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Hubble rate: The Landscape

Freedman (2021)

TRGB Calibration Update 41
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Figure 10. Relative probability density functions for several current methods for measur-
ing H0. The CMB, BAO, strong lensing and TRGB methods currently yield lower values of
H0, while Cepheids yield the highest values. The uncertainties associated with H0 measure-
ments from gravitational wave sirens, strong lensing, Miras, masers, and SBF are currently
significantly larger than the errors quoted for the TRGB and Cepheids. See text for details.
(CMB: Planck Collaboration 2018; TRGB: this paper; Cepheids: R21; Lensing: Birrer et al.
(2020); DES Y3 + BAO + BBN: DES Collaboration et al. (2021); GW sirens: Hotokezaka
et al. (2019) Miras: Huang et al. (2018); SBF: Khetan et al. (2021); Masers: Reid et al.
(2019)).

points. This updated calibration includes 1) extensive measurements of the TRGB

over a wide area in the halo of the maser galaxy NGC 4258 (Jang et al. 2021); 2)

independent observations of the TRGB in 46 Milky Way globular clusters covering a

wide range of metallicities (Cerny et al. 2020); and 3) a reanalysis of the TRGB in-

corporating revised reddening corrections for the LMC and SMC (Hoyt 2021). These

calibrations all agree with that earlier determined for the LMC alone (F19, F20) to

better than 1%, providing multiple consistency checks on the LMC calibration of F19

and F20. Each of these calibrations is tied to geometrical distance anchors (H2O

megamasers in the case of NGC 4258; DEB distances and Gaia EDR3 parallaxes for

the Milky Way globular clusters; and DEB distances for the LMC and the SMC). In

addition, using a fiducial horizontal branch sequence defined by the Milky Way glob-

ular clusters, we discuss and compare the TRGB absolute magnitude for the nearby

dwarf elliptical galaxies Sculptor (Tran et al. 2021, in prep) and Fornax (Oakes et

al. 2021, in prep), and for four LMC globular clusters, finding excellent additional

agreement.



• Now SH0ES nearly 
5-sigma away from 
Planck CMB!

• The seriousness of
the tension is now 
difficult to dismiss.

• Exciting times for 
cosmology!

Hubble tension: Latest SH0ES results 
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Riess et al., arXi:2112.04510

34 Riess et al.

Figure 15. Extended MCMC sampling of the posterior for H0 to measure out to the ±5� confidence level. The upper panel
shows the probability density for the baseline from SH0ES and from the Planck Collaboration et al. (2020) chains. The bottom
panel shows the log of the probability density to improve the ability to see the tails. We note some asymmetry to the distribution,
with intervals on the low H0 side a little smaller than on the high side, as the measurements are Gaussian in magnitudes and in
5 log H0 so slightly skewed in H0.

Figure 16. Host distance (µhost) covariance matrix. This is the covariance for the baseline set of 37 hosts derived only from
the first two rungs and without the use of any SN Ia data. The nonzero o↵-diagonal terms result from common anchors, common
parameters of the Cepheid P–L relation, and covariance of the metallicity scale.



• Among other important improvements, the doubling of the 
calibrator supernova host sample is a major step forward.

Why you should take this seriously
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A Comprehensive Measurement of H0 from SH0ES 51

Figure 25. Histogram of the 42 SN Ia absolute magnitudes of SNe Ia calibrated from Cepheids in 37 hosts. The 9 SNe Ia in 7
hosts for which a TRGB distance is available from both EDD and CCHP are shown in green (calibrated here with Cepheids),
and the 33 SNe Ia in 30 hosts without a TRGB measure from both in blue (calibrated here with Cepheids). The di↵erence in
their means of 0.08± 0.05 mag is consistent with the shot noise of the SN samples as discussed in§7.2, and combined with other
di↵erences between the TRGB calibrator set (lines 6–8) produce a net di↵erence in H0 of 1 km s�1 Mpc�1 (0.03± 0.05 mag) as
shown in Table 8 which is less than one � from the shot noise of the two samples.

use the only the (average) TRGB results of the 13 good quality SNe, discard 33 good quality SNe with only Cepheid
measurements we get 71.0 ±2.5 km s�1 Mpc�1 as expected (near the mean of CCHP and EDD) but this uses less than
a third of the SN sample, has higher shot noise, while still consistent with the baseline.
As the sample size from both methods increases, we would expect them to regress to an increasingly similar mean.

Including the two other anchors (MW and LMC) raises H0 by 0.02 mag (and results in MI,TRGB = �4.00± 0.024 mag),
though each of the three anchors is consistent with the others at the 0.5� level, as shown in Fig. 19.
Finally, there are two developments based on recent analyses of SNe in the Hubble flow which yield an increase in

the value of H0 relative to the CCHP TRGB analysis in F19 and F21, independent of the calibrator sample. The
CCHP measurement relies on a calibrator SN sample from several SN surveys, but selects a Hubble-flow SN sample from
only the CSP SN survey. Regardless of whether the CSP survey is better calibrated than others in an absolute sense,
Brownsberger et al. (2021) show that the use of similar surveys for both SN samples reduces errors in H0 arising from
survey miscalibration to 0.1 km s�1 Mpc�1 owing to error cancellation, but to only 0.8 km s�1 Mpc�1 for the CCHP
reliance on one survey compared to many. Scolnic et al. (2021) find that the CSP sample measures fainter compared to
the mean of all other surveys by 0.025 mag, which matches what we find when we remove CSP as shown by Fit 47
in Table 5, where H0 then increases by 0.4 km s�1 Mpc�1. With only 5 of 19 calibrators in F19 observed with the
CSP survey, the incomplete cancellation of this survey di↵erence would be 0.6 km s�1 Mpc�1. In addition, the CCHP
analysis of SNe Ia does not account for cosmic flows expected from local density maps, the best of which (2M++ or
2MRS) as shown by Peterson et al. (2021) reduce the Hubble diagram �2 for ⇠ 500 SNe Ia by > 50 units, decrease the
scatter, and raise H0 by ⇠ 0.5 km s�1 Mpc�1. These two terms at the bottom of Table 8 should be included in a direct
comparison between the results here and those from CCHP. The combination of both balancing SN survey errors in
both samples and accounting for peculiar velocities would raise the CCHP value by 1.1 units and is hard to ignore. As
expected, if we use only CSP for the Hubble flow and also do not account for cosmic flows, the baseline H0 goes down
by 1.5 km s�1 Mpc�1.

The Carnegie-Chicago Hubble Program 37
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< MB >= -19.210 ± 0.053

Figure 9. B-band absolute magnitude distributions based on the SHoES SN Ia data from
Riess et al. (2016), and updated to the recalibration by Riess et al. (2019), for di↵erent sub-
samples of the calibrating galaxy samples. Figures 9(a-c) show the MB histograms based
on TRGB distances for the (a) ten galaxies having both Cepheid distances and TRGB
distances, (b) the subset of five CCHP TRGB distances, and (c) the remaining subset of
five TRGB galaxies measured by Jang & Lee (2017a). Figures 9(d-f) show the histograms
based on the Riess et al. (2016, 2019) Cepheid distances for (d) their full sample of sample
of 19 galaxies, (e) the overlap sample of ten galaxies having measured Cepheid distances
and TRGB distances, and (f) the non-overlap sample of galaxies with Cepheid distances,
but no TRGB distances. Shown in the plots are the weighted mean values for MB, the
dispersion, the number of galaxies, and the error on the mean. We note that the dispersion
in the TRGB calibration of the SNe Ia is significantly smaller (� = ±0.10-0.12) than for
the Cepheid calibrators (� = ±0.15), and is the same as the far-field dispersion of 0.1 mag.

7. DETERMINATION OF THE HUBBLE CONSTANT

We now apply our TRGB calibration to the CSP-I SNe Ia sample, and determine

a value for H0 using an MCMC method. We test the robustness of this value by

examining di↵erent subsets of the calibrators and distant SN Ia data sets. We list the

values of H0 for these di↵erent samples in Table 5. In §7.3 we then apply our TRGB

calibration to the Supercal SNe Ia sample. We compare the TRGB and Cepheid

calibrations for both the CSP-I and Supercal far-field SN Ia samples. Finally, we

return to a discussion of Table 6 in the context of our overall error budget in §7.4.

