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The  tension: a brief reviewH0



The Hubble constant H0

The Hubble constant   is one of the most important parameters 
in cosmology.

H0

  is now precisely measured by:H0

Hubble-Lemaître’s law: 

ASTRONOMY: E. HUBBLE

corrected for solar motion. The result, 745 km./sec. for a distance of
1.4 X 106 parsecs, falls between the two previous solutions and indicates
a value for K of 530 as against the proposed value, 500 km./sec.

Secondly, the scatter of the individual nebulae can be examined by
assuming the relation between distances and velocities as previously
determined. Distances can then be calculated from the velocities cor-
rected for solar motion, and absolute magnitudes can be derived from the
apparent magnitudes. The results are given in table 2 and may be
compared with the distribution of absolute magnitudes among the nebulae
in table 1, whose distances are derived from other criteria. N. G. C. 404
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FIGURE 1
Velocity-Distance Relation among Extra-Galactic Nebulae.

Radial velocities, corrected for solar motion, are plotted against
distances estimated from involved stars and mean luminosities of
nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combining the nebulae into
groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be esti-
mated individually.

can be excluded, since the observed velocity is so small that the peculiar
motion must be large in comparison with the distance effect. The object
is not necessarily an exception, however, since a distance can be assigned
for which the peculiar motion and the absolute magnitude are both within
the range previously determined. The two mean magnitudes, - 15.3
and - 15.5, the ranges, 4.9 and 5.0 mag., and the frequency distributions
are closely similar for these two entirely independent sets of data; and
even the slight difference in mean magnitudes can be attributed to the
selected, very bright, nebulae in the Virgo Cluster. This entirely unforced
agreement supports the validity of the velocity-distance relation in a very

PRoc. N. A. S.172
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- local direct measurements

- indirect measurements (CMB, BAO, …)

[Hubble, Proc. Natl. Acad. Sci., 15, 168 (1929)]

: Expansion rate of the Universe
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Local direct measurements of H0

Distance ladder (w/ Cepheid calibrated supernovae)
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Geometry: 5 log D [Mpc] + 25

[Riess et al 1604.01424]

[Riess et al.  2112.04510]

Strong gravitational lensing

[H0LiCOW: Wong et al. 1907.04869]

[http://www.mpa-garching.mpg.de/500119/news20171204]

H0 = 73.3 ± 1.04 km/s/Mpc

H0 = 73.3+1.7
−1.8 km/s/Mpc

H0 = 74.2+2.7
−3.0 km/s/Mpc

[STRIDES: Shajib et al. 1910.06306]



Local direct measurements of H0

H0 ∼ 72 − 74 [km/sec/Mpc]

[Abdalla et al.  2203.06142]

Most local measurements indicate 

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

Moresco et al. (2022), flat ΛCDM 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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SNIa-Miras

SNIa-TRGBSNIa-TRGB
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CMB lensing

No CMB, with BBN

CMB without Planck

CMB with Planck

H0 km s-1 Mpc-1

Indirect

Direct
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Indirect (early time) measurements of H0

CMB (Planck) [assuming CDM model]Λ
H0 = 67.4 ± 0.5 km/s/Mpc

[Planck collaboration (2018) 1807.06209]

[Planck collaboration] θ

(ℓ ∼ 180∘

θ )



Indirect (early time) measurements of H0

 0

 1000

 2000

 3000

 4000

 5000

 6000

 0  500  1000  1500  2000

l(l
+

1)
C

l/ 
2π

multipole l

H0=60
H0=70
H0=80

Large  H0 Cosmic expansion is faster 

Smaller  H0 Cosmic expansion is slower 

Distance to LSS is nearer

Distance to LSS is further

θ

(ℓ ∼ 180∘

θ )

θ
Larger  H0

Smaller  H0

obs.



CMB (Planck) [assuming CDM model]Λ

[Planck collaboration (2018) 1807.06209]

H0 = 67.4 ± 0.5 km/s/Mpc

H0 = 67.7 ± 1.1 km/s/Mpc
CMB (ACT+WMAP) [assuming CDM model]Λ

[Aiola et al., 2007.07288]

CMB (SPT-3G) [assuming CDM model]Λ
H0 = 68.8 ± 1.5 km/s/Mpc [Dutcher et al., 2101.01684]

Indirect (early time) measurements of H0

H0 = 67.9 ± 1.5 km/s/Mpc
CMB (ACT) [assuming CDM model]Λ

[Aiola et al., 2007.07288]



CMB (Planck) [assuming CDM model]Λ

[Planck collaboration (2018) 1807.06209]

H0 = 67.4 ± 0.5 km/s/Mpc

H0 = 67.7 ± 1.1 km/s/Mpc
CMB (ACT+WMAP) [assuming CDM model]Λ

[Aiola et al., 2007.07288]

CMB (SPT-3G) [assuming CDM model]Λ
H0 = 68.8 ± 1.5 km/s/Mpc [Dutcher et al., 2101.01684]

Indirect (early time) measurements of H0

H0 = 67.9 ± 1.5 km/s/Mpc
CMB (ACT) [assuming CDM model]Λ

[Aiola et al., 2007.07288]

H0 ∼ 67 − 69 [km/sec/Mpc]

CMB observations indicate:



Indirect measurements of  without CMBH0

[Okamatsu, Sekiguchi, TT 2105.12312]

Even without CMB data (also in extended models),  
one obtains .H0 ∼ 65 − 68 [km/sec/Mpc]

(without CMB)



Baryon acoustic oscillation (BAO)

Baryon acoustic oscillation measures:

- rs(z*)/dM(z) [transverse direction]

- rs(z*) H(z) [line of sight direction]

Acoustic oscillation by photon-baryon fluid 
(until recombination)

··δ + k2c2
s δ ≃ 0 cs = 1

3(1 + 3ρb /(4ργ)

[Anderson et al., 1312.4877]

