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Abstract. We use theoretical Period-Luminosity and Periodexplains the dominantrole of these variables on the route to solve
Luminosity-Color relations in thé& I passbands, as based ogosmological problems such as the evaluation of the Hubble
nonlinear, nonlocal and time-dependent convective pulsatiognstantt, and, in turn, of the age of the Universe.

models, to predict the reddening and true distance modulus of The basic physics underlying the Cepheid variability sug-
distant Cepheids observed with the Hubble Space Telescopeg®sgts that the pulsation peridél depends on the mass, lumi-
relying on the pulsating models with metal cont&s0.008, we nosity and effective temperature of the pulsator. From stellar
find that the theoretical predictions agree to the values obtairealution theory one expects a close relation between mass and
by the Extragalactic Distance Scale Key Project on the bakisninosity, and the natural result of these theoretical prescrip-
of empirical Period-Luminosity relations referenced to LM@ions is a Period-Luminosity-Color (PLC) relation, where the
variables. In the meantime, from the theoretical relations wiffulsator absolute magnitudé; in each given photometric pass-
Z=0.004 and 0.02 we find that the predictB@B — V') andny bandj is a linear function of the period and color index1],
decrease as the adopted metal content increases. This suggssig/en by

a metallicity correction to LMC-based distances as given _

ApolAlog Z ~ —0.27 magdex!, whereA log 7 is the dif- th = atflog P+4(CI] @
ference between the metallicity of the Cepheids whose distafit@vever, since the pulsation occurs within a finite zone of the
we are estimating and the LMC valug=0.008. Such a the- HR diagram, the color term in the PLC relation is often ne-
oretical correction appears supported by an existing, althouglgcted and Cepheid distances are usually estimated from the
weak, correlation between the Cepheid distance and the [O/RQst favourite PL relation

metallicity of galaxies within a given group or cluster, as well 8, = a+ blog P, )

by a similar correlation between tli&, estimate and the [O/H] . . .
metallicity of the galaxies which calibrate the SNIa Iuminosit)x"hereMj is now the average of the Cepheid magnitudes for

On the contrary, the metallicity corrections earlier suggested SﬂCh given period. It should be noticed that whereas the PLC

empirical grounds seem to be excluded. Eventually we suggiaftion holds for any individual pulsator, PL is a "statistical”
that the average valugl,) ~ 67 kms' Mpc—' provided by solution which depends both on the pulsation boundaries and

the Key Project team should increadeastup to~ 69 kms-! on the distribution of pulsators within the instability strip. This

Mpc—L. Further observational evidences in support of the pr@_(plains why distance determinations based on PL relations re-
dicted scenario are finally presented quire statistically significant numbers of Cepheids in order to

reduce the effects of deviations from the ridge line.
Key words: stars: variables: Cepheids — stars: distances — galax- 1 '€ PL refation in bolometric magnitude is traditionally as-
ies: distances and redshifts sumed to be metal-insensitive (see, e.g., Iben & Renzini 1984,
Freedman & Madore 1990) and Cepheid distances are generally
derived by adoptinginiversalPL relations at different wave-
) lengths, having the slope provided by the Cepheids in the LMC
1. Introduction and the zero-point referenced to the LMC distance, as obtained

The Cepheid Period-Luminosity (PL) relation is a classical todfith indgpendent methods (see Freedman 1988; Kennicutt et
widely used to estimate the distance to Local Group galaxids 1998; Walker 1999, and reference therein), or to calibrating
and to external galaxies with Hubble Space Telescope (HSE;““C Cepheids (see Feast & Catchpole 1997; Lanoix et al.
observations, as well as, through the calibration of second 9)-

distance indicators, to even more distant stellar systems. This !N the last years, we have deeply investigated the Cepheid
pulsational behavior through the computations of nonlin-
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which take into account the coupling between pulsation and cdiable 1. Coefficients of theoretical PL relations in tiieband for the
vection. With respect to linear-nonadiabatic models computieéeled metal abundances.

by different authors (e.g., Chiosi et al. 1993; Saio & Gautschy

1998; Alibert et al. 1999), our theoretical approach allows ré- a b o

liable predictions on the temperature of both the blue and red ‘Mr=a+blogP

edges of the instability strip, as well as about the amplitude agpdos4 -2.08:0.01 -3.00:0.01 0.14

morphology of the light-curve (see Bono et al. 1999a [Papeno8 -2.030.01 -2.88-0.01 0.14

1], 2000a [Paper 1], 2000b [Paper VI]). Concerning the a®.02  -2.180.01 -2.53-0.01 0.12

sumptions on the input physics, computing procedures and the

adopted mass-luminosity relation, the reader is referred to Papgije 2. Coefficients of theoretical PLC relation in thél bands for
I and Paper Ill, which contain also the detailed comparison @f |abeled metal abundances.

our models with the linear results in the literature. Here we only

remark that from pulsating models computed with three diffez- a Ié] ~y o

ent chemical abundances£0.004, 0.008 and 0.02) we derived (My)=a+BlogP+y[(V) — (I)]

that thebolometricmagnitude of metal-rich variables is, onavp go4 3551003 -3.58:003 3.75L007 0.03

erage, fainter than that of metal-poor stars with the same peripgog  .354:0.03 -3.59-002 3.74006 0.03

