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ABSTRACT

The quantity and quality of satellite photometric datangtsi is revealing details in Cepheid
variation at very low levels. Specifically, we observed al@gg pulsating in the fundamental
mode and one pulsating in the first overtone with the Canadli@sT satellite. The 3.7-d
period fundamental mode pulsator (RT Aur) has a light cunat tepeats precisely, and can
be modeled by a Fourier series very accurately. The ovepalsator (SZ Tau, 3.1 d period)
on the other hand shows light curve variation from cycle tolewhich we characterize by
the variations in the Fourier parameters. We present argtatieat we are seeing instability
in the pulsation cycle of the overtone pulsator, and thatithalso a characteristic of tke-C
curves of overtone pulsators. On the other hand, deviafions cycle to cycle as a function
of pulsation phase follow a similar pattern in both starsréasing after minimum radius. In
summary, pulsation in the overtone pulsator is less stdiale that of the fundamental mode
pulsator at both long and short timescales.

Key words:. stars: variables: Cepheids — stars: individual: SZ Taurssiadividual: RT Aur
— techniques: photometric

1 INTRODUCTION which now begins to look cyclic, i.e. pulsation not evolutielated
(Arellano Ferro 1983; Bruntt et al. 2008). Extensive obatons

Classical Cepheid variable stars have light and velocitiatians from the WIRE satellite have helped to establish this behavior in

which repeat very precisely. This is in contrast to variagidrom

cycle to cycle sometimes seen in RR Lyrae stars (Szab629 D). Polaris.

and Type Il Cepheids (Sterken & Jaschek 1996). In fact it és th The field of view of theKepler satellite contains numerous
close repeatability in classical Cepheids which allowsouwatch RR Lyr stars but only one classical Cepheid, V1154 Cyg. Hawev
them evolve, that is to change their periods as they moveugitiro  the extensive photometry of this star has produced an intrigre-
the instability strip in the HR diagram. sult (Derekas et al. 2012). Typical behavior of the periodaeons

We have a few examples of changes in the light curves of is a change in the period of approximately 20 minutes whistsla
Cepheids, partly due to new precision and long duration sepb ~ for approximately 15 cycles, but then a return to the meaoger
vations. V473 Lyr (Burki et al. 1986) has a large change inlamp  Results for classical Cepheids from t@eRoTsatellite by Poretti
tude over a period of about 4 years, resembling the Blazteate ~ are expected shortly.

(Molnar and Szabados 2014). Polaris itself has a variahfgiaude Szabados (1983) has discussed period changes in Cepheids,
both fundamental mode pulsators and overtone pulsatassafio-
plitude ‘s’ Cepheids). Based on his data, Evans, SasseloldtS

* E-mail: rszabo@konkoly.hu (2002) have suggested that the rapid period change in Bdkari
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overtone pulsator) is a characteristic of this group, adapgriod
instability than found in fundamental mode stars.
In order to follow up the discovery of a low level of period

Table 1. Frequencies, amplitudes and phases of the identified fnegue
peaks in the frequency spectrum of RT Aur.

instability in the extensiv&epler data in V1154 Cyg and to fur- D
ther investigate dierences in period instability between fundamen-
tal and overtone mode pulsators, we have obtained sequehces

Frequency ¢)
d—l

Amplitude @)
mag

Phase ¢)
rad

SN

photometry with theMOST (Microvariability andOscillations of fo

Strs) satellite. The target stars were RT Aur (fundamentaleno :2);0
P = 3.7 d,(V) = 55 mag .V amplitude of 0.80 mag, F8 Ib?) and 4f°
0

SZ Tau (overtone modd? = 3.1 d, (V) = 6.4 mag,V amplitude 51,
of 0.33 mag F7 Ib). For comparison, V1154 Cyg is a fundamental 6t
mode pulsator withP = 4.9 d and amplitude iV of 0.40 mag. 7o
8foy
9fp

2 MOST OBSERVATIONS 10f

The MOST satellite is a photometric satellite fully described in
Walker et al. (2003), with the first science presented in Matts

0.26819 (0.00001)
0.53639 (0.00002)
0.80458 (0.00004)
1.07277 (0.00009)
1.34097 (0.00020)
1.60916 (0.00037)
1.87736 (0.00075)
2.14555 (0.00147)
2.41374 (0.00248)
2.68194 (0.00344)
0.03766 (0.00869)
0.08529 (0.00990)
0.18232 (0.00210)

0.34690 (0.00009)
0.12895 (0.00009)
0.05576 (0.00009)
0.02515 (0.00009)
0.01098 (0.00009)
0.00582 (0.00009)
0.00293 (0.00009)
0.00149 (0.00009)
0.00078 (0.00009)
0.00055 (0.00009)
0.00113 (0.00619)
0.00103 (0.00505)
0.00088 (0.00009)

0.40947 (0.00004) 4495
0.23672 (0.00011) 0184

0.06397 (0.00024)
0.92108 (0.00053)
0.72003 (0.00123)
0.54719 (0.00230)
0.37458 (0.00472)
0.16564 (0.00917)
0.00967 (0.01546)
0.81981 (0.02165)
0.52539 (0.00839)
0.68228 (0.00828)
0.63075 (0.01142)

795
357
155
81
40
19
9
6
14
13
11

et al. (2004).
For SZ Tau, observations were obtained in November 2012

(JD 2456 238-JD 2 456 257) resulting in a continuous dataaset ¢
ering 19 days with a cadence of 1 minute. For RT Aur, the

observations were carried out in December 2012 (JD 2456 278-

JD 2456 300). For this target, the 22 day-long observatioesew
interleaved with another target, resulting in gaps in thhtlcurve.