Correlation function 
(galaxy distribution)



Baryon acoustic oscillation (BAO)

Baryon acoustic oscillation measures:

- rs(z*)/dM(z) [transverse direction]

- rs(z*) H(z) [line of sight direction]

Acoustic oscillation by photon-baryon fluid 
(until recombination)

··δ + k2c2
s δ ≃ 0 cs = 1

3(1 + 3ρb /(4ργ)

rs(z*)

obs

θ

cΔ
z/H(z)

dM(z) θ

[Anderson et al., 1312.4877]

Correlation function 
(galaxy distribution)



65.0 67.5 70.0 72.5 75.0 77.5 80.0
Expansion rate H0 [km/s/Mpc]

Surface Brightness Fluctuations
73.3±2.5

Tully-Fisher Relation
76.0±2.6

Masers
73.9±3.0

H0LICOW
73.3±1.7

SNIa+TRGB (CCHP)
69.8±1.9

SNIa+TRGB (SH0ES)
72.4±2.0

SNIa+Cepheids (SH0ES)
73.0±1.0

ACT 2020
67.9±1.5

BAO+BBN
68.3±1.2

Planck 2018
67.3±0.6

Indirect

Direct

flat LCDM

 tensionH0

Now ~5σ tension between direct (local) and indirect (early) measurements.

[Poulin et al. 2302.09032]



What’s the origin of the tension?

Systematics in local direct measurements?

Systematics in CMB (or other indirect measurements)?

However, it would be hard to imagine that the systematics 
infer consistently low and high values of  for direct (late-
time) and indirect (early) measurements.

H0

(Systematics in the distance ladder? [Efstathiou 2007.10716])

(Mass profile assumption in gravitational lensing [Birrer et al., 2007.02941])

(Planck internal inconsistency? [Planck collaboration 1807.06209])

(Implications from E-mode data [Addison 2102.00028])



Systematics in local direct measurements?

Systematics in CMB (or other indirect measurements)?

(Systematics in the distance ladder? [Efstathiou 2007.10716])

(Mass profile assumption in gravitational lensing [Birrer et al., 2007.02941])

Do we need extensions/modifications of the standard ?ΛCDM

(Planck internal inconsistency? [Planck collaboration 1807.06209])

(Implications from E-mode data [Addison 2102.00028])

What’s the origin of the tension?

However, it would be hard to imagine that the systematics 
infer consistently low and high values of  for direct (late-
time) and indirect (early) measurements.

H0



 is a very successful model, but… ΛCDM

The  model is just a phenomenological model in the sense that:ΛCDM

- Based on cold dark matter (CDM) whose identity is unknown.

- Based on a cosmological constant ( ), which is just one of the 
candidates for dark energy.

Λ

- Based on almost scale-invariant primordial fluctuations (generated 
during inflation) although the actual mechanism of inflation is not 
understood yet.



 is a very successful model, but… ΛCDM

- Based on a cosmological constant ( ), which is just one of the 
candidates for dark energy.

Λ

The Hubble tension may give some hint to understand these.
(or physics beyond the standard cosmological paradigm.)

The  model is just a phenomenological model in the sense that:ΛCDM

- Based on almost scale-invariant primordial fluctuations (generated 
during inflation) although the actual mechanism of inflation is not 
understood yet.

- Based on cold dark matter (CDM) whose identity is unknown.



How can one resolve the  tension?H0



The determination of  from indirect measurement (e.g., CMB) 
depend on the model assumed in the analysis.

H0

How can we resolve the  tension?H0

Most works try to resolve the tension by extending/changing 
CDM framework to obtain a higher  from CMB (BAO/SNeIa…).Λ H0

However, it is very difficult to obtain a higher  keeping a good fit 
to every data.

H0



Planck Collaboration: The Planck mission
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Fig. 29. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including
Planck temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI
(2014)). Error bars include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond.

Beyond the six-parameter ⇤CDM model, the Planck lensing
measurements strengthen the evidence reported by ACT (Sievers
et al. 2013) and SPT (van Engelen et al. 2012; Story et al. 2012)
for dark energy from the CMB alone in models with spatial cur-
vature. Closed models with low energy density in dark energy
can be found that produce unlensed CMB power spectra nearly
identical to the best-fitting ⇤CDM model. This “geometric” de-
generacy is partially broken by lensing, since the closed models
predict too much lensing power. Even without using the Planck
lensing reconstruction, the 10� detection of the smoothing of the
temperature power spectrum allows Planck, used in combination
with ACT and SPT at high-` (to better constrain extragalactic
foregrounds) and WMAP large scale polarization, to break the
geometrical degeneracy, and provides evidence for dark energy
purely from the CMB (Planck Collaboration XVII 2014). Adding
the lensing likelihood, we constrain any departures from spatial
flatness at the percent level: ⌦K = �0.0096+0.010

�0.0082 (68 % CL) for
the same data combination, improving earlier CMB-only con-
straints (Story et al. 2012) by around a factor of two, and setting
our determination of dark energy from temperature anisotropies
data alone to ⌦⇤ = 0.67+0.027

�0.023 (68 % CL). Tighter constraints
from the combination of Planck and other astrophysical data are
given in Planck Collaboration XVI (2014).

Within the minimal, six-parameter model the expansion rate
is well determined, independent of the distance ladder. One of
the most striking results of the nominal mission is that the best-
fit Hubble constant H0 = (67 ± 1.2) km s�1 Mpc�1, is lower than
that measured using traditional techniques, though in agreement
with that determined by other CMB experiments (e.g., most no-
tably from the recent WMAP9 analysis where Hinshaw et al.
2012b find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consistent with the
Planck value to within ⇠ 1�). Freedman et al. (2012), as part
of the Carnegie Hubble Program, use mid-infrared observations
with the Spitzer Space Telescope to recalibrate secondary dis-
tance methods used in the HST Key Project. These authors find
H0 = (74.3 ± 1.5 ± 2.1) km s�1 Mpc�1 where the first error is
statistical and the second systematic. A parallel e↵ort by Riess
et al. (2011) used the Hubble Space Telescope observations of
Cepheid variables in the host galaxies of eight SNe Ia to cali-
brate the supernova magnitude-redshift relation. Their ‘best es-
timate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2014).

