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Overview

• Measuring H0


• Standard candles


• Standard rulers


• Origin of discrepancy


• Systematics?


• New physics?


• Modifying ΛCDM


• Types of solutions


• Example case: 


• What will a solution 
look like?


• Outlook (is there any 
hope?)

Neff
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A growing tension

• A question that has plagued cosmologist for decades:


How fast is the universe expanding? 

• There are two main ways to answer this: local measurements 
(supernovae), and early-universe measurements (CMB)


• In a consistent cosmological model, we would expect to find 
the same answer… 


• … but early-time and late-time measurements do not agree 


How bad is it?
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A growing tension

Assumes ΛCDM

Cepheids + SNe 

TRGB + SNe 

Miras + SNe 

Time delays 

Masers 

Surface Brightness 
Fluctuations 


Figure credit: V. Bonvin and A. 
Shahib, available at 1907.10625 
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H0 from supernovae

Slide by A. Riess 
(July 2019)
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H0 from supernovae

1. Measure geometric distances to calibrate Cepheids


Construct Period - Luminosity - Distance relation


2. Observe Cepheids in galaxies that also host supernovae


Use previous relation to get SN luminosity - distance ruler


3. Observe more distant supernova in the Hubble flow


Use calibrated ruler to get distance, construct Hubble diagram

Forward distance ladder: Geometry — Cepheids — Supernovae
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θs r*s
D*A

calculate this
measure this

infer this
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r*s
D*A
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H0 from CMB

θs =
r*s
D*A

∝
pre-recombination physics
post-recombination physics



Deanna C. Hooper - Université Libre de Bruxelles VUB - June 2020/288

H0 from CMB

r*s = ∫
∞

z*

dz
c*s

H(z)

θs =
r*s
D*A

∝
pre-recombination physics
post-recombination physics
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H0 from CMB

c*s =
1

3 (1 + 3ρb

4ργ )
r*s = ∫

∞

z*

dz
c*s

H(z)

θs =
r*s
D*A

∝
pre-recombination physics
post-recombination physics

baryon - photon 
sound speed
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H0 from CMB

c*s =
1

3 (1 + 3ρb

4ργ )
r*s = ∫

∞
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dz
c*s

H(z)
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r*s
D*A
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pre-recombination physics
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H2(z) =
8πG

3 (ργ + ρν + ρM)

baryon - photon 
sound speed

using ΛCDM

in early universe
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H0 from CMB

c*s =
1

3 (1 + 3ρb

4ργ )

D*A = ∫
z*

0

dz

H0 ΩM(1 + z)3 + ΩΛ(z)

r*s = ∫
∞

z*

dz
c*s

H(z)

θs =
r*s
D*A

∝
pre-recombination physics
post-recombination physics

H2(z) =
8πG

3 (ργ + ρν + ρM)

baryon - photon 
sound speed

using ΛCDM

in early universe

using ΛCDM in late universe, 
we can calculate H0
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H0 from BAO

θs r*s
D*A
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H0 from BAO

θs

r*s

DA



Deanna C. Hooper - Université Libre de Bruxelles VUB - June 2020/28

BAO measures two processed 
versions of the sound horizon:


Line of sight: 


Transverse:

9

H0 from BAO
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rs/DA(z)

θs

r*s

DA
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BAO measures two processed 
versions of the sound horizon:


Line of sight: 


Transverse:

9

H0 from BAO
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calculate this

infer this

We always need an 
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BAO measures two processed 
versions of the sound horizon:


Line of sight: 


Transverse:

9

H0 from BAO

measure this

We always need an 
anchor:

• CMB

• Supernovae

H(z)rs

rs/DA(z)

infer this

calculate this

θs

r*s

DA
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BAO measures two processed 
versions of the sound horizon:


Line of sight: 


Transverse:

9

H0 from BAO

measure this

We always need an 
anchor:

• CMB

• Supernovae

H(z)rs

rs/DA(z)

infer this

calculate this

θs

r*s

DA

The Hubble tension can be formulated 
as a sound horizon tension
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The sound horizon tension

Knox and Millea 1908.03663
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The sound horizon tension

Aylor et al. 1811.00537

tension with Cepheids + SN + BAO (no ΛCDM) Planck + BAO: Planck Col. 1807.06209

rs = 144.57 ± 0.22 Mpc

BAO data will be crucial to test different solutions
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What could be the origin?

