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Status of cosmological tensions

See Tamara Davis talk 
yesterday for a fantastic
review on cosmological
probes
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The Planck satellite

l 1st release 2013: Nominal mission,15.5 months, Temperature only (large 
scale polarization from WMAP).

l 2nd release 2015: Full mission, 29 months for HFI, 48 months for LFI, 
Temperature + Polarization, large scale pol. from LFI.
Intermediate results 2016: low-l polarization from HFI

l 3nd release 2018: Full mission, improved polarization, low/high-l from 
HFI. Better control of systematics specially in pol., still systematics limited.

3rd generation full sky satellites (COBE, WMAP)
Launched in 2009, operated till 2013.
2 Instruments, 9 frequencies.
LFI:
• 22 radiometers at

30, 44, 70 Ghz.
HFI: 
• 50 bolometers (32 polarized) at

100, 143, 217, 353, 545, 857 Ghz.
• 30-353 Ghz polarized.
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As

Scalar Amplitude primordial 
spectrum ns

Scalar spectral index

tt

Optical depth to reionization

Wch2

Physical density of dark matter

q

Angular scale of sound horizon

Wbh2
Physical density of baryons

6 LCDM parameters
l Initial conditions As, ns:

l Acoustic scale of sound 
horizon q

l Reionization t

l Dark Matter density 
Wch2

l Baryon density 
Wbh2

Assumptions:
l Adiabatic initial conditions
l Neff=3.046

l 1 massive neutrino 0.06eV.
l Tanh reionization (Dz=0.5)



Baseline LCDM results 2018 
(Temperature+polarization+CMB lensing)

Mean s [%]

Ωbh2 Baryon density 0.02237 0.00015 0.7

Ωch2 DM density 0.1200 0.0012 1

100θ Acoustic scale 1.04092 0.00031 0.03
t Reion. Optical depth 0.0544 0.0073 13
ln(As 1010) Power 
Spectrum amplitude 3.044 0.014 0.7
ns Scalar spectral 
index 0.9649 0.0042 0.4
H0 Hubble 67.36 0.54 0.8
Ωm Matter density 0.3153 0.0073 2.3
s8 Matter perturbation 
amplitude 0.8111 0.0060 0.7

• Most of parameters 
determined at (sub-) 
percent level!

• Best determined 
parameter is the 
angular scale of sound 
horizon θ to 0.03%.

• t lower and tighter 
due to HFI data at 
large scales.

• ns is 8s away from 
scale invariance (even 
in extended models, 
always >3s)

• Best (indirect) 0.8%
determination of the
Hubble constant to 
date.LCDM is a good fit to the data

No evidence of preference for classical 
extensions of LCDM Planck VI 2018



Calculate the physical dimension of sound horizon
assumes model for sound speed and 
expansion of the universe before recombination
(after measuring wm and wb)

Measure this

rs

DA(z = 1100)

✓s

Calculate this

Infer this

DA(z) =

Z z

0
dz

0
/H(z0)

To get the right DA, only thing left in the model to adjust is 
the cosmological constant. With that done, we have H(z).  

Determining H0 from CMB Data  
Step 2:  Use the Ruler to Infer Distance

Step 3:

Infer the distance to 
the last scattering 
surface, which 
depends on H0
Friedmann equation, 
infer H0.

Measure the angular 
scale of sound horizon
from the position of the 
peaks

Indirect measurement of the Hubble 
constant from the CMB (and BAO)

IGM Workshop - Heidelberg, June 16th, 2014Andreu Font-Ribera - Expansion of the Universe with BOSS Quasars 9

Baryon Acoustic Oscillations

We measure H(z) and DA(z) ! 

Sound horizon at drag epoch (from Planck) : 
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VI. COSMOLOGY
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We measure BAO peak along the line of sight in BOSS : 
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Cross power specrum

X(k) = hf(k) q(k)i = PFQ(k)

Quasar variance

CQQ = 2Q2 = 2 (PQQ +NQ)
2

Forest variance

CFF = 2F 2 = 2 (PFF +NF )
2

Cross variance

CXX = X
2 + F Q = P

2
FQ

+ (PFF +NF ) (PQQ +NQ)

Are they independent?