Data reduction was done following the standard steps @atlin
in Rowe et al. (2006a, 2006b). Data can contain an artifaet du
to scattered earthshine in tMOST101 minute orbit, resulting in
a signal with multiple peaks near 14dc The SZ Tau data were
reprocessed beyond the standard processing to greatlyerdlis
signal. In RT Aur, the ffect was not as prominent, but ultimately
they were reprocessed also. Along with RT Aur a ‘comparisan,s
HD 45237 was observed. This in principle would allow us teass
the quality of MOST photometry by comparing a relatively quiet
star’s light variations to that of our Cepheids. HD 45237jalahis a
KO IV 7th magnitude star, shows minor variations, totaliegd than
0.01 magnitude. Specifically, it shows a low-amplitude,uSsian-
shape’ brightening event in the middle of our observing isess
lasting for 6 days. Other than that, the frequency spectriitheo
star nicely shows the alias frequencies due to the samptingnd
14 ¢d. We did not use this star further in our analysis.

3 LIGHT CURVE ANALYSIS

A difference between the light curves of RT Aur and SZ Tau is
immediately obvious from the first plots of the light curvésg-

ure 1 shows the data of RT Aur phased by a period of 3.7348 d and

SZ Tau phased by a period of 3.149407 d, respectively. TheRT A
light curve repeats very precisely, notably at maximumtligm the
other hand, SZ Tau shows tight sequences at maximum for gach ¢
cle which, however, vary in brightness from cycle to cyclienigr
but less pronounced behavior is seen at minimum light.

The next step is to investigate the departures of the data fro
a strict cycle-to-cycle repetition. In Fig. 1 we plot the senutive
pulsational cycles with dierent symbols and colors. This figure
shows that while the pulsational cycles of RT Aur repeat ety
there is a considerable deviation in the light variation @f Tau,
especially around and before the brightness maximum.

1 httpy/www.astro.utoronto.¢BDO/researcftepheids
2 httpy/simbad.u-strasbg/Bimbad

The rest of this discussion will be to quantify the contragti
behavior between the fundamental and the overtone pusator

The first step in the analysis is to fit a Fourier polynomial to
the data:

N
m:Ao+ZAi><sin(27rift+<I>i) (1)
i=1
wherem is the magnitudeA is the amplitudef is the frequency,
t is the time of observation; is the phase andruns from 1 to
N, whereN is 9 and 10 for SZ Tau and RT Aur, respectively. The
sequence ilN was stopped when there were only many low fre-
quency peaks left. Tables 1 and 2 list the result of our Foanel-
ysis performed by usinBeriod®4 (Lenz & Breger, 2005), i.e. fre-
guencies, amplitudes, and phases and their errors for RTaAdir
SZ Tau. Frequencies identified as harmonics of the fundahest
cillation are indicated in the first column. Other frequescfound
in the analysis are listed in the tables (in the order of iasirg
frequency) but are not included in further analysis.

Figures 2 and 3 show the Fourier spectra of RT Aur and
SZ Tau, respectively. In the left and center panels of Fig. 2,
the Fourier spectrum of RT Aur is shown (left) and then again
prewhitened by the 10 harmonics in Table 1 (center). A redidu
bital signal near 14/d is apparent in similar figures which extend
out to that frequency because the target was interleaved amit
other target. The prewhitened spectrum (Fig. 2 center) shbuat
the removal of the main frequency and its harmonics redunes t
signal from the star to noise. The right panel of Fig. 2 is tlie-w
dow function for RT Aur. Fig. 3 provides the Fourier spectrfon
SZ Tau. The prewhitened spectrum (Fig. 3 center) with the har
monics of the pulsational frequency in Table 1 removed, hvewe
leaves a complicated pattern of frequencies. This costtasthe
reduction to a noise spectrum in the prewhitened RT Aur spect
(Fig. 2 center).

