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Are we really observing the same objects everywhere?



Mag = a logP + b + 𝛄 [Fe/H]

✦   Metal-rich Cepheids are brighter than metal-poor ones.

✦   Two main methods to measure 𝛄 empirically: 
‣ using metallicity gradient within a galaxy (MW, M33) 
‣ comparing P-L intercepts between different galaxies

The Cepheid Metallicity Dependence 𝛄
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Figure 1. Recent empirical and theoretical estimates of the Cepheid metallicity dependence ω from the literature in the m
W

H

and m
W

V I Wesenheit indices. A few analyses were excluded from this plot (e.g. Freedman & Madore 2011; Wielgórski et al.
2017; Owens et al. 2022) due to issues that were identified and discussed in Breuval et al. (2022). The blue band shows broad
agreement between ω → ↑0.15 and ↑0.30 mag/dex. The methods labeled with di!erent shapes include: comparison between P–L
relations in di!erent galaxies, metallicity gradients, Milky Way Cepheids with Gaia EDR3 parallaxes, Baade-Wesselink distances,
and theoretical predictions. The red point indicates the ω → 0 multi-wavelength result by MF25, based on a variety of methods.
The metallicity dependence ω in the m

W

H Wesenheit magnitude and the Hubble constant H0 (derived from three anchor galaxies,
Riess et al. 2022b) are related as follows: ω shifts the luminosity of Cepheids which show the largest metallicity di!erence with
respect to Cepheids in SNIa hosts (i.e. in the SH0ES distance ladder, the metal-poor LMC and SMC). This luminosity di!erence
directly translates into a shift in H0.

Instead of individual Cepheids, Milky Way open clusters have been used to achieve better astrometric precision for
the Cepheids they host, because their parallaxes can be averaged over a large number of stars (Anderson et al. 2013;
Breuval et al. 2020; Riess et al. 2022a; Cruz Reyes & Anderson 2023). However, since cluster members are located in
the same region of the sky, their parallaxes are highly correlated. As a result, even though the statistical uncertainty of
a mean cluster parallax can be as low as 2µas, the cluster parallax precision is dominated by the angular covariance,
currently estimated to → 7µas (Máız Apellániz et al. 2021; Vasiliev & Baumgardt 2021). The other advantage of using
cluster Cepheids is that cluster members are generally fainter (G > 13 mag), and thus have good overlap with the
magnitude and color range of the L21 calibration, reducing the size or need for residual parallax o!sets. Riess et al.
(2022a) and Cruz Reyes & Anderson (2023) used cluster Cepheids and found no evidence of residual o!set beyond the
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𝛄 > 0   ➞ metal-rich Cepheids are fainter  𝛄 < 0   ➞ metal-rich Cepheids are brighter
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Figure 8. Wesenheit mW

H P–L intercept in absolute mag-
nitudes (at logP = 0) in the Milky Way, LMC and SMC
based on HST photometry (red, blue and green circles re-
spectively) compared to individual Cepheids in the Milky
Way with Gaia DR3 parallaxes and high resolution spec-
troscopy (orange squares). Each orange square is the average
of 15 data points from Trentin et al. (2024).

An outlier to this consensus comes from one study
by Madore & Freedman (2024), which selects Cepheid
calibrations from TRGB distances rather than the ge-
ometric anchors, comparing 28 hosts and concluding
that ω → 0 for m

W

I
. However, measuring the Cepheid

metallicity e!ect by comparing Cepheid and TRGB dis-
tances requires that TRGB distances be independent of
metallicity, which is not certain (see for example Wu
et al. 2023). More importantly, the Cepheid data for
this study relies heavily on older and relatively inhomo-
geneous data sources (21 di!erent photometric systems)
and smaller samples which have been superceded in
recent studies. Compared to the combination of HST
measurements of Cepheids in the SMC, LMC and Milky
Way (which produced ω = ↑0.264 ± 0.058mag/dex
for m

