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Many theoretical resolutions to the so-called “Hubble tension” rely on modifying the sound horizon
at recombination, rs, and thus the acoustic scale used as a standard ruler in the cosmic microwave
background (CMB) and large scale structure (LSS) datasets. As shown in a number of recent works,
these observables can also be used to compute rs-independent constraints onH0 by making use of the
horizon scale at matter-radiation equality, keq, which has different sensitivity to high redshift physics
than rs. As such, rs- and keq-based measurements of H0 (within a ΛCDM framework) may differ if
there is new physics present pre-recombination. In this work, we present the tightest constraints on
the latter from current data, finding H0 = 64.8+2.2

−2.5 km s−1Mpc−1 at 68% CL from a combination of
BOSS galaxy power spectra, Planck CMB lensing, and the newly released Pantheon+ supernova
constraints, as well as physical priors on the baryon density, neutrino mass, and spectral index.
The BOSS and Planck measurements have different degeneracy directions, leading to the improved
combined constraints, with a bound of H0 = 67.1+2.5

−2.9 (63.6+2.9
−3.6) from BOSS (Planck) alone in

km s−1Mpc−1 units. The results show some dependence on the neutrino mass bounds, with the
constraint broadening to H0 = 68.0+2.9

−3.2 km s−1Mpc−1 if we instead impose a weak prior on
∑
mν

from terrestrial experiments rather than assuming
∑
mν < 0.26 eV, or shifting to H0 = 64.6 ±

2.4 km s−1Mpc−1 if the neutrino mass is fixed to its minimal value. Even without dependence on
the sound horizon, our results are in ≈ 3σ tension with those obtained from the Cepheid-calibrated
distance ladder, which begins to cause problems for new physics models that vary H0 by changing
acoustic physics or the expansion history immediately prior to recombination.

For better or for worse, the “Hubble tension" has become one of the key research areas of twenty-first century
cosmology. The problem is straightforward to define: the expansion rate, H0, measured from the local distance ladder
calibrated from geometric distances to Cepheid variables stars and type Ia supernovae [e.g., 1], is not in agreement with
that extracted from the cosmic microwave background (CMB) assuming the standard cosmological model (νΛCDM)
[2, 3]. These measurements depend on different physics: the former relies on the late-time expansion history and
certain astrophysical assumptions, whilst the latter is primarily sourced by the baryon acoustic oscillation (BAO)
feature in the CMB power spectrum, which depends on the “sound-horizon” scale, rs. Despite a wealth of effort,
both theoretical and experimental, the problem persists, and, moreover, has become a multidimensional one, with the
introduction of a number of new data-sets. These allow alternative probes of the expansion rate, and proceed via a
wide number of mechanisms, such as alternative calibration of the distance ladder using tip of the red giant branch
(TRGB) methods [e.g., 4–8] or megamasers [9], gravitational wave observations [e.g., 10] and time delay cosmography
from strongly lensed sources [e.g., 11, 12]. For a brief time, H0 constraints appeared to fall in one of two camps:
measurements depending on the full νΛCDM model preferred lower H0, whilst those depending only on local physics
tended towards higher values [e.g., 13]. However, this division has become much less clear (at least in the latter
category) with the publication of new TRGB and strong lensing results [4, 6–8, 12].

A particularly interesting probe of the expansion rate is that of large scale structure. In the last decade this has
generally been analyzed by way of the BAO feature, extracted from the oscillatory part of the galaxy power spectrum
[e.g., 14–19]. In combination with external information on the Universe’s composition (usually constraints on ωcdm

and ωb from the CMB), this feature can be used as a standard ruler to constrain H0, and results in values consistent
with those of Planck and more recent CMB experiments.
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It has long been known that the matter power spectrum contains information beyond the BAO feature and hence
beyond the sound horizon scale. Indeed, a second key physical scale leaves a characteristic imprint on the shape of the
matter power spectrum and contains a significant amount of cosmological information: the wavenumber corresponding
to the horizon size at matter-radiation equality (z ≈ 3500), keq. This “equality scale” not only sets the scale of the peak
of the matter power spectrum but is important for determining the broadband shape of the linear power spectrum at
k & keq.1

Since many models hoping to resolve the “H0 tension” proceed by modifying the sound horizon rs (which sets the
BAO scale) [e.g., 22, 23], extracting H0 constraints by using the equality scale as a standard ruler instead of the
sound horizon scale becomes highly desirable. However, it can be challenging to extract Hubble constant information
only from keq, because standard analyses of matter power spectrum observables are typically dominated by BAO
constraints and hence by sound horizon information.

