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The chequered history of Hubble’s constant
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Cepheids link 
cosmology 
to geometry

SNeIa in 
Hubble flow

SNClose enough for Cepheids, 
far enough for SNeIa

Gaia Parallaxes
Leavitt law:
log $ ∝ &



Classical Cepheids are great for this! 

• Each Cepheid a standard candle

• Characteristic variability identifies individual Cepheids

• Minimal contamination of PL-sequences by non-Cepheids

• Tight scatter in PL relation constrains uncertainties

• Exciting modulated variability no challenge to accuracy (e.g. Smolec
2017)

• Comparatively well understood by stellar evolution 
cf. predictions & comprehensive tests in RIA+2016, A&A 591, A8
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Hertzsprung progression in MW and SN-hosts



Distance Ladder Equations

Leavitt law

observed fiducial MetallicityPeriod slope

SNeIa standardized
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Reddening-free “Wesenheit”



A simultaneous analytical LS fit

observations

Model = 
equations * parameters

Covariance
Matrix



Covariance

• Explicitly propagated
• Metallicity!

• Background

• SN-SN (Pantheon+)





Uncertainties 
improve, tension 

grows



Crowding
Corrections already applied in SH0ES DL (artificial star tests)
Null tests imply no crowding problem
Amplitude-based tests performed
Quality cuts (amplitude ratios, colors, etc.) protect against this



Riess+2022



JWST uncrowds distant 
Cepheids

• JWST : NIR spatial resolution slightly better 
than optical HST, 4x better than NIR HST

• Better source separation = lower uncertainty 
from crowding correction

• HST + JWST synergy: Optical and NIR 
photometry observed using similar spatial 
resolution

• Spoiler alert: Crowding does not solve the 
Hubble tension

Riess et al., incl RIA (2023), ApJL 956, L18

https://ui.adsabs.harvard.edu/abs/2023ApJ...956L..18R/abstract


JWST: HST unbiased & 2.5x less dispersion
Riess et al., incl RIA (2023), ApJL 956, L18

https://ui.adsabs.harvard.edu/abs/2023ApJ...956L..18R/abstract


Metallicity
See Louise’s talk?



Metallicity

Riess+2022a

MWCredit: L. Breuval



Reconciling standard candles?

?



New insights on 
TRGB calibration 
and 
standardization



CCHP 
mainly 
disagrees 
with 
SH0ES 
because of 
SNeIa!

Scolnic et al. (2023)



The TRGB is chock-full of variable stars

Ita et al. (2002); Kiss & Bedding 
(2003)

OSARGs

79’200 Small Amplitude Red Giants in OGLE-III
RIA et al. 2303.04790 (to be updated)

BseqAseq

https://ui.adsabs.harvard.edu/link_gateway/2023arXiv230304790A/arxiv:2303.04790


Variability elucidates RG diversity and 
allows standardization
RIA et al. 2303.04790 (to be updated)

Ages from Povick et al. (2306.06348)

https://ui.adsabs.harvard.edu/link_gateway/2023arXiv230304790A/arxiv:2303.04790
https://ui.adsabs.harvard.edu/abs/2023arXiv230606348P/abstract


Improved systematics increase 
TRGB-calibrated H0!

TRGB method improvements (smoothing, weighting, objectivity), population diversity, 
Tip-contrast-relation, Host galaxy reddening, Pantheon+ SNe, and more
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Overview of the presentation
1. Cepheids as stars and standard candles 

• Modeling Cepheid pulsation, projection factor

• Period-Luminosity calibration, effect of metallicity

• Binarity, envelopes, reddening


2. The distance to galaxy NGC 5584 from Cepheids 
• The Cepheid+SNIa distance scale, HST data on NGC 5584

• Photometric measurement methodology, corrections

• Resulting distance, comparison with existing estimate



Period 5 days 10 days 40 days

Mass (Msun) 6 7 13

Radius (Rsun) 40 70 200

Density (g/m3) 100 25 2

Luminosity (sol) 1000 2000 10 000

Temperature (K) 6000 5600 5300

Age (Ma) 75 50 15

Sun: 1 T/m3

Air : 1300 g/m3



Oscillation

• For an oscillating pendulum: 

• For an oscillating star:

• For Cepheids

P = 2⇡
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Interferometry

CHARA (2008)

η Aql

Mérand et al. A&A 2015

10
Credit: Nic Scott

330 meters

CHARA Array

• Changing angular diameter 
of Cepheid η Aql



Modeling of 
Cepheid pulsation

• Multi-observable modeling of the 
pulsation of Galactic Cepheids 

• Simultaneous fit of multi-band 
photometry, radial velocity and 
interferometry


• Objectives: better understand 
their pulsation and calibrate 
their properties 

• Taking advantage of ESA’s Gaia 
astrometric distances



Trahin et al.: Modeling of the Cepheids pulsation with Gaia EDR3 parallaxes

Fig. B.5. Result of the SPIPS modeling for the Cepheid RS Pup (P=41.45 days). Thanks to a complete and precise dataset associated with an
accurate eGDR3 parallax, this star represent one of the best adjustment available in this sample.

Fig. B.6. Result of the SPIPS modeling for the Cepheid � Cep (P=5.36 days). This star has the most complete dataset available, with interferometric
angular diameters, spectroscopic e↵ective temperatures and full phase coverage multi-band photometry and radial velocities from many studies.
The eGDR3 parallaxe used in this adjustment is unreliable, with a RUWE parameter of 2.71. In order to take advantage of its data, we present in
table 1 the results of the adjustment using the accurate eGDR3 parallax of its companion derived by (Kervella et al. 2019a).

Article number, page 19 of 29

Effective temperature 
(spectro.)

Angular diameter 
(interfero.)

Modeling of Galactic Cepheids

Trahin et al. (2021, A&A, 656, A102)

Radial velocity 
(spectro.)

Photometry



Contraction

Expansion

Max radius

Min radius

Pulsational
velocity

Radial
velocity

Spectroscopy

A&A 587, A117 (2016)

Fig. A.7. SPIPS model of � Dor.

Fig. A.8. SPIPS model of ⇣ Gem.

A117, page 18 of 18

θ min

θ max

Interferometry

Angular
diameter θ

The Baade-Wesselink projection factor



The Baade-Wesselink projection factor
• Significant scattering between Cepheids (𝜎 = 0.15)

• No clear function of specific physical parameters of the starsTrahin et al.: Modeling of the Cepheids pulsation with Gaia EDR3 parallaxes

Fig. 8. Period�p-factor dependency of Galactic Cepheids using Gaia EDR3 parallaxes (RUWE<1.4 only).

ameters, e↵ective temperatures, radial velocities and multi-band
photometry). We notice a large dispersion of the p�factor values
and also some unexpected values with p > 1.5 (area delimited
in grey in Fig. 8), which would physically correspond to a limb-
brightening of the stellar disk (instead of a limb-darkening) or a
reverse atmospheric velocity gradient (increase of velocity am-
plitudes towards the upper part of the atmosphere), which are
highly unlikely. The uncertainties for those p-factors are rather
large compared to best quality p-factors, which suggests that the
data are not optimal. On the other hand, we cannot firmly ex-
clude any residual bias in the parallaxes for instance or an ef-
fect related to the CSE of Cepheids. Values lower than p = 1
(not found in this sub-sample) would be physically possible if
we consider that long period Cepheids (and therefore of large
radius), have stronger dynamics and an intense atmospheric ve-
locity gradient. Finally, no dependence on the period is clearly
visible, in agreement with the conclusion of the study made by
Pilecki et al. (2018) using Cepheids in eclipsing binaries sys-
tems. Fitting a linear relation through the points on Fig. 8 gives
the following relation between the period P and the p�factor:

p = 1.251±0.008 � 0.172±0.024(log P � 0.9) (4)

with a large dispersion of 0.15. Considering only stars with-
out e↵ective temperatures and without interferometric measure-
ments (blue points) yields the same dispersion of 0.14 around
the same fit. Finally, stars with only e↵ective temperature (red
points) show a scatter of 0.17 around the fit. The two stars with
both e↵ective temperature and good interferometry are in good
agreement with the slope of the fitted relation. There is no indi-
cation that one type of data is responsible for the large scatter
observed. Additionally, it reinforces the robustness of the SPIPS
method even for Cepheids with a limited data set. Fitting a con-
stant value through the points of Fig. 8 yields a projection factor
of p = 1.26± 0.07 with a dispersion of 0.15, which is not signif-
icantly higher than the dispersion obtained for Eq. 4.

Fixing this value to derive new distance estimates leads to a
more dispersed PL relation:

MKs = �5.488±0.037 � 3.515±0.120(log P � 0.9) (5)

with � = 0.22 mag, higher by ⇠ 21% compared to the previ-
ous calibration (Eq. 1). The quality criteria from Lindegren et al.
(2021b) being verified for these stars and assuming that biases
due to a potential chromaticity e↵ect (Breuval et al. 2020) are
negligible in the eGDR3, this suggests that Gaia EDR3 paral-
laxes are su�ciently precise to let appear an intrinsic dispersion
of the projection factor. Thus, the dispersion of the p�factors
and the presence of values outside of the expected range sug-
gest potential additional dependencies of the P�p relation, or
physics of the projection-factor that is still not well understood.
Pilecki et al. (2018) already suggested a dependence of the p-
factor with other parameters than the period, such as the mass
or radii. However after investigations, we did not find any cor-
relation between the projection factor and these parameters or
any other parameter such as the mean e↵ective temperature (Fig.
F.1), its amplitude (Fig. F.2), the parallax (Fig. F.3) or the radial
velocity amplitude (Fig. F.4). Regarding the dependency with the
metallicity (Fig. F.5), the uncertainty of the individual values are
too high to conclude about the existence of two regimes. From a
theoretical point of view, Nardetto et al. (2011) predict no corre-
lation between the metallicity and the p�factor. Moreover, look-
ing in detail at stars with the same period but extremely di↵erent
p�factors did not highlight any issue in the SPIPS modeling. As
for the radius and the mass, no correlation is clearly visible con-
trary to the suggestion by Pilecki et al. (2018).

A simplification made in the SPIPS algorithm is the
parametrization of the infrared excess as a function of the wave-
length with the assumption that there is no excess nor deficit in
optical bands. However, Hocdé et al. (2020) showed that this
e↵ect, physically understood as being due to a circumstellar en-
velope, can a↵ect not only the infrared bands but also optical
ones.