W

I
here), Madore & Freedman (2024) exclude all

Milky Way Cepheids (and Gaia parallaxes) and find
at face value ω = ↑0.096mag/dex between the SMC
and LMC, only half the size of our result. However,
their SMC sample is based on only 9 fundamental-mode
Cepheids, while the OGLE survey provides more than
2,300 Cepheids in the SMC (Soszyński et al. 2015, or
the 88 here identically calibrated to those in the LMC
and MW). Some of the evidence for their low absolute
value of ω is based on the four hosts with the lowest
metallicity, namely Sextans A and B, WLM and IC
1613; for these, the Cepheid metallicity estimate of
→ ↑1.3 dex is based on the host metallicity (Sakai et al.
2004). Spectra of young massive stars in WLM (-0.5 to
-1.0 dex with a mean of -0.87 dex, Urbaneja et al. 2008)
are more metal rich than that value of -1.3 dex used

for that host. If the metallicities of new massive stars
like Cepheids in these metal poor hosts are greater than
the host mean, this would lead to an underestimate of
the metallicity term. Obtaining spectra of Cepheids
in these hosts would be warranted to resolve the issue.
Our calibration of the metallicity e!ect, based on direct
measurements for a large number of Cepheids, is in good
agreement with previous distance-ladder studies by the
SH0ES team and other independent works. (Fig. 7).

5. THE HUBBLE CONSTANT

Since Riess et al. (2022a), there have been several
updates that could lead to an improved local measure-
ment of H0. These include the cluster Cepheids from
Riess et al. (2022b), the pairwise SNe Ia covariance
analysis based on spectral similarities from Murakami
et al. (2023), and the revised metallicity measurements
from Bhardwaj et al. (2023). With the results presented
here, we are now able to include the SMC as a bona-fide
fourth anchor of the distance ladder, in addition to (1)
Gaia DR3 parallaxes of Milky Way Cepheids and Clus-
ter Cepheids (Riess et al. 2021, 2022b), (2) late-type
DEBs in the LMC (Pietrzyński et al. 2019; Riess et al.
2019a), and (3) the water-maser host galaxy NGC4258
(Reid et al. 2019). The SMC satisfies the two criteria
established in Riess et al. (2022a) for the other 3 an-
chors: a geometric distance determination and Cepheid
photometry measured on a homogeneous HST photo-
metric system. We combine the 88 core SMC Cepheids
measured here, the DEB distance from Graczyk et al.
(2020), and SMC Cepheid metallicity measurements
from Romaniello et al. (2024, in prep.) using the same
formalism presented in Riess et al. (2022a). We find
H0 = 73.17 ± 0.86 km s→1 Mpc→1, a 1.2% determi-
nation of the Hubble constant including systematic
uncertainties. As shown in Table 4, including the SMC
reduces the error in the first rung from 0.65% to 0.60%.
This reduction is slightly less than what would occur
if all anchors had equal weight; however, the combined
constraints from Gaia MW field and cluster-hosted
Cepheids have nearly double the precision of the SMC.
Somewhat greater leverage comes from the inclusion of
the SMC in the global determination of the metallicity
term due to its low metallicity. With the SMC, the
global fit of the distance ladder yields a metallicity de-
pendence of ω (mW

H
) = ↑0.190 ± 0.047 mag/dex. This

represents a 30% improvement over the uncertainty of
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SNIa hosts

MW 
N=67

LMC 
N=70

SMC 
N=87

Impact of 𝛄 for H0 is <0.8 km/s/Mpc  
because SNIa hosts and Cepheid anchors  

share similar metallicities



• In the distance ladder, for H0: make Cepheids in anchor galaxies consistent 
(LMC and SMC more metal-poor than MW and NGC 4258)

• For distance measurements: the PL relation in the LMC is often used as 
reference for measuring distances

Why should we care about the metallicity dependence?



M33: [Fe/H] = -0.3 dex

Measuring the distance to M33 with respect to: 

Milky Way:     d = 880 kpc 
LMC:              d = 850 kpc ⚠

Large Magellanic Cloud:   [Fe/H] = -0.4 dex

Milky Way:   [Fe/H] = +0.1 dex

Importance of the metallicity correction



Geneva linear models  
including rotation  

Anderson et al. (2016) 
Khan et al. (2025)

𝛄 < 0 

𝛄 < 0 

Anderson et al. (2016) 
Khan et al. (2025)

Nonlinear convecting models  

Marconi et al. (2005) 
Bono et al. (2008)

Individual filters 
H, V, I

Wesenheit indices 
WH, WVI, WG 𝛄 < 0 

𝛄 > 0 

De Somma et al. (2022)

Prediction of the metallicity effect from models



• Full list of references for model predictions 
and empirical measurements in Breuval et 
al. (2022, 2025b). 

