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ABSTRACT

Context. The RV Tauri stars constitute a small group of classicalating stars with some dozen known members in the Milky Way.
The light variation is caused predominantly by pulsatidng,these alone do not explain the full complexity of the tighrves. High
quality photometry of RV Tau-type stars is very rare. DF Qyigrihe only member of this class of stars in the origitpler field,
hence allowing the most accurate photometric investigaifan RV Tauri star to date.

Aims. The main goal is to analyse the periodicities of the RV Taype star DF Cygni by combining four years of high-quakispler
photometry with almost half a century of visual data cokelchy the American Association of Variable Star Observers.

Methods. Kepler quarters of data have been stitched together to minimizeytsiematic ffects of the space data. The mean levels
have been matched with the AAVSO visual data. Both datasetsiheen submitted to Fourier and wavelet analyses, wialst#bility

of the main pulsations has been studied with the O—C methddhananalysis of the time-dependent amplitudes.

Results. DF Cygni shows a very rich behaviour on all time-scales. Tlhes variation has a period of 779.606 d and it has been
remarkably coherent during the whole time-span of the caetbidata. On top of the long-term cycles the pulsations appita a
period of 24.925 d (or the double period of 49.85 d if we take RV Tau-type alternation of the cycles into account). Beties

of light variation significantly fluctuate in time, with a cstantly changing interplay of amplitude and phase mochiati The long-
period change (i.e. the RVb signature) somewhat resenti@dsong Secondary Period (LSP) phenomenon of the pulsatthgiants,
whereas the short-period pulsations are very similar tedtod the Cepheid variables. Comparing the pulsation pettgith the latest
models of Type-Il Cepheids, we found evidence of strong livezar fects directly observable in théepler light curve.
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- 1. Introduction phenomenon that still puzzles the researchers (Wood €399;1
) ) Takayama, V\(o_od anc_i Ita 2015) and which causes light curves
- The RV Tauri stars are evolved low-mass F, G and K-type pulsgis; are surprisingly similar to those of the RVb stars.

ing supergiants that are located above the Population Ih€edp

in the instability strip. Traditionally, they are classdieto two Originally, the RV Tauri stars were classified as Cepheid

subgroups. The RVa type is characterised by alternatingmain variable due to the similarities and the poor quality of tigét

with typical periods longer than 20 days. The RVb stars show aurves. The Type Il Cepheids may be divided in groups by pe-
-+ additional long-term variation in the mean brightnesshwip- riod, such that the stars with periods between 1 and 5 days
.= ical periods of 700-1200 days. The short-period variatiom+ (BL Her class), 10-20 days (W Vir class), and greater than
> terpreted with fundamental mode pulsation, while the leerga 20 days (RV Tauri class) haveftiirent evolutionary histories
. phenomenais commonly interpreted as being caused by periqivallerstein, 2002). In each cases the shape of the ligiwecur
(O obscuration of a binary system by circumbinary dust diskytl is nearly sinusoidal, but the RV Tau-type stars show altarga
Evans 1985, Pollard et al. 1996, Van Winckel et al. 1999, irokininima (which means that every second minimum is shallower)
2001, Maas et al. 2002, Gezer et al. 2015). The irregularity of the minima grows as the period becomes

The RV Tauri stars have similar luminosities, but highdonger. The light curve of some RV Tau-type stars randomly

effective temperatures than Miras. The luminosity function afwvitches into a low-amplitude irregular variation then teves
RV Tauri stars mainly overlaps with the low-luminosity parbackinto the previous state (e.g. AC Her (Kollath et al. )39®1
of the Mira luminosity function. There are similarities tveien R Sct (Kollath 1990; Buchler et al. 1996)). The RV Tauri vari-
their observational characteristics. A few Miras show deubables have been placed among the post-AGB stars (Jura 1986),
maxima which is common in RV Tauri stars (e.g. R Cen, R Notthat are rapidly evolving descendants of stars with initiakses
Some Miras and semiregular variables may exhibit the same f@ver than 8 M. In the late stages of their evolution they are
physically similar) quasi-periodic, long-term mean btigdss crossing the Hertzsprung—Russell diagram (HRD) from the co
variations as do RVb stars (e.g. RU Vir; Willson and Templeasymptotic giant branch (AGB) to the ionizing temperatufre o
ton 2009). Also, there is an extensive literature on theated the planetary nebula nuclei. During this process they ctloss
Long Secondary Periods of the Asymptotic Giant Branch starsclassical instability strip, in which large-amplitude @adoscil-
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lations are driven by the-mechanism, while the complexity of  Here we present a detailed light curve analysis of DF Cygni
the post-AGB variability pattern depends on their locatiothe by combining about 48 years of visual observations with the
HRD relative to the classical instability strip (Kiss et2007). ultra-precise space photometry frafapler, with a time-span of

