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ABSTRACT

We present the study of the metallicity dependence of thei€&oamplitude ratioRx;
and R for the light curves of short-period Galactic classical Beigs inB, V, Rc andlc

bands. Based on the available photometric and spectrasdag we determined the relations
between the atmospheric iron abundance/HFeand the Fourier parameters. Using these
relations we calculated the photometricHevalues of all program Cepheids with an average
accuracy of+0.15 dex. No spectroscopic iron abundance was known beforesfaf these
stars. These empirical results provide an alternate methao@termine the iron abundance
of classical Cepheids too faint for spectroscopic obsamat We also checked whether the
metal-poor Cepheids of both Magellanic Clouds follow themsaelationships, and a good

agreement was found.
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1 INTRODUCTION

The period-luminosity B-L) relation of classical Cepheids is one
of the most important tools in the extragalactic distanceraei-
nation. Even though it is a well studied relationship itsgs®n
needs improvement. There are maffigets that cause a dispersion
around the ridge-line relationship. A summary of thefleas is
given in|Szabados & Klagyivik (2012b). One of these ‘widenin
effects is the spread in the chemical composition of the Cepheid

There are many observational and theoretical studies #at d
with the influence of the chemical composition on R rela-
tionship. Theoretical computations based on linear pigisahod-
els (Sandage, Bell & Tripicoo 1999; Bdfa & Alibert2001) show
only a moderate influence, while more realistic, non-lingaisa-
tion models|(Bono et al. 1999; Caputo et al. Z000) result ilga s
nificant dependence on the chemical composition in the sbase
metal-rich Cepheids are less luminous than metal-poor ohte
same pulsation period.

From the observational point of view th&ect is not so ob-
vious. Whilst Romaniello et all (2008) found that metahritars
are fainter, some studies found evidence of an opposit¢iaela
(Kennicutt et al. 1998; Udalski et /al. 2001; Ciardullo €{2002).

To solve this problem it is crucial to determine the metal-con
tent of individual Cepheids even for those located in extbgalax-
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ies. The spectroscopic observational technology has @athed
the required level for the Magellanic Clouds. But for Ceplsein
more distant galaxies it is still beyond the possibilitiesvould be
very useful if the chemical composition could be determineat
at least estimated — without the need of spectroscopic witsans,
e.g., from photometry. The atmospheric iron abundanceH[res

a reliable indicator of stellar metallicity. The goal is tadia con-
nection between the shape of the light curve and the metaéobn
of Cepheids.

For RR Lyrae stars,| Kovacs & Zsoldos (1995) and
Jurcsik & Kovacs [(1996) elaborated a method to determine
the value of [F¢H] from the shape of the light curves. They used
the Ry1, Rs; and ¢p3; Fourier parameters (see Sddt. 2) to calculate
the photometric [F&1] ratio. Since RR Lyrae type variables
involved in the calibration are single mode, radially ptilsg
stars like Cepheids, existence of such relationship canxpected
for Cepheids, as well. Indeed. Zsoldos (1995) found a simila
relationship based on a small sample of Cepheids due to tke la
of available spectroscopic observations. Moreover thequhetric
data involved were much less accurate than more recently.

In [Klagyivik & Szabadaos| (2009, hereafter Paper I) we com-
piled a homogeneous data base of Galactic classical Cepheid
contains the photometric and radial velocity peak-to-pasaipli-
tudes, some amplitude related parameters, as well as iafmm
about the pulsation mode, binarity, and the spectroscdpati]
ratio. In|Szabados & Klagyivik (2012a, hereafter Paper I&) iw-
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vestigated the metallicity dependence of the peak-to-patdation
amplitudes. The next step is the study of the influence offigéH]
on the shape of the light curve.

In this paper we derive relationships between B¢ and
Rs1 Fourier parameters and the spectroscopically determimeo-a
spheric iron abundance, [F§. The Fourier decomposition of our
Cepheid sample is presented in SEtt. 2. In $éct. 3 thei[Fke-
pendences of the Fourier parameters are derived. In[Seet.apw
ply these relationships for determining the photometrig/tfff ra-
tio of 14 Cepheids that have no spectroscopic iron abundggice
In Sect[5 we discuss the generalisation of the relationsallyj
Sect[® contains our conclusions.