Several approaches have hence been developed to remove sound horizon information and thus measure the Hubble
constant from only the equality scale (within a ΛCDM context). The first approach was to use the CMB lensing power
spectrum [24]; since this observable is given by a projection of the matter power spectrum, the BAO oscillations average
out such that only equality scale information remains. Later approaches [25, 26] improved upon these constraints
with novel analyses of the full 3D galaxy power spectrum, building on recent advances in modeling and analyzing the
galaxy power spectrum, beyond just its oscillatory component [e.g., 27–35]. Whilst constraints from standard full-
shape analyses remain BAO-dominated, [26] successfully removed sound horizon information with a suitable choice
of priors (omitting the baryonic information usually provided by Big Bang Nucleosynthesis (BBN) constraints [e.g.,
15, 30, 36, 37]); subsequently, [25] proposed and validated a new method to “integrate out” the sound horizon even
with BBN priors, resulting in the tightest equality scale H0 constraints to date.

The existence of both keq- and rs-derived constraints on H0 allows for interesting consistency checks: in particular,
new physics occurring at redshifts of a few thousand will likely cause a discrepancy between the H0 values inferred by
the two ΛCDM analyses. As an example, [25] showed that, in the context of the Euclid spectroscopic survey, the early
dark energy models preferred by Planck [38] and ACT data [39] (see also [40–43]), would induce shifts between the
rs- and keq-derived values of ∆H0 = 2.6 km s−1Mpc−1 and 7.8 km s−1Mpc−1 respectively (within a ΛCDM analysis
framework), with neither measurement correctly reproducing the input value.2 So far, the equality and sound horizon
measurements are in agreement; however, it remains to be seen whether this holds true with the advent of higher
precision data.

Motivated by the above, the goal of this work is to place the tightest indirect constraints on the expansion rate
from large scale structure observables (galaxy clustering and CMB lensing) within νΛCDM, but without dependence
on the sound horizon. Although previous constraints have been presented in [25, 26], this work extends beyond the
former in a number of ways: (a) we utilize the newest constraints on the matter density from Pantheon+ [44],
significantly reducing parameter degeneracies, (b) we include marginalization over the sound horizon following [25],
both for the power spectrum alone and in combination with lensing (unlike [26]), (c) we add bounds on the neutrino
mass following Planck and terrestrial experiments [2, 45], (d) we analyze the latest galaxy power spectra from BOSS,
corrected for previous systematic errors, with an updated theoretical model. As shown below, this yields competitive
rs-independent constraints on H0 and leads to an interesting cosmological interpretation.

I. DATASETS

We begin by discussing the datasets used in this work. Our analysis makes use of four sources of information:
• CMB Lensing: We use the Planck CMB-marginalized lensing likelihood discussed in [46, 47]. This constrains
cosmological parameters via the integrated matter density over a broad redshift range from decoupling until
today. As discussed in [24], this does not capture information from the sound horizon, due to the smoothing
effects of projection integrals. This is implemented in montepython [48], using version R3.10 of the public
clik likelihood.

• Galaxy Power Spectra: As shown in [25, 26], galaxy power spectra can be used to obtain an rs-independent
constraint on H0 either by performing the analysis without a prior on the baryon density or by explicit marginal-
ization over rs within the likelihood, via a rescaling of the oscillatory component. Here, we adopt the latter
strategy. We use the most up-to-date version of the BOSS DR12 galaxy survey dataset [14, 49–51], using the

1 In fact, the equality scale was used as the original source of cosmological information from galaxy surveys [e.g, 20, 21]).
2 Although these results were obtained from a forecast using Euclid survey parameters, they are roughly independent of the experimental
precision, and we expect them to have only weak dependence on the redshift-binning strategies, though they may be influenced by prior
volume effects. To assess this, we have repeated the analysis of [25] for the Planck EDE model, finding ∆H0 = 2.4 km s−1Mpc−1, when
using the BOSS experimental set-up and prior choices.
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power spectrum measured in [29] via the window-free estimators of [52, 53]. We use BOSS data from two redshift
bins (centered at z = 0.38 and z = 0.61) in two regions of the sky (NGC and SGC), analyzing the unrecon-
structed power spectrum multipoles (monopole, quadrupole, and hexadecapole) up to kmax = 0.2h−1Mpc, as
well as the real-space extension, Q0, up to kmax = 0.4h−1Mpc [54]. Data are analyzed using publicly available
likelihoods, which implement a theoretical model based on the Effective Field Theory of Large Scale Structure,
and marginalize over all necessary nuisance parameters, in addition to the sound horizon.3 Note that the galaxy
dataset differs slightly from that used in influenced by [25, 26], and corrects a previous error in the normalization.
The addition of the large-scale galaxy bispectrum [29, 55] was not found to appreciably improve the parameter
constraints.