CXF = 2FX = 2 (PFF +NF )PFQ

Approximations :

PQQ(k) << NQ(k)

PFF (k) << NF (k)
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V. BAO

�vBAO =
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1 + z
H(z) (35)
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[1] P. McDonald and D. J. Eisenstein, Phys. Rev. D 76, 063009 (2007), arXiv:astro-ph/0607122.
[2] M. McQuinn and M. White, Mon. Not. Roy. Astron. Soc. 415, 2257 (2011), 1102.1752.
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We measure BAO peak in the transverse direction in BOSS : 

5

VI. COSMOLOGY

H =
ȧ
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H0

[1] P. McDonald and D. J. Eisenstein, Phys. Rev. D 76, 063009 (2007), arXiv:astro-ph/0607122.
[2] M. McQuinn and M. White, Mon. Not. Roy. Astron. Soc. 415, 2257 (2011), 1102.1752.

H2(z)=H02(Wm (z+1)3..)

Model dependent!

Expansion rate after recombination

H(z) here is 
the expansion 
rate of the 
universe at 
early times

H(z) here is 
the expansion 
rate of the 
universe at 
late times

See also 
Knox and 
Millea 2019 
for a review



Measurements of 
H0

https://github.com/shsuyu/H0LiCOW-
public/tree/master/H0_tension_plots

Planck CMB

BAO+BBN+DES lensing+clustering

SnIA+Tip of 
the red 
giants 

(Freedman 
et al. 2020)

BAO+BBN+PS full shape

Time delays multiply 
imaged quasars * 
(Birrer 2020)



Strong tension 
between early and 
late universe 
probes of the 
Hubble constant H0

https://github.com/shsuyu/H0LiCOW-
public/tree/master/H0_tension_plots

Planck CMB

BAO+BBN+DES lensing+clustering

SnIA+Tip of 
the red 
giants 

(Freedman 
et al. 2020)

SnIA+Cepheids
(Riess+ 2020)

BAO+BBN+PS full shape

Time delays multiply 
imaged quasars * 
(Birrer 2020)



• A Supernovae IA is an explosion of a white 
dwarf which reaches the Chandrasekhar limit by 
accreting mass from a companion.  

• It is a standard candle because its peak 
luminosity, after some correction, is always 
the same. By observing its apparent 
magnitude, one can measure distances. 
However, it’s distance-luminosity relation must 
be calibrated, i.e. we need to measure the 
absolute magnitude, which is not known a 
priori! This possible only if we measure SN in 
galaxies with known distances. These can be 
inferred with cepheids.

• Cepheids are variable stars which allow the 
measurement of distances through their period-
luminosity relation.

• Cepheid period-luminosity relation must be 
calibrated as well, i.e. we have to infer their 
absolute magnitude as a function of period in 
galaxies of known distances.

• Cepheids are calibrated in the Milky Way or 
closeby galaxies,where we have geometrical 
means to measure distances.

Supernovae IA



15 cepheids w. 
parallaxes

8 late DEB
785 cef.

2 early DEB 
(372 cepheids)

1 water maser (139 cef.)

18 SN with ~700 
cepheids in hosts

300 SN

Direct H0measurements 
distance ladder from 
supernovae

<~Mpc

>50Mpc

Supernovae magnitude-
distance relation. (z=-0.01-
0.15)

Calibrate SN relation with 
cepheid-determined distances 

Calibrate cepheid
period-luminosity 
relation with 
geometric distance 
calibrations

Plot from Riess 2016

Freedman et al. 
use Tip of the 
red giant 
Branch instead 
of cepheids



Planck 1st release : 
H0=67.3±1.2 (TT+WMAP lowlP)

Planck 2nd release : 
H0=67.26 ± 0.98 (TT+LFI lowlP)
[H0=67.51 ± 0.64(+TEEE+lensing)]

Planck intermediate results :
H0=66.93±0.62  
(TTTEEE+HFI lowlP)

Planck 3nd release : 
H0=67.36 ± 0.54 
(TTTEEE+HFI lowP+lensing)

2.5σ

2.5σ

2.8σ

Riess+ 2011 
H0=73.8±2.4 
Freedman+ 2012
H0=74.3 ± 2.5

Riess+ 2016 
H0=73.02±1.79

Riess+ 2018
H0=73.52 ± 1.62 

Reid+ 2019
H0=73.5 ± 1.4
Freedman+ 2019
H0=69.8 ± 1.9

Riess+ 2020
H0=73.2 ± 1.3

3.2σ

3.8σ

3.6σ

4.1σ

2013

2015

2016

2016

2018

2018

2019

Planck Direct measurements
H0 Tension

1.2σ![km/s/Mpc]