• Most values are between -0.15 and -0.30 
mag/dex, using various methods: 

- comparing galaxies where Cepheids 
have different abundances (e.g. MW, 
LMC, SMC) 

- using metallicity gradients in a spiral 
galaxy (e.g. NGC 4258, M101, M33) 

- spread of Cepheid metallicities in MW 
with Gaia parallaxes
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Empirical measurements of the metallicity effect



Wielgorski et al. (2017) 

• Sample: LMC + SMC Cepheids 

• Method: compare PL intercepts with fixed slope.

• Issues:  

- limited metallicity range & mean metallicities 
(LMC = -0.4 dex, SMC = -0.75 dex)

- depth of the Magellanic Clouds 
introduces dispersion and biases the 
metallicity effect (see discussion in 
Breuval et al. 2022) 

⚠  need to use SMC core-region

𝛄 = 0 

Past measurements of the metallicity effect and their limits

𝛄  (ma
g/

de
x)

2 Breuval L., et al.

Figure 1. (Left): P–L scatter in the NIR WJK Wesenheit index for di↵erent Cepheid subsamples located at increasing
distances from the SMC center. For this test, Cepheid photometry was taken from the ground-based survey of Ripepi et al.
(2017) and the geometric corrections were derived using the planar geometry by Graczyk et al. (2020). The green histogram
in the bottom left corner shows the distribution of our Cepheid sample. The small inset on the right shows the position of
DEBs from Graczyk et al. (2020) on the XZ and YZ planes, with the blue and pink lines showing the model fits from DEBs and
from our Cepheid sample respectively. (Right): Map of SMC Cepheids from Ripepi et al. (2017) in light blue with the regions
corresponding to radii of 2 deg, 1 deg and 0.6 deg. Eclipsing binaries from Graczyk et al. (2020) are shown in yellow.

expansion of the Universe (Hubble 1929). In the early
1900s, Henrietta Leavitt discovered a remarkable phe-
nomenon by examining photographic plates of the SMC:
Cepheids brightness follow a linear relationship with the
logarithm of their period, with the brightest Cepheids
having the longest periods. This law is now called the
Leavitt law (Leavitt & Pickering 1912) or simply the
Period-Luminosity (P–L) relation.
Since this discovery, SMC Cepheids have been used ex-

tensively to map the structure of this galaxy (Scowcroft
et al. 2016; Jacyszyn-Dobrzeniecka et al. 2016), to in-
vestigate possible non-linearities in the P–L relation
(Sandage et al. 2009), to study the chemical composition
of these pulsating stars (Lemasle et al. 2017), or to cal-
ibrate the Cepheid metallicity dependence (Wielgórski
et al. 2017; Gieren et al. 2018; Breuval et al. 2021, 2022).
SMC Cepheids have been observed by large surveys,
and complete light curves have been obtained at mul-
tiple wavelengths (Soszyński et al. 2015; Scowcroft et al.
2016; Ripepi et al. 2017; Gaia Collaboration et al. 2021).
As a nearby dwarf galaxy and a direct neighbor of the
Milky Way, the SMC is a great laboratory for many
astrophysical studies. However, the downside of this
galaxy, in particular for distance measurements, is its
elongated shape along the line of sight which produces
a detectable range of 5-10% in the distances to its stars.
The consequence is that SMC Cepheids show a higher