38

Some key quantities are useful to understand the fit to CMB data.

[Planck collaboration 1303.5062]

(i) peak position

(ii) 1st peak height

(iii) odd/even peak relative height

(iv) Silk damping scale

(i) ~ (iv) should not be modified (  quite works well).ΛCDM

[Planck collaboration]

θ
(ℓ ∼ 180∘

θ )

First of all, we need to keep a good fit to CMB…



Example:  modelΛCDM + Neff

 (effective number of neutrinos, or dark radiation) is degenerate 
with  in CMB
Neff

H0

Planck+BAO ΛCDM

ΛCDM + Neff

L/
L m

ax

What’s the limitation in resolving the tension?

H 0
=

73
.03

±
1.3

km
/s

/M
pc

H0 = 67.4 ± 1.15 km/s/Mpc

H0 = 67.7 ± 0.45 km/s/Mpc

ΛCDM + Neff :

ΛCDM :

(NB: Just changing  does not solve the tension.)Neff



Position of acoustic peaks

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-

7

[Planck collaboration (2018) 1807.06209]

[Planck collaboration 1807.06209]

Position of peaks can be well characterized by:

 θs(z*) = rs(z*)
DM(z*)

Sound horizon 
at recombination.

Angular diameter distance 
to recombination

(well determined)

Acoustic scale: 



Position of acoustic peaks

Position of peaks can be well characterized by:

 θs(z*) = rs(z*)
DM(z*)(well determined)

Acoustic scale: 

θobs

Acoustic oscillation by 
photon-baryon fluid 

(until recombination)
··δ + k2c2

s δ ≃ 0

rs(z*) = ∫
t*

0
cs

dt
a(t) = ∫

∞

z*

cs
dz

H(z)

DM(z*) = ∫
z*

0

dz
H(z) ∝ 1/H0

Sound horizon 
at recombination.

Angular diameter distance 
to recombination

(almost independent on  before recombination)H0



Caution! (1)

When  is fixed to some higher value, higher  is superficially favored…Neff H0

Planck+BAO

L/
L m

ax

[Courtesy of Fumiya Okamatsu]

χ2
min(ΛCDM) = 1911.9

Neff = 3.2 Neff = 3.5

χ2
min(Neff = 3.8) = 1917.6

ΛCDM

χ2
min(Neff = 3.2) = 1912.8 χ2

min(Neff = 3.5) = 1914.8

Neff = 3.8

We need to evaluate the success of the model carefully…

(e.g. the minimum value of )χ2



Caution! (2)

When the distribution for  is broadened, the  prior make the 
tension look less severe. 

H0 H0

Planck+BAO

Planck+BAO+H0

Planck+BAO+H0

Planck
+BAO

(In many analysis, this is done, but you need to be careful when interpreting the results.)

H0 = 69.36 ± 0.970 km/s/Mpc (2.6σ)

Planck+BAO:

Planck+BAO+H0:

H0 = 67.44 ± 1.12 km/s/Mpc (3.7σ)

(Adding  in the analysis)H0 = 73.3 ± 1.04 km/s/Mpc



Example:  modelΛCDM + Neff

By increasing , the position of acoustic peaks are shifted to smaller :H0 ℓ
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Example:  modelΛCDM + Neff
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Example:  modelΛCDM + Neff
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Example:  modelΛCDM + Neff
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By increasing , the position of acoustic peaks are shifted to smaller :H0 ℓ



Example:  modelΛCDM + Neff

However, larger  can make the peak position back to a well-fitted 
value.

Neff

D ℓ
[μ

K2 ]

 0
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 0  200  400  600  800  1000  1200  1400

multipole ℓ

Planck

Neff = 3.5 (h = 0.73)
ΛCDM (h = 0.67)

But now the height of 1st peak is deviated from the best-fit one…

(the sound horizon is reduced.)



Example:  modelΛCDM + Neff

By adjusting CDM density, rad-matter equality can be the same as 
the original  model.ΛCDM
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Looks perfect, but…



Example:  modelΛCDM + Neff

On small scales, the diffusion (Silk) damping is affected…

Planck

Neff = 4.3 (h = 0.73,Ωch2 = 0.144)
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Example:  modelΛCDM + Neff

On small scales, the diffusion (Silk) damping is affected…

Planck

Neff = 4.3 (h = 0.73,Ωch2 = 0.144)

ΛCDM (h = 0.67)

multipole ℓ
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Example:  modelΛCDM + Neff

Planck

Neff = 4.3 (h = 0.73,Ωch2 = 0.144)

ΛCDM (h = 0.67)

multipole ℓ

D ℓ
[μ

K2 ]

 100

 1000

 1000  1500  2000  2500  3000

On small scales, the diffusion (Silk) damping is affected…

This change cannot be compensated by the change of other parameters.

This limits the ability of reducing the Hubble tension.



