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We construct data-driven solutions to the Hubble tension which are perturbative modifications to the
fiducial ACDM cosmology, using the Fisher bias formalism. Taking as proof of principle the case of a time-
varying electron mass and fine structure constant, and focusing first on Planck CMB data, we demonstrate
that a modified recombination can solve the Hubble tension and lower Sg to match weak lensing
measurements. Once baryonic acoustic oscillation and uncalibrated supernovae data are included, however,
it is not possible to fully solve the tension with perturbative modifications to recombination.
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Introduction.—The standard A cold dark matter
(ACDM) model has been providing an astonishing fit to
a wide variety of cosmological data. Yet, the precise value
of a very basic parameter of the model, the present-time
expansion rate of the Universe (or Hubble constant) H,
remains the subject of intense debate. On the one hand, this
parameter can be inferred indirectly from early-Universe
probes, under the assumption of standard physics and
ACDM cosmology. The most precise early-Universe meas-
urement is that inferred from the Planck satellite’s Cosmic
Microwave Background (CMB) anisotropy data, Hy, =
67.36 £ 0.54 km/s/Mpc [1]. On the other hand, H, can
be obtained from local (or late-Universe) measurements.
The most precise local measurement is that provided by the
SHOES Collaboration, which directly measures the current
expansion rate from supernovae, using Cepheid variables as
calibrators, arriving at Hy = 73.04 + 1.04 km/s/Mpc
[2,3]. Depending on the specific datasets considered, the
discrepancy between early-Universe and local measure-
ments has reached 4-6¢ [4,5], enough to make this
“Hubble tension” one of the most pressing issues in recent
cosmology.

Although one cannot exclude multiple unknown sys-
tematic errors as a reason for the discrepancy [6—16], it may
also hint at new physics, or extensions of the ACDM
model. To resolve this Hubble tension, an enormous
number of models have been proposed. Late-time solu-
tions, which include late dark energy, emergent dark
energy, interacting dark energy, and decaying CDM, have
been shown to be less effective [17-26]. This is because
postrecombination solutions do not change the sound
horizon at baryon decoupling, r,;, and can therefore not
fit baryonic acoustic oscillation (BAO) data and uncali-
brated type la supernovae (SNIa) data while increasing the
Hubble constant (so-called “sound horizon problem™). This
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implies that a modification in early-time cosmology is
needed to solve the Hubble tension [22,27-30] (see also
Ref. [31] for a newly proposed quantity in the context of H,,
tension: the age of the Universe, and see Ref. [32] for a
study of the degeneracy of H, with the CMB monopole
temperature Ty). Early-time solutions focus on the reduc-
tion of the sound horizon at recombination, through either
an increase in energy density, e.g., via early dark energy
(EDE) [33-38] or additional dark radiation [39-41], or a
modification of the recombination history itself by, for
example, introducing primordial magnetic fields (PMFs)
[42-44] (see Refs. [45,46] for whether small-scale baryon
clumping due to PMF can resolve the Hubble tension
together with Ref. [47] for a general formalism to estimate
the effect of small-scale baryon perturbations on CMB
anisotropies) or varying fundamental constants [48-51]
(see also Refs. [52,53] for nonstandard recombination).
Reducing the size of the sound horizon at recombination
naturally leads to larger H, value, in order to keep the
angular size of the sound horizon measured at O(0.1%)
precision with Planck CMB data unaffected [21]. However,
none of the proposed solutions have been robustly detected
in the variety of cosmological data, and, further, the redu-
ction of the Hubble tension is partly due to an incre-
ased uncertainty. See Refs. [30,54] for a recent summary
and comparison of proposed models.

In this Letter, we move beyond the model-by-model
approach as an effort to resolve the Hubble tension, and for
the first time, make use of the Fisher-bias formalism to find
minimal data-driven extensions to the ACDM model
producing desired shifts in cosmological parameters (in
this case, an increase in H()), while not worsening the fit to a
given dataset. We cast this question as a well-defined
simple mathematical problem. With this formalism, as
examples, we extract the shape of a time-varying electron
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mass m,(z) or fine structure constant a(z) modifications
that would result in a better agreement of a given early-
Universe dataset with SHOES. Let us stress that our pri-
mary goal is not to find a compelling physical solution
to the tension, i.e., that can easily be realized via a sim-
ple theoretical model [for modeling of a(z) see, e.g.,
Refs. [55,56] ]. Instead, we focus on establishing whether
such solutions exist, which is already a nontrivial question.
Indeed, it could very well be that the relevant observables
are only sensitive to a few integrals of the ionization history,
and that arbitrary modifications of the latter could only
project on a limited subspace of observable variations.