5. Conclusions

In this paper, we presented the application of the SPIPS method
to 63 Galactic Cepheids for which the most precise and complete
dataset is available for the application of the PoP technique. This
database covers almost fifty years of Cepheid observations, in-

Article number, page 11 of 29

Trahin et al. (2021, A&A, 656, A102)



Period-Luminosity-Metallicity relation
Gaia EDR3 Galactic - LMC - SMC
• Calibration based on on DR2 Cepheid companion parallaxes, then 

on EDR3 parallaxes of Galactic Cepheids, together with LMC and 
SMC EB distances

Breuval et al. 2021, ApJ, 913, 38 
Breuval 10/2021, PhD thesis, Obs. De Paris

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)

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

Echelle spectrograph of the Apache Point 3.5 m telescope. Romaniello et al. (2008) complemented
the existing measurements and observed 68 Galactic and Magellanic Cepheids with the FEROS and
UVES spectrographs, and used high-resolution spectra to derive metallicities. Luck et al. (2011) and
Luck & Lambert (2011) increased the number of Galactic Cepheid metallicities to ⇠ 400 also using
the FEROS spectrograph. Recently, Proxauf et al. (2018) collected more than 1,130 high resolution
spectra obtained with various spectrographs and derived iron abundances for more than 250 Cepheids.
Finally, Minniti et al. (2020) obtained high quality near-infrared spectra with VLT/X-Shooter and pro-
vided new metallicities for 45 Cepheids on the far side of the Galactic disk.

In this study, I adopted in priority the catalog of homogeneous and accurate iron abundances
for 75 Galactic Cepheids by Genovali et al. (2015), they have a mean uncertainty of 0.08 dex. In com-
plement to these values, I adopted the abundances measured by Genovali et al. (2014) for 42 Galactic
Cepheids from 128 high signal-to-noise optical spectra obtained with VLT/UVES, their mean uncer-
tainty is 0.08 dex. This catalog also provides additional abundances from the literature for other 375
Cepheids (for which I set the uncertainty to 0.1 dex). In the literature, the solar metallicity can vary
between di↵erent studies. For this reason, the catalogs by Genovali et al. (2014) and Genovali et al.
(2015) are particularly useful since all metallicity measurements from the literature are rescaled to
the same solar abundance, A� = 7.5, where A = log(N/NH) + 12 and N is the abundance by number
(Grevesse et al. 1996).

Figure 3.7: Map of the ⇠ 200 Milky Way Cepheids from Berdnikov (2008) which have a metallicity
value from Genovali et al. (2014, 2015), seen from above the disk. The red cross represents the
position of the Solar System.



• The LMC is at present the main anchor of 
the Cepheid distance scale


• Metallicity has an effect on the absolute 
luminosity of Cepheids. At the moment, this 
effect is uncertain 

• Metallicity of LMC [Fe/H] ~ -0.4 dex, SMC 
[Fe/H] ~ -1.0 dex


• Independent 1% distance modulus to the 
LMC using eclipsing binaries:


µ = 18.477 ± 0.004 (stat) ± 0.026 (syst) 


• Relies on SBC calibrated by VLTI angular 
diameter measurements of red clump giants

The LMC and the SMC

LETTER RESEARCH

(see Fig. 2), this determination should only very weakly depend on 
the geometrical extension of this galaxy. In order to check this, we 
adopted a geometrical model of the LMC14 and calculated the correc-
tions to each individual eclipsing binary distance with respect to the 
centre of this galaxy. As expected, all corrections (listed in Table 1) are 
very small. Applying them we calculated the same mean distance of 
18.476 ± 0.002 mag. However, our sample of systems is large enough 
to independently compute a geometric model of the LMC inner disk. 
We adopted the centre of the young stellar population in the LMC 
(right ascension RA = 5 h 20 min 12 s, declination dec. = –69° 18′ 
00″ J2000.0)15 as the centre of this galaxy, and using the least squares 
method fitted a plane to our data. We obtained an inclination angle of 
25° ± 4°, a positional angle of 132° ± 10°, and a mean distance modu-
lus of 18.477 ± 0.004 mag, with a reduced χ2 very close to unity. This 
determination of the distance error is based on Monte Carlo simula-
tions (see Extended Data Fig. 4), so it is larger than the statistical errors 
on the mean distances reported before. Our geometrical parameters 
of the LMC inner disk agree very well with the corresponding param-
eters obtained by other authors14–16. We have thus demonstrated that 
the geometry of the LMC does not affect our distance determination, 
within the quoted error.

The systematic uncertainty on the LMC distance includes the follow-
ing contributions: calibration of the surface brightness–colour relation 
(0.018 mag, or 0.8%), photometric zero points (0.01 mag for both V 
and K bands, or 0.5%), and reddening absolute scale (0.013 mag, or 
0.6%). Combining these quadratically we obtain 0.026 mag, or 1.1%.

Our distance determination might in principle depend on the 
metallicity and gravity via a sensitivity of the surface brightness–col-
our relation to these parameters. However, the relation depends only 
very weakly on gravity; it has been demonstrated6 that the difference 
between relations obtained from giant and dwarf stars is about 1%. 
Since our LMC binary stars and nearby clump stars are all giants we do 
not expect any contribution to the total error from gravity differences. 
The relation is also virtually independent of metallicity17. Our sample 

of local calibrating red clump giant stars spans a large range of metallic-
ities (1 dex). We studied the residuals between observed and calculated 
values of the relation (see Extended Data Fig. 2) and showed, in agree-
ment with other studies17, that there is no dependence on metallicity 
(see Methods for more details). Moreover, the range of metallicities of 
the nearby stars used for the calibration of the relation overlaps with 
the metallicities of our eclipsing binaries in the LMC.

We therefore adopt 18.477 ± 0.004 (statistical) ± 0.026 (systematic) 
mag as our final, best value for the LMC distance modulus.

The LMC is a unique ‘laboratory’ for very detailed studies of many 
different objects and processes. Most of these studies require the knowl-
edge of a precise distance to the galaxy. This requirement will become 
more and more important with the advent of new giant telescopes that 
will enable a wide variety of studies of the LMC and other nearby gal-
axies with an unprecedented precision. The LMC hosts large samples 
of different ‘standard candles’ including classical Cepheids, and there-
fore plays a key part in the calibration of the extragalactic distance 
scale and determination of the Hubble constant6. For this reason, there 
is an impressive list of more than 600 distance determinations of the 
LMC in the literature18. Unfortunately, very few of them provide even a 
crude estimation of the systematic errors affecting these measurements, 

Table 1 | Distance moduli of the studied eclipsing binary systems
System 
OGLE-LMC-

RA  
(h min s) Dec. (° ′ ″)

(m − M) 
(mag)

σm−M 
(mag)

Corr. 
(mag)

ECL-01866 04 52 15.28 −68:19:10.30 18.515 0.031 −0.028

ECL-03160 04 55 51.48 −69:13:48.00 18.474 0.013 −0.038

ECL-05430 05 01 51.74 −69:12:48.80 18.522 0.012 −0.028

ECL-06575 05 04 32.87 −69:20:51.00 18.483 0.011 −0.026

ECL-09114 05 10 19.64 −68:58:12.20 18.490 0.028 −0.009

ECL-09660 05 11 49.45 −67:05:45.20 18.465 0.019 0.029

ECL-09678 05 11 51.76 −69:31:01.10 18.501 0.018 −0.017

ECL-10567 05 14 01.89 −68:41:18.20 18.455 0.014 0.002

SC9-
230659

05 14 06.04 −69:15:56.90 18.456 0.026 0.009

ECL-12669 05 19 12.80 −69:06:44.40 18.450 0.019 −0.002

ECL-12875 05 19 45.39 −69:44:38.50 18.453 0.026 −0.009

ECL-12933 05 19 53.69 −69:17:20.40 18.476 0.025 0.000

ECL-13360 05 20 59.46 −70:07:35.20 18.489 0.013 −0.004

ECL-13529 05 21 23.34 −70:33:00.00 18.498 0.016 0.005

ECL-15260 05 25 25.66 −69:33:40.50 18.453 0.034 0.003

ECL-18365 05 31 49.56 −71:13:28.30 18.479 0.021 0.033

ECL-18836 05 32 53.06 −68:59:12.30 18.473 0.018 0.026

ECL-21873 05 39 51.19 −67:53:00.50 18.445 0.014 0.059

ECL-24887 05 50 39.02 −69:14:20.70 18.515 0.023 0.045

ECL-25658 06 01 58.77 −68:30:55.10 18.423 0.016 0.076
The first, second and third columns give the name, right ascension and declination, respectively, 
of the systems studied. The fourth column gives the distance modulus. The fifth column gives 
the total statistical uncertainty for the mean distance modulus estimated on the basis of Monte 
Carlo simulations. The geometrical corrections calculated from the model14 are given in the last 
column.
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Figure 3.10: Period-luminosity relation in the Milky Way (red), in the LMC (blue) and in the SMC
(green). The slope and intercept are both fitted. The LMC and SMC relations were shifted by 1 mag
and 2 mag for representation purposes. The two dashed lines show the Milky Way calibration with
the same shift as for the LMC and SMC samples. The bottom panels represent the residuals in terms
of absolute magnitudes.

same fixed slope. The P-L coe�cients and the dispersion as well as the number of stars considered
for each sample are listed in Table 3.3.

In the three galaxies, the slope ↵ of the period-luminosity relation becomes more negative from
optical to infrared wavelengths. This quasi-linear trend is represented in Fig. 3.11. Only the slope in
the I2 band does not follow the linear behaviour observed for all other bands and is shallower than the
slope in I1. This deviation of the I2 slope was already noticed by Scowcroft et al. (2011) and is repre-
sented in their Figure 8. It is explained by the presence of a carbon-monoxyde (CO) rotation-vibration
band-head at 4.6 µm which is aligned with the Spitzer [4.5 µm] filter. This e↵ect is discussed in detail
in Sect. 3.6.2.

Similarly, the intercept of the P-L relation taken at log P = 0.7 and noted � decreases and be-
comes more negative from the optical to the infrared (see Fig. 3.12), as expected (see e.g. Madore &
Freedman 2012; Madore et al. 2017; Bhardwaj 2020), which can be considered as a validation of the
data and of the approach. The P-L slopes and intercepts derived in this chapter and their uncertainties
are not exactly identical to those obtained in B21: the di↵erences are due to several minor changes
and improvements in the method, such as the use of more recent reddening values (instead of the
Fernie et al. (1995) values adopted in B21), an update in the photometric zero-points (see Sect. 3.2)
and in the width of the instability strip (see Sect. 3.5.1.3).

Except for Spitzer bands, the dispersion of the P-L relation linearly increases with 1/�. This
dependence, represented in Fig. 3.13, indicates that the dispersion obtained here is mostly due to
the reddening sensitivity, which is much more important in the optical than in the infrared. The two
Spitzer bands both show a P-L dispersion between 0.10 mag and 0.15 mag but the P-L calibration in

Breuval et al. 2021, ApJ, 913, 38 
Breuval 2021, PhD thesis
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we discuss the impact of the SMC sample selection on the values
of γ. In J, adopting the SMC slope instead of the LMC slope
changes the γ parameter by only 0.014 mag dex−1, which is
negligible compared to the uncertainties. Finally, adopting the MW
slope in the Gaia filters changes the γ term by 0.013 mag at most.