7.1. TRGB Calibration of the CSP I SN Ia Sample

In this section, we use the measured TRGB distances to our sample of 18 nearby

SN Ia calibrators, described above, and listed in Table 3, and apply this zero-point

calibration to the far-field CSP-I sample of SNe Ia. References for the supernova

photometry for the TRGB calibrating sample are given in Table 4; these SNe Ia have

been analyzed using SNooPy, consistent with the distant CSP-I sample. We focus

our analysis on the sample of SNe Ia with sBV > 0.5 and E(B � V ) < 0.5 mag,

avoiding the reddest and fastest decliners, of which there are 18 (10 with sBV < 0.5

and 8 with E(B � V ) > 0.5 mag). The observed B magnitudes are modeled with

Equation 2 where µ = µ(z, H0) for the distant sample, and µ = µ
0
TRGB

for the nearby

calibrators, and where H0 is treated as a free parameter. An intrinsic error term, �
2,

Freedman et al. (2019)
Riess et al., arXi:2112.04510
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Where does this leave us? 
• According to this scale, we are in a crisis

• < 1𝜎: Consistency

• > 2𝜎: Curiosity

• > 3𝜎: Tension/discrepancy

• > 4𝜎: Problem

• ≳ 5𝜎: Crisis
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Theorists to the rescue!
In this crisis, our job as theorists is to identify what 

properties a successful solutions might have. 

Bottom line:
We have yet to identify a complete solution that is palatable 
to both cosmologists and particle physicists but have found 
important clues about what a successful model would look 

like. 
(quote from KITP Conference July 2019)



• Lots of ideas out here! 
Why are they struggling 
to get a large value of 
the Hubble rate?

This talk: Why is it so hard to get a large 
Hubble constant from the CMB + BAO?

12/13/21Francis-Yan Cyr-Racine - UNM 7

Schöneberg et al., arXi:2107.10291
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Late solution: Could we just do that?

Planck collaboration (2018)

CMB

BAO

See e.g. Di Valentino et al. (2021)
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No!! Any model must fit the distances to 
type Ia supernovae

Benevento et al. (2020)

• Just increasing the Hubble rate at very late times does not 
address the root cause of the tension.  

Greene and Cyr-Racine, in prep.

Red points have H0 ~ 73 
km/s/Mpc
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No!! Any model must fit the distances to 
type Ia supernovae

• Not properly taking distances into account can lead to the 
detection of spurious physics!

Greene and Cyr-Racine, in prep.

• >3sigma detection of a 
late transition in the 
abundance of dark 
energy (bogus!)
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Important Lesson

If you are working on a late-time 
solution, please make sure that your 

model fit the actual distances to Type Ia
supernovae. 
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Early Solutions: Measuring H0 from the 
CMB

✓s = rs/DA(zd)

DA(z) =

Z z

0
dz

0
/H(z0)

DA(zd)

The CMB primarily 
measures angles on the 

sky.

Assuming a late-time 
cosmology and a value 
of rs, one can measure 

H0 from 𝜃s.
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Baryon Acoustic Oscillations (BAO)

BAO primarily measures 2 
“processed” versions of the 
baryon-photon sound 
horizon.

Line of sight:

Transverse:

H(z)rs

rs/DA(z)

If sound horizon is known, then we can use BAO 
to infer Hubble rate.

Eric Huff (JPL)
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CMB and BAO measurements of the expansion rate 
are all anchored on the sound horizon 

Planck collaboration (2018)

CMB

BAO

rs =

Z td

0
csdt/a =

Z ad

0
cs

da

a2H(a)

Important:
The baryon-photon 
sound horizon, rs, is 

something we compute 
theoretically, assuming 
we understand atomic 
physics and the energy 
content of the Universe.  

Time of baryon decoupling 
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Early solution: Cartoon

Planck collaboration (2018)

CMB

BAO
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Invariance of angles under uniform rescaling of the 
Hubble rate

H ! fH

• All angles on the CMB sky are invariant 
under this scaling (for constant f ):

<latexit sha1_base64="DT5BPbc+mmVrzFKuvDInD5MIQxg=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEgtQ5UgBCxI5TF0LBJ9SG2JHMdprTpOZDtIbZRvYOFXWBhAiJWJjb/BbTNAy5GudHzOvfK9x40Ylcqyvo2FxaXlldXcWn59Y3Nr29zZbcgwFpjUcchC0XKRJIxyUldUMdKKBEGBy0jTHVyP/eYDEZKG/E4NI9INUI9Tn2KktOSYpRvnsjhyjkrwAnYoV451n+hnCr0R7PgC4cROk2pxVEods2CVrQngPLEzUgAZao751fFCHAeEK8yQlG3bilQ3QUJRzEia78SSRAgPUI+0NeUoILKbTE5K4aFWPOiHQhdXcKL+nkhQIOUwcHVngFRfznpj8T+vHSv/vJtQHsWKcDz9yI8ZVCEc5wM9KghWbKgJwoLqXSHuIx2E0inmdQj27MnzpHFctk/L9u1JoXKVxZED++AAFIENzkAFVEEN1AEGj+AZvII348l4Md6Nj2nrgpHN7IE/MD5/AAP1m9k=</latexit>

DA(z⇤) =

Z z⇤

0
dz

1

H(z)

<latexit sha1_base64="8F3Y1CnImikls+r15xmKn84A+r0=">AAACI3icbVDLSgMxFM3Ud31VXboJFkFdlBkRFUEounGpYB/QGYdMmrGhmcyQ3BHaYf7Fjb/ixoUiblz4L2baCr4OJBzOOZfkniARXINtv1ulqemZ2bn5hfLi0vLKamVtvanjVFHWoLGIVTsgmgkuWQM4CNZOFCNRIFgr6J8XfuuOKc1jeQ2DhHkRuZU85JSAkfzKifIzV0VY5/gUu1yCnw39vfzG0BAGuDvEbqgIzehXbGe4m2cXxe1XqnbNHgH/Jc6EVNEEl37l1e3GNI2YBCqI1h3HTsDLiAJOBcvLbqpZQmif3LKOoZJETHvZaMccbxuli8NYmSMBj9TvExmJtB5EgUlGBHr6t1eI/3mdFMJjL+MySYFJOn4oTAWGGBeF4S5XjIIwXXBCFTd/xbRHTCdgai2bEpzfK/8lzf2ac1hzrg6q9bNJHfNoE22hHeSgI1RHF+gSNRBF9+gRPaMX68F6sl6tt3G0ZE1mNtAPWB+fx86kWg==</latexit>

rs =

Z 1

z⇤

dz
cs(z)

H(z)

<latexit sha1_base64="sNRtMREqZEwFIjyRpfnpUphGMDE=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCIKcKuiNoI8VFYRjCJkA3L7GQ2GTL7YOauEJf9Aht/xcZCEVtrO//GSbKFJh64cDjnXu69x40EV2Ca30ZuYXFpeSW/Wlhb39jcKm7vtFQYS8qaNBShvHOJYoIHrAkcBLuLJCO+K1jbHV6O/fY9k4qHwS2MItb1ST/gHqcEtOQUyzYMGBCnis+w7UlCE+kktvSxStPkyjmvPDjVg9QplsyaOQGeJ1ZGSihDwyl+2b2Qxj4LgAqiVMcyI+gmRAKngqUFO1YsInRI+qyjaUB8prrJ5J0Ul7XSw14odQWAJ+rviYT4So18V3f6BAZq1huL/3mdGLzTbsKDKAYW0OkiLxYYQjzOBve4ZBTESBNCJde3YjogOhTQCRZ0CNbsy/OkdVizjmvWzVGpfpHFkUd7aB9VkIVOUB1dowZqIooe0TN6RW/Gk/FivBsf09ackc3soj8wPn8AzhCbUg==</latexit>

✓⇤ =
rs

DA(z⇤)
where
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spectral measurements opens up an approximate1 de-
generacy between T0 and H0. We wish to respect the
COBE/FIRAS constraint and so consider a series of al-
ternative transformations that all preserve the photon
energy density today. The CMB anisotropy and polar-
ization observables are all approximately invariant under
these transformations, with varying degrees of departure
from exact invariance.