2 FOURIER DECOMPOSITION

Since the light curves of the Cepheids are strictly perigtiiey can
be described with a sum of harmonic terms:

N N
m(t) = Ao + Z a cosfw(t — t)) + Z by sin(w(t - to)) [N
i=1 i=1
wherem(t) is the observed magnitude at timeA, is the mean
magnitude a andb; are the amplitudes of the sin and cos terms.
The pulsation period of the CepheidRs= 27 /w.
Equation 1 can be written as

N
m(t) = Ao + A ) cosfu(t - to) + ¢1) 2
i=1

whereA; = /a2 + b? and targ; = —bi/a.

For practical reasons Simon & Lee (1981) introduced the di-
mensionless relative Fourier parameters that have beestywided
ever since:

_A i
Ri= ™ and ¢iy = ¢; — iga. (3)
1

The Fourier decomposition was made with the light curve
characterization pipeline developed within Coordinatidnit 7
(Variability Processing) of th&aia Data Processing and Analysis
Consortium, with the procedure described in Dubath et 81112

In fact, the unprecedented precision of the photometry by
Kepler spacecraft has shown that the pulsation of V1154 Cygni,
the only Cepheid in theKepler field is not strictly repetitive
(Derekas et al. 2012). Both the period and the shape of tie lig
curve are subjected to cycle-to-cycle variations but opragxima-
tion can be applied to the average light curve.

Classical Cepheids in the period range of<5 P < 15
days show a bump both in the photometric and radial velocity
phase curves. This is the well known Hertzsprung prograssio

Table 1. Number of fitted harmonics.

Period (days)

P <50
50<P<80
80<P<120
120< P <150
150<P

ag~Noow| 2

In almost every light curves there were some outlying obser-
vational data points. Since these outliers can signifigantydify
the fit, we removed these points using a simple sigma clipping
30 in the residual light curve after the first fit. In the cleanight
curve — due to the decreased scatter — some other points ¢an de
ate by more than the new value af 3rom the new fit. Therefore
an iterating process was applied until there were no morerebd
point beyond 3 from the fit. Two or three steps were usually suf-
ficient. To have a satisfactorily large number of ‘useful’sebva-
tional data, we set the limit of the fraction of points to igado
20%. To keep only the reliable fits, light curves covered \eéits
than 20 observed points have been omitted.

A portion of the final Fourier parameters are presented here
in Table[2 for guidance regarding its form and content. TEbie
published in its entirety in the electronic edition of thisijnal.

3 METALLICITY DEPENDENCE OF THE FOURIER
PARAMETERS

Owing to the increased interest in the metallicity dependenf the
P-L relation, a number of recent papers deal with spectrosaipic
servations of Galactic — and even extragalactic — Cephs@sthe
bibliographic list in Paper I1). In our sample (taken fronpeall),
329 out of 369 Cepheids have spectroscopigHif@alues which
means an impressive 90% coverage.

There are various factors that have an influence on the observ
able shape of the photometric light curve involved in deteing
the metallicity dependence. These factors include theafials pe-
riod (short or long period, see Paper 1), the pulsation mddie-
damental or first overtone mode) and the binarity status.ake h
a reliable picture on the [[Ad] dependence it is straightforward to
sort the Cepheids according to their actual behaviour.

In Paper I, we demonstrated that the short- and long-period
Cepheids behave in aftrent manner (Fig. 2. in Paper ). There-
fore, it is worthwhile to separate the two groups. The darisbe-
tween these two groups is at IBg= 1.02 instead of the period of 10
days adopted in most studies dealing with a break irPtterela-
tionship (e.g., Sandage, Tammann & Relndl 2009 and NgeoWw et a
2009). It should be noted that current theoretical and aeogbiev-

(Hertzsprung 1926). This bump appears on the descendinig par idences indicate that the centre of the Hertzsprung preigness

of the light curve for shorter periods, it is close to the maxin
brightness around 10 days and shifts toward even earliesgsha
for longer periods. Due to this feature the shape of the liginte

is complex and an automated fitting method could not retriege
phase curve properly. To solve this problem the number @fdfitt
harmonics ) has been a function of the pulsation period (see Ta-
ble[d). Around 10 days consideration of more harmonics is nec

metallicity dependent (Bono etlal. 2000b and referenceasithe In
this paper we only deal with the short-period Cepheids. Tura-n
ber of long period Cepheids in our sample is not large enoagh t
deduce reliable relationships. Moreover the period depecel of
the Fourier parameters is much stronger than in the caseoof sh
periods.