We also note that our PL slopes in the three galaxies are in
excellent agreement with those reported by Ripepi et al.
(2022c) in the G and WG filters. Our slopes agree well with
Subramanian & Subramaniam (2015) in V and I and Ripepi
et al. (2016) in J, K, WJK, and WVK for the SMC sample.

As expected, the dispersion of the PL relation decreases from
the optical to the infrared, which is a consequence of the
sensitivity of each filter to the extinction and the width of the
instability strip. In the MW, as well as in both Magellanic
Clouds, the PL slope α generally becomes steeper, and the PL
intercept β becomes more negative (i.e., brighter) from the
optical toward the infrared. Due to the presence of a large CO
absorption band aligned with the [4.5 μm] filter (Marengo et al.
2010; Freedman et al. 2011; Scowcroft et al. 2011), in
Section 5.2, the [4.5 μm] filter is ignored in the fit of the
γ= f (λ) relation. In the Wesenheit WH band, we obtain a slope
of −3.305± 0.038 mag dex−1 in the LMC, which is fully
compatible with the slope of −3.299± 0.015 mag dex−1

derived by the SH0ES team (Riess et al. 2022).
In the MW, the PL relation generally shows a larger dispersion

than in the Magellanic Clouds because of the higher extinction and
nonuniform distances. The PL relations in the Wesenheit indices
show a low dispersion, as expected from their insensitivity to
extinction. In some filters, only a small number of Cepheids is

listed in Table 4; this is due to the various selection criteria applied
to the samples, such as the upper limit of 1.4 on the RUWE
parameter, the limited radius around the SMC center, and the cuts
in periods. Finally, for a given filter, the PL intercept in the MW is
more negative than in the LMC and even more than in the SMC
(see Figure 2), indicating a negative sign for the γ term.

4.2. The PLZ Relation

After fixing the PL slope to that of the LMC (Table 4) in the
three galaxies, we solve for Equation (4) with a Monte Carlo
sampling, where both the intercepts (β) and the mean [Fe/H]
values of each sample are free to vary within their error bars. The γ
and δ coefficients obtained for the PLZ relation are listed in
Table 5.
All γ values over a wavelength range of 0.5–4.5 μm are

negative (with a significance of 2.6σ–7.5σ), meaning that
metal-rich Cepheids are brighter than metal-poor ones. The γ
values range between a minimum of −0.178± 0.068 mag
dex−1 (in RP) and a maximum of −0.462± 0.089 mag dex−1

(in G) with a dispersion of 0.05 mag dex−1. In all filters, the γ
values are in good agreement with those obtained by Gieren
et al. (2018) and B21, especially in the NIR, but significantly
stronger than the effect detected by Wielgórski et al. (2017),
which was close to zero (see discussion in Section 5.5). The
metallicity effect in the Gaia filters is similar to that in ground
optical filters (V, I); however the G band and WG Wesenheit
index show a stronger effect (see discussion in Section 5.1).
We tested the hypothesis of a common slope in the three

galaxies by fixing the slope to that of the SMC instead of that
of the LMC; we obtained similar γ values at the 0.8σ level or
better, confirming the validity of our hypothesis.

5. Discussion

5.1. Potential Issues with the Gaia Wesenheit Index

In the Gaia Wesenheit index WG, we derive a strong effect of
−0.384± 0.051 mag dex−1, slightly shallower but still close to

Figure 2. Top: PL slope (α) in the MW and Magellanic Clouds represented
with the inverse of wavelength. Bottom: PL intercept (β) obtained in the MW
and Magellanic Clouds with a slope fixed to that of the LMC, represented with
the inverse of wavelength.

Table 5
Results of the Fit of the Form β = γ [Fe/H] + δ (Equation (4)) Obtained from

a Comparison of the PL Intercepts (β) in the MW, LMC, and SMC

Filter γ σ δ σ Nstars

BP −0.320 0.095 −3.194 0.050 2325
V −0.311 0.082 −3.314 0.046 2083
G −0.462 0.089 −3.539 0.047 2336
RP −0.178 0.068 −3.873 0.036 2317
I −0.247 0.068 −3.956 0.038 2144
J −0.294 0.066 −4.478 0.037 2014
H −0.275 0.065 −4.789 0.036 1111
K −0.321 0.068 −4.860 0.034 2017
[3.6 μm] −0.292 0.057 −4.915 0.031 110
[4.5 μm] −0.204 0.057 −4.911 0.029 110

WG −0.384 0.051 −4.958 0.025 2473
WVI −0.201 0.071 −4.864 0.035 2051
WJK −0.322 0.079 −5.137 0.042 2014
WVK −0.332 0.081 −5.066 0.042 1845
WH

a −0.280 0.078 −4.939 0.027 130

Note. The slope α is fixed to that of the LMC sample (see Table 4).
a Does not include the SMC sample (no HST photometry) or individual
metallicities in the MW or Cepheids in SN Ia hosts as used in Riess et al.
(2022).
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we discuss the impact of the SMC sample selection on the values
of γ. In J, adopting the SMC slope instead of the LMC slope
changes the γ parameter by only 0.014 mag dex−1, which is
negligible compared to the uncertainties. Finally, adopting the MW
slope in the Gaia filters changes the γ term by 0.013 mag at most.

We also note that our PL slopes in the three galaxies are in
excellent agreement with those reported by Ripepi et al.
(2022c) in the G and WG filters. Our slopes agree well with
Subramanian & Subramaniam (2015) in V and I and Ripepi
et al. (2016) in J, K, WJK, and WVK for the SMC sample.

As expected, the dispersion of the PL relation decreases from
the optical to the infrared, which is a consequence of the
sensitivity of each filter to the extinction and the width of the
instability strip. In the MW, as well as in both Magellanic
Clouds, the PL slope α generally becomes steeper, and the PL
intercept β becomes more negative (i.e., brighter) from the
optical toward the infrared. Due to the presence of a large CO
absorption band aligned with the [4.5 μm] filter (Marengo et al.
2010; Freedman et al. 2011; Scowcroft et al. 2011), in
Section 5.2, the [4.5 μm] filter is ignored in the fit of the
γ= f (λ) relation. In the Wesenheit WH band, we obtain a slope
of −3.305± 0.038 mag dex−1 in the LMC, which is fully
compatible with the slope of −3.299± 0.015 mag dex−1

derived by the SH0ES team (Riess et al. 2022).
In the MW, the PL relation generally shows a larger dispersion

than in the Magellanic Clouds because of the higher extinction and
nonuniform distances. The PL relations in the Wesenheit indices
show a low dispersion, as expected from their insensitivity to
extinction. In some filters, only a small number of Cepheids is

listed in Table 4; this is due to the various selection criteria applied
to the samples, such as the upper limit of 1.4 on the RUWE
parameter, the limited radius around the SMC center, and the cuts
in periods. Finally, for a given filter, the PL intercept in the MW is
more negative than in the LMC and even more than in the SMC
(see Figure 2), indicating a negative sign for the γ term.

4.2. The PLZ Relation

After fixing the PL slope to that of the LMC (Table 4) in the
three galaxies, we solve for Equation (4) with a Monte Carlo
sampling, where both the intercepts (β) and the mean [Fe/H]
values of each sample are free to vary within their error bars. The γ
and δ coefficients obtained for the PLZ relation are listed in
Table 5.
All γ values over a wavelength range of 0.5–4.5 μm are

negative (with a significance of 2.6σ–7.5σ), meaning that
metal-rich Cepheids are brighter than metal-poor ones. The γ
values range between a minimum of −0.178± 0.068 mag
dex−1 (in RP) and a maximum of −0.462± 0.089 mag dex−1

(in G) with a dispersion of 0.05 mag dex−1. In all filters, the γ
values are in good agreement with those obtained by Gieren
et al. (2018) and B21, especially in the NIR, but significantly
stronger than the effect detected by Wielgórski et al. (2017),
which was close to zero (see discussion in Section 5.5). The
metallicity effect in the Gaia filters is similar to that in ground
optical filters (V, I); however the G band and WG Wesenheit
index show a stronger effect (see discussion in Section 5.1).
We tested the hypothesis of a common slope in the three

galaxies by fixing the slope to that of the SMC instead of that
of the LMC; we obtained similar γ values at the 0.8σ level or
better, confirming the validity of our hypothesis.

5. Discussion

5.1. Potential Issues with the Gaia Wesenheit Index

In the Gaia Wesenheit index WG, we derive a strong effect of
−0.384± 0.051 mag dex−1, slightly shallower but still close to

Figure 2. Top: PL slope (α) in the MW and Magellanic Clouds represented
with the inverse of wavelength. Bottom: PL intercept (β) obtained in the MW
and Magellanic Clouds with a slope fixed to that of the LMC, represented with
the inverse of wavelength.

Table 5
Results of the Fit of the Form β = γ [Fe/H] + δ (Equation (4)) Obtained from

a Comparison of the PL Intercepts (β) in the MW, LMC, and SMC

Filter γ σ δ σ Nstars

BP −0.320 0.095 −3.194 0.050 2325
V −0.311 0.082 −3.314 0.046 2083
G −0.462 0.089 −3.539 0.047 2336
RP −0.178 0.068 −3.873 0.036 2317
I −0.247 0.068 −3.956 0.038 2144
J −0.294 0.066 −4.478 0.037 2014
H −0.275 0.065 −4.789 0.036 1111
K −0.321 0.068 −4.860 0.034 2017
[3.6 μm] −0.292 0.057 −4.915 0.031 110
[4.5 μm] −0.204 0.057 −4.911 0.029 110

WG −0.384 0.051 −4.958 0.025 2473
WVI −0.201 0.071 −4.864 0.035 2051
WJK −0.322 0.079 −5.137 0.042 2014
WVK −0.332 0.081 −5.066 0.042 1845
WH

a −0.280 0.078 −4.939 0.027 130

Note. The slope α is fixed to that of the LMC sample (see Table 4).
a Does not include the SMC sample (no HST photometry) or individual
metallicities in the MW or Cepheids in SN Ia hosts as used in Riess et al.
(2022).
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the previous result by Ripepi et al. (2022a), who obtained
−0.520± 0.090 mag dex−1 from MW Cepheids. The
metallicity effect in this Wesenheit index is surprisingly strong
compared to other filters or Wesenheit indices but comparable
to that in the Gaia G band (−0.462± 0.089 mag dex−1). This
could be explained by the particularly large width of the G filter
(almost 800 nm) and suggests that the results based on Gaia G-
band photometry should be treated particularly carefully. For
these reasons, the G band is ignored in the fit of the relation
between γ and λ in Figure 3. Additionally, Wesenheit indices
have been established to minimize the effects of interstellar
extinction; however, they are not totally independent of the
reddening law, since they rely on the R coefficient (see
Section 3).

