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Moresco et al. (2022), open wCDM with systematics: 67.8-7.2
+8.7

Moresco et al. (2022), flat �CDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1
Liao et al. (2020): 72.8-1.7

+1.6
Qi et al. (2020): 73.6-1.6

+1.8
Millon et al. (2020), TDCOSMO: 74.2 ± 1.6

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8
Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1
Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0
Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9
Soltis, Casertano, Riess (2020): 72.1 ± 2.0
Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3
Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7
Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7
Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45
Riess et al. (2022), R22: 73.04 ± 1.04

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Baxter et al. (2020): 73.5 ± 5.3

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 ± 0.97
Ivanov et al. (2020), BOSS+BBN: 67.9 ± 1.1

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2021), P+BAO+BBN: 69.23±0.77
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19±0.99

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2
Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1
Aiola et al. (2020), ACT: 67.9 ± 1.5
Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015, H0 = 67.27 ± 0.66
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 ± 0.54

Aghanim et al. (2020), Planck 2018: 67.27 ± 0.60
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [49, 50]).

‣  End-to-end test of the standard model 

‣  Planck Collaboration 2020:     
              H0 = 67.4   ± 0.5   km/s/Mpc 

‣ Riess et al. 2022:                     
              H0 = 73.04 ± 1.04 km/s/Mpc 

5! tension ➞ new physics beyond ΛCDM ? 
(see talk by V. Poulin on Friday)



The SH0ES three rung distance ladder (A. Feild and A. Riess, STScI/JHU)

2nd rung 3rd rung1st rung

(Gaia, ESA)

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



➞  simultaneous fit of the 3 rungs, including 
covariance to better estimate errors and 
interdependence between parameters 

➞  5 free parameters (Cepheids and SNIa 
luminosities, PL slope, " term, and 5 log H0) 

➞  100 million MCMC 

H0 = 73.04 ± 1.04 km/s/Mpc

30 Riess et al.

Figure 12. Complete distance ladder. The simultaneous agreement of distance pairs: geometric and Cepheid-based (lower
left), Cepheid- and SN-based (middle), and SN- and redshift-based (top right) provides the measurement of H0. For each step,
geometric or calibrated distances on the abscissa serve to calibrate a relative distance indicator on the ordinate through the
determination of MB or H0. Results shown are an approximation to the global fit as discussed in the text. Red SNe points are at
0.0233 < z < 0.15 with the lower redshift bound producing the appearance of asymmetric residuals when plotted against distance.

Baseline Fit: ! =1 km s-1 Mpc-1 ,  !=1.7 in 2016, !=1.3 last year

Baseline Fit: H0=73.04 +/- 1.04, km s-1 Mpc-1, w/ systematics

5.0! from Planck + ΛCDM Χ2!=1.03, N=3500

The SH0ES three rung distance  
ladder (Riess et al. 2022)
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Figure 14. MCMC sampling of the �
2 statistic of the global fit showing all free parameters except the individual host distances.

Contours are 1�, 2�, and 3� confidence regions. We find that the means and uncertainties agree very well with the analytical
minimization of �2.



Main results 

➞  reducing systematic errors: 
- NIR to avoid the effect of dust 
- 3 filters and 1 single instrument on HST (combined -> independent of dust) 
- consistent measurements between the 3 rungs                                                                

(Pantheon+: Scolnic et al. 2022, Brout et al. 2022)  

➞  get realistic errors by including statistical uncertainties and systematics in a covariance matrix 

➞  42 supernovae in calibrator galaxies (only 19 in 2016) 

➞  18 HST proposals and 1000 orbits of HST 

➞  other improvements:  
- triple the number of Cepheids in the NGC 4258 host galaxy,  
- data reprocessed with STScI calibration tools,  
- 67 variants of the analysis: 

- removing anchors 
- changing reddening law 
- cut in Cepheid periods 
- change/ignore metallicity dependence