The noise level and- were estimated from a quiet portion of
the Fourier spectrum (Figs. . 2 and 3 center). By noise in RisAu
Fourier spectrum we mean the average of the residuals a&fter r
moving  and its harmonics, which we find featureless. Sigmas in
Tables 1 and 2 are the uncertainty of a given fitted parameterd
mined with the Monte Carlo simulation performed using Pd0i
For RT Aur and SZ Tau they are noise: %30 and 4.9x107,



-04 5 0.38 -
!ﬁd _"""s‘ 042 | 1 j
-0.3 | !4 00 [, ;3’7 ’4 038 | gzﬁ‘i 4
v, L | PR ; AR
02} % oo L 034 - %f i
% 042 L L Jog % 030 Li . . L4
01 F 5 070 074 0.78 3 096 100 1.04 i
2 : L} * ¥ oe0 *
E 0.0 5 & R cyc 1 g
8 &ﬂ & 5, cyc2 * p
= 01f * ¥ % cyc3 o P
‘-‘ ‘n‘ cyc 4
0.2 r S % cyc5 e B
%’I # %%
03} ., ¥ s, ® i
s, & F
04 r %ﬁu}ﬂ .'."i;.}ﬂ B
0 0.5 1 1.5 2
phase

instr. mag

Cepheid observations with the MOST satellite3

H * % R
.0.05 | ~ 050 054 058 - " 095 1.00 1.05 = )
% : . cyc0 + ]
000} : . ot s |
'tu g t cyc2 ¥ ]
0.05 |- kS . Looese ]
.‘; 5 cyc 4
0.10 - b 4 cycs i
".‘ ; qcyc6 o
015 1 L LY y 1
2
0.20 Y g ]
. . )
0 0.5 1 15 2

phase

Figure 1. MOSTIight curves of two Cepheids phased by pulsation periodfithdamental mode pulsator RT Aur (left panel) and SZ Tath{nmnel) which
pulsates in the first overtone. Note th&elient scale on the y axis. The insets show blow-ups of them@aind minima indicated by the rectangles. The data
have been binned with a 0.0%Bin size. A comparison of the two panels clearly shows thaipilisational cycles of RT Aur repeat regularly, while thisra
substantial deviation in the light variation of SZ Tau, esally around and before the pulsational maximum. The falbc plot is included in the electronic

version.
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Figure 2. Fourier spectrum of RT Aur (left panel); the same, but préarteéd by the 10 frequencies in Table 1 (the pulsational &eqy and its harmonics)
(middle panel); spectral window of the RT Aur observatiohM®ST(right panel). The feature near 14lds due to interleaving the observations with another
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Table 2. Frequencies, amplitudes and phases of the identified fnegue
peaks in the frequency spectrum of SZ Tau.
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respectively. The 8l in Tables 1 and 2 was generated using these
values.

ID

Frequency )
d—l

Amplitude @)
mag

Phase )
rad

SN 31 Comparison of SZ Tau and RT Aur

The RT Aur data are well represented by Fourier series fanglesi

fo

2fo
3fo
4fy
5fo
6fo
7o
8fo
9fo

0.31752 (0.00001)
0.63307 (0.00010)
0.95463 (0.00023)
1.27259 (0.00057)
1.59586 (0.00077)
1.91050 (0.00092)
2.22325 (0.00097)
2.54686 (0.00103)
2.86753 (0.00146)
0.04669 (0.00066)
0.18431 (0.00193)
0.24663 (0.00050)
0.49502 (0.00060)
0.54126 (0.00043)
1.07039 (0.00330)
1.11149 (0.00426)
1.14850 (0.00323)
1.39226 (0.00074)

0.18800 (0.00001)
0.00811 (0.00002)
0.00374 (0.00002)
0.00130 (0.00002)
0.00077 (0.00002)
0.00062 (0.00002)
0.00059 (0.00002)
0.00054 (0.00002)
0.00038 (0.00002)
0.00125 (0.00002)
0.00074 (0.00003)
0.00275 (0.00003)
0.00168 (0.00002)
0.00243 (0.00002)
0.00113 (0.00014)
0.00087 (0.00010)
0.00099 (0.00011)
0.00088 (0.00002)

0.44034 (0.00002) 66

0.61723 (0.00041)
0.71700 (0.00092)
0.00012 (0.00250)
0.95622 (0.00416)
0.39391 (0.00501)
0.50797 (0.00466)
0.94617 (0.00573)
0.15596 (0.00812)
0.93945 (0.00309)
0.61063 (0.00441)
0.53542 (0.00122)
0.92675 (0.00288)
0.74911 (0.00192)
0.44314 (0.00679)
0.79006 (0.04108)
0.01984 (0.10169)
0.76267 (0.00361)

guency and its harmonics and the pattern due to the drbieo
ellite. The SZ Tau data, on the other hand, have dev&afiom
Fourier fit.

25
%81.1 Light curve stability

I Section 3 we showed that the fundamental pulsator RT Asr ha
e expected behavior for a Cepheid. While there is some scat
fé for the moments of maximum brightness, the median bright
ss on the ascending branch repeats in a strictly regular ma
per. (Median brightness is the average value of the adjanént
#pum and maximum, which is not identical to the mean mageitud
galculated for the complete pulsational cycle). The otk&ST
gepheid, SZ Tauri (overtone pulsator) shows perceptibtteetp-
8gcle changes. In this section we will consider how this msiing
gfability of the light curves of a fundamental mode and arnr-ove

tone mode pulsator is manifested in the Fourier paramefens.
this, we fitted a high-order Fourier polynomial at the prignfe-
quency and its harmonics using Equation 1 for each cyclen,The
we characterized the light-curve shapes with the Fourierpaters
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Figure 3. Fourier spectrum of SZ Tau (left panel); the same, but prmmkd by the 9 frequencies in Table 2 (the pulsational frequand its harmonics)
(middle panel); spectral window of the SZ Tau observatidn8IOST(right panel).
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Figure 4. Fourier parameters of RT Aur (left panels) and SZ Tau (rigirtgds) from theMOSTobservations. The arrows on the right hand side of each panel
show the approximate variation of the parameters duringyhkes observed; the percentage of variation is given bly aaow. Top panels: variation of thg
amplitude between cycles. The panels below show the \amiafti the amplitude ratioR;;, Rs1, andRs;. The errors in the first cycle of RT Aur are unusually
large because the cycle was incompletely covered.