The alternative transformation that comes closest
to CMB-observable invariance preserves the baryon-to-
photon ratio and the fraction of radiation that is free
streaming. We preserve the latter with the introduc-
tion of a dark relativistic fluid. We then investigate the
sensitivity of the CMB anisotropy and polarization ob-
servables to this particular alternative transformation.
It arises from changes to the baryon fraction (ratio of
baryon density to total matter density), and the di↵er-
ences between the photon-baryon fluid and the dark rel-
ativistic fluid.

Next we relax our artificial constraint on the ioniza-
tion fraction as a function of redshift, xe(z), restoring
its dependence on atomic reaction rates and cosmolog-
ical parameters. We find that whether we fix xe(z) or
self-consistently calculate it, makes very little di↵erence
to cosmological observables and posterior distributions of
cosmological parameters as determined by current obser-
vations.

In contrast, determining the Helium fraction by BBN
consistency, or placing a prior on it arising from abun-
dance inferences based on observations of extragalactic
HII regions, has a significant impact on CMB observ-
ables. With these restrictions on Helium in place, the
e↵ective Thomson cross section can no longer follow the
prescribed transformation. We find that the Thomson
cross section is an important length scale, significantly
impacting determination of H0. Our analyses provide
insight into the roles played by many physical processes
in the determination of H0 from CMB and BAO obser-
vations. These processes include Thomson scattering,
Helium production in BBN, neutrino free streaming, re-
combination, radiation driving, and the early ISW e↵ect.
Although the specific scenarios we study are all ones with
additional light relics, we attempt to derive conclusions
that apply more broadly.

II. EXACT SYMMETRY OF COSMOLOGICAL
PERTURBATIONS

In this section, we show that the CMB anisotropy spec-
tra and the matter power spectrum possess an exact sym-

1 or an exact one in the context of our (artificial) transformation

metry under the scaling transformation

⇢i ! f
2
⇢i,

̇! f ̇ and

As ! As/f
(ns�1) (1)

where i enumerates all the components with densities
⇢i, ̇ = ane�T is the Thomson opacity, and As and ns

are the amplitude and spectral index of the primordial
matter power spectrum.
To show the existence of this symmetry, we start by

computing how the solution to the Boltzmann equations
describing dark matter, baryons, photons, and neutrinos
transform under this scaling. We then discuss the behav-
ior of the gravitational potentials under this transforma-
tion. We finally show how the CMB C` and the matter
power spectrum can be left exactly invariant under this
scaling of the Hubble rate once the primordial spectrum
of fluctuations is properly adjusted. Our discussion here
follows that presented in Ref. [3], but is extended here
beyond the tight-coupling approximation.
As a starting point, let us first examine the Boltzmann

equations governing the evolution of photons and baryons
fluctuations. Using the scale factor a as our time variable,
these take the form [6]
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where F�l are the multipole moments of the photon
temperature perturbation, k is the Fourier wavenumber,
̇ = ane�T is the Thomson opacity, �b is the baryon den-
sity perturbation, vb is the baryonic bulk velocity, cs is
the baryonic sound speed, and � and  are the two grav-
itational potentials in conformal Newtonian gauge. Note
that we have used the relationship

d

d⌘
= a

2
H

d

da
(3)

to convert between conformal time (⌘) derivatives and
scale-factor derivatives. It is straightforward to see that
these equations are invariant under the transformation

H ! fH, k ! fk, ̇! f ̇. (4)

These transformations correspond to equally rescaling all
length scales appearing in the Boltzmann equations: the

However, the CMB as a whole is not 
invariant under 
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• Why? Photon-baryon equations of motion depend on two 
other dimensionful quantities: wavenumber k and the 
baryon-photon scattering rate.

• For example, let’s look at the continuity equation for 
photons:

H ! fH

(Use scale factor “a” as 
time variable.)

Photon temperature 
monopole perturbation

Photon heat flux Gravitational driving 
term

Depends on ratio of k to H
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spectral measurements opens up an approximate1 de-
generacy between T0 and H0. We wish to respect the
COBE/FIRAS constraint and so consider a series of al-
ternative transformations that all preserve the photon
energy density today. The CMB anisotropy and polar-
ization observables are all approximately invariant under
these transformations, with varying degrees of departure
from exact invariance.

The alternative transformation that comes closest
to CMB-observable invariance preserves the baryon-to-
photon ratio and the fraction of radiation that is free
streaming. We preserve the latter with the introduc-
tion of a dark relativistic fluid. We then investigate the
sensitivity of the CMB anisotropy and polarization ob-
servables to this particular alternative transformation.
It arises from changes to the baryon fraction (ratio of
baryon density to total matter density), and the di↵er-
ences between the photon-baryon fluid and the dark rel-
ativistic fluid.

Next we relax our artificial constraint on the ioniza-
tion fraction as a function of redshift, xe(z), restoring
its dependence on atomic reaction rates and cosmolog-
ical parameters. We find that whether we fix xe(z) or
self-consistently calculate it, makes very little di↵erence
to cosmological observables and posterior distributions of
cosmological parameters as determined by current obser-
vations.

In contrast, determining the Helium fraction by BBN
consistency, or placing a prior on it arising from abun-
dance inferences based on observations of extragalactic
HII regions, has a significant impact on CMB observ-
ables. With these restrictions on Helium in place, the
e↵ective Thomson cross section can no longer follow the
prescribed transformation. We find that the Thomson
cross section is an important length scale, significantly
impacting determination of H0. Our analyses provide
insight into the roles played by many physical processes
in the determination of H0 from CMB and BAO obser-
vations. These processes include Thomson scattering,
Helium production in BBN, neutrino free streaming, re-
combination, radiation driving, and the early ISW e↵ect.
Although the specific scenarios we study are all ones with
additional light relics, we attempt to derive conclusions
that apply more broadly.

II. EXACT SYMMETRY OF COSMOLOGICAL
PERTURBATIONS

In this section, we show that the CMB anisotropy spec-
tra and the matter power spectrum possess an exact sym-

1 or an exact one in the context of our (artificial) transformation

metry under the scaling transformation

⇢i ! f
2
⇢i,

̇! f ̇ and

As ! As/f
(ns�1) (1)

where i enumerates all the components with densities
⇢i, ̇ = ane�T is the Thomson opacity, and As and ns

are the amplitude and spectral index of the primordial
matter power spectrum.
To show the existence of this symmetry, we start by

computing how the solution to the Boltzmann equations
describing dark matter, baryons, photons, and neutrinos
transform under this scaling. We then discuss the behav-
ior of the gravitational potentials under this transforma-
tion. We finally show how the CMB C` and the matter
power spectrum can be left exactly invariant under this
scaling of the Hubble rate once the primordial spectrum
of fluctuations is properly adjusted. Our discussion here
follows that presented in Ref. [3], but is extended here
beyond the tight-coupling approximation.
As a starting point, let us first examine the Boltzmann

equations governing the evolution of photons and baryons
fluctuations. Using the scale factor a as our time variable,
these take the form [6]
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where F�l are the multipole moments of the photon
temperature perturbation, k is the Fourier wavenumber,
̇ = ane�T is the Thomson opacity, �b is the baryon den-
sity perturbation, vb is the baryonic bulk velocity, cs is
the baryonic sound speed, and � and  are the two grav-
itational potentials in conformal Newtonian gauge. Note
that we have used the relationship

d

d⌘
= a

2
H

d

da
(3)

to convert between conformal time (⌘) derivatives and
scale-factor derivatives. It is straightforward to see that
these equations are invariant under the transformation

H ! fH, k ! fk, ̇! f ̇. (4)

These transformations correspond to equally rescaling all
length scales appearing in the Boltzmann equations: the

However, the CMB as a whole is not 
invariant under 
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• Why? Photon-baryon equations of motion depend on two 
other dimensionful quantities: wavenumber k and the 
baryon-photon scattering rate.

• For example, let’s look at the Euler equation for photons:

H ! fH

(Use scale factor “a” as 
time variable.)

