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1 The Cosmic Microwave Background

1.1 Introduction

The Cosmic Microwave Background (CMB) is a fundamental component of
modern cosmology, providing a wealth of information about the early universe.
It is a faint radiation that permeates the entire cosmos, and it is essentially
the ‘afterglow’ of the Big Bang. The CMB is composed of photons that were
released approximately 380, 000 years after the Big Bang when the universe
had cooled sufficiently for atoms to form (at redshift z ∼ 1100). Before that
time, the universe was a hot, dense plasma where photons were constantly
scattered by charged particles in a process known as Thomson scattering.

The CMB was first detected in 1965 by Arno Penzias and Robert Wil-
son at the Bell Telephone Laboratories (Penzias and Wilson 1965). They were
conducting experiments using a large horn antenna designed for satellite com-
munication. Penzias and Wilson noticed a persistent background noise in their
measurements, which they initially attributed to various sources of interfer-
ence. However, they encountered difficulties in eliminating the noise, and after
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2 Pablo Lemos, Paul Shah

careful consideration, they realized that they were detecting a uniform radia-
tion coming from all directions in the sky. They had inadvertently stumbled
upon the CMB. The discovery of the CMB provided strong support for the Big
Bang theory; as opposed to the steady state theory, stating that the Universe
remains unchanged (Hoyle et al. 2000).

The CMB radiation is highly isotropic, with a temperature of approxi-
mately 2.7 Kelvin. However, there is a lot of cosmological information on the
tiny variations in the temperature of the CMB across the sky. These fluctua-
tions were first detected by the Cosmic Background Explorer (COBE) satellite,
launched in 1989 (Smoot et al. 1992; Smoot 1999). In recent years, there have
also been remarkable advancements in the detection of CMB polarization. The
polarization of the CMB arises from the Thomson scattering of photons by
electrons at the time of last scattering, and it carries independent informa-
tion to the temperature fluctuations. The first detection of CMB polarization
was announced by the Degree Angular Scale Interferometer (DASI, Kovac
et al. 2002) in 2002, followed by the Wilkinson Microwave Anisotropy Probe
(WMAP, Hinshaw et al. 2013).

However, the most significant breakthroughs in CMB temperature and
polarization measurements came from the Planck satellite, launched by the
European Space Agency (ESA) in 2009 (Planck Collaboration et al. 2014a).
The Planck mission provided unprecedented CMB data, unveiling the intricate
anisotropy patterns of the CMB on both large and small angular scales. These
observations have shed light on the conditions of the universe during the era
of recombination and have provided insights into cosmological parameters,
inflationary models, and the nature of dark matter and dark energy.

The origin of the modern Hubble constant tension can be reasonably dated
to the first Planck release of cosmological parameters (Planck Collaboration
et al. 2014a), although disagreements about the value of the Hubble constant
date decades back (Sandage 1958; de Vaucouleurs 1982). While WMAP val-
ues for H0 were compatible with other results at the time, the Planck value
of H0 = 67.4 ± 0.5km s−1 Mpc−1 is discrepant with the SH0ES result of
H0 = 73.04± 1.04km s−1 Mpc−1 (Riess et al. 2022) at 4.9σ (although Planck
is consistent with WMAP as we discuss below). As such, CMB values for
H0 merit considerable scrutiny. Fortunately, while local measurements focus
purely on H0, the CMB delivers a “package deal” of cosmological parameters
which is highly dependent on the cosmological model. The cosmological model
that is most supported by present-day observations is ΛCDM, consisting of
a spatially-flat cosmology with a cosmological constant and three species of
neutrinos with small but non-zero masses. We will make it clear when we de-
part from this model. As usual h ≡ H0/(100 km s−1 Mpc−1. Constraints in
the parameters of this model may be compared to the values from other data
sets to see if other parameters are discrepant too. Also, as we explain below,
the CMB is not exclusively an early universe result, as the anisotropy maps
carry the imprint of late-universe physics. If therefore the Planck value for H0

is considered an “extraordinary claim”, we discuss the evidence for it in this
chapter.
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The Cosmic Microwave Background and H0 3

1.2 Why are there anisotropies in the CMB?

The physical origin of density perturbations lies in the primordial universe,
specifically during the period of cosmic inflation. Cosmic inflation is a theo-
retical concept that proposes a rapid exponential expansion of space in the
early universe (Guth 1981; Linde 1982, 1983). This expansion was driven by
a hypothetical scalar field known as the inflaton. During inflation, quantum
fluctuations in the inflaton field lead to variations in the energy density across
space. These quantum fluctuations are inherently random and occur on ex-
tremely small scales. However, due to the exponential expansion of space dur-
ing inflation, these fluctuations are stretched to cosmological scales, providing
the seed for density perturbations. After inflation, the universe enters a phase
known as reheating, during which the inflaton field decays into other parti-
cles and reestablishes the thermal equilibrium of the universe. As the universe
cools, the density perturbations seeded by inflation begin to grow under the
influence of gravity.

The theory of inflation is widely accepted in the cosmology community,
despite a lack of direct observational evidence. This is because it solves some
theoretical issues, such as the horizon and flatness problems; but more impor-
tantly because of its ability to explain the origin of the density perturbations
that seed the formation of cosmic structures. Inflationary models make specific
predictions for the spectrum of these initial fluctuations. They are expected
to be approximately scale invariant (if inflation lasts long enough), but small
deviations from scale invariance can occur due to the dynamics of the infla-
tion field. The predicted density perturbations are in excellent agreement with
observations, including the temperature anisotropies in the CMB and the dis-
tribution of galaxies in the universe. Inflation, therefore, provides a natural
mechanism for generating the observed structure in the universe.

The density perturbations are responsible for the observed variations in the
CMB temperature across the sky. During the epoch of recombination (which
occurred at the same temperature everywhere) when the universe became
transparent to radiation, the photons of the CMB decoupled from the baryonic
matter. At this point, the temperature of the CMB was determined by the
density of matter in different regions of the universe. Regions with higher
matter density experienced stronger gravitational pull, causing photons to lose
energy as they climbed out of the gravitational potential wells. As a result,
these regions appear slightly cooler in the CMB. Conversely, regions with
lower matter density experienced weaker gravitational pull, allowing photons
to retain more energy and appear slightly warmer in the CMB. In addition,
photons are Doppler-shifted by the velocity perturbations in the plasma.

During their long journey to our detectors, the CMB photons are per-
turbed by effects known as secondary anisotropies. In addition, foreground
emission of radiation at the same frequencies as the CMB occurs both in our
own galaxy and from extra-galactic sources. For the purposes of cosmology,
these foregrounds must be subtracted, but we note they also carry interesting
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4 Pablo Lemos, Paul Shah

astrophysical information about the properties of dust, magnetic fields and
the inter-galactic medium.

