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ABSTRACT

We present a detailed analysis of the bright Cepheid-typaha star V1154 Cygni using
4 years of continuous observations by #e&pler space telescope. We detected 28 frequen-
cies using standard Fourier transform method. We identifiedulation of the main pulsation
frequency and its harmonics with a period~0159 d. This modulation is also present in the
Fourier parameters of the light curve and the O—C diagramd&¥ected another modulation
with a period of about 1160 d. The star also shows significanigp in the low-frequency re-
gion that we identified as granulation noise. The effeciivescale of the granulation agrees
with the extrapolated scalings of red giant stars. Nondligte of solar-like oscillations in-
dicates that the pulsation inhibits other oscillations. M#ained new radial velocity obser-
vations which are in a perfect agreement with previous ydats, suggesting that there is
no high mass star companion of V1154 Cygni. Finally, we disdhe possible origin of the
detected frequency modulations.

Key words: stars: variables: Cepheids — stars: individual: V1154 Cygchniques: photo-
metric — techniques: spectroscopic

1 INTRODUCTION the accuracy of these observations is behind compared tdghe
. . . . . pler photometry. The first results based on the first four quarters
There is only one genuine Cepheid variable Kepler field: of Kepler data were published hy Szabb et al. (2011) who found

V1154 Cyg (KIC 7548061). It has a mean V brightness of
~9.1 mag and a pulsation period ef4.925 d. Its brightness
variation was discovered by Strohmeier, Knigge & Ott (1963)
Further multicolor photoelectric and CCD photometric ob-
servations were published by Wachmann (1976); Szabados Derekas et al/ (20112) analysed 600 day¥Kepler data. The
(1977); lArellano Ferroetal. | (1998);. lgnatova & Vozyakova data revealed cycle-to-cycle fluctuations in the pulsgpieriod, in-
(2000); |Berdnikov [(2008);__Pigulski etial.l (2009), while ra- dicating that classical Cepheids may not be as accuratephaysi-
dial velocity data were published by Gorynya etal. (1998); cal clocks as commonly believed. A very slight correlatietvieen
Imbert (1999). Detailed spectroscopic analysis was per- the individual Fourier parameters and the O—C values wasdfou
formed by |Luck, Kovtyukh & Andrievsky [(2006) and  suggesting that the O—C variations might be due to the iiljab
MolendaZakowicz, Frasca & Latham | (2008) who determined of the light-curve shape. This period jitter in V1154 Cygnesents
the basic atmospheric parameters. Jerzykiewicz (2013jérased a serious limitation in the search for binary companionshasats-
the radius and distance using Baade-Wesselink technique astrophysical noise can easily hide the signal of the lightetieffect.
44.5 + 4.1 R and2100 =+ 200 pe.

Although V1154 Cyg was already observed from space by
theHipparcossatellite (ESA 1997) and OMC onbodTEGRAL,

V1154 Cyg to be single periodic. The frequency analysis dide-
veal any additional pulsation frequency while the pericdaaed
stable during the last 40 years.

Later, Evans et al. (2015) also studied the light curve Btabi
of RT Aur, a fundamental mode and SZ Tau, an overtone mode
Cepheid based oMOST data. They found cycle-to-cycle light
curve variation of SZ Tau and argued that it is the instapititthe
* E-mail: derekas@gothard.hu pulsation cycle and also a characteristic of the O—C curf/esear-
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Figure 1. Left panel:Detrended long cadenééeplerobservations of V1154 Cydright panel:Zoom in four cycles of long cadence data.

tone pulsators whose oscillation seems to be less staldtiatof
the fundamental mode pulsator at both long and short tinhesca

The latest study of V1154 Cyg was performed by
Kanev, Savanov & Sachkov (2015) using the 4 years of long ca-
denceKepler data and studied the light curve by using Fourier
decomposition technique. They found that the Fourier patara
Ro1 and Rs1 (see in Secf_3]2) show modulation with a period of
158.2 d. They concluded that this modulation of the lightveuis
very similar to the phenomenon of the Blazhko effect in RRalgyr
stars.

In this paper, we present the analysis of V1154 Cyg using the
whole Keplerdataset spanning 1460 d of continuous observations.
In Sect[2, we briefly describe the data used and details qfixed
level photometry. In Sectidd 3 we present the results of thaiEr
analysis and the Fourier decomposition of the light curia|exthe
construction of the O—C diagram is shown Sedfibn 4. We coetbin
our new radial velocities (RVs) and previous RV data in (8.

In Sectior 6 we discuss the detection of granulation noisg@rop-
erties and the origin of the frequency modulation. In Seotver
summarize our results.

2 KEPLER OBSERVATIONS

Briefly, we check the flux variations for the individual pizedepa-
rately, and include all that contain the stellar signal ia #perture
for a given quarter. The apertures defined by the pixels thatly
contain the flux variation of the targets are typically lar¢jgan
the pre-defined optimal apertures, and provide more préigie
curves. Thus we performed a detailed investigation of thevilui-
ation curves in the individual pixels of the target pixelaland we
found that the variability of V1154 Cyg is dominant in all piz in
the pixel mask in each quarter. This implies a significant fass
due to the tight mask, similar to the case of some RR Lyrae star
(Benkd et all. 2014).