In short, we show that while one can find small time-
varying perturbations to m, or a that would entirely solve
the Hubble tension between Planck and SHOES, once BAO
and uncalibrated SNIa data are included, one can only
lower the Hubble tension down to ~2.4¢ with perturbative
modifications to recombination, not being able to entirely
resolve the tension.

Setting up the problem.—We denote general observables
by X, a vector which may contain multiple observables,
such as CMB angular power spectra, BAO measurements,
or any other. Specifically, we denote the observed data by

X° and the corresponding theoretical prediction by X (é),
where EZE{wc,wb,Ho,r,ln(lOloAs),nS} is a set of
cosmological parameters. One can obtain the best-fit
parameters by maximizing the likelihood of the data

L[X(); X°*], or equivalently minimizing y*> = —21n L.
Importantly, the best-fit parameters QBF and best-fit chi-
squared y2; = 12[X(Qpr); X°*%] both depend on the under-

-

lying theoretical model X (2). In particular, if we consider a

- -

model X'(Q) = X(Q) + AX(Q) that differs from the stan-

- -

dard model X(Q) by a small amount AX (), the resulting
best-fit parameters and chi-squared are shifted.

More specifically, we will consider changes in the
theoretical model resulting from perturbations to a smooth
function f(z) on which it depends. The resulting changes to
the best-fit parameters AQpp[Af(z)] and chi-squared
Ayii[Af(z)] are both functionals of Af(z). Our general
goal, then, is to find the smallest possible perturbations
Af(z) allowing to shift the best-fit parameters to a target
value ﬁmrget, while not worsening the quality of fit [57]. In
other words, we want to solve the following constrained
optimization problem, for different datasets and different
functions f(z):

éBF[Af(Z)] = étargeta

i (1)
Axgr[Af(2)] <0,

minimize(||Af||2)with{

where |-+ || is the L? norm, ||Af||* = [dz[Af(z)]*. In
principle, this optimization problem can be solved ex-
actly if combined with Markov Chain Monte Carlo

(MCMC) analysis (or a minimization process) to estimate
Qpr[Af(z)] and Axgp[Af(z)] for each given Af(z).
However, this exact method would be heavily computa-
tionally expensive. Hence, to keep the optimization prob-
lem tractable, we will first derive simple approximations for
ﬁBF and y3p, relying on the Fisher approximation (e.g.,
Ref. [58]). We approximate the data as Gaussian distrib-
uted, with inverse-covariance matrix M = X~'. In general,

this matrix depends on X () itself; we will denote M (Q) =

M[X(Q)] for short. We define the chi-squared of a given
cosmology Q as

Q) = [X(Q) - X - M(S) - [X(Q) — X, (2)

By Taylor expanding the chi-squared to second order

around a fiducial cosmology S_iﬁd, which we assume to
be reasonably close to the best-fit, and minimizing it, we

find the (approximate) best-fit cosmology Qgp,

1, 6)(2

QfaF = di - 5 (F 1)1’/@ (3)

2
fid

where F is the Fisher matrix defined and approximated as

0X oX
N <—l ‘ M ' —>

fid 0Q 179
Provided that the fiducial model is sufficiently close to the

observations, we can approximate dy>/0Q' to include only
the leading contribution, which then implies

1 02)(2
2 0Q'0Q/

(4)

fid

oX

i 500 "M (Q5a) [X(Dpa) = X™]. (5)

fid

QprrQpy—(F7)

Inserting this solution into the Taylor-expanded chi-squared
we find the approximate best-fit chi-squared

2 (Qpr) & [X(Qpg) — X] - M - [X (D) — X™], (6)
where M is defined as

- ). 4 0X°
MaﬁEMaﬁ_May@(F_l)ij@Maﬂ’ (7)
where M and 0X /0Q' are evaluated at the fiducial cosmol-
ogy, and repeated indices are to be summed over. A simple
property of the matrix M is that it admits 0X/0Q' as null
eigenvectors. We can thus think of M as the inverse-
covariance matrix of the data after marginalization over
shifts in standard cosmological parameters.

Introducing new physics.—Our main results so far,
Egs. (5) and (6), apply to an arbitrary theoretical model,
provided that it gives a reasonable fit to the data for the
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chosen fiducial cosmological parameters S_iﬁd. The best-fit
parameters and chi- squared of a new theoretical model
X (S_i) =X (Q) + AX(Q ) differ from those of the standard
model X (Q) by small amounts AQ%. and AyZg, respec-
tively. Assuming AX (ﬁﬁd) and X (ﬁﬁd) — X°% are approx-
imately of the same order of magnitude, and by writing a
change in the theoretical model due to changes in a smooth
function f(z) as

5X
AX:/dz%Af(z), (8)

we obtain the resulting changes in the best-fit parameters
and chi-squared

. 59
a0 = [ d T Ar(2), ©
vt = [ e
//dzd/ ))is};f( 3 Af(z)Af(Z), (10)
where

0r gy OX X
5~ g Mgy an

5)(2BF _ A obs / oX
m_z[X(Qtid)_Xb]' ) (12)
rhy ., X o oX "
505 @) o My Y
where F,;, M, M, 0X/9Q;, and 5X/5f(z) are all to be

evaluated at the fiducial cosmology and in the standard
model. With the simplified expressions of Egs. (9)—(13),
the optimization problem of Eq. (1) becomes tractable. The
equations above are known as the Fisher-bias formalism
[59-63], used in Refs. [64,65] to constrain arbitrary
functions. While the formalism is well known, the appli-
cation we make of it is completely novel.