1.3 The temperature of the CMB

Fig. 1: The spectrum of the CMB measured by FIRAS. The error bars shown
are ±400σ. The solid line is a 2.728 K blackbody. Image credit: Smoot (1997)

The average flux intensity of the CMB observed today (that is, the monopole
in the power spectrum), shown in Fig. 1 is a near-perfect black body spectrum
(‘the most perfect black body ever measured in nature’, White (1999)), demon-
strating the plasma of baryons and photons were in thermal equilibrium on
the surface of last scattering (and therefore presumably at earlier times). The
temperature was initially measured in balloon experiments, but was more ac-
curately measured by the FIRAS instrument aboard the satellite COBE. The
combination of data gives T = 2.72548 ± 0.00057 K (Fixsen 2009). Because
the spectrum is thermal, the energy density of the CMB is determined solely
by the temperature as U = 4

cσT
4. This results in the physical density of pho-

tons today as ργ = 4.65 × 10−31 kg m−3, or in units of the critical density
Ωγ ≡ ργ/ρc = 5.4 × 10−5, where the critical density represents the average
mass or energy per unit volume required to achieve a flat universe. It is worth
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The Cosmic Microwave Background and H0 5

pointing out that spectral distortions in the CMB have been proposed as a
powerful cosmological probe (Kogut et al. 2019), although more accurate mea-
surements of the CMB spectrum would be required.

We use Neff to refer to the effective number count of neutrinos or other
relativistic particles. Assuming there is no substantial addition to the photon
density from the decay of other particles or fields, knowledge of the CMB
temperature today determines the energy density of radiation at earlier times
as

ρr(z) = (1 + 0.227Neff)(1 + z)4(
T0

2.72548
)4 × 4.65× 10−31kg m−3, (1)

where T0 is the present-day CMB temperature.
In the standard model of particle physics, when T ≪ 1 Mev, Neff = 3.043

(it is not an integer as the spectrum of neutrinos is not precisely a black-body;
the energy density of neutrinos is altered by a contribution from the annihi-
lation of electrons and positrons after their decoupling from the primordial
plasma). However, in extensions to the standard model Neff is often treated
as a free parameter.

1.4 The power spectrum and its features

To analyse the anisotropies in the CMB temperature and polarization, the
map of the fluctuations in the sky can be decomposed into a sum of spherical
harmonics

aℓm =

∫
∆T (θ, ϕ) Yℓm(θ, ϕ)dΩ , (2)

where ℓ is limited by the resolution of the instrument and m runs over (−ℓ, ℓ).
The CMB sky represents a single sampling of the random distribution of pri-
mordial fluctuations. If we want to know the “true” values of cosmological
parameters, we should average over a large ensemble of realisations - but we
have only one! An approximation to ensemble averaging is obtained by aver-
aging over the 2ℓ+1 harmonics in each mode, which is likely to give a reliable
answer at high-ℓ but is of limited accuracy at low-ℓ, a floor referred to as
cosmic variance.

The power spectra are then defined as

CXX
ℓ = ⟨|aXX

ℓm |2⟩m , (3)

where X can reperesent the temperature (T ), E-mode polarization (E) or B-
mode polarization (B). In the case of temperature, for convenience of display,
the power spectra are often presented as the dimensionless quantity

DTT
ℓ =

ℓ(ℓ+ 1)

2π
CTT
ℓ . (4)

This scaling factor is commonly used to highlight the characteristic angu-
lar scales of the CMB fluctuations. At present, there is no evidence of non-
Gaussanity in the primordial fluctuations so the Cℓ (or equivalently the 2-point
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Fig. 2: The binned Planck power spectrum for TT and residuals to the best fit
ΛCDM model. The vertical line delineates the different methodologies used to
resolve the power spectrum at l < 30. Figure from Planck Collaboration et al.
(2020).

correlation function) capture all available information on primary anisotropies
(although there are claims of structure in low-ℓ aℓm - see below). However,
gravitational lensing induces non-zero higher-order correlation function values
that can be measured separately (also see below).

1.4.1 Primary anisotropies and length scales

Primary anisotropies in the cosmic microwave background (CMB) radiation
provide a wealth of information about the early universe and the processes
that shaped its evolution. These anisotropies refer to the small fluctuations in
temperature and polarization observed across the CMB sky. There are three
main features of primary anisotropies in the CMB:

1. The Large-Scale Plateau: On large angular scales, typically above a
few degrees, the primary anisotropies in the CMB predominantly exhibit
a feature known as the large-scale plateau. This plateau corresponds to
scales that were not significantly affected by pre-recombination physics
and provides valuable information about the primordial Universe.

2. Acoustic Oscillations: On smaller angular scales, below a few degrees,
an additional feature becomes prominent in the primary anisotropies: the
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The Cosmic Microwave Background and H0 7

acoustic oscillations. These oscillations arise from the competition between
gravitational attraction and radiation pressure in the early universe. The
density and velocity perturbations in the primordial plasma give rise to
sound waves that propagate through the medium, and these waves lead to
periodic oscillations in the CMB power spectrum, with peaks and troughs
that correspond to the specific length scale associated with the sound hori-
zon at the time of photon decoupling.
The position of the peaks provides a measurement of the extrema of these
oscillations at last scattering, and in particular of the sound horizon at
radiation drag rd, which measures the distance sounds waves can travel
before recombination (White et al. (1994)):

rd =

∫ ∞

z⋆

cs(z)

H(z)
z, (5)

where z⋆ is the redshift at photon decoupling and cs(z) is the sound speed
in the photon-baryon fluid (Hu and White (1996)) which by the standard
thermodynamics of adiabatic perturbations is

c2s(z) =
1

3

[
1 +

3

4

ρb(z)

ργ(z)

]−1

. (6)

The sound horizon serves as a standard ruler, and the position of the acous-
tic peaks captures the history of H(z) together with matter and radiation
densities prior to recombination. Additionally, the heights of the peaks rep-
resent the competition between pressure (a function of the physical baryon
density Ωbh

2) and gravity (a function of the physical matter density Ωmh
2)

as we show in Figure 4 below.
3. Silk Damping Tail: On even smaller angular scales, the anisotropies in

the CMB exhibit a phenomenon known as the Silk damping tail. This effect
arises from the diffusion of photons caused by scattering off free electrons
just prior to recombination. The diffusion process tends to erase small-scale
temperature fluctuations in the CMB, resulting in a damping of the power
spectrum on scales below the Silk scale:

λD ∼
√
Nλc ∼

√
η⋆λc, (7)

where N is the number of steps in the random walk, λc is the mean-free
path to Thomson scattering, and η⋆ is the conformal time at recombination.
The Silk scale corresponds to an angular scale around ℓ ∼ 1000 and is
determined by baryon density and H(z) just prior to recombination (e.g.
Hu and White 1997b).

1.4.2 Secondary anisotropies

Secondary anisotropies in the CMB refer to additional fluctuations observed
in the CMB sky, which arise from various astrophysical and cosmological phe-
nomena. The main sources of secondary CMB anisotropies are:
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8 Pablo Lemos, Paul Shah

1. integrated Sachs-Wolfe (ISW) effect: The ISW effect (Sachs andWolfe
1967) is caused by the gravitational potential wells that photons traverse
as they travel through evolving large-scale structures in the universe. If
the potentials change photons pass through them, their energy is altered,
leading to temperature fluctuations in the CMB. In particular, the Late
ISW effect provides constraints on the expansion rate of the universe during
the accelerated expansion era at z < 0.6, albeit as it primarily affects large
scales this constraint is limited by cosmic variance.