The target pixel mask contains two other stars, one of which
falls exactly in the charge blooming columns of V1154 Cy@gréx
fore it is not possible to avoid contaminations. Howeveg, dther
star, 2MASS J19481541+4307203, which is a variable, caepe s
arated. We examined the effect of separating this secondata-
fully. We defined a tailor-made aperture for this star toal are
found that within this aperture the flux from V1154 Cyg is a-fac
tor of ten larger than that of the examined star itself. Wectated
that the removal of pixels containing 2MASS J19481541+2837
causes larger uncertainties in the data than its contaimmagtur-
thermore, the few mmag-level light variations of this starrbt
affect our analysis, and cannot be responsible for any natidul
detected in the light curve of V1154 Cyg. Therefore, we dedith

The photometric data we use in our analysis were obtained by include these pixels in the total aperture and use all thelpnf the
the Kepler space telescope. The telescope was launched in Marchtarget pixel mask.

2009 and designed to detect transits of Earth-like plaetde-
tailed technical description of th€epler mission can be found in
Koch et al. (201/0) and Jenkins et al. (2010a,b).

The Kepler space telescope originally observed a 105 square

degree area of the sky in the constellations Cygnus and Lyra,
and has two observational modes, sampling data either in ev-

ery 58.9 s (short-cadence whose characteristics was adalys
Gilliland et al.| 2010) or 29.4 min (long-cadence, hereaft&),
providing quasi-continuous time series for hundreds ofisamds

of stars. V1154 Cyg was observed in LC mode during the entire
mission (Q0—Q17) spanning 1470 days. Data obtained durlhg Q
(covering 10 days altogether) have been omitted becaus@deru
tified timing error would have falsified the results, truriegtthe
useful data set to 1460 d. The star was also observed in short ¢
dence (SC) mode in 8 quarters (Q1, Q5, Q6, Q13-Q17).

Our quarter stitching and scaling method was identical ¢o th
technique of Benk®d et al. (2014). The last step before tladyars
was the de-trending process. Instead of using a polynontiat fi
moving average technique we found an alternative methoceto b
more suitable. We calculated the mean of the upper and lomer e
velopes of the light curve and then subtracted it. A sampléhef
final light curve is presented in Figl 1.

3 LIGHT CURVE ANALYSIS

Having four years of continuous photometric data, it is gameso
study the long term stability of the light curve. First, wefoemed
the frequency analysis of the dataset, then we calculateédbrier
parameters of each pulsation cycle to study changes in ghé li

We note that we use magnitude scale in the analyses in Sec-curve shape.

tions[3 and ¥ because it is commonly used in the study of tissiela
cal variables like Cepheids. However, we use flux scale in &6
because it is generally used in studying solar-like odailhes.

2.1 Cepheid pixel photometry

We applied our “tailor-made” aperture photometry to the 4rye
long Kepler pixel data. This method already proved to be use-
ful in the Kepler RR Lyrae data processing_(Benkd etlal. 2014;
Benk6 & Szab 2015) and it is described in detail in thosekao

3.1 Frequency analysis

The frequency content of the light curve of V1154 Cyg was $ave
tigated with the standard Fourier transform method by uiag
RI0D04 (Lenz & Breger 2005). Least-squares fitting of the param-
eters was also included and the signal-to-noise r&tidv) of each
frequency was calculated following the method| of Bregei.eta
(1993).

We detected 28 significant frequencies altogether, foligwi
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Figure 2. Top panel:Frequency spectrum of V1154 Cyg based on Q1-Q17
LC data. The insert shows the window function of the dBtttom panel:
The residual frequency spectrum after subtracting 28 #eqgies. The red
line shows the significance limit. Note the change in theesiad. mag vs.
millimag) on the vertical axis.

the recipe of Breger et al. (1993). The frequencies, angesand
phases are listed in Talile 1, while the frequency spectrusindan
in Fig.[2. The most striking peaks in the frequency spectrretze
main pulsation frequency &t = 0.2030246 c/d and its harmonics
up to the 11th order with very low amplitudes.

We identified modulation of the main pulsation frequency and
its second and third harmonics (see last column in Table th) avi
modulation frequency of1 = 0.0063 c/d (corresponding te-
159 d). This periodic modulation was also detected in theiEou
parameters (Se¢i._3.2) and in the O—C diagram (Ekct. 4).

We also detected another modulation of the main pulsation
frequency withf,2 = 0.00086 c/d (~ 1160 d). We note that this
modulation is relatively close to the length of the wholeedat, but
it is definitely shorter by 300 days. Future observations neagal
its true nature.

3.2 Fourier parameters

In order to study the change of the light curve shape we used th
technique of Fourier decomposition and examined the teahpor
variation of the Fourier parameters. For this, we fitted ayhthi-
order Fourier polynomial at the primary frequency and itsvian-

ics for each pulsation cycle:

8
m:Ao+ZAk'SiH(27Tift+¢i)’

k=1

@)

wheremis the magnitudeA is the amplitudef is the frequencyt is
the time of the observatiom, is the phase and indéoruns from 1 to

8. Then we characterised the light curve shapes with theiérqa-
rameters (Simon & Lee 1981), of which we show particular itssu
for Ror = 142/‘/417 R31 = Ag/Al, as well as¢21 = ¢2 — 2¢1,
ande¢s1 = ¢3 — 3¢1. The top three panels in Figl 3 show the am-
plitude change and the variations of th®; and R3; quantities,
while the bottom two panels in Fig] 3 show the relative vz

of ¢21 andqﬁ;ﬂ.