While our formalism is general and could be applied to
any function f(z) on which observables depend, in this
Letter, we will consider modifications to the cosmo-
logical ionization history. Specifically, we will consider
time-dependent relative variations of the electron mass
[f(z) =1nm,(z)] in the main text, generalizing the con-
stant change to the electron mass which has been shown to
be a promising solution [49,50,54]. We also consider
time-dependent variations of the fine structure constant
[f(z) =Ina(z)], in Appendix H of the Supplemental
Material [66] [90].

The functional derivatives 5X/35f(z) are obtained
numerically by adding narrow (Dirac-delta-like) changes
to the smooth function f(z), at different redshifts. This is
done by modifying the recombination code HYREC-2 [91—
93] implemented in CLASS [94] (see Appendix B of the
Supplemental Material [66] for details). This part of the
calculation is similar to what has been done in principal
component analyses (PCAs) of recombination perturba-
tions [95,96]. Despite this technical similarity, the math-
ematical problem we solve is very different from the one
considered in PCAs, which search the eigenmodes of the
(discretized) matrix &%¢%/6f(z)8f(2') with the largest
eigenvalues. In words, PCAs look for perturbations to
recombination to which the data is most sensitive, while in
contrast, our goal is to find the smallest perturbations
producing a desired shift in best-fit cosmological param-
eters while not increasing the best-fit y>. See Appendix D
of the Supplemental Material [66] for the differences in two
analyses.

We will now apply this general formalism to Planck
CMB anisotropy data and then to the combined
Planck + BAO, Planck + BAO + PantheonPlus [97] data-
set, with the goal of finding data-driven solutions to the
Hubble tension. Note that by BAO we denote BOSS DR12
anisotropic BAO measurements [98].

Result 1: Application to Planck CMB data.—Here, the
vector X consists of the binned lensed temperature and
polarization power spectra, X = {DIT, DTE, DEE}. For
¢ > 30, we use the Planck-lite foreground-marginalized
binned spectra and covariance matrix. For Z < 30, we
adopt the compressed log-normal likelihood of Prince and
Dunkley [99], which has been shown to give virtually the
same constraints as the exact low-£ Planck likelihood (and
therefore we use X = {In DIT, In D'F, In DEE} for # < 30).
We set our fiducial cosmology to the Planck best-fit ACDM
parameters [1].

Using our formalism, we find variations of the time-
varying electron mass m,(z) that cause the value inferred
from Planck CMB anisotropies to be equal to a given target
Hubble constant HEF while not deteriorating the best fit
chi-squared Ayzp < 0. These deviations of m,(z) from its
standard value are shown in Fig. 1 with a range of HBS¥
values whose upper bound is the recent SHOES best-fit [2].
It is striking that our solution exhibits three large oscil-
lations offset from zero between z=~700-1500. This
behavior is significantly different than what has been
modeled in past literature, namely, either a constant shift
in m, or a power-law dependence on redshift [48,49,54],
explaining why these studies did not find as good a solution
as we do, and illustrating the power of our formalism which
can further be used to guide model-building (e.g., [56]). In
particular, such a solution would also avoid big bang
nucleosynthesis (BBN) constraints [100]. We keep it for
future work to investigate possible physical mechanisms
that may generate the required oscillations. We confirm that

161003-3



PHYSICAL REVIEW LETTERS 130, 161003 (2023)

Ame () CMB only

— Planck (ACDM)

= = Planck (ACDM-+me.(2))

73.0 N
0.04 | A =0 /
: HEY =173.04 km s~ Mpe ™! /' \
\ . K
; : 716 Z N
0.03 1 A ﬁ A e 66 68 70 76
ﬁ A A 'a Ho [km s~ Mpc™']
10N E —
A A A T N \'\
0.02 1 ﬁ ATA 70.1 ' "
ARA' N E X N
1L A N
/\ y ﬁ 2, _ /7 S ~
N & . = =
0.01 % Eff 0.74 0.76 0.78 0.80 0.82 0.84 0.86
’ 68.7
Y
/ \\
0.00 1 / \ 5
. . . . 67.3 S AN //
500 1000 1500 2000 2500 = T — T
=z 0.26 0.28 0.30 0.32 0.34 0.36 0.38