The pattern of the period dependence of the Fourier parame-

essary to fit the double peaked shape of the light curve than atters of first overtone Cepheids is quitdfdrent from that of their

much shorter or longer pulsation periods. We did not use &y p
riod search algorithm, the pulsation periods were fixedrduthe
Fourier decomposition and have been taken from Paper I.

fundamental mode counterparts, therefore overtone Cepleain-
not be treated together with the fundamental mode ones.hgirt t
Galactic sample is not fiiciently large, either. Therefore in this pa-
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Table 2. Fourier amplitude ratios of Galactic classical Cepheidss Table is published in its entirety in the electronic ieditof this journal. The columns are
as follows: name of the Cepheid, pulsation period, speotquis [F¢H] ratio, Rz; andRs; in B, V, Rc andlc bands, respectively and information in binarity

(b denotes known binamsnultiple system).

Name Period [Féd]sp B \% Rc Ic Binarity
(d) Ro1 Rs1 Ro1 Rs1 Ro1 Rs1 Ro1 Rs1
FMAg  6.114 0.29 | 0.361 0.103| 0.360 0.120| 0.354 0.105| 0.365 0.152
V1162 Agl  5.376 0.06 | 0.308 0.074| 0.335 0.086( 0.339 0.099| 0.348 0.120
EWAur 2660 -0.49 | 0.459 0.229| 0.468 0.261| 0.455 0.229| - -
GV Aur  5.260 -0.16 0.461 0.208| 0.450 0.194| 0.455 0.205 - -
V335 Aur  3.413 -0.25 | 0.439 0.210| 0.453 0.244| 0.460 0.222| - -
ABCam 5.788 -0.03 0.441 0.193| 0.447 0.182| 0.467 0.182 - -
ACCam 4.157 -0.08 | 0.427 0.110| 0.412 0.145| 0.410 0.149| - -
RYCMa 4.678 0.07 | 0.391 0.162| 0.389 0.167| 0.400 0.182]| 0.375 0.171 b
RZCMa 4.255 0.02 - - 0.369 0.127| - - 0.375 0.111 b
BCCMa 4.175 - - - 0.364 0.213 - - 0.327 0.184
per we only deal with short period (&< 1.02) and fundamental 05 : .
mode Cepheids. Tl . . TR IR i
As to the binarity, a companion modifies the apparent bright- 0.4+ . .‘;.";e% Dg_-‘i?&g& .
ness, the peak-to-peak and Fourier amplitudes on magrstale L . [ XE ‘E.. Feg? Y ]
and usually the observed colors, too. But this is not the dase 0.3F SIS S X 4
terms of Fourier amplitude ratios. Using intensities indtef mag- & L st ]
nitudes, it is easy to prove that companions only contrilboiténe 0.2 elogP <08 e -
mean brightness but the amplitude ratios and phases remafn u |l =06<lgP=07 . AAAA ]
fected. Therefore binaries can also be included in our tigetson. o1k * g; b :"9 z : 82 o
This is very useful for extragalactic Cepheids where phetoin L o< ‘Zz bz 100 a5
contamination due to blending is unavoidable. The impaeanft 0.0 : : : L4
binary Cepheids is summarizedlby Szabados & Klagylvik (2012 0.4 0.6 0.8 1.0
log P
0.5
0.4 N
3.1 Period dependences r ]
To determine the metallicity dependence of the Fourierrpatars o7 o L . . . il
first we have to get rid of thefiacts influencing the relationship to 0.2 oo o R ;ga - P . N i
. . . . ‘ > *
be determined. In the caseRf; the most important is the pulsation | . L R L i
period (see the upper panel of Hifj. 1). The falRsf at logP > 0.8 01k K "%ﬁ'.- E‘%ﬁ’g‘%’. L8 :, s
in the upper panel of Fi@ll 1 is a consequence of the 2:1 resenan | S Af il
between the fundamental and the second overtone modes of the 0.0 s s s '
radial pulsationl(Andreasen & Petersen 1987). 0.4 0.6 0.8 1.0
In the case oRs; the period dependence is smooth in the pe- log P

riod interval 04 < log P < 1.02 (see the lower panel of F(g. 1).