5.2. A Relationship between γ and λ

As the filters used in this analysis cover a large wavelength
range, we can measure a dependence between the metallicity
term γ and the wavelength. When fitting a linear relationship
between γ and 1/λ through the points of Figure 3 after
excluding the [4.5 μm] filter (see Section 4.1) and the G band
(see Section 5.1), we derive the following relation:

( ) ( )H
M

�
o

� o �0.017 0.032
0.293 0.035 mag dex , 51

with σ= 0.05 mag dex−1. The slope of Equation (5) shows that
the metallicity effect is mostly uniform over the wavelength
range 0.5–4.5 μm. Compared to the luminosity dependence, it
indicates that Cepheid colors are relatively insensitive to
metallicity.

To verify that this is not related to any use of Cepheid colors
in reddening measurements, we repeated the analysis after
discarding reddening estimates based on color (i.e., only the
reddening maps by Green et al. 2019 are used); we obtain a
similar dependence (γ∼ 0.038± 0.043/λ), which confirms the
previous finding.

As mentioned in Section 4.1, the PL slope in the Spitzer bands
for the SMC sample depends on the adopted region around the

SMC center. The selection corresponding to R< 0°.6 excludes a
large fraction of the initial sample and returns PL slopes that are
more negative than expected. With a more moderate selection of
R< 1°.2, the SMC slopes are in better agreement with Scowcroft
et al. (2016), and the γ values become slightly shallower, with
−0.279± 0.060 and −0.194± 0.056 mag dex−1 in [3.6 μm]
and [4.5 μm], respectively. This would revise Equation (5) to
γ= (0.012± 0.032)/λ – (0.286± 0.035) mag dex−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 the dust grains and gives a physical basis for the
variations in extinction curves. Although the differences in RV
are relatively small between the MW and Magellanic Clouds,
they can still impact the calibration of the Leavitt law. In the
MW, most studies are based on the assumption RV = 3.1
(Cardelli et al. 1989), while Gordon et al. (2003) reported an
average of RV= 3.41± 0.06 in the LMC and RV= 2.74± 0.13
in the SMC. They concluded that LMC and SMC extinction
curves are qualitatively similar to those derived in the MW. But
even in the MW, the extinction curve was shown to be highly
spatially variable (Fitzpatrick et al. 2019).
Assuming a different reddening law or RV value across

different galaxies is possible but more complex (see Riess et al.
2022, Appendix D); since the R ratio in the Wesenheit indices
multiplies a color term, it requires separating the contribution
of the color that results from dust reddening by first subtracting
the intrinsic color of the Cepheids, which can be done using a
period–color relation. However, Riess et al. (2022) concluded
that determining individual values of R was not very
informative due to large uncertainties on both color and
brightness.
In the present work, we adopted the standard reddening law

from Fitzpatrick (1999) for our G, BP, RP, V, I, J, H, and KS
magnitudes and the reddening law from Indebetouw et al.
(2005) for Spitzer filters with a uniform RV value of 3.1± 0.1.

Figure 3. Metallicity effect (γ) as a function of the inverse of wavelength (1/λ).

10

The Astrophysical Journal, 939:89 (17pp), 2022 November 10 Breuval et al.

From their sample of DEBs, Graczyk et al. (2020) derive an
uncertainty of about 2% for the distance to the SMC core
region. These DEB systems are unevenly distributed in the
central region of the galaxy, and their individual distances
show a large dispersion around the mean value, ranging from
57 to 67 kpc (see their Figure 3), which corresponds to ∼16%
of the SMC distance. In order to avoid including Cepheids

located too far away from the SMC center, we restricted our
sample to a region of radius 0.6° around the SMC center. With
a smaller radius, the contribution of the SMC sample in the
PLZ fit becomes smaller than the MW contribution; therefore,
we consider that the number of retained SMC Cepheids is
insufficient. On the other hand, if we assume a radius larger
than 0.6° around the SMC center, the number of outlier stars
increases and the distance of some Cepheids may not
correspond to the distance of the SMC core region. In order
to test the validity of our hypothesis, we perform the same PLZ
fit with a radius of 0.5° and 0.7° around the SMC center and
report the coefficients in Table 7 in Appendix E.
After extending the SMC sample to a radius of 0.7° around

the galaxy center, we find γ values in very good agreement
(better than 1σ) with the values derived in the initial conditions.
When the radius is reduced to 0.5°, the metallicity effect still
agrees at 1σ with the initial conditions in all bands. Considering
a smaller region around the SMC center results in a slightly
stronger (i.e., more negative) metallicity effect. These results
highlight the sensitivity of the metallicity effect with respect to
the adopted SMC sample, and in particular to the spatial
distribution of the Cepheids considered. Moreover, it empha-
sizes the necessity to correct each Cepheid distance according
to their position in the SMC plane, as we did in Section 3.3.
We consider the variation of γ within a region of

0.5° < R< 0.7° around the SMC center as an additional source
of systematic uncertainties: this source of error is at the level of
0.02 mag dex−1 in optical bands and of 0.01 mag dex−1 in NIR
(see Table 7 in Appendix E). We adopt the same additional
source of uncertainty for the intercept δ, although the latter
coefficient is particularly stable when the radius around the
SMC center is changed. These systematics are included in the
results presented in Table 2.

6. Conclusions

We build large samples of Cepheids in the MW and in the
MCs and make use of the most recent and precise distances
available to estimate the metallicity effect on the Cepheid PL
relation. In the KS band we derive an effect of γ=− 0.221±
0.051 mag dex−1, in agreement with the value found by Gieren
et al. (2018) but more precise. In the V band we derive a weaker
effect of γ=− 0.048± 0.055 mag dex−1, which is consistent
with both Wielgórski et al. (2017) and Gieren et al. (2018)
within the error bars. We conclude with a nonzero dependence
of Cepheid magnitude with metallicity, and we confirm its
negative sign: metal-rich Cepheids are brighter than metal-
poor ones.
The improved precision reached in this work was made

possible thanks to the high quality of Gaia EDR3 parallaxes
and the new distances of the two MCs obtained by the
Araucaria Project. Combining MW and MC Cepheids also
allows us to reach a better precision than previous studies based
on MCs only, by the larger range of metallicities they cover. A
refined analysis of each light curve ensures the use of accurate
mean magnitudes. However, the elongated shape of the SMC in
the line of sight remains a source of systematic uncertainty in
our study, despite continuous efforts to improve our knowledge
of its structure. In this study, we assumed a linear dependence
of the PL relation with metallicity, but it might as well be
nonlinear (Gieren et al. 2018). Additional high-resolution
spectroscopic metallicity measurements of both MW and MC

Figure 6. Histogram of the γ values obtained in the KS band by the Monte
Carlo algorithm iterated 10,000 times.

Table 2
Final Results of the PLZ Fit of the Form

B E H� � � �M Plog 0.7 Fe H( ) [ ] and Associated Uncertainties

Band α σ δ σ γ σ

V −2.704 0.007 −3.252 0.020 −0.048 0.055
I −2.916 0.005 −3.948 0.020 −0.138 0.053
WVI −3.281 0.008 −5.005 0.022 −0.251 0.057
J −3.127 0.005 −4.463 0.022 −0.208 0.052
H −3.160 0.005 −4.748 0.020 −0.152 0.092
KS −3.217 0.004 −4.826 0.019 −0.221 0.051
WJK −3.273 0.008 −5.075 0.022 −0.214 0.057

Note. The uncertainties include the systematics discussed in Section 5.2.

Figure 7. Metallicity effect as a function of wavelength, compared with values
from the literature. The error bars include the systematics discussed in
Section 5.2. For visualization purposes, the X-axis was slightly shifted for our
values so that the error bars do not overlap, but they correspond to the same
wavelength as the literature values.
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with K2 as the semi-amplitude of the companion, aau the linear
semimajor axis in astronomical unit (au), d the distance to the
system, and M1 and M2 the Cepheid and companion mass,
respectively.

We then applied a classical Monte chain Markov Carlo
(MCMC) technique to fit the 16 model parameters characteriz-
ing the standard orbital elements and the pulsation of the
Cepheid. Our best-fit values were obtained from the median
values of the MCMC distribution (100,000 samples with
uniform priors), while uncertainties were derived from the

maximum value between the 16% and 84% percentiles. Our
best fit is shown in Figure 2. We determined a distance of
d 720.35 7.84� o pc (±1.1%), which is the most accurate
model-independent distance of a Cepheid. This corresponds to
a parallax of 1.388 0.015Q � o mas. The two component
masses were also determined with a high accuracy, M1 �

M4.288 0.133o : (±3.1%) and M M4.040 0.0482 � o :
(±1.2%), with the primary star being the Cepheid. The other
derived orbital and pulsation parameters are listed in Table 5.
Note that our orbit solutions are in rather good agreement

with the previous estimates of the spectroscopic elements
determined by Evans (2000; also listed in Table 5). It is worth
mentioning that we did not use additional RV measurements
from the literature for several reasons: (1) they are usually not
very precise, (2) we wanted to use a data set as uniform as
possible (i.e., RVs estimated the same way), (3) the effect on
the RVs of a possible third component is reduced, and (4) we
also avoid possible bias from the changing pulsation period of
the Cepheid by limiting the time range.

4. Discussion and Conclusions

This is the first time that a binary Cepheid is resolved both
spatially and spectroscopically. This provides the most accurate
model-independent distance of a Cepheid, and the most precise
masses for a Galactic Cepheid. Here we do not discuss or
compare the evolutionary status of this system using our mass
measurements as this can be found in Evans et al. (2018b).
With such a high distance accuracy, it is possible to test the

agreement of V1334 Cyg with the existing calibrations of the
P–L relations. We selected a sample of published relations in
the V and K filters, as they are the most frequently used
photometric bands (Sandage et al. 2004; Benedict et al. 2007;
Fouqué et al. 2007; Storm et al. 2011; Groenewegen 2013;
Gaia Collaboration et al. 2017).
This Cepheid is classified as pulsating in its first overtone, with

a slightly shorter period than that in the fundamental mode. We
therefore converted the period from the fundamental to the first
overtone mode following the method used in Pilecki et al. (2018)
with a pulsation model, and described in Taormina et al. (2018),
resulting in an equivalent fundamental period of P 4.78970 � o
0.0322 days. The comparison with the empirical relation from
Alcock et al. (1995), P P P0.720 0.027 log1 0 0� � , is very
good with a relative difference <1% (or within 1.3σ).