Many models have been proposed to resolve the tension…

Dark energy modification

Interactions of dark sectors

Modifying the recombination history

(See e.g., reviews [Di Valentino et all. 2103.01183;  Schöneberg et al. 2107.10291])

Modified gravity

- early dark energy, various dark energy models…

- DM-DE coupling, DM-DR coupling, …

- Varying electron mass, primordial magnetic fields, …



[Schöneberg et al., “The  Olympics” 2107.10291v2]H0

Model �Nparam MB
Gaussian

Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.8� X �6.10 �4.10 X X

SIDR 1 �19.385± 0.024 3.2� 3.3� X �9.57 �7.57 X X
mixed DR 2 �19.413± 0.036 3.3� 3.4� X �8.83 �4.83 X X

DR-DM 2 �19.388± 0.026 3.2� 3.1� X �8.92 �4.92 X X

SI⌫+DR 3 �19.440+0.037
�0.039 3.8� 3.9� X �4.98 1.02 X X

Majoron 3 �19.380+0.027
�0.021 3.0� 2.9� X �15.49 �9.49 X X

primordial B 1 �19.390+0.018
�0.024 3.5� 3.5� X �11.42 �9.42 X X

varying me 1 �19.391± 0.034 2.9� 2.9� X �12.27 �10.27 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.9� X �17.26 �13.26 X X
EDE 3 �19.390+0.016

�0.035 3.6� 1.6� X �21.98 �15.98 X X
NEDE 3 �19.380+0.023

�0.040 3.1� 1.9� X �18.93 �12.93 X X
EMG 3 �19.397+0.017

�0.023 3.7� 2.3� X �18.56 �12.56 X X
CPL 2 �19.400± 0.020 3.7� 4.1� X �4.94 �0.94 X X

PEDE 0 �19.349± 0.013 2.7� 2.8� X 2.24 2.24 X X

GPEDE 1 �19.400± 0.022 3.6� 4.6� X �0.45 1.55 X X

DM ! DR+WDM 2 �19.420± 0.012 4.5� 4.5� X �0.19 3.81 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.5� X �0.53 3.47 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon), using the direct mea-
surement of Mb by SH0ES for the quantification of the tension (3rd column) or the computation of the AIC (5th
column). Eight models pass at least one of these three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to the
final, starting with late-universe models. The CPL parameterization, our “late-universe defending
champion” only reduces the tension to 3.7�, inducing a minor improvement to the global fit. The
PEDE model noticeably degrades the �

2 of BAO and Pantheon data, leading to an overall worse
fit than ⇤CDM. Thus, according to the general rules defined at the end of the previous subsection,
we must exclude PEDE from the final. We further comment on this choice in Section 4.2 and
below. The GPEDE model, which generalises PEDE to include ⇤CDM as a limiting case, does
not pass any of the tests. This shows the danger of using only criterion 1 or 2 for models that do
not include ⇤CDM as a limit. Ideally, one should always perform a test equivalent to the �AIC
or consider models in which ⇤CDM is nested. As emphasized above, for late-time modifications of
⇤CDM, it is also important to treat the SH0ES observation as a model-independent measurement
of Mb , rather than a model-dependent measurement of H0 . We checked explicitly that using a
SH0ES likelihood on H0 rather than Mb incorrectly yields more favorable results for these late-
time models, a result consistent with the claims of Refs. [42–44, 50, 51, 53]. Finally, the models
of decaying dark matter studied here are only capable of reducing the tension from 4.4� to 4.2�,
despite only introducing two new parameters. Consequently, the �AIC criteria disfavors both
DDM models. We thus conclude that the late-time DE and dark matter decay models considered
in this work cannot resolve the Hubble tension.

Secondly, the class of models invoking extra relativistic degrees of freedom perform significantly bet-
ter than late-universe models, but a majority are not successful enough to pass our pre-determined

12

Proposed models to resolve the  tensionH0

Example model list

In many models, the tension is still larger than …3σ

silver

gold

bronze



Quantifying the model success 

Gaussian tension: Significance =
H̄0 |D − H̄0 |SH0ES

σ2
D + σ2

SH0ES

H̄0 |SH0ES = 73.2 km/s/Mpc
σSH0ES = 1.3 km/s/Mpc

QDMAP (Difference of the maximum a posteriori) tension: Δχ2 = χ2
min,D+SH0ES − χ2

min,D

Akaike Information Criterium (AIC): ΔAIC = χ2
min,M − χ2

min,ΛCDM + 2(NM − MΛCDM)

[Schöneberg et al., 2107.10291]

(M : model)

quantifying the residual level of tension between direct (SH0ES) 
and indirect measurements

(This measure does not quantify how much  is improved.)χ2

quantifying (in)consistency of direct and indirect measurements
(This measure is irrelevant to # of model parameters.)

quantifying how much the fit within model M improves compared 
to  (with the penalty for # of free parameters.)ΛCDM

(D : data set)



Varying electron mass model (+ )Ωk [Sekiguchi, TT 2007.03381]

Effects of time-varying electron mass me

Δme
= ΔTγ(a*) = − Δa*

- Energy levels of hydrogen E ∝ me

- Thomson cross section σT ∝ m−2
e

- (Some other minor effects)

(Δx = δx/x)

: recombination epoch  gets earliera*

affects the Silk damping scale

One can reduce the sound horizon at recombination without affecting 
the fit to CMB (by changing other cosmological parameters).



Effects can be almost perfectly canceled by changing other 
cosmological parameters. 

Δme
= + 0.05

Δme
= − 0.05

Varying electron mass model (+ )Ωk



Helium (EMPRESS) anomaly 
and the  tensionH0



Baryon density also affects BBN

Abundances of light element (particularly deuterium D/H) are 
sensitive to baryon density.

4 24. Big Bang Nucleosynthesis
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

reflects the combined statistical and systematic errors, with the latter, estimated to be ±0.002 [67],
being dominant.

