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Abstract. The Hubble-Lemaître tension is currently one of the most important questions
in cosmology. Most of the focus so far has been on reconciling the Hubble constant value
inferred from detailed cosmic microwave background measurement with that from the local
distance ladder. This emphasis on one number — namely H0 — misses the fact that the
tension fundamentally arises from disagreements of distance measurements. To be successful,
a proposed cosmological model must accurately fit these distances rather than simply infer
a given value of H0. Using the newly developed likelihood package ‘distanceladder ’, which
integrates the local distance ladder into MontePython, we show that focusing on H0 at the
expense of distances can lead to the spurious detection of new physics in models which change
late-time cosmology. As such, we encourage the observational cosmology community to make
their actual distance measurements broadly available to model builders instead of simply
quoting their derived Hubble constant values.
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1 Introduction

The pioneering work of Slipher, Lemaître, Robertson, Leavitt, and Hubble in the late
1920s established that the Universe is expanding [1–5]. Since then, cosmological distance
measurements have been at the forefront of understanding the expansion history of the
Universe. Measuring astronomical distances is not a trivial task. Every cosmological distance
measurement relies on establishing an absolute dimensionful length scale that other distance
measurements are then compared to. Fortunately, we live in a Universe where multiple such
absolute distances are available: photon-baryon sound horizon [6–10], parallax distances to
nearby stars [11–13], distances to eclipsing binaries [14–16], distances to water masers [17–19],
and time-delay distances to strong gravitational lenses [20–22].

However, there exists a tension between the various absolute distance scales used to
infer the Hubble constant H0 within the standard � cold dark matter (�CDM) model [23–28].
Most notably, cosmic microwave background (CMB) measurements [29–31] and the Cepheid-
calibrated local distance ladder [32–36] infer Hubble constant values that are discrepant at
the critical 5‡ level [37]. On the other hand, an alternative calibration of the local distance
ladder based on the tip of the giant branch (TRGB) [38–48] leads to a Hubble constant

– 1 –



J
C
A
P
0
6
(
2
0
2
2
)
0
0
2

value that is somewhat intermediate between that inferred from the CMB and the Cepheid-
calibrated ladder, while strong-lensing time delays [49–52] generally find H0 values that are
consistent with the Cepheid-calibrated distance ladder, albeit with larger possible systematic
errors [53]. A major question in cosmology now is whether this discrepancy is the result of
a yet-to-be-discovered systematics or is caused by a breakdown of our current cosmological
paradigm [54–56].

Reference [57] summarizes many possible new-physics solutions to alleviate the tension,
while ref. [58] ranks the proposed models with respect to a common data set. Generally
speaking, new-physics scenarios can be classified into two broad categories, depending on
whether they primarily modify the early or late Universe. Early-time solutions aim to decrease
the value of the sound horizon rs [6–10], either by injecting energy into the pre-recombination
Universe (see e.g. refs. [59–78]) or by other means [79–82] in such a way that also preserves the
CMB measurements. Late-time solutions aim to increase the value of H0 locally by modifying
the expansion history at z . 1 (see e.g. refs. [83–116]). At face value, these late solutions
may appear to resolve the tension because a sudden increase in the Hubble expansion rate at
very-late times could yield a larger apparent H0 value while only causing a small fractional
change in the overall distance to the CMB last-scattering surface. However, such solutions are
misleading in the notion that the local distance ladder directly measures the Hubble expansion
rate at z = 0 [27]. In practice, the local distance ladder infers H0 from measurements of the
peak absolute type Ia supernova (SNe Ia) magnitude Msn and of Hubble flow SNe Ia with
redshift z & 0.02. To be successful, late-time solutions therefore need to accurately fit the
measured distances to Hubble-flow supernovae, rather than trying to obtain a given H0 value
derived using �CDM assumptions.

Indeed, the singular focus on H0 rather than on the calibrated distances to Hubble
flow objects often obscures what model ingredients are necessary to address the root cause
of the discrepancy [25, 117–121]. In cosmological models that are phenomenologically close
to �CDM at late times (including models that only a�ect the early Universe), this focus
on H0 is warranted as distances to Hubble-flow objects are inversely proportional to the
Hubble constant, and the cosmographic expansion of the luminosity distance is accurate at
low redshifts. For these, using a Gaussian prior on H0 to represent the entire distance ladder
is likely su�cient, albeit at the price of discarding information about the actual goodness
of fit of model distances to low-redshift objects. On the other hand, for cosmologies that
di�er significantly from �CDM at late times, the relationship between H0 and distances is
more complex as other model parameters could enter the computation of the latter. In this
case, simply focusing on H0 can be extremely misleading as it is not possible to boil down
the entirety of the distance ladder to a single number without important loss of information.
Instead, the distances to Hubble-flow objects must be directly accounted for in assessing the
success of such cosmological scenarios.

In this paper, we show that the Hubble-Lemaître tension is not simply about a single
number — namely H0 — but rather about a large array of distance measurements at low
redshifts. In this language, “solving” this discrepancy is really about finding a self-consistent
expansion history of the Universe that can describe all cosmological data, including the CMB,
large-scale structure, Big-Bang Nucleosynthesis abundance yields, baryon acoustic oscillation,
and the distances to nearby Hubble-flow objects such as SNe Ia and strong lenses. Using the
newly developed likelihood package distanceladder,1 which provides a fast yet accurate fit to

1The package is publicly available at distanceladder.
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the entirety of the local distance ladder, we show that apparently promising late-time solutions
that have been presented in the literature, in fact, provide poor fits to the actual measured
distances to low-redshift objects. Even more concerning, we show that some evidence for new
physics that has been reported in the literature using a Gaussian H0 prior appears to be
spurious once the actual distance measurements are properly taken into account. Our work
strongly indicates that cosmological analyses should focus on fitting cosmological distances
rather than argue about the “correct” value of the current expansion rate.

This paper is structured as follows. Section 2 discusses the various methods in which
distances are measured locally and the absolute dimensionful scale they establish. It also
reviews how the local distance ladder is built. Section 3 presents the details of the distance-
ladder package we have developed to correctly analyze changes to late-time cosmology and
also present the various consistency checks that we have performed. In section 4, we use
this likelihood package to demonstrate that a simple Gaussian H0 prior cannot capture the
complexity of the entire local distance ladder and can even lead to spurious detection of new
physics. We finally conclude in section 5.