The pattern of the period dependenceRef for short pulsa-
tion periods difers from the picture seen for the Cepheids both
in the Large and Small Magellanic Clouds (top left panel of
Fig. 5 in|Soszynski et al. 2008 and the upper panel of Fig. 2 in
Soszyhski et al. 2010, respectively). In both Magellardmuds this
period domain of the figure can be described with an incrgasin
and a decreasing part and with a local maximum atFlog 0.4.

It should be noted that our sample is much smaller than thgd_ar
and Small Magellanic Clouds (hereinafter LMC and SMC, respe
tively) samples, both containing thousands of Cepheidsanidck
Cepheids with log® < 0.4 to reach a conclusion on the local max-
imum in our database, but Galactic Cepheids do not show the de
crease irRy; for log P > 0.4 (Fig.[d).

Figure 1. V bandR,; andR3; Fourier amplitude ratios vs. Idgfor funda-
mental mode Cepheids (upper and lower panel, respectivieiligd sym-
bols denote solitary Cepheids, while empty symbols repidggown bina-
ries.

3.2 Fourier amplituderatiosvs. [Fe/H]

In contrast to the RR Lyrae stars having a metallicity in titerival
-2.0 < [Fe/H] < 0.0, Galactic Cepheids are characterised with a
much narrower interval of iron abundance. The metallicityge is
-0.5 < [Fe/H] < 0.5 (Pedicelli et al. 2010 and Luck & Lambert
2011). Our sample represents the same range. Moreover tsie mo
metal poor values belong to the faintest (i.e., most ditstatrs,

Because our sample is not large enough to fit an accurate curvetherefore the uncertainties are the largest. The averaggrtainty

to the points in the top panel of Figl 1, we grouped the Cepheid
into several period intervals. Each of these intervals ear@1 in
log P between 0.4 and 0.9, while for the longest periods the iaterv
ranges [0.9,1.02].

of the [F¢H] value for a Cepheid is 0.1 dex. Therefore, itis more
difficult to detect any relationship between the/Hevalue and
other properties of Cepheid variables.

To keep the data as homogeneous as possible we only used
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[Fe/H]

[Fe/H]

Figure 2. V bandRy; andR3; Fourier amplitude ratio vs. [[Ad] for funda-
mental mode Cepheids. The meaning of the symbols is the saim&ay[].
The fit corresponds to the subsample with Pog 0.6. Mean uncertainties
are shown in the upper right insets.

the multicolour photometric observations obtained by Ry
(2008) and his co-workers. Unfortunately the precision tafse
photometric data is not fliciently good or in some cases the cov-
erage of the phase curve is not satisfactory for obtainifighie
Fourier phases and then reveal any significantHFeependence
of these Fourier parameters. The Fourier amplitudes, hexvave
much less sensitive to the quality of the photometric oletéms
and the phase coverage of the light curve.

Figure[2 shows the metallicity dependence of fg and
Rs; amplitude ratios iV band. For the shortest period Cepheids
(log P < 0.6) the tendency is clearly seehe larger the metallicity,
the smaller the R and Ry; amplitude ratios Involving stars with
longer pulsation periods (up to &= 0.8) only the scatter around
the ridge line fit increases, the steepness does not chagigié- si
icantly. The metallicity dependence &, for logP > 0.8 stars
cannot be determined. In this period region the Hertzsppnog
gression dominates. This dominance does ffecatheRs; param-
eter in our Galactic sample, however, a reliable fit can béegaed
up to logP = 0.8, too. For longer period Cepheids (IBg> 0.8)
there is no correlation between the spectroscopic ironecrénd
theRs; parameter.

Figure[2 shows the results only Wi band, but the relation-
ship seems to be independent of the wavelength: thcieats of
the fits are the same withirolin B, V andR: photometric bands.
The values of the cdicients are listed in Tablel 3. The linear fit
corresponds to the formula:

[Fe/H] =a+bx Ry 4)

wherei = 2 or 3. In Fig[2 the fit represents the IBg< 0.6 period
range.

