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1. Measuring distances in the Universe 



"It is worthy of notice that the brighter variables have the longer periods." (H. Leavitt)

First Period-Luminosity relation calibrated by Henrietta  
Leavitt in the SMC (Leavitt & Pickering 1912)
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1. Measuring distances in the Universe

Photographic plate of the SMC  
studied by Henrietta Leavitt

Henrietta Leavitt (1908)



1. Measuring distances in the Universe

‣ 1920: "The Great Debate" between Harlow Shapley and 
Heber Curtis.

Edwin Hubble and the 2.5m telescope  
at Mount Wilson Observatory

Relation between galaxies distance and velocity (Hubble 1929)
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from spectroscopy

from Cepheids

‣ 1929: Edwin Hubble discovered that the velocity of galaxies increases with their distance. 
The Universe is expanding!



CLASSICAL CEPHEIDS

Pulsation period 2 - 100 days

Mass 4 - 15 M⊙ 

Luminosity 10,000 - 100,000 L⊙

Radius 10 - 100 R⊙

Type giant, supergiant

Class F, G, K

Temperature 4,000 - 8,000 K

Metallicity Metal rich

Luminosity variation 0.5 - 2 mag
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1. Measuring distances in the Universe

Hertzsprung-Russell diagram (Breuval 2021, PhD thesis)



The distance scale (Credit: NASA, ESA, A. Field, STScI and A. Riess, STScI/JHU).

1. Measuring distances in the Universe

Step 2: use Cepheids 
to calibrate type Ia 
supernovae (SN-Ia) 
in nearby galaxies

Step 1: calibration of the P-L relation with 
nearby Cepheids (e.g. parallaxes of Milky 
Way Cepheids, eclipsing binaries distances 

in the Magellanic Clouds...)

Step 3: For distant galaxies in the 
Hubble flow, measure the redshift 
to obtain the velocity and measure 

the distance using SN-Ia.

v = H0 d
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The tension on the  
Hubble constant  

(Breuval 2021, PhD thesis)

Gaia
Hubble  
Space  

Telescope

WMAP Planck



1. Measuring distances in the Universe

‣ The calibration of the Cepheid PL relation requires very precise distance measurements, since it has 
strong consequences on the distance scale and the Hubble constant. 

‣ Systematic effects on the physics of Cepheids, on distance measurements, photometry or on the PL 
calibration itself, must be understood and taken into account in the determination of SN Ia distances. 

Outline of the presentation 

2 - Calibration of the Cepheid Leavitt law in the Milky Way 

Astrometry with the Gaia mission 
Calibration of the PL relation in the MW with Gaia parallaxes 

Re-evaluation of the Hubble constant 

3 - The effect of metallicity on the Leavitt law 

The PL relation in the Milky Way and Magellanic Clouds 
Calibration of the metallicity effect on the PL relation 
Dependence of the metallicity effect on wavelength 

4 - Perspectives and future projects 

Gaia, HST, JWST...



2. Calibration of the Cepheid Leavitt law  
in the Milky Way



2. Calibration of the Cepheid Leavitt law in the Milky Way

Cepheids before the Gaia era: 

‣ Hipparcos satellite: large number of stars but low precision parallaxes.  
(Van Leeuwen+ 2007) 

‣ Hubble Space Telescope: good precision parallaxes (spatial scanning) but small number of stars.  
(Benedict+2007, Riess+2018) 

Gaia before launch (Credit: ESA, Astrium France)

Cepheids with Gaia:  

‣ ~10,000 Cepheids with high-precision 
astrometry! 

‣ Radial velocities (DR3) 

‣ G, BP, RP multi-epoch photometry (broad 
optical bands) 



2. Calibration of the Cepheid Leavitt law in the Milky Way

Main issues with Gaia parallaxes 

‣ Parallaxes are subject to a zero-point offset 

‣ Saturation: Cepheids are very bright stars  
(3 < G < 10 mag) 

‣ Color variation during a pulsation cycle      
(Δ BP-RP up to 0.5 mag)

Solutions 

Zero-point correction proposed by Lindegren+ 
2021: takes into account the magnitude, color 
and position of the sources. (Other correction 
proposed by Groenewegen 2021) 

Adopt the RUWE < 1.4 criterion to eliminate 
unreliable parallaxes. 

Find faint companion stars in the close 
neighbourhood of Cepheids, adopt their 
parallaxes. 

Find non-variable stars  in the close 
neighbourhood of Cepheids, adopt their 
parallaxes. 
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Cepheids with close companions                

‣ Kervella et al. (2019b): 22 Cepheids with resolved companions 

‣ not variable, unsaturated (~6 mag fainter than Cepheids) 

‣ not sensitive to flux contamination by the Cepheid 
Proper motion of ! Cep and its  

companion (Kervella et al. 2019b)

G-band apparent magnitude of Cepheids and their companions as a function of Gaia EDR3 parallax 
(Breuval 2021, PhD thesis)



2. Calibration of the Cepheid Leavitt law in the Milky Way

P-L relation in the K-band for Gaia EDR3 parallaxes of Cepheids (top) and of companions (bottom) 
(Breuval 2021, PhD thesis)

Cepheid parallaxes             

Companion parallaxes             



2. Calibration of the Cepheid Leavitt law in the Milky Way

Proper motion of the Cepheid CF Cas and its host 
open cluster NGC 7790 (Breuval et al. 2020)

Cepheids in open clusters                

‣ Cross-match (", #, $, %#, %$) between the open clusters from 
Cantat-Gaudin et al. (2018) and MW Cepheids: 20 candidates. 