Several models attempted to reproduce the Iightvariat'm’an%bom 4 years. The two sources of the data allow investigatio

RV Tauri stars. The short period variation can be easilyared oth W_ith very high frequency resolution and with extrerr_]e-p_h
by summing two sine curves if their frequencys’ ratio is 1n2la tometric accuracy at least over two cycles of the RVb valitgbi

the phase dierence ist/2 (Pollard et al. 1996). Buchler et al.In Sect. 2we describe the data sources and the preparatios of

(1996) and Kollath et al. (1998) established a more soiaitetd sets before thg analyses. '_I'he det"?‘"s of Fhe light curvgyalsal
model to describe the light curve of R Sct and AC Her by lov'€ presented in Sect. 3, ‘.N'th the discussion of resultséh 8e
dimensional chaos. Due to the several phenomena that aecuf Prief summary is given in Sect. S.

the light curves and spectra of RVb stars, it ifidult to explain

the typical long-term variation. A long-term photometritdaa ] )

spectroscopic survey was done by Pollard et al. (1996, 199%) Preparation of the light curves

They revealed that in some RVb stars, the reddest colours o
slightly after long-term light minimum. Furthermore, thight
and colour amplitude of the short-term period is smallefrdur
the long-term minima. They found that the equivalent width (g

the Hy emission lines in the spectrum are varying with the phagg. "0 -2 des of visual brightness estimates, was used.dh tot
of the long-term period. They concluded that the dampln@eftthere were 5924 individual visual magnitudes from over 110

pulsation amplitude is élicult to be explained by the popular -
model of light variation of Rvb stars by a binary system which amateur astronomers, obtained between October 1968 and Jul

periodically obscured by circumstellar or circumbinargtdisc 2015. Their typical precision is in the order £0.3 mag (Kiss
(Percy 1993: Waelkens and Waters 1993: Willson and Tempfet-al' 1999), so that the next step was to calculate 5-day bins

o arger bin size would have smoothed out too much of the short-
ton 2009). They also concluded that the Emission is caused __ : o ; ; -
by passing shock waves throughout the stellar photospRete. Eglrrlgg t\</) ag\?gr?arge\/\:)hdltetrfgggggrt\)/lgﬁovr\grledrrg?g%ﬂ ?V%flemg
lard et al. (2006) proposed a possible dust-eclipse modehwh, o 14 15 hoints per bin, so that the estimated accuracyeof th
arrangement can explain both the photometric and speojpasc

characteristics of the long-term phenomena. Unfortugatieé binned points is about0.1 mag,
quality of the measurements did not allow to investigatepikie TheKepler dataset was downloaded from KASOC database,

ion mechanism in ils. ex h fR n intained by _th.e Kepler. Asteroseismic Science Consortium
sHaetro echanis details, except the case of R Sct and %SC). The original data include, among other control p&ra