2020
4.2σ



Early universe probes in 
agreement with Planck

https://github.com/shsuyu/H0LiCOW-
public/tree/master/H0_tension_plots

Planck CMB

BAO+BBN+DES lensing+clustering

SnIA+Tip of 
the red 
giants 

(Freedman 
et al. 2020)

SnIA+Cepheids
(Riess 2020)

BAO+BBN+PS full shape

Time delays multiply 
imaged quasars * 
(Birrer 2020)

Other CMB experiments in 
agreement with Planck:

H0 = 67.9 ± 1.5 
Km/s/Mpc Atacama 
Cosmology Telescope
DR4 (Aiola+ 2020)

H0 = 68.8 ± 1.5 
Km/s/Mpc South Pole 
Telescope SPT-3G yr1 
(Dutcher+ 2021)
WMAP+BAO also agrees.

None of these have yet
achieved the same
statistical power as 
Planck, all have 2-3 times 
larger error bars.



Late time universe 
probes in 
agreement with 
Shoes

https://github.com/shsuyu/H0LiCOW-
public/tree/master/H0_tension_plots

Planck CMB

BAO+BBN+DES lensing+clustering

SnIA+Tip of 
the red 
giants 

(Freedman 
et al. 2020)

BAO+BBN+PS full shape

Time delays multiply 
imaged quasars *
(Birrer 2020)

Note:
• Some of these are 

correlated
• All late have larger error 

bars then SNIA

And others:

•Cosmic Chronometers from 
stellar ages 
H0=71±2.8 (H0=69.3±2.7) km 
s−1 Mpc−1 from globular 
clusters (very-low-metallicity
stars) (Jimenez+ 2019).

•Gravitational waves
H0=68+14

−7km s−1Mpc−1 (Ligo
and Virgo collabs. 2019)

SnIA+Miras
(Huang 2020)

Water 
Megamazers
(Pesce 2020) Surface brightness 

fluctuations 
(Blakeslee 2021)

Baryonic Tully Fisher 
(Schombert 2020 )

SnIA+Cepheids
(Riess 2020)



https://github.com/shsuyu/H0LiCOW-
public/tree/master/H0_tension_plots

Planck CMB

BAO+BBN+DES lensing+clustering

SnIA+Tip of 
the red 
giants 

(Freedman 
et al. 2020)

SnIA+Cephei
ds (Riess
2020)

BAO+BBN+PS full shape

SnIA+Miras
(Huang 2020)

Water 
Megamazers
(Pesce 2020) Surface brightness 

fluctuations 
(Blakeslee 2021)

Baryonic Tully Fisher 
(Schombert 2020 )

Time delays multiply 
imaged quasars *
(Birrer 2020)

Birrer+2020. See also Kochanek 2019, Blum+ 
2020

*Not making assumption about the 
mass profile increases error bars by a 
factor of ~4.

Late time universe 
probes in 
agreement with 
Shoes

Time-delay Cosmography

• Time-delay distance

Courtesy: Martin Millon

D�t = (1 + zd)
DdDs

Dds
/ �t

� 
/ 1

H0
<latexit sha1_base64="jwLhExjyZSZBqEFI+1ty+D7YyHQ="></latexit>



So what’s wrong?
• Statistical fluctuation unlikely

• Systematics in distance ladder? 
• Many reanalysis of the dataset have confirmed high H0 value
• However, need strong confirmation from another probe at 

the same level of accuracy/precision.

• Still some open debates (cepheid crowding, TRGB reddening, 
consistency of anchors, environmental effects on SN, 
peculiar velocity and isotropy etc..). Many already addressed 
by Sh0es team.

• Systematics in CMB and BAO?
• Planck data have been reanalyzed, finding consistent results. 

Multiple pipelines, consistency checks all point towards same 
results.

• Other CMB experiments and BAO in agreement. However, 
none yet with the same accuracy.

• Planck has an internal consistency test deviation (AL), which 
however cannot explain as of now the H0 problem. 

• New physics?
Caveat: not clear when a solution “works”=> decreases the tension from 
4s to 0,1,2,3 s?



Systematics in the cepheids?

1. Magnitude of cepheids need to be 
corrected for dust extinction and possibly
for a color-luminosity relation.

2. In standard analysis, these corrections
assumed to be universal, i.e. the same for 
cepheids in anchors and in SN host
galaxies.