11th August, 2022

[PDG (2022)]



Recent results on  abundance from EMPRESS4He

Yp = 0.2370+0.0033
−0.0034Recent EMPRESS results: [Matsumoto et al. 2203.09617]

cf. previous results:

Yp = 0.2436+0.0039
−0.0040

[Hsyu et al. 2005.12290]

[Aver et al. 1503.08146]

Yp = 0.2462 ± 0.0022 [Kurichin et al. 2101.09127]

Yp = 0.2449 ± 0.0040

with the means of the observed values and the standard
deviations of their errors at each step of MCMC sampling. In
our study, to account for the uncertainties of O/H measure-
ments in the same way as y uncertainties, we consider the
probability of obtaining the O/H measurements arising from
“true” values. We maximize the log-likelihood function
given by
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with a slope a≡ dy/d(O/H) and a primordial helium number
abundance ratio b≡ yP, and an intrinsic dispersion σint that is
introduced for capturing unrecognized systematics of measure-
ments (Cooke et al. 2018; Hsyu et al. 2020). Here, ( )syi yi

and

( ) ( )( )s
i

O
H O H i are the measured y values (errors) and O/H
values (errors), respectively. The summation of Equation (9) is
over all galaxies in the sample. The result for our sample of the
64 galaxies is shown in Figure 5. The regression yields
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=

=

-
+

-
+

y
y

0.0777 ,
d

d O H
75 ,

0.0019 95% . 10

P 0.0014
0.0015

14
15

int 

Note that we quote a 2σ upper limit on σint because it is
consistent with zero. Converting our yP value to the mass

fraction YP via YP= 4yP/(1+ 4yP), we obtain

( )= -
+Y 0.2370 . 11P 0.0033

0.0034

We compare the YP measurement of our study with those of
previous studies in Figure 6. Our YP measurement is
comparable with those obtained by methods similar to ours
(Aver et al. 2015; Peimbert et al. 2016; Fernández et al. 2019;
Valerdi et al. 2019; Hsyu et al. 2020; Kurichin et al. 2021).
However, our measurement is lower than the previous
measurements at the ∼1σ level.
To explore the source of the ∼1σ-level difference, we apply

our linear-regression method of Equation (9) to the sample of
Hsyu et al. (2020), and present the obtained YP value in
Figure 6 together with the one derived by Hsyu et al. (2020).
Although the linear-regression method of Hsyu et al. (2020) is

Figure 4. Comparison of the distributions of the emission line flux ratios of J1016+3754 derived at each step of the MCMC analysis with optical fluxes of the
Gaussian fitting method (left) and the integration method (right). The black solid lines show the flux ratios with the best-recovered parameters. The red solid and
dashed lines show the measured line flux ratios and their ±1σ values.

Figure 5. Fifty nine galaxies (filled blue and gray circles) of our sample and the
five EMPGs (open blue circles) that are excluded from the sample
(Section 4.2.2) on the y − O/H plane. The blue (gray) circles represent the
Subaru galaxies (the literature galaxies), which are described in Section 2.1
(2.2). The red solid line shows the linear regression for the 59 galaxies, and the
red square denotes the yp value determined by the linear regression.
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- EMPRESS observed 10 extremely 
metal-poor galaxies.

Low Helium abundance has been obtained.

- Adding the data of 54 existing 
galaxies, the helium-4 abundance 
has been obtained.



Recent results on  abundance from EMPRESS4He
[Matsumoto et al. 2203.09617]

in natural units, where mne
and nT e are the chemical potential and

the temperature of νe, respectively. Here ξe can be both
negative and positive, and the ¯n n-e e asymmetry is given by

( )¯ p x x- µ +n n nn n Te e
2 3 3

e e e
with the Fermi–Dirac distribution

function, where nn e ( n̄n e) is the number density of (anti)electron
neutrinos. Although the standard cosmology assumes ξe= 0, so
far whether this assumption is true is not revealed by the
Standard Model nor astronomical observations (e.g., Kohri
et al. 1997; Popa & Vasile 2008; Caramete & Popa 2014;
Oldengott & Schwarz 2017; Nunes & Bonilla 2017). Our low
YP value (Figure 6) may imply ξe> 0 (Kohri et al. 1997; Sato
et al. 1998), while there are other possibilities (e.g., Kohri &
Maeda 2022).

To constrain ξe as well as Neff and η, we minimize
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allowing ξe, Neff, and η to vary independently of each other as
input parameters of PArthENoPE. In Equation (15), in order to
break the degeneracy between the parameters, we impose a
Gaussian prior of η× 1010= 6.132± 0.038, which comes from
the marginalized constraint on the baryon density by Planck
Collaboration et al. (2020), where Neff and YP are treated as free
parameters. Figure 9 presents two-dimensional marginalized
constraints on the three parameters of ξe, Neff, and η. The gray
contours show the constraint obtained without the prior of η,
illustrating a degeneracy between the three parameters. The
vertical dotted lines correspond to the Planck measurement of
η. In the left two panels of Figure 9, the gray and dotted
contours intersect in a region of the parameter spaces. With the
full combined results from the YP, DP, and η measurements, we
break the parameter degeneracy, and find
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+N 3.11 , 16eff 0.31

0.34
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( )x = -
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The derived ξe value is higher than zero at the∼ 2σ level. This
may be a hint of a lepton asymmetry with an excess in the
number of νe compared to that of n̄e. To realize the universe
with ξe∼ 0.05, new physics for lepton number generation may
be required (Kawasaki & Murai 2022).
As shown in the right panel of Figure 9, there is a correlation

between ξe and Neff. This is because the effects of Neff and ξe on
the BBN compensate for each other. A positive value of ξe
decreases the number of neutrons, which are in equilibrium
with protons, while a Neff value larger than 3.046 ends the
equilibrium at an earlier time, which means more neutrons are
left before the BBN. Our positive value of ξe allows for values
of Neff significantly higher than the results obtained from

Figure 7. Comparison of our constraints on Neff and η (blue contours) with
those of Hsyu et al. (2020; gray contours). These contours show the 1σ, 2σ, and
3σ confidence regions.

Figure 8. Observational constraints on η and Neff. The blue contours show the
1σ, 2σ, and 3σ levels determined by this work. The black dashed line shows the
Standard Model value of Neff = 3.046. The magenta and light magenta bands
represent the Planck constraint on η at the 1σ and 2σ levels, respectively
(Planck Collaboration et al. 2020).