eters, the Barycentric Julian Date, the raw and corre&ied
Gezer et al. (2015) studied the Spectral Energy Distributigler fluxes and the estimated uncertainties (which were in the
(SED) of Galactic RV Tauri stars based on WISE infrared phgrder of 70 ppm per single observation). DF Cygni, as one of
tometry. The objects with circumstellar disks have neaeiR the long-cadence (one point per every 29.4 minutes and short
cess in the SED. The light curve of the members of this grogaps between the quarters) KASC targets, was observég-by
shows variable mean magnitude, while there is a clear corper throughout the whole 4 years (17 quarters) of operations
lation between disk sources and binarity. Consequenthg-bi in the original field. Sinc&epler rolled 90 degrees every quarter
rity is connected to the long-term changes of the mean bright a year, the image of DF Cygni falled onfidgirent CCD chips
ness. On the other hand, both Gezer et al. (2015) and Girgch quarter and hence systematic shifts occurred fronieguar
har et al. (2005) investigated the photospheric chemiaattely to quarter. Given that the length of a quarter and the dominan
called depletion, as a sign of dust-gas separation. Twoasiten variability time-scale is in the same order, there is a gdéfiit
were proposed to objects with anomalous abundances: @gsirulty in distinguishing the quarter-to-quarter variadrom the
stars with dust-gas separation in their stellar wind andi@ry intrinsic stellar variability.
stars where dust-gas separation is present in a circunytirek In our study we followed the same approach as Banyai et
(Giridhar et al.. 2005). The latter is consistent with the Rdib 5| (2013), who used short segments of the data immediagely b
nary hypothesis. Gezer et al. (2015) found that the presefrece fore and after the gaps between subsequent quarters totstc
disk seems to be a necessary _but nétisient condition for the quarters by producing the most continuous curve. For Kt,
depletion process to becom#ieient. pler fluxes were converted to magnitudes and only vertical shifts
The subject of this paper, the bright RVb-type variablwere allowed when joining the data from quarter to quarter. |
(Vmax = 105 mag, Vinin ~ 13 mag) DF Cygni was discov-a very small number of cases, further tiny corrections hdakto
ered by Harwood (1927). The period was found to be 49.4 daygne manually to reach the most satisfactory continuity wi
between the principal minima. Some years later a long periggparent jumps.
of 790+10 days was found (Harwood 1936, 1937). The period The final light curves of DF Cygni are plotted in Hig. 1. Here
of the radial pulsation is about 50 days, the long secondary phe small red diamonds show the 5-day means of the AAVSO
riod is about 775 days (Percy 2006). The spectral and the colgsual data and the blue line refers to the correétegler curve.
variation was investigated by Preston et al. (1963) who douiote that the zero-point of the stitchBépler data was matched
CN bands in the spectrum. Gezer et al. (2015), in their seamlth the simultaneous visual light curve, so that the twovesr
for disk sources, labelled DF Cygni as uncertain based on d¢erlap as much as possible. Also note that the subsets shown
SED, while the star only appears as marginally depleted, ifia the individual panels in Fig.]1 were deliberately selddie
all (Giridhar et al. 2005, Gezer et al. 2015). Everything fmat cover exactly two cycles of the RVb variability (1570 days3
gether, DF Cygni can be considered as one of the better knoyvfpanel).
RV Tauri-type variable stars, and the only member of thiscla
in the original Kepler field. ! http://www.aavso.org

“fhe light curve data collected by the American Associatibn o
Variable Star Observers (AAVSO) were downloaded from the
ublic website of the AAVSE) From the available types of mea-
urements only the longest dataset, corresponding to itiesél
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to-noise ratio for each peak in the frequency spectrum was me

sured from the mean local amplitude value in the surrounding
region ("noise"). The wavelet map was generated by the For-
tran code WWZ of Foster (1996) where the decay parameter

c" was set to 0.0125. This value is appropriate when the-time
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a behaviour that is largely hidden in the visual dataset.

g Spasil D, v The frequency spectra of the two datasets show two signif-
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Fig. 1. The AAVSO (red dots, 5-day means) alkepler (blue line) light

curves of DF Cygni.

57200

peak at around 0.04a (P~25 d) is splitted in the AAVSO data,
which is caused by the temporal changes of the frequencyeor th
phase. The derivefl andf values are in good agreement if we
compare the AAVSO andepler data, but the AAVSO set al-
lows a more accurate frequency determinationffordue to the
much longer time-span of the light curve. We note that all the
additional peaks in the frequency spectrum of the AAVSO data
correspond to the yearly or monthly aliases of three dontinan
peaks €., f andf/2).