2 Distance measurements in cosmology

In cosmology, any distance measurement depends on first establishing an absolute dimensionful
anchor that defines the problem’s overall scale. Such anchors do not necessarily need to
be absolute distance scales, but can also be a time interval, the linear size of an object,
an acceleration, or a temperature, among others. What they all have in common is that
they establish a dimensionful scale from which a distance can eventually be measured. In
the following, we briefly review di�erent distance measurement techniques in cosmology,
highlighting the absolute dimensionful scale anchoring each approach, and describe the logical
flow from that anchor to the inferred cosmological distances. Our goal here is to provide a
concise end-to-end description of the distance measurements that are instrumental to the
existence of the Hubble-Lemaître Tension. As such, we focus below on the local distance ladder,
the cosmic microwave background, and strong gravitational lensing cosmography. Other
important techniques include cosmic chronometers [122–128], gravitational wave standard
sirens [129–133], surface brightness fluctuations [134–139], Tully-Fisher relation [140–146],
Type II supernovae [147–152], and HII galaxies [153–156].

2.1 The distance ladder

2.1.1 Anchor measurements

In cosmology, distance ladders are built by establishing the absolute distance to nearby stars
or galaxies. Such distances usually referred to as anchors, are derived from measurements
of other absolute dimensionful scales. Common methods of measuring the distance to these
anchors include stellar parallax [157–163], detached eclipsing binary stars [14, 164–167], and
MASER emission from the accretion disk of super-massive black holes [17, 18, 168–172].
We briefly describe these below, noting the key dimensionful scales entering the problem in
each case.

Parallax. The modern parallax method measures the apparent movement of a stellar object
with respect to the background stars on the sky as the Earth revolves around the sun. Because
the star is very far away compared to the perceived motion of the star on the night sky, the

– 3 –



J
C
A
P
0
6
(
2
0
2
2
)
0
0
2

parallax equation is simply

d = 1
p

, (2.1)

where d is the distance in parsecs, and p is the parallax angle measured in arcseconds. The
absolute dimensionful scale for the modern parallax method is the baseline distance established
between two observations, typically the diameter of Earth’s orbit. This is a precisely measured
value known as an astronomical unit (AU) equivalent to 149, 597, 870, 700±3 meters [173, 174].
While parallax measurements are highly precise, they are severely limited in the measurable
distance, with the furthest measurements reaching the Milky Way’s galactic centre using the
Gaia space telescope [12, 175–177].

Detached eclipsing binaries. The Detached Eclipsing Binary (DEB) method utilizes
binary stars whose orbit takes the pair within the observer’s line of sight, resulting in primary
and secondary eclipses [14, 15, 166, 178–180]. Here, the pair’s “detached” nature means
that the binary stars’ separation is much larger than their individual radii, which avoids
complications related to mass transfer and accretion disks. The absolute dimensionful scale
entering the problem is the orbital period of the binary pair, which can be measured both
from the light curve and from radial velocity spectroscopic data. These observations can
also be used to measure the inclination and eccentricity of the DEB system’s orbit, which,
when combined with the orbital period measurement, allows one to determine the orbital
radius from Kepler’s laws. Then, the shape of the primary and secondary eclipses can be used
to calculate the radius of each star. Finally, spectroscopic and color information is used to
estimate the surface brightness of each star, which can be used to compute the distance to
the pair

d =
A

F1

F1,tel

B1/2

R1 =
A

F2

F2,tel

B1/2

R2 (2.2)

where Fi is the flux from each star, Fi,tel is the flux received at the telescope, and Ri is the
radius of that star determined using the method outlined above. The two estimates for d in
eq. (2.2) provide a vital consistency check for the distance measurement. This procedure can
also be carried in multiple photometric bands, providing further cross-checks of the distance
estimate. The assumptions surrounding the surface brightness estimate of each star represent
the most significant potential systematics of the DEB technique. However, previous work
has demonstrated consistent models for surface brightness with negligible dependence on
metallicity e�ects [181, 182]. Additionally, the systems are di�cult to detect due to their
detached nature, causing transits to be very short, which limits the number of available
distance measurements [14].

MASERS. Super-massive black holes (SMBH) heat the surrounding gas in their accretion
disk to very high temperatures, producing x-ray emission. This strong radiation field can
stimulate various molecules present within the disk, particularly that of water, resulting
in localized MASER emission [183–187]. Such MASERs are high intensity and point-like,
allowing for line-of-sight (LOS) velocities to be measured in the accretion disk within thousands
of Schwarzchild radii of the SMBH. Furthermore, the orbital speed of the MASERs around
the central engine is large enough that their LOS acceleration can also be measured over a
few years. Once the LOS acceleration, LOS velocity, and velocity gradient are measured, a
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distance can be determined according to

d = ˆ◊vLOS

aLOS

vLOS (2.3)

where vLOS is the LOS velocity, ◊ is the angle on the sky according to the observer, ˆ◊vLOS is
the LOS velocity gradient on the sky, and aLOS is the LOS acceleration [188]. In this case, the
absolute dimensionful scale established by the MASER method is the LOS acceleration. The
MASER method additionally can directly measure distances into the Hubble flow, notably by
the Megamaser Cosmology Project who directly measure from distances to be H0 = 73.9 ± 3.0
km/s/Mpc [18]. However, current systematic errors associated with radio phase calibration
make the MASER method challenging to perform [189]. Additionally, the small number of
known MASERS with nearby phase calibrators limits the method’s applicability.

2.1.2 Calibrating standard candles

The second step of the distance ladder depends on calibrating standard candles. These
calibrators must satisfy the following criteria; (i) have anchor measurements of their distance
from us using one of the techniques outlined in section 2.1.1, and (ii) exist in a host galaxy
with other, brighter standard candles (such as SNe Ia) that are observable in the Hubble flow.
While we focus below on cepheids and the tip of the red giant branch, we note that mira
variable and RR Lyrae stars have also been used as calibrating standard candles [190–194].

Cepheid variable stars. Leavitt’s law gives a relationship between the period and apparent
magnitude of a Cepheid variable star [1]. Once anchor measurements determine the distance
to a subsample of Cepheids, Leavitt’s Law can be calibrated. Then, the apparent magnitude
of a hypothetical Cepheid star with a one day-long period is calculated using linear regression.
The absolute magnitude of Cepheids, Mceph, is determined by the distance modulus equation
using the anchor distance measurement of a Cepheid and the apparent magnitude of the
hypothetical one day period Cepheid. In terms of magnitude, the distance modulus µ is
given by

µ = m ≠ M (2.4)

where m is the apparent magnitude and M is the absolute magnitude. Then, the apparent
magnitude of a hypothetical one day period Cepheid in a nearby host galaxy is calculated using
observations of Cepheid populations. Finally, the distance to the host galaxy is calculated
from equation (2.4) using Mceph and the calculated apparent magnitude of a one day period
Cepheid in the same host galaxy. Recently, the nature of Leavitt’s Law has come under
question as the relationship between period and magnitude for Cepheids may not be wholly
linear but have a ‘break’ where the slope changes value [195–197]. Additionally, metallicity
e�ects on the star may change the period to luminosity relationship, although previous studies
have found the overall e�ect from metalicity to be small [198, 199].