‣ Cluster members are not variable and are fainter than Cepheids. 

‣ Gain in precision by averaging over the cluster members. 
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Averaging the parallaxes over the numerous members of the OC gives a particularly precise
parallax for the cluster. However, one limitation of using clusters to derive the distance to Cepheids
is that the parallaxes of the members are strongly correlated due to their small angular separation
in the sky: this e↵ect must be included in the estimation of the error of the cluster mean parallax.
The detailed calculation of the uncertainties of a mean cluster parallax is given in Sect. 2.3.2.1. The
sample of cluster Cepheids adopted in B20 is re-analyzed in Sect. 2.3.2.2 with Gaia EDR3 data, and
additional associations of Cepheids and OCs from the literature are finally discussed in Sect. 2.3.2.3.

2.3.2.1 Open Cluster mean parallaxes and uncertainties

The total uncertainty of the mean parallax for a cluster hosting N member stars is defined by Linde-
gren (2018b) as:

�2
total =

1
N

"
k2h�2

i i + V$(0)
#
+

N � 1
N
hhV$(✓i j)ii (2.13)

where k is an overestimation factor, �i are the statistical errors on each individual parallax from the
Gaia catalog, ✓i j is the separation between each couple of member stars and V$(✓i j) is the spatial
covariance function. The operator h i represents the sum over the N cluster members and the operator
hh ii is the sum over the N(N � 1)/2 non-redundant pairs of member stars. The first term of Eq. 2.13
strongly depends on the number of member stars N and on their magnitude G, while the second term
depends on the spatial distribution of the sources.

For Gaia DR2, the spatial covariance function was provided in µas2 on the ESA DR2 Known
issues webpage6. Lindegren (2018b) gives k = 1.08 for the overestimation factor, and V$(0) = �2

s
is the variance of the systematic error, with �s = 0.043 mas for G > 13 mag and �s = 0.021 mas for
G < 13 mag.

For Gaia EDR3, the multiplicative constant k was computed by Fabricius et al. (2021) and
is represented in their Fig. 19. For 5-parameter solutions, it can be approximated by the following
expression: 8>>>>>>>>><

>>>>>>>>>:

k = 1.6 G < 12
k = 1.8 12 < G < 13
k = 1.4 13 < G < 14
k = 1.3 14 < G < 16
k = 1.2 16 < G

It is slightly higher for 6-parameter solutions, however in the clusters of this study the number of stars
with 6-parameters solutions is close to zero. A similar expression for k is provided in Maíz Apellániz
et al. (2021) and yields smaller k values (Fig. 2.16), but the conservative estimate by Fabricius et al.
(2021) is adopted for safety.

Regarding the spatial covariance function V$(✓) for Gaia EDR3 parallaxes, no o�cial table is
available on the Gaia website so far, but several papers attempted to derive an analytical expression for
this function. Based on faint and distant quasars, Lindegren et al. (2021b) obtain for 0.5� < ✓ < 80�:

V$(✓) = (142 µas2) ⇥ exp(�✓/16�) (2.14)

This relation cannot be applied for the clusters of this study since the cluster radii range between 0.05�

and 0.3�. For a zero separation, they obtain V$(0) = 700 µas2, which is relatively high. On the other
6 Gaia Known issues webpage: https://www.cosmos.esa.int/web/gaia/dr2-known-issues

Gaia EDR3 view on Galactic globular clusters 5

Figure 3. Spatial covariance function for parallax as a function of
separation between sources V$(✓), estimated in four richest clus-
ters in di↵erent ranges of magnitudes: from G = 13 up to G = 18
(left), G = 19 (centre) or G = 21 (right panel), note that each
next range includes the previous one. Pairs of stars are binned
into 7� 15 distance bins; the uncertainties in each bin are driven
by measurement errors, which increase with magnitude. In all pan-
els, the values of V$(✓ = 0) are significantly di↵erent from zero,
but they increase with the inclusion of fainter stars.

functions in a number of ways, primarily based on the sam-
ple of ⇠ 106 quasars, which are found across the entire sky
(except the regions close to the Galactic disc), but are rela-
tively faint. They find V$(✓) ' 140µas2 on scales ⇠ 1�, and
possibly a few times higher in the limit of small separation,
although with a large statistical uncertainty limited by the
number of close pairs of quasars. On the other hand, LMC
stars are brighter and more dense, allowing them to extend
the covariance function to smaller separations, which turns
out to be ⇠ 3⇥ smaller than for quasars. Máız Apellániz et
al. (2021) carried out an independent analysis of quasars and
LMC stars, but restricted their sample to quasars brighter
than G = 19. They also obtained lower values for V$ in the
range 50�80µas2 for separations smaller than a few degrees,
and their LMC sample yielded a yet lower V$ ⇠ 10� 50µas2

for ✓ . 1�. All these findings suggest that the spatial cor-
relations are less prominent for brighter stars, but the de-
pendence of the covariance function on magnitude has not
yet been quantified (although Fardal et al. 2021 found that
the amplitude of the ‘checkerboard pattern’ in DR2 increases
by a factor of a few from bright to faint stars, qualitatively
similar to what we see in EDR3).
We explored the spatial covariance of parallaxes and PM

in the four richest clusters (NGC 104, 5139, 6397 and 6752),
using only the 5p stars that pass all quality criteria, but con-
sidering di↵erent magnitude ranges. Figure 3 shows that the
binned covariance functions have a similar behaviour for all
clusters, and its limiting value at ✓ = 0 does depend on the
magnitude cuto↵, increasing towards fainter magnitudes. The
value for bright stars (13 < G < 18) is V$(0) ' 50µas2, con-
sistent with the findings of Máız Apellániz et al. (2021), and a
few times large if we consider all stars. Due to a finite spatial
extent of cluster members, the estimated covariance function
drops to zero or negative values at separations ✓ & 0.2� 0.3�

comparable to the size of the cluster, which does not reflect its
true behaviour on large scales (in other words, the systematic
error may have spatial correlations on larger scales, but they
would be the same for all cluster members and hence simply
shift the mean $, which is subtracted before computing V$).

