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Primordial magnetic fields can change the recombination history of the Universe by inducing clumping
in the baryon density at small scales. They were recently proposed as a candidate model to relieve the
Hubble tension. We investigate the consistency of the constraints on a clumping factor parameter b in a
simplistic model, using the latest CMB data from Planck, ACT DR4 and SPT-3G 2018. For the combined
CMB data alone, we find no evidence for clumping being different from zero, though when adding a prior
onH0 based on the latest distance-ladder analysis of the SH0ES team, we report a weak detection of b. Our
analysis of simulated datasets shows that ACT DR4 has more constraining power with respect to SPT-3G
2018 due to the degeneracy breaking power of the temperature (TT) band powers (not included in SPT).
Simulations also suggest that the temperature cross polarisation (TE) and the polarisation (EE) power
spectra of the two datasets should have the same constraining power. However, the ACT DR4 TE,EE
constraint is tighter than expectations, while the SPT-3G 2018 one is looser. While this is compatible with
statistical fluctuations, we explore systematic effects which may account for such deviations. Overall, the
ACT results are only marginally consistent with Planck or SPT-3G, at the 2–3σ level within ΛCDMþ b
and ΛCDM, while Planck and SPT-3G are in good agreement. Combining the CMB data together with
BAO and SNIa provides an upper limit of b < 0.4 at 95% c.l. (b < 0.5 without ACT). Adding a SH0ES-
based prior on the Hubble constant gives b ¼ 0.31þ0.11

−0.15 andH0 ¼ 69.28� 0.56 km=s=Mpc (b ¼ 0.41þ0.14
−018

and H0 ¼ 69.70� 0.63 km=s=Mpc without ACT). Finally, we forecast constraints on b for the full
SPT-3G survey, Simons Observatory, and CMB-S4, finding improvements by factors of 1.5 (2.7 with
Planck), 5.9 and 7.8, respectively, over Planck alone.
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I. INTRODUCTION

Magnetic fields are ubiquitous in galaxies and clusters
of galaxies, and there are good reasons to suspect that the
Universe is magnetized on cosmological scales (see [1–3]
for reviews). Cosmic magnetism may well be of astro-
physical origin, having been generated over the course of
the structure formation, but the full story of how this would
happen is far from complete. Alternatively, all of the
observed fields would be simply explained if a primordial
magnetic field (PMF) of a certain strength was already
present in the plasma prior to the onset of gravitational
collapse. Such fields could have been generated in cosmic
phase transitions [4] or during inflation [5,6] and, if

detected, would provide an exciting new window into
the early Universe. With astrophysical mechanisms being
difficult to rule out, only cosmic microwave background
(CMB) observations could unambiguously prove the pri-
mordial origin of the observed fields.
A PMF present in the plasma before and during

recombination would leave a variety of imprints in the
CMB [7–58,58–63]. In particular, as first pointed out in
[52] and later confirmed by detailed magnetohydrodynam-
ics (MHD) simulations [64], the PMF induces baryon
inhomogeneities (clumping) on scales below the photon
mean free path, enhancing the process of recombination
and making it complete at an earlier time. This lowers the
sound horizon at last scattering r⋆ that sets the locations of
the acoustic peaks in the CMB anisotropy spectra, mea-
sured with an exquisite precision by Planck [65] and other
experiments [e.g., [66–68]]. Consequently, this mechanism
provides the tightest bounds on the PMF from the CMB,
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capable of probing fields of ∼0.01–0.05 nano-Gauss (nG)
post-recombination strength [64], well below the ∼nG
upper bounds based on other CMB signatures [58]. As
one is entering uncharted terrain in terms of the field
strength, there is an actual possibility of detecting the PMF.
In fact, the magnetically assisted recombination was
recently shown [69] to be a promising way of alleviating
the Hubble tension, discussed further below. This requires a
comoving pre-recombination field strength of ∼0.05 nG,
which happens to be of the right order to naturally explain
all the observed galactic, cluster and extragalactic fields.
The Hubble tension refers to the discrepancy between the

value of the Hubble constant H0 determined by fitting the
ΛCDM model to CMB data and H0 determined directly
from the slope of the Hubble diagram. The statistical
significance of the tension is primarily driven by the
difference between the measurement of H0 ¼ 73.2�
1.3 km=s=Mpc [70] (and more recently [71]) using
Cepheid calibrated supernova and the Planck best-fit
ΛCDM value of H0 ¼ 67.36� 0.54 km=s=Mpc [72].
Other independent measurements tend to reenforce the
tension, with a general trend that all measurements that
do not rely on a model of recombination give H0 in the
69–73 km/s/Mpc range [73–78], while estimates based on
the standard treatment of recombination are robustly around
67–68 km/s/Mpc [79–82]. This might point to a missing
ingredient in the model of recombination. As lowering r⋆ is
what one needs to bring the two groups of measurements
closer, the magnetically induced baryon clumping could turn
out to be that missing piece of the puzzle.
Adding baryon clumping to the ΛCDMmodel creates an

approximate degeneracy between the clumping amplitude
parameter b and the inferred Hubble constant. Whereas the
Planck data by itself prefers zero clumping, the inclusion of
the local H0 measurements as a prior result in a 3–4σ
detection of b, while still providing a good fit to Planck and
with other cosmological parameters hardly changed from
that of the best-fit ΛCDMmodel. Reducing r⋆, while being
a prerequisite for resolving the H0 discrepancy, is not
necessarily sufficient by itself, as there is much more
information in the CMB temperature and polarization
spectra than the locations of the acoustic peaks [83]. In
particular, the Silk damping and the overall amplitude of
polarization are sensitive to modifications of recombination
history, along with the balance of power between the small
and large scale polarization anisotropies [84]. In this light,
it is perhaps remarkable that baryon clumping provides an
acceptable fit to the Planck data with H0 ∼ 70 km=s=Mpc
[69]. In fact, it is not the worsening of the CMB fit, but
preserving the agreement with the baryon acoustic oscil-
lations (BAO) data that prevents achieving an even higher
value ofH0 in this model, which is a general problem for all
solutions of the H0 tension based on lowering r⋆ [85]
(although more extended models might elude these con-
straints, see e.g., [86]). As a byproduct, baryon clumping

also slightly relieves the σ8 tension, a ∼2–3σ difference
between the values of matter fluctuation amplitude and
matter density inferred from weak lensing surveys and
CMB constraints within the ΛCDM model [87,88].
The aim of this paper is to examine the impact of baryon

clumping on CMB polarization, focusing on the potentially
distinguishing signatures on small angular scales. The
small scale temperature and polarization anisotropy spectra
were recently measured from the Atacama Cosmology
Telescope fourth data release (ACT DR4) [68] and the
South Pole Telescope Third Generation (SPT-3G) 2018
data [67], and are expected to become more accurate after
the release of the Advanced ACTpol [89] and SPT-3G full
survey [90] data and with future data from the Simons
Observatory (SO) [91] and CMB-Stage 4 (CMB-S4) [92].
Very recently, [93] have performed a similar study, using,
however, only the combination of Planck andACTDR4data.
They conclude that the addition of ACTDR4 strengthens the
constraints on clumping compared to Planck alone. Another
very recent study [94] used the Planck data to constrain
small-scale isocurvature baryon perturbations, with the
conclusion that they cannot alleviate the Hubble tension.
Their results, however, are based on linear perturbation
theory and do not apply to the nonlinear baryon clumping
induced by PMFs. Furthermore, even mildly nonlinear
isocurvature fluctuations would be strongly constrained by
the Big BangNucleosynthesis (BBN) [95]. To the best of our
knowledge, there are no other scenarios leading to nonlinear,
space-filling density fluctuations before recombinationwith-
out violating the BBN constraints [69]. While this paper was
in its final editing stages, [96] also reported constraints on
clumping from Planck and forecasts for future experiments,
using, however, a model with more degrees of freedom
compared to ours and not including the ACT DR4 and SPT-
3G 2018 data. Here, instead, we calculate and examine in
detail the constraints from the latest ACT and SPT datasets,
alone and in combination with Planck. We test their con-
sistency and robustness against systematic effects, and
combine them with other datasets such as the eBOSS
DR16 BAO compilation from [82] and the Pantheon super-
novae (SN) sample [97]. To sample the posterior distribu-
tions of cosmological datasets we use the CosmoMC code
[98], while we calculate the evolution of the recombination
history through RECFAST [99].
The rest of the paper is organized as follows. Section II

briefly reviews the physics of baryon clumping induced by
PMFs and its impact on recombination and CMB polarization
signatures that can help distinguish between ΛCDM and
ΛCDMþb. InSec. IIIwederive constraints on theΛCDMþb
model from Planck, ACT DR4 and SPT-3G 2018, and
examine the consistency between them investigating the
impact of possible systematic effects. In Sec. IV we provide
joint constraints from CMB, BAO, and SN data. Forecasts of
constraints on clumping from SPT-3G, SO and CMB-S4 are
given in Sec. V. We conclude with a discussion in Sec. VI.
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II. RECOMBINATION WITH MAGNETIC FIELDS
AND THE IMPACT ON THE CMB ANISOTROPIES

We start this section with a review of the physical
mechanism behind the magnetically sourced baryon clump-
ing, and the subsequent effect on recombination and the
CMB anisotropies.