(Simon & Teays 1982), and show results Ry; = Ax/A1, Rs1 =
Az/Ajand Ry = As/A; as well aspo1 = ¢2—2¢1 andegs; = ¢3—3¢1.

The top left panel of Fig. 4 shows the amplituigof RT Aur
for the 6 cycles covered. The arrows in each panel show the ap-
proximate range of variation between cycles, together thigtper-
centage of variation. Note that the variation in this anuolé is
only about 0.9% between the cycles. In SZ Tau (top right pamel
Fig. 4) the variation in the Fourier amplitudg is 3.6%. Similarly,
the variation of the amplitude®;;, Rs;, andRs; is shown in Fig. 4
for RT Aur (lower left panels) and for SZ Tau (lower right p&s)e
For RT AurRy1, Rz, andRs; vary by approximately 1.5%, 3.2%,
and 9.2% respectively. For SZ Tau, the respective varigteme
closer to 50%, 100% and 120%. Similarly, the variations iaggh
parameters,; andgs; are modest in RT Aur (left panels in Fig. 5)
but much larger in SZ Tau (right panels in Fig. 5).

In summary, all the light curve quantities are much more-vari
able in SZ Tau than in RT Aur. We can also compare the varigtion
in RT Aur with those of the fundamental mode Cepheid in the Ke-
pler field (V1154 Cyg), which has a much longer series of olzser
tions (Derekas et al. 2012). Thg amplitude for V1154 Cyg has
comparably small variations over the intervals that cqoesl to
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Figure 6. The fit of the light curve of RT Aur (top left panel) and SZ Taaggtright panel). Red points: observations, black curveri€otit, magenta points:
residuals magnified 3 times to enhance visibility. Resisluare created from a 10-term Fourier fit of RT Aur from Tabléeft panel) and for SZ Tau from
a 9-term Fourier fit taken from Table 2 (right panel). Bottdatandard deviations between cycles as a function of phasediinto 100 phase bins. Left:

RT Aur: The phased light curve (red) is compared with thedsaah deviations
minimum radius are also shown. Right: The same for SZ Tau.

the length of theMOSTobservations. However, on time scales as
long as a year it has larger amplitude variations. Thus theag

be larger variations than we have seen inM@STRT Aur data,
but it is on a much longer time scale. Other Fourier pararaéter
V1154 Cyg have variations comparable to those of RT Aur.

3.1.2 Phase dependence

To further study the deviations from the Fourier repredereof
SZ Tau, Fig. 6 (right) shows the deviations from the 9-terj re
resentation. The high quality of the data allows us to inspet-

between cycles, magnified by 3 times fotiptp{black dots). Maximum and

vidual cycles of the two stars. As a comparison, the left pahe
Fig. 6 features the much smaller residuals of RT Aur. Thesalsm
residuals show clear pattern however. They almost vanishnalr
minimum light, and are larger in other pulsational phases.3Z
Tau, there are someftikrences in the residuals from cycle to cy-
cle (Fig. 6 top right). However, the deviations have a reabbn
consistent pattern, including sharp inflections followm@imum
radius (Fig. 6, top right). When the standard deviationsvben
cycles are created as a function of phase (Fig. 6 bottomphhse
dependence is surprisingly similar for RT Aur (left) and SauT
(right). That is both the fundamental and overtone pulsastiow
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Table 3. O-C values of RT AurigaekE is the epoch of the determination in
cycles;W is the weight. This is only a portion of the full version awdile
online only.

JDsy E O-C W Data source
2400000 (d)

20957.478 -5570 0.091 1 Turner etal. (2007)
22784.241 -5080 0.009 1 Turner etal. (2007)
26419.438 -4105 0.157 2 Turner et al. (2007)
26971.249 -3957 0.186 2 Turner etal. (2007)
27504.400 -3814 0.197 1 Turner etal. (2007)

an increased standard deviation around minimum radius Wien
next pulsation cycle is initiated by a “shove” from the ptisa
piston. After maximum radius, the “coasting phase” the agvns
between cycles decrease, and remain small until the “sHowe
the next cycle.

4 O-CDIAGRAMS

To put theMOST observations into the long-term context, Fig. 7
shows theD — C diagrams of both stars and Fig. 8 shows@he C
diagrams from thtMOSTobservations.