The Kepler spectrum displays a significantly richer fre-
guency content. After pre-whitening with, the residual spec-
Itis already apparent from Figl 1 that the long-period cyclgérum (plotted in the insert of Figl] 3) clearly shows the seié
were coherent during the whole 48 years of visual obsemstiointeger harmonics (2 3f, 4f) and three extra peaks of subhar-
There were slight changes in the shape of the cycles, suchshics /2, 3f/2 and 5/4). There is also excess power in the
the sometimes flat-shaped maxima, but the faintest states wew-frequency range, which is caused by the unstable shfpe o
repeated quite accurately, with no apparent phase shifth®n the two long-period cycles. Subsequent pre-whiteningsi e
other hand, the short-period variability changed a lot b@dm-  in clear detections of further harmonics and subharmonj
plitude and the shape of the cycles. The information on therla 6f and 7 /2 (see the full list in Tabl€]l1). The procedure was
is however quite limited given that the 5-days binning ressulstopped when the amplitude of the highest peak (signal) was
in approximately 10 points per full RV Tau-cycle. The fine depelow the triple value of the mean amplitude around that peak
tails of pulsations are only visible in the continud(epler light (noise), so that the signal-to-noise ratio was below 38.\ell
curve. Nevertheless, the two light curves were analysedima worth noting that no frequency independenfobr f was found
ilar fashion with all methods, so that we can directly conepain the analysis.
their information content. To analyse the short-period variability separately, weehav
decomposed th&epler light curve into two components. The
smooth, long-term variation was approximated by fitting po
nomial function that was not sensitive to the fast fluctuagidue
The data have been analysed with the traditional methodst@the pulsations. This has resulted in a somewhat bettietuads
Fourier analysis, O—C diagram and wavelet analysis. Sometladn pre-whitening with the low-frequency sine waves, Whic
these were applicable directly to the original data, whiene were unable to follow the flat-topped maxima of the long-peri
needed further processing steps, like removing the long-tevariation. The components of tie@pler light curve are shown in
variation of the mean brightness. All the frequency speatré the two panels of Fi§.l4, where itis quite apparent that thelam
then individual frequencies, amplitude and phase values ande of the short-period variability changed seeminglydanly
their uncertainties were calculated with the PeriodO4vearfe by a factor of 2 during the-years of observations.
of Lenz & Breger (2005), using the least squares method when We plot the phase diagram of the short-term residual varia-
the maximum number of iterations were not reached. The kignigon in Fig.[3. This graph was made using a period of 49.99 days

3. Light curve analysis
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Table 1. Calculated periods, frequencies, amplitudes, phasds utheertainties and signal-to-noise ratios of the AAVS@ &epler light curves.

ID P(day) freq.(d) amp(mag) ¢ (rad2r) =freq.(¢d) =+amp (mag) =+¢ (rad2n) SN
AA/SO f.  779.606 0.0012827 1.1427 0.3710 2.57e-07 9.09e-03 1.27e-067.48
- f 24916  0.0401350 0.2389 0.2138 1.23e-06 9.09e-03 836e- 19.03
- ~f/2  50.099  0.0199604 0.0819 0.5890 3.58e-06 9.09e-03 127e-0 5.31
Kepler fi  785.824 0.00127255  1.30205 0.417638 1.84e-08 6.40e-05 3e-08 3580.48
- f 24,925 0.04012110 0.39100 0.821511  6.14e-08 6.40e-05 61e5 870.38
- f/2  49.915 0.02003410 0.08026 0.539616  2.99e-07 6.40e-05 7eD2 211.68
- 2f 12.460 0.08025420 0.08660  0.593535  2.77e-07 6.40e-05 .18e104 171.36
- 3/2f 16.634 0.06011710 0.04373  0.061574  5.49e-07 6.40e-05 33e04 107.01
- f/4  96.109 0.01040490 0.03819 0.370853  6.29e-07 6.40e-05 7eDé 108.37
- f/3  74.454 0.01343110 0.02637 0.627438  9.11e-07 6.40e-05 7e38 74.11
- 3f 8.308 0.12037000 0.02669  0.243770  9.00e-07 6.40e-05 82ed4 37.45
- 5/4f 19.925 0.05018830 0.01189  0.196658  2.02e-06 6.40e-05 57e&4 26.23
- 4f 6.235 0.16039200 0.01090 0.162611  2.20e-06 6.40e-05 35e04 12.05
- 52f 9.986 0.10013900 0.01126  0.927556  2.13e-06 6.40e-05 6eda 19.06
- 7/2f  7.083  0.14118000 0.00369  0.488105 6.51e-06 6.40e-05 6eD3 4.85
- 5f 5.012  0.19952900 0.00374  0.003264  6.41e-06 6.40e-05 72e203 4.48
- 6f 4172  0.23969100 0.00199  0.033615 1.21e-05 6.40e-05 12eH03 3.30

12
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Fig. 2. Frequency spectra from the AAVSO (black) akdpler (red) Fig. 3. The frequency spectrum of théepler data. The residual spec-
light curves of DF Cygni. Two zooms tf and f are shown in the trum after pre-whitening with_ is plotted in the insert.
inserts.

