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First Period-Luminosity relation calibrated by Henrietta  
Leavitt in the SMC (Leavitt & Pickering 1912)
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How to measure distances in astronomy ?

Mabs = a log P + b
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The SH0ES three rung distance ladder (A. Feild and A. Riess, STScI/JHU)

SH0ES: 3 "anchors":  
Milky Way + LMC + NGC 4258

The distance scale

v = H0 d
≠ [Fe/H] ?

M = a logP + b + 𝛾 [Fe/H]
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★ Main limitations:  
- inaccurate parallaxes                                                                       
- short metallicity range                    
- elongated shape of the SMC 
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The metallicity dependence

Milky Way: 
Gaia parallaxes

Magellanic Clouds: 
eclipsing binaries
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improvements:



The metallicity dependence

Metallicity of Milky Way and Magellanic Cloud Cepheids

120 CHAPTER 3. THE EFFECT OF METALLICITY ON THE LEAVITT LAW

a mean metallicity of [Fe/H]LMC = �0.34 ± 0.06 dex which includes a systematic uncertainty of
0.05 dex to account for possible di↵erences of metallicity scales. I followed Gieren et al. (2018) and
adopted this last value for the LMC mean metallicity.

Regarding the SMC sample, Romaniello et al. (2008) obtained an average metallicity of �0.75±
0.02 dex with a dispersion of 0.08 dex from a total of 14 SMC Cepheids. This value is in excellent
agreement with the mean metallicity of �0.73 ± 0.02 dex found by Lemasle et al. (2017) from a sam-
ple of 4 SMC Cepheids. As for the LMC, I adopted the final average SMC metallicity provided by
Gieren et al. (2018) which takes into account a systematic uncertainty of 0.05 dex for the possible
di↵erent systems used in the various studies: [Fe/H]SMC = �0.75 ± 0.05 dex.

Figure 3.9: Histogram of individual metallicities of MW Cepheids and mean metallicities of LMC
and SMC Cepheids.

3.5 Calibration of the P-L relation in the Milky Way and Magellanic
Clouds

In this section, I first describe the calibration of the P-L relation in the Milky Way, in the LMC and in
the SMC without taking into account the metallicity e↵ect. I discuss the slopes and intercepts derived
in each of the three galaxies and the dispersion obtained in the various bands. This step will serve as
the basis for the calibration of the metallicity e↵ect described in Sect. 3.6.

3.5.1 Method

3.5.1.1 From distances and apparent magnitudes to the P-L coe�cients

As detailed in Chapter 2, the calibration of the Leavitt law requires to compute absolute magnitudes
M� from apparent magnitudes m� and distances d in kpc:

M� = m� � 5 log d � 10 (3.7)
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Milky Way: 

Gaia parallaxes

Magellanic Clouds: 
eclipsing binaries

Most precise distances available 
and largest metallicity range

Recent  
improvements:

+ well covered light curves 

+ correction for reddening 
(Rv = 3.1 ± 0.1)
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SMC: [Fe/H] =  -0.750 dex

Cepheid Period-Luminosity (P-L) relation  
in three galaxies of different chemical composition
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The shape of the Small Magellanic Cloud

Fig. 1: The 5σ difference
between direct measurements
of H0 (e.g., the HST Cepheid
distance ladder, R22, blue
band) and the indirect value
predicted from
Planck+ΛCDM from a review
by di Valentino et al. (2021).
It is important to improve the
reliability of the leading
approach by expanding the
sample of anchors of the
distance ladder as well as
extending the baseline for the
metallicity-luminosity
calibration of Cepheids.

Fig. 2: The geometry of the SMC
and distance indicators. Stars show
positions of DEBs used by Graczyk
et al. (2020) to measure the distance
and the geometric structure of the
SMC (see Fig. 3). From this planar
geometry, known Cepheids (colored
points) span a large range of depth
(indicated by color). Following
Breuval et al. (2021), we propose
limiting the sample to the SMC core,
within a radius of 0.6 degrees (circle).
This limits the depth dispersion to
σ ∼ 1% and the difference in the
mean between DEBs and Cepheids to
0.1% (see Fig. 4), allowing a strong
geometric calibration of these core
Cepheids.
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primary result was γ=−0.13± 0.07 (with variants values
ranging from −0.24 to −0.08) and in R19 it was –0.17± 0.06.
The total χ2 for the three anchors in 21 is 0.18, which for a line
fit leaves one remaining degree of freedom, and the likelihood to
find agreement this good or better is 33% and thus nominal but
not surprising.