4.1 RT Aur

For RT Aur, several studies of the variations in the pulsape-
riod are available in the literature, of which the latest &zabados
(1991), Berdnikov et al. (2003), Meyer (2004), and Turnealet

(2007). TheD—-C diagram based on the normal brightness maxima

published by Turner et al. (2007) is shown in the left pan&ligf 7.
Their Tables 2 and 3 are used, but data with an assigned wegght

than 1 have been omitted and several values based on phdatomet

data which they omitted are included, as well as the M@ST

data. The new set of normal maxima together with refererges i

listed in Table 3, which is available in the electronic versiln that
table theO — C residuals correspond to the updated ephemeris:

Crnax = 2441 7237678+ 3.728 255E )
+0.0077+ 0.000 003

This ephemeris was obtained by a weighted linear least

squares method based on the tabulated normal maxima. Avedigh
1, 2, or 3 has been assigned to the individual data seriendige
on the number and quality of the data points. For a bettealizar
tion, we only plotted the most reliab@ — C residuals (those with
weights 2 or 3) in the left panel of Fig. 7. Part of the scattaym
be due to the uncertainty in the determination of the momehts
individual normal maxima. However, another cause is alssgmt.
The 0.05 day dference within 3 weeks between tfe— C val-
ues for the brightness maxima (denoted as open circles itethe
panel of Fig. 8) from the accurate and uninterrupgté@STdata is
intrinsic to stellar pulsation. It is also seen, howeveat the pulsa-
tion period of RT Aur is very stable for the moments of the raadi
brightness on the ascending branch of the light curve (fdledes
in the left panel of Fig. 8). This means that the fluctuatiorhia

O - C values is caused by the slight variability in the shape of the

light curve. In fact, the 0.05 day fluctuation in théOST O- C
values corresponds to 1.3% of the pulsation period whichuiteq
compatible with the fluctuations of the Fourier amplitudd phase
parameters visualized in the left panel of Fig. 6.

Table 4. y-velocities of RT Aurigae.

JD vy o
2400000 (kms!) (kms™)

Data source

18230 21.0 0.5 Petrie (1932) (obs.: Duncan)
21210 19.9 2.0 Kiess (1917)

24800 21.0 0.5  Petrie (1932)

40979 19.8 1.0 Evans (1976)

43449 19.2 1.5  Wilson et al. (1989)
43457 19.7 1.0 Beavers & Eitter (1986)
43962 18.0 2.0 Barnes et al. (1987)
45717 20.0 1.0 Gieren (1985)

46866 19.7 1.5 Gorynya et al. (1996)
48600 19.3 0.5  Gorynya et al. (1996)
50100 20.0 0.5  Gorynya et al. (1996)
50350 20.0 0.8 Kiss (1998)

55110 18.5 0.5 Takedaetal. (2013)

In RT Aur the O — C diagram (period change; left panel of
Fig. 7) has relatively smooth variation. If the pattern cd @ — C
residuals is approximated by a positive parabola, thendte of
period increase is 0.00098Gcdntury. The pattern of th® — C
residuals of RT Aur has been interpreted iffelient ways, from a
simple parabola (Fernie 1993) to a more complicated fornnn@iu
et al. 2007). The amplitude from ti@— C variations, however, is
commensurate with an evolutionary time scale, and as ngteéib
nie, is much smaller than that of the first overtone pulsatbars.
Turner et al. interpret a wavelike structure to tBe- C residuals
as light-time éect in a very long period orbit (26429 days72
years); however, they find thisflcult to reconcile with the con-
straints on the companion. We present a summary of the sigstem
(y) velocity data in Fig. 9 and Table 4 including the most recka
from Takeda et al. (2013). None of the systemic velociti¢keds
from a band of:1 km s around the mean value by more tham,1
making it unlikely that orbital motion has been detectethalgh
a tendency of a slight decrease in theelocity values is notice-
able. Further observations are necessary to clarify thetiqureof
binarity of RT Aur.

4.2 SZ Tau

SZ Tau, on the other hand, has more erratic variations ©-+8 di-
agram, and in particular, times when fBeC is increasing alternat-
ing with periods when it is decreasing. That is, periods @ithar
monotonically increasing nor decreasing as expected faugun
through the instability stripO — C diagrams showing the variabil-
ity of the pulsation period for many stars are available iat&wlos
(1977, 1991) and Berdnikov & Pastukhova (1995). Theserlatte
thors approximated th® — C graph of SZ Tau with a parabola
implying a continuous period decrease with erratic chasgeer-
imposed. According to Szabados (1977, 1991), howeverjrikar
sections in théd — C graph imply that there are preferred values
of the period to which the Cepheid returns during its putsatin
a time scale of several years-decades. Dhe C residuals based
on previous photoelectric and CCD observations are platt¢ide
right panel of Fig. 7, extending the time base by two decades a
compared with the latest one by Berdnikov & Pastukhova (1995
TheO-C residuals based on all available accurate (photoelec-
tric or CCD) measurements are listed in Table 5 together thith
references in the electronic version. For low-amplitud@tieids,
such as SZ Tau, the preferred light-curve featureGor C stud-
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Figure 7. Long-termO — C variations of RT Aur (left panel) and SZ Tau (right panel) iwthe epoch and period used. While both stars show significant
variations, RT Aur seems to change its pulsational periodensmoothly than SZ Tau. Symbol sizes correspond to the weggigned to th® — C value

listed in Tables 7 and 8.
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Figure 8. Left: O — C variations of RT Aur based on tHdOSTobservations. Open circles refer to moments of brightnessimm, filled circles represent
O - C values for moments of the median brightness on the ascebdamgh (dfset by 0.360 day to facilitate a direct comparison with tHesdight maxima)