• Systematics in supernovae

• Systematics in Planck

• New physics
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What could be the origin?

• Systematics in supernovae

• Systematics in Planck

• New physics

• Statistical fluke

COSMO’19 POLL:


~85%


~1%


~10%


~4% not sure
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Problems with supernovae?

Problem with geometry?

Table credit: A. Riess
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Problems with supernovae?
Systematics in Cepheids or supernovae?

Figure credit: A. Riess

• Reanalysis by independent 
groups find same result


• Changing assumptions on 
Cepheids barely effect H0       
(Follin and Knox 1707.01175)


• Reduction of supernovae not 
independently cross-checked


• It is not only supernovae: quasar 
time delays, megamasers, and 
surface brightness fluctuations 
all find similar H0 values
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Problems in the CMB?
Figure credit: J. Henning 
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Problems in the CMB?

• CMB remarkably 
consistent across 
different modes and 
experiments 

• This consistency has 
been tested down to 
the Planck level of 
precision

Knox and Millea 1908.03663
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Problems in the CMB?

• CMB remarkably 
consistent across 
different modes and 
experiments 

• This consistency has 
been tested down to 
the Planck level of 
precision

• Small anomaly between 
low-  and high-  TT 
data - is this significant?

ℓ ℓ

Knox and Millea 1908.03663
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Problems with ΛCDM?

• Early universe solutions: for a fixed , decrease  to 
decrease  and increase H0 (change recombination or 
pre-recombination physics, without messing up the CMB)


• Late universe solutions: for a fixed  and , change 
 to allow for higher H0 (decrease energy density 

between )

θs r*s
D*A

r*s D*A
DA(z < z*)

0 < z < z*

“Once you eliminate the impossible, whatever remains, no 
matter how improbable, must be the truth.” - Sherlock Holmes

θs =
r*s
D*A

∝
pre-recombination physics
post-recombination physics
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Classes of solutions

Pre-recombination 

• Sound speed reduction


• High-temperature recombination


• Photon cooling/conversion


• Increasing H(z) with additional 
components: 


A. Light Relics, 


B. Early Dark Energy 


C. Designer H(z) 

Neff
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• Photon cooling/conversion


• Increasing H(z) with additional 
components: 


A. Light Relics, 


B. Early Dark Energy 


C. Designer H(z) 
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Post-recombination 

• H(z) wiggles


• Post-recombination decrease in 
energy density


• Late-time photon interactions


• New physics impacting some 
Cepheids


• New physics impacting some 
supernovae

See Hubble Hunter’s Guide for more details 

Knox and Millea 1908.03663
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• Extra relativistic species in the early universe are 
predicted by many extensions to the Standard Model    
(N-Naturalness, Twin Higgs, etc) 


• Increase      increase      decrease      increase 


• To fully solve the tension we need     
(Bernal et al. 1607.05617)

Neff ρR r*s H0

Neff ∼ 3.5 − 4.0

19

Can  solve the tension?Neff

r*s = ∫
∞

z*

dz
c*s

H(z)H2(z) =
8πG

3 (ρR + ρM)ρR = ργ (1 +
7
8 ( 4

11 )
4/3

Neff)
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Can  solve the tension?Neff

Planck Collaboration: Cosmological parameters

2.0 2.5 3.0 3.5 4.0

Ne�

60

65

70

75

H
0
[k

m
s�

1
M

p
c�

1
]

Riess et al. (2018)

0.77

0.78

0.79

0.80

0.81

0.82

0.83

0.84

�
8

Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.33 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO
data changes in the same way, the low-redshift BAO geometry
helps to partially break the degeneracies. Despite improvements

33For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

in both BAO data and Planck polarization measurements, the
joint Planck+BAO constraints remain similar to PCP15:

Ne↵ = 3.11+0.44
�0.43 (95 %, TT+lowE+lensing+BAO); (67a)

Ne↵ = 2.99+0.34
�0.33

(95 %, TT,TE,EE+lowE+lensing
+BAO). (67b)