We thus augment our estimates of V$(✓) with the ones from
Lindegren et al. (2021a) and Máız Apellániz et al. (2021) for
✓ & 0.2�, while introducing an overall magnitude-dependent
normalization factor. Our approximation is

V$(✓, G) =
�
50/(1 + ✓/0.3�) + 70 exp

⇥
� ✓/30� � (✓/50�)2

⇤ 

⇥max(G� 17, 1) µas2,

(1)

where G is the magnitude of the brighter star in the pair.
We do not use the same functional form as Máız Apellániz
et al. (2021) since the latter is unphysical (a valid covariance
function must have a non-negative angular power spectrum,
i.e., Legendre integral transform), but instead reproduce the
overall trends with a di↵erent function.
To conduct a similar analysis for the PM covariance func-

tion, we relied on the assumption (tested later in Section 6)
that the radial component of PM is entirely caused by per-
spective e↵ects, thus after subtraction of these it should be
zero on average. Unfortunately (in this context), unlike paral-
lax, the intrinsic dispersion of PM is significantly larger than
measurement errors, thus reducing the statistical significance
of the estimated Vµ(✓). Nevertheless, we obtain a reasonably
consistent limiting value Vµ(0) ' 400 [µas yr�1]2 for all clus-
ters and magnitude ranges; combined with the larger-scale
trends from Lindegren et al. (2021a), we approximate

Vµ(✓) = 400/(1+✓/0.3�)+300 exp(�✓/12�) [µas yr�1]2. (2)

These covariance functions yields a systematic uncertainty
✏$ ' 0.011 mas and ✏µ ' 0.026 mas yr�1 in the limit of
small separations, which should be viewed as the irreducible
systematic floor on the precision of parallax and PMmeasure-
ment for any compact stellar system. The overall uncertainty
(statistical and systematic combined) for a given selection
of cluster members is derived using the method described
in Vasiliev (2019c), and may be smaller than these values if
a cluster spans more than a fraction of a degree on the sky.
Máız Apellániz et al. (2021) discuss a similar method for com-
bining statistical and systematic uncertainties, but in their
equations 5–7, the overall error is dominated by the largest
values of V$(✓), whereas our method essentially sums up the
values of the inverse covariance matrix, and therefore puts
more emphasis on stars with smallest spatial covariances. In
practice, though, the di↵erence should be minor.
Apart from confirming the systematic error, we also find

that the formal statistical uncertainties are somewhat under-
estimated. This is most easily manifested in the distribution
of parallaxes for cluster members: the intrinsic spread of $
is negligibly small even for the closest clusters (. 10�3 mas),
and hence we should expect the uncertainty-normalized de-
viations from the mean parallax for each star, ($i�$)/✏$,i,
to follow a standard normal distribution. Figure 4 shows the
distribution of these measurements for one of the richest clus-
ters, NGC 5139 (! Cen), split into several groups by stellar
magnitude and distance from the cluster centre. It is clear
that even for the “clean” subset of stars that satisfy all qual-
ity criteria, the distribution has more prominent tails than a
Gaussian, at least in the central regions with high density of
stars. We may quantify this e↵ect by assuming that the actual
(externally calibrated) measurement uncertainty ✏̃$ is given
by the scaled formal uncertainty, summed in quadrature with

MNRAS 000, 000–000 (0000)

Vasiliev & Baumgardt (2021)Breuval (2021, PhD thesis)
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P-L relation in the K-band for Gaia EDR3 parallaxes of Cepheids (top) and of clusters (bottom) 
(Breuval 2021, PhD thesis)

Cepheid parallaxes             

Cluster parallaxes             
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H0 estimates from different distance indicators (Riess et al. 2016)

Re-evaluation of the Hubble constant  
in the Milky Way
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2.4 Implications on the Hubble constant

As discussed in Chapter 1, the Cepheid P-L relation is the first rung of the extragalactic distance
ladder: it is used to calibrate the luminosity of SN-Ia and to measure the current expansion rate of
the Universe, called the Hubble constant and noted H0. In this section, I evaluate the implication of
my calibration of the Leavitt law, obtained with Gaia EDR3 parallaxes, on the value of the Hubble
constant. For this purpose, I extract from the literature a Hubble constant that was derived with non-
Gaia parallaxes, and replace them by the Gaia EDR3 parallaxes of my sample. The revised Hubble
constant estimate is written as:

H0,Gaia =
$Gaia

$predicted
H0, init. (2.36)

where $Gaia are the Gaia EDR3 parallaxes of the Cepheid companions and host open clusters used
in this work and $predicted are the parallaxes predicted by the P-L relation adopted for the estimation
of the Hubble constant H0, init., derived with non-Gaia parallaxes.