Figure 2. Result of our combined fit. Left: fitted (solid lines) and extracted primary (blue dots) and secondary (red dots) orbital velocity. Middle: fitted (solid line) and
extracted (blue dots) pulsation velocity. Right: relative astrometric orbit of V1334 Cyg Ab.
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Interferometric orbit



Kervella et al. 2019, A&A, 623, A116

Gallenne et al. 2018, ApJ, 623, A116

V1334 Cyg

𝜛(orbit) = 1.388 ± 0.015 mas  𝜛(Hip2) = 1.51 ± 0.37 mas (+0.3𝜎) 𝜛(DR2) = 1.180 ± 0.075 mas (RUWE =1.2; -3.3𝜎) 𝜛(EDR3) = 1.113 ± 0.084 mas (RUWE = 2.8; -3.2𝜎)



Effect of binarity in the LMC

  

The solution

● Candidates:

– 41 LMC Cepheids brighter > 50% (OGLE-3 catalog)

Pilecki+2021Pilecki et al 2021, ApJ 910, 118



Reddening

• The interstellar dust absorption/
scattering modifies the apparent 
spectral energy distribution of stars


• It is possible to use Wesenheit 
indices to obtain « reddening 
insensitive » magnitudes (Madore 
1982), for instance:


• The chosen reddening law has an 
influence.

extension along the line of sight (Subramanian & Subramaniam
2012; Jacyszyn-Dobrzeniecka et al. 2016; Ripepi et al. 2017),
which makes the distance to its core region particularly difficult
to measure, contrary to the LMC, which has a rather simple
geometry. In this section, we take into account the SMC
elongated shape in order to derive corrected distances to each
of its Cepheids. For each SMC Cepheid of coordinates (αi, δi),
we compute the Cartesian coordinates (xi, yi) such that

E B B
E E

E E B B

� � �
�

� �

x d
y d

cos sin
sin cos

cos sin cos
,

i i i

i i

i i

SMC SMC

SMC SMC

SMC SMC

⎧⎨⎩
( )

[
( )]

where (αSMC, δSMC)= (12°.54, −73°.11) (Ripepi et al. 2017).
Then, we used the equations corresponding to the blue lines in
Figure 4 of Graczyk et al. (2020):

� o �
� � o �

d x x d
d y y d

3.086 0.066
3.248 0.118 .

i i

i i

SMC

SMC

⎧⎨⎩ ( ) ( )
( ) ( )

We adopt the mean value of di(x) and di(y) as the final distance
of each Cepheid. The elongated shape of the SMC is
highlighted by the dispersion of the derived distances between
+5 and −6 kpc around the mean value dSMC, which represents
almost 10% of the mean value. The distances of our sample of
SMC Cepheids are represented on the map in Figure 3. A
discussion about the elongated shape of the SMC and its impact
on our results is provided in Section 5.2.

4. The Metallicity Effect from Milky Way and Magellanic
Cloud Cepheids

In this section, we aim at estimating the metallicity term γ of
the Leavitt law. In Section 4.1, we start by fitting the α and β
coefficients of the PL relation in each of the three galaxies,
without considering the metallicity term. In Section 4.2, we
include the metallicity for each galaxy and derive the third term
of the PLZ relation by combining the three galaxies.

4.1. The Period–Luminosity Relation

We adopt the Cepheid samples described in Section 2. In the
first place, we correct apparent magnitudes for the extinction by
adopting the reddening law from Cardelli et al. (1989) and
O’Donnell (1994) assuming RV= 3.135, which yields Aλ=
Rλ E(B− V ) with RI= 1.894, RJ= 0.892, RH= 0.553, and

�R 0.363KS . We also derive optical and NIR Wesenheit
indices (Madore 1982) as defined by WVI= I− 1.526 (V− I)
and WJK=KS− 0.686 (J− KS). Wesenheit magnitudes are
particularly convenient for calibrating the PL relation since
they are independent of reddening.
We account for the width of the instability strip by adding

quadratically to the photometry uncertainties the intrinsic
scatter in each band: this quantity is obtained by subtracting
quadratically the measurement errors (photometric inhomo-
geneities, differential extinction, geometrical effects, phase
corrections, etc.) from the scatter of the PL relation: we adopt a
width of the instability strip of 0.07 mag in NIR bands (J, H,
KS, and WJK) from Persson et al. (2004), 0.15 mag in V and
0.09 mag in I from Macri et al. (2006), and finally 0.08 mag in
WVI from Madore et al. (2017). We derive the absolute
magnitude Mλ of each Cepheid from their distance d (in kpc)
and dereddened apparent magnitude mλ:

� � �M MM m d5 log 10. 1( )
In the MW, the distance is obtained at the first order by

taking the inverse of the parallax. In order to avoid biases due
to this inversion, we adopt the approach introduced by Feast &
Catchpole (1997) and Arenou & Luri (1999), consisting in
fitting the astrometric-based luminosity (ABL) function instead
of absolute magnitudes:

Q� ��M MABL 10 10 2m M
mas

0.2 2 5 ( )( )

where:

B C� � �M M MM P Plog log . 30( ) ( )
We adopt a pivot period of �Plog 0.70 , which represents the
median period of our Cepheid sample. This approach ensures
minimum correlations between the fitted coefficients. We
perform a 3σ clipping procedure on the PL relation to remove
possible outliers.
A nonlinearity in the SMC PL relation was highlighted at the

short-period end ( �Plog 0.4; EROS Collaboration et al.
1999). For LMC and SMC Cepheids, Chown et al. (2021)
detect a break in the PL relation at �Plog 0.29 and also at
very long periods ( �Plog 1.72). Cepheids beyond these limits
are found to deviate from the global PL fit and can affect both
the slope and the ZP. Additionally, the short-period edge of the
PL relation is potentially affected by first-overtone contamina-
tion. In the following, we exclude all Cepheids with periods
shorter than 2.5 days ( �Plog 0.4) and longer than 52 days
( �Plog 1.72). Finally, we include the systematics on the
LMC and SMC distance moduli (0.026 and 0.032 mag,
respectively) and the photometric ZPs provided in Section 2
on the intercept error. We use the curve_fit function from the
scipy Python library in a Monte Carlo algorithm to derive the
PL coefficients and the 16th and 84th percentiles of the
distribution to derive the uncertainties. The PL relations
derived for each galaxy are provided in Table 1, where both
the slope and intercept are fitted.
In each band, the intercept increases with decreasing

metallicity, i.e., it becomes less negative from the MW to the

Figure 3. Map of the SMC Cepheids considered in our study. Yellow stars are
the eclipsing binaries from Graczyk et al. (2020), and the red cross is the center
of the SMC. The dashed circle represents a radius of 0.6° around the SMC
center.
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INTERSTELLAR DUST GRAINS 243

At wavelengths ∏ > 3030 Å, the function f (∏) depends only on ∏ and the single
parameter RV . The parameters C3, ∏0, and ∞ determine the strength and shape of
the 2175 Å “bump,” and the coefficients C1, C2, and C4 determine the slope and
curvature of the continuous extinction at ∏ < 3030 Å.
Cardelli et al. (1989) show that if the single quantity RV is known, it is possible

to estimate the values of the other six parameters (C1°4, ∏0, ∞ ) so that the optical-
UV extinction can be approximated by a one-parameter family of curves. However,
if the UV extinction has been measured, an improved fit to the observations can
be obtained by fitting C1°4, ∏0 and ∞ to the measured extinction.
Empirical extinction curves in diffuse clouds show relatively little variation in

the infrared, and for wavelengths 0.7 µm. ∏ . 8 µm the function (1) appears to
be approximately “universal” (i.e., independent of RV ) in diffuse clouds [in dense
clouds grains acquire “ice” mantles (see Section 3.5) that alter the extinction].
Fitzpatrick (1999) pays careful attention to the effects of finite-width photometric
bandpasses and gives modified formulae that appear to improve the overall fit to
observations of ice-free dust. The Cardelli et al. (1989) and Fitzpatrick (1999) fits
for RV = 3.1 are compared in Section 8 (see Table 4).
Figure 1 shows extinction curves calculated using the Fitzpatrick (1999) para-

metrization for RV = 2.1, 2.5, 3.1, 4.0, and 5.5. The coefficients in the Cardelli
et al. (1989) or Fitzpatrick (1999) fitting formulae can be adjusted to improve the

Figure 1 Extinction curves from prescription of Fitzpatrick (1999), with
diffuse interstellar bands (DIBs) added as described in Section 3.3. The DIBs
are barely visible on this plot.
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sputtering and shattering of dust grains, and alignment of dust with the magnetic
field; an introduction to these topics can be found elsewhere (Krügel 2002, Draine
2003).
The review does not attempt to survey or compare differentmodels proposed for

interstellar dust. One dust model is introduced to illustrate modeling of absorption,
scattering, and infrared emission from interstellar dust.
It is not possible to cite all of the important papers in this area; only a few articles

are cited in connection with each topic. The reader is encouraged to also consult
prior reviews by Savage & Mathis (1979), Mathis (1990, 1993, 2000), Draine
(1995), Witt (2000a,b), Voshchinnikov (2002), and the book by Whittet (2003).
Dorschner & Henning (1995) discuss the metamorphosis of interstellar dust.

2. EXTINCTION

The existence of interstellar dust was first inferred from obscuration, or “extinc-
tion,” of starlight (Trumpler 1930). Much of our knowledge of interstellar dust
continues to be based on studies of the wavelength-dependence of this attenuation,
often referred to as reddening because of the tendency for the extinction to be
greater in the blue than in the red. The wavelength-dependence strongly constrains
the grain size distribution, and spectral features (see Section 3) reveal the chemical
composition.
The extinction is most reliably determined using the pair method—comparing

spectrophotometry of two stars of the same spectral class; if one star has negligible
foreground dust while the second star is heavily reddened, comparison of the two
spectra, together with the assumption that the dust extinction goes to zero at very
long wavelength, allows one to determine the extinction A∏ ¥ 2.5 log10(F0∏ /F∏)
as a function of wavelength ∏, where F∏ is the observed flux and F0∏ is the flux in
the absence of extinction. The pair method has been used to measure extinction
curves for many sightlines, in many cases over a range of wavelengths extending
from the near-infrared to the vacuum UV.