scatter than their LMC cousins. However, it is possi-
ble to reduce the variation in depth by limiting studies
to the SMC core (rather than the far-flung streams and
condensations that surround it) and by the application
of a geometric model recently derived from a study of
the detached eclipising binaries (DEBs) near the core as
shown in Fig. 1; the Cepheid dispersion is reduced if a
geometric model fit to the DEBs is applied (light blue
vs. dark blue points in Fig. 1). The geometric correction
assumed here is based on a planar geometry, such as the
one from Graczyk et al. (2020). In the past, these cor-
rections have been often neglected, resulting in a large
scatter and even a bias in the P–L intercept and in the
metallicity dependence (Wielgórski et al. 2017; Owens
et al. 2022); see also the discussion in Breuval et al.
(2022). By limiting to the core and accounting for the
depth, ground-based NIR samples produce a P–L scat-
ter of ⇠ 0.13 mag, approaching the state-of-the-art.
The new geometric distance to the SMC by Graczyk

et al. (2020), based on late-type DEBs, provides a unique
opportunity to improve the distance ladder by increas-
ing the number of anchor galaxies from three to four.
One of the strengths of the SH0ES distance ladder is in
the consistency of the photometric measurements across
all of the first and second rungs: all Cepheid photom-
etry is obtained in a single homogeneous photometric
system with the Hubble Space Telescope (HST ) Wide

Breuval+2024

with geometry 
correction

no geometry 
correction



Freedman et al. (2011) 

• Sample: LMC Cepheids 

• Method: PL residuals, individual 
metallicities for each LMC Cepheid

The Astrophysical Journal, 734:46 (5pp), 2011 June 10 Freedman & Madore

Figure 3. Same data as in Figure 2 but now with the residuals decorrelated using the H-band data as fiducial. The slopes are preserved from the fits to the data in
Figure 2. The significance of these slopes is now greatly enhanced.

Figure 4. Sensitivity of Cepheid magnitudes to metallicity as a function of
wavelength. The slopes derived from the plots in Figure 1 are shown as a
function of bandpass (expressed as the inverse wavelength). The error bars are
from the noise-decorrelated data. The line is a unweighted fit (excluding the low-
significance U-band data point to the far right) designed simply to emphasize
the trend.

paper (Freedman et al. 2001, uncorrected for metallicity); and
we updated the flow-corrected velocities using the WEB tool
provided by NASA/IPAC Extragalactic Database (adopting a
Hubble constant of 73 km s−1 Mpc−1), which provides cor-

rections for perturbations caused by Virgo, the Great Attrac-
tor, and the Shapley Supercluster. For the three galaxies in the
Virgo Cluster we used a single velocity appropriate to the clus-
ter as a whole (957 km s−1). Likewise for the two galaxies
in the Fornax Cluster we use a corrected recession velocity of
1306 km s−1.

Figure 5 shows the correlation of deviations in the Hubble
diagram (read off as deviations in distance modulus) plotted as
a function of the H ii region [O/H] abundances, measured at the
same radial distance as the Cepheids. There is a considerable
amount of residual scatter, presumably due to random errors
in the Cepheid distances combined with additional peculiar
velocities of the parent galaxies over and above the cluster-
induced flows. A formal regression gives the following solution:
δµo(Cepheid–Hubble flow) = −0.17(±0.31)([O/H] − 8.80) −
0.21(±0.10 mag), indicating a mild dependence on metallicity
(with the opposite sign from the dependence found in the
earlier tests in this paper, and opposite in sign to the effect
reported by Romaniello et al. 2008), but with extremely weak
statistical significance. We conclude that the peculiar velocities
of these nearby Cepheid galaxies are sufficiently large, and that
the sample of galaxies with Cepheid distances is sufficiently
small, that this test cannot currently provide a robust test of the
metallicity effect.

4

Freedman et al. (2011)

 ⛔ Should not be done ⚠

• Issues:  

- LMC Cepheid metallicity: narrow 
distribution (Romaniello et al. 2022)   

Δ [Fe/H] ~ 0.3 dex 

- error bars likely underestimated

Romaniello et al. (2022)
Metallicities of LMC Cepheids

𝛄 < 0 and 𝛄 > 0  
(depending on filter)

Past measurements of the metallicity effect and their limits



Gieren et al. (2018) 

• Sample: MW + LMC + SMC Cepheids 

• Method: PL intercepts with fixed slope, 
distances from Baade-Wesselink method 

W. Gieren et al.: The e↵ect of metallicity on the Cepheid PL relations

Fig. 5. Period-luminosity relation in the K band for the SMC Cepheids.
The line represents the LMC slope as determined by Macri et al. (2015)
shifted to match the SMC. A typical error bar is shown in the lower
right.