In the Ic band the steepness of the fitted line is significantly
smaller than for the other bands. Th&@iences do not exceed-2
for the whole period domain investigated and for bothRagand
Rs; amplitude ratios. In order to compare the parameterdiaraint
bands correctly we fitted the same function using only thessta
that havel band data. The steepness of the slopes is closer to the
band values for each band but is still significantly lowelisTheans
that the brightness variation in the near infrared is lessitiee to
the atmospheric metallicity. It would be useful to inveatig this
effect in theJ, H andK infrared bands but the amount of available
observational data are notfBaient yet.

The absolute errorss(, o,) of the fits forR,; are systemat-
ically smaller in thelc band than using other filters. F&; the
errors inV band are comparable to the band values and relative
errors of the slopex,/b) are smaller in th& band for every period
range.

There are some more methods that can be used to guess the
photometric [F¢H] of Cepheids. Caputo etlal. (2001) adopted non-
linear convective pulsational models to calculate the bauies of
the P-L relation for diferent chemical compositions. For observed
Cepheids the chemical composition can be guessed based on th
position of the stars within these boundaries. Unlike ow,dhis
method can be used for all period ranges and needs only the mea
magnitude of the stars. But the mean magnitud&ected by inter-
stellar absorption and binarity. The latter is less impurfar long
period (i.e. bright) Cepheids, but for short period starsere our
method is valid, it becomes significant. Our method is rfgcied
by binarity.

Another method was published by Pedicelli €t al. (2009).
They calculated the photometric [fF§ ratio using multiband near
infrared @, H and K) Walraven ¥, B, L, U, W) photometry
complemented with evolutionary models. Since this metheetis
mean magnitudes, too, it is als@ected by the sameffects. The
accuracy of this method is similar to that of our relatiansy 0.15
dex.

The advantage of our method is its insensivity to maffigats
that can systematically modify the calculated/Hferatios. But we
are limited to a short range of the pulsation periods.

3.3 Anoutlook for extragalactic Cepheids

To check whether the relations in Séctl]3.2 are valid foragetac-

tic Cepheids, too, we compared the range ofiffand the Fourier
amplitude ratios of Cepheids in both the LMC and SMC. How-
ever, we do not intend to validate our relations with the Miagéc
Cloud Cepheids.

The pattern of the period dependence of g and Rs;
Fourier parameters is slightly fiérent for the Magellanic Clouds
and our Galaxy. For the LMC and SMC there is a peak aPlog
0.4. The correspondingR,; values for the SMC are larger than
for our Galactic sample, while for the LMC they are overlap-
ping with the most metal-poor Galactic Cepheids. For the LMC
0.36 < Ry; < 0.50 and 016 < Rs; < 0.28 (Soszyhski et al. 2008),
while for the SMC M8 < R,; < 056 and 82 < Rs; < 0.37
(Soszyhski et al. 2010) for most of the Cepheids.

In order to avoid any diiculty caused by the period depen-
dence of the Fourier amplitude ratios we used only the Celghei
with 0.4 < logP < 0.6. In this range the amplitude ratios are
roughly independent of the period.

Since there are no spectroscopic/fevalues for Cepheids
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Table 3. Fitted codficients for the [FAH] dependence of thR;; and Rs; Fourier parameters in various bands. The meaning of th&icieats is defined
in Eq.[4. The last columns d®>; andRs; part (ro-c) of the table describes the standard deviation of tifierdince between the observed (ffflep) and

calculated ([FfH]pnoy iron contents.

logP < 0.6
Ro1 Rs1
Band a Ta b ob N oo-c a Ta b Tb N oo-c
B 1.452 0.178 -3.918 0.524 17 0.081 0.749 0.120-4.623 0.780 17 0.114
\% 1.287 0.173 -3.326 0.480 19 0.091 0.755 0.079-4.240 0458 19 0.082
Rc 1.314 0.258 -3.535 0.707 13 0.113 0.702 0.142-4.262 0.893 13 0.116
Ic 0.859 0.071 -2.182 0.178 10 0.055 0.538 0.108-2.852 0.613 10 0.090
logP < 0.7
Ro1 Rs1
Band a Ta b Tb N oo-c a Ta b Tb N oo-c
B 1.363 0.177 -3.512 0.487 44 0.099 0.585 0.117-3.474 0.802 44 0.132
\% 1.372 0.137 -3.479 0.363 58 0.103 0.594 0.079-3.333 0473 58 0.132
Rc 1.214 0.203 -3.122 0.553 41 0.111 0.514 0.121-2.884 0.787 41 0.133
Ic 0.984 0.096 -2.582 0.256 30 0.099 0.501 0.073-2.900 0424 30 0.124
logP < 0.8
Ro1 Ra1
Band a Ta b Tb N oo-c a Ta b Tb N oo-c
B 1.379 0.167 -3.499 0.456 76 0.123 0.569 0.078-3.417 0.549 76 0.134
\% 1.375 0.131 -3.426 0.346 102 0.121 0.587 0.056-3.365 0.372 102 0.128
Rc 1.269 0.185 -3.170 0.500 76 0.131 0.534 0.074-3.067 0.530 76 0.134
Ic 0.986 0.104 -2.485 0.285 53 0.123 0.353 0.067-1.813 0.496 53 0.124