• Supernovae (SNe): This work constrains H0 by measuring the angular scale of the cosmological horizon at
matter-radiation-equality, i.e. keqDA(z) ∝ keqh. Within ΛCDM, the equality scale is proportional to ωcb ≡
ωcdm +ωb [56], thus our measurements are necessarily degenerate with the matter density, and can be improved
by the addition of Ωm priors. Here, we adopt the Gaussian prior Ωm = 0.338±0.018 from the recent Pantheon+
analysis [44]. Notably, the central value is higher than that of the original Pantheon constraint: 0.298± 0.022
[57], which will have implications for the H0 constraints. The origin of this shift in Ωm is discussed in [44,
Sec. 5]. These constraints do not fix the supernova absolute magnitude calibration (such as from the local
distance ladder), and are thus largely independent of the local distance ladder H0. We note that, fixing the
dark energy of state and ignoring any additional calibration data, the SNe sample primarily measures Ωm, thus
there is little to be gained by utilizing the full Pantheon+ posterior rather than just an Ωm prior.

• Big Bang Nucleosynthesis (BBN): To maximize the information that can be extracted from the equality
scale, we impose a prior on the physical baryon density ωb = 0.02268± 0.00036 following [30]. As shown in [25],
this does not add sound-horizon-dependence (due to our rs-marginalization), and is additionally not reliant on
Planck. In the absence of a BBN prior, there is a degeneracy between the equality-based H0 measurements and
ωb [25]; however, the dependence of keq on ωb is comparatively shallow, thus for this degeneracy to appreciably
affect H0, we would require a large (� 5σ) change in ωb. This is strongly disfavored given the consistency of
BBN and Planck ωb constraints.

H0 constraints may be tightened by imposing additional physically-motivated parameter constraints, allowing the
breaking of important degeneracies. In this work, we utilize the following set of priors (which are carefully chosen so
as not to fold in information from the sound horizon):

• Neutrino Mass: Equality-based measurements of H0 from CMB lensing are degenerate with the neutrino
mass,

∑
mν (though those from galaxy analyses are less so). Analysis of the Planck dataset excluding lensing

information found
∑
mν < 0.26 meV at 95% CL [2]: this motivates the flat prior mν ∈ [0, 0.26] eV. We

additionally consider a weaker prior mν ∈ [0, 0.52] eV (roughly at the Planck 4σ level), as well as the pessimistic
but uninformative choice mν ∈ [0, 1] eV. CMB neutrino mass constraints at sub-eV levels primarily arise from
lensing effects in the power spectrum, in particular the smoothing of the power spectrum peaks. Since the degree
of smoothing of the power spectrum peaks is physically distinct from the peak location, we expect very broad,
conservative priors on the neutrino mass (at the several σ level) to have only a negligible dependence on the
precise value of rs. An alternative choice is to obtain the priors from non-CMB sources, for example terrestrial
experiments. Recent results from the katrin analysis give m̃2

ν . 0.73 eV2 at 90% CL in a Bayesian context
for the effective electron anti-neutrino mass m̃ν [45]. Below, we use the katrin posterior as a prior on

∑
mν ,

showing this to yield similar results to the Planck -derived priors above. Finally, we will also consider fixing the
neutrino mass to its minimal νΛCDM value of 0.06 eV (following a number of previous analyses). In all cases,
we assume three degenerate massive neutrinos.

• Spectral Index: Following the Planck lensing-only analyses [47], we adopt a weak Gaussian prior of ns =
0.96±0.02 on the primordial spectral slope. This is measured from a comparison of the amplitude of large-scale
CMB modes with small-scale ones; since the overall tilt of the spectrum is not expected to be significantly
degenerate with the position of the acoustic oscillation features (set by rs), the value of ns is also not expected
to be strongly influenced by the sound horizon. Our constraint is also ≈ 3× weaker than that of the Planck
primary analysis [2] and may thus be considered conservative. Furthermore, it is well motivated by theoretical
considerations, since slow-roll inflation requires ns slightly below unity. To test the impact of this, we also
perform analyses without the ns prior, and with the ns prior replaced by a weak 8% prior on the primordial
amplitude As, following [24]. Consideration of the Planck posterior shows the latter to be rs-independent [2].