2.1. MilkyWay Dust
2.1.1. OPTICAL-UV EXTINCTION CURVES The dimensionless quantity RV ¥ AV /

(AB ° AV ) is a common measure of the slope of the extinction curve in the optical
region. Very large grains would produce gray extinction with RV ! 1. Rayleigh
scattering (A∏ / ∏°4) would produce very steep extinction with RV º 1.2.
RV is known to vary from one sightline to another, from values as low as 2.1
(toward HD 210121) (Welty & Fowler 1992) to values as large as 5.6–5.8 (toward
HD 36982) (Cardelli et al. 1989, Fitzpatrick 1999). Cardelli et al. (1989) showed
that normalized extinction curves A∏/AI (using the I band extinction to normalize)
could be approximated by a seven-parameter function of wavelength ∏:

A∏/AI º f (∏; RV ,C1,C2,C3,C4, ∏0, ∞ ). (1)
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RV =
AV

AB �AV

Slope of reddening law 
Aλ in the visible:

~1.2 for very small 
grains (Rayleigh 
scattering)


→∞ for very large 
grains (grey extinction)

Extinction:
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The empirical distance scale

with blending higher than the inner region of NGC 4258 to the
remaining 13. The difference in the mean model residual
distances of these two subsamples is 0.02±0.07 mag,
providing no evidence of such a dependence.

4.2. Optical Wesenheit Period–Luminosity Relation

The SH0ES program was designed to identify Cepheids from
optical images and to observe them in the NIR with F160W to
reduce systematic uncertainties related to the reddening law, its
free parameters, sensitivity to metallicity, and breaks in the P–L

relation. However, some insights into these systematics may be
garnered by replacing the NIR-based Wesenheit magnitude, mH

W ,
with the optical version used in past studies (Freedman et al.
2001), ( )� � �m I R V II

W , where R≡AI/(AV− AI) and the
value of R here is ∼4 times larger than in the NIR. The
advantage of this change is the increase in the sample by a little
over 600 Cepheids in HST hosts owing to the greater FOV of
WFC3/UVIS. Of these additional Cepheids, 250 come from
M101, 94 from NGC 4258, and the rest from the other SN hosts.
In Table 8 we give results based on Cepheid measurements of
mI

W instead of mH
W for the primary fit variant with all four

Figure 10. Complete distance ladder. The simultaneous agreement of pairs of geometric and Cepheid-based distances (lower left), Cepheid and SN Ia-based distances
(middle panel) and SN and redshift-based distances provides the measurement of the Hubble constant. For each step, geometric or calibrated distances on the x-axis
serve to calibrate a relative distance indicator on the y-axis through the determination of M or H0. Results shown are an approximation to the global fit as discussed in
the text.
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Riess et al. (2016, ApJ, 826, 56)

Large Magellanic Cloud

• Other distance calibrators: 
eclipsing binaries, megamaser, 
TRGB,…

Geometry to Cepheids

Cepheids to Ia supernovae

Supernovae Ia to Hubble flow high-z

Higher-z SNe Ia from ACS 

Z=1.39 Z=1.23 Z=0.46 Z=0.52 Z=1.03 

50 SNe Ia, 25 at z>1                Riess, etal 

Riess et al. (2007, 
ApJ, 659, 98)

NGC 5584



Inspecting the HST/SH0ES distance to NGC 5584

• Most intensively observed SN 
Ia host galaxy of the 2016 
SH0ES sample


• This is not a re-analysis of 
SH0ES results or metadata


• Independent reanalysis from 
raw HST data to distance 
measurement

Javanmardi et al. 2021, ApJ, 911, 12



The Cepheids of NGC 5584

Visible Infrared (1.6 µm)



Same sample (82 Cepheids) as the SH0ES study

Our study: PSF fitting with astropy/photutils 
SH0ES: PSF fitting with DAOPHOT (Stetson 1987)

4.3.2. Reduction of Dimensions in Templates

Our 28 Galactic Cepheids light curves contain a lot of
information, which needs to be reduced into parameterized
templates. We reduce the dimensions of our template data set
via a PCA, using the scikit-learn Python library
(Pedregosa et al. 2011). The training data set for PCA are 28
vectors composed of the concatenated light curves (one for
each band) over a single pulsation cycle, centered around their
means (see Figure 4). When it comes to choosing how many
components to keep to fit our light curves, it is customary to
consider the amount of variance reproduced by a given number
of the most significant components. In our data set, at any given
phase and for any bands, the standard deviation is never greater
than 0.2 mag, with a total standard deviation of 0.13 mag
(around the average light curve). Using enough PCA
components to reproduce 95% of the variance should
reproduce light curves within ∼0.03 mag (on average), which
we deemed enough for our application. Our main goal is to
extract the average magnitude from sparse and irregularly
sampled time series: even if the light curve is reproduced
within 0.03 mag, the average is likely estimated with much
higher accuracy. Keeping three principal components covers
93.8% of our training set variance, whereas using four
components leads to 97.1% of the variance being reproduced,
which corresponds to a standard deviation of 0.022 mag. See
Figures 5 and 6 for different information regarding the PCA
components.

4.3.3. Fitting Strategy

For a given NGC 5584 Cepheid, we have a list of
observations in various passbands and at different dates. The
initial period is estimated by a computed periodogram on the

Figure 2. Our PSF photometry for the representative Cepheids in Figure 4
of H16. The left column shows 40 × 40 pixels in the F555W band centered on
each Cepheid with the Cepheid ID (which is the same as in H16) given on top
of each frame. The right column corresponds to the exact same image with the
Cepheid removed after the PSF modeling.

Figure 3. Radius versus temperature diagram for the Galactic Cepheids. The
dots are the average values (over the pulsation), whereas the thin lines show the
values over the pulsation. The color code refers to the pulsation period. The
dotted lines are the borders of the theoretical instability strip, using mild
rotation (0.5) and solar metallicity (Anderson et al. 2016). We only use the
Cepheids with period greater than 12 days for building our template light
curves; see Section 4.3.1 for further details.
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Crowding Bias
WFC3/UVISWFC3/IR

• Photometric bias caused by the 
superposition of sources and the 
limited pixel sampling


• Determined by randomly injecting 
artificial stars and checking the 
effect of field stars on their 
photometry

• Crowding effect on measured 
Cepheid magnitudes is limited 
(Riess et al. 2023, 
arXiv:2307.1580)



SpectroPhoto-Interferometry of Pulsating 
 Stars (SPIPS), Mérand et al. (2015)

Light curve fitting using templates 
Our study: 

Javanmardi et al. (2021)

SH0ES:
Yoachim et al. (2009) templates

Hoffmann et al. (2016)



Trahin et al.: Modeling of the Cepheids pulsation with Gaia EDR3 parallaxes

Fig. B.5. Result of the SPIPS modeling for the Cepheid RS Pup (P=41.45 days). Thanks to a complete and precise dataset associated with an
accurate eGDR3 parallax, this star represent one of the best adjustment available in this sample.

Fig. B.6. Result of the SPIPS modeling for the Cepheid � Cep (P=5.36 days). This star has the most complete dataset available, with interferometric
angular diameters, spectroscopic e↵ective temperatures and full phase coverage multi-band photometry and radial velocities from many studies.
The eGDR3 parallaxe used in this adjustment is unreliable, with a RUWE parameter of 2.71. In order to take advantage of its data, we present in
table 1 the results of the adjustment using the accurate eGDR3 parallax of its companion derived by (Kervella et al. 2019a).

Article number, page 19 of 29

Radial velocity

Effective temperature 
(spectro.)

Angular diameter 
(interfero.)

Photometry

SPIPS models of Galactic Cepheids

Trahin et al. (2021, A&A, 656, A102)



Period-Luminosity diagrams for NGC 5584

WH = H − 0.386(V − I )WI = I − 1.3(V − I )

Javanmardi et al. (2021)



Distance modulus of NGC 5584

Higher H0

Lower H0

• Using two Period-Luminosity relations:


• LMC relation (Riess et al. 2019) with no 
metallicity correction


• Milky Way relation based on Gaia DR2 
(Breuval et al. 2020)

Therefore, for the total uncertainty on WH, we have

T T T T T� � � �R , 4WH H H V I
2 2 2 2

int
2 1 2[ ( ) ] ( )

where σint is the intrinsic dispersion due to the nonzero width of
the instability strip. To estimate σint, we follow the procedure of
Riess et al. (2019). Using the Cepheid observations in the LMC,
Riess et al. (2019) present PL relations and their scatter in different
HST bands. To estimate σint, they subtract (in quadrature) the
mean Cepheid measurement errors from the scatter of the PL
relation for a given band. Their mean measurement error for
different bands are given in their Section 2.2 and the values for the
scatter of the PL relations are listed in their Table 3. For WH, the
intrinsic dispersion is estimated to be σint= 0.069 mag.

5.4. The Period–Luminosity Relations

In addition to the PL relation in WH, we also present PL
relations for all of the bands F350LP, F555W, F814W, and

F160W, as well as for optical Wesenheit index, WI, in
Figure 10. The latter is defined as WI= I− RI(V− I) with
RI= 1.3 (Riess et al. 2019). The uncertainties on individual
Cepheids in this figure also include the contribution from the
σint explained in the previous section18. We note that the data
points in the PL relations shown in Figure 6 of H16 appear to
contain only the measurement uncertainties, which are
comparable in size to this work’s results as shown in our
Figure 8.
The solid lines represent the results of fitting a linear relation

of the form B C� �m Plog , where m is the mean magnitude.
We fix the slope α to the values given in Table 3 of Riess et al.
(2019; which lists the PL relations from Soszynski et al. 2008,
Macri et al. 2015, and R16), and fit for the intercept with a 3σ
clipping. The slightly larger scatter in our PL relations
compared to those found by SH0ES for NGC 5584 is most
probably due to our different treatment of the crowding bias.
As stated earlier in the text, SH0ES added a single value of
crowding bias for all the Cepheids in a galaxy, which shifts the
PL relation slightly toward fainter values. However, we add the
crowding bias values estimated at the location of each Cepheid
separately, which introduces a somewhat larger scatter in the
PL relation19.