Fig. 6. Period-luminosity relation in the V, (V � I) Wesenheits index
for the SMC Cepheids. The line represents the slope as determined by
Storm et al. (2011a) for their combined sample, shifted to match the
SMC. A typical error bar is shown in the lower right.

log P = 1.18 is close to the mid-point of the period range under
investigation. In this way the zero point errors are minimized
and they are the least correlated with errors in the derived slopes.
These relations can be found in Table 7 together with the rela-
tions which we have redetermined for the Milky Way and LMC
samples from Storm et al. (2011a). From the table it is clear that
the slopes of the PL relations in the three di↵erent galaxies are
in excellent agreement which justifies the assumption of a com-
mon, metallicity-independent slope of the PL relation is each
band. In Figs. 7 and 8 we have overplotted the data from the
three samples in the K band and the Wesenheit V, (V � I) index.
It can be seen that the slopes of the di↵erent samples appear very
similar, but also that there are small shifts of the zero points.

To determine the zero point o↵sets between the three sam-
ples we adopted a slope for the given band and fit the three
samples individually. We thus obtained three di↵erent zero point
values which we list as � in Table 8. We adopted the LMC
zero point as the reference and subtracted it from the SMC
and MW zero points, respectively, to derive �M. In the V

Fig. 7. K-band PL relation for the SMC stars (black) overplotted on the
Milky Way (blue triangles) and LMC (red squares) samples.

Fig. 8. Wesenheit V, (V � I) index PL relation for the SMC stars (black)
overplotted on the Milky Way (blue triangles) and LMC (red squares)
samples.

Table 7. Period-luminosity relations for the three di↵erent samples and
for each band the form M = ↵(log P � 1.18) + �.

Band Galaxy ↵ �(↵) � �(�) Std.dev.

MK SMC �3.179 0.141 �6.081 0.046 0.24
MK LMC �3.282 0.087 �6.225 0.036 0.21
MK MW �3.258 0.092 �6.268 0.030 0.23
MJ SMC �2.856 0.169 �5.612 0.055 0.29
MJ LMC �3.220 0.090 �5.750 0.037 0.21
MJ MW �3.114 0.092 �5.802 0.030 0.23

WJK SMC �3.401 0.133 �6.404 0.043 0.23
WJK LMC �3.324 0.089 �6.552 0.036 0.21
WJK MW �3.357 0.097 �6.589 0.032 0.24
MV SMC �2.705 0.177 �4.238 0.057 0.30
MV LMC �2.775 0.111 �4.499 0.045 0.26
MV MW �2.615 0.100 �4.457 0.033 0.25
MI SMC �2.934 0.156 �5.064 0.051 0.27
MI LMC �3.021 0.101 �5.280 0.041 0.21
MI MW �2.664 0.098 �5.293 0.031 0.21

WVI SMC �3.287 0.148 �6.338 0.048 0.25
WVI LMC �3.411 0.112 �6.484 0.046 0.24
WVI MW �3.084 0.117 �6.562 0.037 0.25

mag mag mag
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Gieren et al. (2018)

• Issues:  

- small sample (~30 Cepheids in each galaxy) 
- uncertainty on value of the "projection factor"

𝛄 = –0.2 mag/dex

⚠  Distances are highly unreliable  ⚠

Past measurements of the metallicity effect and their limits



Ripepi et al. (2026) 

• Sample: MW Cepheids with Gaia DR3 parallaxes 

• Method: fit PLZ relation in Milky Way (3 free parameters)

𝛄 ~ –0.36 mag/dex

Trentin et al. 
(2026)

𝛄  (ma
g/

de
x)

Ripepi et al. (2026)

Past measurements of the metallicity effect and their limits

• Issues:  

- few Cepheids with very high/low metallicity 

- lower parallax SNR for low metallicity Cepheids    
because at larger distances