Analysis Variants: 12 categories, 67 variants, bifurcations, extensions, etc

• Optical Cepheid data only (72.7)
• Different pec. vel map or none (73.1,72.7)
• SN scatter ind. wave+mass step (73.5)
• No pre-2000 SNe (73.2) 
• closest half  hosts (73.1)
• most crowded half  (73.4)
• least crowded half  (73.3)
• Skip “local hole” z>0.06 (73.4)
• All host types (73.3)
• include TRGB (consistent) jointly (72.5)
• No metallicity term (73.5)
• Break in PL at P=10 days (72.7)
• No dust correction (74.8)
• Individual host dust law (73.9)
• Free param dust law (73.3)
• Low RV=2.5 dust law (73.2)
• Two of  three anchors (73.0,73.4,73.2)
• No outlier rejection (73.4)

Bottom line: hard to get below 72.5, above 73.5, propagate dispersion as extra systematic 
➞  We propagate the scatter of these variants as an additional systematic 

➞  no indication of any measurement inconsistency or any source of systematics that could solve the tension



Does the crowded and dense backgrounds compromise the accuracy on H0 ?
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Figure 8. Comparison of Cepheids measured in a dense (inner) field (in red) and sparse (outer) field (in blue) of NGC4258.
Because these Cepheids are at the same distance, the comparison shows the accuracy of the background estimates which di↵er in
the mean over the same sampled range, 0.7 < logP < 1.2, by 0.45 mag (relative to the Cepheids), yet yield a consistent intercept
to � ⇡ 0.05 mag. The di↵erence in metallicity between the samples, �[O/H]= 0.08 dex, corresponds to a di↵erence of 0.02 mag,
smaller than the precision of this comparison.

3.4. Dereddened Magnitudes

The SH0ES program uses observations in HST filters at known Cepheid phases in optical (F555W, F814W) and
NIR (F160W) bands to correct for the e↵ects of interstellar dust and the finite width in temperature of the Cepheid
instability strip. We employ NIR “Wesenheit” magnitudes (Madore 1982) to deredden Cepheids throughout, defined as

mW

H
= mH �R (V �I), (7)

where H = F160W, V = F555W, and I = F814W in the HST system, and R ⌘ AH/(AV �AI). Wesenheit magnitudes
are not conventional magnitudes, which compare the brightness of one star to another; rather, they are used to compare
the brightness of one standardized candle to another through the removal of their unequal extinction, as reviewed in
Appendix D. While the value of R obtained from well-characterized extinction laws for these bands is ⇠ 0.4, we note
that the correlation between Cepheid intrinsic color and luminosity at a fixed period has the same sense as extinction
(cooler is fainter), and is similar in size with an intrinsic value of ⇠ 0.6 (as discussed in §6.2). Therefore, the value of R
derived for extinction e↵ectively also reduces the intrinsic scatter caused by the breadth of the instability strip. We
analyze the sensitivity of H0 to values of R derived from di↵erent extinction laws in §6.3. In Appendix D, we discuss
pitfalls associated with varying R in Equation (7) between galaxies if the intrinsic color is not first subtracted from the
observed color4 (Follin & Knox 2017; Mortsell et al. 2021).
To avoid a magnitude bias, we include only Cepheids with periods above the completeness limit of detection in our

primary fit for each host (Y22b). The measurements of Cepheids in SN Ia hosts are provided in Table 2, while Table 3
summarizes the properties of the resulting NIR P–L relations. We identify a number of improvements realized here
since our previous Cepheid measurements in SN hosts, ⇠ 6 yr ago (R16, H16) and ⇠ 16 yr ago for NGC4258 (Macri
et al. 2006).

4 This might be pursued to allow the extinction law to vary in every host, but if the intrinsic color is not first subtracted, it has the unintended
consequence of producing a large variation in the luminosity of the standard candle itself which is unrelated to dust, is inconsistent with the
premise of a distance ladder where stars, once standardized, have luminosities independent of the rung they live on, and most importantly is
not supported by the data as shown in Appendix D.
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➞  Add artificial stars of known 
brightness in the vicinity of Cepheids 
and we re-measure their contribution 

➞  +4 other tests of crowding

➞  More noise in crowded 
regions (red) but the mean 
agrees very well.



Are Cepheid and TRGB distances consistent? 