Photon temperature 
monopole perturbation

Photon heat flux

Gravitational driving 
term

Photon quadrupole

Photon-baryon 
scattering rate



Symmetry: Basic geometry and the 
dimensional analysis
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• Dimensionless observables 
seen in projection on the sky 
have an intrinsic scale 
invariance.

• By dimensional analysis, 
ODEs for the evolution of 
dimensionless quantities can 
only depend on 
dimensionless ratios.  
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k/H, ̇/H

Nothing special about cosmology here!

Photon-baryon scattering rate



But what if all length scales are 
uniformly rescaled? 
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• Instead of just rescaling H, do the transformation:

• By dimensional analysis, all factors of f cancel out in the 
equations of motion (EOM). 

2

spectral measurements opens up an approximate1 de-
generacy between T0 and H0. We wish to respect the
COBE/FIRAS constraint and so consider a series of al-
ternative transformations that all preserve the photon
energy density today. The CMB anisotropy and polar-
ization observables are all approximately invariant under
these transformations, with varying degrees of departure
from exact invariance.

The alternative transformation that comes closest
to CMB-observable invariance preserves the baryon-to-
photon ratio and the fraction of radiation that is free
streaming. We preserve the latter with the introduc-
tion of a dark relativistic fluid. We then investigate the
sensitivity of the CMB anisotropy and polarization ob-
servables to this particular alternative transformation.
It arises from changes to the baryon fraction (ratio of
baryon density to total matter density), and the di↵er-
ences between the photon-baryon fluid and the dark rel-
ativistic fluid.

Next we relax our artificial constraint on the ioniza-
tion fraction as a function of redshift, xe(z), restoring
its dependence on atomic reaction rates and cosmolog-
ical parameters. We find that whether we fix xe(z) or
self-consistently calculate it, makes very little di↵erence
to cosmological observables and posterior distributions of
cosmological parameters as determined by current obser-
vations.

In contrast, determining the Helium fraction by BBN
consistency, or placing a prior on it arising from abun-
dance inferences based on observations of extragalactic
HII regions, has a significant impact on CMB observ-
ables. With these restrictions on Helium in place, the
e↵ective Thomson cross section can no longer follow the
prescribed transformation. We find that the Thomson
cross section is an important length scale, significantly
impacting determination of H0. Our analyses provide
insight into the roles played by many physical processes
in the determination of H0 from CMB and BAO obser-
vations. These processes include Thomson scattering,
Helium production in BBN, neutrino free streaming, re-
combination, radiation driving, and the early ISW e↵ect.
Although the specific scenarios we study are all ones with
additional light relics, we attempt to derive conclusions
that apply more broadly.

II. EXACT SYMMETRY OF COSMOLOGICAL
PERTURBATIONS

In this section, we show that the CMB anisotropy spec-
tra and the matter power spectrum possess an exact sym-

1 or an exact one in the context of our (artificial) transformation

metry under the scaling transformation

⇢i ! f
2
⇢i,

̇! f ̇ and

As ! As/f
(ns�1) (1)

where i enumerates all the components with densities
⇢i, ̇ = ane�T is the Thomson opacity, and As and ns

are the amplitude and spectral index of the primordial
matter power spectrum.
To show the existence of this symmetry, we start by

computing how the solution to the Boltzmann equations
describing dark matter, baryons, photons, and neutrinos
transform under this scaling. We then discuss the behav-
ior of the gravitational potentials under this transforma-
tion. We finally show how the CMB C` and the matter
power spectrum can be left exactly invariant under this
scaling of the Hubble rate once the primordial spectrum
of fluctuations is properly adjusted. Our discussion here
follows that presented in Ref. [3], but is extended here
beyond the tight-coupling approximation.
As a starting point, let us first examine the Boltzmann

equations governing the evolution of photons and baryons
fluctuations. Using the scale factor a as our time variable,
these take the form [6]
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where F�l are the multipole moments of the photon
temperature perturbation, k is the Fourier wavenumber,
̇ = ane�T is the Thomson opacity, �b is the baryon den-
sity perturbation, vb is the baryonic bulk velocity, cs is
the baryonic sound speed, and � and  are the two grav-
itational potentials in conformal Newtonian gauge. Note
that we have used the relationship

d

d⌘
= a

2
H

d

da
(3)

to convert between conformal time (⌘) derivatives and
scale-factor derivatives. It is straightforward to see that
these equations are invariant under the transformation

H ! fH, k ! fk, ̇! f ̇. (4)

These transformations correspond to equally rescaling all
length scales appearing in the Boltzmann equations: the

This leaves the photon-baryon (and dark matter 
and massless neutrinos) EOM invariant.



Special feature of our Universe: Initial 
conditions
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• We happen to live in a Universe in which the initial scalar 
fluctuations have no intrinsic scale.

• Since ns < 1, the different Fourier modes have slightly 
different primordial amplitudes. 

• Thus, the transformation                   will modify the 
amplitude of fluctuations (CMB, Pm(k), etc.)

• However, since power laws have no scale, this can be 
corrected with a trivial rescaling:

k ! fk

3

Hubble horizon, the wavelength of fluctuations, and the
photon mean free path. To close this system of equations,
we need the perturbed Einstein equations for the � and  
potentials. We use here the Poisson and shear equations

k
2
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where �i and �i are the energy density perturbation and
anisotropic stress of species i, respectively. Once again,
these equations are invariant under the transformation
H ! fH (which implies ⇢i ! f

2
⇢i) and k ! fk. Mass-

less neutrinos and dark matter follow collisionless ver-
sions of those given in Eqs. (2), implying that they too
are invariant under the transformation H ! fH and
k ! fk. We note that the evolution of massive neutri-
nos perturbations are also invariant under this transfor-
mation, once their masses are also properly rescaled (see
Appendix TBD).

We thus see that the linear evolution equations of all
components present in the Universe are invariant under
the transformation given in Eq. (4). This means that we
can express the solution �̃ to the perturbation equations
in the presence of a rescaled Hubble rate H ! fH in
terms of the original solution � in the absence of scaling
(i.e. f = 1) as

�̃(k, ̇, a, f) = �(k/f, ̇/f, a, f = 1), (6)

where � here stands for any of the perturbation variables
(e.g. �, v, F�l, etc.). Such a relation was first presented in
Ref. [3] in the context of the tight-coupling approxima-
tion ( ̇� H), but we see here that it applies in a broader
context once the Thomson opacity is also rescaled.

Under this rescaling, the CMB temperature power
spectra then take the form

C
TT
` (f) =

Z
dk

k
P (k)|�̃T `(k, f)|2, (7)

where P (k) is the primordial spectrum of fluctuations,
and �T `(k, f) is the photon transfer function under the
rescaling f ! fH. The latter can be written as

�̃T `(k, f) =

Z 1

0
da S̃T (k, ̇, a, f)j`(k�̃(a, f)), (8)

where S̃T (k, ̇, a, f) is the photon source term, and
�̃(a, f) is the conformal distance to scale factor a in
the presence of the rescaled Hubble rate. The source
term S̃T depends on cosmological perturbations obeying
Eq. (6) and on the photon visibility function g̃(a, f) =
�d/da(e�̃(a,f)), where

̃(a, f) =
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a
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0 ne�T
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This implies that

S̃T (k, ̇, a, f) = ST (k/f, ̇/f, a, f = 1). (10)

Similarly, we have �̃(a, f) = �(a, f = 1)/f . We thus get
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= �T `(k/f, f = 1), (11)

and the CMB temperature spectrum takes the form
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Adopting the standard power-law primordial power spec-
trum P (k) = As(k/kp)ns�1, where kp is the pivot scale,
and rescaling the scalar amplitude As ! As/f

ns�1 we
can write this as
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hence showing that the CMB temperature spectrum is
indeed exactly invariant under the transformation

�
H ! fH, ̇! f ̇, As ! As/f

ns�1
 
. (14)

An entirely similar argument applies to the polarization
and cross spectra, implying that the primary CMB is
entirely unchanged under this transformation. Further-
more, matter clustering observables (e.g. �8) are also in-
variant under this transformation, hence also leaving the
lensing of the CMB unchanged. We thus conclude that
the observable CMB is completely invariant under the
above transformation.
In the top row of Figure 1, the CMB power spectra are

the same under the exact scaling symmetry. In this case,
the physical energy density of di↵erent species are scaled
up by f

2. Since ne / Xe⌦bh
2(1 � Yp), the scaling sym-

metry brings in a factor of f2 in ne. To keep the ne�Ta

scaled by f , we can either scale Thomson scattering cross
section, �T ! �T /f , or vary the Helium mass fraction,
YP, to keep the “e↵ective Thomson cross section”. The
result is the same as we expected for the scaling symme-
try. In the plot, we show the scaling factor up to f = 1.3,
which corresponds to H0 = 87.57 km/s/Mpc.