All the examined Fourier quantities and thy amplitude
show cycle-to-cycle variations as it was shown|by Derekad et
(2012). In addition, we found periodic variations of the ditoples
and each Fourier quantity. We usedd?0D04 by|Lenz & Breger
(2005) and determined that period of the variationHAgoq
158.1 + 0.7 d for R21, Pmoa = 158.1 + 1.2 d for R31, while
Pmoa = 159.9 + 2.3 d for ¢21 and Pnoqa = 158.1 £ 2.1 d
for ¢31. The period of the amplitude variation is slightly shorter,
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Table 1.Results of the frequency analysis of V1154 Cyg based on Q1-Q1
LC Kepler data. f1 is the main pulsation frequency. Besides identifying
the harmonics off, we also detected the modulation ff, f2, f3 with a
period of 159 d and 1160 d, respectively.

No. Frequency Amplitude Phase Identification
(dah (mmag) (rad/z)

fi  0.203027027(24) 139.662(14) 0.762573(10)

fo  0.40605405(9)  37.925(14) 0.973077(37)  fi2

f3 0.60908108(35) 9.583(14)  0.21328(15) f13

fa 0.8121081(31)  1.066(12)  0.4629(13) f14

fs 1.015135(6) 0.594(14)  0.0687(24) IS

fe 1.218162(6) 0.591(13)  0.3080(24) 6

fr 1.421189(9) 0.374(14) 0.520(4) 7

fs  1.624216(16) 0.209(14) 0.739(7) f8

fo  1.827243(29) 0.117(13) 0.951(12) 9

f1o 2.03027(6) 0.055(14) 0.177(25) 10

fi1  0.006327(9) 0.371(15)  0.8404(38) fm1

fiz  0.196700(6) 0.554(14)  0.3927(25) f1 — fm1

fizs  0.209354(10) 0.319(13) 0.884(4)  f1 + fm1

fia  0.399727(12) 0.289(13) 0.346(5)  fo — fm1

fis  0.602754(30) 0.111(15) 0.488(13)  f3 — fm1

fi6 0.81757(8) 0.042(15) 0.037(34) fa+fmi—fm2

fir  1.02060(12) 0.028(13) 0.252(5) fs+fm1—fm2

fis  0.412381(28) 0.121(14) 0.729(11)  fo + fm1

fis  0.190374(15) 0.219(13) 0.049(6) f1 — 2fm1

foo  0.393401(19) 0.171(13) 0.984(8) fo — 2fm1

fa1 0.59643(5) 0.069(15) 0.178(20) f3 — 2fm1

foo 0.00086(5) 0.068(14) 0.068(20) fme

fos  0.202163(8) 0.413(15)  0.6813(34) f1 — fmo

foa 0.203891(5) 0.606(15) 0.7655(23) f1 + fm2

fos 0.201300(8) 0.430(13) 0.4778(33) f1 — 2fm2

foe  0.204754(7) 0.458(14)  0.0240(30) f1 + 2fm2

for  2.23330(10) 0.033(13) 0.40(4) il

fos  0.161610(13) 0.262(14) 0.598(5)

Proa = 157.3 £ 1.6 d. The differences likely arise from the pres-
ence of strong period jitter in the data. We conclude thatetle

a periodic modulation with an average period~of159 d which
was also detected in the frequency analysis (Sedt. 3.1)ilings
agree with the period calculated from smoothed Fourienpaters
byKanev, Savanov & Sachkoy (2015). The frequency spectrium o
Rs1 is shown in the top panel of Figl 4.

We also used an alternative technique to determine the time
dependence of the Fourier parameters, the analytical ifumct
method |(Gabor _1946). The calculation is made in the Fourier
space applying a filtering window around the examined fraque
and then fitting an assumed complex function in the form of
m(t) = A(t) e’*® (Kollath & Buchlel 2001} Kollath et al. 2002).
This method provides instantaneoust) amplitudes andp(t)
phases for the main pulsation frequency and its harmonlus ré@-
sults of the analytical function analysis were identicathte ones
mentioned above, confirming that the modulation exists éndiita
set, as the frequency spectrum of thét) = d¢1(t)/dt param-
eter in the lower panel of Fi§] 4 shows. We note that the widith o
the filtering window acts as a low-pass filter and limits thape-
ral resolution of the method: in this case the cutoff appaars/e
0.02d™".
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Figure 3. Top three panelsThe amplitude change and the variation of the
R21 and Rz, . Bottom two panelsThe relative variation of2; andegs .
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Figure 4. Top panelThe frequency spectrum of the Fourier paraméter
for V1154 Cyg.Bottom panelfourier spectrum of the variation of the main
pulsational frequencyfi (¢)) calculated from the analytical function. Both
shows the modulation signal fit= 0.006327 d—!. The temporal resolu-
tion of the latter method is limited ter 0.02d~1.