A. Recombination with primordial magnetic fields

A PMF can be generated either during cosmic phase
transitions or during inflation. The resultant field is
stochastic, but statistically homogeneous and isotropic.
The PMF generated in phase transitions would have a
very blue spectrum, whereas the simplest inflationary
magnetogenesis models predict a scale-invariant PMF.
For details on their evolution well before recombination
we refer the reader to [100].
PMFs generate baryonic density fluctuations on small

scales before recombination. These scales, e.g., ∼1 kpc for
a field of ∼0.1 nG,1 are well below the photon mean free
path, lγ ∼ 1 Mpc. The electron-baryon fluid is initially at
rest and uniform. The magnetic stress term in the Euler
equation, ∝ B⃗ × ð∇ × B⃗Þ, induces fluid motions in the
plasma, which, via the continuity equation, lead to density
fluctuations. The amplitude of the density fluctuations is
limited by the backreaction of the fluid due to pressure
gradients. A simple analytic estimate made in [52] showed
that the amplitude of baryonic density fluctuations follows

δρb
ρb

≃min

�
1;

�
cA
cb

�
2
�
; ð1Þ

where cA ¼ B=
ffiffiffiffiffiffiffiffiffiffi
4πρb

p
is the Alfven speed, with B being the

magnetic field strength, and cb is the baryonic speed of
sound, excluding contributions from photons as they are
free-streaming on small scales. Since, at recombination,
cA ¼ 4.34 km=sðB=0.03 nGÞ and cb ¼ 6.33 km=s, even
fairly weak fields may generate order unity density fluctua-
tions on small scales. This simple estimate has subsequently
been confirmed by full numerical simulations [64].
It is important to note that density fluctuations can not

exceed unity by much, as the source of the density
fluctuations, the PMF, dissipates at some point. Along
with the PMF, the produced density fluctuations dissipate
as well. But, since all PMFs are described by a continuous
spectrum, when the PMF and density fluctuations dissipate
on a particular scale, density fluctuations are generated on a
somewhat larger scale, where the PMF has not had enough
time to dissipate. It is thus unavoidable to have a clumpy
baryon fluid shorty before recombination, if a PMF is
present. The amplitude of the clumpiness is unknown, as it
is determined by the unknown PMF strength. Since the
phase transition generated PMFs have a blue spectrum,

with most of the power concentrated near the dissipation
scale, they shed a significant fraction of their power with
each e-fold of expansion, as the peak of the spectrum
moves to larger scales. Consequently, they produce larger
density fluctuations some time before recombination than
immediately before recombination. This is not the case for
the scale-invariant PMF.
The magnetically induced inhomogeneities are on scales

much too small (i.e., l ∼ 106–107) to be observed directly
in the CMB spectrum. However, the baryon clumping
has an indirect effect on the CMB anisotropies. As the
recombination rate is proportional to the square of the
electron density ne, and since, generally, the spatial average
hn2ei > hnei2 in a clumpy Universe, the recombination rate
is enhanced compared to that in ΛCDM, so that recombi-
nation occurs earlier. This, in turn, reduces the sound
horizon r⋆ at last scattering, the ingredient that many
propositions to solve the Hubble tension employ. There is a
further, more subtle, effect of the PMF generated baryon
clumping on recombination. Local peculiar velocity gra-
dients induced by the PMF influence the local Lyman-α
escape rate, with expanding (contracting) regions having a
higher (lower) Lyman-α escape rate due to redshifting
(blueshifting) [94,101,102].
The evolution of the cosmic electron density depends on

the full shape of the baryon density probability distribution
function (PDF), and not only on its second moment,
referred to as the clumping factor

b≡
�hρ2bi − hρbi2

hρbi2
�
: ð2Þ

The shape of the baryon density PDF is currently unknown,
and neither is its evolution before recombination.
Furthermore, the statistics of peculiar flows is not known.
In the absence of detailed compressible numerical MHD
simulations, which would reveal the PDF and peculiar
velocity statistics, Refs [52,69] proposed a simple three-
zone toy model to estimate the effects of clumping on the
CMB anisotropies. This model computes the average
ionization fraction over three different regions occupying
volume fractions fiV and having densities ρib ¼ hρbiΔi,
where hρbi is the average baryon density. Here, somewhat
arbitrarily for the model M1, the values Δ1 ¼ 0.1,
f2V ¼ 1=3, and Δ2 ¼ 1 are chosen, with the remaining
parameters determined by the constraint equations

X3
i¼1

fiV ¼ 1;
X3
i¼1

fiVΔi ¼ 1;
X3
i¼1

fiVΔ2
i ¼ 1þb: ð3Þ

Modifications to the Lyman-α escape rate are neglected.
We will follow this method here, but alert the reader to the
fact that details of the PDF and its evolution, as well as a
modified Lyman-α escape rate, could have an impact on our
conclusions regarding the effects of PMF on the CMB.1All cited length scales and field strengths are comoving.
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The current paper rather constrains static baryon clumping
as a toy model.

B. The impact on CMB anisotropies

As discussed previously, baryon clumping facilitates
recombination, shifting the peak of the visibility function
to an earlier epoch. Along with a smaller r⋆, this means that
CMB polarization is produced earlier, at a somewhat higher
value of the speed of sound cS. As the amplitude of
polarization is set by the temperature quadrupole, which is
derived from the dipole, which in turn is set by the time
derivative of the monopole being proportional to cS [84],
one generally expects to have a higher polarization ampli-
tude with clumping. More importantly, clumping has a
broadening effect on the visibility function, due to over-
dense baryon pockets recombining earlier and underdense
baryon pockets recombining later. The broadening also
tends to enhance polarization, because of the longer period
of time during which polarization can be generated.
These effects can be seen in Fig. 1, which compares the

visibility functions2 in the ΛCDM model, an unrealistic
model in which b ¼ 2 with all other parameters kept the
same, and the ΛCDMþ b model that best fits the combi-
nation of Planck and the SH0ES prior on H0. The broad-
ening effect is apparent from the lower peak, since the
plotted visibility function is normalized to integrate to
unity. This is in contrast to the implicit statement in [93]
that the visibility function is narrower in clumping models.
We note that, while the general trends in the visibility

function are common to all clumping models, the quanti-
tative details are dependent on the shape and the evolution
of the baryon density PDF. The visibility functions shown
in Fig. 1 correspond to the particular case of the M1 model,
first introduced in [52]. A second PDF guess, M2, was
considered in [69], to demonstrate the model dependence of
the results. Because M1 is the more promising of the two
for relieving the Hubble tension, all our quantitative results
are based on M1.
Another change compared to ΛCDM is a modification

of the Silk damping scale rD. There are three competing
effects: rD decreases due to an earlier recombination,
increases due to a smaller electron density before recombi-
nation caused by an earlier broad helium recombination,
and increases due to the broadening of the visibility
function. Note that much of the Silk damping actually
occurs right at recombination, where the visibility function
is of order unity, such that details of the visibility function
matter. The first effect, by itself, would reduce the Silk
damping, pushing the onset of the damping tail to higher l.