(Bono etal. 1999b [Paper II]). Moreover, we found that both thgg2  -3.614-0.03  -3.59+0.04 3.85:0.09 0.03

slope and zero-point of synthetic PL relations at different wave-
lengths depend on the pulsator metallicity, with the amplitude

of the metallicity effect decreasing from visual to near-infrareilely, to get the average reddening and true distance modulus
magnitudes (see Paper II; Caputo et al. 2000 [Paper V]). Alsbthe Cepheid samples from the observed intensity-weigthed
the predicted PLC relations at the different wavelengths turnggan magnitude&/) and(I), for each assumption about the
out to be, in various degrees, metallicity dependent: as an ©epheid metallicity. With respect to the classical method based
ample, for a given period and — V' color, metal-rich pulsators on PL(/) and PL(), our procedure aims at reducing the spuri-
are brighter than metal-poor ones, whereas they are fainter if the effects caused by both the large dispersion of the observed
V — K color is adopted (see Paper V). On these grounds, it fRis(1”) relation and the uncertainty on the predicted P)(e-

been shown that Cepheid observations in three filtBig{ or lation as due to different pulsator distributions (see Paper Il and
BV K) allow to simultaneously constrain distance, reddenirRaper V).

and metallicity of variables in the Magellanic Clouds (Caputo The offset of each Cepheid from the predicted PL(

et al. 1999 [Paper IV]) and in the Milky Way (Caputo et al., immnd PLC{’I) relations gives the apparent distance moduli
preparation). u1=po+Ar andus=pot+Ay —yE(V — I), respectively. Adopt-

In this paper we will apply our theoretical scenario to thing Ay /E(B —V)=3.1and4;/E(B — V)=1.88 from Cardelli
Cepheids observed within two HST surveys: the “Extragalact¢al. (1989), the reddenirig( B — V') and true distance modulus
Distance Scale Key Project” (hereafter KP, see Freedman etgl.of each Cepheid are derived. Eventually, by averaging over
1994a) and the “Type la Supernova Calibration” (hereafter SNRe sample of variables, we provide the predicted mean values,
see Sahaetal. 1994). The adopted procedure is briefly presefdethe three adopted metallicities.
in Sect. 2 and the predicted reddenings and distances are given
in Sect. 3. The metallicity effects on the Cepheid distance scale i . ,
and on the value of the Hubble constdifi§ are discussed in 3. Predicted Cepheid distances to HST galaxies
Sect. 4. The concluding remarks close the paper. Table 3 lists the KP galaxies together with the color excess
E(B-V)andtrue distance modulusg, as given by the authors
(see references in the last column), and the oxygen-to-hydrogen
abundance ratios (O/H) of HII regions, as listed in Ferrarese et
The results presented in Paper V predict that the intrinsic da: (1999). For some of these galaxies the Cepheid data have
persion of the synthetic PL relations with fixed metallicity debeen re-analyzed by the KP team and the new reddening and
creases with increasing the filter wavelength, in close agreemdistance values (Ferrarese et al. 1999) are given in italics in
with the observed trend (see Madore & Freedman 1991; Tantfie same table. The galaxies marked with an asterisk, originally
1999). Moreover, we found that the predicted PLC relations astudied by the SNP group, were extracted from the HST archive
almost independent of the pulsator distribution within the instand re-processed by the KP team (Gibson et al. 2000). For them
bility strip and reproduce the tight correlation between pulsatiove listin Table 3 the KP values, while the SNP original distances
period and photometric parameters of individual pulsators, a® reported in Table 4.
earlier suggested by Sandage (1958), Sandage & Gratton (1963By applying the theoretical relations in Table 1 and Table 2
and Sandage & Tammann (1968). to the full samples of Cepheids provided by KP and SNP studies

Since HST observations are in the two passbdridsnd (references in Table 3 and Table 4), we derive the predicted red-
1, we adopt the predicted PLYand PLC{I) relations given denings and true distance moduli listed in Table 5 and Table 6,
in Paper V and reported here in Table 1 and Table 2, respeespectively, for each of the three selected metal abundances. To

2. The procedure
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Table 3. Empirical reddening and distance from KP studies. The values in italic deal with the revision of KP galaxies, as given in Ferrarese et
al. (1999). The asterisk marks the SNP galaxies re-processed by the KP team.