Tip of the red giant branch. Red giant branch stars are old, evolved stars with an inert
helium core. Once the inert helium core reaches conditions to allow for fusion, it ignites in
a highly energetic event and expels a large amount of matter from the star’s atmosphere,
leading to an immediate decrease in luminosity. This behaviour leads to the ‘tip of the
red giant branch’ (TRGB) as a standard candle, as the helium flash will occur at similar
mass conditions for all red giant branch stars [200]. The peak absolute magnitude of the tip,
MTRGB, is calculated by the CCHP (Carnegie-Chicago Hubble Program) and Freedman (2021)
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(hereafter referred to as F21) in a three-step process [38–44, 46, 48]. First, a large sample of
potential red giant branch stars from the same galaxy undergoes a selection cut based on
colour to remove other evolved stars. Second, the luminosity function is determined from the
cut sample. Third, a Sobel edge detection filter is used to determine the edge of the luminosity
function, which corresponds to the TRGB. Once MTRGB is calculated and calibrated with
an anchor measurement (using one of the techniques described in section 2.1.1), the TRGB
can be used to determine the distance to SNe Ia host galaxies much in the same way that
other calibrating standard candles do. However, only observations of the halo’s of galaxies
should be used to calculate MTRGB as the inner regions of galaxies will have asymptotic giant
branch stars which contaminate the sample [46].

2.1.3 SNe Ia

The final rung of the distance ladder’s involves SNe Ia. SNe Ia occurs in binary systems in
which a white dwarf is actively accreting material from its binary companion. Eventually,
the electron degeneracy pressure can no longer support the mass of the white dwarf, and the
Chandrasekhar mass limit [201] is reached (approximately equal to 1.44 M§), at which point
the white dwarf collapses, and a supernova occurs. These are excellent standard candles for
measuring distances well into the Hubble flow because the mass at which these supernovae
occur is consistent and the event’s magnitude bright.

Local SNe Ia. Measuring the absolute magnitude of SNe Ia, Msn, requires measurements of
SNe Ia in the same host galaxy as calibrating standard candles [202, 203], such as cepheids or
TRGB stars. Because the distance to the host galaxy is much greater than the host galaxy’s
size, it is assumed that the calculated distance modulus of the calibrating standard candle is
the same as the SNe Ia. Ref. [46] describes 18 recorded SNe Ia occurring in galaxies in which
TRGB measurements are available, while ref. [37] describes 42 recorded SNe Ia occurring in
galaxies in which Cepheid data are available.

Hubble flow SNe Ia. The distance modulus to distant SNe Ia well into the Hubble flow is
then measured using Msn and apparent magnitude measurements. These distant SNe Ia also
have redshift measurements, enabling a distance modulus-redshift relationship to be defined,
which in terms of luminosity distance is given by

µ = 5log(dL) + 25, (2.5)

where dL is the luminosity distance in Mpc which is given by

dL = (1 + z) c

H0

⁄ z

0

dzÕ

E(zÕ) , (2.6)

and E(z) = H(z)/H0 is the dimensionless Hubble rate. Therefore, we can solve eq. (2.4) for
H0 in terms of only observable quantities to find

µ Ã log10

3
c

H0

⁄ z

0

dzÕ

E(zÕ)

4
. (2.7)

Equation (2.7) explicitly shows that distance measurements determine the value of H0. Indeed,
calculating H0 at z = 0 from the local distance ladder relies on distance measurements of
SNe Ia in the redshift range z & 0.02, with the lower bound set to avoid the coherent flow of
local SNe Ia [34]. Additionally, the overall shape of the redshift-luminosity relationship is
relevant due to the redshift integral in eq. (2.6) [26].
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2.2 CMB distance measurements

The most precise measurements of the Hubble constant have so far been obtained from
detailed observations of the CMB [29]. Light from the CMB last-scattering surface forms a
two-dimensional projected map on the sky whose primary observables are temperature and
polarization fluctuations on di�erent angular scales. These perturbations tell us about critical
physical processes in the pre-recombination era. By themselves, fractional temperature and
polarization fluctuations seen projected on the sky do not set an absolute distance scale from
which the Hubble constant can be inferred [65]. What fundamentally allows us to determine
H0 from CMB observations in the �CDM model is the knowledge of the CMB temperature
today T0, which provides an absolute scale on which cosmological distances important to the
CMB can be calibrated [204].

The most prominent CMB angle on the sky is the angular size of the sound horizon at
last scattering (zı), which is given by

◊ı = rs

DA(zı) , (2.8)

where rs is the comoving baryon-photon sound horizon, and DA(zı) is the comoving angular
diameter distance to the CMB. Mathematically, rs and DA(zı) are given by

rs =
⁄ Œ

zı

csdz

H(z) and DA(zı) =
⁄ zı

0

dz

H(z) , (2.9)

where cs is the sound speed of the primeval plasma, and H(z) is the Hubble expansion rate.
On dimensional ground, the comoving sound horizon is approximately given in �CDM by
rs ƒ 10≠4Mpl/T 2

0 , where Mpl is the Planck mass and the prefactor has mild dependence on
the redshift of matter-radiation equality, the photon-to-baryon ratio, and zı. On the other
hand, the comoving angular diameter distance scales as DA(zı) ƒ (3.1H0)≠1, which implies
that the Hubble constant inferred in �CDM by the CMB is approximately

H0 ≥ 3.1 ◊ 104◊ı
T 2

0

Mpl

. (2.10)

While precise measurements of the anisotropies on the CMB give a measurement of ◊ı to
an accuracy of 0.03% [29], uncertainties in other (dimensionless) cosmological parameters
entering the prefactor in eq. (2.10) result in the CMB measuring H0 to a 0.8% precision
within �CDM.