in period or phase is just a tiny perturbation to the overaitlar

which is a refined pulsation period from the O—C analysis (s@én. This is not the case for DF Cygni, but we still feel tHaee
below). While the alternating minima are obvious, it is al& is some value in the method.
ible that the ranges of the maxima and the minima are sirgilarl  To measure the times of minimum we fitted the light curves
broad, so that the amplitude variations are not restricethto in a narrow range (1-3 days) of the minima with the following
special phases of the pulsation cycles. Both ascendingbean log-normal function:
from the two kinds of minimum are steeper than the descending
branches after the consecutive maxima. The overall lightecu In(2xy x (I_To) +1)\2
shape is similar to that of the Cepheid-like pulsators. f(t) =ax exp( —In(2) x ( ) ) +C 1)

Part of the spread in Fi§l 5 is caused by variations in phase 4
that can be revealed by the traditional method of the O—C diahereq, 3, y andc are constant parameters, a@ds the ob-
gram. This is a plot of the flierences between the times of observed minimum time that is also obtained by the fitting proce
served and calculated minima or maxima as a function of timgure. The choice of the function was driven by the asymmetry
This approach is useful when the light curve is long enough aaround the minimum and the small number of parameters. The
over many cycles the tiny changes accumulate to a detectdiited parameters and their uncertainties were calculasétu
shift in phase. For DF Cygni, the AAVSO data were not suitabthe y?> method. The typical uncertainty @ is approximately
for an O—C analysis, because of the scarcity of the 5-dayelinn:0.0037 d, which corresponds to 5.3 minutes, that is abih 1
light curves, which prevented a detailed analysis of irdlial of the Kepler long-cadence sampling. As usual in the O—C anal-
pulsation cycles. On the other hand, the accuracy, sammieg yses of RV Tau-type variables (Percy et al. 1997), we used the
and the continuity of th&epler data allowed an accurate deterepochs of minima because of the sharper shapes around the min
mination of the individual times of minima for each pulsatioimum brightnesses.
cycle. We note, however, that a basic assumption of the O—C For the O-C plot we adopted the following ephemeris:
analysis is the constancy of the light curve shape, i.e. hkapge To=BJD 2454994.58 and-F19.99 d. The period value was cho-
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Fig. 4. Top: the originalKepler light curve (black) and the fitted smoothFig. 6. The O—C diagram of thKepler light curve with To = 54994.58
polynomial (magentaBottom: the residuaKepler light curve after the and P= 49.99 days. The horizontal lines are the mean values of the
subtraction of the long-term variation. The time axis isteegd on the group of points.
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Fig. 5. Phase diagram of the residué&pler light curve with a period
of 49.99 days after subtraction of the long-term polynomial

sen in such a way that it leads to the flattest O—C plot, predomi 0 o o o
nantly centered on 0. What we found from tepler data, how- coorr
ever, is that the points in the O—C diagram are actually syitit
two branches with a sharp transition between the two (see Rigp. 7. Top: the residual light curve after subtracting the slow vaitigh
[6). In roughly 100 days between B3R455900 and 2456000, bottom: the frequency spectrum and the wavelet map.
there was an apparent phase shift of about 3 days (6% of the
pulsation period), after which the pulsation period reradithe
same. As it is revealed by the time-frequency analysis, tizs@ resents the variations in amplitude, both in time and fregye
shift coincided exactly with the largest amplitude statethwf It is quite apparent that the amplitudes of all peaks havegéd
pulsation, an episode during which the pulsation amplitvde tremendously, whereas the relativéféiences in the changes of
about twice as high than immediately before and after. lidghv the harmonics indicate significant variations in the ovestahpe
noting that the very first point in Fig[] 6 is a similarly down-of the light curve.
scattered value that matches the phase of the data aftem@ise p  To get a more quantitative picture of the amplitude varia-
jump 1000 days later. On the other hand, the cycle-to-cye s tions, we have summed the peaks of the ridges of the first three
ter is well above the measurement error which is smallerthen strongest, well-separated frequencies in the wavelet fRap.
symbol size in Fig[l6. this we traced the peaks of the ridges to measure the instanta
To uncover finer details of the changes in amplitude and freeous amplitude of each frequency. Their sum is a quantitave
guency content as function of time, we calculated the wavelaeasure of the full oscillation amplitude (note that thesrof
map, in which the most prominent feature is the amplitudgeidthe phase dierences is neglected this way). The result is shown
of the frequencyf (see FiglTr). In addition, the integer and halfin the middle panel of Fif]8. There seems to be a correlation
integer multiples are also recognizable. For the sake ofeonbetween the phase of the RVb cycle and the summed amplitude
nience we plotted the light curve on the top of the map and tiariation. The latter is the smallest when the light curvénis
Fourier-spectrum on the left-hand side. The colour engpdip- the deep minima (in the middle at BJD 2455600 and at the end,