Riess et al. (2016) calculated the Hubble constant by combining several distance indicators,
also called anchors, on di↵erent scales: Milky Way Cepheids, water masers in NGC 4258 and de-
tached eclipsing binaries in the LMC and in M31. They derived a H0 value for each individual anchor
and finally assembled them into a final value of 73.24 ± 1.74 km/s/Mpc, associated with the global
P-L relation in the Wesenheit WH band, provided in Riess et al. (2018a):

MW
H (all anchors) = �3.26 (log P � 1) � 5.93 (2.37)

In order to re-evaluate the Hubble constant from this work by adopting the recent Gaia EDR3
parallaxes, I only consider the contribution from the Milky Way anchor in Riess et al. (2016), which
gives H0 = 76.18 ± 2.37 km/s/Mpc. It was obtained using parallaxes of 15 Galactic Cepheids: 10
measured by HST/FGS (Benedict et al. 2002, 2007), three from Hipparcos (van Leeuwen 2007) and
two Cepheids with HST/WFC3 spatial scanning parallaxes (Riess et al. 2014; Casertano et al. 2016). I
adopt H0, init. = 76.18±2.37 km/s/Mpc. The P-L relation associated to the Hubble constant anchored
only to the MW is obtained by adding an o↵set �MW

H to the intercept of Eq. 2.37, such that:

MW
H (MW Cepheids) = �3.26 (log P � 1) � 5.93 + �MW

H (2.38)

Parallaxes, which vary as H0 (Eq. 2.36), are related to magnitudes by: $ / 10 0.2M. Therefore the
o↵set can be derived by:

H0 (MW Cepheids)
H0 (all anchors)

= 10 0.2�MW
H (2.39)

With H0 (MW Cepheids) = 76.18 ± 2.37 km/s/Mpc and H0 (all anchors) = 73.24 ± 1.74 km/s/Mpc,
the o↵set is �MW

H = 0.085 mag and the P-L relation associated to the MW anchor is:

MW
H (MW Cepheids) = �3.26 (log P � 1) � 5.85 (2.40)

This relation is represented by the red line in Fig. 2.28, where it can be compared with my P-L calibra-
tion in the WH band based on companion stars and open clusters. Although the slopes di↵er by 0.13
mag, it is in relatively good agreement with my calibration, especially at short periods (log P < 1).

For each Cepheid having either a companion star or a host open cluster, the parallax predicted
by the MW Cepheid P-L relation (Eq. 2.40) is given by:

5 log$predicted = MW
H (MW Cepheids) �mW

H + 10 (2.41)

Apparent magnitudes in the Wesenheit band mW
H are derived from the combination of ground-based

magnitudes provided in Sect. 2.3.3 and are corrected for the count rate non-linearity e↵ect, described
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magnitudes provided in Sect. 2.3.3 and are corrected for the count rate non-linearity e↵ect, described

(Riess et al. 2018)

MW: 32 Gaia EDR3 parallaxes (Breuval 2021, PhD thesis) 73.47 ± 1.77

‣ More consistent with other estimates from different distance indicators. 
‣ Still in 3.3& tension with the Planck prediction. 
‣ Need to include systematics due to Gaia EDR3 parallax zero-point ( < 1.5 km/s/Mpc ).



2. Calibration of the Cepheid Leavitt law in the Milky Way

Summary 

‣ Calibration of the PL relation with companions stars and host open clusters. 

‣ Avoid issues due to saturation and color variation. 

‣ Results: low dispersion of the PL relation (~ instability strip). 

‣ Re-evaluation of the Hubble constant: consistent with other distance indicators, still 3.3& from Planck. 

Limitations 

‣ Companions are often too faint for precise parallax measurements. 

‣ Open clusters are limited by angular correlations. 

‣ Photometry from ground-based telescopes: need consistency with extragalactic Cepheids (HST) 

‣ Reddening corrections: NIR is less sensitive (or use Wesenheit indices). 

‣ Gaia EDR3 zero-point systematic, although better estimated now. 

‣ Other systematics: the effect of metallicity.



3. The effect of metallicity on the Leavitt Law
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conclude that it does not produce an impediment to measuring
H0 to 1%. Higher resolution imaging in the future from James
Webb Space Telescope or large ground-based telescopes with

adaptive optics may allow for measuring the fraction of
Cepheids in clusters in more distant galaxies.

5.2. Prospects for Reducing the H0 Uncertainty: SN Statistics
and Systematics

As shown in Table 6 and Figure 5, with the new LMC
anchor measurements in hand, the single largest source of
uncertainty in H0 now lies in determining the mean luminosity
of the SN Ia calibrators. Future reductions in the uncertainty in
H0 will require increasing the number of these calibrations. The
sample in R16 had 19 calibrators that were chosen according to
SN Ia light-curve quality requirements and for their presence in
nearby (z�0.01), late-type, globally star-forming, nonedge on
hosts that would thus be expected to yield a good sample of
Cepheids. New observations with HST by the SH0ES program
are underway, which will double this sample to 38 calibrators,
making the sample complete to z∼0.011, and will reduce the
uncertainty in this term by 2 and the likely overall error on H0
to ∼1.5%.
With the prospect of reaching subpercentage uncertainty in

the mean of SN Ia calibrators, even greater attention must be
given to controlling potential systematic uncertainties in the
measurement of SN Ia distances. One path to both better
standardize SNIa brightnesses and control systematics has
been to search for additional observables that may correlate
with distance residuals beyond light-curve shapes (Phil-
lips 1993) and colors (Riess et al. 1996; Tripp 1998; Phillips
et al. 1999). As the statistical leverage of larger and better
calibrated SN samples has grown (Betoule et al. 2014; Scolnic
et al. 2018), evidence has arisen of an environmental parameter
that appears to correlate with SN distance residuals, albeit at a
lower level than the preceding SN parameters. The most widely
used form for this environmental parameter is to use the host
galaxy mass as done by nearly all recent cosmology analyses
including those from the SNLS (Sullivan et al. 2011), the Joint
SNLS-SDSS Light Curve Analysis (JLA; Betoule et al. 2014),
Pan-Starrs (Rest et al. 2014; Scolnic et al. 2014, 2018; Jones