2.3 Strong lensing cosmography

Gravitational lensing cosmography o�ers a critical check of distance measurements, as lensing
distances can directly probe distances well into the Hubble flow and are independent of
the local distance ladder and the CMB [49–53]. Strong gravitational lensing occurs when a
significant mass distribution is in the line of sight between the observer and the source, which
results in the appearance of multiple images of the background source [205]. If the source is
variable such as a quasar, we can measure the time delay di�erence, �tAB, between the light
curves of the di�erent images as the light takes di�erent paths to the observer. This time
interval forms the absolute scale in the problem and is given by

�tAB = D�t

c
(„(◊A, —) ≠ „(◊B, —)) , (2.11)
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where D�t is the time delay distance, „ are Fermat potentials, ◊ is the image location, and —
is the corresponding source position relative to an unperturbed path. The time delay distance
then is defined by

D�t = (1 + zd)DdDs

Dsd

, (2.12)

where zd is the redshift of the gravitational lens, Dd is the angular diameter distance to the
lens, Ds is the angular diameter distance to the source, and Dsd is the angular diameter
distance from the lens to the source [206]. From this, we see that

D�t Ã c

H0

. (2.13)

So far, a sample of 8 quasar lenses has been used to infer the Hubble constant using this
technique. This sample is expected to grow significantly in the near future with the advent
of wide surveys enabled by the Vera Rubin Observatory, and the Euclid satellite [207–209].
A major challenge for the method remains the accurate determination of the lensing mass
models for each target and the proper modelling of line-of-sight e�ects [210]. Additionally,
strong lensing cosmography requires a significant amount of observation time to determine
the time delay accurately [211]. In the past, several years of data were required to overcome
microlensing variability and obtain reliable time delays, but recent studies have shown that a
year of daily observations could be su�cient [212, 213]. In any case, the cadence of the Legacy
Survey of Space and Time at the Rubin Observatory [214–216] is expected to yield a sizable
sample of lensing times delays that will be used for cosmography, bringing this technique well
into the systematics-dominated regime.

3 The distanceladder likelihood

In a significant number of cosmological analyses to date for late-time changes to cosmology
(see e.g. refs. [87, 101, 103, 106, 107, 114, 217–220]), all of the richness and complexity of
the distance ladder measurements described in the previous section are reduced to a simple
Gaussian constraint on H0 (see refs. [89, 121] for exceptions to this). However, such Gaussian
prior on the z = 0 Hubble rate is an obvious over-simplification since it neglects that all of
the information on the expansion rate gathered from the distance ladder comes from redshifts
higher than zero. In particular, all information on the shape of the SNe Ia magnitude-redshift
relation is lost when boiling down the whole distance ladder to a simple Gaussian prior on
H0 [27, 221]. It is thus worth emphasizing that to resolve the Hubble-Lemaître Tension; it is
in general not su�cient for a cosmological model to have a z = 0 Hubble rate compatible with
the value reported by the distance ladder measurements. Instead, the model must be able to
successfully fit the calibrated distances to SNe Ia in the Hubble flow. Indeed, while there is a
one-to-one relation between distances and the Hubble constant for �CDM models with fixed
acceleration and jerk parameters q0 and j0 [84], this is in general not the case for models with
a sudden late-time transition for which the cosmographic expansion of the luminosity distance
breaks down. Such theories can appear to resolve the tension by having a Hubble constant
compatible with that inferred from the distance ladder but do not necessarily provide a good
fit to the actual supernova distances.

To remedy this, we introduce here the distanceladder numerical likelihood package,
which replaces the standard Gaussian prior on H0 (or Msn) used in many analyses with a
direct fit to the calibrated distances of the SNe Ia in the Hubble flow. Our goal here is not to
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replace the detailed analyses performed in, e.g., refs. [32, 34, 37, 46], but instead provide the
user with an end-to-end distance-ladder package such that the impact of di�erent analysis
assumptions and choices on cosmological constraints can be fully understood. We briefly
describe below the content of the numerical package and its usage and then illustrate in
section 4 how a model that appears to resolve the Hubble-Lemaître Tension can be strongly
disfavored once the actual distances are taken into account, using a dynamic late-time dark
energy (LDE) model as a case example. For the remainder of this discussion, when a Gaussian
prior is used, it utilizes the results of R21 with H0 = 73.2 ± 1.3 km/s/Mpc.

3.1 Implementation and usage

As its core, the ‘distanceladder ’ likelihood package incorporates the local distance ladder
as described by section 2.1 into the Monte-Carlo-Markov-Chain tool MontePython [222] by
directly comparing the measured luminosity distances of Hubble flow SNe Ia to the distances
predicted by a cosmological model. The distanceladder nullifies the need for a Gaussian prior
on H0 and allows all cosmological models, even those with baroque late-time dynamics, to
properly account for the distances measured by the local distance ladder.

User inputs. distanceladder requires two inputs from the user; a choice of calibrating
standard candles and a choice of anchor measurements. The available options of calibrating
standard candles are Cepheids, the TRGB, or a subsample in which the distances to anchor
SNe Ia calculated by both methods agree to 1‡ referred to as the ‘concordant’ sample. The
concordant option allows the user to select the SNe Ia anchors which agree on distance
measurements between the TRGB and the Cepheid calibration providing a unique tool
to analyze the tension seen between the two methodologies. The choice of anchors is
only available for the Cepheid calibration presently. A future update will include the 42
Cepheid calibrators [37] as well as the Pantheon+ sample for Hubble flow SNe Ia [223, 224].
Additionally, future iterations may include an option to use the Carnegie Supernova Project
(CSP) Hubble flow SNe Ia data [225] as the Hubble flow supernova data, if there is interest
from the community.

Calibrating standard candles. If Cepheids are chosen as the calibrating standard candle
of choice, Mceph is first calculated based on the choice of anchors. Currently, the LMC and
NGC4258 are supported as anchor choices. The distance to the anchors are provided directly
and are not recalculated, using the results of ref. [178] for the LMC and ref. [17] for NGC4258.
If both anchors are chosen, Mceph is calculated independently for both anchors then combined
using a weighted average using data from refs. [226, 227]. Once Mceph is calculated, the
weighted average slope of Leavitt’s Law is determined using the Cepheid data directly from
the 19 host galaxies presented by ref. [34] in the Wesenheit near-infrared magnitude band [228].
The correlation value R between Cepheid intrinsic colour and luminosity is assumed to be
R = 0.386 as done by SH0ES. Using the Copernican principle, the distanceladder assumes
that all Cepheids in the data sample provided will have identical slopes. The global slope
of Leavitt’s Law is then applied to the Cepheid samples of the 19 SNe Ia host galaxies to
determine the intercept of the relation. As discussed previously, there may exist a break in
Leavitt’s law in which case this method can be generalized to include a broken power-law
feature in the future. The distance modulus given by eq. (2.4) determines the distance to
the host galaxies by using Mceph and the intercept of Leavitt’s Law for each host galaxy.
Finally, a linear regression calculates the intercept of the relation between the distance to the
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host galaxies and SNe Ia’s apparent magnitude. The intercept corresponds to the absolute
magnitude of SNe Ia, Msn.