III. SOURCES OF SYMMETRY BREAKING

Of course, not all observables are invariant under this
transformation. Further, there are physical processes

Zahn and Zaldarriaga (2003)
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Hubble horizon, the wavelength of fluctuations, and the
photon mean free path. To close this system of equations,
we need the perturbed Einstein equations for the � and  
potentials. We use here the Poisson and shear equations
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where �i and �i are the energy density perturbation and
anisotropic stress of species i, respectively. Once again,
these equations are invariant under the transformation
H ! fH (which implies ⇢i ! f

2
⇢i) and k ! fk. Mass-

less neutrinos and dark matter follow collisionless ver-
sions of those given in Eqs. (2), implying that they too
are invariant under the transformation H ! fH and
k ! fk. We note that the evolution of massive neutri-
nos perturbations are also invariant under this transfor-
mation, once their masses are also properly rescaled (see
Appendix TBD).

We thus see that the linear evolution equations of all
components present in the Universe are invariant under
the transformation given in Eq. (4). This means that we
can express the solution �̃ to the perturbation equations
in the presence of a rescaled Hubble rate H ! fH in
terms of the original solution � in the absence of scaling
(i.e. f = 1) as

�̃(k, ̇, a, f) = �(k/f, ̇/f, a, f = 1), (6)

where � here stands for any of the perturbation variables
(e.g. �, v, F�l, etc.). Such a relation was first presented in
Ref. [3] in the context of the tight-coupling approxima-
tion ( ̇� H), but we see here that it applies in a broader
context once the Thomson opacity is also rescaled.

Under this rescaling, the CMB temperature power
spectra then take the form
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Adopting the standard power-law primordial power spec-
trum P (k) = As(k/kp)ns�1, where kp is the pivot scale,
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hence showing that the CMB temperature spectrum is
indeed exactly invariant under the transformation
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H ! fH, ̇! f ̇, As ! As/f

ns�1
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An entirely similar argument applies to the polarization
and cross spectra, implying that the primary CMB is
entirely unchanged under this transformation. Further-
more, matter clustering observables (e.g. �8) are also in-
variant under this transformation, hence also leaving the
lensing of the CMB unchanged. We thus conclude that
the observable CMB is completely invariant under the
above transformation.
In the top row of Figure 1, the CMB power spectra are

the same under the exact scaling symmetry. In this case,
the physical energy density of di↵erent species are scaled
up by f

2. Since ne / Xe⌦bh
2(1 � Yp), the scaling sym-

metry brings in a factor of f2 in ne. To keep the ne�Ta

scaled by f , we can either scale Thomson scattering cross
section, �T ! �T /f , or vary the Helium mass fraction,
YP, to keep the “e↵ective Thomson cross section”. The
result is the same as we expected for the scaling symme-
try. In the plot, we show the scaling factor up to f = 1.3,
which corresponds to H0 = 87.57 km/s/Mpc.

III. SOURCES OF SYMMETRY BREAKING

Of course, not all observables are invariant under this
transformation. Further, there are physical processes



The scaling “recipe”
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1. Increase Hubble rate at all times by scaling up every 
energy density:

2. Scale up the photon scattering rate                     according 
to:

3. Adjust the initial amplitude of scalar fluctuations 
according to
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important questions raised by our proposed scenario, and
their possible resolutions, before concluding.

The Scaling Transformation.— If we assume, for now,
that recombination happens in equilibrium and neutri-
nos are massless then the only length scales in the linear
perturbation evolution equations in the ⇤CDM model,
written with the scale factor a = 1/(1 + z) as the in-
dependent time-like variable, are the gravitational time
scales of each of the i = 1 to N components, 1/

p
G⇢i(a),

and the photon mean free path between electron scatters,
1/(�Tne(a)). As a result, if we consider the linear evo-
lution of a single Fourier mode with wavenumber k, any
fractional perturbation, such as �⇢m(k, a)/⇢m(a) satisfy-
ing the evolution equations will also satisfy them when
transformed by a uniform scaling of all relevant (inverse)
length scales (including k) by a factor we will call f .
Since the initial conditions in ⇤CDM do not introduce
a length scale (the spectrum of initial perturbations is a
power law with an amplitude to be determined from ob-
servations), the statistical properties of fractional pertur-
bations viewed in projection are independent of f except
for an overall amplitude. Dependence on the amplitude
can be removed [40] by extending the scaling transforma-
tion to include As ! As/f

(ns�1) where As is the ampli-
tude of the primordial power spectrum at some fiducial
value of k, and ns is the spectral index of the power law
power spectrum of initial density perturbations.

In Ref. [40] this transformation was introduced but
without the photon scattering-rate scaling. Including it,
the transformation leads to an exact symmetry, in the
limit of equilibrium recombination [73], massless neutri-
nos [74], and linearized equations [75], of the statisti-
cal properties of maps made in projection on the sky
of quantities such as �⇢/⇢, and fractional CMB tem-
perature and polarization anisotropies. These include
galaxy clustering power spectra, shear power spectra,
galaxy-shear cross correlations, fractional CMB temper-
ature power spectra, polarization power spectra, and the
temperature-polarization cross spectrum. The invariance
exists for the ⇤CDM model, and any other model as long
as additional length scales (if any, such as related to mean
curvature or neutrino mass) are properly scaled as well.
Absent the introduction of new length scales, the full
transformation can be written as

p
G⇢i(a) ! f

p
G⇢i(a), �Tne(a) ! f�Tne(a)

and As ! As/f
(ns�1)

.

(1)

Symmetry Breaking.—In the real universe, the trans-
formation given in Eq. (1) immediately runs into severe
problems with observations that are sensitive to absolute
densities of cosmological components. Most importantly,
we know very precisely the mean energy density of the
CMB today from measurements of its flux density across
a broad range of wavelengths. It is famously nature’s
best approximation to black body radiation, with a mea-
sured temperature from FIRAS of T0 = 2.7255 ± 0.0013

K [76, 77]. By anchoring ⇢� , this measurement severely
limits our ability to exploit the scaling transformation to
raise H0. A similar point was made recently in Ref. [78].
Other important e↵ects that break the above symme-

try arise from departures from thermodynamic equilib-
rium, as emphasized in Ref. [40]. Unlike periods of equi-
librium, during which we have no sensitivity to the rates
of the reactions that are maintaining equilibrium, peri-
ods in which equilibrium is lost provide us with valuable
sensitivity to the relevant reaction rates. If we then as-
sume that such microphysical rates are known, we can
gain sensitivity to the Hubble rate. A prime example
is Big Bang Nucleosynthesis (BBN), where sensitivity of
the yield of helium to nuclear reaction rates allows one to
infer, from measurements of YP, the expansion rate dur-
ing BBN, and thus, through the Friedmann equation, the
mass/energy density of the Universe at that time. Sim-
ilarly, hydrogen recombination is an out-of-equilibrium
process which is sensitive to atomic reaction rates, and
thus breaks the symmetry of the Eq. (1) transformation.
We will see that the impact of this symmetry breaking
on our parameter constraints is mild.
A mirror world dark sector and free YP.—We now ar-

gue that by extending the ⇤CDM model to include a
dark copy of the photons, baryons, and neutrinos (see
e.g. Refs. [79–99]), all with the same mean density ra-
tios as in the visible sector, we can e↵ectively mimic the
scaling transformation while evading the constraint from
FIRAS. The dark photons are a replacement for the ad-
ditional visible photons that would violate the FIRAS
constraint. The dark baryons (implemented as “atomic
dark matter” (ADM) [100–123]) allow us to scale up
the total baryon-like density without changing the well-
constrained (visible sector) baryon-to-photon ratio. The
dark neutrinos allow us to scale up the e↵ective number of
free-streaming neutrino species from its ⇤CDM value of
N