Galaxy E(B-YV) 140 12+log(O/H) Reference
NGC 1023 Group
NGC 925 0.13+ 0.02 29.84+0.16 8.55:0.15 Silbermann et al. 1996
Fornax Cluster
NGC 1326A 0.05t 0.09 31.27+0.21 8.5@:0.15 Prosser et al. 1999
0.00+0.01 31.43+0.17 Ferrarese et al. 1999
NGC 1365 0.12+0.06 31.31+0.20 8.96:0.20 Silbermann et al. 1999
0.15+ 0.03 31.3% 0.19 Ferrarese et al. 1999
NGC 1425 0.070.03 31.73+0.23 9.06:0.15 Mould et al. 2000
0.07+ 0.03 31.81+ 0.17 Ferrarese et al. 1999
M81 Group
NGC 3031 0.03+0.05 27.80+0.20 8.75:0.15 Freedman et al. 1994a
NGC 3184 Group
NGC 3198 0.05+0.03 30.80+0.23 8.62:0.15 Kelson et al. 1999
NGC 3319 0.06+0.08 30.78+0.17 8.38:0.15 Sakai et al. 1999
Leo | Group
NGC 3351 0.12+ 30.01+0.19 9.24:0.20 Graham et al. 1997
NGC 3368 0.14 30.20+0.19 9.2@:0.20 Gibson et al. 2000
NGC 3627* 0.11+0.04 30.06+0.23 9.25:0.15 Gibson et al. 2000
Coma | Cloud
NGC 4414 0.010.05 31.414+0.19 9.26:0.15 Turner et al. 1998
Coma Il Cloud
NGC 4725 0.19+0.03 30.50+0.16 8.92-0.15 Gibson et al. 1999
0.19+ 0.03 30.57+0.18 Ferrarese et al. 1999
M87 sub-cluster in the Virgo cluster
NGC 4321 0.1G+0.06 31.04+0.17 9.13:0.20 Freedman et al. 1994b
NGC 4548 0.09+0.03 31.01+0.28 9.34:0.15 Graham et al. 1999
NGC 4472 sub-cluster in the Virgo cluster
NGC 4496A* 0.03+0.05 31.02+0.17 8.7#0.15 Gibson et al. 2000
NGC 4535 0.08t0.02 31.02+0.26 9.26:0.15 Macri et al. 1999
0.10+ 0.03 31.10+ 0.17 Ferrarese et al. 1999
NGC 4536* 0.08+0.03 30.95+0.17 8.85:0.15 Gibson et al. 2000
NGC 4649 sub-cluster in the Virgo cluster
NGC 4639* 0.044+-0.03 31.80+0.18 9.0@:0.15 Gibson et al. 2000
NGC 5128 Group
NGC 5253* 0.10+ 27.61+0.19 8.15:0.15 Gibson et al. 2000
M101 Group
NGC 5457 0.00+0.04 29.34+0.17 8.5@:0.15 Kelson et al. 1996
NGC 7331 Group
NGC 7331 0.15+0.05 30.89+0.14 8.67-0.15 Hughes et al. 1998
Other
IC 4182* -0.02+ 0.03 28.36+0.18 8.43:0.20 Gibson et al. 2000
NGC 2090 0.070.02 30.45+0.16 8.8@t0.15 Phelps et al. 1998
NGC 2541 0.08+0.05 30.47+0.11 8.5@:0.15 Ferrarese et al. 1998
NGC 3621 0.23+0.03 29.13+0.18 8.75:0.15 Rawson et al. 1997

avoid any bias, the predicted true distance modulus includes theConsidering that both KP and SNP distances adopVL(
correction for negative reddening, if present. The total errorsaad PL() relations based on the Cepheids in the LMC, and
the predicted values are due to the observed scatter in thediice the average metallicity of LMC Cepheidgs) ~0.008
and PLC fits added in quadrature to the intrinsic dispersion @fuck et al. 1998), let us first compare the predicted reddening
the theoretical relations. and distance wittr=0.008 to the LMC-based empirical values.
It seems worth mentioning that we have already found a fair
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Table 4. Empirical Cepheid distance to SNP galaxies, as publishedin 0.4 — ‘ ‘ —
the original papers by the SNP team. . L KP ]

© r - . j 1

g 0Rp-——-- T B A e o e
Galaxy Lo Reference S r 1T L j’; 5 ]
NGC 3627 30.22t0.12  Sahaetal. 1999 ‘:f 0 l :iﬂ et — ]
NGC 4496A 31.03t0.14 Sahaetal. 1996b = E IR~ = sl B
NGC4536  31.10:0.13 Sahaetal. 1996a £ _gpl-f-_ % S A I ]
NGC 4639 32.03t0.22 Sahaetal. 1997 < L RN I A . ]
NGC 5253 28.08t0.10 Sahaetal. 1995 0.4 - h
IC 4182 28.36:0.09  Sahaetal. 1994 e : S —

-0.5 0 0.5
[0/H]

Fig. 1. The difference between the empirical Cepheid distance by KP
o . studies and the predicted value with= 0.008, plotted against the
and our predictions \.NIHZ.:O'OOS (see Paper \./)' .. O/H metallicity o?the host galaxy. The Cepheig sampleg are original
AS for_ the galaxies |_n Table 3, we obtain tha_t EMPINCp yata (open circles) or refer to SNP galaxies extracted from the
and predicted results wittr=0.008 (Table 5) are in mutual 4sT archive and re-processed by the KP team (filled circles). The two
agreement, with a difference (empirical minus predicted) ghshed lines depict a discrepancy on the distance of the orddiash.
Apg ~ —0.05 mag andAE(B — V) ~ +0.05 mag, in the
mean. We show in Fig. 1 that the discrepancy is for each galaxy ¢ 4 \ rr \
well within a total uncertainty on the distance of the order of SNP T
10% (dashed lines). This is a reassuring result as to the relialil- 5 %} e _E—e——

agreement between the empirical Pl)(and PL() relations

ity of the adopted method of analysis and our pulsating modgois/s

with Z=0.008. ‘°
Moreover, one has to consider that both KP and SNP styg-

ies assume@g, 1,v¢=18.50 mag and' (B — V'), =0.10 mag, @ _0.2

and that the above differences &fug ~ —0.05 mag and <

AE(B — V) ~ +0.05 mag with respect to the predictions _ , 1

with Z=0.008 could be easily removed by slightly increasing ‘ ‘

(decreasing) the adopted LMC distance (reddening). On the ' [0/H]

other hand, the theoretical results depend on assumptions such

as the adopted mass-luminosity ratio, bolometric correctiohig- 2. As in Fig. 1, but with the Cepheid distances by the SNP group.

