pulsation
within 11 days (JD 2438929-2438940). According to the B
and V magnitudes of maxima, this interval fell within the min-
imal amplitude phase of the Blazhko period. The mean value
of these radial velocity measurements is (Vi,q) = —30.83 +
1.56 kms™!, as defined by fitting the actual pulsation frequency
(determined from the light curve) and 2 of its harmonics to the
radial velocity data.

Radial velocity values obtained from spectra taken in 1971
with the 72 inch telescope of the Dominion Astrophysical
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Observatory, were published in Szeidl et al. (2001). These data
were gathered during a longer time interval, and covered differ-
ent phases of the Blazhko and the pulsation cycles as well. The
typical error of these measurements was 5 kms~!. Although ra-
dial velocity curves of Blazhko variables are different in the dif-
ferent phases of the Blazhko cycle, its mean values during the
pulsation cycles are supposed to remain the same. Therefore,
it seems plausible to use all these measurements to determine
the actual mean value of the radial velocity, instead of selecting
observations belonging to a given Blazhko phase, as that would
result in a much more limited sample with a much more uncer-
tain mean value. Even if all the radial velocity measurements
from 1971 are used, the phase coverage of the pulsation is not
complete enough to fit a reliable radial velocity curve when de-
termining its mean value. Adding 1-2 artificial data via poly-
nomial interpolation helps the situation. The mean value of the
thus completed radial velocity data is determined similarly to
that of Woolley’s data (i.e, by using a 3rd order Fourier fit). As
a result (Viaq) = —32.0 + 3.35 kms™! is obtained if the uncer-
tainty arising from the choice of the complementary data is also
taken into account.

The third published data set of radial velocity observations
of XZ Dra are the four measurements of Layden (1994) ob-
tained around JD 2448 131. Although these observations show
changes synchronous with the photometric variations, which
excludes misidentification, their mean value +77 + 22 kms™!
is very discrepant from the other two mean radial velocity val-
ues. Although the individual errors of Layden’s measurements
are very large, about 45 km s~!, this cannot explain a systematic
offset of about 100 kms~! (Layden, priv. comm.). We could not
find any explanation for the deviation of these data, however, as
no physical reason for such a large variation of the mean radial
velocity seems to be plausible (see also Sect. 5.1), these data
are regarded as unreliable.

As a summary we conclude that there are not enough
presently available radial velocity measurements to draw any
firm conclusion about the occurrence of real changes in the
mean radial velocity of XZ Dra. To detect radial velocity
changes connected to the O—C variations, further extensive ac-
curate radial velocity observations are required.

5. Possible explanations
5.1. Binary model

The light time effect in a binary system is a plausible expla-
nation for periodicity in an O-C diagram. Binaries, however,
are extremely rare among RR Lyrae stars, and no indication
of its being a binary member has emerged previously for any
Blazhko-type RR Lyrae.

The binary orbit can be described by six parameters: the
semi-major axis a, the eccentricity e, the inclination i, the argu-
ment of periastron w, the epoch of periastron passage 7, and the
position angle of the line of ascending node Q. The semi-major
axis and the inclination are inseparable (¢ = a sini), and Q can-
not be determined at all in a non-eclipsing system.
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Following Coutts (1971) we express the O—C variation as a
function of time with the orbital elements:

v

0—C=Co+

3)

&e®-1)[coswsiny sin w
l+ecosv e(l+ecosv)

Yo

where ¢ denotes the speed of light, ¢y is the correction term
to take into account the initial epoch from which the O-C val-
ues have been calculated, v = v(¢) is the true anomaly (hence-
forward the notation of time dependence ¢ is omitted), and
vo=v(t=1).