A number of recent developments have tightened this
constraint considerably while broadening its range. The DEB
distance for the SMC from Graczyk et al. (2020) as discussed
in Section 4.4 provides a differential measurement between the
Cepheids in the LMC and SMC, which constrains the
metallicity dependence. As shown in Figure 21, this constraint
alone gives γ=−0.22± 0.05, similar to the values and
uncertainties found by Breuval et al. (2021) for [Fe/H], and
falling along the line that joins the other two anchors. It is one
of the strongest constraints available because it comes from the
difference in the DEB distances to each Cloud, a measure that
has a small uncertainty owing to calibration cancellation and
that does not depend on the comparison between the LMC and
the other two anchors (Graczyk et al. 2020). In addition, the
constraint internal to the MW Gaia EDR3 parallaxes alone
(−0.22± 0.09) indicates a similar value.19 The global fit also
makes use of the internal metallicity gradients in the SN hosts

to constrain ZW. Individually, these are not constraining, with a
median uncertainty greater than 1 and a minimum of 0.3.
However, combined, these are supportive of the results from
the local galaxies albeit less constraining, yielding
−0.13±0.11 mag dex−1 by combining their independent fits
with uncertainties in both axes.
Abundance measurements for 68 of the 70 LMC Cepheids

used here (Romaniello et al. 2021) show that they are consistent
with a single value, and the lack of any measurable breadth in
metallicities negates the ability to measure an abundance
dependence internal to the LMC as claimed in prior analyses
(Freedman & Madore 2011) and further discussed by Romaniello
et al. (2021). Together, these developments provide a consistent
result of a ∼−0.2 mag dex−1 metallicity dependence in the NIR
that also provides accord among the anchors and is little changed
by excluding any anchor as shown in Figure 20.
It is important to note that excluding knowledge of the

geometric distance to an anchor (e.g., the DEB distance to the
LMC) as we do in Fits 10–15 does not exclude the Cepheids in
that anchor, which remain extremely valuable (at any distance)
for constraining the global properties of Cepheids. Rather,
when excluding knowledge of an anchor distance, we allow
that distance to become a free parameter which may
subsequently be compared to the external geometric estimate.
In this case, a parameter such as the slope of the P–L remains
constrained by the excluded anchor Cepheids because these
Cepheids are only consistent with a single distance to the host
with an accurate value of their slope.

6.3. Variants with Color and the Reddening Ratio, R

Here we explore variants in how the Cepheid color, V− I, is
used in their distance determination. Our baseline analysis

Figure 21. The metallicity term and consistency of the geometric anchors. The mean slope of four hosts with geometric distances is plotted against the intercept of the
Wesenheit magnitude P–L relation. The DEB distance difference between the SMC and LMC from Graczyk et al. (2020) as discussed is independent of the calibration
uncertainties of the DEB method, making this link, the dashed line, robust and independent of the other anchors (a linear fit to the four points is very good, though not
unexpectedly so with P = 10% to be better). The gray constraint on the MW comes from the breadth of metallicities and individual Gaia EDR3 parallaxes. The
metallicities of the Cepheids in SN hosts span the range of the anchors, making the value of H0 insensitive to the value of the metallicity dependence, with a change in
H0 of 0.2 units for a change in ZW of 0.1 mag dex−1.

19 R21 derived −0.20 ± 0.13 from 66 Cepheids with HST photometry. Ripepi
et al. (2021) used a larger ground-based sample of N = 317 fundamental and
first-overtone pulsators to derive −0.37 ± 0.09 on the ground system with
similar filters, steeper by ∼1.5σ than R21 but less applicable here owing to the
presence of overtones and objects with low accuracy. Groenewegen (2018)
used 205 MW Cepheids with Gaia DR2 parallaxes, somewhat less precise than
those in EDR3, to derive a NIR Wesenheit abundance term of −0.204 ± 0.14.
Here we identify 211 Cepheids with basic quality cuts, fundamental-mode
only, V − I < 2 mag, mG > 6 mag, P > 3 days, and Gaia GOF (goodness of fit)
<10, transforming the ground magnitudes to the HST filter system to obtain
−0.22 ± 0.09 with a slope of −3.29 as indicated in Figure 21.
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The Astrophysical Journal Letters, 934:L7 (52pp), 2022 July 20 Riess et al.
Dependence with Gaia DR3 parallax offset

Owens et al. (2022) 
𝛄 ~ 0
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𝛄 = -0.25
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those in EDR3, to derive a NIR Wesenheit abundance term of −0.204 ± 0.14.
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The metallicity dependence

★ In the reddening-free Wesenheit magnitude (HST photometry) used by the SH0ES team:

Anderson+16  
models

only MW  
and LMC

➞  good agreement with SH0ES results and with stellar models.