and temperature-color relations. Thus, revisions of input physics

and/or atmosphere models might modify the results in Tabl -

and Table 6, but with marginal effects on the relative distanjg%g;);ZLF(fB(BT;Egl&rfej;) nmee?m yi 58;;01 '24;% B (2)?1;12

and reddenings. As a fact, by applying our method to the L ith e, ~ 0.35 mag and; ~ 0.25 mag for Cepheids close to

;epherllcésE (jl\éladt‘)/re & Fret(a)d(;ganq 19?:) Weﬂ%ﬁ?ﬁ“’; t;18.6r the pulsation blue edEahe derived reddening and true distance
ag and(B — V) Luc ~0. ag. Accounting for tNEse ré~, - 4, 1,5 are- 0.10 mag lower than the actual values, whatever

sults, the actual discrepancy between empirical and IOreOliC|[sgahe adopted method of analysis. On these grounds, one un-
.rr??#gsmlseggo ~ +0.05 mag andAE(B — V) ~ —0.02 mag, derstands that statistically significant samples of variables are
! ' r?quired in order to get accurate distance and reddening de-

. Qn the contrary, It seems |mport§1nt to ‘.‘.O“CG Fhat dlffereperminations. Otherwise, selection effects on distant Cepheids
distributions of Cephelds within the '”.Stab"'ty strip may _pro(t e variables close to the blue edge are brighter than those near
duce non-systematic effects on both distance and reddenmgtrges red edge, for fixed period) lead to underestimate both the
a matter of example, let us consider a Cepheid with absol%lt.e '

. ) iStance and reddening.
magnitudesi/y, and My, true distance modulug; and red- . L i
deningE* (B — V), and let us assume t j*=ﬁj—ej, where As already mentioned, for some of the KP galaxies in Ta

T ) ble 3 the Cepheid data have been reviewed by the same team,
Mj is given by the PLY) relation. From the PLU()+PL(I) pro-  |gading to a slight systematic increase on the distance. From the

cedure one deriveS(V —I) = E*(V —I) — (ev —er), While  yat4 listed in italics in Table 3 one finds that the average upward
following our PL(1)+P|TC(VI) method one ha&/(V — I) = reyision is of the order 0£0.09 mag. As discussed in Ferrarese
E*(V —I) - 0.36¢;. Since Cepheids close to the blue edge @ 5 (1999), this is a consequence of the adopted lower cut-off
the instability strip have positive values @f, with ey > €7 @S iy period, as the empirical distance modulus increases when the
a consequence of the fact that the width of the instability stijg,er period cut-off is moved from 10 to 20-25 days. On the
decreases towards longer wavelengths (see Paper V), thegpretical side, we show in Table 5 (see values in italics) that

sult is that the actual reddening of Cepheids near the pulsatmng the same selection as in Ferrarese et al. (1999) causes a
blue edge is underestimated, whereas the opposite occurs_for

variables close the red edge. Concerning the distance, from tHeAverage values with lo§ ~ 1.0-1.5.
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Table 5. Predicted Cepheid reddening and distance of KP galaxies for the labelled metal contents. The distance moduli based on the selected
data used by Ferrarese et al. (1999) in their revision studies are labeled in italics. For the galaxies marked with the asterisk, originally observed
by the SNP team, the photometric data provided by the KP group are adopted.