The second and third effects, however, are also important
and are opposite to the first. The balance between them is
model-dependent and varies with the clumping factor. In
M1, with parameters that fit the data, there is less Silk
damping. But in the best-fit M2 model, the Silk damping is

FIG. 1. Impact of baryon clumping on the CMB visibility
function in units of redshift. We show the Planck ΛCDM best-fit
(solid red line), the case where all cosmological parameters are set
to the best-fit ΛCDM and the amplitude of clumping is set to
b ¼ 2 (solid orange line), and the ΛCDMþ b Planckþ SH0ES
best-fit model (dotted blue line). Clumping shifts the peak of the
visibility function to earlier times, and increases its width.

FIG. 2. Impact of baryon clumping on CMB power spectra. The
relative difference between the Planck best-fit ΛCDM and the
M1 model best-fit to Planckþ SH0ES (blue dashed line) and
Planckþ BAO þ SNþ SH0ES (orange solid line). In the case of
TE, to avoid divisions by zero, we compute ðCl − CΛCDM

l Þ=Cref
l ,

where Cref
l is the absolute value of CΛCDM

l convolved with a
Gaussian of width σl ¼ 100 centred at l. Baryon clumping
leaves signatures in the small-scale anisotropies of the temper-
ature and polarization spectra.

2The visibility function in Fig. 1, gðzÞ, is the probability
density distribution with respect to redshift, i.e., dP ¼ gðzÞdz.
We checked that we obtain a similar impact of baryon clumping
on the visibility function when it is defined with respect to
conformal time η instead of z, gðηÞ ¼ gðzÞdz=dη.
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virtually identical to that in the best-fit ΛCDM. In M1, at
(observationally disallowed) high values of b, the Silk
damping is actually enhanced (see also [96] for the
evolution of the damping scale as a function of b in a
different PMF model from the one used here). It should be
noted that clumping evolution, which is unknown at
present, is yet another source of uncertainty. If clumping
was stronger at z ∼ 3000, then helium recombination could
be the dominant effect, inducing more Silk damping.
Figure 2 compares the CMB spectra in the Planck best-fit

ΛCDM to those in the M1 model that best fits the
combinations of Planckþ SH0ES and Planckþ BAOþ
SNþ SH0ES. We see that the temperature (TT), polar-
isation (EE), and temperature cross polarisation (TE) power
spectra are enhanced at high l due to reduced Silk damping
(this happens in a region of multipoles where TE is mostly
negative, i.e., there is an anticorrelation between T and E,
hence, for TE, the enhancement translates into a more
negative signal). At l≲ 20, the polarization is reduced,
which is due to the lower best fit value of the optical depth
τ. This indicates that high resolution CMB measurements
could be a key discriminant in constraining the magneti-
cally sourced recombination.

III. CONSTRAINING CLUMPING
WITH PLANCK, ACT AND SPT-3G

As discussed earlier, high resolution CMB temperature
and polarization measurements play an important role in
constraining the baryon clumping. Hence, it is interesting
to investigate the implications of the new data from the
ACT and SPT collaborations for this scenario. In what
follows, we compare and examine the constraints on
clumping from Planck, ACT DR4 and SPT-3G 2018, in
some detail, including performing tests on simulated data,
with the aim of revealing the underlying causes of any
differences between them. The datasets we consider are:

(i) Planck: we use the 2018 final release of the Planck
data [65]. At large angular scales, in temperature we
use the TT Commander likelihood (l ¼ 2–29),
while in polarization we use SimAll (l ¼ 2–29,
EE only). For high multipoles, we use the Plik
likelihood in TT (l ¼ 30–2508), TE and EE
(l ¼ 30–1997 in EE and TE). Finally, we use the
Planck lensing reconstruction likelihood;

(ii) SPT-3G 2018: we use the first release of the SPT-3G
data described in [67]. This features EE and TE band
powers at l ¼ 300–3000, obtained from observa-
tions of 1500 deg2 taken over four months in 2018
(half of a typical observing season) at three fre-
quency bands centered on 95, 150, and 220 GHz.
Only about half of the detectors were operable
during these observations;

(iii) ACT DR4: we use the fourth release of the ACT data
as included in the frequency-combined, CMB-only
ACTPollite likelihood [68,81], in TT TE EE. These

are based on ACTpol observations taken in 2013–
2016 of 6000 deg2 of the sky at 98 and 150 Ghz, as
well as the ACT DR2 observations in intensity
described in [103];

When using the ACT DR4 and SPT-3G 2018 likelihoods
alone, we use a Gaussian prior on the optical depth to
reionization of τ ¼ 0.0543� 0.0073, following [72]. When
sampling the ΛCDMþ b model, we set a uniform prior on
clumping with 0 ≤ b ≤ 2. Note that since b is weakly
constrained in many of the cases considered in the
following, a different choice of priors (e.g., a log-uniform
one) could have an impact on results. However, we reckon
that this choice would not change the qualitative conclu-
sions of this paper.

A. Separate Planck, ACT and SPT constraints

Figures 3 and 4 compare the constraints on the ΛCDMþ
b model obtained separately from Planck, ACT DR4 and
SPT-3G 2018, also reported in Table I. We highlight three
results from these comparisons. First, one can see that the
ACT DR4 constraint on b is much stronger compared to the
one from SPT-3G 2018. This is interesting, since for other
models, such as ΛCDM and its extensions considered in
[81,104], the constraints from the two experiments are
comparable.3 Second, ACT DR4 prefers low values of ωb
and high values of ns, as already pointed out for the ΛCDM
model in [81]. Third, SPT-3G 2018 prefers values of b
different from zero, albeit with a low statistical significance
(less than 2σ). In what follows, we explore in depth the
source of these differences.

B. ACT

We first investigate the difference in constraining power
between ACT DR4 and SPT-3G 2018. The ACT DR4
likelihood includes temperature and polarization TT,TE,EE
spectra up to multipoles of lmax ¼ 4000. On the contrary,
the SPT-3G 2018 likelihood includes information from
only TE,EE at multipoles up to lmax ¼ 3000.4

To assess the expected difference in constraining power,
we produce synthetic band powers for ACT DR4 and SPT-
3G 2018 using the SPT-3G 2018 ΛCDM best-fit as a

3For example, within ΛCDM, the ACT constraints are stronger
than SPT’s only for ns and lnð1010AsÞ, by 30%. We find this is
due to the fact that ACT also includes the TT data, while SPT
does not.

4Note that comparing band power error bars to investigate the
constraining power of the two experiments can lead to wrong
conclusions. The band powers are correlated—mostly positively
correlated in case of ACT, while the SPT band powers feature
strong anti-correlations in adjacent bins. Furthermore, the ACT-
Pollite power spectrum error bars include uncertainties from
nuisance parameters, while those of SPT do not, since those
parameters are marginalized over at the parameter estimation
level.
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fiducial model.5 The simulated band powers are then
analyzed using the same likelihood and nuisance param-
eters as for the real data. The constraints on b from such
simulated datasets are shown in Fig. 5.
From these simulations, we see that the constraining

power of the ACT DR4 and SPT-3G 2018 TE,EE spectra is
practically equal.6 It is the addition of intensity information
in the full ACT data that helps to break degeneracies
between ns, Ase−2τ, and other parameters, which in turn
leads to a tighter constraint on b, as seen in Fig. 6.
However, the effect of removing TT from the real ACT

data is opposite to what is expected from simulations. In
particular, the ACT TE,EE constraint is stronger than that
from the full ACT likelihood with TT,TE,EE, as shown in
Fig. 4. We verified that cutting the ACT multipoles at
l > lmax ∼ 3000, as done for SPT-3G 2018, has a negli-
gible impact on the constraints.

As discussed in [81], there are inconsistencies between
the ACT and Planck results which might be solved by a
recalibration of the ACT TE spectra by ∼5%. While such a
recalibration is not justified by any known source of
systematics, we test how this would impact our results.
We thus modified the ACT likelihood in order to multiply
the TE theory spectra (both for the deep and the wide
survey) by a factor yTEp ¼ 1.05, while maintaining the

FIG. 3. Two-dimensional posterior distributions of the clump-
ing factor b and H0 in the ΛCDM þ b model for SPT-3G 2018
(yellow), ACT DR4 (blue), and Planck (red). From Planck and
ACT DR4 we infer best-fit values consistent with no clumping,
whereas the posterior for the SPT-3G 2018 data peaks at b larger
than one, albeit with low statistical significance.