4 THE O-C DIAGRAM

Our previous papers (Szabo etlal. 2011; Derekas|et al| 20h@)
already revealed short time-scale (even cycle-to-cyalejdhtions
in the pulsation period. Those papers were based on onliapart
Kepler data covering one and two years, respectively. Askbe
pler space telescope continued collecting data until May 2018, t
whole sample on V1154 Cygni covers four years. In additioihéo
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Figure 5. Top panel:The O-C diagram of V1154 Cyg based on long ca-
dence observation®ottom panelThe O—C diagram of V1154 Cyg based
on short cadence observations.

resulting in a superb coverage of photometric variatiorie $C
data of this Cepheid have not been studied before.

The analysis of the whole data set can be instrumental in con-
firming the strange behaviour revealed in this classicah€epand
can lead to the discovery of additional peculiar phenomerabu
servable in the previously studied shorter data segments.

The (in)stability of the pulsation period was studied by the
method of the O-C diagram described| in_Derekas et al. (2012).
However, instead of constructing multiple O—C diagramsvinr
ious light curve phases, here we only studied temporal hebav
of the median brightness on the ascending branch whose ntomen
can be determined much more accurately than that of otheréesa
on the light curve (see Derekas el al. 2012).

O-C diagrams have been constructed for both LC and SC data
(top panel and bottom panel of Fig. 5, respectively, see &so
bles[2E£8). The O-C differences for individual moments of me-
dian brightness on the ascending branch have been caftulate
by using the ephemeri§? = BJD (2454969.73958 + .00058) +
(4.925454 £3-1075) E.

This ephemeris has been obtained by a weighted linear least
squares fitting to the original O—C differences calculatedib ar-
bitrary ephemeris. The scheme of weighting was very simyle:
mally a weight of unity is assigned to an O—-C value. If, howgve
the light curve has not been perfectly covered near the torégis
minimum and/or the subsequent brightness maximum, hatjhtei
is assigned to the relevant O—C difference. A jump exceedirgy
in the epoch numbering means that data are missing near mimim
median, or maximum brightness of the given (intermediatéga
tion cycle(s).

An immediate important result is related to the period value
obtained by the weighted linear least squares fit. The agerag
value of the pulsation period during the whole 4-year irdérv
4.925454 d, is identical with the one obtained from the fiesary
data in Derekas et al. (2012). This points to the long-teahibty
of the pulsation period.

Study of the short time scale behaviour of the periodiciti-n
cates that the instability of the pulsation from cycle toleykeeps
continuing. The dispersion of the O—C differences is abaiftdm
hour (0.004P) in both O—C diagrams (Fifl 5).

The comparison of the O-C diagrams for LC and SC data
(top panel and bottom panel of Figl 5, respectively) shoves th
the scatter is real: the same patterns can be revealed indizoth

LC data, V1154 Cyg was also observed in SC mode in 8 quarters, grams (see especially the interval between BJD 2455300 dbd B
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Table 2. O-C values of V1154 Cygni from thKepler LC data (see the Table 4. Log of the spectroscopic observations of V1154 Cyg comagini

description in Secf]4). A colon after the BJD value meanstam data. date of observations, the computed RVs and their standestseil he total
This is only a portion of the full version available onlinelyn uncertainty of the RVs, considering all the random and syate errors, is
estimated to be 0.5 knTg.
BJDy E o-C
2400000 + HJD RV

(2400000+)  kms~Y)

54969.74149 0 0.00191

54974.66401 1—0.00102 57099.59097  —8.10(13)
54984.51400 3-0.00194 57101.58819  7.69(15)
54989.44121 4-0.00019 57101.57916  7.61(14)
54994.36366 5-0.00319 57102.55296  —5.18(13)
57102.57391 —5.77(13)
57105.52855  1.09(13)
57105.54953  1.11(14)
57185.37562  8.46(16)
Table 3. O—C values of V1154 Cygni from thKepler SC data (see the 57186.54199 —10.79(14)

description in Secf.]4). A colon after the BJD value meanstamn data.
This is only a portion of the full version available onlinelyn

T T

— o . 2018 as a- ]
;%ooom y oc T ’ ’ ]
g T a N s N b
54969.74158 0  0.00200 E sl ‘ . 5 -
54974.66438 1-0.00065 ool : S
54979.59186 2  0.00137 o .t o]
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54989.44137 4—0.00003 2 ]
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phase

) Figure 6. Phase folded RV data of V1154 Cyg using the period of
2455500). Although the SC and LC data are not independent as4.925454 d from _Derekas efal. (2012). The black circles tietie new

both are summed from the same individual exposures, thels@mp  data obtained in 2015 compared to the data published by Berdal.
frequency of the SC light curve is much higher. The O-C diagra  (2012) plotted with red triangles. The RV data do not show gwelocity
for SC data is generally more accurate than its counterpathé change.

LC data, as beating between the sampling and the pulsatitodpe
decreases. Nevertheless, the dispersion of the O—C diffeseis
practically the same in both diagrams. This fact also refersal-
ity of the period jitter.