2. CMB Lensing: The light from the CMB is deflected by foreground mat-
ter inhomogeneities, with the typical deflection angle being 3’ (Lewis and
Challinor 2006). This is in the domain of weak lensing, where just one im-
age source is seen but the source is distorted and magnified or de-magnified.
The amount of lensing depends on the degree of inhomogeneity (best cap-
tured by the combination σ8Ω

0.25
m ) and a combination of angular diame-

ter distances between the observer, deflector and source (sometimes called
the lensing efficiency). For the CMB, the lensing efficiency peaks between
1 < z < 2 meaning it is sensitive to structure just beyond the reach of
present-day galaxy weak lensing studies.
Lensing has two linked effects: firstly, it smooths the observed power spec-
tra, most noticeably for l > 800 multipoles. Secondly, observations of the
four-point correlation function of fluctuations can be used to reconstruct
the (projected) foreground matter distribution. As a consistency check we
may compare 1) the theory prediction of lensing given the amplitude of the
fluctuations in the CMB and growth of structure 2) the observed smooth-
ing of the power spectrum, and 3) the observed power spectrum of the
lensing reconstruction.

3. Reionization: During the early stages of the universe, neutral hydrogen
became ionized due to the radiation from the first stars and galaxies, a
process known as reionization. This reionization process leaves character-
istic imprints on the CMB through the scattering and absorption of CMB
photons. At z ∼ 10 the formation of the first stars ionizes the Universe.
The presence of free electrons from this point onward means that a fraction
(1− e−τ ) of CMB photons undergo Thomson scattering after reionization,
where τ is the optical depth to reionization defined as the line-of-sight
opacity of the CMB radiation with respect to Thomson scattering with
free electrons:

τ =

∫ χre

0

σT ne dχ, (8)

where χre is the comoving distance to reionization, σT is the Thomson
scattering cross-section and ne is the number density of free electrons.
As a consequence, the power spectrum on scales that entered the horizon
before reionization is damped by a factor of e−2τ .

4. Sunyaev-Zel’dovich (SZ) effect: The SZ effect occurs when CMB pho-
tons interact with the hot, ionized gas in galaxy clusters through inverse
Compton scattering (Zeldovich and Sunyaev 1969; Sunyaev and Zeldovich
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Fig. 3: Planck 2018 temperature-cross E-mode polarization power spectrum
(TE, left), and E-mode autocorrelation power-spectrum (EE, right). The ver-
tical axis on the left plot shows Dℓ ≡ ℓ(ℓ+ 1)Cℓ/(2π). The red points are the
observed data and the blue line shows the best fit ΛCDM cosmology. Scales
change from logarithmic to linear at ℓ = 30. The lower panels show residuals
with respect to the best fits. Image credit: Planck Collaboration et al. (2018).

1972, 1980). There are two types of SZ effect: thermal SZ and kinematic
SZ. The thermal SZ effect arises from the Compton scattering of CMB
photons with the electrons in the cluster gas, boosting the energy of the
photons and distorting their spectrum to higher frequencies. The kinematic
SZ effect is subdominant and arises from the bulk motion of the clusters.
The thermal SZ effect can be detected by its frequency dependence, while
the kinematic SZ effect is frequency independent.

1.5 Polarization

Temperature anisotropies are not the only source of information from CMB
radiation. CMB polarization provides valuable complementary information to
temperature anisotropies, offering further insights into the early Universe. The
polarization pattern arises due to scalar and tensor perturbations to the metric.
Scalar perturbations generate a quadrupolar component of the radiation field,
leading to linear polarization through Thomson scattering during recombina-
tion. On the other hand, tensor perturbations, originating from gravitational
waves, also contribute to the polarization. The polarization can be decom-
posed into four Stokes parameters: intensity (I), linear polarization (Q, U),
and circular polarization (V). The intensity parameter represents the total
power, while the linear polarization parameters capture the orientation and
amplitude of the polarization. Circular polarization is absent in the CMB due
to Thomson scattering properties. (for a more detailed discussion about CMB
polarization see Hu and White (1997a); Cabella and Kamionkowski (2004)).

The linear polarization field can be further classified into two types: E-
modes and B-modes. E-modes represent the curl-free component of the polar-
ization field and are thus primarily generated by scalar perturbations on the
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surface of last scattering. B-modes arise from a combination of tensor pertur-
bations (primordial gravitational waves) and gravitational lensing of E-modes.
B-modes are the curl component of the polarization field and are particularly
interesting as they provide a unique window into the presence of primordial
gravitational waves. Detection of B-mode polarization, after accounting for the
effects of gravitational lensing, would be a direct confirmation of the existence
of primordial gravitational waves, which are predicted by some inflationary
models. The Planck measurements of the E-mode power spectrum (CEE

ℓ ) and
its cross-correlation with temperature (CTE

ℓ ) is shown in Fig. 3. Cosmological
parameters determined from the Planck polarization and temperature power
spectrums are consistent with each other (see Figure 5 of Planck Collaboration
et al. (2020)).

1.6 Foreground removal

Foregrounds introduced by our own Milky Way, extragalactic sources and in-
strument effects are primarily identified by a comparison of multiple frequency
channels. The CMB has a near-perfect blackbody spectrum, and therefore a
precisely defined “colour”. Foregrounds generated by non-thermal effects (such
as synchrotron emission from dust) or thermal effects at different temperatures
(such as the thermal Sunyaev-Zeldovich effect) exhibit different colours, en-
abling their individual identification.

Foregrounds are removed by a combination of sky masks, frequency mod-
elling and spectral templates Cℓ,fore (for unresolved foregrounds) which repre-
sent the contribution of foreground emissions at different multipole moments.
These templates capture the spectral characteristics of foreground sources such
as synchrotron emission from dust and the thermal Sunyaev-Zeldovich effect.
The nuisance parameters associated with these templates are marginalized
over during the fitting process for cosmological parameters (see Planck Col-
laboration et al. (2014b) for a description of the process). Data from high-
resolution experiments like ACT and SPT are particularly useful to constrain
the nuisance parameters, and the final cleaned spectra can be compared across
frequencies as a consistency check. The details are not important for this re-
view, but the key point is: could the foreground model bias the inference of
H0?

The evidence is they do not. The foreground models provide an acceptable
fit across frequency ranges as measured by their χ2, justifying the claim that
they correctly model the physics (Planck Collaboration et al. 2014a). Corre-
lations between foreground nuisance parameters and cosmological parameters
are low (Planck Collaboration et al. 2014b). Features such as the oscillating
residuals in the region 1000 < l < 1500 (see Fig. 2) and the low power for
l < 30 which play a role in driving H0 for Planck lower than WMAP are
present in multiple frequency channels; this suggests they are real features of
the spectrum and not foregrounds. The fit to foreground-cleaned temperature
spectrum is consistent with the polarisation spectrum, which depends differ-
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Parameter Symbol Best fit value and 68% limits
Cold dark matter density Ωch2 0.1202± 0.0014
Baryon density Ωbh

2 0.02236± 0.00015
Hubble parameter h 0.6727± 0.0060

Optical depth to reionization τ 0.0544+0.0070
−0.0081

Scalar spectrum amplitude log
(
1010As

)
3.045± 0.016

Scalar spectral index ns 0.9649± 0.0044

Table 1: Best fit values and 68% limits for the constraints from Planck 2018
TT+TE+EE+lowE (Planck Collaboration et al. 2018).

ently on the foregrounds and in particular, is not expected to be dominated
by them at high-ℓ (Tucci and Toffolatti 2012). Likelihoods that use different
foreground subtraction methods produce cosmological parameters consistent
with Planck (Dickinson 2016; Sudevan et al. 2017; Wagner-Carena et al. 2020).