3. If one assumes different parameters for 
each galaxy containing cepheids, one can 
find H0 values which are different than in 
the standard analysis, as low as H0 = 
66.9 ± 2.5 km/s/Mpc or H0 = 71.8 ±
1.6 

4. However, the color-luminosity relation 
inferred in this way might be unphysical…

8 Mörtsell et al.
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Figure 6. H0 as a function of RE in the SNIa hosts and the
anchor galaxies when color calibrating Cepheids with respect
to the estimated color excess RE Ê(V ! I).

Allowing also for individual galactic P-L relations, we
obtain H0 = 73.5± 2.0 (3.0 ! tension), assuming priors
on RE.
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Figure 7. The result of fitting individual galactic values for
RE using the color excess Cepheid calibration, imposing prior
constraints RE = 0.45± 0.35.Anchor galaxies are denoted in
brown and SNIa host galaxies in petrol. The dotted line
corresponds to RE = 0.386.

7. SUMMARY AND DISCUSSION

RW
RE
RE (no prior)

CMB
SH0ES

65 70 75
H0

Figure 8. Results for H0 for the two main analyses em-
ployed in this paper. The solid black line is for individ-
ual galactic values of RW using Wesenheit magnitudes. The
dark petrol lines are for individual RE using color excesses,
with the solid line assuming prior values RE = 0.45 ± 0.35.
The dashed petrol line is fitted using the Wesenheit cali-
bration with RW = 0.386 as in Riess et al. (2021) and the
dashed brown region indicates the 1! region from Planck
(Aghanim et al. 2020).

We have argued that the value inferred for the Hub-
ble constant from SNIa distance measurements is quite
sensitive to the choice of Cepheid calibration method.
Specifically, we have compared results when color cal-
ibrating the Cepheid magnitudes with respect to ob-
served colors and estimated color excesses. In both
cases, guided by the lack of evidence for global dust
extinction properties at NIR wavelengths, we have al-
lowed for individual color calibrations in each galaxy.
Regardless of whether we calibrate with respect to ob-
served colors or estimated color excesses, the correction
terms RW (V ! I) and RE Ê (V ! I) only have clear in-
terpretations if {RW, RE} = RVI

H = "VI
H , correcting for

both dust extinction and intrinsic color variations. Both
approaches could thus be regarded as partly phenomeno-
logical, and partly as a physical model parameterization.
For the color excess calibration, we derive H0 =

71.8 ± 1.6 in 2.7 ! tension with the value inferred from
Planck when using a weak prior of RE = 0.45 ± 0.35.
With no prior, H0 = 70.9±1.7 (2.0 ! tension). Calibrat-
ing with respect to observed colors yieldsH0 = 66.9±2.5
in agreement with the Planck value, see Figure 8. These
results are stable to the possibility of also allowing for
individual galactic P-L relations. Results for individual
anchors are presented in Section C. The lower H0 com-
pared to the case of a fixed global color calibration is
driven by the preferred lower values of RW and RE in

4 Mörtsell et al.

value of H0. We will show that such a di!erence is sup-
ported by the Cepheid and SNIa data.

4. METHOD AND DATA

The apparent magnitude of a source at redshift z with
absolute magnitude M is given by

m = 5 logD(z) +M + 25, (1)

where D(z) is the luminosity distance in units of Mpc.
By combining observed magnitudes of Cepheids in SNIa
host and anchor galaxies, mhost

Ceph and manch
Ceph with SNIa

magnitudes in host galaxies and in the Hubble flow,
mhost

SN and mflow
SN , we can derive

5 logH0 = 5 log r(z)! 5 logDanch +"mSN !"mCeph,
(2)

where r(z) " H0D(z) can be approximated by r(z) # cz
in the close Hubble flow and we have defined

"mSN " mhost
SN !mflow

SN , (3)

"mCeph " mhost
Ceph !manch

Ceph. (4)

Apart from getting the SNIa redshifts and anchor dis-
tances right, we thus need to make sure there are no
systematic o!sets in the Cepheid and SNIa magnitudes
between host, anchor and cosmic flow galaxies. Ignoring
the weak cosmology dependence of r(z) (Dhawan et al.
2020), the inferred value of H0 will decrease (increase)
if we:

1. Increase (decrease) the independent anchor dis-
tances, Danch.

2. Decrease (increase) "mSN.

3. Increase (decrease) "mCeph.

Here, we focus on option 3. With regards to option 2,
"mSN will increase if SNIa in Cepheid host galaxies are
systematically made brighter than in the Hubble flow,
e.g., if there is additional dust extinction not accounted
for in the host galaxies, or if the e!ect that SNIa in high
mass hosts are systematically brighter than in low mass
galaxies, such as Cepheid hosts, have been underesti-
mated (see Rigault et al. 2020, and references therein).
In terms of option 3, if there is additional dust ex-

tinction not accounted for in the anchor galaxies, or if
we have over-corrected for dust extinction in the host
galaxies, the inferred value of H0 will decrease, and vice
versa. The fractional shift in the Hubble constant is

!H0

H0
=

!r(z)

r(z)
!
!Danch

Danch
+
ln10

5
[!("mSN)! !("mCeph)] ,

(5)

and a lower limit to the precision in H0 is set by the
precision of the anchor distance measurements. Shifting
!("mCeph) = ±0.1 will shift the Hubble constant by
!H0 $ 4.6%.

4.1. Cepheid calibration

We use the Hubble Space Telescope (HST) flux in the
NIR filter (H = F160W) band, color calibrated using
optical (V = F555W and I = F814W) data, to derive
Wesenheit magnitudes

mW
H " mH!RW (V!I) = mH!RW E(V!I)!RW (V!I)0,

(6)
where the color excess E (V! I) " AV !AI = (V! I)!
(V ! I)0, with (V ! I)0 the intrinsic Cepheid color. In
the last step, we see that mW

H is corrected both for dust
extinction, identifying the first RW with the total to se-
lective extinction ratio RVI

H " AH/(AV ! AI), and for
a possible intrinsic C-L relation, identifying the second
RW with "VI

H , as parameterized in e.g. Madore (1982)
and Madore et al. (2017). The term "VI

H (V ! I)0 cor-
responds to the intrinsic magnitude-color relation at a
fixed Cepheid period, whereas the correlation between
the intrinsic color with period is included in the period-
luminosity (P-L) calibration parameterized by bW in
equation 9 below. As an alternative approach, also em-
ployed in Follin & Knox (2018), we calibrate the C-L
relation using

mW
H " mH !RE Ê (V ! I). (7)

Here, Ê (V ! I) represents a proxy for the color excess
obtained by subtracting an estimate of the mean intrin-
sic colors, %V ! I&0 from the observed colors1,

Ê (V ! I) " (V ! I)! %V ! I&0. (8)

The estimated color excess Ê (V ! I) also represents a
combination of dust extinction and intrinsic color, since
the mean intrinsic colors, %V ! I&0 does not take into
account individual variations in Cepheid temperature
along the width of the Cepheid instability strip, see e.g.
Pejcha & Kochanek (2012).
Using multi wavelength data, one can in principle at-

tempt to distinguish the contribution from dust and
intrinsic color variations, see e.g. Pejcha & Kochanek
(2012); Madore et al. (2017) and calibrate them sepa-
rately. In the following, we will follow standard practice
and assume thatRW and RE e!ectively corrects both for

1 Note that if !V"I#0 is assumed to depend on the Cepheid period,
the fitted bW parameterizing the P-L relation will shift accord-
ingly.
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Figure 4. Fitting individual luminosity-color relations
RW (V! I) to Cepheid data. Anchor galaxies are denoted in
brown and SNIa host galaxies in petrol. The dotted line cor-
responds to RW = 0.386 as commonly assumed for Cepheid
calibration.

So far, we have assumed that all Cepheids can be de-
scribed by a global P-L relation, described by bsW and
blW. However, since there is evidence that the P-L re-
lation can vary between galaxies (Tammann et al. 2011;
Efstathiou 2020), in a similar spirit to our approach of
allowing RW to vary between galaxies, we investigate
to what extent relaxing this assumption will a!ect the
inferred Hubble constant. We will allow for individual
galactic values of bW,i to be fitted for simultaneously
with all other parameters, in this case restricting to the
same P-L relation for short and long period Cepheids.
For a fixed global value of RW = 0.386, the resulting
bW,i are shown in Figure 5. The fact that the fitted
bW,i are systematically higher in SNIa host galaxies com-
pared to hosts, the inferred Hubble constant is increased
from H0 = 73.1 ± 1.3 to H0 = 76.5 ± 1.9. If we allow
for both individual P-L and C-L relations, the result is
again shifted down to H0 = 66.1± 2.7.