with logP < 0.6 in the Magellanic Clouds we cannot check our
relations on individual stars. Instead, we use the full esngf the
iron content of the LMC and SMC_(Romaniello et lal. 2008) and
the ranges of thé&R,; and Rs; parameters for the period domain
logP < 0.6. The shortest period Cepheid with individual spectro-
scopic [F¢H] value is HV 6093 (Romaniello et al. 2008) with log
P = 0.68 and [FgH]= —0.60. At this period thd=z; Fourier ampli-
tude ratio starts falling due to the Hertzsprung progresaitd our
relations are not valid any more.

Figure[3 testifies that the [fd] vs. Rs; relationship can be
used for extragalactic Cepheids, too. There is no need fec-sp
troscopic observation to guess the /[iferatio of individual faint
pulsators. The atmospheric iron content can be inferred & ac-
curate optical light curve with good phase coverage. Thg{Pes.

R, relationship suggests a non-linear shape, which is not iseen
the Galactic data itself. We need spectroscopi¢HlFealues of in-
dividual short period Cepheids in the Magellanic Cloudsheak
the linearity of the relationship.

In a recent study Majaess el al. (2013) found that the peak-
to-peak amplitudes of long period extragalactic Cepheidssay-
nificantly smaller at lower [F&l] ratio. This is just the opposite
of the behaviour of the peak-to-peak amplitudes of shortoder
Galactic Cepheids (Szabados & Klagyivik 2012a) andRheand
Rs; Fourier parameters in this paper, also deduced for shadder
Cepheids. These results are however not in conflict with hiee t
oretical calculations. The model computed by Bono el al00z)
indicates that metal-rich Cepheids with a pulsation peoiot0-30
days pulsate with larger peak-to-peak amplitudes thanlspeta
ones. A similar study would be needed for short period exleag
tic Cepheids to be sure that their observed behaviour caorgfoo
the theoretical calculations.

The short and long period Cepheids can havEedint iron
content. In our Galactic sample there is only a slighfedence
in the [FgH] ratio of the short and long period Cepheids. Their
average values are 0.096 (= 0.137) and 0.174« = 0.160),
respectively. Since the agefldirence of short and long period
Cepheids is small, this fierence might be a selectioffect. Long
period Cepheids are brighter and therefore they can be tddtec
at larger distances. Due to the metallicity gradient of traa®y
(Pedicelli et all 2009) they are more metal-rich on averédeey
are located toward the Galactic center and they are morel-meta
poor if they are located outwards. In our database we have mor
long period Cepheids toward the Galactic center.

Another diference is that the distribution of the pulsation pe-
riods is metallicity dependent (Bono ef al. 2000a). The minh
mass evolutionary tracks crossing the instability striplésreas-
ing with lower metallicity. Moreover, the lifetime spentside the
instability strip is longer for lower mass Cepheids. Thessult in
a higher relative number of shorter period Cepheids in thge¥a
lanic Clouds.

Observing individual extragalactic Cepheids is hindergd b
the fact that these stars are located in a crowded field of aiav
the spatial resolution of the telescopes is limited. Trarethe de-
termination of accurate peak-to-peak amplitudes is hgydssible.