Figure 9. Constraints on Neff, η, and ξe. The solid gray contours show the
constraint from our YP value and the DP measurement (Cooke et al. 2018). The
vertical dotted lines represent the Planck Collaboration et al. (2020) constraint
on η. The constraint combining with the YP, DP, and η measurements is shown
with blue contours. These contours show the 1σ, 2σ and 3σ confidence limits.
The Standard Model values of Neff = 3.046 and ξe = 0 are represented with
black dashed lines.
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EMPRESS results (+D/H) prefers a non-
standard  and (slightly) inconsistent 
baryon density with Planck.

Neff

(Helium anomaly)
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function, where nn e ( n̄n e) is the number density of (anti)electron
neutrinos. Although the standard cosmology assumes ξe= 0, so
far whether this assumption is true is not revealed by the
Standard Model nor astronomical observations (e.g., Kohri
et al. 1997; Popa & Vasile 2008; Caramete & Popa 2014;
Oldengott & Schwarz 2017; Nunes & Bonilla 2017). Our low
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allowing ξe, Neff, and η to vary independently of each other as
input parameters of PArthENoPE. In Equation (15), in order to
break the degeneracy between the parameters, we impose a
Gaussian prior of η× 1010= 6.132± 0.038, which comes from
the marginalized constraint on the baryon density by Planck
Collaboration et al. (2020), where Neff and YP are treated as free
parameters. Figure 9 presents two-dimensional marginalized
constraints on the three parameters of ξe, Neff, and η. The gray
contours show the constraint obtained without the prior of η,
illustrating a degeneracy between the three parameters. The
vertical dotted lines correspond to the Planck measurement of
η. In the left two panels of Figure 9, the gray and dotted
contours intersect in a region of the parameter spaces. With the
full combined results from the YP, DP, and η measurements, we
break the parameter degeneracy, and find
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The derived ξe value is higher than zero at the∼ 2σ level. This
may be a hint of a lepton asymmetry with an excess in the
number of νe compared to that of n̄e. To realize the universe
with ξe∼ 0.05, new physics for lepton number generation may
be required (Kawasaki & Murai 2022).
As shown in the right panel of Figure 9, there is a correlation

between ξe and Neff. This is because the effects of Neff and ξe on
the BBN compensate for each other. A positive value of ξe
decreases the number of neutrons, which are in equilibrium
with protons, while a Neff value larger than 3.046 ends the
equilibrium at an earlier time, which means more neutrons are
left before the BBN. Our positive value of ξe allows for values
of Neff significantly higher than the results obtained from

Figure 7. Comparison of our constraints on Neff and η (blue contours) with
those of Hsyu et al. (2020; gray contours). These contours show the 1σ, 2σ, and
3σ confidence regions.

Figure 8. Observational constraints on η and Neff. The blue contours show the
1σ, 2σ, and 3σ levels determined by this work. The black dashed line shows the
Standard Model value of Neff = 3.046. The magenta and light magenta bands
represent the Planck constraint on η at the 1σ and 2σ levels, respectively
(Planck Collaboration et al. 2020).

Figure 9. Constraints on Neff, η, and ξe. The solid gray contours show the
constraint from our YP value and the DP measurement (Cooke et al. 2018). The
vertical dotted lines represent the Planck Collaboration et al. (2020) constraint
on η. The constraint combining with the YP, DP, and η measurements is shown
with blue contours. These contours show the 1σ, 2σ and 3σ confidence limits.
The Standard Model values of Neff = 3.046 and ξe = 0 are represented with
black dashed lines.
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function, where nn e ( n̄n e) is the number density of (anti)electron
neutrinos. Although the standard cosmology assumes ξe= 0, so
far whether this assumption is true is not revealed by the
Standard Model nor astronomical observations (e.g., Kohri
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Oldengott & Schwarz 2017; Nunes & Bonilla 2017). Our low
YP value (Figure 6) may imply ξe> 0 (Kohri et al. 1997; Sato
et al. 1998), while there are other possibilities (e.g., Kohri &
Maeda 2022).

To constrain ξe as well as Neff and η, we minimize

( ) ( ( ))

( ( )) ( ) ( )

c h x
h x

s s

h x
s s

h

=
-

+

+
-

+
+

-

N
Y Y N

N

, ,
, ,

D D , , 6.132
0.038

, 15

e
e

Y Y

P obs P e

2
eff

P, obs P, mod eff
2

2 2

, , mod eff
2

D ,obs
2

D ,mod
2

2

2
P P

P,obs P,mod

allowing ξe, Neff, and η to vary independently of each other as
input parameters of PArthENoPE. In Equation (15), in order to
break the degeneracy between the parameters, we impose a
Gaussian prior of η× 1010= 6.132± 0.038, which comes from
the marginalized constraint on the baryon density by Planck
Collaboration et al. (2020), where Neff and YP are treated as free
parameters. Figure 9 presents two-dimensional marginalized
constraints on the three parameters of ξe, Neff, and η. The gray
contours show the constraint obtained without the prior of η,
illustrating a degeneracy between the three parameters. The
vertical dotted lines correspond to the Planck measurement of
η. In the left two panels of Figure 9, the gray and dotted
contours intersect in a region of the parameter spaces. With the
full combined results from the YP, DP, and η measurements, we
break the parameter degeneracy, and find
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The derived ξe value is higher than zero at the∼ 2σ level. This
may be a hint of a lepton asymmetry with an excess in the
number of νe compared to that of n̄e. To realize the universe
with ξe∼ 0.05, new physics for lepton number generation may
be required (Kawasaki & Murai 2022).
As shown in the right panel of Figure 9, there is a correlation

between ξe and Neff. This is because the effects of Neff and ξe on
the BBN compensate for each other. A positive value of ξe
decreases the number of neutrons, which are in equilibrium
with protons, while a Neff value larger than 3.046 ends the
equilibrium at an earlier time, which means more neutrons are
left before the BBN. Our positive value of ξe allows for values
of Neff significantly higher than the results obtained from

Figure 7. Comparison of our constraints on Neff and η (blue contours) with
those of Hsyu et al. (2020; gray contours). These contours show the 1σ, 2σ, and
3σ confidence regions.