3 Available at github.com/oliverphilcox/full_shape_likelihoods.

https://github.com/oliverphilcox/full_shape_likelihoods
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TABLE I. H0 constraints from the analysis of Planck lensing and the BOSS DR12 galaxy power spectra, as shown in Fig. 1.
Here, we show the results from various data-set combinations, with and without a prior on Ωm. In all cases, we assume BBN
priors on ωb, weak priors on ns and a flat prior on the neutrino mass sum with

∑
mν < 0.26 eV. The H0 posterior from Planck

lensing without Pantheon+ is unconstraining. The bold entry is the main primary result of this work, and all values are
quoted in km s−1Mpc−1 units at 68% CL.

Fiducial Without Pantheon+

Planck Lensing 63.6+2.9
−3.6 71+20

−20

BOSS Galaxies 67.1+2.5
−2.9 69.6+4.1

−5.4

Planck Lensing & BOSS Galaxies 64.8+2.2
−2.5 65.0+3.9

−4.3

• Sound Horizon Rescaling: The rs-marginalization procedure discussed in [25] integrates over a rescaling of
the sound horizon using a free parameter αrs . This naturally requires a prior: here, we assume a Gaussian
prior of 1.0 ± 0.5 (with αrs = 1 giving no rescaling). As can be seen from the previous work [25], this is not
informative.

In this work, parameter constraints are derived by sampling a multivariate likelihood via Markov Chain Monte
Carlo (MCMC) methods. This is implemented in montepython [58, 59], and we sample over the following set of
cosmological parameters:

{H0, ωb, ωcdm, log 1010As, ns,
∑

mν}. (1)

We additionally fix the optical depth of reionization, τreio, to 0.055, following the Planck lensing analyses [47].4 To
account for various galaxy formation and non-linear effects, the BOSS likelihood also includes a number of nuisance
parameters for each subsample; discussion of these can be found in [29] and they are marginalized over in all cases.
For each analysis, we run a number of MCMC chains in parallel, assuming them to converge when the Gelman-Rubin
diagnostic satisfies |R − 1| < 0.05. Finally, we note that all analyses are performed using a ΛCDM theory model, to
facilitate robust null tests.

II. RESULTS

Fig. 1 and Tab. I show the main results of our analysis: sound-horizon-independent constraints on H0 from CMB
lensing and galaxy power spectra, supplemented by priors on Ωm from Pantheon+ and ωb from BBN. In all cases,
the upper limit of

∑
mν = 0.26 eV (the Planck 2σ limit) is assumed. Considering first the CMB lensing results, we

find the constraint H0 = 63.6+2.9
−3.6 km s−1Mpc−1 at 68% CL, or, using the approximate ΛCDM relation between keq

and ωm/h given in [56], keq = (1.60+0.07
−0.08) × 10−2hMpc−1. If the Pantheon+ dataset is removed, the constraining

power reduces to almost zero, with the figure showing a strong Ωm − H0 degeneracy, as expected from a keq-based
measurement. This result is markedly different to that quoted in [24]: 73.5 ± 5.3 km s−1Mpc−1, both with a lower
expansion rate and a significantly tighter errorbar. This arises from two factors: (a) we assume a tighter prior on the
neutrino mass that promotes smaller H0 and reduces the posterior width (see below), and (b) the previous study used
Ωm priors from Pantheon, rather than Pantheon+. As remarked above, the updated supernovae measurements
yield a ≈ 1.5σ higher mean value of Ωm and a 20% tighter errorbar (which is more consistent with other recent
measurements, such as those of DES Y3 [60]). Due to the negative Ωm−H0 correlation seen in Fig. 1, shifts the result
to smaller H0.5 Although the posterior is somewhat non-Gaussian, this CMB+SNe measurement is in some tension
with the most recent Cepheid H0 results of [1].

The rs-marginalized BOSS power spectra constrain H0 to 67.1+2.5
−2.9 km s−1Mpc−1 and keq = (1.66 ± 0.05) ×

10−2hMpc−1 with a factor of ≈ 2 degradation in H0 when the Pantheon+ prior is removed. Note that LSS
power spectra can measure Ωm internally (via Alcock-Paczynski distortions, [61]), thus the dataset still retains some
constraining power. Previous work found 69.5+3.0

−3.5 km s−1Mpc−1 [25], which is somewhat weaker. In this case the
improvements are due to the tighter Ωm prior, as well as updates to the new BOSS likelihoods, which include more
small-scale data and an improved treatment of the survey window function [29], as well as the addition of BBN infor-
mation relative to [26]. We additionally note that the σ8 posterior from BOSS is somewhat below that of the Planck