+ SMC soon!



Theory vs Observations today

➞  Geneva stellar models fit our 
observational data very well

16 Breuval L.

Figure 6. Metallicity e↵ect predicted by Anderson et al.
(2016) using the Geneva evolution models including rotation.

Romaniello et al. (2008) used by OW22 and Romaniello
et al. (2022) used here.

5.5. Comparison between empirical estimates and

theoretical predictions

While empirical estimates of the metallicity term of
the PL relation have become more precise due to better
parallaxes (Gaia Collaboration et al. 2021), reddening
estimates, Cepheid photometry, and knowledge of Cloud
geometry, they may appear to conflict with earlier pre-
dictions from the theory based on non-linear convecting
models (Bono et al. 1999, 2008; Caputo et al. 2000;
Marconi et al. 2005). On the other hand, Anderson
et al. (2016) recently performed a pulsation instabil-
ity analysis of the Geneva stellar evolution models by
Georgy et al. (2013) that include the e↵ects of stellar
shellular rotation. They predicted the PL relation in
V , H, WV I and WH for three di↵erent metal abun-
dances (Z = 0.014, 0.006, and 0.002, selected to match
the MW, LMC and SMC Cepheids mean metallicity,
respectively) and separately on the red and blue edge of
the instability strip. We averaged the PL intercepts �

listed in Table 2 of Anderson et al. (2016) on both edges
for the second and third crossing of the instability strip,
and represented them with [Fe/H] on Fig. 6. We find
that the variation of these intercepts with [Fe/H] yield
a negative metallicity e↵ect of � ⇠ �0.27mag/dex to
�0.42mag/dex across the optical and NIR, consistent

with our present results. This comparison highlights
that the Geneva stellar evolution models analyzed in
Anderson et al. (2016) best fit our observational data.
While additional theoretical studies are warranted, the
agreement found here is quite promising.

6. CONCLUSIONS AND PERSPECTIVES

The results by Breuval et al. (2021) suggested a possi-
ble dependence of � with wavelength, but were based on
only five filters. To explore this question, we extended
the wavelength range by including new mid-IR (Spitzer)
and optical (Gaia) bands. We were able to take this
analysis one step further by improving the technique
and updating the data wherever it was possible. All the
improvements included in this study are listed in Table
6 and compared with the previous Breuval et al. (2021)
paper. We note that the uncertainties on the � terms
presented in this paper are not significantly smaller com-
pared with previous analysis, despite the several im-
provements included: this is because we now include
the uncertainties on the reddening law and on the RV

values, which were not considered previously.
We report values of the metallicity e↵ect on the

Cepheid PL relation in 10 filters from 0.5µm to 4.5µm
and in 5 Wesenheit indices, including the HST based
Wesenheit index WH used for the SH0ES distance lad-
der (Riess et al. 2022). We obtain a negative � term in
all bands, meaning that metal-rich Cepheids are brighter
than metal-poor ones, in agreement with all recent em-
pirical studies. We find a globally uniform value of �
from optical to mid-IR filters, showing that the main
influence of metallicity on Cepheids is in their bright-
ness rather than color.
While our results are largely consistent with re-

cent measurements, we track di↵erences in two studies,
(Wielgórski et al. 2017; Owens et al. 2022) that employ
the SMC to a depth e↵ect. Correcting for the geome-
try and limiting the radius to the SMC core is shown to
narrow the distance range resulting in a sample insured
to be at the same distance as the DEBs that also pro-
duces a metallicity term on the same trend line as seen
between the MW and LMC.
Comparing Cepheids over a su�ciently large metal-

licity range still requires to combine di↵erent samples
of Cepheids located in several galaxies, having di↵erent
distances, photometric systems, dust distribution and
properties (e.g. reddening law), which implies large
systematic uncertainties. In the near future, it should
be possible to reduce the impact of these systematics
and to increase the precision of the � term thanks to
the 4th Gaia data release. Ideally, these new distance
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Fig. 1. Best fit models of RS Pup, and the three (likely) T2Cs that show
near- and mid-IR excess. Errorbars are plotted and are typically the size
of the plot symbol.

like the WVIR. The dashed (indicating Z = 0.008) and full
lines (Z = 0.02) represent the blue and red edge for CCs from
Bono et al. (2000). The near horizontal lines indicate the evo-
lutionary tracks for Z = 0.014 and average initial rotation rate
!ini = 0.5 from Anderson et al. (2016). The FO (red dot-dashed
lines) and FU (green full lines) tracks are shifted by 0.01 dex in
luminosity for clarity. Increasing in luminosity they are tracks
for initial mass (number of the crossing through the IS): 3 (1), 4
(1), 5 (1), 5 (2), 5 (3), 7 (1), 7 (2), 7 (3), 9 (1), 9 (2), 9 (3), 12 (1).