6. RESULTS FOR COLOR EXCESS CALIBRATION
RE Ê(V ! I)

We next compare with results derived when color cal-
ibrating the Cepheid sample with respect to the esti-
mated color excess. We derive Ê (V ! I) subtracting
mean intrinsic colors as estimated in Tammann et al.
(2011), including the quoted uncertainties and a 0.075
dispersion in the mean intrinsic Cepheid color between
galaxies (inferred from the di!erence between LMC and
MW Cepheids). These colors are in good agreement
with results in Pejcha & Kochanek (2012). The intrin-
sic color uncertainties are included generating random
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Figure 5. Fitting individual P-L relations bW to Cepheid
data. Anchor galaxies are denoted in brown and SNIa host
galaxies in petrol. The dotted line corresponds to bW =
!3.26, indicating the value obtained assuming a global P-L
relation.

Monte Carlo samples. The mean color excess range
from Ê(V ! I) = 0.28 in the LMC to Ê(V ! I) = 0.69
in the MW, see also Figure 10. Calibrating using
RE Ê(V! I), for a fixed value of RE = 0.386, we obtain
H0 = 73.0± 1.3, showing the insensitivity of calibration
method for fix values of RW and RE.
The derived value ofH0 depends on the assumed value

for RE in the anchor(s) and the SNIa hosts as depicted
in Figure 6. We note a weaker dependence on the values
of RE when compared to the sensitivity of H0 to RW in
the Wesenheit calibration, as shown in Figure 3.

6.1. Fitting for RE

Fitting for a global value of RE, common for all galax-
ies, gives RE = 0.31±0.02 with H0 = 73.6±1.3 increas-
ing the Planck tension to 4.4 !.
We next allow for RE to vary between galaxies. Since

RE represents a combination of corrections to both dust
and intrinsic colors, both with large uncertainties in
the NIR, we only impose weak prior constraints on
their values RE = 0.45 ± 0.35 motivated by observa-
tions presented in Section 2, obtaining H0 = 71.8± 1.6
km/s/Mpc, in 2.7 ! tension with the Planck value, see
Figure 7. The priors keep the 1! upper limit of the fitted
values well within RE > 0. Comparing with the results
for RW in Figure 4, it is evident that we get very similar
results for RE with increased error bars. The one ex-
ception is LMC for which the preferred value for RE is
significantly larger than for RW. Not imposing any pri-
ors on RE yields H0 = 70.9 ± 1.7 km/s/Mpc, in which
case for N3370 only the 2! upper limit has RE > 0.

Mortsell et al. 2021, 2105.11461



Systematics in the Sh0es 
measurements?

Efsthatiou 2020

• There is a discrepancy (~2-3s) in 
the distance of NGC 4258 as 
calculated geometrically from the 
water  megamaser or using 
cepheids in NGC 4258 calibrated 
with cepheids in the MW + 
parallaxes, or with cepheids in the 
LMC + detached eclipsing binaries.

• If one uses the megamaser
distance to calibrate cepheids, and 
imposes the slope of the NGC4258 
PL relation to be the same as in 
the MW, H0 can be as low as H0 = 
70.3 ± 1.8. 

• Systematics? Statistical 
fluctuations?



Change in the late universe

• The CMB is sensitive to the distance at 
z=1100, i.e. the integral of the inverse 
of the expansion history of the universe, 
which depends on H0.So one possibility is 
to change the late time history 
evolution from the LCDM. 
E.g: dynamical dark energy (e.g. Planck collaboration 
2015, 2018), decaying DM (Poulin+ 2018, Vattis+ 
2019,Clark+2020, Haridasu+2020) interacting dark 
matter-dark energy (Di Valentino+ 2019)), Modified 
gravity (Raveri 2019), H(z) reconstruction 
(Bernal+2016, Lemos+ 2018, Raveri 2019 etc…) 

• But! BAO and Supernovae uncalibrated
probe relative distances at z~0.01-2. 
These tightly constrain the evolution 
of the expansion history, favoring 
LCDM.

Measure this

rs

DA(z = 1100)

✓s

Calculate this

Infer this

DA(z) =

Z z

0
dz

0
/H(z0)

To get the right DA, only thing left in the model to adjust is 
the cosmological constant. With that done, we have H(z).  