FIG. 4. One-dimensional posterior distributions of cosmologi-
cal parameters in the ΛCDMþ b model. We show results for
SPT-3G 2018 (yellow), ACT DR4 (blue), and Planck (red). We
also show the impact of separately fitting ACT DR4 TE,EE
(dotted cyan) and ACT DR4 TT (dotted gray).

5The actpollite dr4 likelihood only has only one nuisance
parameter, the yp polarization calibration which multiplies the
theory spectra as, i.e., CTE

l ¼ ypC
th;TE
l , CEE

l ¼ y2pC
th;EE
l . In the

fiducial model for the synthetic band powers, we set yp ¼ 1. On
the other hand, the SPT-3G 2018 likelihood has several nuisance
parameters, which we set to the best-fit values of the ΛCDM
model in the simulations.

6We modified the actpollite dr4 likelihood in order to use the
combination of TE,EE without TT. When using TE,EE from
ACT, we set a Gaussian prior of yp ¼ 1� 0.01, in line with the
Oð1%Þ calibration prior in the SPT likelihood.
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baseline yp polarization calibration parameter for the EE
spectra with a Gaussian prior of yp ¼ 1� 0.005. We find
that, indeed, such a recalibration can weaken the constraint
on b from ACT TE,EE by about 30%, from b < 1.0 (ACT
TE,EE) to b < 1.3 (ACT TE,EE, yTEp ¼ 1.05) at 95% c.l.,
as shown in Fig. 7. However, the constraint is still stronger
than the one expected from simulations by about a factor

of 2, indicating that such a recalibration could only partially
account for the difference between the two. On the other
hand, the recalibration shifts ns and ωb constraints towards
better agreement with Planck, similar to the ΛCDM case
explored in [81].
Interestingly, the overall ACT TT,TE,EE constraint is in

good agreement with expectations, as shown in Fig. 5. Also
in this case, we verify the impact of a recalibration of TE.
We either place a uniform prior on yTEp , or set it to
yTEp ¼ 1.05. We find that this weakens the 95% c.l. upper
limit on clumping by a smaller amount, from b < 0.96
(ACT TT,TE,EE) to b < 1.08 (yTEp ¼ 1.05) or b < 1.11
(free yTEp ), as shown in Fig. 7. Remarkably, the peak of the
posterior distribution of H0 is robust against these changes.
To summarize, the ACT DR4 constraints on b are

expected to be stronger than those from SPT-3G 2018
because the ACT TT information helps to break degener-
acies between b and other cosmological parameters.
Simulations show that ACT TE,EE and SPT TE,EE should
have equivalent power to constrain b. However, the con-
straints based on the real ACT data behave curiously when
TT is excised, with the bounds on clumping becoming
tighter when only TE,EE are used. While we find that a TE
recalibration can impact the b constraints, the ACT TE,EE
results remain somewhat stronger than what is expected
from simulations. At present it is thus unclear whether
this is due to a statistical fluctuation or a systematic effect.
Overall, the full ACT TT,TE,EE constraint is in good
agreement with expectations.

C. SPT

Next, we investigate the preference by SPT-3G 2018
for high values of b. The difference in the best-fit χ2 with
respect to ΛCDM is only Δ2

χ ¼ 1.7, thus making this

TABLE I. Constraints on the clumping b (at 95% c.l.) and on
H0 (at 68% c.l.) from current CMB data. We note that our
adopted prior of b < 2 significantly impacts the SPT-3G 2018
constraints on b and H0. Without this prior, SPT-3G 2018 would
allow much higher values.

Planck
SPT-3G
2018

ACT
DR4

Planck
þSPT-3G 2018

Planck
þACT DR4

b <0.51 <2 <1.2 <0.54 <0.31
H0 68.5þ0.74

−1.1 73.4þ2.4
−2.0 69.3þ1.7

−2.1 68.7þ0.76
−1.0 68.1þ0.63

−0.74

TABLE II. Consistency between Planck, ACT and SPT. We
evaluate the PTE for the ΛCDM or ΛCDMþ bmodels including
ωb, ωc, θ�, ns, Ase−2τ (and b), and report in parenthesis the
deviation in units of Gaussian σ.

ΛCDM ΛCDMþ b

Planck, SPT-3G 2018 12%þ ð1.2σÞ 6%þ ð1.8σÞ
Planck, ACT DR4 0.5%þ ð2.7σÞ 1.5%þ ð2.4σÞ
SPT-3G 2018, ACT DR4 0.5%þ ð2.7σÞ 0.8%þ ð2.6σÞ

FIG. 5. Constraints on b from simulated (dashed) and real
(solid) data for SPT-3G 2018 (yellow) and ACT DR4 (blue). For
ACT, we also show the results for TE,EE (cyan) and TT (gray).
According to simulations, the tight constraint on b from ACT is
due to the combination of TT and TE,EE. Excising the intensity
information, SPT-3G 2018 and ACT DR4 should have the same
constraining power on b. However, fluctuations in the real data
and the physical bound b > 0 make the ACT TE,EE data look
much more constraining than that from SPT.

FIG. 6. Two-dimensional posterior distributions for ns, the
amplitude of power spectra Ase−2τ and other cosmological
parameters for simulated ACT DR4 band powers in the
ΛCDMþ b model. The simulations assume a ΛCDM fiducial
model with b ¼ 0. The combination of TTand TE,EE helps to lift
degeneracies and to tighten the constraint on b.
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compatible with a statistical fluctuation. We find that this
deviation is possibly sourced by the same features in the
power spectra that also cause other deviations from ΛCDM
in the SPT results, at a comparable low statistical signifi-
cance. In particular, [104] reports a high number of
relativistic species Neff and low Helium abundance YHE
compared to the ΛCDM expectation, when these are fit
simultaneously. We find that the SPT-3G 2018 best-fit
power spectra for the ΛCDMþb and ΛCDMþNeff þYHE
share key features, as shown in Fig. 8. We cross-checked
that for ΛCDMþ bþ Neff þ YHE, the deviations with
respect to ΛCDM of all three parameters indeed decrease,
confirming the connection between the two models.
However, we remind the reader that the improvement in

Δχ2 for the two models is not statistically significant:
Δχ2 ¼ 1.7 and Δχ2 ¼ 2 for one and two additional degrees
of freedom for the ΛCDMþ b and ΛCDMþ Neff þ YHE
models, respectively.
Furthermore, [104] highlights a slight inconsistency in the

mean supersample lensing convergence κ̄ measured in the
SPT-3G sky patch. The expected ΛCDM value for this sky
region is 103κ̄ΛCDM ¼ 0� 0.45. The SPT-3G 2018 like-
lihood marginalizes over κ̄ with a Gaussian prior set by this
ΛCDM expectation, in order to break the large degeneracy
between κ̄ and the angular scale of sound horizon θ.
However, the combination of SPT-3G 2018 with Planck,

when placing a uniform prior on κ̄, yields 103κ̄SPT−3G ¼
1.6� 0.56. We have tested that using this constraint as a
prior on κ̄ instead of κ̄ΛCDM does not impact the SPT-3G
2018 results on b.

D. Consistency of Planck, ACT, and SPT

We assess the consistency of the three datasets by
comparing their results on cosmological parameters by
pairs. In particular, we calculate the parameter χ2p defined as
χ2p ¼ ΔT

pΣ−1Δp, where Δp is the difference in the margin-
alized posterior means obtained by two of the experiments
and Σ is the sum of their parameter covariance matrices. We
consider the fiveΛCDM parameters ωb, ωc, θ�,

7 ns, Ase−2τ,
together with b. We use the combined amplitude parameter,
Ase−2τ, since the separate As and τ constraints are correlated

FIG. 7. Impact of a recalibration of the ACT TE power spectra
yTEp on the ACT TT,TE,EE (blue) and ACT TE,EE (yellow)
results. We show the reference case yTEp ¼ 1 (solid), the case
where we fix yTEp ¼ 1.05 (dashed), and the case where we place a
uniform prior on yTEp (dotted). For the TE,EE cases, we set a prior
on the polarization calibration of yp ¼ 1.0� 0.01. For all cases
with yTEp ≠ 1, we adjust yp to only affect the EE spectra. A change
in the TE calibration weakens the constraints on b and shifts ns
(ωb) to lower (higher) values, towards the Planck results.