1.7 The Planck Cosmology
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Fig. 4: Variations in the CMB temperature power spectrum, as different cos-
mological parameters are changed, one at a time, while keeping the rest of the
parameters set to the Planck best-fit values shown in Table 1.

The CMB is the only cosmological probe that can simultaneously constrain
all six parameters in the standard ΛCDMmodel of cosmology

{
Ωbh

2, Ωch
2, H0, τ, As, ns

}
.

Note that different combinations of these six parameters are commonly used to
parameterize ΛCDM. The values measured by the Planck 2018 TT+TE+EE+lowE
likelihood are shown in Table 1, and the effect of varying them in the CMB
power temperature power spectrum is shown in Fig. 4.
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1.8 How does the CMB determine H0?

1.8.1 The angular size of the sound horizon

As we discussed in the section on primary anisotropies, the sound horizon
is a characteristic length imprinted on the CMB power spectrum, visible as
the positions of the multiple peaks and troughs (strictly, we should say the
complete waveform of the spectrum). This is observed as a ratio θ⋆ = rs/dA(z⋆)
where dA(z⋆) is the angular diameter distance to the surface of last scattering.
It is the most accurately measured parameter by Planck, and 100θ⋆ = 1.0411±
0.0003 (Planck Collaboration et al. 2020).

The theory expectation can then be simply expressed as

θ⋆ =

∫∞
z⋆

cs(z)
H(z)dz∫ z⋆

0
1

H(z)dz
. (9)

At this stage, very few assumptions about cosmology have been made. The
above assumes only that the sound horizon has resulted from the propagation
of adiabatic pressure waves in plasma from initial seed densities, that recom-
bination is instantaneous and photons propagate freely to us from the surface
of last scattering (these last two are straightforwardly generalized).

It is convenient to define dimensionless physical densities ωi = Ωih
2. In

ΛCDM cosmology, we may accurately approximate the above as

θ⋆ =

∫∞
z⋆

cs(z)
((1+z)3+ ωr

ωm
(1+z)4)1/2

dz∫ z⋆
0

1
((1+z)3+

ωΛ
ωm

)1/2
dz

. (10)

The above looks rather complicated, so let us unpack it! The denominator
is relatively simple, with the two terms representing the matter density and
dark energy density respectively. The radiation density is mostly negligible
(although it is still relevant for the first dex of expansion after recombination).

In the numerator, we have assumed the universe is comprised only of mat-
ter and radiation. Curvature and dark energy are physically negligible pre-
combination. As discussed, the radiation density ωr(z, TCMB) is determined
by the observed CMB temperature. The sound speed cs(z, ωb) is determined
by the physical baryon density ωb and standard thermodynamics. The red-
shift of the surface of last scattering has only a weak cosmology dependence:
it is approximately the freeze-out redshift when the scattering rate of photons
and baryons matches the Hubble expansion rate. More baryons increase the
scattering rate but also make recombination happen earlier, and the factors
roughly cancel (the same argument is made for the Hubble rate). It is thus
mainly a function of primordial Helium abundance YP (which may be either
measured or calculated from the baryon density, nucleosynthesis rates, and the
Hubble expansion rate at that time).

As discussed above in the section on primary anisotropies, Ωm and ωb are
determined by the relative heights of the peaks of the power spectrum, and
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The Cosmic Microwave Background and H0 13

Fig. 5: A schematic of the H(z) redshift windows to which the CMB power
spectra are sensitive to. The y-axis scale for each component is arbitrary and
not shown. The growth of the sound horizon (blue) takes place primarily in
the last dex of expansion before recombination : solutions to the H0-tension
that change the sound horizon must therefore modify H(z) at this time. The
visibility function (orange) represents the depth of the surface of last scatter-
ing, manifest in the Silk damping scale and polarization spectra. The Early
ISW effect (green) modifies the power spectrum near its first peak due to the
effect on gravitational potentials of the residual radiation density in the first
dex of expansion after zeq, whereas the Late ISW effect (red) modifies the low-l
power spectrum close to the onset of accelerated expansion at z ∼ 0.6. Finally
lensing (purple) peaks at a redshift corresponding to a distance that is midway
(in comoving coordinates) between us and the surface of last scattering.

by the Silk damping scale at high-ℓ. The only free parameter remaining to be
adjusted is h.

The situation is a little more complicated if we drop the assumption of
spatial flatness. In this case, we now have two free parameters, ΩΛ and h.
However, ΩΛ is constrained by the secondary anisotropies of the CMB: the
power spectrum is smoothed on a characteristic scale by gravitational lensing
at z ∼ 1 − 2, and power in l < 30 modes is enhanced by the late-ISW effect
(which depends on the expansion history for z < 0.6). We show in Figure 5 a
schematic of the redshift range of the sensitivity of the CMB power spectra to
H(z) : each window function effectively determines a ruler whose theoretically-
determined length may be compared to the observed angular size.
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1.9 Consistency of H0 derived from the CMB

Cosmological parameters influence CMB measurements in multiple ways. It is
therefore useful, as a test of ΛCDM, to check the consistency of CMB-derived
parameters both internally and with non-CMB data sets.

We should however remember that we are observing one sample of a Gaus-
sian random field, limited by cosmic variance. If we make multiple consistency
tests, it would be surprising if there were not some statistical excursions from
the underlying truth.

1.9.1 Consistency with other CMB experiments

The consistency among various cosmic microwave background (CMB) exper-
iments provides valuable insights into the fundamental properties of the uni-
verse, particularly the Hubble constant. WMAP determined H0 = 70.0 ±
2.2km s−1 Mpc−1 (Hinshaw et al. 2013; Bennett et al. 2013) purely from the
power spectrum of temperature fluctuations up to l ∼ 800. This is consistent
with the equivalent Planck measurement over the same multipole range (see
Figure 21 of Planck Collaboration et al. (2020)). Planck shifts H0 lower due to
its higher multipole range. At least part of the reason why WMAP has a higher
H0 than Planck appears to be due to low power in the 10 < l < 30 range (as
also observed by Planck - more on this below). Adding BAO information to
WMAP brings the value closer to Planck (H0 = 68.76 ± 0.84km s−1 Mpc−1).
A remarkable result is a consistently low value of H0 from Planck lensing and
BAO alone (H0 = 68.76± 0.84km s−1 Mpc−1 Carron et al. (2022)).

Two notable recent experiments are the Atacama Cosmology Telescope
(ACT), and the South Pole Telescope (SPT) which have played a crucial role in
advancing our understanding of the CMB. ACT’s combined analysis of temper-
ature and polarization data has led to a determination of the Hubble constant,
with a value of H0 = 67.9 ± 1.5km s−1 Mpc−1 (e.g. Louis et al. 2017; Aiola
et al. 2020). Interestingly, initial polarization analyses from the SPT yielded
a value of H0 = 71.3 ± 2.1km s−1 Mpc−1 (Henning et al. 2018), in tension
with Planck and ACT, and closer to the value obtained using direct measure-
ments. However, the more recent SPT-3G measurements including tempera-
ture anisotropies recovered a low value H0 = 68.3±1.5km s−1 Mpc−1 (Balken-
hol et al. 2022), consistent with other CMB experiments. Furthermore, pos-
sible issues in the analysis of Henning et al. (2018) were raised in (Planck
Collaboration et al. 2018), as well as in chapter 4 of Lemos (2018).