For Ne↵ > 3.046 the Planck data prefer higher values of the
Hubble constant and fluctuation amplitude,�8, than for the base-
⇤CDM model. This is because higher Ne↵ leads to a smaller
sound horizon at recombination and H0 must rise to keep the
acoustic scale, ✓⇤ = r⇤/DM, fixed at the observed value. Since
the change in the allowed Hubble constant with Ne↵ is associ-
ated with a change in the sound horizon, BAO data do not help to
strongly exclude larger values of Ne↵ . Thus varying Ne↵ allows
the tension with Riess et al. (2018a, R18) to be somewhat eased,
as illustrated in Fig. 35. However, although the 68 % error from
Planck TT,TE,EE+lowE+lensing+BAO on the Hubble parame-
ter is weakened when allowing varying Ne↵ , it is still discrepant
with R18 at just over 3�, giving H0 = (67.3±1.1) km s�1Mpc�1.
Interpreting this discrepancy as a moderate statistical fluctuation,
the combined result is

Ne↵ = 3.27 ± 0.15

H0 = (69.32 ± 0.97) km s�1Mpc�1

9>=
>;

68 %, TT,TE,EE
+lowE+lensing
+BAO+R18.

(68)

However, as explained in PCP15, this set of parameters requires
an increase in �8 and a decrease in ⌦m, potentially increas-
ing tensions with weak galaxy lensing and (possibly) cluster
count data. Higher values for Ne↵ also start to come into ten-
sion with observational constraints on primordial light element
abundances (see Sect. 7.6).

Restricting ourselves to the more physically motivated
models with �Ne↵ > 0, the one-tailed Planck TT,TE,EE
+lowE+lensing+BAO constraint is �Ne↵ < 0.30 at 95 %. This
rules out light thermal relics that decoupled after the QCD phase
transition (although new species are still allowed if they decou-
pled at higher temperatures and with g not too large). Figure 36
shows the detailed constraint as a function of decoupling tem-
perature, assuming only light thermal relics and other Standard
Model particles.

7.5.3. Joint constraints on neutrino mass and Ne↵

There are various theoretical scenarios in which it is possible to
have both sterile neutrinos and neutrino mass. We first consider
the case of massless relics combined with the three standard de-
generate active neutrinos, varying Ne↵ and

P
m⌫ together. The

parameters are not very correlated, so the mass constraint is sim-
ilar to that obtained when not also varying Ne↵ . We find:

Ne↵ = 2.96+0.34
�0.33,X

m⌫ < 0.12 eV,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (69)

The bounds remain very close to the bounds on either Ne↵
(Eq. 67b) or

P
m⌫ (Eq. 63b) in 7-parameter models, showing that

the data clearly di↵erentiate between the physical e↵ects gener-
ated by the addition of these two parameters. Similar results are

48

Aghanim et al. 1807.06209

High-  CMB temperature does not 
allow such high values of 

ℓ
Neff
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Can  solve the tension?Neff

BBN + BAO (galaxies)

BBN + BAO (Lyman- )

BBN + BAO (all)

Planck 2018

SH0ES 2019

α

Schöneberg, Lesgourgues, DCH 1907.11594

BAO+BBN data disfavour  as a 
solution (still 2.6σ tension) already 
at the background level

Neff

Planck Collaboration: Cosmological parameters
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.
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which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
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⇤CDM model. This is because higher Ne↵ leads to a smaller
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However, as explained in PCP15, this set of parameters requires
an increase in �8 and a decrease in ⌦m, potentially increas-
ing tensions with weak galaxy lensing and (possibly) cluster
count data. Higher values for Ne↵ also start to come into ten-
sion with observational constraints on primordial light element
abundances (see Sect. 7.6).

Restricting ourselves to the more physically motivated
models with �Ne↵ > 0, the one-tailed Planck TT,TE,EE
+lowE+lensing+BAO constraint is �Ne↵ < 0.30 at 95 %. This
rules out light thermal relics that decoupled after the QCD phase
transition (although new species are still allowed if they decou-
pled at higher temperatures and with g not too large). Figure 36
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the case of massless relics combined with the three standard de-
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P
m⌫ together. The
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ilar to that obtained when not also varying Ne↵ . We find:
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Aghanim et al. 1807.06209

High-  CMB temperature does not 
allow such high values of 

ℓ
Neff
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A catalogue of solutions

• DM-DR interactions (NADM) Buen-Abad et al. 1708.09406, Archidiacono et al. 
(DCH) 1907.01496 