Table 6
Recent H0 Error Budgets (%)

Term Description Riess+ (2016) Here

LMC MW 4258 LMC MW 4258

σμ,anchor Anchor distance 2.1 2.1 2.6 1.2 1.5 2.6
σPL,anchor Mean of P–L in anchor 0.1 L 1.5 0.4 L 1.5
Rσλ,1,2 Zero-points, anchor-to-hosts 1.4 1.4 0.0 0.1 0.7 0.0
σZ Cepheid metallicity, anchor-hosts 0.8 0.2 0.2 0.9 0.2 0.2

Subtotal per anchor 2.6 2.5 3.0 1.5 1.7 3.0

All Anchor subtotal 1.6 1.0

s nPL Mean of P–L in SNIa hosts 0.4 0.4
s nSN Mean of SNIa calibrators (# SN) 1.3 (19) 1.3 (19)
σm−z SNIa m–z relation 0.4 0.4
σPL P–L slope, Δlog P, anchor-hosts 0.6 0.3

Statistical error, sH0 2.2 1.8

Analysis systematicsa 0.8 0.6

Total uncertainty onsH0 [%] 2.4 1.9

Note.
a Systematic errors calculated as standard deviation of 23 analysis variants presented in R16, given here as 1.48*median[abs(variants-mean(variants))].

Figure 5. Evolution of error budgets for SH0ES distance ladder and a
comparison to the HST Key Project Freedman et al. (2001). Each error source
(length of bar) contributes in quadrature (its square) to the total error, thus
larger errors will be more dominant than the visual (linear) comparison
suggests.
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Figure 1.15: Evolution of the error budget on H0: comparison of the HST Key Project results (Freed-
man et al. 2001) and the recent results by the SH0ES team (Source: Riess et al. 2019a).

that are both hosting SNe Ia and within reach of the best telescopes for measuring Cepheid distances.
The evolution of the various contributors to the H0 error budget over the past 20 years is displayed in
Fig. 1.15, taken from Riess et al. (2019a).

In this thesis, I will focus on the improvements of the Cepheid distance scale in the Milky
Way and in the Magellanic Clouds. Decades of research on the P-L relation still have not resulted
in a precise and accurate calibration. Even in the Gaia era, various systematics are still a↵ecting the
Leavitt law and limiting its precision. The e↵ect of chemical composition on Cepheid magnitudes is
still poorly understood and likely introduces a bias on the P-L zero point. This point is discussed in
details in Chapter 3.

Additionally, interstellar dust obscures the light of Cepheids and makes the objects appear
redder than they actually are. This e↵ect is called "extinction" and should be corrected when measur-
ing apparent magnitudes. It also contributes to the scatter of the P-L relation, especially in the optical
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Figure 1.15: Evolution of the error budget on H0: comparison of the HST Key Project results (Freed-
man et al. 2001) and the recent results by the SH0ES team (Source: Riess et al. 2019a).

that are both hosting SNe Ia and within reach of the best telescopes for measuring Cepheid distances.
The evolution of the various contributors to the H0 error budget over the past 20 years is displayed in
Fig. 1.15, taken from Riess et al. (2019a).

In this thesis, I will focus on the improvements of the Cepheid distance scale in the Milky
Way and in the Magellanic Clouds. Decades of research on the P-L relation still have not resulted
in a precise and accurate calibration. Even in the Gaia era, various systematics are still a↵ecting the
Leavitt law and limiting its precision. The e↵ect of chemical composition on Cepheid magnitudes is
still poorly understood and likely introduces a bias on the P-L zero point. This point is discussed in
details in Chapter 3.

Additionally, interstellar dust obscures the light of Cepheids and makes the objects appear
redder than they actually are. This e↵ect is called "extinction" and should be corrected when measur-
ing apparent magnitudes. It also contributes to the scatter of the P-L relation, especially in the optical
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measurement of SN Ia distances. One path to both better
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Figure 1.15: Evolution of the error budget on H0: comparison of the HST Key Project results (Freed-
man et al. 2001) and the recent results by the SH0ES team (Source: Riess et al. 2019a).

that are both hosting SNe Ia and within reach of the best telescopes for measuring Cepheid distances.
The evolution of the various contributors to the H0 error budget over the past 20 years is displayed in
Fig. 1.15, taken from Riess et al. (2019a).

In this thesis, I will focus on the improvements of the Cepheid distance scale in the Milky
Way and in the Magellanic Clouds. Decades of research on the P-L relation still have not resulted
in a precise and accurate calibration. Even in the Gaia era, various systematics are still a↵ecting the
Leavitt law and limiting its precision. The e↵ect of chemical composition on Cepheid magnitudes is
still poorly understood and likely introduces a bias on the P-L zero point. This point is discussed in
details in Chapter 3.

Additionally, interstellar dust obscures the light of Cepheids and makes the objects appear
redder than they actually are. This e↵ect is called "extinction" and should be corrected when measur-
ing apparent magnitudes. It also contributes to the scatter of the P-L relation, especially in the optical
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Figure 1.15: Evolution of the error budget on H0: comparison of the HST Key Project results (Freed-
man et al. 2001) and the recent results by the SH0ES team (Source: Riess et al. 2019a).

that are both hosting SNe Ia and within reach of the best telescopes for measuring Cepheid distances.
The evolution of the various contributors to the H0 error budget over the past 20 years is displayed in
Fig. 1.15, taken from Riess et al. (2019a).