Therefore, there is remarkable consistency observed between H0 measure-
ments from different CMB experiments, as shown in Fig. 6, despite small
tensions in other parameters (Handley and Lemos 2021). This convergence
of results from independent experiments provides strong evidence for the low
H0 from the CMB and rules out the option of explaining the tension as a
systematic effect in one of the experiments.
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Fig. 6: Comparison of Hubble constant constraints between different CMB
experiments, and with the latest results from SH0ES (Riess et al. 2021).
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that the significance of this result decreases significantly in the CamSpec anal-
yses Efstathiou and Gratton (2019). Image credit: Planck Collaboration et al.
(2018).

1.9.2 Internal consistency of Planck data

There is a moderate tension between low (2 < l < 800) and high (801 <
l < 2508) multipole values for H0 that has been noted by many authors (for
example, see Addison et al. (2016)). The overlap between the two posteriors is
consistent with the independent polarization and lensing power spectra, and
also by the addition of BAO to WMAP. At least part of the difference appears
to be caused by a dip in power for the multipole range 10 < l < 30 (visible in
Figure 2 above). This seems to be a real feature of the CMB sky.

The power spectrum of lensing reconstruction and amplitude of fluctua-
tions are consistent with each other, both internally in Planck (see Figure 3 of
Planck Collaboration et al. (2020)) and between Planck and ACT (Qu et al.
2023). However, the smoothing in the Planck power spectrum is not consistent
with its amplitude, captured by the parameter AL = 1.180 ± 0.065 (Planck
Collaboration et al. 2020) (where AL = 1 indicates perfect consistency). The
connection with H0 is that allowing AL as an additional nuisance parameter
in the ΛCDM solution both pulls H0 to higher values and broadens the er-
ror bands, so the tension with SH0ES measurements is lowered, although it
remains significant at ∼ 3.8σ (see Fig. 7). Despite its definition, AL is prob-
ably not due to lensing. It may be in part due to the dip in power between
10 < l < 30: removing the l < 30 part of the spectrum restores consistency
with AL = 1 (and values of H0 consistent with the overall Planck result). It
may also be due to unknown systematics or residual foregrounds in Planck.
There is no evidence for AL > 1 from either ACT (AL = 1.01 ± 0.11 Aiola
et al. (2020)) or SPT-3G (AL = 0.87 ± 0.11 Balkenhol et al. (2022)). In ad-
dition, the likelihood for Planck from the CamSpec analysis (Efstathiou and
Gratton 2019) including a larger area of the sky is consistent with AL = 1
across the full multipole range, implying it is not a real-sky effect.
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Other anomalies have been noted in Planck data, for example, a lack of
large angle correlations (such as would be expected from the measured power
spectrum), alignment of the quadrupole and octopole, and angular variations
of the spectral power andH0 across patches of the sky (see for example Akrami
et al. (2014)). While some are simulated to have less than 0.1% chance of
occurrence in random realisations of the CMB sky, the “look-elsewhere” effect1

cautions us to avoid simple interpretations of these p-values. Nevertheless, such
claims are at least at the level of curiosity; but at present there is no apparent
connection with the Hubble tension or any physical process.

1.9.3 Consistency with other astrophysical data

As we described above, the conversion of CMB spectral data into constraints
on cosmological parameters is highly model dependent. Since H0 from the
CMB in ΛCDM is discrepant with local values, other discrepancies would add
evidence to the argument ΛCDM is not the correct model and may provide
hints about how to change it, especially where those parameters are correlated
to H0 (see Figure 8 or Figure 5 of Planck Collaboration et al. (2020)).

The relative heights and positions of the peaks of the CMB spectrum derive
from the baryon density ρb, the matter density ρm and the pre-recombination
expansion history. Two key events pre-combination are nucleosynthesis (BBN)
at zBBN ∼ 1010 and matter-radiation equality at zeq ∼ 3400. Additionally,
H(z) at the time of recombination determines the shape of the Silk damping
tail.

The primordial abundance of helium is sensitive to the expansion rate
H(zBBN) as the availability of neutrons to form it depends on the time be-
tween the decoupling of weak interactions that keep protons and neutrons in
equilibrium, and the time when deuterium (D) can form. The abundance of
D is very sensitive to the baryon density: as D is rapidly processed into He, a
higher baryon density implies a faster interaction rate and hence less D. Pri-
mordial element abundance observations are extrapolative by nature, but the
Planck values for (Neff , ρb) = (2.89±0.37, 0.02224±0.00022) (Tables 4 and 5 of
P18) are consistent with observations of YP = 4nHe/nb = 0.2449± 0.004 Aver
et al. (2015) and YD = nD/nH × 105 = 2.52± 0.03 (Cooke et al. 2018). There
is also excellent agreement with calculations using experimentally determined
D-burning rates (Pisanti et al. 2021), and Planck is therefore compatible with
the standard model of particle physics which predicts Neff ≃ 3.043.

It is possible to go further and drop the CMB spectrum (but not its tem-
perature) by combining ρb constraints from BBN with the standard ruler pro-
vided by baryon acoustic oscillations; these are an imprint of the sound horizon
on the late universe and effectively determine Ωm (Addison et al. 2018). In
this case, one obtains H0 = 68.1± 1.1km s−1 Mpc−1 (Cuceu et al. (2019), see
also Schöneberg et al. (2019)) and ΩM = 0.300± 0.018, fully compatible with
Planck within ΛCDM.

1 We refer the reader to https://en.wikipedia.org/wiki/Six_nines_in_pi and https:

//xkcd.com/882/ for entertaining examples.

https://en.wikipedia.org/wiki/Six_nines_in_pi
https://xkcd.com/882/
https://xkcd.com/882/
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The power spectrum P (k) of matter density fluctuations has a maximum
at a scale k ∼ keq which is the scale of modes entering the horizon at zeq (the
shape near the maximum also depends weakly on ρb as dark matter fluctua-
tions are suppressed by baryons). Faster expansion in the pre-recombination
universe lowers the horizon and increases keq. Therefore, the shape of the
power spectrum as measured from galaxy surveys may be used to check com-
patibility with the Planck H0 in ΛCDM. The evidence at present is in favour of
compatibility with H0 = 69.6± 1.2km s−1 Mpc−1 (Philcox and Ivanov (2022),
see also the chapter in this book).

The expansion history of the universe from z < 1.2 is strongly constrained
by Type Ia SN (the furthest observations reach to z ∼ 2). Type Ia SN do vary
in intrinsic brightness by a factor of ×2, but the majority of this fluctuation is
attributable to the colour and duration of the explosion. The residual fluctu-
ations may be as low as 0.07 mag (Brout and Scolnic 2021) and the evidence
points to them being a homogeneous population for the purposes of cosmol-
ogy. While they cannot by themselves determine H0 as this is degenerate with
their fiducial absolute magnitude, the Hubble diagram constructed from the
Pantheon+ sample (Scolnic et al. 2022) is fully compatible with Planck with
Ωm = 0.338±0.018 in ΛCDM (Brout et al. 2022). Is it then is no surprise that
calibrating the SN Ia magnitudes with BAO in turn produces a H0 also fully
compatible with Planck (MacAulay et al. 2019).