The bulk of stars located between log L ⇠ 2.9�3.8 L� would
correspond to stars of initial mass ⇠5�7 M� most likely in their
2nd or 3rd crossing of the IS. The evolutionary time spent in the
1st crossing is an order of magnitude shorter and this explains
qualitatively the lack of stars in the luminosity range covered by

Fig. 2. Hertzsprung-Russell diagram. Stars located outside the bulk of
objects have been labelled and are plotted with error bars. Blue and red
lines indicate the blue and red edge of the IS. At log L ⇠ 2 this is the
IS for BLHER T2C; at brighter luminosities those for CCs. The near
horizontal lines are stellar evolution tracks of CCs of di↵erent masses.
See the main text for details.

the 3 and 4 M� tracks. The brightest stars in the sample would
correspond to ⇠12 M� stars during their first crossing of the IS.

The location of the majority of stars in the HRS is consistent
with the location of the IS of T2C and CCs. Error bars are plot-
ted for some of the stars outside the bulk of objects, but they are
typical for the entire sample. Based on this there are a few stars
(notably DY Ser and ID 2) that are much hotter and about two
dozen stars (⇠5% of the sample) that are cooler than expected
for a star located in the IS. In particular for three of the five stars
in the sample in the direction of the inner disk the location in the
HRD appears to be inconsistent with the IS. One obvious reason
for this discrepancy is the degeneracy between interstellar red-
dening and the derived e↵ective temperature. This is explicitly
investigated in the next section, and more generally in Sect. 4.7.

4.3. The role of reddening for the Cepheids in the inner disk

In the standard case, the interstellar reddening is fixed from I19
and the SEDs are fitted to give the best fit e↵ective temperature
and luminosity (for the distance quoted in I19). The reddening is
large and has a large formal error bar that is not explicitly con-
sidered in the fitting. An alternative is to fix the e↵ective temper-
ature to the value derived spectroscopically and then determine
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Figure 3. Metallicity e↵ect (�) as a function of the inverse of wavelength (1/�).

5.3. Reddening law

The correction for dust extinction and the assumption
of a reddening law are critical steps in the calibration of
the distance scale. The parameter RV = AV /E(B � V )
is related to the average size of dust grains and gives
a physical basis for the variations in extinction curves.
Although the di↵erences in RV are relatively small be-
tween the Milky Way and Magellanic Clouds, they can
still impact the calibration of the Leavitt law. In the
Milky Way, most studies are based on the assumption
RV = 3.1 (Cardelli et al. 1989), while Gordon et al.
(2003) report an average of RV = 3.41 ± 0.06 in the
LMC and RV = 2.74± 0.13 in the SMC. They conclude
that LMC and SMC extinction curves are similar qual-
itatively to those derived in the Milky Way. But even
in the Milky Way the extinction curve was shown to be
highly spatially variable (Fitzpatrick et al. 2019).
Assuming a di↵erent reddening law or RV value across

di↵erent galaxies is possible but more complex (see Riess
et al. 2022, Appendix D): since the R ratio in Wesenheit
indices multiplies a color term, it requires to separate the
contribution of the color that results from dust redden-
ing by first subtracting the intrinsic color of Cepheids,
which can be done using a period-color relation. How-
ever, Riess et al. (2022) concluded that determining in-
dividual values of R was not very informative due to
large uncertainties on both color and brightness.
In the present work, we adopted the standard redden-

ing law from Fitzpatrick (1999) for our G, BP , RP , V ,
I, J , H, KS magnitudes and the reddening law from In-

debetouw et al. (2005) for Spitzer filters with a uniform
RV value of 3.1± 0.1. We note that the uncertainty on
this parameter is usually neglected in most studies, even
when combining Cepheid samples in di↵erent galaxies
(e.g. Wielgórski et al. 2017; Gieren et al. 2018; Owens
et al. 2022). While it is a reasonnable assumption for
the Milky Way and LMC, the Small Magellanic Cloud
is likely to have a lower RV value (Gordon et al. 2003),
however this value has not been measured for our popu-
lation of Cepheids, so it is still unclear whether it applies
to the present sample. For simplicity and consistency
between the three galaxies, we assumed the same RV