4 This is of minimal importance since we do not use the CMB primary anisotropies.
5 At fixed keq, ΩmH0 is constant, thus ∆H0/H0 ≈ −∆Ωm/Ωm. The shift in the central value of Ωm moving from Pantheon to

Pantheon+ is thus expected to induce changes in H0 of approximately −12%, which is consistent with that found in our CMB lensing
analyses. When spectroscopic data is included, the shift is expected to reduce, since galaxy power spectra also constrain Ωm.
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FIG. 1. Sound-horizon-independent constraints on the Hubble parameter from CMB lensing (red), galaxy surveys (blue) and
their combination (green). All analyses include constraints on Ωm from the Pantheon+ sample, a prior on ωb from BBN, a
weak Planck -inspired prior on ns, and the neutrino-mass constraint

∑
mν < 0.26 eV, matching the Planck 95% limit. The

faint lines show the results without a Pantheon+ prior on Ωm; we find clear degradation, particularly for the lensing-only
case, which is unable to constrain H0. Assuming the approximate keq − ωm/h relation from [56], the three datasets constrain
keq = 1.60+0.07

−0.08, 1.66 ± 0.05, 1.64 ± 0.05, respectively, in 10−2hMpc−1 units. Corresponding H0 values are given in Tab. I. The
dark green constraint (combining Planck, BOSS and Pantheon+) is the main result of this work.

lensing; this could be a manifestation of the claimed “S8 tension”, though the individual posteriors remain largely in
agreement. Finally, we note that these constraints are only around a factor of (2 − 3)× weaker than those obtained
including the sound horizon [29]. This highlights the utility of full-shape information, the importance of which will
progressively grow in the next decade [25].

The final dataset in Fig. 1 is that obtained from the combination of CMB lensing and LSS power spectra. Here, we
find a 1σ constraint of H0 = 64.8+2.2

−2.5 km s−1Mpc−1, or keq = (1.64± 0.05)× 10−2hMpc−1. Naïvely, one might have
expected a

√
2 improvement from combining two independent data-sets with similar H0 posteriors; in practice, this

does not occur since both results discussed above use the same set of priors. That said, the inclusion of Planck lensing
tightens the BOSS posterior by ≈ 15% (or ≈ 30% in terms of survey volume), mostly driven by the somewhat different
degeneracy directions of the two in Fig. 1. Although both datasets extract information from the same physical feature,
the shape in the Ωm −H0 plane is expected to differ (cf. the ωm/h contours in Fig. 3a) due to the differences in the
angular diameter distance scaling at high- and low-redshifts. We may compare this constraint to that of [26], which
finds 70.6+3.7

−5.0 km s−1Mpc−1. Our results are significantly tighter due to the combination of the reasons above, or in
short: better power spectrum modelling including rs-marginalization, more ambitious neutrino mass priors, and new
supernova data. The downwards shift in the posterior occurs due to the shift in Ωm, which also serves to increase
the datasets’ compatibility, since the lensing analyses now use an Ωm posterior consistent with that found from the
galaxy power spectrum.
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FIG. 2. Left panel: As Fig. 1, but examining the dependence on the neutrino mass priors. We show results for an upper
bound of 0.26, 0.52 and 1.0 eV on the neutrino mass sum in red, blue, and green respectively, and include priors on Ωm, ωb
and ns in all cases. The other contours show analyses including a physical prior on

∑
m2
ν from ground-based experiments

(purple) or fixing the neutrino mass sum to its minimal value, 0.06 eV. Corresponding H0 constraints are given in Tab. II.
Right panel: Dependence of the posterior on the spectral slope prior. We show results from the fiducial analysis (red, with
ns = 0.96± 0.02), an analysis with an 8% prior on As (blue), and one with neither an ns nor As prior (green). The three cases
have H0 = 64.8+2.2

−2.5, 65.3+2.3
−2.6 and 66.0+2.7

−3.4 km s−1Mpc−1 respectively.

TABLE II. H0 constraints from the combination of Planck lensing and the BOSS DR12 galaxy power spectra (Fig. 2) with
different choices of neutrino mass prior. We use a flat prior in all cases, except for the penultimate, which is an experimental
prior on

∑
m2
ν from the ground-based katrin experiment, and the last, which fixes the neutrino mass sum to the minimal

value of 0.06 eV. All results are given in km s−1Mpc−1 units.∑
mν < 0.26 eV

∑
mν < 0.52 eV

∑
mν < 1.00 eV katrin

∑
mν = 0.06 eV

64.8+2.2
−2.5 66.5+2.5

−2.8 68.2+2.8
−3.2 68.0+2.9

−3.2 64.6 ± 2.4

As noted above, our results have significant dependence on the neutrino mass prior. To explore this, we have re-run
the joint analysis with two- and four-times wider neutrino mass priors. The corresponding results are displayed in the
left panel of Fig. 2 and Tab. II and demonstrate a clear correlation between