Ripepi et al. (2026)

SNR < 5



Madore & Freedman (2023, 2025) 

• Sample/Method: Cepheid and TRGB 
distances to ~30 nearby galaxies

Past measurements of the metallicity effect and their limits

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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𝛄 ~ 0

𝛄 = –0.25

𝛄 = 0 

SMC 
core  
only

Gaia  
official  

correction

• Issues:  

- old & inhomogeneous data 

- assumes that TRGB method does not 
depend on metallicity

- unusual treatment of Gaia parallaxes 

- SMC full sample (depth effect)



MAIN LIMITATIONS: 

➞  narrow metallicity range ( Δ [Fe/H] > 0.5 dex is preferred ) 

➞  imprecise distances (BW technique, Gaia DR2) 

➞  Magellanic Clouds geometry

TO PERFORM THE BEST CALIBRATION: 

➞  use full light curves instead of random epoch magnitudes (true average magnitudes) 
➞  avoid to combine different photometric systems (photometric ZP) 
➞  use recent and consistent metallicities ([Fe/H] or [O/H]) and photometry

✅   use the largest metallicity range available by combining MW, LMC and SMC Cepheids

✅   use Gaia DR3 parallaxes with Lindegren et al. (2021) zero-point and additional -14 μas 
correction recommended for Cepheids (Riess et al. 2021)

✅   apply geometry correction in LMC and SMC to reduce PL scatter  
✅   avoid the use of Cepheids too far from the center (make a cut of the central region) 

Metallicity effect: lessons & requirements for a precise calibration



MW:  [Fe/H] = +0.085 dex 
LMC: [Fe/H] =  -0.407 dex  
SMC: [Fe/H] =  -0.750 dex

Cepheid Period-Luminosity (P-L) relation in three galaxies of 
different chemical composition (Breuval et al. 2021) 𝛾 = -0.27 ± 0.06 mag/dex

MW

LMC

SMC

Using the largest metallicity range: the MW–LMC–SMC sample



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

• No wavelength dependence

Breuval et al. (2022)

WG

WVI

WJK

WVK

WH

A Dependence with Wavelength?



background is measured from the mean pixel value (not
the mode of the background pixels) in an annulus
centered on the Cepheids. This approach does not depend
on artificial-star measurements to determine the variable
background because the pixels in the annulus include the
mean source contribution to the background. We compare
the photometry and find good agreement in their
means with a difference (PSF minus aperture) of

0.008±0.010 mag for the Cepheids in SN Ia hosts and
0.002±0.030 mag for the Cepheids in NGC 4258.

There are a number of strong tests of the accuracy of the
background estimates presented here.

1. The Cepheids in NGC 4258 have a similar mean level of
crowded backgrounds as in the SN Ia hosts (see Figure B2),
almost fully negating a systematic underestimate or

Figure 24. Comprehensive error budgets for six iterations of the SH0ES measurement of H0 including this one (2022) and the Key Project from 2001 (Freedman
et al. 2001). The greatest improvement here is realized by the increase in the number of SN calibrators, to decrease all terms to <1%. The combined error is indicated
by horizontal dashed lines.
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The Cepheid Metallicity Dependence in the H0 Error Budget

Riess et al. (2022)



Nearby Cepheids:  
[Fe/H] or [O/H] from direct spectra 

measurements (individually) 

Distant Cepheids:  
[O/H] from HII regions 

➞  Excellent agreement between 
Cepheid spectra and HII regions

The second is the PP04 O3N2 diagnostic, which uses the
dereddened abundances of [O III] λ5007 relative to Hβ λ4861
and [N II] λ6583 relative to Hα λ6563 to measure the log of the
ratio of [O III] to [N II], O3N2, with the calibration 12+
log [O/H]= 8.73− 0.32×O3N2. The difference between
the Z94 diagnostic and the PP04 O3N2 diagnostic is very
nearly constant, reducing the oxygen abundance scale by
0.23 dex (0.235 dex at Z94 >9.0 and 0.222 at <8.8). The PP04
conversions of Teimoorinia et al. (2021) are valid for oxygen
abundance on the Z94 scale >8.35, encompassing all Cepheid
hosts, with a typical stated precision of 0.03 dex. This change
not surprisingly mirrors the drop in solar abundance of 0.24 dex
from the revisions of Asplund et al. (2005, 2009) and the
related recalibration of strong-line diagnostics. For this reason,
it has made little difference for Cepheid measurements whether
to use the prior Z94 calibration referenced to the Anders &
Grevesse (1989) solar abundance or the revised (mean of) the
recent systems referenced to the Asplund et al. (2005, 2009)
solar abundance.