Determining H0 from CMB Data  
Step 2:  Use the Ruler to Infer Distance

Step 3:

LCDM
Planck H(z)

Planck VI 2018



1. A radical solution could be a sharp increase in 
the expansion rate at z<0.01 in the model 
used to fit the CMB. This enforces H0 from the 
CMB to match Sh0es one, only aparently solving 
the tension. Changing H(z) by ~10% at z<0.01 
has a very small impact on the distances 
predicted using CMB data at higher zè It 
does not solve the real tension of the 
difference between the distances from 
CMB/BAO VS SNIA+cepheids at the same 
redshift z.

2. Many late time solutions were  claimed to be 
good solutions by ignoring this fact and modeling 
the Sh0es data just as a prior on H0.

3. More correct approach is to set a prior on the 
calibration of the absolute magnitude of SNIA.
(Aylor+ 2018, Poulin+ 2018, Benevento+ 2020, 
Wang 2019, Raveri+ 2019, Dhawan+ 2020, 
Camarena and Marra 2021, Efstathiou 2021)

2 George Efstathiou

Figure 1. The evolution of the Hubble parameter with redshift.
The red points5 show H(z) measurements in three redshift bins
inferred from galaxy correlations in the Baryon Oscillation Spec-
troscopic Survey (BOSS) Alam et al. (2017). The purple point at
z = 2.35 shows H(z) from BAO features in the cross-correlations
of Ly↵ absorbers and quasars (Blomqvist et al. 2019). The blue
point at z = 2.34 shows H(z) from BAO features in the cor-
relations of Ly↵ absorbers (de Sainte Agathe et al. 2019). The
magenta point at z = 1.48 shows H(z) from BAO feaures in the
correlations of quasars (Hou et al. 2020). The green line shows
H(z) for the best-fit base ⇤CDM determined from Planck and
the grey bands show 1� and 2� ranges. The dashed line shows
Eq. (2) with parameters chosen to match the SH0ES value of H0

at z = 0.

model describes accurately the physics at early times and so
rd is fixed to Eq. (1). The sources for the observational data
points are listed in the figure caption. The green line shows
H(z) for the best fit base ⇤CDM cosmology determined from
Planck and the grey bands show 1� and 2� ranges. The
green line approaches the value H

P
0 = 67.44 km s�1Mpc�1

asymptotically as z ! 0. As long as rd remains fixed, ap-
parently the only way to reconcile the BAO data with the
SH0ES value of H0 is to modify the base ⇤CDM curve. For
example, the dashed line in Fig. 1 shows the relation

H(z) = H
f
0


⌦m(1 + z)3 +

(1� ⌦m)
⇣
1 +� exp(�(z/zc)

�)
⌘�

, (2)

with parameters H
f
0 = H

P
0 , ⌦m = 0.31, � = 0.30, zc = 0.1

and � = 2. With this choice of parameters, the value of H0

matches the SH0ES value whilst matching the BAO H(z)
measurements at z > 0.3.

If the dashed curve is interpreted as a variation in the
equation of state of the dark energy, then it necessarily re-
quires a phantom equation of state, w < �1, at low redshifts.
Alternatively, one might imagine that transference of energy
between the dark matter and dark energy results in some-

5 The data and covariance matrices are from the file
BAO consensus covtot dM Hz.txt downloaded from http://www.

sdss3.org/science/BOSS_publications.php

thing like the dashed curve. Models of both types have been
proposed as ‘solutions’ to the Hubble tension as summarized
in Di Valentino et al. (2021). These ‘solutions’ are not viable

because the SH0ES team does not directly measure H0.

In fact, the SH0ES team measure the absolute peak
magnitude, MB , of Type Ia supernovae (SN) by calibrat-
ing the distances of SN host galaxies to local geometric dis-
tance anchors via the Cepheid period luminosity relation.
The magnitude MB is then converted into a value of H0 via
the magnitude-redshift relation of the Pantheon SN sam-
ple (Scolnic et al. 2017) of supernovae in the redshift range
0.023 < z < 0.15. All of the proposed late time ‘solutions’
to the Hubble tension reviewed in Di Valentino et al. (2021)
interpret the SH0ES H0 measurement as a measurement of
the value of H(z) as z ! 0 (often imposing a SH0ES ‘H0

prior’) without investigating whether the ‘solution’ is con-
sistent with the magnitude-redshift relation of Type Ia SN.
It is hardly advancing our understanding if authors propose
solutions to the H0 tension that are inconsistent with the
measurements that they are trying to explain.