Since these are the first published RV data obtained with this
new instrument, here we briefly review the performance oféle
scope and spectrograph system. We estimate the accuragyeand
cision of the measurements using observations of the R\datdn
BCVN (Viaa = 6.259km s~ !, [Nidever et al./(2002)) obtained each

5 NEWRADIAL VELOCITIES night when V1154 Cyg was observed. T$gV of the 3 CVn spec-

We obtained new spectroscopic observations in order tsiigate tra is typically~60.

the spectroscopic binary nature of V1154 Cyg. We took spectr We processed the RV standard observations the same way as
with the new ACE spectrograph installed in 2014 on the 1 m RCC described for V1154 Cyg. The obtained radial velocities @Vn
telescope at Piszkéstetd Observatory (PO), Hungarg. atfiber- are listed in Tabl¢]5. The errors given in Tablés 4 Bhd 5 corre-
fed spectrograph observing in the range of 4150-9450ith a spond to the standard zero-point error of the fitted Gaudsiact
resolution of 20 000. Thorium-Argon (Th-Ar) lamp is availelior tion. The mean and standard deviation of the measurements is
the accurate wavelength calibration. 6.41 + 0.36 kms*, in agreement with the literature value. The

We took nine spectra of V1154 Cyg on six nights in March

and June 2015. T_he averaggn of the spectra i5“30~ Al_l spectra Table 5.Log of the spectroscopic observations of the RV stanga@Vn
were reduced using IRAFstandard tasks including bias and flat  containing date of observations, the computed RVs and #teitdard er-

field corrections, aperture extraction, wavelength catibn (us- rors.

ing Th-Ar lines) and barycentric correction. We then norised

the continuum of the spectra. RVs were determined by theseros HJD RV
correlation method using metallic lines in the region betwd800 (2400000+) kms™')
and 56004. We fitted the cross-correlated line profiles with a Gaus- 5709939360 6.40(15)
sian function to determine the RVs, listed in Teble 4. 57101.43988  6.91(16)

57102.43448  6.03(15)
57105.44771  5.99(15)
57185.34181  6.67(15)
57186.32281  6.46(17)

1 IRAF is distributed by the National Optical Astronomy Obsories,
which are operated by the Association of Universities foisédech in
Astronomy, Inc., under cooperative agreement with thedsati Science
Foundation.
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standard deviation is twice larger than the precision ofinldévid-
ual observations. This is explained by the systematic giirdgro-
duced by the ThAr RV calibration, normalisation uncert@stand
the choice of the line mask for the cross-correlation. Tlas bitro-
duced by the latter two was estimated by performing the ntisara
tion in several different ways, and calculating the crosgatation
with different sub-sets of the full line list. The effectstbe choice
of normalisation and line mask are 0.03kmsand 0.2kms?,
respectively. We conclude that the wavelength calibrasigstem
does not have a systematic zero-point error larger tharken3s .

Due to the significant temperature variations, the spettpa!
of V1154 Cyg changes somewhat during the pulsation, whieh in
troduces further pulsation-phase dependent systematicsesim-
ilarly to those caused by the line mask choice. Therefore, we
estimate the total systematic and random errors of the RVs of
V1154 Cyg to be 0.%km s .

6 DISCUSSION
6.1 Any secondary component?

We checked whether the159 d modulation is caused by the pres-
ence of a companion star. Assuming that #h#59 d modulation
seen in the O—C diagram is caused by the light-time effextta.
orbital motion in a binary system, and circular orbit, we caftu-
late the RV amplitude of the Cepheid variable.

The semi-amplitude of the O-C in Fif] 5 $o_c) =
0.0038 d, so the expected RV amplitudeAs45 kms™!. This ~-
velocity variation is clearly not seen in Figl 6, nor in Figt ih
Szabo et dl.| (2011), where all the RV data are collected fitwen
literature.

Therefore, we can conclude that the deteetd®9 d modula-
tion is not due to the presence of a companion star.

6.2 Blazhko-like modulation(s) of V1154 Cygni

As we mentioned previously, the 159-d modulation was de-
tected both in the Fourier parameters and in the O—C vanstio
The variation of the Fourier parameters corroborates oenipus
finding of light curve shape variations in this Cepheid. Weeno
that the existence of light curve shape variation resentbhie®ne
seen in RR Lyrae stars caused by the Blazhko effect kepler.
Kolenberg et al.| (2011)CoRoT IGuggenberger et al. (2011)), and
the simultaneous, cyclic frequency variation and lightveushape
deformation also points to a Blazhko-like mechanism.

Although Blazhko-like variations are very rare among sAg|
mode Cepheids, there are a few such objects that may didpiay s
lar modulation. The most prominent example within the Mgy
is V473 Lyr (Molnar et al. 2013; Molnar & Szabados 2014),eth
pulsates in the second overtone and has also two distinctimod
lation periods, 1204 d and 14.5 yr. Another well-known exiEmp
is Polaris ¢« UMi) that went through a low-amplitude phase dur-
ing the last few decades (Bruntt etlal. 2008). However, ef/émei
variations in Polaris eventually turn out to be periodigythvould
represent an extreme case of centuries-long modulaticceridg,

a few more promising candidates have been found, such as 8V Vu
that shows a- 30 year cycle in its pulsation period and possibly
in its amplitude tool(Engle 2015). However, these stars legeke
lengths in the range of decades and will require furtheroasiens

to determine the exact nature of period and amplitude clrarfge

slightly different candidate i¢ Car where changes in the RV am-
plitude were observed over the span of only two years, stigges
shorter timescale, similar to V1154 Cyg, although no cyelegth
was determined for the star itself (Anderson 2014).