The values of S8 = σ8(Ωm/0.3)
0.5 derived from Planck (via ΛCDM as-

sumptions on structure growth) are high (at the level of ∼ 2.5σ) compared to
observations of galaxy lensing (Lemos et al. 2021; Abbott et al. 2022; Heymans
et al. 2021). The relevance of this for the Hubble tension is unclear, and it has
been proposed a resolution lies in correcting theory calculations of structure
growth in the quasi-linear regime (Amon and Efstathiou 2022). However, we
note if one were to attempt to resolve the Hubble tension by speeding up
the expansion of the universe pre-recombination, one would need to compen-
sate for the slower structure growth by adding more matter, increasing the S8

discrepancy and potentially creating a new discrepancy with SN Ia.
In summary, within the framework of ΛCDM and some simple one-parameter

extensions, the only CMB-derived cosmological parameters that are inconsis-
tent with other astrophysical datasets are H0, and to a lesser extent σ8. In
particular, matter, baryon, curvature densities and number of particle species
are compatible with other observations.

1.10 The CMB in ΛCDM extensions

Extensions to the ΛCDM model often involve modifications to the standard
physics of the early universe or the presence and nature of dark energy (either
pre- or post-recombination). These modifications can leave imprints on the
CMB, allowing for tests of these alternative scenarios. For instance, variations
in the primordial power spectrum, generated during cosmic inflation, can lead
to specific patterns in the CMB temperature and polarization anisotropies.
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Fig. 8: Comparison of Hubble constant constraints between different one pa-
rameter extensions to the ΛCDM model, using Planck TTTEEE + lowE in
blue, and adding BAO in green. In red, are the 68% and 95% confidence levels
for H0. The black, dotted lines show the ΛCDM value for each parameter.

Planck data has been instrumental in placing constraints on such modifi-
cations, providing valuable insights into the inflationary paradigm and the
physics of the early universe (Akrami et al. 2020), and finding strong support
for a featureless primordial power spectrum.

Another area of interest is the nature of dark energy itself. While the
ΛCDM model assumes a cosmological constant Λ to account for the observed
accelerated expansion of the universe, alternative theories propose dynamical
dark energy models or modifications to general relativity. These models can
result in deviations from the standard predictions for the CMB power spectrum
and other statistical properties. One common approach to parameterize dark
energy deviations from ΛCDM is with a time-dependent equation of state
w(a) = w0 + (1− a)wa (ΛCDM assumes w0 = −1 and wa = 0). Interestingly
for the H0 tension, Planck measurements are consistent with a value w0 < −1,
which also raises the value of H0. This value falls under the regime known as
”phantom” dark energy (Vikman 2005), as they require a second scalar field,
or some other complex theoretical explanation(e.g. Creminelli et al. 2009;
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Deffayet et al. 2010). However, the combination of SN Ia, Planck and BAO
(which may be expected to give the best constraints on dark energy) does not
favour phantom dark energy (Brout et al. 2022).

Another interesting extension to ΛCDM is spatial curvature (ΩK ̸= 0),
which raised interest due to the Planck measurement ΩK = −0.044+0.018

−0.015,
which is over 2σ away from zero (Handley 2021; Di Valentino et al. 2019).
However, as discussed in Efstathiou and Gratton (2020), this value is strongly
correlated with the AL measurement from Planck discussed above, and is
equally explained by statistical fluctuations in the temperature power spectra
in the multipole range 800 < ℓ < 1600. Similarly to AL, the CamSpec likeli-
hood (Efstathiou and Gratton 2019) strongly reduces the significance of this
detection. Furthermore, a closed Universe leads to even lower values of H0,
further exacerbating the tension.

Finally, it is possible to explore the changes to neutrino physics. For ex-
ample, it is possible to vary the sum of neutrino masses

∑
mν or the effective

number of neutrino species Neff introduced above. None of these changes,
however, is enough to alleviate the tension.

A more radical idea is to increase the size of the sound horizon by intro-
ducing “early” dark energy (EDE) to the pre-recombination universe (possibly
connected with the onset of matter domination). EDE must be present at the
level of ∼ 10% of the energy density during the last dex of expansion prior
to the surface of last scattering, as that is when most of the growth in the
size of the sound horizon happens (see Figure 5). Silk damping and CMB
polarization on small scales constrain its presence at z = 1100. In general,
whilst EDE models cannot resolve the Hubble tension, they can alleviate it to
the level of ∼ 2σ (Poulin et al. 2019). EDE models also make specific predic-
tions for the l > 1000 temperature and polarization spectrums, and so future
high-resolution CMB data will determine whether they are viable or not. EDE
models may seem somewhat fine-tuned. They do not predict a high late uni-
verse H0 but they may explain it (see Poulin et al. (2023) for a review). An
additional problem is the boost to pre-recombination expansion requires more
dark matter to reproduce the heights of the peaks of the power spectrum (as
dark energy suppresses growth of structure), increasing the S8 tension with
galaxy weak lensing results.

Fig. 8 shows the effect of the most popular one-parameter ΛCDM exten-
sions in the Planck estimates of the Hubble parameter. As we see, there is no
unambiguous evidence from CMB data alone of a departure from Flat ΛCDM.

Generally, while it is true that one possible solution to the H0 tensions is a
modification to the ΛCDM cosmological model, it is very challenging to envi-
sion new physics that solves the tension. Indeed, as described in (Lemos et al.
2018) to solve the tension with new physics, it needs to lower the sound hori-
zon by approximately 9% (to about 135 Mpc) while preserving the structure
of the temperature and polarization power spectra described in this chapter;
and also preserving the consistency between BBN and observed abundances
of light elements.
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1.11 Conclusions and future prospects

The cosmic microwave background (CMB) observations within the framework
of the ΛCDM model have demonstrated remarkable consistency with a wide
range of non-CMB astrophysical data at varying redshifts. The cosmological
parameters derived from Planck are consistent across frequencies and likeli-
hood methodologies, and with WMAP, ACT and SPT.

However, there are a few remaining tensions that warrant further inves-
tigation. Notably, weak lensing measurements of the parameter σ8, which
characterizes the amplitude of matter fluctuations on large scales; and, more
importantly for this chapter, the local measurement of the Hubble constant
(H0) from the nearby universe appear to deviate from the predictions of the
CMB. An interesting discrepancy that could be connected to the Hubble con-
stant is the baseline Planck lensing amplitude parameter AL. However results
elsewhere are consistent with AL = 1 suggesting that the observed ∼ 2σ
Planck discrepancy may be a fluke. Further investigations and independent
corroborating measurements are necessary to better understand these internal
inconsistencies.

Proposed solutions that aim to resolve the Hubble constant discrepancy by
accelerating the growth of the sound horizon during the pre-recombination era
have shown the potential to exacerbate the tension in the σ8 parameter. These
proposals, which introduce variations in the early universe’s expansion rate,
could have broader implications for our understanding of cosmological struc-
tures and the growth of matter fluctuations. The challenge lies in reconciling
these competing tensions and finding a coherent theoretical framework that
can simultaneously explain both the Hubble constant and σ8 measurements.
A comprehensive analysis of late-time evolution, combining observations from
Type Ia supernovae and baryon acoustic oscillations (BAOs), offers valuable
insights into the cosmic expansion history and provides constraints on different
cosmological models.