This point has been made previously by Lemos et al.
(2019), Benevento et al. (2020) and most recently by Ca-
marena & Marra (2021), but has been comprehensively ig-
nored in recent literature. The purpose of this paper is to
show how theoretical models exploring new physics at late
time should be compared with distance ladder measure-
ments. I will adopt a ‘dynamics free’ approach to this prob-
lem and show that late time modifications of the ⇤CDM
cosmology cannot resolve the Hubble tension.

2 THE INVERSE DISTANCE LADDER

We will write the metric of space-time as

ds
2 = c

2
dt

2 �R
2(t)(dx2 + dy

2 + dz
2), (3)

adopting a spatially flat geometry consistent with the very
tight experimental constraints on spatial curvature (Efs-
tathiou & Gratton 2020). The Hubble parameter, H =
R

�1
dR/dt, then fixes the luminosity distance DL(z) and

comoving angular diameter distance DM (z) according to

DL(z) = c(1 + z)

Z z

0

dz
0

H(z0)
, DM (z) =

DL(z)
(1 + z)

. (4)

Standard candles and standard rulers can therefore be used
to constrain H(z) independently of any dynamics (Heavens
et al. 2014; Bernal et al. 2016; Lemos et al. 2019; Aylor et al.
2019) . As long as the relations of Eq. (4) are satisfied, it does
not matter whether modifications to the functional form of
H(z) are caused by by changes to the equation of state of
dark energy or interactions between dark matter and dark
energy.

A standard candle with absolute magnitude M at red-
shift z will have an apparent magnitude

m = M + 25 + 5 log10 DL(z), (5a)

= �5a+ 5 log10 cd̂L(z) (5b)

with DL in units of Mpc. In (5b), a is the intercept of the
magnitude-redshift relation, 5a = �(M + 25 � 5 log10 H0)
and d̂L(z) = H0DL(z)/c. The SH0ES Cepheid data allow
one to calibrate the absolute magnitude MB of Type Ia SN.
Combining the geometrical distance estimates of the maser

MNRAS 000, 000–000 (0000)
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LCDM

Acceleration at 
z<0.01

Change in the late universe



Changes in the early universe

rs =

Z td

0
csdt/a =

Z ad

0
cs

da

a2H(a)

Determining H0 from CMB Data  
Step 1:  Calibrating a Standard Ruler

Need to know cs(a) and H(a) to calibrate the ruler.

c2s = @P/@⇢

⇢m

⇢b /⇢�

H
2(a) = 8⇡G/3(⇢� + ⇢⌫+ )

Change the time of 
decoupling (e.g. changing 
recombination Chiang+ 2018).

Change the expansion 
history of the universe at 
early times (e.g. early dark 
energy Poulin+ 2018)

Change the sound speed
(e.g. DM-baryon interactions, Boddy+ 
2018)

Change the inference of  q
from CMB (e.g.sterile neutrino 
with strong interactions, which also 
change rs Kreisch+ 2019)

In LCDM from 
Planck, 
rs

drag=147.09 ±
0.26. To solve 
the Hubble 
tension one 
needs 
rs

drag~138.

Some of these work better than others, 
but a satisfying physical theory that can 
explain all of the observations has yet 
to be found…



Discrepancy with weak lensing data?

• s8 is a measure of the amplitude of 
matter perturbations today.

• Planck values higher than weak 
gravitational lensing measurements 
such as KiDS and DES, at the level of 
2-3s. (extended models such as 
massive neutrinos or evolving dark 
energy equation of state do not solve 
this tensions, Troster 2021.)

• Recent DES results in agreement with 
Planck at 1.5s level

Heymans+ 2020

DES Y3



The future is bright and full of new 
data!

• Current ground-based CMB 
experiments such as ACT, SPT 
are exploring the small scale 
polarization of the CMB.

• They will be able to set 
constraint on H0 , s8 and other 
parameters as tight as Planck, 
and in combination with it 
potentially to improve by a 
factor of 2. They will able to 
test many of the models 
proposed to solve these 
tensions.

• Future experiments such as 
SO and S4 will further set 
more stringent limits on 
cosmological models.

Planck
SPT-3G