We also note that several single-mode Cepheids within the
Magellanic Clouds display periodic amplitude variatiodswever,
most of them show only a single frequency peak next to the pul-
sation frequency, instead of symmetrical triplets, sutiggshat
in those cases the modulation is likely caused just by theé-bea
ing between two closely-spaced pulsation modes (Soszghsk
2008; | Moskalik & Kotaczkowski._2009). Recently) described
three Cepheids in the Large Magellanic Cloud that appeanda s
proper Blazhko-effect akin to that of V473 Lyrae, with maoatitn
periods in the 1000-5000 d range.

Whether these stars are modulated by the same mecha-
nism as RR Lyrae stars is not known yet. It also remains open
whether the strongly modulated, second-overtone star 473
and V1154 Cyg, which pulsates in the fundamental radial mode
share the same physical explanation of their variation.ekibe-
less, the phenomenological similarity points towards a room
mechanism.

6.3 The granulation noise

After prewhitening with the pulsation and modulation peaks
are left with a Fourier spectrum that still contains sigmifitpower
distributed into a forest of peaks between 0.0 and about 1'0 d
frequency interval, increasing towards zero frequencgufas ¥
and[9). Some part of this residual power likely comes from the
inaccuracies of stitching théeplerquarters together, but the expe-
rience with RR Lyrae light curves suggests that instrumesita
nals mostly manifest as few discrete peaks related to thgHesf

the quarters and the orbital periodképler, especially if the light
curve contains quarter-long gaps (Benk®é et al. 2014). imdhse,
however, we see a combination of a wider, red noise-like @amp
nent (~ f~2) with additional increases around the positions of the
n f1 frequency peaks.

In stars that show solar-like oscillations, red noise is-usu
ally attributed to granulation, the overall effect of margneec-
tive cells appearing and disappearing in the photosphenethe
smaller red giants, up to about 25;Rwe are now able to dis-
entangle solar-like oscillations and granulation on a legbasis
with data from photometric space telescopes Kepler (see, e.g.,
Mathur et al! 2011); Kallinger et 51. 2014). For the larges@nby
red supergiants, such as BetelgeuseQfi) we can obtain direct
observations via disk-resolved imaging or interferom#étgt show
actual hot spots on the surface, and compare those to mddeleca
tions [Chiavassa et al. 2010). Cepheids also possess paevaio-
vection zones, therefore it is reasonable to expect thaedorm
of granulation can occur in them as well. Furthermore, thepé-
tween the oscillating red giants and the red supergiantsring
of size and mass, so comparison with both groups may be of im-
portance. Visible-light observations obtained with YWEéRE space
telescope suggested a small low-frequency excess in Baolei
was presumed to originate from granulation (Bruntt et aD&0
However, both the frequency resolution and the precisiothage
data were much lower than that of V1154 Cyg.

We computed the power density spectrum of the star af-
ter removing the pulsation and modulation signals from tgbtl|
curve. Kallinger & Matthews (2010) followed a similar pratge
for § Scuti stars: first they prewhitened the data with 10 stranges
frequency components, and then showed that the residual fre
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guency spectra can be adequately described as a sum ofaranul Frequenoy (d”')
. . . 0.25 0.5 0.75 1 1.25 1.5 1.75 2
tion noise and a moderate number of pulsation modes. In e ca 400 : : ; . : : | :
of V1154 Cyg, we removed 28 frequency components and contin- 350
ued the analysis of the residual light curve. We filled thesgaghe
residual light curve with linear interpolations, follovgrihe recipe
of Kallinger et al.|(2014) to avoid leaking excess amplitirde the
high-frequency regime through the wing structures of thecspl
window. In addition, we calculated similar power densityescipa
for a few RR Lyrae stars as comparison, after prewhiteninf thie
main harmonics and the modulation triplet peaks & f..). The
power density spectra of the RR Lyrae stars turned out to ke fla ‘
lacking any signs of excess noise that may arise either fn@m-g 0 ‘ s 10 15 20 25
ulation or instrumental effects, indicating that the signa/1154
Cyg is intrinsic to the star. 105
The granulation noise was first modeled for the Sun by Harvey
(1985). He concluded that the autocovariance of the gréonla
velocity field follows an exponential decay function, leaglito a
Lorentzian profile in the power density spectrum of the messu
variations (note that the original notation there uséar frequency
instead off):

Pulsation and
modulation removed

300 - 1

200 b

150 1

Relative flux ampl. (ppm)

100 1

50 7 1

Frequency (uHz)

CAN 3-comp fit —

Power density (ppm2 / uHz)

€0 Tgran

P(f) ~ 1+ (27Tf7'gran)a

@)