Right: O — C variations of SZ Tau based on tMOSTobservations.

ies is not the moment of the light maximum because of the large
uncertainty in determining the phase of the brightnesseextm
during the shallow variation. Instead, the behaviour of phésa-

tion period can be followed by studying the moment of the rmedi
brightness on the ascending branch of the light curve wheze t
variations in the brightness are the steepest during treapahal
cycle (see Sect. 2.2 in Derekas et al. 2012). The residualdeter-
mined from theV band light curves (or the nearest band to it), and
refer to the moments of median brightness on the ascendarghbr
corresponding to the ephemeris:

Cred = 24390550461+ 3.148 76 XE
+0.0283+ 0.000 006
A least squares linear fit has been applied toGheC resid-
uals afterE = 2666 = HJD 2,447,450 that resulted in Eq. 3. The
resultingO — C diagram is plotted in the right panel of Fig. 7. Ta-
ble 5 contains som® — C residuals based on photoelecttidV
observations obtained with the photometer attached to @hend
Cassegrain telescope at the Piszkésteté Mountain Stafiche
Konkoly Observatory between 1991 and 2003. The individhalp
tometric data are listed in Table 6 (observer: L. Szabadds) full
table is provided in the electronic version.
The scatter of the plot for the last decades where the pulsa-
tion period was approximated as a constant value of 3.148763
exceeds the observational uncertainty, and this is the fcagbe
O - C residuals derived from th®1OSTdata, as well. Cycle-to-
cycle period change is present in the right panel of Fig.8jlar
to V1154 Cyg. The period in individual cycles varies withifr@
of the average value of the pulsation period. On a longer sicaée,
there are erratic cycle-to-cycle variations (right parfefig. 7).

®)

25 —
E L |
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e | [
£ | |
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@] L i
15 —
10 I L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ]

10* 2x10* 3x10* 4x10* 5x10* 6x10*

JD — 2,400,000

Figure 9. Variations of they (systemic) velocity of RT Aur. The solid line
is the mean; dashed lines indicatel km st from the mean. None of the
velocities deviate from the 1 km s band by more than &.

4.3 Pulsation mode

The erratic cycle-to-cycle variation of SZ Tau (as compargith
RT Aur) is characteristic of overtone pulsators (e.g. Fio Berd-
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Table 5. O - C values of SZ Tauri. This is only a portion of the full version
available online only.

O-C W Data source
(d)

32851.7111-1970 -0.2719 3
35541.0382-1116 0.0116 1
37619.1476 -456 -0.0626 3
37962.1697 -347 -0.2556 1
38528.9506 -167 -0.2521 3

JD, E
2400 000+

Eggen (1951)

Walraven et al. (1958)
Mitchell et al. (1964)
Williams (1966)

Wisniewski & Johnson (1968)

Table 6. New UBYV photometric data of SZ Tauri. This is only a portion of
the full version available online only.

JDsy \Y B-V U-B
2400000+ (mag) (mag) (mag)

48593.5264
48594.5173
48646.3869
48647.3421
49032.3006

6.385
6.616
6.488
6.431
6.670

0.739
0.874
0.779
0.758
0.875

0.526
0.612
0.528
0.562
0.615

nikov et al. 1997). In the past shorter data strings have fted
to parabolas implying to rapid period changes (see Szaldl3R%)
but more extensive data appear to suggest that for manyoosert
pulsators the period variations are more complicated tirapls
monotonic changes.

The rigorous interpretation @ — C diagrams has been dis-
cussed extensively by Koen (2006), based on the combinafion

These are consistent with the Koen class of long term pedoid-v
tion.

In the second group, 7 other stars (BY Cas, V379 Cas,
DT Cyg, V532 Cyg, DX Gem, EV Sct, and SZ Tau; Figs. 3 and
4 in Berdnikov et al.) clearly have variations in th€r— C dia-
grams, but the variations switched from between positicereeg-
ative and back in an apparently cyclic way. SZ Tau (right pane
of Fig. 7) exhibits this behavior. This “activity” in the ped is
clearly not caused by monotonic evolution through the ity
strip, and suggest a that Koen period jitter is dominant. &twir-
sions around a mean period suggest a pulsation related icghse
than a secular change due to evolution.

There is a third group of 15 stars (VZ CMa, GH Car,
V419 Cen, BG Cru, V1334 Cyg, V526 Mon, QZ Nor, V440 Per,
EK Pup, MY Pup, V335 Pup, V950 Sco, AH Vel, FZ Car, and
AZ Cen; Fig. 5 in Berdnikov et al.) which have no pattern in the
photometricO — C residuals. This may be because the data series
are not long enough, or the values are not accurate enough or i
many cases the gaps between the times of observation olzsgure
correlation. Itis likely that at least some of these havéagukjitter,
possibly at a lower level and over a longer time scale thamtbie
prominent fluctuations in the first two groups.