5.5. The Distance to NGC 5584

In this section, we derive the distance modulus of
NGC 5584, based on the apparent Wesenheit magnitudes WH
of our sample of 82 Cepheids in this galaxy. By applying an
existing WH PL relation to the known period of our stars, we
derive the absolute magnitude MW

H for each Cepheid and then
their individual distance modulus N � �W MH H

W .
We perform this calculation using two different PL relations:

one calibrated in the MW (Breuval et al. 2020),
� � o � o �M P5.432 0.029 3.332 0.177 log 0.84H

W ( ) ( )[ ], and
another calibration from the LMC (Riess et al. 2019),

� �M P15.898 3.26 logH
W . For the slope of the latter relation,

a 0.02 mag uncertainty is stated in Riess et al. (2019) while
they mention no uncertainty on the intercept. Therefore, we
assume a conservative uncertainty of 0.02 mag error also for
the intercept (the intercept uncertainties in Macri et al. 2015 are
much smaller than 0.02 mag). We then subtract the LMC
distance modulus as measured by Pietrzyński et al. (2019). For
both PL relations, the individual distance moduli obtained for
each Cepheid are represented in Figure 11. The Galactic PL
relation yields a weighted mean distance modulus of
31.810± 0.047 mag, while the LMC calibration results in
31.639± 0.038 mag. The 1σ confidence regions of these
weighted mean values are also shown in Figure 11. The
distance modulus from the Galactic PL relation is in agreement
with μ= 31.786± 0.046 (mag) measured by SH0ES in R16.
The distance modulus from the LMC PL relation, however, is
smaller though still in agreement within 2.5σ with the SH0ES
result.
It is not surprising that different distances are obtained based on

LMC and MW PL relations, given that the LMC has a smaller
metallicity compared to the MW (Romaniello et al. 2008), i.e., the

Figure 9. rms amplitudes in V (top panel) and I (bottom panel) bands relative to
the F350LP (LP) band versus period. The plus and cross symbols are the
SH0ES results for AV/ALP and AI/ALP, respectively. Our results have a
significantly lower scatter than those of SH0ES. The solid blue and red dashed
lines are linear fits as explained in Section 5.2 and shown in Equation (3). We
also show the MW Cepheids as filled dots and empty circles, for AV/ALP and
AI/ALP, respectively. We note that while for the linear fitting only the results
from the Cepheids in NGC 5584 were used, and while only 28 of the MW
Cepheids with period >12 days were used for our template light-curve
building, the fitted line also passes through the MW Cepheids data points.

18 We calculate the σint for different bands based on the information given in
Section 2.2 and Table 3 of Riess et al. (2019) in the same way as explained in
Section 5.3.
19 We note that the scatter in the PL relation is not influenced by amplitude
ratios, which together with mean magnitudes are both products of the same
template fitting.
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Therefore, for the total uncertainty on WH, we have

T T T T T� � � �R , 4WH H H V I
2 2 2 2

int
2 1 2[ ( ) ] ( )

where σint is the intrinsic dispersion due to the nonzero width of
the instability strip. To estimate σint, we follow the procedure of
Riess et al. (2019). Using the Cepheid observations in the LMC,
Riess et al. (2019) present PL relations and their scatter in different
HST bands. To estimate σint, they subtract (in quadrature) the
mean Cepheid measurement errors from the scatter of the PL
relation for a given band. Their mean measurement error for
different bands are given in their Section 2.2 and the values for the
scatter of the PL relations are listed in their Table 3. For WH, the
intrinsic dispersion is estimated to be σint= 0.069 mag.

5.4. The Period–Luminosity Relations

In addition to the PL relation in WH, we also present PL
relations for all of the bands F350LP, F555W, F814W, and

F160W, as well as for optical Wesenheit index, WI, in
Figure 10. The latter is defined as WI= I− RI(V− I) with
RI= 1.3 (Riess et al. 2019). The uncertainties on individual
Cepheids in this figure also include the contribution from the
σint explained in the previous section18. We note that the data
points in the PL relations shown in Figure 6 of H16 appear to
contain only the measurement uncertainties, which are
comparable in size to this work’s results as shown in our
Figure 8.
The solid lines represent the results of fitting a linear relation

of the form B C� �m Plog , where m is the mean magnitude.
We fix the slope α to the values given in Table 3 of Riess et al.
(2019; which lists the PL relations from Soszynski et al. 2008,
Macri et al. 2015, and R16), and fit for the intercept with a 3σ
clipping. The slightly larger scatter in our PL relations
compared to those found by SH0ES for NGC 5584 is most
probably due to our different treatment of the crowding bias.
As stated earlier in the text, SH0ES added a single value of
crowding bias for all the Cepheids in a galaxy, which shifts the
PL relation slightly toward fainter values. However, we add the
crowding bias values estimated at the location of each Cepheid
separately, which introduces a somewhat larger scatter in the
PL relation19.

5.5. The Distance to NGC 5584

In this section, we derive the distance modulus of
NGC 5584, based on the apparent Wesenheit magnitudes WH
of our sample of 82 Cepheids in this galaxy. By applying an
existing WH PL relation to the known period of our stars, we
derive the absolute magnitude MW

H for each Cepheid and then
their individual distance modulus N � �W MH H

W .
We perform this calculation using two different PL relations:

one calibrated in the MW (Breuval et al. 2020),
� � o � o �M P5.432 0.029 3.332 0.177 log 0.84H

W ( ) ( )[ ], and
another calibration from the LMC (Riess et al. 2019),

� �M P15.898 3.26 logH
W . For the slope of the latter relation,

a 0.02 mag uncertainty is stated in Riess et al. (2019) while
they mention no uncertainty on the intercept. Therefore, we
assume a conservative uncertainty of 0.02 mag error also for
the intercept (the intercept uncertainties in Macri et al. 2015 are
much smaller than 0.02 mag). We then subtract the LMC
distance modulus as measured by Pietrzyński et al. (2019). For
both PL relations, the individual distance moduli obtained for
each Cepheid are represented in Figure 11. The Galactic PL
relation yields a weighted mean distance modulus of
31.810± 0.047 mag, while the LMC calibration results in
31.639± 0.038 mag. The 1σ confidence regions of these
weighted mean values are also shown in Figure 11. The
distance modulus from the Galactic PL relation is in agreement
with μ= 31.786± 0.046 (mag) measured by SH0ES in R16.
The distance modulus from the LMC PL relation, however, is
smaller though still in agreement within 2.5σ with the SH0ES
result.
It is not surprising that different distances are obtained based on

LMC and MW PL relations, given that the LMC has a smaller
metallicity compared to the MW (Romaniello et al. 2008), i.e., the

Figure 9. rms amplitudes in V (top panel) and I (bottom panel) bands relative to
the F350LP (LP) band versus period. The plus and cross symbols are the
SH0ES results for AV/ALP and AI/ALP, respectively. Our results have a
significantly lower scatter than those of SH0ES. The solid blue and red dashed
lines are linear fits as explained in Section 5.2 and shown in Equation (3). We
also show the MW Cepheids as filled dots and empty circles, for AV/ALP and
AI/ALP, respectively. We note that while for the linear fitting only the results
from the Cepheids in NGC 5584 were used, and while only 28 of the MW
Cepheids with period >12 days were used for our template light-curve
building, the fitted line also passes through the MW Cepheids data points.

18 We calculate the σint for different bands based on the information given in
Section 2.2 and Table 3 of Riess et al. (2019) in the same way as explained in
Section 5.3.
19 We note that the scatter in the PL relation is not influenced by amplitude
ratios, which together with mean magnitudes are both products of the same
template fitting.
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Agreement within 0.5𝜎
Our work: 

µ = 31.810 ±0.047
SH0ES: 

µ = 31.786 ±0.046

Small metallicity shift between NGC 5584 and MW

ΔWVI ~ +0.01 mag, ΔWH ~ +0.02 mag

Javanmardi et al. (2021)



Summary
Different Tools for PSF photometry.

Negligible influence of the choice of PSF modelling 
and background subtraction algorithms.

Alternate approach to determine the

crowding bias compared to SH0ES. 

Analysis done independently from the SH0ES 
team.

On NGC 5584, we found no direct hint  
towards a resolution of the H0 tension

Different template light curves fitting approach.  

NGC 5584



Perspectives
• However the Leavitt law still has a remarkably low dispersion 

and remains a cornerstone to measure cosmic distances. 

• Cepheids are (still) surprising stars ! The Baade-Wesselink 

projection factor does not behave so nicely as expected.

• Metallicity is important. Additional calibrating galaxies with 

independent distances beyond the SMC and LMC would be 
desirable.


• Using Cepheids in distant galaxies is delicate, as corrections 
are needed for crowding, extinction, metallicity… should be 
checked !


• Within the framework of our ERC SyG UniverScale:

• PhD thesis to be announced in 2024 focusing on the 

study of interstellar reddening. 

• Post-doctoral position to work on JWST observations.
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1P. Astier 

Cepheids, Distances, H
0

Pierre Astier 
(LPNHE/IN2P3/CNRS, SU, Paris)

Annecy, November 2023

  Anomalies ?Anomalies ?

Really ?Really ?

(2101.05463)
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The local H0 measurement(s), as of today

● Requires (absolute) distances and redshifts. 

● In the Hubble flow, z>~0.02 or ~80 Mpc

● Distances are obtained via a 3 rung ladder:

– Supernovae (Ia) in the Hubble flow

– Local supernovae in galaxies with observable Cepheids (<80 Mpc)

– Cepheids at known distances (Milky Way, LMC)

● “Local” calibrators : 

– LMC: (detached) eclipsing binaries    (DEBs)

– Milky Way : parallaxes 

– NGC4258 : Hydrogen Maser 

You can replace
“cepheid” by any
other (bright)
distance indicator
(e.g. TRGB) 

ALAIN BLANCHARD
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Actual distances 
to Cepheids

Cepheids to SNe

SNe to redshifts

R22, fig12.
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Supernovae statistics (1)

● The scatter of SNe is typically 0.14 mag (i.e.  ~7% in distance)

● In order to get 1% precision, one needs ~50 events (2nd rung)

– Current statistics is 42. 

● Usable SN events (nearby galaxy with observable cepheids, 
moderate extinction) occur at ~1y-1 rate. 

● This is the core limitation for H
0
 statistical precision.

● We already have more SNe in the Hubble flow than we need. 

● Selecting SNe in galaxies with cepheids actually selects late type 
SN hosts : galaxies still forming stars.

ALAIN BLANCHARD



9P. Astier 

Cepheids (in a single slide !)

● These are bright (super) giants variables. Luminosity : 103-4 Sun

● Variability: from a few tenths to ~1 mag.

● Henrietta Leavitt + (1908) : the period-luminosity relation 
discovered in the LMC

● Since then, many refinements: two populations, extinction, 
metallicity corrections,  color terms, precise photometry, etc...

● Are we at the end of refinements ? 

● However, further refinements are confined within the empirical 
dispersion around the PL relation, ~0.08 mag rms in the NIR

ALAIN BLANCHARD
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Cepheids from
R22

NIR Extinction-
corrected 
magnitudes
vs log(Period)

In distant hosts
m~25 for P~10 d.
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The use of cepheids

● They are used to bridge the local distance calibrations with the 
nearby SN host galaxies.

– The farthest SN/cepheids galaxies are at the limit of HST capabilities 

● So there are basically two kinds of potential problems:

– The quality of calibrators

– The photometry of cepheids in SN host galaxies

● Then, there could be problems in the comparison

– Different populations  

– systematics which do not cancel out (metallicity !)

– ….
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Cepheid calibrators in R22

● Milky Way: (mostly) Gaia early DR3 (EDR3) :

– 0.9% systematics (in distance) related to parallax offset, 1% with 
statistics.