In this thesis, I will focus on the improvements of the Cepheid distance scale in the Milky
Way and in the Magellanic Clouds. Decades of research on the P-L relation still have not resulted
in a precise and accurate calibration. Even in the Gaia era, various systematics are still a↵ecting the
Leavitt law and limiting its precision. The e↵ect of chemical composition on Cepheid magnitudes is
still poorly understood and likely introduces a bias on the P-L zero point. This point is discussed in
details in Chapter 3.

Additionally, interstellar dust obscures the light of Cepheids and makes the objects appear
redder than they actually are. This e↵ect is called "extinction" and should be corrected when measur-
ing apparent magnitudes. It also contributes to the scatter of the P-L relation, especially in the optical

Error budget on the Hubble constant (Riess et al. 2019)



3. The effect of metallicity on the Leavitt Law

In the literature

‣ Empirically: mostly ' ≲ 0 from recent studies.

‣ Theoretical studies: mostly ' ≳ 0
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The e↵ect of metallicity on the P-L relation is generally represented as a third term in the
Leavitt law, such as:

M = ↵ (log P � log P0) + � + � [Fe/H] (3.3)

It is also defined as the variation of distance modulus �(m � M) between two sources that di↵er by
� [Fe/H] in metallicity:

� =
� (m � M)
� [Fe/H]

(3.4)

Various estimates of the metallicity e↵ect derived in di↵erent wavelengths during the past
twenty years are listed in Table 3.1. From the theoretical point of view, Bono et al. (1999), Caputo
et al. (2000), Bono et al. (2008) and Fiorentino et al. (2013) used masses and luminosities provided
by stellar evolutionary calculations as input parameters of nonlinear convecting models and predicted
a positive metallicity e↵ect (� > 0), which means that metal-rich Cepheids are fainter than metal-poor
ones at the same pulsation period. In the NIR, they derived that the P-L relation is almost independent
of metallicity, while in the V band the e↵ect is positive and relatively strong, with � = +0.40 mag/dex.
In the optical Wesenheit index WVI , Bono et al. (2008) also obtained a positive metallicity e↵ect of
+0.05 mag/dex. Similarly, Marconi et al. (2005) discussed the e↵ect of chemical composition on
Cepheid properties, not only considering the metal abundance but also the helium-to-metal enrich-
ment ratio. They derive a positive metallicity correction, in agreement with the results by Bono et al.
(2008). Conversely, Anderson et al. (2016b) used linear non-adiabatic models and derived an oppo-
site trend, with metal-poor Cepheids being fainter.

Empirically, early results by Kennicutt et al. (1998) already indicated an e↵ect of the opposite
sign with � = �0.24 ± 0.16 mag/dex in the optical, obtained by comparing two fields in the nearby
galaxy M101. The di↵erence in metallicity between the inner and outer field covered a range of 0.68
dex. The negative sign was confirmed by Sakai et al. (2004) and Macri et al. (2006) a few years
later. However, the work by Romaniello et al. (2008) contradicted these empirical studies with a pos-
itive metallicity e↵ect in V by combining Milky Way and Magellanic Cloud Cepheids with individual
metallicities from high resolution spectra.

Freedman & Madore (2011) adopted the Romaniello spectroscopic [Fe/H] abundances and
extended the study to mid-infrared wavelengths with Spitzer photometry. They derived a negative
metallicity e↵ect in mid-infrared bands down to �0.39± 0.16 mag/dex, a dependence consistent with
zero in NIR wavelengths and a positive e↵ect up to +0.59 ± 0.49 mag/dex in B. The variation of �
over the wavelength range shows a nearly linear evolution, suggesting that metal-rich Cepheids are
fainter than metal-poor ones in the optical, and a reversed e↵ect at longer wavelengths. This result is
shown in Fig. 3.1. The value in the Spitzer I1 band was updated to �0.09±0.29 mag/dex by Freedman
et al. (2011).

The authors explained this trend by the purely atmospheric line-blanketing e↵ect (see also
Sandage & Eggen 1959; McNamara & Colton 1969; Leitherer 2012). This e↵ect is due to photo-
spheric absorption in the optical, where the spectrum contains a great number of absorption lines:
the accumulation of lines appears as a reduction of the continuum level at short wavelengths. The
conservation of flux results in a boost of the ionization in the photosphere at longer wavelengths (in
NIR) and therefore of the temperature. Hence the emission at longer wavelengths is increased. In
summary, a high metallicity enhances the emerging flux in NIR, and therefore the brightness.

Using surface brightness relations and the Baade-Wesselink approach to derive distances to
Galactic and Magellanic Cloud Cepheids, Storm et al. (2011b) obtained a positive metallicity e↵ect in
the optical (�V = +0.09±0.10 mag/dex) and a negative e↵ect in the NIR (�K = �0.11±0.10 mag/dex).



3. The effect of metallicity on the Leavitt Law

Milky Way: Distances 

‣ Gaia EDR3 parallaxes of Cepheids. 
‣ Zero-point correction (Lindegren+2021). 
‣ Exclude stars with RUWE > 1.4. 

Photometry 

‣ V, I, J, H, K light-curves from ground-based 
telescopes. 

‣ G, BP, RP light-curves from Gaia. 
‣ [3.6 µm], [4.5 µm] light-curves from 

Spitzer.
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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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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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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.
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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:
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Metallicity 

‣ Several catalogs with low precision. 
‣ Mean value of +0.085 ± 0.022 dex. 