In summary, the photometric monitoring of these 29 overtone
pulsators shows that nearly half of them have period variaffhis
includes the second group showing substantial period.jitieus
on the scale of decades there is evidence of considerakiedper
variation in overtone pulsators, including both the Koetegaries
of long term change and random period jitter.

5 DISCUSSION

measurement error, a long term change in period, and randomTheMOSTobservations display two characteristics of pulsation not

changes in the period. Specifically, he demonstrates tlspdssi-
ble for random changes in the period to mimic long term change
in the period. Full analysis of th® — C period changes in Figure 7
is beyond the scope of this paper, but we will put @e C char-
actistics of the overtone (SZ Tau) in context, and discustaites
where theO — C diagram is consistent with a Koen dominant long
term variation, and where it is consistent with a Koen domina
random period jitter.

In this section, we develop a qualitative summary of period
variation in overtone Cepheids based on@he C curves of Berd-
nikov et al. (1997) of low amplitude Cepheids. The first stepoi
confirm the pulsation mode. For this we have used primarigy th
classifications of Groenewegen & Oudmaijer (2000), Kierzlal.
(1999) and Sachkov (1997). The pulsation mode of V1334 Cygy wa
discussed by Evans (2000) and the pulsation mode of V473yyr b
Burki et al. (1986). FF Agl was found not to be an overtone pul-
sator by Benedict et al. (2007). In 3 cases, (Gl Car, V532 @xd,
VZ CMa) the star was classified as an overtone pulsator by-Kien
zZle et al. but not Groenewegen & Oudmaijer. We have retained t
overtone designation since the sensitivity to pulsationenaries
depending on both the period ranges and the diagnostit itsel

We then have used tt@@— C diagrams of Berdnikov et al., and
identified three categories of period change. First, 7 ¢ElsTau,

a UMi, SU Cas, Gl Car, V1726 Cyg, V473 Lyr [second overtone
pulsator], and UY Mon) were found to hag- C diagrams con-
sistent with a parabolic fit (Figs. 1 and 2 in Berdnikov et all)
indicating increasing period (discussed below). Only EU &ad

a UM, however, haveD — C diagrams which were unquestionably
parabolic fits, showing period variation which is partictyaapid.

seen before in less plentiful and less accurate data. Fiestight
curves as exhibited by the Fourier parameters are moreblaviia
the overtone pulsator SZ Tau than in the fundamental mode pul
sator RT Aur. On the other hand, theffdrences between cycles
display a similar pattern as a function of phase (Fig. 6). \Akeh
made preliminary explorations for explanations as disetiss the
sections below.

5.1 Modedependence

The intensive observations of RT Aur and SZ Tau with f@ST
satellite have demonstrated that the overtone pulsatomédYhas
more instability in its pulsation cycle than the fundamémntade
Cepheid (RT Aur). This is apparent in simple repetition & liight
curve from cycle to cycle (Figs. 1 and 2), the Fourier speutod
the observations (Figs. 3 and 4), the Fourier parameteils tyc
cycle (Figs. 5 and 6) and th@ — C diagrams (Figs. 8 and 9). As a
preliminary consideration, we note that the node of a firstrmne
pulsator occurs higher in the envelope than that of a fundéahe
mode pulsator. This may createfdrences in the pulsation even for
stars of reasonably similar period, mass, and temperature.

5.2 Effect of turbulent convection

The quality and quantity dfiOSTandKeplersatellite observations
has revealed changes in the periods and light curves of SAféu
V1154 Cyg. Explanations due to evolution, mass loss, andrpin
light-time dfect are not adequate for the nonmonotonic variations
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Figure 10. a) Bolometric luminosity variation of our model overtone
Cepheid; b) Radius variation of upper zones in the modelucpdlent en-
ergy as a function of time and zone number; d) Logarithm of#tie of the
turbulent and kinetic energy for each zone as a functiomod tiMaximum
values are reached when local velocity approaches its minim

as discussed in Section 5.3. Itis suggested that there nstability
in the pulsation itself which is responsible.

In order to check whether turbulent convection in the phrtia
ionization zones can cause cycle-to-cycle light curveatams we
computed models with the Florida-Budapest code (Kollathale
2002). We used similar parameters and settings as Szalsb|eBu
& Bartee (2007). To study SZ Tau we computed an overtone pul-
sator model, with a mass of 5.25ML = 1979 L, andT = 6075
K and solar metallicity. The model has a linear overtonequedf
3.106 days.

Figures 10a and 10b show the variation of the bolometric lu-
minosity and the radii of the topmost layers of the modelrafte
reaching its limit cycle corresponding to the radial firsedene
mode, respectively. In panel ¢ we plot the turbulent enegy a
function of time and zone number (from 78 to 121). The maglatu
of the turbulent energy is color coded. This range of zonptucas
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the hydrogen ionization zone featuring the strongest tartien-
ergy throughout the pulsational cycle, on the order df 1010
erg per zone. The energy is highest whereNt@STlight curve of
SZ Tau shows the largest scatter.