∑
mν and H0 (and a slight preference for∑

mν > 0 due to prior-volume effects). Increasing the width of the flat prior by a factor of four shifts H0 upwards
by 3.4 km s−1Mpc−1, and increases the width by 30%. Some degeneracy is expected, since the effects of neutrino
suppression are slightly degenerate with the turnover (and later decline) of the linear power spectrum at k & keq,
and further, they degrade any ωm information contained within internal ωcdm constraints. As discussed in [26], this
effect is significantly stronger for the CMB lensing scenario than for LSS power spectra, and reduces our constraining
power. For the reasons described above, however, we consider the

∑
mν < 0.26 eV prior to be conservative within

νΛCDM, and thus regard those measurements as robust. As an additional check, we adopt the CMB-independent
prior from katrin. This yields H0 = 68.0+2.9

−3.2 km s−1Mpc−1 from the combination of datasets, with a similar errorbar
to the

∑
mν < 1 eV analysis. This result is expected, since the experiment yields an effective 2σ constraint on the

squared mass sum of 0.73 eV2. To probe the opposite (and less conservative) limit, we consider fixing the neutrino
mass sum to its minimal νΛCDM value;

∑
mν = 0.06 eV. This is a common approximation for analyses with limited

dependence on the neutrino mass [e.g., 2, 25, 29], and leads to the constraint H0 = 64.6± 2.4 km s−1Mpc−1. This is
similar to the fiducial (

∑
mν < 0.26 eV) case and is primarily dominated by the galaxy survey data, which do not

show a strong degeneracy with
∑
mν [26].

Finally, we consider the impact of the prior on the spectral slope ns. This is expected to improve the measurements
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TABLE III. Forecasted uncertainties on H0 from a Fisher forecast matching our joint analysis of Planck lensing and the
BOSS DR12 galaxy power spectra. These should be compared to the full MCMC results given in Tab. I, recapitulated below
in parentheses. We show the results from various data-set combinations, with and without the Pantheon+ constraints on
Ωm. Matching our fiducial analysis, we assume BBN priors on ωb, and weak priors on ns. The forecast also includes exact
marginalization over the sound horizon via an Eisenstein-Hu (EH) model for the BOSS data. We note that we expect our
constraints to be marginally tighter than those found in Tab. I since the EH model does not include the effect of massive
neutrinos. All values are quoted in km s−1Mpc−1 units at 68% CL.

Fiducial Without Pantheon+

Planck Lensing ±2.8 (+2.9
−3.6) -

BOSS Galaxies ±2.4 (+2.5
−2.9) ±3.9 (+4.1

−5.4)
Planck Lensing & BOSS Galaxies ±2.1 (+2.2

−2.5) ±3.2 (+3.9
−4.3)

of keq by fixing the large-scale power spectrum shape; however, it is extracted from a joint fit to the Planck primary
CMB spectra (but significantly inflated) and thus could, in principle, contain some rs dependence. Rerunning the
joint Planck, BOSS and Pantheon+ analysis without the ns prior, we find H0 = 66.0+2.7

−3.4 km s−1Mpc−1, which is
30% broader than the fiducial constraint of 64.8+2.2

−2.5 km s−1Mpc−1, and a little higher, yet still fully consistent (at
0.6σ, using the approach of [62]). As in [24], we may also replace the ns prior by a prior on the primordial amplitude
As: using a weak 8% prior centered on the Planck best-fit (but encompassing both sets of values suggested by the
“S8 tension”), we find H0 = 65.3+2.3

−2.6 km s−1Mpc−1, in good agreement with the fiducial result, as shown in the right
panel of Fig. 2. From these results, we conclude that our measurement of the expansion rate is robust to changes in
the ns prior, since these do not lead to sound-horizon-induced biases in H0.

III. rs INDEPENDENCE OF H0 CONSTRAINTS

Previous works have demonstrated that, in the era of Euclid and DESI, analysis of the galaxy power spectra
with explicit marginalisation over the sound horizon scale can yield rs-independent constraints on H0 even when
information on the baryon density is included via a BBN-derived prior on ωb [25]. The former work also argued
that this independence should extend to an analysis of the BOSS dataset with an identical model, i.e. the scenario
considered in this work. Nevertheless, we here demonstrate this explicitly, applying tests devised in [24–26] to the
joint analysis of this work, incorporating the new datasets and prior choices.