Future CMB experiments hold immense promise for shedding light on un-
resolved questions and advancing our understanding of the universe. Next-
generation missions, such as the Simons Observatory, CMB-S4, and the Lite-
BIRD mission (planned for launch in 2028) are poised to deliver groundbreak-
ing observations. These experiments will allow for higher precision measure-
ments of the CMB temperature and polarization anisotropies. This will allow
tests of early dark energy models and explore potential deviations from the
standard ΛCDM cosmology. The combination of these next-generation CMB
experiments with independent probes, such as large-scale structure surveys
and supernova observations, will provide a multi-faceted approach to address-
ing the outstanding tensions and advancing our understanding of the universe’s
evolution.
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Deffayet C, Pujolàs O, Sawicki I, Vikman A (2010) Imperfect dark energy from kinetic
gravity braiding. J. Cosmology Astropart. Phys.2010(10):026. https://doi.org/10.1088/
1475-7516/2010/10/026. arXiv:1008.0048 [hep-th]

Di Valentino E, Melchiorri A, Silk J (2019) Planck evidence for a closed Universe and
a possible crisis for cosmology. Nature Astron 4(2):196–203. https://doi.org/10.1038/
s41550-019-0906-9. arXiv:1911.02087 [astro-ph.CO]

https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevD.105.023520
https://arxiv.org/abs/2105.13549
https://doi.org/10.3847/0004-637x/818/2/132
https://arxiv.org/abs/1511.00055
https://doi.org/10.3847/1538-4357/aaa1ed
https://arxiv.org/abs/1707.06547
https://doi.org/10.1088/1475-7516/2020/12/047
https://doi.org/10.1088/1475-7516/2020/12/047
https://arxiv.org/abs/2007.07288
https://doi.org/10.1088/2041-8205/784/2/L42
https://arxiv.org/abs/1402.0870
https://doi.org/10.1051/0004-6361/201833887
https://arxiv.org/abs/1807.06211
https://doi.org/10.1093/mnras/stac2429
https://arxiv.org/abs/2206.11794
https://doi.org/10.1088/1475-7516/2015/07/011
https://doi.org/10.1088/1475-7516/2015/07/011
https://arxiv.org/abs/1503.08146
https://arxiv.org/abs/2212.05642
https://doi.org/10.1088/0067-0049/208/2/20
https://doi.org/10.1088/0067-0049/208/2/20
https://arxiv.org/abs/1212.5225
https://arxiv.org/abs/2004.10206
https://doi.org/10.3847/1538-4357/ac8e04
https://arxiv.org/abs/2202.04077
https://arxiv.org/abs/astro-ph/0403392
https://doi.org/10.1088/1475-7516/2022/09/039
https://arxiv.org/abs/2206.07773
https://doi.org/10.3847/1538-4357/aaab53
https://arxiv.org/abs/1710.11129
https://doi.org/10.1088/1475-7516/2009/02/018
https://doi.org/10.1088/1475-7516/2009/02/018
https://arxiv.org/abs/0811.0827
https://doi.org/10.1088/1475-7516/2019/10/044
https://arxiv.org/abs/1906.11628
https://doi.org/10.1088/1475-7516/2010/10/026
https://doi.org/10.1088/1475-7516/2010/10/026
https://arxiv.org/abs/1008.0048
https://doi.org/10.1038/s41550-019-0906-9
https://doi.org/10.1038/s41550-019-0906-9
https://arxiv.org/abs/1911.02087


The Cosmic Microwave Background and H0 23

Dickinson C (2016) CMB foregrounds - A brief review. In: 51st Rencontres de Moriond on
Cosmology. pp 53–62. arXiv:1606.03606 [astro-ph.CO]

Efstathiou G, Gratton S (2020) The evidence for a spatially flat Universe. Mon Not Roy
Astron Soc 496(1):L91–L95. https://doi.org/10.1093/mnrasl/slaa093. arXiv:2002.06892
[astro-ph.CO]

Efstathiou GP, Gratton S (2019) A detailed description of the CamSpec likelihood pipeline
and a reanalysis of the Planck high frequency maps. arXiv arXiv:1910.00483

Fixsen DJ (2009) The temperature of the cosmic microwave background. ApJ707(2):916–
920. https://doi.org/10.1088/0004-637X/707/2/916. arXiv:0911.1955

Guth AH (1981) Inflationary universe: A possible solution to the horizon and flatness prob-
lems. Physical Review D 23:347–356. https://doi.org/10.1103/PhysRevD.23.347

Handley W (2021) Curvature tension: evidence for a closed universe. Phys Rev
D 103(4):L041301. https://doi.org/10.1103/PhysRevD.103.L041301. arXiv:1908.09139
[astro-ph.CO]

Handley W, Lemos P (2021) Quantifying the global parameter tensions between act, spt,
and planck. Physical Review D 103(6):063529

Henning JW, Sayre JT, Reichardt CL, et al. (2018) Measurements of the Temperature and E-
mode Polarization of the CMB from 500 Square Degrees of SPTpol Data. ApJ852(2):97.
https://doi.org/10.3847/1538-4357/aa9ff4. arXiv:1707.09353

Heymans C, et al. (2021) KiDS-1000 Cosmology: Multi-probe weak gravitational lensing
and spectroscopic galaxy clustering constraints. Astron Astrophys 646:A140. https://
doi.org/10.1051/0004-6361/202039063. arXiv:2007.15632 [astro-ph.CO]

Hinshaw G, Larson D, Komatsu E, et al. (2013) Nine-year wilkinson microwave anisotropy
probe (wmap) observations: cosmological parameter results. The Astrophysical Journal
Supplement Series 208(2):19

Hinshaw G, Larson D, Komatsu E, et al. (2013) Nine-year Wilkinson Microwave Anisotropy
Probe (WMAP) Observations: Cosmological Parameter Results. ApJS208:19. https://
doi.org/10.1088/0067-0049/208/2/19. arXiv:1212.5226

Hoyle F, Burbidge G, Narlikar JV (2000) A different approach to cosmology : from a static
universe through the big bang towards reality. Cambridge University Press

Hu W, White M (1996) Acoustic Signatures in the Cosmic Microwave Background.
ApJ471:30. https://doi.org/10.1086/177951. astro-ph/9602019

Hu W, White M (1997a) A CMB polarization primer. New A2:323–344. https://doi.org/10.
1016/S1384-1076(97)00022-5. astro-ph/9706147

Hu W, White M (1997b) The Damping Tail of Cosmic Microwave Background Anisotropies.
ApJ479:568–579. https://doi.org/10.1086/303928. astro-ph/9609079

Kogut A, Abitbol M, Chluba J, et al. (2019) Cmb spectral distortions: status and prospects
Kovac JM, Leitch EM, Pryke C, et al. (2002) Detection of polarization in the cos-

mic microwave background using DASI. Nature420:772–787. https://doi.org/10.1038/
nature01269. astro-ph/0209478