Figure 8. Observational constraints on η and Neff. The blue contours show the
1σ, 2σ, and 3σ levels determined by this work. The black dashed line shows the
Standard Model value of Neff = 3.046. The magenta and light magenta bands
represent the Planck constraint on η at the 1σ and 2σ levels, respectively
(Planck Collaboration et al. 2020).

Figure 9. Constraints on Neff, η, and ξe. The solid gray contours show the
constraint from our YP value and the DP measurement (Cooke et al. 2018). The
vertical dotted lines represent the Planck Collaboration et al. (2020) constraint
on η. The constraint combining with the YP, DP, and η measurements is shown
with blue contours. These contours show the 1σ, 2σ and 3σ confidence limits.
The Standard Model values of Neff = 3.046 and ξe = 0 are represented with
black dashed lines.
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Recent results on  abundance from EMPRESS4He

The chemical potential of electron neutrino may 
mitigate the anomaly

Neff = 3.22+0.33
−0.30

[Matsumoto et al. 2203.09617]

ξe = 0.05+0.03
−0.03

(Prior of  is adopted.)η10 = 6.132 ± 0.038

n /p ≃ exp (−
Q + μνe

Tf ) is mostly determined by n/p ratio:Yp

Large lepton asymmetry is suggested? [See e.g., Kawasaki, Murai 2203.09713]
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Impact of the  tension to BBNH0

With the baryon density suggested by Planck (in LCDM framework),  
larger  and  are preferred.Neff ξe
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Impact of the  tension to BBNH0

When the baryon density is high (suggested in models to resolve 
the  tension),  much larger  and  are preferred.H0 Neff ξe
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Impact of the  tension to BBNH0

When the baryon density is high (suggested in models to resolve 
the  tension),  much larger  and  are preferred.H0 Neff ξe
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Early dark energy may relax the (EMPRESS) tension.



Early dark energy (EDE) is a dark energy-like component which 
can have a sizable energy fraction at some time.

When EDE has a sizable energy 
fraction at recombination epoch,  
it could resolve the  tension.H0

3

where ⌦X ⌘ ⇢X/⇢crit and ⇢crit = 3H
2
0M

2
P , where MP ⌘

(8⇡G)�1/2 is the reduced Planck mass. In order to solve
these equations numerically it is useful to redefine the
variables so that they are dimensionless. If we define
⇥ ⌘ �/f , m ⌘ ⇤2

/f , ↵ ⌘ f/MP , x ⌘ H0t, and µ ⌘
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where a prime indicates a derivative with respect to x.
Before the field starts to oscillate it undergoes ‘slow-

roll’ evolution (that is, �̇
2
/2 ⌧ V and the dynamics are

dominated by Hubble friction) which we will refer to as
an ‘early dark energy’ (EDE) phase. To obtain a useful
parameterization for all the models under consideration,
we have found an analytic approximation to the initial
field evolution. First, we expand the potential to linear
order around the initial field value ⇥i to obtain a solution
for the field evolution (assuming that ⇥0

i ! 0 as x ! 0):
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where 0F1 is the confluent hyper-geometric function and
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n�1(1 � n cos ⇥i � n), (10)

and where ⇥i is the initial value of the field at x = 0 and
a
0
/a = p/x so that during radiation domination p = 1/2

and during matter domination p = 2/3. When numeri-
cally solving for the evolution of the homogeneous scalar
field, we take the initial field value to be 0 < ⇥i < ⇡

and the initial velocity of the field is determined by the
curvature of the potential at ⇥i through Eq. (9). We
set p = 1/2 since the field is always initialized during
radiation domination.

After a period of slow-roll evolution, the field transi-
tions to an oscillatory phase with a decreasing amplitude
due to the dilution of the field’s energy density from ex-
pansion. The potential during the oscillating phase takes
the form Vn(⇥) ' 2�n

µ
2
↵
2⇥2n so that for n = 1 the field

undergoes simple harmonic oscillation with a frequency
which is independent of its amplitude and for n > 1 the
oscillations are anharmonic and the frequency depends
on the amplitude. We show the evolution of ⇥ for the
three forms of the potential considered here in Fig. 1.

Once oscillating, over time-scales shorter than a Hub-
ble time the field evolves according to the equation of
motion
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Figure 1: The evolution of the background field with µ = 106,
↵ = 0.05, and ⇥i = ⇡ � 0.1 for the three forms of the axion
potential explored in this paper.

Furthermore if we assume that the oscillation frequency
$ � H, the total energy will be approximately conserved
over several oscillations so that we have

1

2
⇥02 + ↵

�2
Vn(⇥) = ↵

�2
Vn(⇥m), (12)

where ⇥m is the maximum field value, reached when ⇥0 =
0. We can use the virial theorem to write h1/2⇥02i =
n↵

�2hVni so that

h⌦⇥i ' 1

3

µ
2
↵
2

2n
⇥2n

m ' ⌦a,0a
�3(1+wn), (13)

which shows that, due to the expansion of the uni-
verse, the maximum field value will decrease as ⇥m /
a
�3/(1+n). As in Ref. [17], we find that the axion energy

density is constant at early times and decays as a
�3(1+wn)

with

wn ⌘ n � 1

n + 1
. (14)

With this we will parameterize the axion energy density
by

⌦a(z) =
2⌦a(zc)

[(1 + zc)/(1 + z)]3(wn+1) + 1
, (15)

which has an associated equation of state

wa(z) =
1 + wn

1 + [(1 + z)/(1 + zc)]3(1+wn)
� 1, (16)

and which asymptotically approaches �1 as a ! 0 and
wn for z ⌧ zc. We show a comparison between the exact
axion energy density and our parameterization in Fig. 1.