fs
e↵ = 3.046, preserving the somewhat well-constrained

ratio of free-streaming to tightly-coupled relativistic par-
ticle densities [124–126].
In our implementation, the new mirror dark sector in-

teracts purely gravitationally with the visible sector and
the CDM (this could be relaxed in a more general model).
Therefore, to mimic a ⇤CDM model with scaled-up den-
sities, the perturbations in the mirror world components
must evolve in the same way as in the visible sector.
For this to be the case the dark photons must transition
from tightly coupled to freely streaming when the visible
photons do. We thus ensure that the ADM recombines
at approximately the same time as regular hydrogen by
keeping the ratio BD/TD fixed, where BD is the binding
energy of the ADM, and by setting the dark fine struc-
ture constant and dark proton mass equal to those in the
light sector. For simplicity we assume there are no dark
versions of helium or heavier nuclei, although if present,
these could constitute some or all of the CDM.
The above choices ensure that the gravitational po-
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Hubble horizon, the wavelength of fluctuations, and the
photon mean free path. To close this system of equations,
we need the perturbed Einstein equations for the � and  
potentials. We use here the Poisson and shear equations

k
2
�+ 3aH

✓
a
2
H

d�

da
+ aH 

◆
= �4⇡Ga

2
X

i

⇢i�i, (5)

k
2(��  ) = 12⇡Ga

2
X

i

(⇢i + Pi)�i,

where �i and �i are the energy density perturbation and
anisotropic stress of species i, respectively. Once again,
these equations are invariant under the transformation
H ! fH (which implies ⇢i ! f

2
⇢i) and k ! fk. Mass-

less neutrinos and dark matter follow collisionless ver-
sions of those given in Eqs. (2), implying that they too
are invariant under the transformation H ! fH and
k ! fk. We note that the evolution of massive neutri-
nos perturbations are also invariant under this transfor-
mation, once their masses are also properly rescaled (see
Appendix TBD).

We thus see that the linear evolution equations of all
components present in the Universe are invariant under
the transformation given in Eq. (4). This means that we
can express the solution �̃ to the perturbation equations
in the presence of a rescaled Hubble rate H ! fH in
terms of the original solution � in the absence of scaling
(i.e. f = 1) as

�̃(k, ̇, a, f) = �(k/f, ̇/f, a, f = 1), (6)

where � here stands for any of the perturbation variables
(e.g. �, v, F�l, etc.). Such a relation was first presented in
Ref. [3] in the context of the tight-coupling approxima-
tion ( ̇� H), but we see here that it applies in a broader
context once the Thomson opacity is also rescaled.

Under this rescaling, the CMB temperature power
spectra then take the form

C
TT
` (f) =

Z
dk

k
P (k)|�̃T `(k, f)|2, (7)

where P (k) is the primordial spectrum of fluctuations,
and �T `(k, f) is the photon transfer function under the
rescaling f ! fH. The latter can be written as

�̃T `(k, f) =

Z 1

0
da S̃T (k, ̇, a, f)j`(k�̃(a, f)), (8)

where S̃T (k, ̇, a, f) is the photon source term, and
�̃(a, f) is the conformal distance to scale factor a in
the presence of the rescaled Hubble rate. The source
term S̃T depends on cosmological perturbations obeying
Eq. (6) and on the photon visibility function g̃(a, f) =
�d/da(e�̃(a,f)), where

̃(a, f) =

Z 1

a
da

0 ne�T

fa0H
=
(a, f = 1)

f
. (9)

This implies that

S̃T (k, ̇, a, f) = ST (k/f, ̇/f, a, f = 1). (10)

Similarly, we have �̃(a, f) = �(a, f = 1)/f . We thus get

�̃T `(k, f) =

Z 1

0
daST (k/f, ̇/f, a, f = 1)

⇥ j`((k/f)�(a, f = 1))

= �T `(k/f, f = 1), (11)

and the CMB temperature spectrum takes the form

C
TT
` (f) =

Z
dk

k
P (k)|�T `(k/f, f = 1)|2

=

Z
dk

0

k0
P (fk0)|�T `(k

0
, f = 1)|2. (12)

Adopting the standard power-law primordial power spec-
trum P (k) = As(k/kp)ns�1, where kp is the pivot scale,
and rescaling the scalar amplitude As ! As/f

ns�1 we
can write this as

C
TT
` (f) =

Z
dk

0
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= C
TT
` (f = 1), (13)

hence showing that the CMB temperature spectrum is
indeed exactly invariant under the transformation

�
H ! fH, ̇! f ̇, As ! As/f

ns�1
 
. (14)

An entirely similar argument applies to the polarization
and cross spectra, implying that the primary CMB is
entirely unchanged under this transformation. Further-
more, matter clustering observables (e.g. �8) are also in-
variant under this transformation, hence also leaving the
lensing of the CMB unchanged. We thus conclude that
the observable CMB is completely invariant under the
above transformation.
In the top row of Figure 1, the CMB power spectra are

the same under the exact scaling symmetry. In this case,
the physical energy density of di↵erent species are scaled
up by f

2. Since ne / Xe⌦bh
2(1 � Yp), the scaling sym-

metry brings in a factor of f2 in ne. To keep the ne�Ta

scaled by f , we can either scale Thomson scattering cross
section, �T ! �T /f , or vary the Helium mass fraction,
YP, to keep the “e↵ective Thomson cross section”. The
result is the same as we expected for the scaling symme-
try. In the plot, we show the scaling factor up to f = 1.3,
which corresponds to H0 = 87.57 km/s/Mpc.

III. SOURCES OF SYMMETRY BREAKING

Of course, not all observables are invariant under this
transformation. Further, there are physical processes
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• This really leaves the CMB temp/pol invariant (fixing 
recombination history here)

f

H0 = 67.5, 74.3, 81km/s/Mpc



Reality check: 3 main symmetry 
breaking effects

12/13/21Francis-Yan Cyr-Racine - UNM 24



Getting around COBE: Mirror World

12/13/21Francis-Yan Cyr-Racine - UNM 25

• We can’t easily increase the densities of photons/baryons

• So instead add mirror “dark” particles! 
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• The mirror world ingredients ensure that we “effectively” 
implement the rescaling 

while leaving the perturbation evolution invariant. 

• It does not however implement the necessary scaling

• Since , one can implement this scaling by 
adjusting the helium fraction according to 
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important questions raised by our proposed scenario, and
their possible resolutions, before concluding.

The Scaling Transformation.— If we assume, for now,
that recombination happens in equilibrium and neutri-
nos are massless then the only length scales in the linear
perturbation evolution equations in the ⇤CDM model,
written with the scale factor a = 1/(1 + z) as the in-
dependent time-like variable, are the gravitational time
scales of each of the i = 1 to N components, 1/

p
G⇢i(a),

and the photon mean free path between electron scatters,
1/(�Tne(a)). As a result, if we consider the linear evo-
lution of a single Fourier mode with wavenumber k, any
fractional perturbation, such as �⇢m(k, a)/⇢m(a) satisfy-
ing the evolution equations will also satisfy them when
transformed by a uniform scaling of all relevant (inverse)
length scales (including k) by a factor we will call f .
Since the initial conditions in ⇤CDM do not introduce
a length scale (the spectrum of initial perturbations is a
power law with an amplitude to be determined from ob-
servations), the statistical properties of fractional pertur-
bations viewed in projection are independent of f except
for an overall amplitude. Dependence on the amplitude
can be removed [40] by extending the scaling transforma-
tion to include As ! As/f

(ns�1) where As is the ampli-
tude of the primordial power spectrum at some fiducial
value of k, and ns is the spectral index of the power law
power spectrum of initial density perturbations.