If the TRGB is chosen as the calibrating standard candle of choice, the distance modulus
to the host galaxies is not calculated by the likelihood package but instead taken from table 3
from ref. [46]. The TRGB method of calculating distances is more involved than the Cepheid
method, so it is not explicitly included in this release but may be included in future releases
if there is interest. A linear regression using the distance modulus from table 3 of ref. [46],
and the apparent magnitude of the local SNe Ia calculates Msn in the same manner as in the
Cepheid method. In all calculations, the Hubble photometry B magnitudes are used as the
standard filter of choice.

If the concordant sample is chosen as the calibrating standard candle, the distance
modulus again is not calculated but instead taken from table 3 of ref. [46]. Only distance
measurements in which the TRGB and Cepheid calibration agree to less than 1‡ are considered.
This cut results in a smaller sample size of 6 local SNe Ia than the 19 local SNe Ia calibrated
by Cepheids or the 18 local SNe calibrated by the TRGB. Msn is then calculated in the same
manner as in the prior two methods.

SNe Ia and tension calculation. Regardless of calibration method, eq. (2.4) calculates
the distance to Hubble flow SNe Ia using Msn and apparent magnitude measurements from
the Pantheon data set [229]. Since our analysis does not rely on the cosmographic expansion
of the luminosity distance, the distanceladder uses the entire Pantheon dataset with no upper
bound on redshift to ensure the shape of the redshift-luminosity relationship is fully accounted
for. Separately from the distanceladder likelihood, the Boltzmann code CLASS [230] then
calculates the luminosity distances to these Hubble flow SNe Ia for the cosmological model
under consideration. The Hubble-Lemaître Tension (if present in the model) is then quantified
as a disagreement of distances, not of H0 values, by comparing the distance moduli of the
Hubble flow SNe Ia calculated from Msn to those inferred from the cosmological model.

Redshift errors. Redshift errors are included whenever possible for the Hubble flow
supernovae from ref. [231]. Not all supernovae in Pantheon have errors that are available
presently (this has been changed in the recent Pantheon+ release [223]). The average
fractional error of the 831 supernovae with errors available in the overall Pantheon data
set is 0.83%. The average fractional error of the 184 supernovae with errors available with
z < 0.15 (corresponding to the upper redshift cut of R21 and similar studies) in the Pantheon
data set is 1.0%. While the fractional error is small, the redshift error does need to be
incorporated in future studies. The covariant matrix used by distanceladder in minimizing
the distance disagreement is generated by adding the observational errors associated with
apparent magnitude and redshift as a diagonal matrix to a dense matrix where each element
is the error associated with Msn, representing the systematic error.

3.2 Consistency with previous results

As a consistency check, figure 1 demonstrates the ability of the distanceladder likelihood to
recover the results of both the F21 and R21 for a �CDM model using the Monte-Carlo Markov
Chain tool MontePython. The �CDM model utilizes Planck high-¸ TTTEE, low-¸ EE, and
low-¸ TT data to represent the cosmological measurement of H0. The local measurements
utilize the distanceladeer likelihood with the respective calibration choice and a prior on the
baryon density to represent the local measurement of H0. The TRGB calibration accurately
recovers the F21 mean value result but underestimates the error slightly as the larger Pantheon
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Figure 1. 1D posterior distributions of H0 using only the distanceladder likelihood, comparing the
user input choices of using the TRGB, Cepheid, or concordant calibration. The solid lines correspond
to distanceladder results using the tip of the red giant branch calibration (yellow), Cepheid calibration
(blue), or a combination of the results in which both calibration schemes agree on the host galaxy
distances (green). The dashed lines correspond to the previous results obtained by ref. [46] (yellow)
and ref. [36] (blue).

supernova data set in B magnitude is used, rather than the smaller CSP data set in the BÕ

magnitude, which uses a di�erent photometric calibration scheme and di�erent assumptions
of blackbody physics. However, because we can reproduce the mean results of the F21 study
nearly precisely using the Pantheon Hubble flow supernovae with B magnitude photometry
and the photometric results of ref. [34] for the anchor supernova, the results support that the
CSP and Pantheon supernovae data sets are mostly consistent and do not contribute to the
tension nor does the photometry of ref. [34]. The Cepheid calibration recovers an accurate
mean value of H0 compared to the R21 value, with the slight di�erence stemming from the
distanceladder likelihood only having access to the LMC and NGC4258 as anchors while the
R21 value uses the LMC, NGC4258, and Milky Way Cepheids as anchors. Interestingly, the
concordant sample finds a value of H0 similar to the F21 result with larger error bars due to
less anchor SNe Ia available, which should be investigated in future studies.

Table 1 summarizes the values of Msn and H0 for our di�erent calibration choices in
a �CDM model. An unexpected behaviour of the results is that when increasing the error
in Msn as seen in the Concordant sample case, a smaller value of H0 is preferred from the
MCMC breaking the typical relationship between H0 and Msn. As a check to determine if
it was indeed the error in Msn driving this di�erence, we reran the concordant calibration
scheme artificially lowering the error in Msn by a factor of 2. By forcing the error in Msn

to be similar to that seen in the Cepheid and TRGB calibration schemes, we find that the
typical relationship between Msn and H0 is recovered.

3.3 A new metric to assess the tension between data sets

Now that we a have likelihood focusing on cosmological distances rather than H0 itself, the
next question is which metric should be used to compare local distance measurements with
predictions from high-redshift observations such as the CMB? The intercept — presented in
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Cepheid Cal. TRGB Cal. Concordant Cal.
Msn ≠19.226±0.039 ≠19.325±0.039 ≠19.267±0.064
H0 73.14±1.39 69.87±1.34 69.82±2.16

Table 1. The distance ladder parameters derived from distanceladder for the three calibration options
available. Msn is given in the B apparent, K corrected peak magnitude. H0 is given in units of
km/s/Mpc. The concordant sample finds a value of H0 similar to the TRGB calibration at the cost of
increasing the error nearly two-fold.

Figure 2. (left) Graph comparing the calculated distance moduli for Hubble flow supernova. The
y-axis describes the distance modulus as calculated by the local distance ladder using the Msn absolute
distance scale, calibrated by Cepheid variable stars. The x-axis describes the distance modulus as
calculated from Planck CMB measurements assuming a �CDM model. (middle) Graph describing an
identical situation as in the previous panel but using the TRGB method to calibrate Msn. (right) Graph
describing an identical situation as in the previous two panels, but using the concordant calibration
for Msn.

figure 2 may be what future studies should focus on to resolve the Hubble-Lemaître Tension,
rather than H0 itself. In this figure, the y-axis represents the distance moduli to Hubble flow
SNe Ia as inferred by the local distance ladder. The x-axis represents the distance moduli
to the Hubble flow SNe Ia as inferred in a �CDM cosmological model fitted to Planck data,
including errors associated with redshift expansion rate [29]. The intercept — is calculated for
the three calibration schemes and �CDM using a simple linear regression with a fixed slope
of unity. Allowing the slope to vary is possible and will be sensitive to changes in late-time
cosmology, as it will modify the shape of the SN-magnitude redshift relationship, potentially
detecting geometric inconsistencies.