FIG. 8. Difference in best-fit models of the SPT-3G 2018 data
with respect to ΛCDM. We show the case of ΛCDMþ b (solid
red) and ΛCDM þ Neff þ YHE (dashed blue). The SPT-3G 2018
data residuals with respect to ΛCDM are shown in gray. The
ΛCDMþ b and ΛCDMþ Neff þ YHE models both fit similar
features in the SPT power spectra.

7θ� is the angular size of the sound horizon at last scattering.
This is different from the approximated parameter θMC, used in
COSMOMC to sample the parameter space, and which assumes a
ΛCDM recombination model.
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across the different experiments due to the common use of a
Planck-based prior on τ (see [105,106] for more details).
This procedure has a number of limitations, offering only
an approximated way of assessing consistency. First, it is
only valid for independent experiments. While the SPT-3G
2018 and ACT DR4 observed sky patches do not overlap
and are largely independent, and the SPT and Planck
correlations can be neglected, there is a correlation between
ACT and Planck in TT at l < 1800 [81]. Furthermore, this
procedure assumes that the parameter posterior distribu-
tions are Gaussian, so that χ2p can be approximated to have
a χ2 distribution, and this is of course not exactly true for
the cases considered. Despite these limitations, we judge
that this procedure is good enough to identify major
consistency issues between experiments.
Table II reports the probability to exceed (PTE) both for

the ΛCDM and the ΛCDMþ b models. We judge that
datasets with differences larger than 3 Gaussian σ (i.e., the
number of standard deviations equivalent to the reported PTE
for a Gaussian distribution) are not in sufficient agreement
to be combined. While we find a good agreement between
SPT and Planck, ACT is consistent with either of the two
experiments for both models but with large deviations, at the
level of 2 − 3σ in all cases. This is in agreement with the
findings of [81], who evaluated the consistency of ACT and
Planck for the ΛCDM model at the 2.7σ level. We conclude
that Planck, ACT DR4 and SPT-3G 2018 are consistent
enough to combine them together, although the ACT results
are more than 2σ away from the other two experiments.

E. Joint Planck, ACT and SPT constraints

Figure 9 and Table I show the constraints on b when the
Planck data are combined with ACT DR4 or SPT-3G 2018.
For ACT, we also show constraints from TE,EE and TT
separately combined with Planck. We find trends similar to
the ones found in Sec. III B. In particular, the combination
of Planckþ ACT provides a constraint on clumping,
b < 0.31 at 95% c.l., which is tighter than the one from
Planckþ SPT: b < 0.54 at 95% c.l.8

Excising the ACT TT information makes the constraint
from Planckþ ACT TE,EE stronger, as already found for
the case without Planck. This is in contrast with the results
of simulations (already described in Sec. III B),9 which
suggest that Planckþ ACT TE,EE and Planckþ SPT
should provide the same constraint b≲ 0.40 at 95% c.l.,

as shown in Fig. 9. Finally, we find that the combination of
Planckþ ACT TT fluctuates to values of b higher than zero
by ≲2σ, while from simulations we expect approximately
the same constraining power as for TE,EE.
We find that the slight preference by SPT for b larger

than zero presented in Sec. III C also manifests in the
combination with Planck, albeit with very low statistical
significance (less than one sigma), providing a constraint of
b < 0.54 at 95% c.l. Finally, the Planckþ ACT results are

FIG. 9. Constraints on b from the combination of Planck (red)
with ACT DR4 (blue) or SPT-3G 2018 (yellow). We also show
the cases for Planckþ ACT TE,EE (light blue) and Planckþ
ACT TT (gray). The solid lines represent results from the real
data, while the dashed ones are expectations from simulated band
powers assuming the ΛCDM model.

FIG. 10. Impact of systematics on the constraints on b from the
combination of Planck with SPT (yellow) or ACT (blue). Placing
a uniform prior on the mean lensing convergence for the SPT data
(dashed yellow) has a small impact with respect to the reference
case (solid). On the contrary, changing the yTEp calibration of the
ACT TE spectra to yTEp ¼ 1.05 (dotted) or placing a uniform prior
on it (dashed) weakens the constraints.

8We note that our constraint for Planckþ ACT is slightly more
stringent that the one reported by [93] for the same data
combination, b < 0.42. This might be due to small differences
in the implementation of the M1 model, or by the use of different
recombination codes, HyRec [107] in [93], RECFAST [99]
in ours.

9When simulating the combination of Planck plus ACTor SPT,
we use the ΛCDM Planck best-fit as a fiducial model for the ACT
and SPT simulated band powers, while we use the real data for
Planck.
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consistent with expectations and yield b < 0.31 (b < 0.39
95% c.l. from simulations).
Similarly to Sec. III B, we verify the impact of possible

systematics on the constraints, shown in Fig. 10. A 5%
change in the ACT yTEp calibration weakens the Planckþ
ACT constraint by ∼50%, to b < 0.45 at 95% c.l., pro-
ducing a smaller than 2σ preference for b > 0. Placing a
uniform prior on yTEp has a less dramatic effect, leading to
b < 0.38 at 95% c.l. and yTEp ¼ 1.029� 0.014, i.e., a 2σ
preference for a recalibration in TE. We note that in ΛCDM
we find a similar value, yTEp ¼ 1.025� 0.014, rather
pointing to a ∼3% recalibration preferred by the data
instead of the 5% suggested by [81].
Finally, for Planckþ SPT we find that placing a uniform

prior on the mean lensing convergence, κ̄, across the SPT-
3G footprint slightly shifts the peak of the b posterior
towards zero, though the upper limit does not change
appreciably (b < 0.48 at 95% confidence). There is no
significant change in the H0 constraint.

IV. THE OBSERVATIONAL STATUS OF THE
CLUMPING MODEL

Next, we combine the CMB data with the latest BAO, SN
and distance ladder measurements, to derive the most up to
date constraints on the ΛCDMþ b model. Specifically, we
use the eBOSS DR16 BAO compilation from [82] that
includes measurements at multiple redshifts from the sam-
ples of Luminous Red Galaxies, Emission Line Galaxies,
clustering quasars, and the Lyman-α forest [108–111], along
with the 6dF [112] and the SDSSDR7MGS [113] data.10We
find that the new DR16 BAO data does not make a notable
difference compared to the earlier DR12 release when it
comes to constraining clumping. For luminosity distances,
we use the Pantheon supernovae sample [97]. We also
examine constraints with and without the distance ladder
estimate of the Hubble constant by the SH0ES team
[70], implemented as a gaussian prior of H0 ¼ 73.2�
1.3 km=s=Mpc. We have explicitly checked that using the
SH0ES prior on the absolute SN magnitude, as opposed to a
gaussian prior on H0, makes no difference for the models
we studied. Also, unlike the analysis in [69], the SH0ES
prior in this work is not combined with the determinations
of H0 by the Megamaser Cosmology Project [73] and
H0LiCOW [74].
The left panel of Fig. 11 shows themarginalized posteriors

for the clumping factor b and H0 from Planck,
Planckþ BAOþ SN, Planckþ SPTþ BAOþ SN and
Planckþ ACTþ BAOþ SN. We see that Planck by itself
shows no preference for clumping, with a small increase

in the best-fitH0. Combining Planckwith either BAOþ SN,
ACT or SPT results in a marginal shift of the peaks
of the posteriors toward a nonzero b. In the case of the
BAOþ SN, it is due to the mild preference of the BAO data,
when analyzed in a recombination-model-independent way
[114,115], for a smaller value of the sound horizon at
decoupling, rdrag, and, hence, a larger H0, and the fact that
clumping reduces rdrag.
Adding SPT to the combination of Planckþ BAOþ SN

further increases the peak values of b and H0, while adding
ACT has the opposite effect, in line with our earlier results.
Adding ACT data results in a notable tightening of the
clumping posterior, lowering the upper bound on b. The
95% c.l. upper bounds on clumping from Planckþ SPTþ
BAOþ SN and Planckþ ACTþ BAOþ SN are b < 0.50
and b < 0.34, respectively, with additional parameter con-
straints provided in Table IV in the Appendix. For com-
pleteness, the mean parameter values and the 68% c.l.
uncertainties in the ΛCDM model for the same data
combinations are also provided in the Appendix (Table III).
The right panel of Fig. 11 shows the impact of adding the