Z=0.004 Z=0.008 7=0.02
Galaxy E(B-YV) 140 EB-YV) 140 E(B-YV) o
IC 4182* -0.06+ 0.05 28.51+0.18 -0.09£0.05 28.48+0.18 -0.15+0.04 28.37+0.15
NGC 925 0.10+ 0.05 29.98t0.17 0.06+0.05 29.94+0.17 -0.02+0.04 29.80+0.15
NGC 1326A 0.02+-0.05 31.42+0.18 -0.03£0.05 31.38:0.18 -0.11+0.04 31.22+0.16
31.58+0.18 31.53+0.18 31.35+-0.16
NGC 1365 0.0A0.05 31.49£0.17 0.02£0.05 31.45-0.17 -0.07£0.04 31.274+0.15
31.50+ 0.18 31.45+0.18 31.2H40.16
NGC 1425 0.04£ 0.05 31.85£0.18 0.00+0.05 31.80+0.17 -0.10£0.04 31.63:0.15
31.88+0.18 31.83£0.18 31.64t 0.15
NGC 2090 0.06£ 0.05 30.53:0.17 0.01+0.05 30.49+0.17 -0.07£0.04 30.34:0.15
NGC 2541 0.0A 0.05 30.55-£0.18 0.02+:0.05 30.51+0.18 -0.07£0.04 30.35:0.16
NGC 3198 0.04£ 0.05 30.95-0.18 -0.01+0.05 30.90+0.18 -0.1&¢0.05 30.75:0.16
NGC 3031 0.0 0.05 27.8%:£0.19 0.03:0.05 27.85-0.19 -0.05£0.05 27.70+0.16
NGC 3319 0.02£0.05 30.94+0.19 -0.02£0.05 30.89+0.19 -0.11£0.05 30.74t£0.17
NGC 3351 0.09t 0.06 30.18:0.19 0.05£0.06 30.14+0.19 -0.02t£0.05 30.00+0.17
NGC 3368 0.09£ 0.05 30.17+0.20 0.04+0.05 30.13+0.19 -0.04£0.05 29.97+£0.17
NGC 3621 0.20£ 0.05 29.31+0.18 0.15£0.05 29.270.18 0.07£0.04 29.12+0.16
NGC 3627* 0.12£ 0.05 29.93-0.18 0.08£0.05 29.88+0.18 -0.01:£0.04 29.72+0.16
NGC 4321 0.0 0.05 31.04£0.18 0.02+:0.05 30.99+0.18 -0.07£0.04 30.82:0.16
NGC 4414 0.04£ 0.07 31.42-0.21 -0.01£0.07 31.36+0.21 -0.11+0.06 31.18+0.19
NGC 4496A*  0.04+0.04 31.04:0.17 -0.01£0.04 30.99+0.17 -0.10+£0.04 30.83+0.15
NGC 4535 0.06£ 0.05 31.12£0.17 0.02-0.05 31.040.17 -0.08£0.04 30.90+ 0.15
31.16+0.18 31.11+0.18 30.93£ 0.16
NGC 4536* 0.06+ 0.05 31.01+0.17 0.02£0.05 30.96+0.17 -0.07£0.04 30.79+0.15
NGC 4548 0.0/ 0.05 31.15-0.18 0.02-0.05 31.10+0.18 -0.06£0.05 30.95-0.16
NGC 4639* 0.05+£ 0.05 31.83:0.19 -0.01£0.05 31.78:0.19 -0.11£0.05 31.59+0.16
NGC 4725 0.15£0.05 30.60+0.18 0.10£0.05 30.55-0.18 0.01:£0.04 30.39+0.16
30.65+ 0.18 30.60+ 0.18 30.42+ 0.16
NGC 5253* 0.08£0.06 27.75-0.21 0.05£0.06 27.72-0.21 0.00£0.06 27.62+0.21
NGC 5457 0.0k 0.05 29.45+0.18 -0.04£0.05 29.40+0.18 -0.13£0.05 29.23+0.16
NGC 7331 0.13:t 0.06 31.01£0.20 0.09+0.06 30.9740.20 -0.00£0.06 30.81+0.18

systematic increase of the predicted true distance modulus+#iy18 mag for NGC 3627) found by adopting KP results for the
only ~0.05 mag. This suggests that the cut-off in period has nsiame galaxies (see Table 3 and Table 5).
nor influence upon our PLf+PLC(V ) procedure, supporting  Itis known that the disagreement between SNP and KP dis-
the belief that robust distance determinations should adopt otdyces to the same galaxy (up to 0.47 mag for NGC 5253) deals
PLC relations, for which Cepheid observations in at least threth different pipeline processing procedures, selection criteria
filters are needed. and data reduction strategies, and the interested reader can find
Concerning the SNP galaxies, we give in Table 6 the pra-detailed discussion in Gibson et al. (2000) and Tammann et
dicted distances as obtained from the full set of Cepheid daia(2000). Here we have to face up to the evidence that by using
provided in the original papers, while the values in italics reféihe Cepheid data selected by SNP studies the overall discrep-
to the Cepheid samples as selected by the SNP team. Oneamzy between empirical and predicted distances %it0.008
tices that the adopted selection criteria yield rather discordamtsomehow larger (see Fig. 2) than that found with KP data
effects on the predicted distance. Witt=0.008, the true dis- (filled circles in Fig. 1). For this reason, the rest of our analysis
tance modulus of four galaxies increases (from 0.05 mag feill deal exclusively with the results of KP studies.
NGC 4496A to 0.44 mag for NGC 3627), whereas it decreases Throughout the above discussion we used the Cepheid pre-
by —0.11 mag for IC 4182. Moreover, limiting the comparidicted distance with7=0.008, neglecting the evidence that
son to the SNP empirical distances obtained from the selectbd oxygen abundance of the galaxies in Table 3 varies from
samples (Table 4), the difference with respect to the predicfg¥H]~ —0.50 to~+0.4@. Since for the LMC [O/H} —0.40
distance modulus witl¥=0.008 (in italics in Table 7) ranges(Pageletal. 1978), one hasthatthe HIl metallicity ofthe Cepheid
from —0.30 mag (IC 4182) to +0.22 mag (NGC 4536), which
is somehow larger than that (from0.12 mag for IC 4182 to

2 [O/H]=log(O/H)-log(O/H),, with log(O/H),=-3.10.
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Table 6. Predicted Cepheid distance to SNP galaxies for the labelled 0.6 - ‘ ‘ -
metal contents. The full sets of SNP photometric data are adopted. F 1
The results obtained from the selected data used by the SNP team are o 4 [~ .
labeled in italics. [ 1T ]
S 0.2 ;777777777#7”:’”1{17,,A '?1} ,,,,, ]
Z = 0.004 Z =0.008 Z =0.02 3 i 7F [ 4 To—H ]
Galaxy 1o o o E‘? o s ]
NGC 3627 29.94+ 0.19 29.89+0.19 29.73t0.17 52 L B ]
30.37+0.18 30.33+0.18 30.16+ 0.16 * sl ) e ]
NGC 4496A 31.04 0.17 31.02£0.17 30.86t 0.15 r ]
31.12+£ 0.17 31.07+0.17 30.89+0.15 o ke 1
NGC 4536 30.75£ 0.18 30.71+ 0.18 30.55t+ 0.16 —04T i
30.93+£0.20 30.88:0.20 30.70+0.18 [ Ll \ Ll ]
NGC 4639 31.85£ 0.23 31.80+0.23 31.63t0.21 -0.5 0 0.5
31.94+0.21 31.89£0.21 31.714-0.19 [0/H]
NGC 5253 22779%1-£ 853 ;;;: 8;2 g;& 82‘11 Fig. 3. The difference between KP empirical distances and predicted
IC 4182 28. 8L 0'19 28.77i 0'19 28-6&t 0'17 metallicity-corrected values, plotted against the HIl metallicity of the
28704 019 28.66L 019 28.53L 0.17 host galaxy. The filled circles depict the eight galaxies which give