When calibrating Cepheids in SN Ia hosts to those in
NGC 4258, both sets of metallicities are derived using the same
strong-line abundance scale so that differences in abundance
calibration do not affect the difference in abundance. However,
LMC and MW Cepheid abundances are generally measured
through direct spectroscopy of the stars, so when these
calibrators are employed it is important to test the consistency
of direct and indirect methods for measuring Cepheid
abundances. This is most readily accomplished in the MW
where both measures are available. Luck & Lambert (2011)
provide oxygen abundances for 219 MW Cepheids on the
Asplund et al. (2005) solar calibration of 8.69 from which they
measured a gradient of 12 + log [O/H]= 9.303 (±0.028)−
0.056(±0.003) dex kpc−1 as shown in Figure C1.

To compare to these, we derived the strong-line abundances
from the three largest samples of MW H II regions from
Esteban et al. (2017), Esteban & García-Rojas (2018), and

Arellano-Córdova et al. (2021). We used the tabulated values
of [O III] λ5007, Hβ, Hα, and [N II] λ6583 in those references
to calculate the ratio O3N2 and from that the PP04 calibration
to determine 12 + log [O/H] as shown in Figure C1. The
abundance gradient from the Cepheids as seen in that figure is a
good match to the H II regions. A formal fit gives the PP04
stellar scale = 0.035± 0.06 dex. From the Teimoorinia et al.
(2021) transformations we find the mean difference between
the PP04 and the nine recent systems, PP04−ave= 0.047 dex,
demonstrating that the average of the nine systems is right on
the stellar scale to a precision of ∼0.06 dex. In Section 3.5,
Equation (9), we employ a metallicity covariance in the fit
covariance matrix measured as the difference between the mean
of the metallicity diagnostics and the PP04 O3N2 diagnostic,
which propagates both a 0.05 dex scale uncertainty, and also
the differences that depend on the range of metallicity and rise
to 0.1 dex at 12 + log [O/H] = 8.8 (i.e., [O/H] =+0.11) and
up to 0.15 dex at 9.0. We also present the determination of H0
on both reference systems as well for the exclusion of any
dependence of Cepheid luminosity on metallicity to bracket the
full range.

Appendix D
Use and Misuse of Wesenheit Magnitudes

The Wesenheit magnitude used to measure distances in
Equation (7) is not a conventional magnitude (i.e., not a ratio of
flux to a standard star), but rather a “dereddened magnitude”
(see Appendix C of Madore & Freedman 1991 for a review),
the ratio of two standardized candles with the same fiducial
luminosity would be expected to have in the absence of
reddening. The Wesenheit formalism takes advantage of the
candles having the same mean luminosity and color (before
being reddened by dust) to preserve their difference in distance
(in magnitudes) without requiring knowledge of either the
(absolute) intrinsic luminosity or color.

Figure C1. Comparison of oxygen abundance gradients in the MW inferred by spectra of Cepheids (blue) and from the PP04 calibration of H II regions (black) with
data sources indicated in the plot. The mean levels are found to be consistent to σ < 0.1 dex, and we propagate systematic differences in scales in the covariance
matrix (as discussed in the text).
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Milky Way

Comparison between the two methods for Milky Way Cepheids:

   Conclusion on the metallicity dependence:  

➞  Was the main systematic for decades because early H0 measurements relied on LMC as only anchor. 

➞  The exact value of 𝛄 has very little impact for H0 (< 0.8 km/s/Mpc when using the most extreme 𝛄). 
➞  Consensus on the value and sign of 𝛄, confirmed with models.

How to measure Cepheid metallicities across the Distance Ladder?