SH0ES prior (H0) to the datasets shown in the left panel.
Fitting the ΛCDMþ b model to Planckþ H0 gives b ¼
0.48� 0.19 and H0 ¼ 70.32� 0.85 km=s=Mpc. Adding
the BAO and SN data results in b ¼ 0.40þ0.15

−0.19 and
H0 ¼ 69.68� 0.67 km=s=Mpc, a reduction that is gener-
ally expected for all models that aim to relieve the Hubble
tension by reducing the sound horizon [85]. Further combing
Planckþ BAOþ SNþ H0 with the SPT data slightly
increases the mean values, giving b ¼ 0.41þ0.14

−0.18 and
H0 ¼ 69.70� 0.63 km=s=Mpc. On the other hand, adding
ACT to Planckþ BAOþ SNþ H0 brings the clumping
down to b¼ 0.27þ0.11

−0.15 , with H0¼ 69.15�0.56 km=s=Mpc.
The global fit to Planckþ ACTþ STPþ BAOþ SNþ H0
gives b ¼ 0.31þ0.11

−0.15 and H0 ¼ 69.28� 0.56 km=s=Mpc,
while reducing the total χ2 by 5.5 compared to the
ΛCDM fit to the same data combination. Additional param-
eter constraints obtained with the SH0ES prior are presented
in Table V in the Appendix. The prior shifts the constraints
along the degeneracy axis in the b-H0 plane. This results in a
clear preference for a nonzero b for all data combinations,
though the significance of the clumping detection is reduced
from ∼3σ to ∼2σ when ACT data is included.
Table VI (see the Appendix) summarizes the best-fit χ2

values for the individual datasets in the LCDM and
ΛCDMþ b models. When comparing the ΛCDM fits to
those of ΛCDMþ b for the same data combinations, with
and without the SH0ES prior, we see that the χ2 of Planck
(plik), BAO and SN do not change significantly with a
nonzero clumping and a higher H0, while the SPT-3G χ2 is
reduced and the ACT χ2 is increased. This is consistent with
the mild tension between SPT-3G and ACT discussed
extensively in Sec. III.
We note that, in addition to helping to relieve the

Hubble tension, the ΛCDMþ b model also improves the

10The BAO data-analysis pipelines include the use of ΛCDM
templates which might introduce a bias when analysing the
ΛCDMþ b model. However, preliminary studies from [96]
suggest that the impact of b on the BAO templates might be
small enough to be ignored.
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agreement between the matter clustering amplitude (quan-
tified by the S8-Ωm values) in the Planck best-fit ΛCDM
model and that obtained by the galaxy weak lensing
surveys such as DES [88,116] and KiDS [87,117].
Figure 12 compares the S8-Ωm joint posteriors in the
Planckþ BAOþ SN best-fit ΛCDM model to those in
ΛCDMþ b with and without the ACT and SPT data,
together with the DES Y1 contours.11 The primary reason
for the lower S8 and Ωm values in the clumping mode is the
fact thatΩmh2 remains largely the same as inΛCDM, while
h is increased.
Summarizing the current status of the ΛCDMþ b

model, it is clear that it is limited in its ability to fully
resolve the Hubble tension, only allowing values of
H0 ≲ 70 km=s=Mpc. However, even if the H0 tension
was not fully relieved in this model, a clear detection of
clumping is interesting by itself as it would be a tantalizing
(albeit indirect) evidence of the PMF. Alternatively, a
nondetection of clumping would provide the tightest
constraint on the PMF strength.

V. FORECASTS

In this section, we forecast the constraints on the
ΛCDMþ b model for ongoing and future experiments.

FIG. 12. Joint constraints in the S8-Ωm plane from Planckþ
BAOþ SN in ΛCDM (orange), in ΛCDMþ b with a SH0ES-
based H0 prior (dark blue), and when adding SPT-3G 2018 and
ACT DR4 data to the latter (light blue). We also show the ΛCDM
based constraints from the DES Y1 data [116] in red. There is a
slight relief of the tension in ΛCDMþ b due to Ωmh2 remaining
largely the same as in the best-fit ΛCDM model, while h is
increased.

FIG. 11. Left panel: Constraints on the clumping factor b and H0 from Planck only (red), the combination of Planck with BAO and
SN data (orange), and with SPT-3G 2018 (dark blue) and ACT DR4 (light blue). The vertical gray band indicates the 2σ range of the
latestH0 measurement by the SH0ES team [70]. Adding the SPT-3G 2018 data to Planckþ BAOþ SN relaxes the 95% c.l. bound on b
from 0.43 to 0.50, while adding the ACT DR4 data tightens it to b < 0.34. Right panel: Same as the left panel, but now including the
SH0ES result as a prior on H0. With the H0 prior, all data combinations show a clear preference for clumping, but the detection
significance is reduced from ∼3σ to ∼2σ when the ACT DR4 data is included.

11The DES Y3 data [88] are in slightly better agreement with
Planck due to a higher Ωm. However the DES-Y3 likelihood was
not yet available at the time of completion of this paper.
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We consider three experimental configurations: the full
SPT-3G survey [90], SO [118] and CMB-S4, a next-
generation ground-based CMB experiment [119]. In all three
cases, we consider the combination of the lensed TT,TE,EE
power spectra, while setting a Gaussian prior on the optical
depth to reionization of σðτÞ ¼ 0.007, and do not include the
reconstructed CMB lensing spectra. We assume the ΛCDM
Planck best-fit, with b ¼ 0, as our fiducial model.

A. Experiments

SPT-3G. The constraints showed in the previous sections
are derived from the SPT-3G TE,EE spectra observed in
2018. This data was collected from only half of a typical
observing season, during which half of the detectors were
operable. For the forecast presented in this section, we
consider five observation seasons (2019–2023 included),
which will use all ∼16; 000 detectors on the main survey
field (∼1500 deg2, fsky ∼ 0.03). We include three fre-
quency bands, 95, 150, and 220 GHz, in both intensity
and polarization, with beam full-width half-maximum
(FWHM) of 1.7, 1.2, and 1.1 arcminutes (arcmin), respec-
tively, and projected white noise levels in temperature
of 3.0, 2.2, and 8.8 μK-arcmin (a factor of

ffiffiffi
2

p
higher in

polarization) [90,120]. The noise curves also include the
atmospheric 1=f noise and account for foreground resid-
uals. The multipole range considered is l ¼ 100–5000.
SO is a CMB experiment being built in the Atacama

desert in Chile. We use the noise curves for the large-
aperture (LAT) 6-m telescope described in [118], which
will observe 40% of the sky (fsky ∼ 0.4) in six frequency
bands at 27, 39, 93, 145, 225 and 280 GHz. We consider
both the baseline and goal sensitivity levels, which corre-
spond to white noise levels in intensity of 8, 10, and
22 μK-arcmin or 5.8, 6.3, 15 μK-arcmin at the CMB
frequencies of 93, 145 and 225 GHz (a factor of

ffiffiffi
2

p
higher in polarization), with the beam FWHM of 2.2, 1.4,
and 1.0 arcmin, respectively. The noise curves include
contributions from the atmospheric 1=f noise and fore-
ground uncertainties from component separation (we use
the “Deproj-0” configuration from [121], described in
[118]), but also make use of Planck data at large angular
scales. The multipole range considered is l ¼ 40–5000.
CMB-S4 is a next-generation ground-based CMB experi-

ment. It will be located in the Atacama desert in Chile and
at the South Pole [119], for a wide and a deep area survey,
respectively. It will cover frequencies from 20 to 270 GHz.
At the main CMB frequencies 93, 145 and 225 GHz, it
will feature white noise levels in intensity of 1.5, 1.5,
4.8 μK-arcmin, with beam FWHMs of 2.2, 1.4, 1.0 arcmin
respectively. We forecast the constraints of the wide
survey from Chile, using the noise curves from [122],
which combine information from all frequencies using
an internal linear combination method. Similarly to the SO
forecasts, that include the 1/f atmospheric noise and residual
uncertainties from component separation. We assume

fsky ¼ 0.42, which excludes the area covering the galaxy
in the wide survey.
For joint constraintswith Planckwe regard the SPTdata as

independent. Due to the small survey footprint of the ground-
based survey, we expect correlations to be negligible. When
combining Planck with SO or CMB-S4 data, we consider
Planck data in intensity and polarization at l ¼ 30–2500
covering only the 30% of the sky which will not be observed
by the ground based experiments. Additionally, we use the
full Planck data in TT at l < 30, while we do not include
polarization at large scales assuming that the information is
already contained in the prior we set on τ.