Frequency (uHz)

wherergan is the characteristic time scale amds the characteris- 10° ‘ * SYD |
tic amplitude of the granulation. The numeratBtan = ¢ 0Tgran 104 F OCT (g2 ra .
is defined as the amplitude of granulation power, witbeing a
normalisation factor that depends on the valua ¢(Kallinger et al.
2014). Fora = 2 anda = 4, ¢ can be analytically calculated
to be 4 andi\/2, respectively. Harvey (1985) originally employed
a = 2, i.e., a true Lorentzian function. Since then, several meth
ods have been developed to investigate the granulatiorgbaokd
of other stars (e.g., CAN: Kallinger etlal. 2010; OCT: Hekkeal.
2010; SYD:1Huber et al. 2009). An important modification iatth
nowadays most methods use different exponents in the deatoni ‘
that are usually higher than 2, called ‘super-Lorentziamctions. 1 10 100
We tested various prescriptions based on the comparatidy sf Frequency (uHz)
Mathur et al. [(2011). The results are summarised in Fiflras7:
the bottom panel shows, the original, single-component= 2
function of Harvey|(1985), and the SYD method (a combinatibn
a = 2 and 4 functions) does not fit the data well. If we use the OCT
method and use: as a free parameter, we find a fairly good fit at
a = 2.70. The CAN method (top panel) that combines thiee 4
functions fits the data well too. In all cases the region wikbess
amplitude, between 2-8Hz (0.17-0.69 d!) has been excluded
from the fit.

With the invention of different methods, the comparison of
various 7 values became problematic. In the case of the CAN
method, for examplers = 7gran, but the other twor parame-

Power density (ppm2 / uHz)
3,
T
i
!
!

Figure 7. Top: the Fourier spectrum of the residual data after we
prewhitened with 28 pulsation and modulation frequency ponents and
filled the gaps. The positions of thef; components are indicated with
the orange lines. The full-resolution spectrum is showrréyga smoothed
version in black. Middle: the same, converted to power dgrsgectrum.
The solid orange line shows the fitted granulation signammising of
three super-Lorentzian functions (dashed blue linesk pluonstant noise
component (the dash-dotted line), following the CAN metHdaottom: the
granulation signal, fitted with three other methods, withyirey degrees of
success.

ters have less well defined physical meanings. To solve ghise]
Mathur et al. [(2011) proposed to calculate an effective icate
(res) instead, the e-folding timescale of the autocorrelatiomct
tion. In the case of V1154 Cyg, we found thag = (3.0+0.4) 10°
s, or3.5 = 0.5 d, in agreement with the, parameter of the CAN
method. We calculated the granulation power, definefas, =
> ¢ o7, and the amplitude of the intensity fluctuatiofs, .,
C2o1 (07 /V/2) (whereCE,, is a bolometric correction factor, as
defined by Ballot et al. 2011), to bByan = (2.65 & 0.37) 10°
ppn? /uHz, andAg, ., = 256434 ppm, respectively (Mathur et al.
2011 Kallinger et al. 2014). The values are summarised fie@.

6.4 Granulation properties

To investigate the derived granulation parameters, we eoetp
them to the red giant sample presented by Mathurlet al. (291d.)
the well-observed supergiant, Betelgeuse (Fi@ure 8). Ferat-
ter star, we analyzed the visual light curve data from the 88V
(American Association of Variable Star Observers) databdabe
power density spectrum of Betelgeuse exhibits an obvioogesl|
that can be fitted with various granulation noise curves. ligte
variations of the star are complicated by the semiregulaatians,
so we did not attempt a detailed analysis in this paper, dadstee
estimatedg only. Different fits to the autocorrelation function re-
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Table 6.Granulation parameters for V1154 Cyg.

Teff Pgran Agran
(sec) (pprd / uHzZ) (ppm)
(3.04£0.4)10° (2.65+0.37)10° 256 4+ 34

sulted in values between 120 and 435 d. We settled for a vdlue o
Tet & 2804160 d. Despite the large uncertainty, this confirms that

the granulation timescale in red supergiants is in the rahgeear.

It is also in agreement with the 400-day timescale of cornvect
motions in Betelgeuse, derived from line bisector variai¢Gray
2008). Mass, radius, and Igglata for Betelgeuse are from the
studies of Lobel & Dupree (2000) and Neilson, Lester & Hagboi
(2011).

Figure[8 shows that the scaling between the derived effectiv

granulation timescalerg# and logg is acceptable for both stars:
they fall close but somewhat above the extrapolated power la
based on the red giant data. Similar, but less tight scalamgbe
observed with the radius and mass as well. The effective ¢éemp
ture plot, on the other hand, is dominated by stellar evatutind

it reproduces the positions of the stars in the HertzspRugsell
diagram instead.

For V1154 Cyg we have a reliable estimate for the granula-

tion power Pqran) t00. The ratio of the two quantitie®gran /et

is related to the variance of the intensity variations obherdtellar
surface. This ratio isz 0.9 for the Cepheid but itis- 10 for red gi-
ants with similar logy values (see Figure 5 by Mathur etlal. 2011).
The difference can be attributed to various factors, ewetaon-
trast between cool and dark regions, or smaller cell sisaglihg

to stronger cancellation effect over the surface.