If no Hubble-Lemaître Tension existed, the distance moduli established by Msn and
those inferred from a cosmological fit to the CMB would agree, and the intercept would be
statistically consistent with zero. As we can see from figure 3 however, the — values for our
three calibration schemes di�er from zero at more than 3‡ in a �CDM model calibrated
to Planck CMB measurements, indicating the presence of the well-known Hubble-Lemaître
Tension. Additionally, all cases find a slope statistically identical to unity when allowing the
slope to vary, indicating no geometric issues. The width of the — posteriors is similar as all
three case examples utilize the same Pantheon data set. Beyond just being a parameter in
linear regression, the intercept — also has a clear physical meaning: ≠— represents the change
to the absolute SNe Ia magnitude necessary to bring the low-redshift distances to supernovae
in agreement with those inferred from the CMB.
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Figure 3. The probability densities of —. The solid black vertical line indicates an agreement between
the distance ladder and Planck CMB measurements. The blue, green, and orange lines on the left
represent the tension between the chosen calibration scheme and a �CDM calibrated to Planck CMB
data. The red line on the left represents the tension between a Cepheid calibration scheme and a
late-time dark energy model using a Gaussian H0 to represent the local measurements of the distance
ladder. The Gaussian’s are shown out to the 3‡ level.

3.4 Equivalence with Gaussian prior for early-time dynamics

As an additional consistency check, we consider a simple extension of �CDM in which the
parameter Ne� is allowed to freely vary. Since Ne� is a proxy for the abundance of free-
streaming radiation (including neutrinos) at early times [232, 233], it has only indirect impacts
(i.e. through parameter degeneracies) on the late Universe. As the late-time cosmology in such
an extension is phenomenologically similar to �CDM for which the standard cosmographic
expansion in terms of q0 and j0 is valid, we expect that the standard Gaussian H0 prior and the
distanceladder likelihood should find nearly equivalent posterior distribution for the Hubble
constant when fitted in combination with CMB data. As such, this model constitutes a simple
test case to assess the equivalency of our distanceladder likelihood with the standard Gaussian
prior on H0 for cosmological models di�ering from �CDM only through their early-Universe
evolution (e.g. ref. [60]).

To perform this test, we run MCMC anlyses with the code MontePython [222], letting
the 6 standard �CDM parameters and Ne� vary (as well as necessary nuisance parameters)
in the fit. As shown in figure 4, we find that our distanceladder likelihood reproduces
the results obtained from a Gaussian prior on H0 when performing a joint analysis with
CMB data for this one-parameter extension of �CDM. In detail, when combined with
Planck high-¸ TTTEE, low-¸ EE, and low-¸ TT data [29], our distanceladder likelihood
finds Ne� = 3.340 ± 0.148 (H0 = 69.96 ± 1.01 km/s/Mpc), which is to be compared with
Ne� = 3.344 ± 0.149 (H0 = 69.95 ± 1.02 km/s/Mpc) when using the Gaussian prior on the
Hubble constant. The agreement between the distanceladder and the Gaussian H0 prior,
in this case, demonstrates that the latter is su�cient when analyzing models modifying
the cosmological expansion history at early times. However, as we will see in the next
section, this is generally not the case for models changing the Hubble expansion history at
late times.
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Figure 4. Marginalized posterior distributions for H0 and Ne� using either our distanceladder
likelihood (DL) or a Gaussian H0 prior, in combination with Planck temperature and polarization data
for both cases [29]. The strong agreement between the distanceladder and the Gaussian prior results
supports that early-time changes to cosmology only a�ect distance ladder measurements through H0.

4 Models impacting late-time cosmology: issues with Gaussian H0 prior

Our distanceladder likelihood package allows one to concentrate on the key issue behind
the Hubble-Lemaître Tension: the distances to SNe Ia in the Hubble flow. Refocusing the
discussion onto distance disagreements immediately begins to narrow the field of possible
solutions to the Hubble-Lemaître tension, specifically those which propose changes to late-
time cosmology. Such models may seem at the surface to resolve the tension through their
accommodation of larger H0 values compared to �CDM. However, they generally do so at
the cost of worsening the tension with the actual distance measurements, indicating that such
models do not fundamentally address the root cause of the discrepancy and are therefore only
of modest interest.

As an example of how a Gaussian prior on H0 standing in for the entirety of the local
distance ladder can be misleading, we consider below a late-time dark energy (LDE) model in
which a sudden transition in the abundance of dark energy increases the value of the Hubble
rate close to z = 0 [88]. Using our distanceladder likelihood package, we show below that
such LDE models with a high H0 value poorly fits the measured SNe Ia distances. While we
focus here on this simple phenomenological LDE model, we note that other proposed models
such as chameleon dark energy [96, 234] and phenomenological emergent dark energy (see
e.g. refs. [235, 236]) will also su�er from this problem.
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4.1 Test case: a sudden dark energy transition at late times

Prior work has demonstrated that introducing a dynamic component of dark energy, particu-
larly at redshifts z . 0.02, successfully increases the value of H0 locally while also preserving
the CMB temperature and polarization spectra [83, 217]. These solutions generally modify
the Friedmann equation to allow for a redshift dependent dark energy density component to
be included, such as

H2(z) = H2

0

Ë
�r(1 + z)4 + �m(1 + z)3 + �DEh(z) + �k(1 + z)2

È
, (4.1)

h(z) = exp
C

3
⁄

ln(1+z)

0

dln(1 + zÕ)(1 + wDE(zÕ))
D

, (4.2)

wDE © pDE

flDE

, (4.3)

where �r, �m, and �DE are the ratio of the current energy density in radiation, matter, and
dark energy to the critical density of the Universe. �k is the underlying curvature density
parameter, which we set to 0 here to enforce flatness, pDE is the dark energy pressure, and
flDE is the dark energy density. A subclass of late-time dark energy models which use the
above set of equations also allow the phantom regime wDE < ≠1. We remind the reader that
the limit of wDE = ≠1 represents the standard cosmological constant.