in the three samples. For each filter we also included
the uncertainties on the A�/AV ratios by varying RV

by ±0.1 with the dust extinction Python package2.
While it is not recommended to vary RV between

host galaxies for Wesenheit indices (Riess et al. 2022,
appendix D), we tested the e↵ect of changing the RV

value to 2.74 ± 0.13 in the SMC for single filters only.
We find that the metallicity e↵ect becomes stronger in
absolute sense (i.e. more negative) by 0.020 to 0.040
mag/dex in optical bands and by at most 0.008 mag/dex
in the NIR. These changes are well within the error
bars listed in Table 5 and result in a shallower depen-
dence between � and wavelength, with Eq. 5 becoming
� = (0.005± 0.035)/�� (0.288± 0.039)mag/dex.

2 https://dust-extinction.readthedocs.io/en/stable/

Breuval et al. (2022), arXiv: 2205.06280

➞  10 filters (Gaia, Spitzer, ground NIR and optical) + 5 reddening-free Wesenheit magnitudes 

➞  No evidence for a wavelength dependence



★ Overall same metallicity between anchors 
and Cepheids in host galaxies 

★ Need to account for this term to make 
anchors consistent (we fit simultaneously 
anchors that have a different metallicity)
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Figure 20. Marginalized posterior covariance between H0 and the metallicity term, ZW , for the three two-anchor cases and
the baseline fit. The metallicity term is well-constrained, with a substantial tightening owing to the di↵erential DEB distance
between the two clouds (LMC and SMC) from Graczyk et al. (2020). The term has little correlation with H0 because the anchor
abundances span the range in the SN hosts, but this term provides for the consistency between the anchors.

Figure 21. The metallicity term and consistency of the geometric anchors. The mean slope of four hosts with geometric
distances is plotted against the intercept of the Wesenheit magnitude P–L relation. The DEB distance di↵erence between the
SMC and LMC from Graczyk et al. (2020) as discussed is independent of the calibration uncertainties of the DEB method,
making this link, the dashed line, robust and independent of the other anchors (a linear fit to the 4 points is very good though
not unexpectedly so with P = 10% to be better). The gray constraint on the MW comes from the breadth of metallicities and
individual Gaia EDR3 parallaxes. The metallicities of the Cepheids in SN hosts span the range of the anchors making the value of
H0 insensitive to the value of the metallicity dependence, with a change in H0 of 0.2 units for a change in ZW of 0.1 mag dex�1.
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Figure 20. Marginalized posterior covariance between H0 and the metallicity term, ZW , for the three two-anchor cases and
the baseline fit. The metallicity term is well-constrained, with a substantial tightening owing to the di↵erential DEB distance
between the two clouds (LMC and SMC) from Graczyk et al. (2020). The term has little correlation with H0 because the anchor
abundances span the range in the SN hosts, but this term provides for the consistency between the anchors.

Figure 21. The metallicity term and consistency of the geometric anchors. The mean slope of four hosts with geometric
distances is plotted against the intercept of the Wesenheit magnitude P–L relation. The DEB distance di↵erence between the
SMC and LMC from Graczyk et al. (2020) as discussed is independent of the calibration uncertainties of the DEB method,
making this link, the dashed line, robust and independent of the other anchors (a linear fit to the 4 points is very good though
not unexpectedly so with P = 10% to be better). The gray constraint on the MW comes from the breadth of metallicities and
individual Gaia EDR3 parallaxes. The metallicities of the Cepheids in SN hosts span the range of the anchors making the value of
H0 insensitive to the value of the metallicity dependence, with a change in H0 of 0.2 units for a change in ZW of 0.1 mag dex�1.

★ No correlation between H0 and the 
metallicity term

𝛄

The metallicity dependence: implications for the Hubble constant



Summary

★ The calibration of the Cepheid metallicity effect has significantly improved over 
the last few years. 

★ Most precise distances available to calibrate the PL relation in 3 different galaxies: 
Gaia DR3 in MW and eclipsing binaries in the Magellanic Clouds 

★ Largest metallicity range (from metal-rich MW to metal-poor SMC) 

★ Best data set (limit systematics: avoid to combine too many different catalogs,  
full light curves when possible, large wavelength coverage from optical to mid-IR) 

★ Geometry correction in the Magellanic Clouds 

★ No evidence for a dependence with wavelength 

★ Soon: more precise metallicities in the SMC, together with HST photometry

📃  Breuval, L. et al., 2022, ArXiv: 2205.06280 
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