Lemos P (2018) Tests of the Planck Cosmology at High and Low Redshifts. PhD thesis,
Cambridge U. https://doi.org/10.17863/CAM.36135

Lemos P, Lee E, Efstathiou G, Gratton S (2018) Model independent H(z) reconstruction
using the cosmic inverse distance ladder. ArXiv e-prints arXiv:1806.06781

Lemos P, et al. (2021) Assessing tension metrics with dark energy survey and Planck data.
Mon Not Roy Astron Soc 505(4):6179–6194. https://doi.org/10.1093/mnras/stab1670.
arXiv:2012.09554 [astro-ph.CO]

Lewis A, Challinor A (2006) Weak gravitational lensing of the cmb. Physics Reports
429(1):1–65

Linde AD (1982) A new inflationary universe scenario: A possible solution of the horizon,
flatness, homogeneity, isotropy and primordial monopole problems. Physics Letters B
108:389–393. https://doi.org/10.1016/0370-2693(82)91219-9

Linde AD (1983) Chaotic inflation. Physics Letters B 129:177–181. https://doi.org/10.1016/
0370-2693(83)90837-7

Louis T, Grace E, Hasselfield M, et al. (2017) The Atacama Cosmology Telescope: two-
season ACTPol spectra and parameters. J. Cosmology Astropart. Phys.6:031. https:
//doi.org/10.1088/1475-7516/2017/06/031. arXiv:1610.02360

https://arxiv.org/abs/1606.03606
https://doi.org/10.1093/mnrasl/slaa093
https://arxiv.org/abs/2002.06892
https://arxiv.org/abs/1910.00483
https://doi.org/10.1088/0004-637X/707/2/916
https://arxiv.org/abs/0911.1955
https://doi.org/10.1103/PhysRevD.23.347
https://doi.org/10.1103/PhysRevD.103.L041301
https://arxiv.org/abs/1908.09139
https://doi.org/10.3847/1538-4357/aa9ff4
https://arxiv.org/abs/1707.09353
https://doi.org/10.1051/0004-6361/202039063
https://doi.org/10.1051/0004-6361/202039063
https://arxiv.org/abs/2007.15632
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1088/0067-0049/208/2/19
https://arxiv.org/abs/1212.5226
https://doi.org/10.1086/177951
https://arxiv.org/abs/astro-ph/9602019
https://doi.org/10.1016/S1384-1076(97)00022-5
https://doi.org/10.1016/S1384-1076(97)00022-5
https://arxiv.org/abs/astro-ph/9706147
https://doi.org/10.1086/303928
https://arxiv.org/abs/astro-ph/9609079
https://doi.org/10.1038/nature01269
https://doi.org/10.1038/nature01269
https://arxiv.org/abs/astro-ph/0209478
https://doi.org/10.17863/CAM.36135
https://arxiv.org/abs/1806.06781
https://doi.org/10.1093/mnras/stab1670
https://arxiv.org/abs/2012.09554
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1016/0370-2693(83)90837-7
https://doi.org/10.1016/0370-2693(83)90837-7
https://doi.org/10.1088/1475-7516/2017/06/031
https://doi.org/10.1088/1475-7516/2017/06/031
https://arxiv.org/abs/1610.02360


24 Pablo Lemos, Paul Shah

MacAulay E, Nichol RC, Bacon D, et al. (2019) First cosmological results using Type
Ia supernovae from the Dark Energy Survey: Measurement of the Hubble constant.
MNRAS486(2):2184–2196. https://doi.org/10.1093/mnras/stz978. arXiv:1811.02376

Penzias AA, Wilson RW (1965) A Measurement of Excess Antenna Temperature at 4080
Mc/s. ApJ142:419–421. https://doi.org/10.1086/148307

Philcox OHE, Ivanov MM (2022) BOSS DR12 full-shape cosmology: Λ CDM con-
straints from the large-scale galaxy power spectrum and bispectrum monopole.
Phys. Rev. D105(4):043517. https://doi.org/10.1103/PhysRevD.105.043517.
arXiv:2112.04515 [astro-ph.CO]

Pisanti O, Mangano G, Miele G, Mazzella P (2021) Primordial Deuterium after LUNA:
concordances and error budget. J. Cosmology Astropart. Phys.2021(4):020. https://doi.
org/10.1088/1475-7516/2021/04/020. arXiv:2011.11537 [astro-ph.CO]

Planck Collaboration, Ade PAR, Aghanim N, et al. (2014a) Planck 2013 results. XXII.
Constraints on inflation. A&A571:A22. https://doi.org/10.1051/0004-6361/201321569.
arXiv:1303.5082

Planck Collaboration, Ade PAR, Aghanim N, et al. (2014b) Planck 2013 results. XV.
CMB power spectra and likelihood. A&A571:A15. https://doi.org/10.1051/0004-6361/
201321573. arXiv:1303.5075 [astro-ph.CO]

Planck Collaboration, Aghanim N, Akrami Y, et al. (2018) Planck 2018 results. VI. Cosmo-
logical parameters. ArXiv e-prints arXiv:1807.06209

Planck Collaboration, Aghanim N, Akrami Y, et al. (2020) Planck 2018 results.
VI. Cosmological parameters. A&A641. https://doi.org/10.1051/0004-6361/201833910.
arXiv:1807.06209

Poulin V, Smith TL, Karwal T, Kamionkowski M (2019) Early Dark Energy can Re-
solve the Hubble Tension. Phys. Rev. Lett.122(22):221301. https://doi.org/10.1103/
PhysRevLett.122.221301. arXiv:1811.04083

Poulin V, Smith TL, Karwal T (2023) The Ups and Downs of Early Dark Energy solutions
to the Hubble tension: a review of models, hints and constraints circa 2023. arXiv e-
prints arXiv:2302.09032. https://doi.org/10.48550/arXiv.2302.09032. arXiv:2302.09032
[astro-ph.CO]

Qu FJ, Sherwin BD, Madhavacheril MS, et al. (2023) The Atacama Cosmology Telescope:
A Measurement of the DR6 CMB Lensing Power Spectrum and its Implications for
Structure Growth. arXiv e-prints arXiv:2304.05202. https://doi.org/10.48550/arXiv.
2304.05202. arXiv:2304.05202 [astro-ph.CO]

Riess AG, Casertano S, Yuan W, et al. (2021) Cosmic Distances Calibrated to 1% Precision
with Gaia EDR3 Parallaxes and Hubble Space Telescope Photometry of 75 Milky Way
Cepheids Confirm Tension with LambdaCDM. ApJ908(1):1–11. arXiv:2012.08534

Riess AG, Yuan W, Macri LM, et al. (2022) A Comprehensive Measurement of the Local
Value of the Hubble Constant with 1 km s−1 Mpc−1 Uncertainty from the Hubble Space
Telescope and the SH0ES Team. ApJ934(1):L7. https://doi.org/10.3847/2041-8213/
ac5c5b. arXiv:2112.04510 [astro-ph.CO]

Sachs RK, Wolfe AM (1967) Perturbations of a Cosmological Model and Angular Variations
of the Microwave Background. ApJ147:73. https://doi.org/10.1086/148982

Sandage A (1958) Current Problems in the Extragalactic Distance Scale. ApJ127:513. https:
//doi.org/10.1086/146483
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