4 PHOTOMETRICIRON CONTENT

Our main goal was to elaborate a method that needs no spec-
troscopic observations to determine the metallicity ofivichial
Cepheids. The relationships deduced above between therpébt
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Figure 4. Spectroscopic [Fel] ratios vs. the calculated photometric [Fé ratios in theV band for the relations in Tablé 3. Filled symbols refer tdtao}
Cepheids, while binary Cepheids are marked with open sirttethe upper left corners we show the average error baesfdr panel.
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logP < 0.6. This is still higher than 055 for thel band. So a

0.4r 7 part of the diference can be explained with the small number of
02k ] datapoints but the higher accuracy values forlthmnd could be
- . realistic.
= 0.0r 1 There are 14 Cepheids in our sample that have no spectro-
S -0.2F , scopic [F¢H] value yet, nevertheless we are able to calculate the
b r ] photometric ones. For stars with the shortest periods that&ms
0.4 B in Tabld3 result 24 dierent individual [F¢gH] values. Since the ac-
06 B curacy of the photometric iron contentVhband is similar to that in
_osl i thelc band and all of the stars were observed inthin Table4 we
: : : present the calculated values for ¥é&and. Based on Tablgk 2 and
0.2 0.3 0.4 0.5 0.6 [B one can easily calculate all other [Rgratios. In Tablé¥ we also
R, calculated the average of tRg;-based, th&s;;-based iron contents
and the average of all the individusll band values. The standard
04k _ deviation of theobseped - calculatedvalues of these averages are
e 1 0.118, 0133, and L23, respectively, based on the Cepheids with
0.2r 7 known [FgH]sp.
_ 0.0F The photometric [F#1] ratios based oR,; andRs; are similar
< _oak 7 to each other within- 0.1 dex in most cases. The two exceptional
@ : i cases are BC CMa and X Sct where thfetence is- 0.2.
T —04F s
-0.6 B
_osk ] 5 DISCUSSION

0.1 09 0.3 In Sect[3:2 we showed that practically identical relatiaresvalid
R.. for the B, V andR: photometric bands and a similar relation was
determined for théc band. Since th&aia space probe will also
Figure 3. [Fe/H] vs. V bandR»; andRs; Fourier amplitude ratios for fun- _Obse"V_e in the optical range, a _C<'=_lrer| C{?\Iibration wililfeate us-
damental mode Galactic Cepheids with Rg 0.6 and the range of the ing Gaia photometry for determining the iron content of thousands

©
~

amplitude ratios the Magellanic Cloud Cepheids for the spaigation pe- of target Cepheids independently of the spectroscopichived
riods, details are in Selct3.3. The error bars in the uppht dorner of both [Fe/H] value obtained from the measurements during this astrome
panels represent the average error of the Galactic Ceplveiiish is+0.02 ric space project. Since the companions in binary or meltiyls-

in Ry1 an(_j Rs1 and+0.1 in_ [FeH]. The ellipses represent the range of the  tems have nofeect for our study, the photometric [fF§ ratio can
Magellanic Cloud Cepheids. be calculated for such Cepheids, too.

The Gaia astrometric space probe will scan the whole sky
down to 20th magnitude and will provide a complete and unbi-

ric Fourier amplitude ratios and the spectroscopic irorteatater ased data base involving an average of 80 photometric pomts
a viable solution. each target during its 5 year active lifetime. For Cepheidsqt-
Based on the relations in Taljle 3 we calculated the photomet- ing with a single period and stable light curve thesg0 photo-
ric [Fe/H] ratios for the suitable Cepheids. The scatter of thikedi metric data points seem to befBcient to obtain a well covered
ence between the observed and calculategHFealues were de- phase curve over the complete pulsation cycle. To calcylege

termined in order to guess the accuracy of the photometrialme  cise Fourier amplitude ratios, a photometric accuracy- dd.02
licities — see the last columns of ti®; and Rs; part of Table B magnitude is sfficient. In this case, the photometric metallicity of
and Fig[4). We only used the fundamental mode Cepheids both Cepheids can be derived down to the brightness range of tt6-18
with and without known companion(s), but in the figures we-plo  magnitudes_(Jordi et al. 2010) depending on the photomisama
ted them with diferent symbols. The precision of the photometric and the colour of the target star, which is much beyond thi 6
[Fe/H] values are significantly higher in thie band than in the ground based spectroscopic observations yet.
others. In theB, V andR; bands the scatter is nearly identical with Our method can be applied for extragalactic Cepheids, too.
a slight decrease for thé band. The accuracy of the photometric The applicability of our formulae was shown for Cepheidsha t
[Fe/H] is ~ 0.1 dex when determined froMR,; for Cepheids with Magellanic Clouds (see SeEf. B.3). Since Cepheids aretbrigh
logP < 0.7 or based oifRs; for Cepheids with lod® < 0.6. In the the near infrared region than at optical wavelengths, phetdc
case of longer period Cepheids, the accuracy @515 dex. observations of extragalactic Cepheids overwhelm in ttae e
The higher accuracy of theband fits was investigated. Such frared, especially in thi: band. Since the relationship between the
an dfect can be caused for example by significantly more precise atmospheric iron content and the light curve shape deriyedsb