It is well-known that the two-centre problem has no closed
analytic expression for v(r). We use the classical formulae (see
e.g., Winter 1947):

= 2
sinv = 2V1 —eZZJ,;(ke)sin[k dl (t—T)],
=1 Porb
2(1 - ¢?) © 2
cosy = —e+ MZJk(ke) cos [k " (t—‘r)], %)
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where Pow, Ji and J; denote the orbital period of the binary,
the Bessel function of first kind of order k, and its derivative,
respectively, and also the recursion relation for Bessel function
(e.g., Abramowitz & Stegun 1971):

1
Ji(x) = 3 [Ji-1(x) = Jkp1(0)] . (5)

To find the model parameters of the supposed binary system,
we need to solve the non-linear least-squares problem defined
by Eq. (3) and the O-C data. The model fitting was carried
out using the combined data set of both individual and nor-
mal maximum timings (422 points). These data are shown in
Figs. 1 and 2 by red and blue symbols, respectively. The data
was first corrected for the continuous period increase according
to Eq. (2). Weight factors were 2 and 1 for normal and individ-
ual maxima, respectively.

Substituting Egs. (4) into Eq. (3) we obtain an expression
including six parameters (&, e, w, T, Py, co). In practice, we
solved the problem of parameter estimation by a combination
of grid search method (using e as control parameter) and the
Levenberg-Marquardt algorithm (Marquardt 1963) by utilizing
the facilities of the program package MATHEMATICA. Sums trun-
cated to 30—100 elements had been proven to have sufficient
accuracy and were calculated instead of infinite sums.

The parameter values obtained and the rms of the fits that
characterize the goodness-of-fit are summarized in Table 4. We
note that the time coverage of the O—C data is much more com-
plete than that of any similar data analyzed before. The only
RR Lyrae for which binary model solution has been calculated
is TU UMa, a non-Blazhko RRab star with Py = 0.558 d pulsa-
tion period, its binary model (Wade et al. 1999) is based only on
83 points. It is worth noting that both for XZ Dra and TU UMa,
large eccentricity solutions have emerged (¢ ~ 0.7-0.9) and
the orbital periods are also very similar, around 7100 and 8000
days, respectively.

Although radial velocity data of XZ Dra are too few
to make them useful in model-fitting, it is worth checking
their values in comparison with the binary model solutions.
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Table 4. Results of binary model fitting.
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Parameter Model
e 0.65 0.8 0.95
Powld] 7113.8 +51.2 7097.8 +42.4 7013.3 +9.66
¢[AU] -2.443 +0.145 -2.725 +0.178 -3.504 +0.330
7 [JD] 24271653 +108.13 2427174.3 =+ 80.86 24273349 +16.93
w [rad] 1.2885 +0.074 1.1531 +0.082 0.8778 +0.097
co [d] -0.01363 +0.00111 -0.01319 +0.00107 -0.01249 +0.00102
o [d] 0.01404 0.01397 0.01399
e =0.65 e =0.80 e=0.95
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Fig. 10. Binary model solutions for the O—C data assuming binary orbits of 0.65, 0.80, and 0.95 eccentricities. The upper panels show the O-C
data overplotted by the different eccentricity binary model predictions. The middle and bottom panels show similar plots of the pulsation period
and radial velocity data, respectively. Period differences using a P, = 0.4764955 d mean pulsation period value are indicated and the time
intervals to which the observed periods correspond are also shown. Although global agreement between the observations and the corresponding

fits is achieved, significant differences can be also seen.

Predictions for possible radial velocity changes are also use-
ful to obtain observational evidence pro or contra the binary
hypothesis. To estimate the y velocity we minimized the least-
squares sum in the deviations of the measured mean radial ve-
locities ((Vra4), see Sect. 4.3) from the fits. The so obtained y
velocities (—29.06, —28.99 and —29.39 km s~ for the 0.65, 0.80
and 0.95 eccentricity solutions, respectively) were subtracted
from the measured mean radial velocity values (Vradiobs)y =
(Viad) — 7y) to compare them with the models.

The center-of-mass radial velocity can be calculated ac-
cording to the formula:

2né
Porb V1 — 62
Substituting Egs. (4) into Eq. (6) we arrive at a formula that

expresses the radial velocity of the center-of-mass as a function
of time.