4.1.1 Model setup

To illustrate how changes to late-time cosmology in the presence of a Gaussian H0 prior can
lead to misleading results, we focus here on the simple phenomenological model presented in
ref. [88] in which the dark energy density acquires a time dependence according to

flDE(z) = [1 + f(z)]fl̃DE, (4.4)

where

f(z) = 2”

�̃DE

S(z)
S(0) , (4.5)

S(z) = 1
2

5
1 ≠ tanh

3
z ≠ zt

�z

46
, (4.6)

where fl̃DE and �̃DE are the dark energy density and density parameter in a standard �CDM
model. In this model, the dark energy density suddenly increases at redshift zt as compared
to its �CDM value by a fractional factor of 2”, with �z parameterizing the duration of the
transition. As a result, this model boosts the z = 0 Hubble rate according to

H2

0 = (1 + 2”)H̃2

0 , (4.7)

where the tilde indicates the original �CDM value.
The critical feature of this model is that when z ∫ zt, it is indistinguishable from

the �CDM model. In order to achieve a positive value of ”, the equation of state must be
allowed to enter the phantom regime of w < ≠1, which can make a physical implementation
of such a phenomenological model di�cult. With its sudden late-time transition, this scenario
nevertheless achieves the desired result of ‘hiding’ the reduced distance to the CMB last-
scattering surface that usually results from increasing H0. Indeed, using CMB and BAO data
in conjunction with a Gaussian H0 prior (based on the results of ref. [237]), ref. [88] showed
that such model could achieve H0 = 72.5 ± 1.85 km/s/Mpc, hence apparently alleviating
the tension.
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4.1.2 Taking into account the distance measurements: results

From the analysis quoted above, the LDE model considered here may seem like a promising
way to resolve the Hubble-Lemaître Tension. However, such models are much less promising
once the local distance ladder is properly accounted for [88]. As explained above, LDE-based
solutions can increase the value of H0 while causing a negligible fractional change in distance
to the CMB last-scattering surface and thus to ◊ı. However, the fractional change in distance
to low-redshift SNe Ia from such late-time transition is, in general, not negligible. This
can result in a poor fit to the actual distances, with the lowest redshift objects being the
most a�ected. Therefore, LDE models, in general, are ideal examples of being too focused
on modifying the value of H0 itself while entirely missing the actual source of the tension
(i.e. the distances).

The red line in figure 3 shows the distribution of intercepts values — (using the Cepheid
calibration) for a LDE model fitted to Planck data and a Gaussian prior on H0 from the R21
measurement. Recall that for no tension to exist, the intercept should be identically 0. In
this case, the intercept value of the LDE model is — = 0.073 ± 0.04, which is consistent with
zero at less than two sigmas. While this seems to alleviate the tension between CMB and
the Cepheid calibration, this solution is much less promising when looking at the individual
distances to nearby supernovae. This is shown in figure 5 where we observe a clear o�set
at low redshifts (z . 0.1) between the actual distances to SNe Ia calibrated with Cepheids
(blue points), and the corresponding distances predicted in the LDE model (red points) fitted
with a Gaussian prior on H0. The residual plot in the lower panel of figure 5 describes
the di�erence in distance modulus required to bring the LDE-predicted SNe Ia distances
into agreement with their measurements. We can further quantify this low-redshift distance
tension by fitting the relationship between the predicted distance moduli µ and the measured
m ≠ Msn values with a linear regression with a free slope. Recall that if this slope di�ers
from unity, it would indicate a breakdown of the standard relationship between absolute
luminosity and measured flux in an expanding Universe. Performing such fit, we find a slope
of 0.983±0.002, which di�ers from unity at 8.5 ‡ indicating a clear issue in this late-time dark
energy model. The corresponding intercept is — = 0.729 ± 0.09, which di�ers significantly
from zero at several sigmas. Clearly, a late dark energy transition does nothing to address the
root cause of the tension and can even make the global fit to cosmological data worse. In fact,
comparing the LDE model fitted with a Gaussian prior on H0 to the LDE model fitted with
the distanceladder likelihood results in a �‰2 ≥ 21, demonstrating that the former provides a
poorer fit to the distances than the latter. While these results are broadly consistent with
those presented in ref. [88], our work clarifies why these models fail to properly resolve the
tension: they are unable to fit the actual distance to low-redshift SNe Ia in the Hubble flow,
as shown in figure 5.

Perhaps even more concerning is that using a Gaussian prior, in this case, could lead
to spurious detection of new physics. As shown in figure 6 (see also table 2), the LDE model
analyzed with Planck and BAO data in addition to a Gaussian H0 prior leads to a significant
detection (> 3.5‡) of a non-vanishing ” value, indicating a strong statistical preference for
a late transition in the abundance of dark energy. However, when the actual calibrated
distance measurements are taken into account as in our distanceladder likelihood, the value of
” becomes entirely consistent with zero, and no significant evidence for a late-time transition
in the abundance of dark energy is observed. In this case, the failure of the Gaussian H0 prior
can be traced back to the breakdown of the standard cosmographic expansion of the luminosity
distance to SNe Ia in the presence of a sharp transition in the Hubble rate at late times.
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Figure 5. Comparison of the Cepheid-calibrated SNe Ia distance moduli from the Pantheon sample
(blue) to the distance moduli predicted by a LDE model fitted with Planck CMB data, BAO data,
and a Gaussian prior on H0 (red). The residual di�erence between the measurements and the LDE
predictions are shown in the bottom panel. The error bars on the blue and red points are smaller
than the points themselves and are not easily seen. A systematic disagreement is seen between
the Cepheid-calibrated distances and the LDE prediction with a Gaussian H0 prior, especially at
lower redshifts.

LDE Distance Ladder H0 Gaussian H0

100◊s 1.04200±0.00029 1.04170±0.00029
�b 0.02246±0.00014 0.02247±0.00014
�c 0.11867±0.00094 0.11890±0.00097
· 0.0570±0.0076 0.0596±0.0073

ln(1010As) 3.050±0.015 3.052±0.015
ns 0.9694±0.0038 0.9689±0.0038
” 0.022±0.022 0.091±0.048

H0 69.74±1.28 73.78±2.15

Table 2. Table describing the mean and 68% confidence intervals of a MCMC in which the distance-
ladder likelihood and the standard Gaussian likelihood on H0 are used. Prior limited implies that the
value is unconstrained within the prior. �z and zt are prior limited in all cases.
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Figure 6. Posterior distributions involving a late-time dark energy model using the traditional
Gaussian prior on H0 indicated by red, and distanceladder likelihood package in grey. The solid black
lines indicate the mean value from ref. [29] (left) and ref. [36] (right) with the dashed lines indicating
the 1‡ di�erences.