Cepheid-calibrated SNIa luminosities.

fields observed with HST may be up to 0.8 dex higher than tliepheid metal content scales with the HIl region metallicity, i.e.
“reference” sample of LMC variables. adoptingA log Z=A[O/H], the difference between the galaxy
On the other hand, the data in Table 5 show that the p{@/H] abundance and that of the LMC ([O/H}©.40). Obser-
dicted Cepheid reddening and true distance modulus decreastional pros and cons for this assumption will be discussed.
as the adopted metallicity increases. This is a consequence
of the f_act that our metal-rich pulsating m_odels are, on avef- \1aaliicity effects on Cepheid distances andy
age, fainter than metal-poor ones. Resuming the discussion in
Sect. 3, let us assume that for our Cepheid helds= ¢; =0 Fig. 3 shows the difference between the empirical K P tartal
with respect to the PL relations with=0.008. This yields the predicted true distance modulus when the oxygen abundance
E(V —1)g.00s=E*(V —1I) andug 0.00s=1§;- However, the vari- of the Cepheid fields is taken into account. As expected, the al-
able is brighter with respect to the PL relations wifk0.02, most flat distribution in Fig. 1 now shows a clear correlation to
by ey ~0.25 mag and; ~0.20 at log° ~1.0 (see Paper V). the Hil region metallicity, with the discrepancy between LMC-
As a consequencé;(V — )02 ~ E*(V —I)—0.06 mag and calibrated and theoretical distances increasing when moving
10.0.02 ~ pg—0.11 mag. The decrease of the reddening with ifrom metal-poor to metal-rich galaxies. However, one notices
creasing the adopted metallicity yields that almost all the galakat for very few galaxies the discrepancy overcomes the thresh-
ies show unpleasant negative value&¢f3 — V') with Z=0.02. old of 10% (dashed line). Of particular interest is the behaviour
However, as already mentioned, our theoretical scenario safthe eight galaxies (the six SNP galaxies plus NGC 3368 and
gestst(B — V') ~0.03 mag for the Cepheids in the LMC, whileNGC 4414; filled circles) which give Cepheid-calibrated SNia
both the KP and SNP studies assuli{&3 — V) ;,1;¢=0.10mag. luminosities (see later).
Thus, were our predictions calibrated on this galaxy, then all the As a first straightforward test to the actual occurrence of a
reddening values in Table 5 and Table 6 should be increasedwstallicity effect, we consider the KP distance to galaxies mem-
0.07 mag. bers of groups or clusters. The lower panel of Fig. 4 shows the
Since our purpose is the evaluation of the metallicity effectgsidualsA; o andA;[O/H] of each galaxy from the distance
on the distance scale, in the mean we defiug/dlog Z = modulus and O/H metallicity as averaged over the galaxies of
—0.2740.04 magdex!, at least within the explored rangethe same group or cluster. A correlation between the metallicity
0.004< Z <0.02. The sense of this result is that when universahd distance deviations from the mean values can be detected,
relations are used, the Cepheids more metal-rich than the cagéist-fitted by the relation (dotted line)
brators will appear spuriouslgrighter. On this basis, the pre é&'uo — 0.28A,]0/H], (@)

dicted correction (in magnitude) to empirical LMC-calibrate

distance moduli is given by in the sense that galaxies whose O/H metallicity is larger than
the average appear to havdazger distance. We believe that

¢=-0.27Alog Z, ®) depth-effects within a given group or cluster cannot be invoked

whereA log Z is the difference between the Cepheid metallicit§mce there is no reason for which the metal-richest galaxies are

and the LMC value of7=0.008. also the most distant ones.

In the following section we investigate into the effects of * For sake of homogeneity, we adopt the Cepheid distances listed in
this metallicity correction to KP distances by assuming that tiferrarese et al. (1999).
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Fig. 4aand b. aResiduals of each galaxy from the average true distance -0.5 0 0.5
modulus and O/H metallicity of the host cluster or group. Symbols as [0/H]

follows: Fornax cluster: filled circles, NGC 3184 group: triangles, Leor_li 5. aThe KP Ho (V) values from LMC-based Cepheid distance to
group: squares, M87 sub-cluster: open circles, NGC 4472 SUb'Clus{ﬁE eight SNla calibrating galaxies. The average value is labelled. The

asterisks. The dotted lme Is the best fit to the _ppints [Eq'@»‘S dashed lines depict the uncertainty of 10%. The dotted line depicts
below, but with the Kennicutt et al. (1998) metallicity correction to th%q (6) in the textb As below, but with the Kennicutt et al. (1998)