In Fig. 3 we show a comparison between our fiducial MCMC analysis and a Fisher forecast conducted using an
Eisenstein-Hu (EH) model for the linear power spectrum [56]. Within the EH model we are able to explicitly and
exactly marginalize over the sound horizon as described in [25]; this stands in contrast to full Boltzmann computations
of the linear power spectrum, in which rs is an emergent quantity. Notably, we observe a very close match between the
full results in Fig. 3a (which include our heuristic rs-marginalization procedure, via a rescaling of the BAO feature) and
the EH Fisher forecast with exact marginalization in Fig. 3b. To make this comparison, we use the restrictive prior on
the neutrino mass (

∑
mν < 0.26 eV) for the full analysis since the EH model does not include the effect of neutrinos.

Forecast uncertainties on H0 for a range of different dataset combinations with and without the Pantheon+ prior
on Ωm are summarised in Tab. III which should be compared to Tab. I.

For the Planck lensing forecasts shown in Fig. 3, we do not include explicit marginalization over the sound horizon;
initial testing with Fisher forecasts found this to have no impact on H0, as predicted in [24]. This is additionally
consistent with the poor constraints found on the parameter combination hω−0.25cb ω−0.125b (proportional to the sound
horizon in h−1Mpc-units) from lensing alone. For the BOSS analysis alone and that joint with Planck, this sound-
horizon proxy is more well constrained, but we find it to have negligible degeneracy with H0 (see leftmost panel in
the second to last row in Fig. 3a), again illustrating rs-independence.

We have also considered the importance of the rs-dependent baryon suppression scale, which we do not marginalize
over in either the lensing or spectroscopic analysis. Similarly to [25], forecasts show that including this marginalization
has only a negligible impact on the Hubble parameter (∆σH0

= 0.2 km s−1Mpc−1, ∆σH0
= 0.1 km s−1Mpc−1, and

∆σH0
= 0.03 km s−1Mpc−1 comparing the forecast uncertainty without any rs marginalisation and with marginalisa-

tion over the power spectrum suppression scale for the lensing-only, galaxy-only and joint analyses respectively). All
in all, these checks – alongside the extensive battery of tests applied to both CMB lensing and galaxy survey probes
individually [24–26] – support our claim that the information on H0 is not coming from the sound horizon and our
analysis thus represents a physically distinct probe of the early Universe.
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FIG. 3. Comparison between the fiducial Planck, BOSS and joint MCMC analyses (left) to Fisher forecasts run with the same
set of parameters and priors, but with explicit marginalization over the sound horizon via an Eisenstein-Hu model (right).
In all cases, Pantheon+ constraints on Ωm are included. including a prior on ωb from BBN and the To simplify the visual
comparison, we show only parameter posteriors relative to their mean. We observe an excellent match between the results
and forecasts supporting out claim that the sound horizon marginalization procedure is working as expected, and that our
constraints are informed primarily by the equality scale. The “full power spectrum” results adopt the restrictive prior on the
neutrino mass sum (

∑
mν < 0.26 eV) while the forecasts neglect neutrinos given that the Eisenstein-Hu model does not include

the effect of neutrinos. In addition to H0, Ωm and σ8 we also show the parameter combinations αrshω
−0.25
cb ω−0.125

b (αrs is the
sound horizon rescaling parameter) and ωm/h; these are roughly proportional to the sound horizon in h−1Mpc-units and the
equality scale in hMpc−1-units respectively.

IV. DISCUSSION

The main result of this work is the following ΛCDM constraint on H0 from the equality scale alone: H0 =
64.8+2.2

−2.5 km s−1Mpc−1, using data from BOSS, Planck lensing, and Pantheon+ supernova constraints, with a
weakly restrictive prior on the neutrino mass density. This does not depend on sound horizon physics, though
will be affected by any physical changes to the expansion rate. In contrast, the most recent Cepheid-calibrated local
distance ladder measurement from SH0ES found 73.04 ± 1.04 km s−1Mpc−1 [1], or, when using TRGB calibrators,6
69.8 ± 1.9 km s−1Mpc−1 [4], though there is some disagreement on the TRGB calibration [e.g., 6–8, 63]. Assuming
independence, our main result is inconsistent with that of SH0ES at 3.2σ, but agrees with the CCHP-calibrated
TRGB results at 1.7σ. Furthermore, we find consistency with the main (rs-dominated) Planck H0 constraints,
H0 = 67.4 ± 0.5 km s−1Mpc−1 [2] at 1.1σ, or the rs-dominated full-shape BOSS constraints, H0 = 68.3 ± 0.8 [29] at
1.4σ (though this is not fully independent). Strictly, our constraints are not completely independent from those of
previous works, since the same supernovae are used in both the distance ladder and our Ωm priors. However, the
SH0ES H0 posterior shows very weak dependence on Ωm [44, Fig. 9], implying that any correlation of our results with
those of SH0ES is weak.