● LMC : detached eclipsing binaries:

– 0.0263 mag or 1.2%    (49.5 kpc)

● NGC4258: Water maser:

– 1.5% in distance (7.6 Mpc)

● Added complexity: M31 is used (without a geometrical anchor) to 
constrain the P-L slope of cepheids. 
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Parallaxes of Cepheids in the Milky Way

● R22 mostly uses Gaia Early Data Release 3

● In Gaia EDR3 parallaxes have issues (5.2 of F23):

– Underestimated uncertainties

– Global offset (discussed by the Gaia team)

– Color and magnitude dependent corrections (idem)

– Leads to about 4% distance uncertainties for Cepheids rather than 1% as 
assumed in R22

– Requires a new assessment with DR3 (out since June 22)

● For both Cepheids and TRGB, Gaia is anyway expected to provide 
the ultimate calibration.

ALAIN BLANCHARD
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Distance to the LMC : 1903.08096 (2)

● The reported distance uncertainty is 1.1% 

● My sense is that the accuracy of geometric 
star radii (from occultation in lighcurves) 
deserves a more detailed discussion

● I don’t understand what secures the 
linearity of V mag measurements between 
V~5 (MW) and V~21 (LMC)

● I don’t understand why the interferometric 
radius scale uncertainty (2.7%) is not 
propagated into the final error budget.  
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Measuring Cepheids

● One has to observe from space in order to resolve stars in distant 
galaxies   (HST scientific rationale). 

● In order to reduce systematics, all cepheids involved in H
0
 

measurements should be observed with the same instrument and 
bands, i.e. the HST (or JWST). 

● NIR observations are obviously favored in order to reduce 
extinction corrections, significant in late type galaxies. However, 
angular resolution is degraded as compared to visible.

● One needs to measure apparent brightnesses, which is difficult in 
crowded stellar fields.
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Cepheids “standardization”

PL slope Metallicity correction
Abs. Mag.
of a P=10d 
Cepheid

Expected mag.

R is modest, ~0.4
because it refers to H band

ALAIN BLANCHARD



22P. Astier 

Metallicities

● The dependence of Cepheids P-L (or P-L-C) relation with 
metallicity was uncovered in the 50’s (?) and led to a revision of 
the distance to the LMC (because MW and LMC have a different 
average metallicity).

● In R22, the metallicity is assessed by spectroscopy and some 
spatial gradient across galaxies is fitted. 

● For SN host galaxies (2nd rung), I do not imagine a mechanism that 
biases distances.

● For the first rung, uncertainties in metallicities translate to 
potential shifts of the other parameters of the P-L-C relation



24P. Astier 

A few SN host galaxies
with the location of selected
cepheids.

For each host, a period cut
is defined in order to avoid
a magnitude bias due to
missing detections.

Distant galaxies deliver
a small number of eligible
cepheids

The distribution of periods
varies with distance
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R22 PL slopes

This is a test.
In the end,
a single slope
is fitted across 
all cepheids. 

The range of S/N
is huge.
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Log-normal photometry error distributions

● Definition : X is log-normal if Y=log(X) is normal 

● There are then 2 parameters, E[Y] and Var[Y]

● R22 (and before) argue that measured magnitudes have Gaussian 
errors, because the background (undetected stars) is log-normal.

● I don’t understand how that can be valid at all distances, because 
the relative contributions of background stars (deemed log-
normal) and sky (Gaussian) vary a lot with distance.

● Gaussian distributions in magnitudes seem to describe the 
observed distributions, but I could not find a detailed test of  
sensitivity of the distance to the assumed error distribution.    
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A small difference between median and mean?

● For a perfect log-normal flux distributions, magnitudes are 
Gaussian (by definition)

● Is med-mean=0.03 small ?

● If measured fluxes are Gaussian then M=log(F) : 

– Median(M) = log(median(F)) ) = log(E[F])

● E[M] = log(E[F]) -1/2 Var[F]/E[F]2+ …. 

● So that, for the log of a Gaussian,  the difference between median 
and mean is a proxy for S/N

          For a difference of 0.03,  μ~ 4 σ 
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● Bottom line: remeasuring ~300 Cepheids in 2 galaxies reduces the 
scatter (by about a factor of 2) but does not change the average 
(distance)

● The quality of the test (1 σ) is 0.03 which is marginal, especially 
because the chosen Cepheid galaxies are one calibrator and one 
“average”, while the largest bias is expected at the largest 
distances.

● Reminder: TRGB is essentially immune to confusion (and much 
less to extinction) 
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low high

For this science (and many others) we are interested in accurate flux ratios
The simplest way for that is to impose the low-flux weighting scheme at all 
fluxes: then even an approximate PSF delivers correct flux ratios.
R22 relies on DAOphot which does not use this weighting scheme (at least 
by default). 

ALAIN BLANCHARD
Photometry...
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Summary: photometry of cepheids, potential issues

● Average of numerous poor measurements:

– Average of fluxes or distance moduli 

– Accuracy of background subtraction might depend on flux

– Outlier rejection

– Position variance (and associated flux bias) certainly depends on flux. 

● PSF photometry of bright vs faint objects: brighter-fatter and 
accuracy of the PSF model. 

● Linearity of the device.
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Supernovae Ia (1)

● The 42 “calibrators” happen in galaxies hosting Cepheids, which 
eliminates SNe Ia in late type hosts.

● We know that the intrinsic brightness of SNe Ia depends on the 
host galaxy type, presumably of the stellar age or the star 
formation rate. 

● In cosmological analyses, this is handled through the “mass step”, 
an offset applied to all supernovae of a given host type (indexed 
originally by host stellar mass (e.g. Sullivan+ 2010))

● Rather than correcting distances of Hubble diagram events, R22 
selects those in galaxies that may host Cepheids.
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Supernovae Ia (2)

● Selecting the same SN demography seems totally reasonable. 

● There were tensed exchanges on this subject  because initially, the 
SH0ES team argued that they did not see any effect related to 
SFR, at variance with all other actors in the field.

● Assuming (very unlikely) that R22 misses the whole “mass step 
effect”, the average brightness correction is at most 0.05 mag

● Regarding more general SN selection, the used cuts are at about 2 
sigma in the standard variables x1 and c:

– |x1|<2, |c|<0.2

● Replicating the analysis with NIR SN data (less events…) gives 
the same results 72.3 +/- 2 (Galbany+ 23, 2308.01875)
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Supernovae Ia (3)
● I my opinion, there is no significant gain to expect at collecting 

new SN samples for improving SH0ES.

● It would be better to collect all events (calibrators and HD) with 
the same instrument, but it is very unlikely that some part of the 
current data is grossly wrong.

● Switching from Cepheids/HST to TRGB/JWST, the rate of SN 
calibrators increases from ~1/y to more than 5. This is the only 
practical way to replace/enlarge the calibrator sample rapidly, if 
there is a good reason to do that.

● ZTF can do (and has partially done) the SN part, but the JWST 
proposals did not fare well (?!).

ALAIN BLANCHARD
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The result (R22)

H
0
= 73.04 ± 1.01 km s −1 Mpc −1

The difference with 67 km s −1 Mpc −1 is 0.185 mag. 

The uncertainty from the fit, accounts for: uncertainty of the anchors
shot noise, dispersion of Cepheids and SNe, uncertainties on standardizations, 
There is not much room for improvement with 42 calibrator SNe

Is there any point at reducing this formal uncertainty ?
Introducing more redundancy is the way to go.

 

ALAIN BLANCHARD
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R22: systematics/ variants
● Systematics are evaluated by studying “variants”, which consist in 

changing some point of the analysis (but one at a time):

– Cepheid clipping, selecting anchors, color correction, PL relation M31 
handling, Metallicity handling, SNe handling,…

● The rms of H
0
 over variants is 0.3 

● R22 add 0.3 to 1.01 (in quadrature) and find 1.04. I find 1.05.

● I don’t understand why the rms over variants is a measure of 
systematic uncertainty: the potential sources seem to add up, 
because all are potentially active. 

● If adding up the changes measured on variants, the uncertainty 
becomes ~1.4 .

ALAIN BLANCHARD
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Internal consistency: are anchors compatible ? (1)

● As shown before, M31, introduced to nail the cepheid PL slope 
has a different slope than the other hosts.  

● One key aspect to reduce uncertainty is to average three anchors, 
but the average only makes sense if they are compatible

● G. Efstathiou claims that it is not the case: LMC and N4258 both 
host cepheids and both have geometrical distances. This allows a 
null test, failed at >3σ  : 

● In 2007.10716, SH0ES replies that the residual is closer to 2 σ 
(0.1 mag), but they seemingly had not carried out the test.

2007.10716
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Internal consistency: are anchors compatible ? (2)

● So, two geometrical anchors are questionable

● The third one, the Milky Way is also questionable (2309.05618, 5.2)

– Quality of “zero point” of Gaia parallaxes (which dominate the sample)

– Position-dependent offsets, “color terms”

– Linearity of cepheid photometry

● It is clear that more anchors would be welcome. 

● It is not clear if Gaia can deliver a (statistical) parallax of the LMC, 
because of “zero point” parallax uncertainty.   

ALAIN BLANCHARD
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Comments/conclusions (1)
● There have been other analyses of the SH0ES data, that usually 

find the same result (see references in R22).

● Reproducing the photometry of cepheids is difficult and tedious. I 
am not sure it is useless, given the scatter in the Javanmardi+ 
(2021) comparison. Instrumental aspects may deserve a critical 
look. Brighter-fatter was not corrected, non-linearity may be 
trickier than a power law.

● There are potentially serious issues when comparing (very) bright 
and (very) faint cepheids. 

● The quality of anchors is arguable: they could be more consistent 
and the published uncertainties are propagated as such, while they 
are likely optimistic: uncertainties are uncertain. 
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Summary/conclusions(2)

● The handling of systematics in R22 (and before) is arguable, and 
mostly does not address many photometry potential issues. The 
analysis relies on averaging (how?) a lot of (very) poor 
measurements, a bad situation in general.

● I think we need more redundancy, as opposed to more cepheids or 
new SNe in the second rung.

● TRGB (in the SN hosts that already have cepheid data) is probably 
the natural next step, underway in fact.

● HST/JWST is the bottleneck for this science. The standard time 
allocation scheme is probably not the best way to cook up an 
observing program.
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If I had to bet (I wish I didn’t)

● I cannot imagine how the SN part of the analysis could be wrong. 
I don’t know about CSP from Freedman et al. 

● I have suspicions about the photometry of cepheids, but I doubt 
that it could reconcile with Planck. But it is worth investigating, 
even if crowding seems settled.

● If I had to bet, I would first question the anchors.  