B. Results

Figure 13 shows the results of the forecasts (“FC” in the
figures) for SPT-3G, SO (which includes some Planck data
at large multipoles) and CMB-S4. For SPT-3G, we also
show the case where we combine with Planck data. We
verified that for SO and CMB-S4 adding Planck data does
not change the constraints. We forecast that the full SPT-3G
survey will improve the upper limit on b by 50% compared
to Planck, and, in combination with it, by more than a factor
of 2.7. The future generation of CMB experiments will
improve the Planck limits by a factor of 5.9 for SO goal (we
find no appreciable difference using SO baseline) and 7.8

FIG. 13. Forecasts for b and H0 for the full SPT-3G survey
(green) and its combination with Planck (blue), for SO (light
blue) and CMB-S4 (yellow), assuming a ΛCDM model as a
fiducial. We show the real Planck results (red) as a reference.
Future CMB experiments alone will be able to rule out the
best-fit of Planckþ ACT þ SPTþ BAOþ SNþ SH0ES in the
ΛCDMþ b model (gray dotted lines and the cross), i.e.,
representing the current ability of the clumping model to relieve
the Hubble tension. Conversely, they will be able to detect such a
clumping amplitude with some level of confidence.
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for CMB-S4. We report full results for ΛCDMþ b and
ΛCDM in Tables VII and VIII in the Appendix, respec-
tively. We note that, while for SPT-3G the constraints onH0

will still weaken by about a factor of 2 in the ΛCDMþ b
model with respect to ΛCDM, the sensitivity of CMB-S4
will break degeneracies sufficiently, so that constraints on
H0 and other parameters degrade by < 10% when adding
baryon-clumping to ΛCDM. In other words, future experi-
ments, such as SO or CMB-S4, will have enough con-
straining power by themselves to either detect or rule out
the values of clumping currently required to alleviate the
Hubble tension. Taking the Planckþ ACTþ SPTþ
BAOþ SNþ SH0ES best-fit value of clumping presented
in Sec. IV, b ¼ 0.31 (also shown as a gray cross in Fig. 13),
PlanckþSPT-3G, SO and CMB-S4 will be able to either
detect or rule out this value at the 3.5, 7.5, 9.7σ level,
respectively. We note that a clumping value of b ¼ 0.31
approximately corresponds to a pre-recombination comov-
ing field strength of B ≈ 0.09 nG [64].12 The most stringent
limit on clumping, forecasted for the CMB-S4 experiment,
could constrain the pre-recombination PMF field strength
to B < 0.04 nG at the 95% c.l.13

VI. CONCLUSIONS

Primordial magnetic fields, generated early in the history
of the Universe, have long been considered as a way of
explaining the observed galactic, cluster and intergalactic
fields. The evidence for them has grown in recent years,
with the blazar observations [123–125] and the discovery
of magnetized filaments of cosmological extent [126].
While there is no firm theoretical prediction for the
expected field strength, a pre-recombination PMF of
∼0.05 nG comoving strength would simultaneously
explain all observed magnetic fields. It is, therefore, quite
intriguing that a PMF of the same strength could also help
to relieve the Hubble tension. Indeed, the latter points at a
missing ingredient in the physics of the Universe at the time
of recombination, and many extensions of ΛCDM were
proposed to help resolve the tension (see e.g., [127]). The
baryon clumping induced by the PMF could be that
ingredient, with no need to alter ΛCDM.
With no new physics to invent, the PMF sourced

clumping is a highly falsifiable proposal. Future CMB
experiments, probing temperature and polarization

anisotropies at higher resolution, will be able to conclu-
sively confirm or rule it out. There is still uncertainty about
the shape and evolution of the baryon PDF. Obtaining it
would require numerical simulations of compressible
MHD, which is a challenging, but not impossible, task.
Hence, one can fully expect the baryon PDF to be known in
due course. Until then, we used a simple model (M1) of
clumping, introduced in [52], to derive the constraints on
the clumping parameter b from the current data, including
the recently published CMB data by ACTDR4 and SPT-3G
2018. We found that the two are in mild tension when it
comes to b, with ACT tightening the Planck bound, and
SPT weakly preferring nonzero clumping.
We have investigated potential sources of the difference

in constraints. For the ACT data, they appear in part related
to the amplitude of the TE spectrum, which has also been
shown to cause tension with Planck data within the ΛCDM
model. Overall, we find that ACT and Planck are in 2.4σ
tension in ΛCDMþ b compared to 2.7σ in ΛCDM, while
SPT and ACT are in 2.6 and 2.7σ tension in ΛCDM and
ΛCDMþ b, respectively.
Our forecast shows that future high resolution CMB

temperature measurements, such as the full-survey SPT-3G
data, Simons Observatory, and CMB-S4, will provide a
stringent test of this scenario, with the latter capable of
constraining b down to 0.065 at 95% c.l. This corresponds
to a pre-recombination PMF strength of ∼0.04 nG, which
would be the tightest constraint on a PMF.
Baryon clumping, like any othermodel that aims to reduce

the Hubble tension by lowering the sound speed at recombi-
nation, can only raise the value ofH0 up to∼70 km=s=Mpc,
which is still ∼2σ lower than the SH0ES measurement. The
distance ladder measurements of the Hubble constant may
still change. However, even if baryon clumping did not fully
resolve the Hubble tension, a conclusive detection of
evidence for a PMF would be a major discovery in its
own right, opening a new observational window into the
processes that happened in the very early Universe.
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APPENDIX: ADDITIONAL TABLES

We present our full results in the following tables. We
report the constraints on cosmological parameters from the
Planckþ BAOþ SN data with the addition of SPT-3G

2018 and ACT DR4. In Table III we show results for the
ΛCDM model, whereas we focus on ΛCDMþ b in
Tables IV and V without and with a SH0ES-based prior
on H0, respectively. Table VI shows the best-fit χ2 values
for the models and data combinations considered in Sec. IV.
Finally, we present forecast parameter constraints for the
ΛCDMþ b and ΛCDM model in Tables VIII and VIII,
respectively.

TABLE III. Mean parameter values and 68% c.l. uncertainties in ΛCDM for Planckþ BAOþ SN and with the
addition of the SPT-3G 2018 and ACT DR4 datasets.

