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In short...

We have measured direct spectroscopic abundances of 
individual Cepheids with known distances and 
photometry over 1.5 dex in [Fe/H] to:

Calibrate the Period-Luminosity (Leavitt Law) and 
Period-Luminosity-Color relations against chemical 
composition

Test theoretical models

Main results

Cepheids become fainter as [Fe/H] increases above 
the mean LMC value

The analys of individual Cepheids via the Period-
Luminosity-Color indicates a very good quantitative 
agreement with non-linear pulsation models
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The spectroscopic dataset

High resolution, high signal-to-noise spectra of 68 
Galactic and Magellanic Cepheids with known distances

32 Galactic stars with ESO’s FEROS: R=48,000

Periods and photometry from Laney & Stobie (1994), 
Storm et al. (2004), Groenewegen et al. (2004), 
Benedict et al. (2007) and Fouqué et al. (2007)

22 LMC, 14 SMC stars with ESO’s UVES: R=30,000

Periods and photometry from Laney & Stobie (1994)

New Baade-Wesselink distances for 4 metal rich stars 
(more than twice solar) [Pedicelli et al 2010]

Selected from  Andrievsky et al. (2002a,b,c; 2004)

Radial velocities from FEROS

Near IR photometry from SAAO
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Preamble: measuring iron - I

Classical curve of growth analysis

Model atmospheres computed with WIDTH9 (Kurucz 1993) 
and LTE model atmospheres; opacity distribution functions 
from Castelli & Kurucz (2003)

We have assembled a comprehensive line list for iron

275 Fe I and 75 Fe II lines

Assembled from Clementini et al. (1995), Fry & Carney 
(1997), Kiss & Vinko (2000) and Andrievsky et al. (2002a), 
plus VALD (Kupka et al. 1999; Ryabchicova et al. 1999)

Physical properties (oscillator strengths, excitation potentials) 
as listed in VALD

Visual inspection of each line on the observed spectra, in 
order to check their profile and to discard blended lines 
(comparison with full VALD line list)
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Preamble: measuring iron - II

Stellar parameters derived spectroscopically

Te! by using the line depth ratios method (Kovtyukh & 
Gorlova 2000)

Pairs of weak neutral metal lines close in wavelength 
and with different excitation potentials

Accuracy 40-50 K

Microturbulent velocity and gravity by minimizing the 
log([Fe/H]) vs. EW slope and by imposing the 
ionisation balance, respectively

Iterative process: 5-7 iterations

Sanity check with Walraven photometry (AP Pup; Pel 
1978)
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The Leavitt Law vs iron: V band
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V-band correction to distances from “universal” LMC Period-Luminosity

Cepheids become 
fainter as the iron 
content increases 
above the value of the 
calibrating relation in 
the Large Magellanic 
Cloud (e.g. Freedman 
et al 2001)

This is the opposite 
trend wrt the results 
based on Cepheids in 
face-on spirals and HII 
region abundances 
(solid line M101; 
Kennicutt et al 1998)

Romaniello et al (2008)



The Leavitt Law vs iron

The Period-Luminosity relation needs to be well sampled to give 
meaningful results

With ~30 stars per bin, fluctuations in !(MV) caused by 
sampling effects are less that 0.1 mag in 95% of the cases 
and never larger than 0.15        the 0.4 mag difference we see 
is real
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The Leavitt Law vs iron: K band
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In the K-band the result is inconclusive because the residuals 
depend on the details of the Galactic distances used

BW distances: Storm et al (2004)
BW distances: Benedict et al. (2007); Fouquè 

et al. (2007); van Leeuwen et al. (2007)

Romaniello et al (2008)



The Leavitt Law vs iron: on to the IR

Freedman & Madore (2011) have extended our study to the mid-infrared

Romaniello et al (2008) abundances

Photometry: UBV photometry Madore (1985), JHK Persson et al. 
(2004), 3.6 to 8 "m Madore et al (2009)

LMC only, residuals wrt self-defined PL relation (no a priori relation) 
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Our trend in V and K is confirmed: overall trend consistent with line 
blanketing 



The Period-Luminosity-Color relation

The Leavitt Law (Period-Luminosity) is, in fact, the 2D projection of 
the underlying 3D Period-Luminosity-Color relation

Sandage (1958): “...the possibility exists that the PL relation is not 
unique and the scatter real...the existence of an intrinsic scatter in 
the P=f(L) suggests that a third parameter is involved...in what 
follows, a semi-theoretical relation is found which indeed involves 
three parameters [the third being (B-V)]...”

The PLC applies individually to each star

No need for statistically significant samples to adequately populate 
the instability strip as in the case of the PL

PLCs tend to be less sensitive to extinction than PLs: the color 
coefficients happend to tend to compensate the extinction terms

Wesenheit relations are essentially PLCs with the color coefficients 
fixed by (some assumed) extinction law
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Good quantitative agreement with 
non-linear models

#(MV): Obs vs. predicted 
via the non-linear (V,V-K) 
PLCZ [Bono et al. 1999, 
Caputo et al. 2000, 
Marconi et al 2005, ...]

~0.25 mag offset caused 
by treatment of core 
overshooting

Taking this out, the 
agreement with models is 
rather good over 1.5 dex 
in [Fe/H]

Over this range MV varies 
by 0.4 mag
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Cepheids, metallicity and H0

Our new metallicity calibration of the PL increases the Key 
Project value of H0 by ~4% to 75 km/s/Mpc

The original value of 72 km/s/Mpc (Freedman et al 
2001) was derived with a metallicity correction of 
-0.2±0.2 mag/dex in V (Kennicutt et al 1998)

Once the calibrators are understood, one can:

Minimize the unwanted effects (H-K bands seem a 
sweet spot for metallicity)...

...and/or worry about the metallicity of your targets

How does the metallicity of your anchor (LMC, NGC 
4258, ...) relate to that of the actual targets?

What is the extragalactic metallicity scale? (Bresolin, 
Kudritzki, ...)
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Beyond the Magellanic Clouds

Our spectroscopic sample shows a non-negligible intrinsic 
spread even in a relatively simple system like the bar of 
the LMC
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A ~40m ELT will extend the direct determination of iron in 
individual Cepheids to the edges of the Local Group



Conclusions...

We have measured direct spectroscopic abundances of 
individual Cepheids with known distances and 
photometry over 1.5 dex in [Fe/H] to:

Calibrate the Period-Luminosity (Leavitt Law) and 
Period-Luminosity-Color relations against chemical 
composition

Test theoretical models

In conclusion

Cepheids become fainter as [Fe/H] increases above 
the mean LMC value

The analys of individual Cepheids via the Period-
Luminosity-Color indicates a very good quantitative 
agreement with non-linear pulsation models
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