In Ref. [40] this transformation was introduced but
without the photon scattering-rate scaling. Including it,
the transformation leads to an exact symmetry, in the
limit of equilibrium recombination [73], massless neutri-
nos [74], and linearized equations [75], of the statisti-
cal properties of maps made in projection on the sky
of quantities such as �⇢/⇢, and fractional CMB tem-
perature and polarization anisotropies. These include
galaxy clustering power spectra, shear power spectra,
galaxy-shear cross correlations, fractional CMB temper-
ature power spectra, polarization power spectra, and the
temperature-polarization cross spectrum. The invariance
exists for the ⇤CDM model, and any other model as long
as additional length scales (if any, such as related to mean
curvature or neutrino mass) are properly scaled as well.
Absent the introduction of new length scales, the full
transformation can be written as

p
G⇢i(a) ! f

p
G⇢i(a), �Tne(a) ! f�Tne(a)

and As ! As/f
(ns�1)

.

(1)

Symmetry Breaking.—In the real universe, the trans-
formation given in Eq. (1) immediately runs into severe
problems with observations that are sensitive to absolute
densities of cosmological components. Most importantly,
we know very precisely the mean energy density of the
CMB today from measurements of its flux density across
a broad range of wavelengths. It is famously nature’s
best approximation to black body radiation, with a mea-
sured temperature from FIRAS of T0 = 2.7255 ± 0.0013

K [76, 77]. By anchoring ⇢� , this measurement severely
limits our ability to exploit the scaling transformation to
raise H0. A similar point was made recently in Ref. [78].
Other important e↵ects that break the above symme-

try arise from departures from thermodynamic equilib-
rium, as emphasized in Ref. [40]. Unlike periods of equi-
librium, during which we have no sensitivity to the rates
of the reactions that are maintaining equilibrium, peri-
ods in which equilibrium is lost provide us with valuable
sensitivity to the relevant reaction rates. If we then as-
sume that such microphysical rates are known, we can
gain sensitivity to the Hubble rate. A prime example
is Big Bang Nucleosynthesis (BBN), where sensitivity of
the yield of helium to nuclear reaction rates allows one to
infer, from measurements of YP, the expansion rate dur-
ing BBN, and thus, through the Friedmann equation, the
mass/energy density of the Universe at that time. Sim-
ilarly, hydrogen recombination is an out-of-equilibrium
process which is sensitive to atomic reaction rates, and
thus breaks the symmetry of the Eq. (1) transformation.
We will see that the impact of this symmetry breaking
on our parameter constraints is mild.
A mirror world dark sector and free YP.—We now ar-

gue that by extending the ⇤CDM model to include a
dark copy of the photons, baryons, and neutrinos (see
e.g. Refs. [79–99]), all with the same mean density ra-
tios as in the visible sector, we can e↵ectively mimic the
scaling transformation while evading the constraint from
FIRAS. The dark photons are a replacement for the ad-
ditional visible photons that would violate the FIRAS
constraint. The dark baryons (implemented as “atomic
dark matter” (ADM) [100–123]) allow us to scale up
the total baryon-like density without changing the well-
constrained (visible sector) baryon-to-photon ratio. The
dark neutrinos allow us to scale up the e↵ective number of
free-streaming neutrino species from its ⇤CDM value of
N

fs
e↵ = 3.046, preserving the somewhat well-constrained

ratio of free-streaming to tightly-coupled relativistic par-
ticle densities [124–126].
In our implementation, the new mirror dark sector in-

teracts purely gravitationally with the visible sector and
the CDM (this could be relaxed in a more general model).
Therefore, to mimic a ⇤CDM model with scaled-up den-
sities, the perturbations in the mirror world components
must evolve in the same way as in the visible sector.
For this to be the case the dark photons must transition
from tightly coupled to freely streaming when the visible
photons do. We thus ensure that the ADM recombines
at approximately the same time as regular hydrogen by
keeping the ratio BD/TD fixed, where BD is the binding
energy of the ADM, and by setting the dark fine struc-
ture constant and dark proton mass equal to those in the
light sector. For simplicity we assume there are no dark
versions of helium or heavier nuclei, although if present,
these could constitute some or all of the CDM.
The above choices ensure that the gravitational po-

H ! fH
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important questions raised by our proposed scenario, and
their possible resolutions, before concluding.

The Scaling Transformation.— If we assume, for now,
that recombination happens in equilibrium and neutri-
nos are massless then the only length scales in the linear
perturbation evolution equations in the ⇤CDM model,
written with the scale factor a = 1/(1 + z) as the in-
dependent time-like variable, are the gravitational time
scales of each of the i = 1 to N components, 1/

p
G⇢i(a),

and the photon mean free path between electron scatters,
1/(�Tne(a)). As a result, if we consider the linear evo-
lution of a single Fourier mode with wavenumber k, any
fractional perturbation, such as �⇢m(k, a)/⇢m(a) satisfy-
ing the evolution equations will also satisfy them when
transformed by a uniform scaling of all relevant (inverse)
length scales (including k) by a factor we will call f .
Since the initial conditions in ⇤CDM do not introduce
a length scale (the spectrum of initial perturbations is a
power law with an amplitude to be determined from ob-
servations), the statistical properties of fractional pertur-
bations viewed in projection are independent of f except
for an overall amplitude. Dependence on the amplitude
can be removed [40] by extending the scaling transforma-
tion to include As ! As/f

(ns�1) where As is the ampli-
tude of the primordial power spectrum at some fiducial
value of k, and ns is the spectral index of the power law
power spectrum of initial density perturbations.

In Ref. [40] this transformation was introduced but
without the photon scattering-rate scaling. Including it,
the transformation leads to an exact symmetry, in the
limit of equilibrium recombination [73], massless neutri-
nos [74], and linearized equations [75], of the statisti-
cal properties of maps made in projection on the sky
of quantities such as �⇢/⇢, and fractional CMB tem-
perature and polarization anisotropies. These include
galaxy clustering power spectra, shear power spectra,
galaxy-shear cross correlations, fractional CMB temper-
ature power spectra, polarization power spectra, and the
temperature-polarization cross spectrum. The invariance
exists for the ⇤CDM model, and any other model as long
as additional length scales (if any, such as related to mean
curvature or neutrino mass) are properly scaled as well.
Absent the introduction of new length scales, the full
transformation can be written as
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and As ! As/f
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Symmetry Breaking.—In the real universe, the trans-
formation given in Eq. (1) immediately runs into severe
problems with observations that are sensitive to absolute
densities of cosmological components. Most importantly,
we know very precisely the mean energy density of the
CMB today from measurements of its flux density across
a broad range of wavelengths. It is famously nature’s
best approximation to black body radiation, with a mea-
sured temperature from FIRAS of T0 = 2.7255 ± 0.0013

K [76, 77]. By anchoring ⇢� , this measurement severely
limits our ability to exploit the scaling transformation to
raise H0. A similar point was made recently in Ref. [78].
Other important e↵ects that break the above symme-

try arise from departures from thermodynamic equilib-
rium, as emphasized in Ref. [40]. Unlike periods of equi-
librium, during which we have no sensitivity to the rates
of the reactions that are maintaining equilibrium, peri-
ods in which equilibrium is lost provide us with valuable
sensitivity to the relevant reaction rates. If we then as-
sume that such microphysical rates are known, we can
gain sensitivity to the Hubble rate. A prime example
is Big Bang Nucleosynthesis (BBN), where sensitivity of
the yield of helium to nuclear reaction rates allows one to
infer, from measurements of YP, the expansion rate dur-
ing BBN, and thus, through the Friedmann equation, the
mass/energy density of the Universe at that time. Sim-
ilarly, hydrogen recombination is an out-of-equilibrium
process which is sensitive to atomic reaction rates, and
thus breaks the symmetry of the Eq. (1) transformation.
We will see that the impact of this symmetry breaking
on our parameter constraints is mild.
A mirror world dark sector and free YP.—We now ar-

gue that by extending the ⇤CDM model to include a
dark copy of the photons, baryons, and neutrinos (see
e.g. Refs. [79–99]), all with the same mean density ra-
tios as in the visible sector, we can e↵ectively mimic the
scaling transformation while evading the constraint from
FIRAS. The dark photons are a replacement for the ad-
ditional visible photons that would violate the FIRAS
constraint. The dark baryons (implemented as “atomic
dark matter” (ADM) [100–123]) allow us to scale up
the total baryon-like density without changing the well-
constrained (visible sector) baryon-to-photon ratio. The
dark neutrinos allow us to scale up the e↵ective number of
free-streaming neutrino species from its ⇤CDM value of
N

fs
e↵ = 3.046, preserving the somewhat well-constrained

ratio of free-streaming to tightly-coupled relativistic par-
ticle densities [124–126].
In our implementation, the new mirror dark sector in-

teracts purely gravitationally with the visible sector and
the CDM (this could be relaxed in a more general model).
Therefore, to mimic a ⇤CDM model with scaled-up den-
sities, the perturbations in the mirror world components
must evolve in the same way as in the visible sector.
For this to be the case the dark photons must transition
from tightly coupled to freely streaming when the visible
photons do. We thus ensure that the ADM recombines
at approximately the same time as regular hydrogen by
keeping the ratio BD/TD fixed, where BD is the binding
energy of the ADM, and by setting the dark fine struc-
ture constant and dark proton mass equal to those in the
light sector. For simplicity we assume there are no dark
versions of helium or heavier nuclei, although if present,
these could constitute some or all of the CDM.
The above choices ensure that the gravitational po-
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Label Data Set