Amplitude (Mag) Time (BJD-2400000.5)
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Fig. 8. Top: the originalKepler light curve for comparisorMiddie: the .lA A,
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cies.Bottom: the variation of the depth of the shallower (black dots) and Ot . . | . . . | . L1
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deeper minima (red diamonds). 20
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at BJD 2456400). Furthermore, the summed amplitude also dis ] ) ;
plays a sudden decrease right after the second phase jump (¢ 4} 1
about BJD 2456000). Overall, there is a slight indicaticat the I ! o/
total amplitude of pulsation is somewhat sensitive to thealc I / /
mean brightness, i.e. the pulsation is not entirely coufriech I o
the long-period variation. 3 5; / !
We have also examined the variations of the depths of both | /’ © /°
types of the minima. This was done by subtracting the mean © | L % 8 /o ©
brightness of the preceding and following maxima from the ; , / !
brightness of each minimum. The result is presented inthe bo & |
tom panel of Fig[B. The two kind of depths are plotted sepa- 3
rately, with the assumption that the two minima follow a regu ' / ;
alternating pattern. The plot reveals that throughout theles I / /
Kepler observations the 'deeper’ minimum had indeed almost I / /
always a greater depth, except a short transitory phaseBiiin o /
2455900 to 2456000. Interestingly, this behaviour exautin- 2.5 /
cides with the~100 d period when the peak-to-peak amplitude L ,’O

/ /
| S SN S S S S S

had a maximum and when the phase shift of about 3 days oc- N
cured. . 38 375 37 365 36
log T,

L

T

I 2 2
b

Fig. 9. Top panel: V-band amplitude as a function offective temper-
4. Discussion ature for the Kiss et al. (2007) sample of post-AGB variabtespple-
mented with the location of DF Cygni. Open circles: singleiguic

How typical an RV Tau-type star is DF Cygni? To shed light offars; triangles: multiperiodi®emiregular stars; squares: variability due
fo orbital motion. The bar in the upper left corner shows YEdal

the answer, we plotted DF Cygni’s location in the V-band amp , o . X
tude vs. €ective temperature and the luminosity véieetive CYcle-to-cycle amplitude variation in the pulsating st#sttom panel.
temperature diagrams of selected post-AGB variables exﬂudThe empirical HRD of the pulsating sample of Kiss et al. (J08rd

. i he location of DF Cygni. The dashed lines show the edgesedfltissi-
by Kiss et al. (2007). For theffective temperature we adopted.y; instanility strip, taken from Christensen-Dalsga@@0@). The error
Ter =4840 K (Brown et al. 2011; Giridhar et al. 2005), while th@ays in the lower right corner represes% error in éfective temper-
V-band amplitude was approximated by the mean peak-to-peglte (about 200 K in the range shown) and #@®35 mag standard
amplitude of the phase diagram in Fig. 5, which is about0.2 deviation of the LMC P-L relation.
mag. The luminosity has been estimated using the RV Tauri
period-luminosity relation in the Large Magellanic Cloddl-
lowing the same approach as Kiss et al. (2007). The estimated ... .. N . .
luminosity is 1200+ 300L,, where the uncertainty reflects thec(?assmcatlo_n. I:en(r:]e |tshlllght Icurve properties are likiybe
standard deviation of the LMC P-L relation. In the top parfel 6epresentat|ve orthe whole class.

DF Cygni shows a very rich behaviour on all time-scales.