4.2 Discussion

The above section demonstrates that a Gaussian prior on H0 can lead to a statistically
significant detection of a dark energy transition at very late times. However, once the actual
distances to SNe Ia are properly taken into account, such preference largely disappears.
Figure 5 clearly illustrates why this is happening: the Gaussian prior on H0 leads to distances
to low-redshift SNe Ia that are too small compared with their actual measured values.
Ultimately, this problem arises because the LDE models break the assumptions (in particular,
the cosmographic expansion of the luminosity distance) that were used to infer H0 from
carefully calibrated distances to SNe Ia in the Hubble flow [34, 36]. This should serve as a
cautionary tale when analyzing models that modify the Universe’s expansion history at very
late times. In general, we recommend that cosmological models that deviate significantly
from �CDM at z . 1 should never be analyzed with a Gaussian prior on H0. Instead, the
calibrated distances to SNe Ia in the Hubble flow should directly be used in statistical analyses
of such models. Our distanceladder likelihood package make such analyses straightforward.

Beyond the possible breakdown of the cosmographic expansion, another issue that has
plagued many cosmological analyses using a Gaussian H0 prior in conjunction with CMB
data is the resulting ambiguity in the underlying absolute SNe Ia calibration. For example,
R16 finds a value of Msn = ≠19.214 ± 0.037. Imposing the corresponding Gaussian prior
on H0 implicitly assumes this Msn value, which does not necessarily agree with the value of
Msn implied by the other likelihoods used. For instance, the Pantheon data set calibrated
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Figure 7. Comparison of the values of Msn gotten by calibrating the Pantheon supernova data set
with Planck data in �CDM with that obtained from the local distance ladder [34].

with Planck data finds a value of Msn = ≠19.420 ± 0.014 in �CDM, which is statistically
inconsistent with the above value as shown in figure 7. However, since most of the attention
is focused on H0 rather than the distances themselves, this underlying inconsistency is often
missed in cosmological analyses. Of course, this — ≥ ≠0.2 mag discrepancy between Msn

values is the root cause of the Hubble-Lemaître tension within �CDM. This point was recently
emphasized in refs. [26, 27, 121, 238], and recent analyses of possible solutions to the tension
have used Msn instead of H0 as their key parameters (see e.g. ref. [58]). However, as we have
seen in figure 3, simply making the values of Msn between the local and inverse distance
ladders compatible (i.e. — ≥ 0) is not necessarily su�cient to ensure a successful cosmological
solution: the model must also fit the actual distances to SNe Ia.

5 Conclusion

An impressive amount of literature has been written on the Hubble-Lemaître tension, and it
remains a real possibility that it could be the result of some missing pieces in our cosmological
model. This impressive literature includes cosmological models that modify the cosmological
expansion history at z < 1. Using a simple Gaussian prior distribution on H0 to represent
the entirety of the local distance ladder, some of these solutions can appear to be promising
at relieving the tension. However, in using such a H0 prior, the user implicitly assumes
that the local distance ladder directly measures the Hubble expansion rate at z = 0. In
reality, regardless of calibration choice, the local distance ladder actually measures distances
to SNe Ia in the Hubble flow in the redshift range z & 0.02. Therefore, to properly assess
the e�ectiveness of cosmological models with modified late-time dynamics at relieving the
Hubble-Lemaître tension, a simple Gaussian prior can not be used to represent the entire
distance ladder. Instead, a likelihood that reconstructs the distance ladder and the distance
measurements to the Hubble flow supernova is required for any model which proposes changes
to the late-time Universe.

To aid in this, we have developed a likelihood package aptly named distanceladder
which focuses on fitting the actual distances to SNe Ia, rather than simply fitting for H0.
The distanceladder likelihood uses the actual luminosity distance given by the proposed
cosmological model and is therefore sensitive to any changes in cosmology presented. This
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publicly available numerical package allows the user to test the di�erent assumptions made in
analyzing the cosmological distance ladder. It is therefore much more flexible and insightful
than simply specifying a prior on the absolute supernova magnitude. To demonstrate the
e�ectiveness of the likelihood, we have used the example of a late-time transition in the
abundance of dark energy to showcase how focusing purely on H0 can lead to the spurious
detection of new physics, and a false sense that the Hubble-Lemaître tension has been relieved.
When the distances are correctly accounted for, such late-time dark energy transition are
severely constrained in their ability to resolve the Hubble-Lemaître tension. This behaviour
is not limited to only this late-time dark energy model but to any model which dramatically
changes the late-time expansion history of the Universe as compared to �CDM. In general, the
success of a cosmological model should be assessed by how well it can fit the actual distances
to Hubble-flow objects (including supernovae, strong gravitational lenses, and gravitational
waves standard sirens, among others), rather than whether it can reproduce a specific value
of H0. We encourage the observational cosmology community to make their actual distance
measurements broadly available instead of emphasizing the derived Hubble constant values,
which contain assumptions that might not be applicable to all cosmological scenarios.

Within the standard �CDM model, the Hubble-Lemaître tension between Cepheid-
calibrated SNe Ia distances and Planck CMB data is now at the critical 5‡ threshold [37].
Addressing this crucial cosmological problem requires the community to focus on the root
cause of the tension — the distances to low-redshift Hubble-flow objects — rather than argue
about which value of the Hubble constant might be the correct one.
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A Distanceladder vs. Gaussian prior on Msn

We investigate the di�erences between using a Gaussian prior on Msn along with the Pantheon
likelihood and the distanceladder likelihood to represent the local measurement of H0. Both
methodologies utilize the distance modulus to compute the maximum likelihood statistics, but
make subtle di�erent assumptions in how the covariance matrix is handled. The Pantheon
likelihood with Gaussian Msn utilizes a pregenerated covariance matrix with the statistical
error on the diagonal. The distanceladder covariance matrix is comprised of three parts. First,
the square of the statistical error along the diagonal associated with measurements of the
apparent magintude. Second, the square of the jacobian which originates from including the
error in redshift given by

”J =
31 + z

H(z) + dL

1 + z

4
”z. (A.1)
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Figure 8. Posterior distributions comparing the results of using the distanceladder likelihood and
the Pantheon likelihood with a gaussian prior placed on Msn assuming a typical �CDM cosmology
and including CMB and BAO data. The Planck data utilized are the TT, EE, TE modes and lensing.
Here we see a slight di�erence between the distanceladder and the Pantheon likelihood with gaussian
Msn, due to the di�erent handling of the error on Msn.

Third, a dense matrix comprised of the square of the error associated with Msn. The final
covariance matrix for the distanceladder is therefore given by

----------

”m2

b,1 + ”J2
1 + ”M2

sn ”M2
sn . . . ”M2

sn

”M2
sn ”m2

b,2 + ”J2
2 + ”M2

sn . . . ”M2
sn

...
... . . . ...

”M2
sn ”M2

sn . . . ”m2

b,i + ”J2
i + ”M2

sn

----------

. (A.2)

The results comparing the two methodologies are given in figure 8. We see a small di�er-
ence between the two, primarily originating from the handling of the ”Msn error within
distanceladder.
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