6.5 Non-detection of solar-like oscillations

The observations dfepler revealed that solar-like oscillations in
red giant stars have larger amplitudes and lower charatitefie-

guencies as the mass and size of the stars increase (Hulher et a

2011). At first we searched for regular frequency spacingsaa-
acteristic feature of the stochastically-driven osditlas, in the
residual spectrum, but we found no significant patternsnTe
calculated the approximate range ffax (OF vmax, in the nota-
tion used for solar-like oscillations), the frequency amndpétude

1000 e
100 |

10 ]

Tesr (d)

log g
1000 ¢ :

100 |
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of maximum oscillation power for V1154 Cyg, assuming a mass Figure 8. Comparison of theg effective timescale granulation parameter

range of 4-8 M), based on the scaling relations|of Huber et al.
(2011). For this Cepheidfmax Would be between 5-10Hz, with

an associated amplitude increasing from a minimum of 80 gpm t
roughly 500 ppm, as the assumgéd.. decreases. However, after

we removed the granulation noise from the residual Foupecs

trum of V1154 Cyg, the remaining signals are about a factor of

4-5 smaller than the expected oscillation amplitudes iretitee
frequency range. The only discernible features betweef pHL
are the small excesses around the positions of theaBd 4f; fre-
quency peaks. This result suggests that large-amplituaterent
stellar pulsation suppresses or completely blocks sdtardscil-
lations in Cepheids. Inhibition of regular oscillationssaaso ob-
served in compact triple-star systems where tidally indumscil-
lations are excited instead (Derekas et al. 2011; Fullell 204 3).

of V1154 Cyg (red circle), Betelgeuse (black square) andkibeler red
giant sample of Mathur et al. (2011). Values are plottedreiahe stellar
radius, logarithm of surface gravity, mass and effectivepterature, respec-
tively. The blue line in the top plot is an extrapolation oé thcaling based
on the red giant data.

tions of the first four harmonics fronfi to 31, with Lorentzian
profiles added to the granulation noise (Figure 9). The fidithv
at half maximum values of the profiles indicates that thditife
isT = 1/aI' = 4.5 £ 0.4 d. The origin of these profiles is
not completely clear: they could originate from the pulsatjit-
ter, but the Eddington-Plakidis test conducted in the pevistudy
of V1154 Cyg indicate that the fluctuations average out omgédo

The remaining signals in the Fourier-spectrum are the broad time scale of 15 d (Derekas etlal. 2012). Another possikigityat

forests around the positions of the pulsation frequené&iesests of
peaks indicate a non-coherent signal, therefore we fittegtsi-

the signal originates from the interaction between grédiande.g.,
convective motions) and stellar pulsation.
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Figure 9. The residual Fourier spectrum of V1154 Cyg with two différen
fits: the orange dashed line is the granulation noise profilg, ¢he blue
line is granulation plus Lorentzian profiles at the broadesses.

7 SUMMARY

In this paper, we presented the analysis ofKkeelerfield Cepheid
V1154 Cyg using the whole available long and short caddese
pler photometry spanning 1460 d (omitting data from QO). For the
analysis, we applied aperture photometry to Kepler pixel data.
The main results are summarised as follows:

e The Fourier analysis yielded 28 frequencies. The main pulsa
tion frequency is atfy = 0.203027 c/d. Besides identifying the
harmonics off;, we also detected the modulations ff f2, f3
with a period of~159 d and~1160 d, respectively.

e In order to study the light curve shape we calculated the
Fourier parameters of each pulsational cycle. We conclabad
there is a periodic variations of the amplitude and each iEour
guantity with an average period f159 d.

e Besides the short term fluctuation of the O—C diagram (which
was first detected in Derekas et al. (2012)), we detected penie
odic variations with~159 d.

e We identified the residual power at low frequencies as gran-

ulation noise, and determined its effective timescale tadge=

3.5+0.5 d. The timescale agrees with the scalings with fundamen-

tal physical parameters observed in red giants quite well.

e \We did not detect any signs of solar-like oscillations, down
to levels 4-5 times smaller than the expected oscillatioplam
tudes, suggesting that coherent pulsations suppressatiscis in
Cepheids.

e \We obtained new radial velocity data and compared them with

previous data from Derekas ef al. (2012) and did not find any
velocity change. The radial velocities also revealed thext159 d
modulation is not caused by the presence of a companion star.

The findings presented in this paper offer tantalising clues

about the intimate connection between pulsation and caiovec
in Cepheids. The presence of modulation, period jitter, gaoh-
ulation, and the apparent lack of evanescent oscillatindsate
that several questions still surround the internal behavid these
stars. The maturation of multi-dimensional hydrodynamideis
promise that theoretical studies will soon be able to tathése
problems|(Mundprecht, Muthsam & Kupka 2015). From the obser
vational side, further examples for these effects will ieglong,
continuous, high-precision measurements that spacethbaie
sions can provide. THEESSnission will collect data for about one
year in the continuous viewing zones (CVZ) around the Eiclipt
Poles|(Ricker et al. 2014). The Southern CVZ contains orghbri
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Cepheid,3 Dor that could be subject of similar studies. However,
we likely have to wait until the start ?LATO(Rauer et al. 2014)
to target more Cepheids and to match the unique capabilitees
original Kepler mission provided.
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