Fig. 9, DF Cygni falls close to several high-amplitude staik
being typical RV Tau-type objects (such as U Mon and Al Sc@he slow variation has a period of 779.606 d and it has been re-

both in the RVb class). Similarly good agreement is foundhan t markably coherent during the whole 48 years of visual olzserv
empirical Hertzsprung-Russell diagram in the bottom parfel tions. On top of the long-term cycles the pulsations appdarav
Fig.[@. Although DF Cygni lies somewhat beyond the red edgeriod of 24.925 d (or the double period of 49.85 d if we take th
of the classical instability strip, its location is consist with its RV Tau-type alternation of the cycles into account). Bothety
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of light variation significantly fluctuate in time, with a cstantly Both the variations of the phase diagram and the point-to-
changing interplay of amplitude and phase modulations. point scatter of the O—C diagram (Fi¢$[15-6) are much unlike

In the Fourier-spectrum of thikepler dataset, a character-the stability of the Cepheid-type variables. We note, havev
istic series of subharmonics of the frequerigppears, which that recent space observations of Type | Cepheids have found
is often interpreted as sign of period-doubling associat#d small cycle-to-cycle fluctuations (Derekas et al. 2012)jcivh
an underlying low-dimensional chaotic behaviour. Simpae- depend on the mode of pulsation, the first overtone being less
nomena were detected in several long-period pulsatingbiari stable than the fundamental mode (Evans et al. 2015). Adthou
stars, such as the arch-type of chaotic stars, the RV Taa-tyfype Il Cepheids have not yet been covered extensively bgespa
R Sct (Buchler, Serre & Kollath 1995, Buchler et al. 1996§ thdata, one can imagine the outlines of a progression of bempmi
less irregular RVa star AC Her (Kollath et al. 1998), severatore unstable on the time-scale of the pulsations as we move
semi-regular variables (Buchler, Kollath & Cadmus 2004J areloser to the non-linear regime of RV Tau-type stars.
one Mira-type variable (Kiss & Szatmary 2002). More recgntl  Besides the properties of the pulsations, the nature of the
Kepler has opened a whole new avenue of RR Lyrae studiB¥Yb-phenomenon, the long-term change of the mean bright-
based on the period-doubling phenomenon and relaffedts ness, is also worth some discussion. The most common expla-
(e.g. Szabo et al. 2010, Plachy et al. 2013, 2014, Beatkal. nation of the RVb-phenomenon is a binary system which is pe-
2014, Moskalik et al. 2015). Considering RV Tau-type vaitiab riodically obscured by a circumstellar or a circumbinarsdu
ity, there is a strong need for more theoretical investogeti The disc (Waelkens & Waters 1993, Pollard et al. 1996, 1997, Van
only recent study that touches the domain in which DF CygWinckel et al. 1999, Maas et al. 2002), although some of the ob
resides is that of Smolec (2016), who studied a grid of noserved characteristics wereffitiult to reconcile with the dusty
linear convective Type Il Cepheid models. Although his gtudlisk model (Pollard et al. 1996, 1997). The most recent iaffa
does not cover the full parameter range of RV Tau-type starggsults from the WISE satellite (Gezer et al. 2015) indi¢hé
some of the models extend close to the temperature and luR¥b stars are exclusively those objects that have wellatede
nosity of DF Cygni. For example, he presented a detailed d@@rcumstellar disks, while there is also a clear corretatie-
cussion of the resonances, whidfiegt the shape of the modeltween disk sources and binarity. The 48-years coherendeeof t
light curves and in his fig. 13 one can see the regions of the Jong-period variability of DF Cygni is indeed indicative ata-
resonances of the fundamental, first and second overtonesnoblle mechanisms like binary motion.
The corresponding Fourier-parameters are shown in figd514- We find noteworthy the similarities between the RVb-type
of Smolec (2016), where DF Cygni’s location is just aboutouvariability and the Long Secondary Periods (LSPs) of red gi-
side at the top of the high-luminosity edge of the more magnt stars, the latter still representing a mystery (Nichetl al.
sive model calculations. Here, near the red edge of theliitsta2009 and references therein, Soszynski & Wood 2013, Salo et a
ity strip, the resonance between the fundamental mode and 2015, Takayama et al. 2015). Among the suggested solutiens w
first overtone is dominant (see the V-shaped dark featurfigsin  find binarity, variable extinction in circumstellar diskssirange
13-15, in the rightmost panels with the<d.8 M, models). The non-radial oscillations, many of them somewhat resemtifieg
observed complexity of DF Cygni’s pulsations is consisteith  proposed explanations of the RVb phenomenon. LSP-likewari
the strongly non-linear behaviour of the models. tions have also been found in pulsating red supergiants (&is