However, the magnitude of the turbulent energy content is
negligible compared to the kinetic energy due to the pugads is
shown in Fig. 10d. Here we show the logarithm of the ratio ef th
turbulent and kinetic energy for each zone as a functionméti
The largest values are attained for the local velocity maniffior
a given mass zone), which is the dominant term in this quantit
The discrepancy is huge, the turbulent energy is 10-20 srder
magnitude less than the kinetic energy. Even if the totdduient
energy could be converted to kinetic energy the modulatiche
light curve would be still very small. However, théieiency of the
energy transfer is much lower than 100%, therefore we cdeclu
that — at least in our 1D code — the turbulent convection haga n
ligible effect in altering the light curve shape from cycle to cycle,
although it provides the necessary viscosity to controlaimpli-
tude. We note in passing that Buchler, Kollath & Cadmus @00
found a much more significant turbulent energy in RV Tauri mod
els.

A logical step in this direction would be the use of multi-
dimension hydrocodes, such as Mundprecht, Muthsam & Kupka
(2013), that would naturally enable the enhancement oiutarth
energy or turbulent flux locally (see their Fig. 12) as oppasethe
zone-averaged quantities in our 1D simulations. Howewvegnghe
large diference we found between the kinetic and turbulent ener-
gies, it is highly questionable whether the required decastiange
can occur in these overtone Cepheid models.

5.3 Period change

Several causes have been suggested for period variations in
Cepheids, both fundamental mode pulsators and overtone pul
sators:

e Evolution through the instability strip: This is almost cer-
tainly responsible for some of the period changes seen.e/¢hib-
lution does not necessarily proceed at a uniform pace (Eetral.
1993), one direction of period change would predominaterand
sult in a paraboli®© — C diagram.

e Light-time effects in binary systems: This produces cyclic
apparent period changes. They must, however, be consigi#mnt
what is known about the orbit of the system. Possibly the &est
ample is AW Per (Welch & Evans 1989). Light-timfect has been
suggested to explain th@ — C residuals in RT Aur (Turner et al.
2007). However, the velocity variations shown in Fig. 9 cale
no variation larger thas 1 kms? of the mean. This implies that
an orbital velocity variation has not been observed for datavn
from many diferent instruments over a long time interval.

As discussed above, a substantial fraction (24%) of overton
pulsators have period variations characterized by alterfthough
cyclic) increases and decreases.

Light-time dfect is theone explanation for period change
which is cyclic, but it is not viable for many of the overtonalp
sators because of the scale and erratic nature. This imiblés
these quasi-cyclic period variations are caused by songgthithe
pulsation process itself.

e Star spots: Neilson and Ignace (2014) have suggested that
the period variations of the Kepler Cepheid V1154 Cyg cowdd b
produced by a hot spot on the surface caused by convectian. In
study of yellow supergiants including several Cepheidscyand
Kim (2014) suggest a similar possible cause for amplitudé va
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ation, large convection cells causing variation as the rstates.
While starspots couldfBect the time of maximum light, they would
not have a cumulativefiect as seen in th® — C diagram.

e Massloss: This has been suggested, for instance by Neilson
et al. (2011, 2012), and worked out in detail. However, sipee
riods changemonotonically the quasi-cyclic variations frequently
seen in overtone pulsators are not due to mass loss. We 1oote, h
ever, that the period changes in overtone pulsators disduiss
Sect. 5 which can reasonably be fit with parabolas all shoveas:
ing periods. This is consistent with mass loss, althoughay tme
only one of several factors.

e Pulsation: Amplitude variation in Blazhko RR Lyr stars is
not fully understood, but one possible explanation is thit pro-
duced by high-order resonance (Buchler and Kollath 20R@sa-
tion and excitation of a complicated group of modes may alay p

a role in Cepheid period change. Percy and Kim (2014) suggest

that convection may drive pulsation mode excitation andbem-
plitude variation, and the same might ald®eat Cepheid periods.
As discussed above, the fact that the level of pulsatiorality

on both short and long timescales appears to depend onipalsat
mode suggests a role for pulsation in period changes.

The observed period changes may be due to a combination of

these factors. However, the morphology®f- C diagrams, par-
ticularly for overtone pulsators, provides some clues.drtipular
the high fraction of overtone pulsators which have quaslicye-
riod variations is not consistent with stellar evolutiom n@ass-loss.
Furthermore, the size of the variations is too large to ugligarig-
inate from binary light-time fects. Hence the pulsation process
itself is indicated as a cause.

6 CONCLUSIONS

There are three primary results from tMOST observations of
Cepheids.

e The observations of a fundamental mode pulsator (RT Aur)
and an overtone pulsator (SZ Tau) find greater instabilityghia
pulsation of the overtone Cepheid in the repetition of tbtlcurve
and the Fourier parameters.

e On the other hand, the deviations between cycles for both
RT Aur and SZ Tau follow a similar pattern as a function of ghas
of increase after minimum radius and a return to a smallareval
after maximum radius.

e The O — C curves indicate that on a time scale of decades,
the period changes of the overtone pulsator are more erratic

Thus at both long and short time scales, the period varigtion
of RT Aur (fundamental mode) and SZ Tau (overtone modggdi
with the overtone mode pulsator exhibiting greater inditstat all
time scales.
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