[cosw (cosV + e) —sinwsinV]. (6)

Urad =

Figure 10 compares the observed O-C, pulsation period
(Po(r) — Py; Py = 0.4764955 d) and center-of-mass radial ve-
locity values with predictions of three possible binary models
listed in Table 4.

The three different eccentricity models shown are in simi-
larly good agreement with the observations. However, both the
O-C and period data indicate significant differences as well.
None of the models follows the very steep increase of the O—
C around JD 2440500, and there are also outlying observed
period values according to each of the solutions.

The overall fitting accuracy of the O-C is 0.014 d
(=20 min) which also seems to be larger than expected.
Although the Blazhko modulation accounts for some real scat-
ter of the O—C data, data analysis indicates that the O—C vari-
ation during the Blazhko period does not have an amplitude
larger than 0.005-0.010 d.
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We can thus conclude that, although the data can be glob-
ally described within the frame of a reliable binary model, pe-
riod changes generated by other mechanisms do also occur.
This is, however, not surprising as random period changes in
RR Lyrae stars are common. Conclusive evidence for the bi-
nary model would be the detection of a real center-of-mass
radial velocity variation during the 7200 d cycle. The binary
model predicts minimal and maximal values for the center-of-
mass velocity to occur in 2011 and during the 2012-2018 pe-
riod, respectively.

Another serious deficiency of the binary model is that it
cannot give an explanation for the simultaneous changes de-
tected in the Blazhko period. The connected changes of the pul-
sation and Blazhko periods indicate a common physical back-
ground. The light-time effect results in Blazhko period changes
as well; however, this is far below the detectability limit. It
would give rise to Blazhko period changes of the order of
1073 d, which is 3 orders below what is actually detected.

5.2. Magnetic cycles

The question of a magnetic field in Blazhko stars is still a mat-
ter of debate from the observational point of view. However,
the obliquely oscillating magnetic rotator model is one of
the possible explanations for the phenomenon (Cousens 1983;
Shibahashi 2000).

Thanks to recent technical developments we have been able
to learn more and more about the magnetic field structure and
the 11-22-year magnetic cycle of the Sun. It is already well
established that, as a consequence of changes in the global field
strength and structure during the magnetic cycle, slight changes
in most of the global solar parameters and also in both the p
and f mode oscillationary frequencies are taking place (see e.g.,
Dziembowski et al. 2001; Li & Sofia 2001; Zieba et al. 2001).

The existence of long-term cycles in late-type active stars,
which manifests itself in changes of the activity level of these
stars, probably indicates also cyclic variations in their global
magnetic fields (Oldh et al. 2000, and references therein).

Although we do not have evidence yet of magnetic cycles
in evolved stars we cannot exclude the possibility. In the frame-
work of the oblique magnetic rotator model of the Blazhko phe-
nomenon any long-term cyclic behaviour seems to be a natural
consequence of changes in the global magnetic field strength.
Thus the four-year cycle of RR Lyrae may also indicate a sim-
ilar explanation (Detre & Szeidl 1973). According to recent
results (Jurcsik et al. 2002) the light curves of RR Lyrae cor-
respond to that of non-Blazhko RRab stars during the mini-
mal phase of the four-year cycle, when the amplitude of the
modulation is small. This suggests that if the oblique magnetic
rotator-pulsator model, which describes the observed modu-
lation of the light curve, is valid, then the diminution of the
modulation indicates weakening in the global magnetic field
strengths, consequently resulting in normal type, undisturbed
light changes.

The long-term modulations of RR Lyrae and XZ Dra di-
verge, however, in practically all aspects of their observed
properties, as summarized in Table 5. This cautions us that,
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if the magnetic cycle hypothesis is valid for these stars, its de-
tailed nature and its physics should be very complex resulting
in different phenomena in different stars.