As we have seen in Sect. 3, all the periods, amplitudes atld2006, Yang & Jiang 2012), suggesting that the phenomenon
phases vary in time, and none of these variations is styety May not be restricted to the red giants. We find some coroegisiti
odic. As has been revealed by the O—C diagram, there was-a tRgfween the pulsations and the RVb-cycle; most notablyrtie a
sient episode in the light curve around BJD 2456000, wheze tplitude of the pulsations tends to be smaller in the fairtestaf
change of the period and the amplitude was remarkable. Rigft Cygni, although the case is not entirely clear. It is afgert
after the ascending branch of the RVb cycle, the amplitudieeof €sting to note that van Aarle et al. (2011) cross-correldteit
pulsation increased by almost a factor of two, whereas thiegre Sample of candidate post-AGB stars with Long Period Vaeisibl
decreased quite dramatically (approximately by 3-4 perteat (LPV) from MACHO. They found 245 variables falling on the
is about 1 day per cycle). After four to six cycles, the putsat distinct period-luminosity relation of the Long Second&wgyi-
returned to the previous state. The fact that the suddeniampfs. While some of those stars may not be genuine post-AGB
tude increase is associated with a period decrease is singyri Objects, it is an interesting questions if there is some eotion
given that the typical period-amplitude correlation ofssi@al between the LSPs of red giants and post-AGB variability. &s h
pulsating stars is just the opposite. Interestingly, Sm¢@©16) been pointed out by the referee, with what we know today, it
studied the dferences between the linear and non-linear pulsieems most logical to conjecture that these red giants wii |
tion models and found that the relativeffdrence between thecycles are also binaries, but with longer orbital period@stthe
non-linear and the linear periods can be up to 15%, with agtroRV Tauri stars, so that the same mass-transfer phenomena oc-
dependence in the sign across the instability strip. We findcerred later in the evolution of the primary, which couldut
striking feature in fig. 6 of Smolec (2016): models near thmlo further on the AGB.
tion of DF Cygni show a strong and negative perioffetence,
meaning that the non-linear models have periods that amesh
than those of the linear calculations. We may speculatsttisat
not a coincidence that DF Cygni’s location and the regionn@heThe main results of this paper can be summarized as follows:
the non-linear pulsation period is significantly smallereggso
well. If the high-amplitude—short-period transient of thght 1. We have combined almost 50 years of visual observations
curve is caused by the pulsations becoming more non-liheart  from the AAVSO and about 4 years &epler data to per-
the Smolec (2016) modeldter a natural explanation to the ob-  form the most detailed light curve analysis of an RV Tau-type
served phenomenon. So that the sudden change in the liglet cur  variable star ever obtained.
characteristics perhaps can be explained by the emergénceo The bright RVb-star DF Cygni is a typical member of the
non-linear &ects. class, showing a prominent long-period mean brightness

%, Summary
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change and Cepheid-like pulsations that change constamtbgkalik, P., et al., 2015, MNRAS, 447, 2348

in amplitude and phase.
. The Fourier-spectrum of thi€epler data indicate the pres-

ence of a complex period-doubling pattern, revealed by t

Nicholls, C.P., Wood, P.R., Cioni, M.-R.L., Soszynski, 4009, MNRAS, 399,
2063
ﬁercy, J. R, 1993, in Sasselov D.D., ed., ASP CoM. Ser. \Bl.L4iminous
eHigh—Latitude Stars. Astron. Soc. Pac., San Francisc®%.2

characteristic set of subharmonics. The time-frequensy di?ercy, J.R., Bezuhly, M., Milanowski, M., Zsoldos, E., 199ASP, 109, 264

tributions clearly show the non-repetitive variations bé t
amplitudes.

. TheKepler light curve also displays some transients, mobt

Percy, J. R., 2006, JAAVSO, 34, 125
Plachy, E., Kollath, Z., Molnar, L., 2013, MNRAS, 433, 3590
achy, E., Ben, J., Kollath, Z., Molnér, L., Szahd, R., 2014, MNRAS, 445,

notably one at BJD 2456000, during which the antpgjarg, k. R., Cottrell, P. L., Kilmartin, P. M., Gilmore, .AC., 1996, MNRAS,
correlated period and amplitude variations could be an in-279, 949

dication of emerging non-lineaffects.

the Long Secondary Periods of the pulsating red giants.

. The long-term coherence of the RvVb modulation is consi
tent with binary motion, and we note some similarities wit

Pollard, K. R., Caottrell, P. L., Lawson, W. A., Albrow, M. DTobin, W., 1997,
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