photometric observations or more precise Fourier ammitleter- (see Tabl€13) is also reliable for the photometgdband, our for-
mination of large amplitude Cepheids. But the quality of pie- mula dfers a promising method for determination of metallicity of
tometry does not dier too much in dierent bands and we found faint extragalactic Cepheids from purely photometric data

that our sample represents the entire amplitude rangee®fests The most accurate determination of the photometrigHfFe

cannot play a role in the mystery of the accuracy. Howeveneif value can be performed for Cepheids with a pulsation petioder
calculate the scatter of theffirence between the observed and cal- than 4 days. Since the absolute visual magnitude of theskeaip
culated [F¢H] values using only the stars withband data, th&/ is aroundMy = —2 and the distance modulus of the LMC and SMC
band standard deviation decreases fro@®0 to 0072 forR,; and are 1845 mag and 182 mag, respectively (Storm et al. 2011),
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Table 4. Calculatedv band [F¢H]ynot Values for Cepheids without spectroscopic/featio. The data in columns 3-10 refer to the period rangeationed
at the top of each column. In the columns 11-13 the averageesare presented (average of columns 3-5, 6-10, and 3sfigatevely). The last column
contains information on binarityp( Cepheid with known companion(s)).

Cepheid  loP [Fe/H]phot in V band
Ro1 R31 average
<06 <07 <08 | <06 <07 <08 Ro1 Ra1 all bin.
BCCMa 0.621 - 0.11 0.13 - -0.12 -0.13| 0.12 -0.12 0.0
CQcCar 0.726 - — 0.06 - - -0.06 | 0.06 -0.06 0.0
IMCar 0.727 - - 0.18 - - 0.12 0.18 0.12 0.15
LV Cen 0.697 - 0.09 0.11 - 0.18 0.17 | 0.10 0.18 0.14
KO Cep 0.659 - 0.11 0.13 - 0.24 0.24 | 0.12 0.24 0.18
SUCyg 0.585| 0.06 0.09 0.11 | -0.03 -0.02 -0.04| 0.09 -0.03 0.03 b
WY Pup 0.720 - - -0.21 - - -0.11| -0.21 -0.11 -0.16
WZPup 0.701 - — -0.07 - - -0.08 | -0.07 -0.08 -0.07
V773 Sgr 0.760( - - 0.24 - - 0.30 0.24 0.30 0.27
V1954 Sgr  0.791] - — 0.17 - - 0.32 0.17 0.32 0.25
XSct  0.623 - 0.13 0.15 - -0.04 -0.06 | 0.14 -0.05 0.05 b
CR Ser 0.724( - — 0.06 - - 0.11 0.06 0.11 0.09
DP Vel 0.739 - - 0.13 - - 0.20 0.13 0.20 017 | b
BR wWul 0.716 - — 0.02 - - 0.09 0.02 0.09 0.06
these stars have an apparent magnitje~ 16 — 17, which is ACKNOWLEDGMENTS

within the capability of theGaia photometry.

The photometric [F#1] value for a huge number of Galac-
tic and extragalactic Cepheids together with the extreraetyrate
trigonometric parallaxes of these stars to be providehia can
help to recalibrate the metallicity dependence of Bk relation-
ship and to refine the cosmic distance scale.

6 CONCLUSIONS

We have presented a method to estimate the atmosphericamnen c
tent of classical Cepheids using only photometric obsmmwat

Financial support from the ESA PECS Project C98090, ESTEC
Contract N0.40001063%B/NL/KML and support from the Hun-
garian State Eotvos Fellowship is gratefully acknowlkedidrhe au-
thors are indebted to the referee, Dr. Giuseppe Bono, whigmt
report helped improve the presentation of the results.
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