• Compare distances to same SN Ia hosts, 8 in common (CCHP or EDD)
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TRGB: find break between RGB/AGB

Example: NGC 1448, D~20 Mpc
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Cepheids: find light curves, periods, measure
Period-brightness relation
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Are TRGB and Cepheid distances consistent ?

➞  TRGB: measure precisely the brightness of the 
discontinuity/break in the color-mag diagram

➞  8 galaxies for which we have both TRGB and Cepheid distances 

➞  Included simultaneously:  H0 = 72.5 ± 1 km/s/Mpc

Are Cepheid and TRGB distances consistent? 

• Compare distances to same SN Ia hosts, 8 in common (CCHP or EDD)
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TRGB: find break between RGB/AGB

Example: NGC 1448, D~20 Mpc
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Cepheids: find light curves, periods, measure
Period-brightness relation

Log period

m
ag

phase

m
ag

-m
ea

n

+0
.5

-0
.5

➞  Cepheids: find light curves, periods, 
measure Period-Luminosity relation



How to account for metallicity differences for Cepheids ?

Metallicity range covered by Milky Way and 
Magellanic Cloud Cepheids (Breuval 2021)

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

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

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

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

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

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

3.5.1 Method

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

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

M� = m� � 5 log d � 10 (3.7)
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Method: 

➞  Host-to-host direct comparison 
➞  Large metallicity coverage (~ 1 dex) 
➞  Consistent data sets (distances, photometry, extinction...) 

M = a logP + b + " [Fe/H]

Distances: 

➞  Gaia EDR3 in Milky Way 
➞  Eclipsing binaries in Magellanic Clouds



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

" = -0.239 ± 0.069 mag/dex

Cepheid Period-Luminosity (P-L) relation  
in three galaxies of different chemical composition

How to account for metallicity differences for Cepheids ?



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

➞  No wavelength dependence

Stellar models, Anderson et al. (2016)

How to account for metallicity differences for Cepheids ?

Breuval et al. (2022), arXiv: 2205.06280

➞  good agreement with SH0ES results 
and with stellar models  

➞  Metal-rich Cepheids are brighter 
that metal-poor ones
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Figure 20. Marginalized posterior covariance between H0 and the metallicity term, ZW , for the three two-anchor cases and
the baseline fit. The metallicity term is well-constrained, with a substantial tightening owing to the di↵erential DEB distance
between the two clouds (LMC and SMC) from Graczyk et al. (2020). The term has little correlation with H0 because the anchor
abundances span the range in the SN hosts, but this term provides for the consistency between the anchors.

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

How to account for metallicity differences for Cepheids ?

➞  Overall same metallicity between 
anchors and Cepheids in host galaxies

A Comprehensive Measurement of H0 from SH0ES 39

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

Figure 21. The metallicity term and consistency of the geometric anchors. The mean slope of four hosts with geometric
distances is plotted against the intercept of the Wesenheit magnitude P–L relation. The DEB distance di↵erence between the
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➞  No correlation between H0 and the 
metallicity term 

➞  Need to account for this term to make 
anchors consistent (we fit simultaneously 
anchors that have a different metallicity)

!



Perspectives

➞  JWST (24h in cycle 1), Gaia DR4 (more precise parallaxes), LIGO (standard sirens)... 

➞  Cepheids in clusters:

L. Breuval et al.: The Milky Way Cepheid Leavitt law based on Gaia DR2 parallaxes

Fig. A.1. continued.
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Conclusion 

➞  Main result: baseline fit H0 = 73.04 ± 1.04 km/s/Mpc including systematics 

➞  Consistent and improved Cepheid calibration with HST, total of 42 SNIa, consistent with TRGB 

➞  67 variants of the analysis: no indication of any excess noise or systematics to solve the tension 

➞  Three anchors (MW, LMC, NGC 4258) consistent with each other, which results from the correction of 
the metallicity effect 

➞  Standardized brightness of SNIa, consistent Cepheid measurements across the distance ladder 

➞  Very consistent measurements thanks to a single photometric system with HST 

➞  The source of the Hubble tension remains unknown



Thank you! 

! Riess, A. et al., 2022, ArXiv: 2112.04510 

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