absolute distance moduli [Eq. (5)]. metallicity correction to the absolute distance moduli. The resulting
correction toHy is Aho/A[O/H]~ —0.111dex ! (see text).
This unexpected result, which appears surprisingly in agree-

ment with our predicted correction [Eq. (3)], disagrees with eafre methodology adopted by the SNP group with KP distances
lier observational clues. It is known that studies of differeméads toH, ~ 63kms' Mpc—!dex !, which is 9% higher
fields in M31 (Freedman & Madore 1990) and M101 (Kennihan the SNP average valuB{ ~ 58kms! Mpc~!dex1).
cutt et al. 1998) suggested an opposite metallicity correction Rfdreover, the calibration of SNIa luminosities presents a vari-
distance (see also Kochanek 1997; Sasselov et al. 1997). leg{-of different approaches and the same KP distances, coupled
lowing Kennicutt et al. (1998), the correction (in magnitude) t@ith the Suntzeff et al. (1999) procedure, would gillg ~
the true distance modulus is given by 67kms ! Mpc~!dex . However, the absolute value of the

. Hubble constant is out the purpose of this paper. We aim only at
¢=+0.24A[0/H] ) determining the metallicity-correction to LMC-baséf} val-
We show in the upper panel of the same Fig. 4 that adoptings, with the hope of providing new elements for reducing the
such an empirical correction would imply an even stronger cgrresent uncertainty e£10% to a 5% level.
relation between distance and metallicity, with a slope of +0.53 Taking at the face value thé, (V') estimates given by Gib-
(dotted line) hard to accept. son et al. (2000, see their Table 6) we show in the lower panel of

Applying the predicted metallicity correction to the absd-ig. 5 that they agree to each other to within 10% (dashed lines),

lute distance moduli [Eq. (3)], obviously results in a correctidput with a mild tendency to increase as the oxygen abundance
to theH,-values based on LMC-calibrated distances. Assuminfjthe host galaxy decreases. The linear regression to the points
Ahg = AHy/Hy, one hasAhy/A[O/H]~ +0.124 dex !, i.e. (dotted line) is
anincrease of 6% inthe LMC-based/, value of any SNla cal- _
ibrator whose metallicity is 0.5 dex larger than that of the LMCl.Og Ho =1.82 = 0.03(0/H], (©)
This is a not dramatic variation, nevertheless it seems interestggesting a metallicity correction afhy/A [O/H]~
ing to settle whether it works to decrease or increase the preseh069 dex ' which is roughly half the amount predicted on
dispersion off{, values. Within this context, itis worth noticingthe basis of Eqg. (3), but it runs towards the same direction.
that the well known disagreement between the “high” and “lowDn the contrary, applying the Kennicutt et al. (1998) correc-
Hy values claimed by KP and SNP studies, respectively, dien to the true distance moduli [Eq. (5)], results in a correc-
not due entirely to the already mentioned different distancestton as Aho/A[O/H]~ —0.111dex! to the LMC-basedH,
SNIla calibrating galaxies. As discussed by Gibson et al. (200@3Jues. The upper panel of Fig.5 shows that this would pro-
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oo [ e ‘ ] adopted metal content. The comparison of the predictions with
. empirical (+0.069) 1 Z=0.008 (the average metallicity of the LMC) to the LMC-
r <H,>=68.8 ] calibrated empirical results provided by the KP group shows a
£ 80 E B mutual agreement, better than that found with SNP results.
E e— T 7 | o le—— ] The predicted PL and PLC relations suggest that the Cepheid
F7OE B distance should decrease with increasing the adopted metallic-
\3/ r t—e— || i3l ] ity and that LMC-based distance moduli should be corrected
= 60 [ 7 according toc = —0.27A log Z magdex !, whereA log Z is
a 1 the difference between the Cepheid metallicity and the LMC
50 - b 7 mean value 0#=0.008. Theoretical studies which adopt a lin-
F— t——— 5 ear pulsational approach, being unable to get firm predictions on
90 - predicted (+0.124) = the red edge of the instability strip, cannot disprove this result.
C <H,>=69.9 ] On the observational front, earlier evidences suggest an
T 80 - - opposite metallicity correction as given ky+0.24A[0/H]
s R R e ] mag dex! (Kennicutt et al. 1998), wherA[O/H] is the O/H
g 70 - metallicity difference between the Cepheid field and the LMC
8 C L& ] mean value ([O/H} —0.40). However, we show that the KP
E’ 6ol | L1 . true distance modulus to galaxies members of clusters or groups
E . seems to be correlated with the galaxy O/H metallicity in good
50 @) J agreement with our predictions.
1 \ Ll ] Moreover, we wish to mention that some recent observa-
-0.5 Y 0.5 tional clues give a further support to our theoretical scenario.
[0/H] They are:

Fig. 6. a As in Fig. 5b, but with the predicted metallicity correction
Ahol/ A[O/H]~+0.124 dex *; b As below, but with the metallicity cor-
rection Aho/A[O/H]~+0.069 dex !, as suggested by the dotted line
in Fig. 5a.

— The comparison between Baade Wesselink radii for Galactic
and Magellanic Clouds Cepheids (Laney 1998, 1999, 2000;
Feast 1999; Storm 2000) suggests that metal-rich variables
are fainter than the metal-poor ones.