The disagreement between our results and those of SH0ES could be resolved in one of two ways: (1) unknown
systematics in one or both measurements, or (2), extensions to the standard νΛCDM model. Importantly, any such
extension cannot just alter the sound horizon at recombination, since this would alter the rs-derived H0 constraints
but not those of this work. Recent work has largely ruled out the possibility of late-time solutions [22, 23, 64, 65],
thus a theoretical explanation would likely involve new physics pre-recombination that also affected the equality scale,

6 Combining systematic and statistical errors in quadrature.
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i.e. active at redshifts z ≈ 3500. Furthermore, any new physics would have to affect the equality scale and the sound
horizon in the same way; unless the modifications occur at very early times (which are themselves constrained by
other observations, such as BBN), this seems unlikely, thus our result disfavors a range of resolutions [cf. 25], though
is not yet precise enough to strongly constrain models such as the best-fit Planck EDE model. Of course, new physics
that changes the sound-horizon and equality-based constraints in the same manner is not constrained: however, it
remains to be seen if such models arise naturally.

Consistency of H0 measurements from the equality and sound-horizon scale provide a useful null test of the νΛCDM
model. In practice, this can be considered by simply comparing our results to those of the main Planck analysis,
since the latter is rs-dominated. New physics operating at z & 1100 could lead to a discrepancy in the two scales; in
[25] it was shown that this approach could show strong signatures of phenomena such as early dark energy (EDE),
with shifts of ∆H0 = 2.6 km s−1Mpc−1 (7.8 km s−1Mpc−1) expected from EDE models fit to Planck (ACT) data
[39, 66] (see also [40–43]) in the context of the Euclid experiment, or ∆H0 = 2.4 km s−1Mpc−1 for BOSS with a
Planck EDE model. In this work, we detect no statistically significant shifts between the rs- and keq-derived datasets
using Planck and BOSS data. Whilst shifts of a few km s−1Mpc−1 cannot be ruled out (given the combined errorbar
of σ(H0) = 2.4 km s−1Mpc−1), our results place constraints on the more extreme models, and disfavor the best-fit
EDE model from ACT. A note of caution is in order: to obtain the strongest constraints on a specific new physics
realization, one should perform a dedicated analysis with the relevant theoretical model ([e.g. 67, 68] for EDE). The
null tests considered herein allow a broad class of resolutions to be tested simultaneously, albeit at slightly reduced
sensitivity.

It is interesting to consider how these constraints will develop in the future. From current data, there is little room
for improvement; whilst we can push to somewhat smaller scales in the galaxy power spectrum model, these are mostly
shot-noise dominated, and do not add significant information about keq. For CMB lensing, the theory is, in general,
well understood, thus little improvements can be expected in this case. More promising is the progress expected within
the next decade. For the CMB, lensing will be measured to significantly higher precision with AdvancedACT, SPT3G,
the Simons Observatory, and CMB-S4 [e.g., 69, 70], sharpening the lensing-derived H0 contours. This alone will not
give particularly large improvements however, with [24] forecasting an asymptotic errorbar of σ(H0) = 3 km s−1Mpc−1

from future data when using Pantheon+ priors. However, the current methodology may be similarly applied to
galaxy lensing, such as with the Rubin observatory. Galaxy surveys will also see a tremendous increase in survey
volume, with early data releases from DESI and Euclid expected in the near future. Furthermore, the number of
supernovae measured will continue to grow, with forthcoming results expected from surveys such as DES [71] and the
Zwicky Transient Facility [72], which will sharpen the Ωm prior by a considerable volume. Moreover, neutrino mass
constraints will be greatly aided by upcoming CMB and terrestrial experiments, reducing the lensing degeneracies
found herein and improving the H0 precision. Whilst it is difficult to forecast exact values on the combination of
future data-sets, it is clear that large improvements can be expected; from the Euclid survey alone (without external
priors, except from BBN), [25] predicted σ(H0) = 0.7 km s−1Mpc−1. Coupled with the strong constraints one can
place on H0 from the BAO feature, consistency of the two scales will provide a vital cross-check both of our analysis
pipelines, and of models of new physics. In this aspect, the future looks exceedingly bright.
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