Milky Way Cepheids and their metallicity (Breuval+ 2021)

Metallicity of MW Cepheids (Breuval+ 2021)
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Large Magellanic Cloud:

‣ LMC distance from Pietrzynski+ (2019):        
d = 49.59 ± 0.09 ± 0.54 kpc, measured with 
eclipsing binaries + geometry correction 
(Jacyszyn-Dobrzeniecka+ 2016). 

‣ Select a radius of 3° around LMC center. 

‣ Metallicity: -0.34 ± 0.03 dex

LMC Cepheids and their distance. Yellow stars 
are eclipsing binaries (Breuval+ 2021)
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Figure 3.5: Map of fundamental-mode Cepheids in the LMC. The colors represent their distance after
correction of the LMC geometry (Jacyszyn-Dobrzeniecka et al. 2016), the yellow stars are eclipsing
binaries used by Pietrzyński et al. (2019) and the red cross is the center of the LMC. The dashed circle
corresponds to a radius of 3� around the LMC center and contains the sample of Cepheids considered
in this analysis.

3.3.3 Distance to Small Magellanic Cloud Cepheids

The most precise distance to the SMC was derived by Graczyk et al. (2020) with the same method
as for the LMC (Pietrzyński et al. 2019). Using 15 eclipsing binaries, they derive dSMC = 62.44 ±
0.47 (stat.) ± 0.81 (syst.) kpc, which is precise to 1.5%. Similarly to the LMC sample, a correction
for the SMC inclination can be applied in order to use more precise Cepheid distances, depending on
their position in the Cloud. However, the SMC geometry is more complex since this galaxy is very
elongated along the line of sight (Subramanian & Subramaniam 2012; Jacyszyn-Dobrzeniecka et al.
2016; Ripepi et al. 2017). The true distance to SMC members can therefore show a high dispersion.
For each Cepheid noted i with equatorial coordinates (↵i, �i), I derived the Cartesian coordinates
(xi, yi): (

xi = �dSMC ⇥ cos �i sin(↵i � ↵SMC)
yi = dSMC ⇥ [sin �i cos �SMC � cos �i sin �SMC cos(↵i � ↵SMC)]

where (↵SMC, �SMC) = (12.54�,�73.11�) is the center of the SMC from Ripepi et al. (2017). For the
inclination of the SMC I adopted the equations of the two blue lines in Fig. 4 of Graczyk et al. (2020):

(
di(x) = dSMC + (3.086 ± 0.066) xi
di(y) = dSMC � (3.248 ± 0.118) yi

The initial sample of SMC Cepheids is represented in Fig. 3.6. The yellow stars are the 15
eclipsing binaries used by Graczyk et al. (2020) and the distances of Cepheids are represented by

Small Magellanic Cloud:
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their color. They range from 57 to 67 kpc over the full sample, which is ±5 kpc around the mean
value obtained by Graczyk et al. (2020). Similarly to the LMC sample, I adopted a limiting radius
of 0.6� around the SMC center in order to exclude Cepheids which are too far from the center of the
galaxy. Due to the significant elongation of the SMC, this radius must be small to ensure that the
Cepheids actually belong to the SMC and are not outliers. After this cut, a sample of 841 out of the
initial 2,338 Cepheids are found in the central region of the SMC and are adopted for the analysis.
Their distances range between 61 and 64 kpc which is ±1.5 kpc around the mean distance, which is
consistent with the choice of radius adopted for the LMC.

Figure 3.6: Map of fundamental-mode Cepheids in the SMC. The colors represent their distance after
correction of the SMC geometry Graczyk et al. (2020), the yellow stars are eclipsing binaries used
by Graczyk et al. (2020) and the red cross is the center of the SMC. The dashed circle corresponds
to a radius of 0.6� around the SMC center and contains the sample of Cepheids considered in this
analysis.

3.4 Metallicity

3.4.1 Metallicity for Milky Way Cepheids

Several teams have obtained individual metallicities for Galactic Cepheids based on high resolution
spectra. One early catalog was by Fry & Carney (1997) who measured iron abundances for 23 MW
Cepheids from a spectroscopic study. They found a 0.4 dex spread in [Fe/H] and conclude that it is
not due to an observational scatter nor to a metallicity gradient within the galactic disk but is real.
Kovtyukh et al. (2005) published metal abundances for 16 additional Cepheids, obtained with the

SMC Cepheids and their distance. Yellow stars 
are eclipsing binaries (Breuval+ 2021)

‣ SMC distance from Graczyk+ (2020):            
d = 62.44 ± 0.47 ± 0.81 kpc, measured with 
eclipsing binaries + geometry correction 
(Graczyk+ 2020). 

‣ Select a radius of 0°6 around SMC center. 

‣ Metallicity: -0.75 ± 0.02 dex



3. The effect of metallicity on the Leavitt Law

MW

LMC+1

SMC+2
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Figure 3.18: Intercept (�) of the P-L relation in the MW, LMC and SMC represented as a function
of the mean metallicity in the three galaxies. The linear fit is realized with a Monte Carlo procedure
repeated 10,000 times and the slope gives the metallicity term (�) of the P-L relation.
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Figure 3.18: Intercept (�) of the P-L relation in the MW, LMC and SMC represented as a function
of the mean metallicity in the three galaxies. The linear fit is realized with a Monte Carlo procedure
repeated 10,000 times and the slope gives the metallicity term (�) of the P-L relation.