) ) ) — The purely “geometric” distance to the galaxy NGC 4258,

duce a more evident correlation betwep and [O/H], with as obtained from maser sources rotating around the cen-

two estimates overcoming the discrepancy of 10% from the 4] plack hole, is 7.20.5 Mpc (Hermstein et al. 1999),

average value (dashed lines). On the other hand, the lowerynereas the value derived from LMC-calibrated PL rela-

panel of Fig. 6 shows that our predicted metallicity correction tions is 8.1-0.4 Mpc (Maoz et al. 1999). Since for the ob-

Aho/A[O/H]~0.124 dex ' would yield H, values whichagree  geryed field one has [O/H]0.05 (Zaritsky et al. 1994), the

to within 10%, but slightly increasing as the [O/H] abundance kennjcutt et al. (1998) correction would increase the dis-

increases. Eventually, in order to remove any dependence ofignce tow 8.4 Mpc, whereas our predicted correction gives

Hy on the galaxy metallicity (see upper panel in Fig.6), we _7.g Mpc.

suggest thaat leastthe empirical evidence in Fig.5a should _ A carefully selected sample of 236 Cepheids from the HIP-

be taken into consideration, i.@3h/A[O/H]~0.069 dex ", PARCOS catalogue suggests that the slope of the Galactic

leading to a slight upward revision of the KP unweighted mean p|_rejations could be shallower than that observed for LMC
of (Ho)=67.0:4.3kms™" Mpc™! to (H,)=68.6+3.9kms™! variables (Groenewegen & Oudmaijer 2000), thus suggest-

Mpc™". . o ] ing some caution in the adoption of universal PL relations.
As said before, the determination Bf, deals with several

factors apart from the distance to the SNla calibrating galaxies. As @ whole, both the predictions and the empirical evidences
Thus, we ar@ot giving the predicted value of the Hubble conseem to confirm that the metallicity effect on the Cepheid dis-
stant, but only the result of the predicted metallicity-correctid@nce scale is not dramatic, with a correction factorof0.14

to the KPH,, estimates, still holding their adopted approach ifag to the LMC-based distance modulus of any galaxy whose
the treatment of SNla data and distance to LMC. metallicity is 0.5 dex larger than that of the LMC.

The consequent predicted metallicity correction to the Hub-
ble constant isAho/A[O/H]~+0.124 dex !, which means an
increase ofv 6.2% in the LMC-based{, values of any SNla
HST galaxies with published Cepheid distances have been stealibrator whose metallicity is 0.5 dex larger than that of the
ied to the light of a theoretical pulsational scenario based biNC.
nonlinear, nonlocal and time-dependent convective models with Taking the KPH|, estimates at their face value, we show
three selected metallicitie€ €0.004, 0.008, 0.02). that the observed correlation with the [O/H] metallicity of the

Theoretical PL and PLC relations in th& passbands have Cepheid fields suggest&h/A[O/H]~+0.069 dex!, which
been used to predict Cepheid distance and reddening for emcimore consistent with our prediction than the metallicity

5. Concluding remarks
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correction based on the Kennicutt et al. (1998) empirical rBerrnstein J.R., Moran J.M., Greenhill L.J., et al., 1999, Nat 400, 539
sults Aho/A[O/H]~ —0.111dex!.) On the basis of this, Hughes S.M.G., Han M., Hoessel J., et al., 1998, ApJ 501, 32
we suggest that the average value provided by the KP tel@n |., Renzini A., 1984, Physics Reports 105, 6
(Hy) ~67kms! Mpc~! should be increaseat leastup to Kelson D.D., lllingworth G.D., Freedman W.F., et al., 1996, ApJ 463,
(Hp) ~69Kms™t Mpc—!. 26 _

The adoption of a metallicity correction to LMC-based e”Eelson D.D., lllingworth G.D., Saha A, etal,, 1999, ApJ 514, 614

.. . . ennicutt R.C., Stetson P.B., Saha A., et al., 1998, ApJ 498, 181
pirical estimates o, might hopefully reduce the present UNy ochanek C.S.. 1997, ApJ 491, 13

certainty of 10% on the average value to a 5% level. Unfortyiz ey ¢ b 1998, In: Bradiey PA., Guzik J.A. (eds.) ASP Conf. Ser.
nately, the variety of the current methods of calibrating SNIa 135 A Half-Century of Stellar Pulsation Interpretations. p. 180

luminosities give very different results for the absolute value phney C.D., 1999, In: Cannon R., Whitelock P.A. (eds.) ASP Conf.
the Hubble constant. As an example (see Gibson etal. 2000), theSer., The Stellar Content of Local Group Galaxies. in press
Suntzeff et al. (1999) methodology yields a mean value whithney C.D., 2000, In: Szabados L., Kurtz D. (eds.) ASP Conf. Ser.,
is from 3.7% to 8.3% larger than that found with the Saha et The Impact of Large-Scale Surveys on Pulsating Star Research. in
al. (1997) procedure, even adopting the same distance to thePress

calibrators. In our belief this is a key problem on the route {gnoix P, Paturel G., Garnier R., 1999, MNRAS 308, 969
settle the absolute value of the Hubble constant. Luck R.E., Moffett T.J., Barnes T.G., Gieren W.P., 1998, ApJ 115, 605

Macri L.M., Huchra J.P., Stetson P.B., et al., 1999, ApJ 521, 155
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