• Early Dark Energy Agrawal et al. 1904.01016, Poulin et al. 1811.04083 

• Extra radiation,  Bernal et al. 1607.05617, Agrawal et al. 1904.01016 

• Neutrino interactions Kreisch et al. 1902.00534, Blinov 1905.02727


• Decaying DM Pandey et al. 1902.10636, Vattis et al. 1903.06220


• Interacting DM-DE Wang et al. 1603.08299, DiValentino et al. 1908.04281, Lucca 
and DCH 2002.06127 

• ++ countless other models Bernal et al. 1607.05617, Knox and Millea 1908.03663

Neff
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Neff

non-exhaustive
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• DM-DR interactions (NADM) — can only mitigate the problem, possible 
prior dependence


• Early Dark Energy — model building is hard, fine tuning, coincidence 
problem


• Extra radiation,  — can only mitigate, disfavoured by BAO+BBN


• Neutrino interactions — model building is hard, requires very strong 
interaction


• Decaying DM — BAO + SN point to an early universe solution, can only 
mitigate problem


• Interacting DM-DE — BAO + SN point to an early-universe solution, can 
only mitigate problem

Neff

22

A catalogue of solutions
problems
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Current status

• All proposed solutions have drawbacks 


• We have yet to identify a complete solution that fits all 
cosmological data and is physically well-motivated


• Model building is challenging: highly precise CMB 
measurements are well-fit by ΛCDM, but BAO+SN push 
us to an early-universe solution


• But we have some hints as to what a solution will look like
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• Solutions should be thought of in terms of the  plane


• Most likely solution will imply a reduction of conformal time to 
recombination, lowering 


• Promising avenue: increasing  with additional components 
(perhaps just prior to recombination)


• New models must be compatible with CMB, BAO, and SN data


• Any solution should not make other tensions worse


• Will a solution be related to the  vs  discrepancy?

r*s − H0

r*s

H(z)

ℓ < 800 ℓ > 800

How to build a solution
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The H0 tension

Assumes ΛCDM

Cepheids + SNe 

TRGB + SNe 

Miras + SNe 

Time delays 

Masers 

Surface Brightness 
Fluctuations 


Figure credit: V. Bonvin and A. 
Shahib, available at 1907.10625 
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Will more data help?

• Carnegie-Chicago Hubble Program: independent measurement 


• 18 supernovae, only 9 in common with SH0ES


• Uses TRGB instead of Cepheids to calibrate 
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Will more data help?

• Carnegie-Chicago Hubble Program: independent measurement 


• 18 supernovae, only 9 in common with SH0ES


• Uses TRGB instead of Cepheids to calibrate 

2000 2004 2008 2012 2016 2020 2024
Year of Publication

60

65

70

75

80

H
0

[k
m

s�
1

M
p
c�

1
]

Hubble Constant Over Time

Cepheids CMB TRGB

Cepheids

TRGB

CMB

Freedman et al. 1907.05922



Deanna C. Hooper - Université Libre de Bruxelles VUB - June 2020/2827

Will more data help?
Ezquiaga et al. 1807.09241

Gravitational waves will provide a completely independent measurement. 
Future cosmological missions will reach greater precision.
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Summary

• Increasingly precise measurements are uncovering cracks in ΛCDM


• Tension between early and late time measurements now at 4.5 


• No clear evidence for systematics in any measurement 


• Multiple probes supporting different H0 values 


• We are yet to identify a well-motivated model compatible with all data


• Model building is challenging, but we have a lot of hints 


• The next decade will make or brake our standard cosmological model

σ



Thank you for your attention

Want to know more? Videos of all the talks at last  
week’s five day ESO H0 conference available here: 

http://www.eso.org/sci/meetings/2020/H0/program.html

http://www.eso.org/sci/meetings/2020/H0/program.html
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Cepheid P-L relation
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Hubble Flow
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Systematics in supernovae



BackupDeanna C. Hooper - Université Libre de Bruxelles

Independent Cepheid Tests

Summary of Follin and Knox 1707.01175


What they tried: loosened up assumptions about Cepheid 
modelling: 


• let dust spectral dependence be uncertain


• let it vary from host galaxy to host galaxy


• introduced a large amount of freedom in Cepheid period-
magnitude relation 


Conclusion: doing the above had very little impact on H0 
central value, and only slightly increased the uncertainty 
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