V(ϕ) = Λ4 [1 − cos ϕ
f ]

n
Example potential:

[Poulin et al., 1806.10608]

Early dark energy

We consider EDE having a sizable energy density fraction 
at around BBN epoch.

(But it needs to be diluted quickly not to affect the late time evolution.)



Figure 9: 1� and 2� allowed regions in the Ne↵–⇠e plane for the case with EDE1 adopting
the priors of ⌘10 = ⌘

ref,1
10 ± �⌘10,1 (left) and ⌘10 = ⌘

ref,2
10 ± �⌘10,2 (right). We take fEDE = 0.09

(light and dark magenta for 1� and 2� regions) and 0.44 (light and dark orange for 1� and
2� regions) with ⇢0 = 10�6 MeV4. For reference, we also show the constraint for the case
without EDE with black dotted (1�) and solid (2�) lines.

CMB, which could be motivated in the light of the H0 tension, one needs a larger value
of Ne↵ than the standard one. When ⌘10 ⇠ 6.4, the EDE2 model with fEDE = 0.44 and
⇢0 = 8 ⇥ 10�2 MeV4 can be well fitted to the data, but with Ne↵ = 4.0. In any case, the
existence of EDE can help to improve the fit to the EMPRESS Yp result without resorting
to lepton asymmetry even if a higher baryon density is suggested.

Finally, we discuss constraints in the Ne↵–⇠e plane. 1� and 2� allowed regions are shown
for the cases of EDE1 and EDE2 in Figs. 9 and 10, respectively. In each figure, two priors
for ⌘10, i.e., ⌘10 = ⌘

ref,1
10 ± �⌘10,1 and ⌘

ref,2
10 ± �⌘10,2, are adopted, which are respectively shown

in left and right panels in the figures. For reference, we also show the constraints for the
case without EDE.

In the case of the EDE1 shown in Fig. 9, we take fEDE = 0.09 (magenta) and 0.44
(orange) with ⇢0 = 10�6 MeV4, where light and dark regions correspond to 1� and 2�
allowed ones, respectively. Since larger fEDE gives larger Yp and Dp, the decrease of Ne↵ and
⇠e are canceled by a large value of fEDE and hence the allowed region shifts to a lower left
direction by raising fEDE. Although the standard point with Ne↵ = 3.046 and ⇠e = 0 is a bit
away from 2� bound for the prior of both ⌘

ref,1
10 and ⌘

ref,2
10 , either Ne↵ = 3.046 or ⇠e = 0 can

be realized by appropriately choosing the value of fEDE and ⇢0 in the EDE1 case. Notice
that this holds true even if the prior of a large baryon density ⌘

ref,2
10 is adopted where a more

deviation from the standard values for both Ne↵ and ⇠e are required to fit the EMPRESS Yp

result without EDE.
In the case of the EDE2 which is depicted in Fig. 10, we assume fEDE = 0.17 (magenta)

and 0.44 (orange) in left panel. In the right panel, fEDE = 0.41 (magenta) and 0.47 (orange)
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When early dark energy exists during BBN,   and/or  can take 
the standard value.

Neff ξe

[TT,  Yamashita 2211.04087]

EDE model I: 
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log T
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ρEDE ∼ T6

Tt

fEDE = 0.09
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Figure 10: 1� and 2� allowed regions in the Ne↵–⇠e plane for the case with the EDE2,
adopting the priors of ⌘10 = ⌘

ref,1
10 ± �⌘10,1 (left) and ⌘10 = ⌘

ref,2
10 ± �⌘10,2 (right). In the left

panel, we take fEDE = 0.17 (light and dark magenta for 1� and 2� regions) and 0.44 (light
and dark orange for 1� and 2� regions). In the right panel, we take fEDE = 0.41 (light and
dark magenta for 1� and 2� regions) and 0.47 (light and dark orange for 1� and 2� regions).
In both panels, ⇢0 is assumed as ⇢0 = 10�1 MeV4. For reference, we also show the constraint
for the case without EDE with black dotted (1�) and solid (2�) lines.

are assumed. In both panels, we take ⇢0 = 10�1 MeV4. As can be noticed from the figure,
by changing the values of fEDE and ⇢0, the allowed region in the Ne↵–⇠e plane moves almost
vertically downwards. One can see that, when the baryon density is ⌘10 ⇠ 6.14, the standard
value of Ne↵ with no lepton asymmetry can be well fitted to the EMPRESS Yp result in
the presence of EDE with appropriately chosen fEDE and ⇢0. On the other hand, when a
high baryon density prior of ⌘

ref,2
10 is adopted, the EMPRESS result demands the value of

Ne↵ higher than the standard one even assuming the presence of EDE. However, it should
be emphasized that both a high value of Ne↵ and positively non-zero ⇠e are required to fit
the EMPRESS Yp result when EDE is absent, which can be seen from the right panel of
Fig. 2, on the other hand, once we assume EDE, one can fit the EMPRESS Yp without any
lepton asymmetry, which indicates that EDE can mitigate the helium anomaly caused by
the EMPRESS Yp results.

4 Conclusion and Discussion

In this paper, first we have investigated the impact of the H0 tension, in which a higher value
of baryon density could be preferred than in the ⇤CDM framework, on BBN in the light of
recent Yp measurement by EMPRESS. As already pointed out [9], the EMPRESS Yp result
would infer a value of Ne↵ higher than the standard case and a positively non-zero value of
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When early dark energy exists during BBN,   and/or  can take 
the standard value.

Neff ξe

EDE model II: log ρ
ρrad ∼ T4

log TρEDE ≃ 0
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Summary

Several tensions are being discussed in cosmology.

The  tension + helium anomaly may need more non-standard 
(beyond the standard) scenario.

H0

The origin of the tension may be (partially) systematics, however, 
it may imply extensions/modifications to , which have been 
extensively investigated.

ΛCDM

Tensions may give some hint beyond the standard paradigm of 
cosmology.

(  tension, helium anomaly, …)H0