PL relation for MW, LMC and SMC Cepheids in 
the Ks band (Breuval 2021, PhD thesis)
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The e↵ect of metallicity on the P-L relation is generally represented as a third term in the
Leavitt law, such as:

M = ↵ (log P � log P0) + � + � [Fe/H] (3.3)

It is also defined as the variation of distance modulus �(m � M) between two sources that di↵er by
� [Fe/H] in metallicity:

� =
� (m � M)
� [Fe/H]

(3.4)

Various estimates of the metallicity e↵ect derived in di↵erent wavelengths during the past
twenty years are listed in Table 3.1. From the theoretical point of view, Bono et al. (1999), Caputo
et al. (2000), Bono et al. (2008) and Fiorentino et al. (2013) used masses and luminosities provided
by stellar evolutionary calculations as input parameters of nonlinear convecting models and predicted
a positive metallicity e↵ect (� > 0), which means that metal-rich Cepheids are fainter than metal-poor
ones at the same pulsation period. In the NIR, they derived that the P-L relation is almost independent
of metallicity, while in the V band the e↵ect is positive and relatively strong, with � = +0.40 mag/dex.
In the optical Wesenheit index WVI , Bono et al. (2008) also obtained a positive metallicity e↵ect of
+0.05 mag/dex. Similarly, Marconi et al. (2005) discussed the e↵ect of chemical composition on
Cepheid properties, not only considering the metal abundance but also the helium-to-metal enrich-
ment ratio. They derive a positive metallicity correction, in agreement with the results by Bono et al.
(2008). Conversely, Anderson et al. (2016b) used linear non-adiabatic models and derived an oppo-
site trend, with metal-poor Cepheids being fainter.

Empirically, early results by Kennicutt et al. (1998) already indicated an e↵ect of the opposite
sign with � = �0.24 ± 0.16 mag/dex in the optical, obtained by comparing two fields in the nearby
galaxy M101. The di↵erence in metallicity between the inner and outer field covered a range of 0.68
dex. The negative sign was confirmed by Sakai et al. (2004) and Macri et al. (2006) a few years
later. However, the work by Romaniello et al. (2008) contradicted these empirical studies with a pos-
itive metallicity e↵ect in V by combining Milky Way and Magellanic Cloud Cepheids with individual
metallicities from high resolution spectra.

Freedman & Madore (2011) adopted the Romaniello spectroscopic [Fe/H] abundances and
extended the study to mid-infrared wavelengths with Spitzer photometry. They derived a negative
metallicity e↵ect in mid-infrared bands down to �0.39± 0.16 mag/dex, a dependence consistent with
zero in NIR wavelengths and a positive e↵ect up to +0.59 ± 0.49 mag/dex in B. The variation of �
over the wavelength range shows a nearly linear evolution, suggesting that metal-rich Cepheids are
fainter than metal-poor ones in the optical, and a reversed e↵ect at longer wavelengths. This result is
shown in Fig. 3.1. The value in the Spitzer I1 band was updated to �0.09±0.29 mag/dex by Freedman
et al. (2011).

The authors explained this trend by the purely atmospheric line-blanketing e↵ect (see also
Sandage & Eggen 1959; McNamara & Colton 1969; Leitherer 2012). This e↵ect is due to photo-
spheric absorption in the optical, where the spectrum contains a great number of absorption lines:
the accumulation of lines appears as a reduction of the continuum level at short wavelengths. The
conservation of flux results in a boost of the ionization in the photosphere at longer wavelengths (in
NIR) and therefore of the temperature. Hence the emission at longer wavelengths is increased. In
summary, a high metallicity enhances the emerging flux in NIR, and therefore the brightness.

Using surface brightness relations and the Baade-Wesselink approach to derive distances to
Galactic and Magellanic Cloud Cepheids, Storm et al. (2011b) obtained a positive metallicity e↵ect in
the optical (�V = +0.09±0.10 mag/dex) and a negative e↵ect in the NIR (�K = �0.11±0.10 mag/dex).
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Metallicity effect as a function of the wavelength (Breuval 2021, PhD thesis)

‣ '<0 : metal-rich Cepheids are brighter than metal-poor ones. 

‣ Wide CO absorption bands aligned with the [4.5 µm] filter. 

‣ NIR seems more sensitive to metallicity than optical bands.



Summary 

‣ We have used the best distances available for Milky Way and Magellanic Cloud Cepheids. 

‣ Wide range of metallicities covered by the three galaxies (~1 dex). 

‣ We confirm that '<0, consistent with other empirical studies. 

‣ Our results suggest that NIR bands are more sensitive to the metallicity effect than the optical. 

‣ We obtain the best precision so far for the ' term: will reduce H0 error budget. 

Limitations 

‣ Large systematics because of the combination of different photometric systems. 

‣ LMC and SMC Cepheid samples are required for a precise determination of the metallicity effect. 

‣ Few individual metallicity measurements → use average values only. 

‣ Distance to the SMC: difficult to measure because of its elongated shape.

3. The effect of metallicity on the Leavitt Law



‣ 2023-2024: Gaia DR4  
→ Precise parallaxes for Cepheids, better estimate of the ZP offset 
→ Improve the calibration of the P-L relation in the Milky Way

‣ 2022: Hubble Space Telescope 
→ HST photometry by spatial scanning for Cepheids in Open Clusters   
     for consistency with extragalactic Cepheids (same system).

‣ 2022-2023: James Webb Space Telescope / NIRCam 
→ Uncrowding the Cepheids for an improved determination of the Hubble   
     constant (co-PI Proposal GO #1685 Cycle 1, PI: A. Riess)

‣ 2025: Extremely Large Telescope  
→ High resolution spectra for MW/LMC/SMC Cepheids  
→  Precise calibration of the metallicity effect

4. Perspectives

H0 to 1% 
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