The pulsation period of XZ Dra varies by about 0.00004—
0.00005 d. Very small changes of the global stellar parameters
(radius, effective temperature, luminosity) can induce such a
period change, which may occur as a consequence of changes
in the strength of the global magnetic field, i.e, a magnetic cy-
cle. Stothers (1980) calculated period changes caused by hy-
dromagnetic effects in RR Lyrae stars and concluded that the
observed period changes do not contradict such an explana-
tion. Recent results for the Sun show that during the solar cy-
cle structural adjustments in the solar interior are taking place
which induce detectable changes of 0.1% in photospheric tem-
perature and 0.02% in total irradiance. The changes in radius of
the Sun are estimated to be of the order of 0.001% (Li & Sofia
2001). These detected changes of the solar parameters make
it feasible that during a magnetic cycle changes in the global
parameters of an RR Lyrae star may also occur.

This picture does not exclude the possibility of the con-
nected changes in the Blazhko period (which is the same as the
rotational period according to this model) either, but to estimate
its rate and sign would only be possible with the help of a quan-
titative description of the model. To work out such a model in
details is, however, far beyond the scope of the present paper,
nevertheless it should be the subject of further theoretical work.

Assuming that the 76-day Blazhko modulation of XZ Dra
reflects its rotation rate as proposed by the oblique magnetic
rotator-pulsator model, and that the 7200-day variation of the
pulsation and Blazhko periods are connected to cyclic varia-
tions of the global magnetic field, the resultant Peyc/Proy VS.
1/ P quantities serve as an observational check for any possi-
ble dynamo mechanism following the conception outlined in
e.g. Baliunas et al. (1996). Figure 11 documents that these
two quantities for XZ Dra are in excellent agreement with re-
sults obtained both for lower main-sequence stars from Call
fluxes (Baliunas et al. 1996) and for the complete sample of
stars showing cyclic behaviour according to their photometric
properties (Oldh & Strassmeier 2002). This result indicates that
the magnetic cycle explanation for the 7200 d periodicity of
XZ Dra seems to be reliable.

Table 5. Comparison of the long-term cyclic behavior of XZ Dra and
RR Lyr.

XZDra  RRLyr

cycle length 20 years 4 years

detected changes along the long-term cycle

changes in Py yes no
changes in Py yes no
phase shift in Py no yes
amplitude changes of the modulation no yes
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Fig. 11. The log(Pcycie/ Prot) VS. log(Pyror) connection that characterizes
the stellar dynamo. The dotted line indicates the location of lower
main-sequence stars whose activity cycles were determined from the
variations of their Call fluxes (Baliunas et al. 1996). The dashed line
shows the same relation found by Olah & Strassmeier (2002) for active
stars whose cycle lengths have been reliably determined from photo-
metric measurements. The star denotes the location of XZ Dra using
the 76 d Blazhko period for P, and 7200 d for Peycpe.

6. Concluding remarks

The 70 years photometric observations of XZ Dra have re-
vealed that long period (7200 d) cyclic changes in the pulsation
period have been occurring. The Blazhko period seems to fol-
low the changes in the pulsation period, the detected Blazhko
periods range between 73 and 77 days.

This means that, besides RR Lyrae, XZ Dra is the second
Blazhko variable which clearly shows an indication of long-
term cyclic behaviour. The manifestation of these long-term
changes is, however, completely different for the two stars.

The long-term cyclic changes favour the magnetic rotator-
pulsator model of the Blazhko modulation, by explaining the
observed phenomena with changes in the global magnetic field
structure and/or strength. However, to check the reality of this
explanation, detailed theoretical work is needed.

A binary interpretation of the observations, although giving
an acceptable fit to the data, fails to explain the detected range
of the Blazhko period variation.

Rapid O-C and radial velocity changes of XZ Dra are pre-
dicted to occur next time in the years 2011-2018, when co-
ordinated photometric and spectroscopic observations would
greatly help to give correct answers to the presently unsolved
questions.
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