1 Planck TT, TE, EE, lensing + BAO

2 Data Set 1 plus R21 (H0 = 73.2± 1.3 km/s/Mpc)

TABLE I. Definition of data sets 1 and 2. We use the Plik
TT+TE+EE, LowlT, LowlE, and lensing Planck likelihoods
described in Ref. [109]. BAO data sets are 6dFGS [110], SDSS
MGS [111] and BOSS DR12 [112].

Label Model Space

A ⇤CDM + f (scaling enforced), xe(z) fixed

B ⇤CDM + f (scaling enforced), xe(z) calculated

C ⇤CDM + TD + N
fs
e↵ + fADM + YP

TABLE II. Definition of model spaces A, B & C. For model
space A the one non-⇤CDM parameter is f . We restrict the
additional components, including YP, to the scaling solution
and (artificially) hold xe(z) fixed to its ⇤CDM best-fit value,
for both the dark and light sectors. We scale YP from its
BBN-consistent ⇤CDM data set 1 best-fit value of 0.2454.
Model space B di↵ers only in that we calculate the light sec-
tor xe(z) using the atomic reaction rates (and the code Rec-
Fast [113, 114]) and the dark sector xe(z) as in [93]. Model
space C only di↵ers from B in that we allow YP, the e↵ective
number of free-streaming neutrinos N

fs
e↵ , and the fraction of

mirror world (or “atomic”) dark matter fADM to depart from
their scaling values. For all model spaces we adopt the uni-
form prior 1.00001 < f < 1.3, set the ratio of dark to light

photon temperatures to TD/T� =
�
f
2 � 1

�1/4
and, although

it introduces a new length scale, we take one of the neutrino
species to have a mass of 0.06 eV, for better consistency with
atmospheric and solar neutrino oscillation observations.

tentials are unchanged compared to ⇤CDM, even in the
presence of extra mass/energy components. We can keep
the Thomson scattering rate near the scaling trajectory
by adjusting the primordial fraction of baryonic mass in
helium, YP. At fixed baryon density we have ne(z) /
xe(z)(1�YP) where xe(z) is the fraction of free electrons.
So to scale the scattering rate appropriately, approximat-
ing xe(z) as fixed, we send (1� YP) ! f(1� YP).

Results.—We now explore parameter constraints in the
framework just described. We define data sets 1 and 2
and model spaces A, B, and C, in Tables I and II. In Fig. 1
we see the expected results from A1: the strong degener-
acy of f with H0, and the posterior on H0 entirely deter-
mined by the prior on f . This is the numerical manifesta-
tion of the exact symmetry we have presented, only very
softly broken by non-zero neutrino mass. Of more inter-
est are the results from B1, where we no longer artificially
hold xe(z) fixed. We find that the symmetry-breaking ef-
fects of non-equilibrium recombination are quite soft, as
the posterior on f does not become severely restricted.
The tension with R21 has been completely eliminated.

The final set of curves in Fig. 1 is for B2. We find that
f = 1.08 ± 0.02, as expected since the R21 H0 is about
8% higher than the ⇤CDM prediction given CMB data.

FIG. 1. Parameter constraints from data sets 1 and 2 given
models A and B (see Tables I and II). Top panels: the (unnor-
malized) posterior probability densities of H0 and f . Bottom
two panels: the 68% and 95% contours of equal probability
density in the H0�f and YP�f planes. The grey band ‘R21’
shows the 1 and 2 � constraint on H0 from R21. The purple
band ‘A21’ shows the same for YP from [115, hereafter A21].

In Fig. 2 we show how well departures away from scal-
ing are constrained by the data, if they are not prevented
by fiat. The B1 contours lie over the constraints given
model C; as expected, the scaling direction is preferred
by the data. We also see that the region of high posterior
probability density extends to parameter values far from
the scaling solution, an indication of some freedom that
more detailed model building could exploit. For C2, we
find that fADM = 0.027±0.011 and TD = (0.68±0.06)T� .
Meanwhile, the value of �8 = 0.808 ± 0.011 is nearly
unchanged (if slightly lower) from its ⇤CDM value, as
expected from the symmetry.
In Figs. 1 and 2 we also see a problem: the YP values

consistent with R21 are inconsistent with inferences from
spectral observations of hot “metal-poor” gas such as the
A21 finding of YP = 0.2453 ± 0.0034. From C2 we have
YP = 0.170 ± 0.025, a 3.0 � di↵erence with A21. Com-
pounding this trouble is that the additional light relics, if
we do not otherwise alter the standard thermal history,
increase the BBN-expected YP, in C2, to 0.252± 0.004.
Discussion.—Our work is helpful for understanding

the failure of other cosmological models to to com-
pletely relieve the H0 tension. Instead of considering
all changes that some extension of ⇤CDM makes from
the best-fit ⇤CDM cosmology, one can compare to a

Unlikely to be the right 
way of doing this!



• With a fixed recombination 
history, we can fit any 
value of the Hubble 
constant to CMB + BAO 
data. 

• This is just a numerical 
realization of the symmetry 
we already know exists.

Zeroth Test: The exact symmetry
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• Symmetry-breaking effects 
from the self-consistently 
calculated recombination 
history are very mild!

First (real!) Test: Recombination
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• In principle, the symmetry 
allows us to completely 
eliminate the Hubble 
tension between CMB + 
BAO and the local distance 
ladder (R21 here).

• However, we are doing the
scaling by fiat here.

Second Test: Compatibility with the 
cepheid-calibrated distance ladder 
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Towards an actual model
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• Three key ingredients are necessary to turn this general 
scaling transformation into an actual model

• A mirror dark sector that (nearly) mimic the SM (see e.g.
Blinov et al., arXiv :2108.11386)

• A means to rescale the photon scattering rate other than 
helium (see e.g. Sekiguchi and Takahashi, arXiv :2007.03381; Burgess et al. 
arXiv:2111.07286).

• A means to ensure consistency with helium and 
deuterium abundance measurements. 

These provide clear model-building targets!



Possible implication: Mirror Sector Freedom
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At face value, the direct Hubble 
measurements predict ~3% in 
atomic dark matter, and a dark 

photon bath with a neutrino-like 
temperature.  

Cyr-Racine, Ge, Knox, arXiv: 2107:13000



The scaling symmetry helps understand 
constraints on other cosmological models
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Dark Radiation models

Other early universe models

NEDE
EMG

Late universe models

Figure 2: Contours (68.3% and 95.4% C.L.) for the Dbaseline dataset for the various considered models. For compar-
ison, we show in each category either a free-streaming DR model or a CPL DE model.
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Schöneberg et al., arXi:2107.10291



Conclusions
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• The Hubble tension is reaching crisis level.

• Early solutions must be able to fit distances to SNe Ia. 

• We have identified a previously unnoticed symmetry of 
cosmological observables projected on the sky.

• If a complete model could be found,  it would completely 
eliminate the Hubble tension. 

• This symmetry helps us understand the nature of 
cosmological constraints. 



Open Questions
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• Can we achieve a higher photon scattering rate and have 
consistency with BBN and YP ?

• Can we detect the 3% of atomic DM?

• Can a consistent mirror sector be built? (Yes!)

• Impact of nonlinear evolution?