ΛCDM Planckþ BAOþ SN

þSPT-3G 2018 þACT DR4 þSPT-3G 2018 þACT DR4

Ωbh2 0.02243þ 0.00013 0.02245þ 0.00012 0.02240þ 0.00012 0.02242þ 0.00011
Ωch2 0.11920þ 0.00090 0.11893þ 0.00086 0.11920þ 0.00085 0.11898þ 0.00085
100θMC 1.04101þ 0.00029 1.04079þ 0.00027 1.04115þ 0.00027 1.04094þ 0.00025
τ 0.0565þ 0.0071 0.0563þ 0.0070 0.0554þ 0.0070 0.0553þ 0.0069
lnð1010AsÞ 3.047þ 0.014 3.045þ 0.014 3.052þ 0.014 3.050þ 0.013
ns 0.9671þ 0.0036 0.9679þ 0.0036 0.9693þ 0.0034 0.9699þ 0.0033
H0 67.72þ 0.40 67.76þ 0.38 67.74þ 0.38 67.77þ 0.37
Ωm 0.3103þ 0.0054 0.3094þ 0.0051 0.3100þ 0.0051 0.3093þ 0.0050
σ8 0.8101þ 0.0059 0.8084þ 0.0057 0.8132þ 0.0057 0.8113þ 0.0055
S8 0.824þ 0.010 0.8209þ 0.0096 0.8267þ 0.0099 0.8238þ 0.0095
r⋆ 144.59þ 0.21 144.65þ 0.21 144.62þ 0.21 144.66þ 0.21

TABLE IV. Mean parameter values and along with the 68% c.l. uncertainties in the ΛCDMþ b model for
Planckþ BAOþ SN and with the addition of the SPT-3G 2018 and ACT DR4 datasets. The 95% c.l. limits on the
clumping factor b are given in parentheses.

ΛCDMþ b Planckþ BAOþ SN

þSPT-3G 2018 þACT DR4 þSPT-3G 2018 þACT DR4

b <0.231ð0.434Þ 0.232þ0.087
−0.19 ð0.497Þ 0.145þ0.033

−0.14 ð0.336Þ 0.175þ0.063
−0.15 ð0.378Þ

Ωbh2 0.02242� 0.00014 0.02244� 0.00012 0.02236� 0.00012 0.02237� 0.00011
Ωch2 0.1209þ0.0013

−0.0015 0.1210þ0.0013
−0.0015 0.1206þ0.0011

−0.0013 0.1206þ0.0012
−0.0014

100θMC 1.0452þ0.0018
−0.0034 1.0459þ0.0024

−0.0033 1.0445þ0.0014
−0.0027 1.0449þ0.0018

−0.0028
τ 0.0535� 0.0072 0.0523� 0.0072 0.0526� 0.0071 0.0518� 0.0073
lnð1010AsÞ 3.042� 0.014 3.038� 0.014 3.046� 0.014 3.042� 0.014
ns 0.9618� 0.0045 0.9619� 0.0044 0.9644� 0.0043 0.9644� 0.0043
H0 68.54þ0.56

−0.73 68.74þ0.61
−0.74 68.34þ0.48

−0.59 68.48þ0.52
−0.59

Ωm 0.3065� 0.0058 0.3049� 0.0056 0.3076� 0.0053 0.3063� 0.0053
σ8 0.8162� 0.0071 0.8157þ0.0068

−0.0077 0.8174� 0.0063 0.8163� 0.0064
S8 0.825� 0.010 0.8223� 0.0098 0.8277� 0.0097 0.8249� 0.0096
r⋆ 143.58þ0.80

−0.51 143.42þ0.82
−0.62 143.81þ0.66

−0.42 143.71þ0.69
−0.50
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TABLE V. Mean parameter values and 68% c.l. uncertainties in ΛCDM þ b for Planckþ BAOþ SN with a
SH0ES-based prior on H0 and the SPT-3G 2018 and ACT DR4 datasets.

ΛCDM þ b Planckþ BAOþ SNþH0

þSPT-3G 2018 þACT DR4 þSPT-3G 2018 þACT DR4

b 0.40þ0.15
−0.19 0.41þ0.14

−0.18 0.27þ0.11
−0.15 0.31þ0.11

−0.15
Ωbh2 0.02253� 0.00014 0.02252� 0.00012 0.02242� 0.00012 0.02242� 0.00011
Ωch2 0.1218� 0.0015 0.1217� 0.0014 0.1209� 0.0014 0.1211� 0.0014
100θMC 1.0493� 0.0028 1.0493þ0.0027

−0.0025 1.0471� 0.0024 1.0476� 0.0024
τ 0.0531� 0.0074 0.0517� 0.0072 0.0528� 0.0072 0.0515� 0.0072
lnð1010AsÞ 3.041� 0.014 3.037� 0.014 3.045� 0.014 3.041� 0.014
ns 0.9603þ0.0038

−0.0043 0.9608� 0.0039 0.9632þ0.0040
−0.0045 0.9631þ0.0038

−0.0043
H0 69.68� 0.67 69.70� 0.63 69.15� 0.56 69.28� 0.56
Ωm 0.2987� 0.0053 0.2982� 0.0051 0.3011� 0.0050 0.3004� 0.0048
σ8 0.8223� 0.0080 0.8205� 0.0075 0.8199� 0.0068 0.8192� 0.0068
S8 0.820� 0.010 0.8179� 0.0097 0.8214� 0.0098 0.8197� 0.0094
r⋆ 142.71� 0.75 142.73� 0.70 143.35� 0.63 143.20� 0.64

TABLE VI. The best-fit χ2 values for the models and data combinations considered in Sec. IV. The SPT-3G 2018 and ACT DR4
datasets are abbreviated as SPT and ACT, respectively.

ΛCDM Planckþ BAOþ SN ΛCDM þ b Planckþ BAO þ SN ΛCDMþ b Planckþ BAOþ SNþH0

þSPT þACT þSPTþ ACT þSPT þACT þSPTþ ACT þSPT þACT þSPTþ ACT

χ2plik 2346.71 2348.71 2349.4 2350.29 2346.72 2350.45 2347.6 2351.83 2350.98 2352.2 2348.35 2349.48

χ2lowl 23.60 23.37 22.28 22.32 24.14 24.10 23.55 22.87 23.98 24.96 22.87 23.23
χ2simall 396.71 397.27 397.95 396.05 395.8 396.62 395.79 395.84 395.68 397.55 395.73 395.78
χ2lensing 8.63 8.57 8.87 8.85 9.18 8.68 8.86 8.84 8.93 8.74 8.86 9.04

χ2BAO 17.58 17.27 17.10 17.47 17.13 17.05 17.31 17.20 17.81 18.15 17.03 17.86
χ2SN 1035.08 1035.0 1034.93 1035.06 1034.96 1034.92 1035.01 1034.76 1034.73 1034.75 1034.78 1034.74
χ2SPT … 1125.76 … 1130.01 … 1127.94 … 1130.07 … 1124.09 … 1126.92
χ2ACT … … 237.56 238.67 … … 241.23 238.59 … … 240.94 242.89

TABLE VII. Forecasts of constraints on cosmological parameters in the ΛCDMþ b model for the full SPT-3G
5-year survey (SPT-3G Y5) by itself and jointly with Planck, SO and CMB-S4. We also show the error bars from the
real Planck data for comparison. For each future experiment, the first column shows the 1σ error bars (or the 95% c.l.
upper limit for b), while the second shows the improvement with respect to Planck as the ratio of the uncertainties.
Note that the forecasts do not include CMB lensing, which is expected to further contribute to the tightening of the
constraints.

Planck SPT-3G Y5 SPT-3G Y5þ Planck SO goal CMB-S4

σp σ σp=σ σ σp=σ σ σp=σ σ σp=σ

b <0.5 <0.33 1.5 <0.18 2.7 <0.085 5.9 <0.065 7.8
H0 0.93 0.98 0.95 0.56 1.7 0.32 2.9 0.28 3.3
Ωbh2 0.00015 0.00015 1 9.3e–05 1.6 5.4e–05 2.9 3.8e–05 4
Ωch2 0.0014 0.0017 0.83 0.0012 1.2 0.00072 2 0.00064 2.2
τ 0.0073 0.0068 1.1 0.0064 1.2 0.0055 1.3 0.0051 1.4
ns 0.0046 0.0079 0.58 0.0038 1.2 0.0027 1.7 0.0025 1.9
lnð1010AsÞ 0.014 0.013 1.1 0.012 1.2 0.0097 1.5 0.0088 1.6
Ωm 0.0087 0.012 0.75 0.007 1.2 0.0043 2 0.0038 2.3
S8 0.013 0.02 0.66 0.013 1 0.006 2.1 0.0048 2.7
σ8 0.0072 0.0068 1.1 0.0056 1.3 0.003 2.4 0.0025 2.9
r� 0.7 0.53 1.3 0.37 1.9 0.21 3.3 0.18 3.8
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