FIG. 1. Solutions for (Am,/m,)(z) given target values of the
CMB-only best-fit Hubble constant H,, using Planck data [1]
alone. All solutions are constructed to keep the Planck best-fit
chi-squared unaffected. The solution with a best-fit consistent
with SHOES [2] HBY = H3HOES =73.04 kms~! Mpc~! (black
curve), is denoted as ACDM + m,(z) model in the text.

the obtained m,(z) does indeed result in the expected
parameter shifts by performing a MCMC analysis using
MontePythonv3.0 [101,102] with the full Planck TT, TE, EE +
lowE + lensing likelihood (see Appendix E of the
Supplemental Material [66] for this validation test). This
also attests that our use of the high-£ Planck-lite Gaussian
likelihood combined with the low-# compressed likelihood
of Ref. [99], as well as our noninclusion of the lensing
potential likelihood, is accurate enough to derive a solution
m,(z). In Appendix G of the Supplemental Material [66],
we further quantify the accuracy of the other two approx-
imations we make to derive the m,(z) solution, namely, the
Taylor expansion of y* around a fiducial cosmology, and
the linearity of observables in Af(z).

Our main result is shown in the top panel of Fig. 2,
which displays the posterior distributions for H. In short,
the ACDM model with a time-varying m,(z) given by
the black curve in Fig. 1 is a solution to the Hubble ten-
sion between Planck CMB and SHOES data. It lowers
the discrepancy to 0.29¢ resulting in Hy = 72.70+
0.57 kms~'Mpc~!, and Ay* = —1.15 compared to the
ACDM model [103]. Interestingly, this solution tailored
to solve the H, tension also happens to mostly solve
another infamous tension in cosmology, the so-called Sg
tension (Sg = 031/€,,/0.3), which is a discrepancy in
measurements of the amplitude of matter clustering at
the scale of 8 Mpc/h between weak lensing probes and
the value inferred from CMB anisotropies [104—-106].
Indeed, the ACDM + m,(z) model brings the Planck
best-fit Sg value to 1.16 from the recent DES-Y3 con-
straint Sg = 0.776 +0.017 [107] and within ~1.4¢ from

Qi

FIG. 2. Posteriors of H, (top), Sg (middle), and Q,, (bottom)
inferred from Planck full likelihood, together with SHOES,
KiDS-1000, and PantheonPlus results, shown as gray bands.

KiDS-450 (Sg = 0.745 +0.039) [108] and KiDS-1000
(Sg = 0.76670929) [109], down from the 2 — 2.66 tension
in ACDM, as shown in the middle panel of Fig. 2.

However, this extension to the ACDM model is less
consistent with two other crucial cosmological data, BAO
[98] and PantheonPlus [97]. The bottom panel of Fig. 2
shows that this model is inconsistent with the PantheonPlus
result for Q,, with ~3¢ tension. This is fundamentally due
to the well-known dependence of 6, on Q,h°, which
requires the best-fit 4 and Q,, to change in opposite ways,
as we describe in further detail in Appendix C of the
Supplemental Material [66]. In addition, the agreement
with BOSS DR12 BAO data is worsened resulting in an
increase of the chi-squared of BOSS DRI12 anisotropic
measurements, Ayga.o = +5.37 (see also Ref. [110] for a
similar result [111]).

Result 11: Application to Planck CMB + BAO or Planck
CMB + BAO + PatheonPlus.—We include either BAO or
BAO + PantheonPlus data in our data vector X, in order to
see if we can obtain solutions to the Hubble tension that
do not violate the agreement with these data that is pre-
sent in the ACDM model. For BAO, we include BOSS
DR12 anisotropic measurements at three effective red-
shifts zep = 0.38, 0.51, 0.61 [98], {[Dy(zee)rid/r,],
[H(ze)ra/r9]} C X, and for PantheonPlus [97] we in-
clude its constraint on the fractional energy density of the
total matter {Q,} CX. We find that, in order to
solve the Hubble tension either together with BAO or
BAO + PantheonPlus, variations of m,(z) with larger
amplitude are required together with larger shifts in best-
fit cosmology. We note that these required more radical
changes in recombination history and best-fit cosmology
induce larger errors from the approximations taken in our
formalism, preventing us from finding a self-consistent
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solution with a target H5F = 73.04 kms~! Mpc~!. Yet, we
find that one can still partially ease the Hubble tension with
our current method while remaining within the regime of
validity of our perturbative treatment. Explicitly, we find
that one could lower the Hubble tension down to ~1.3¢
with BAO data included, while satisfying Ay? <1
and |Qiormalism _ QMEMC| /5 < 1 for all six cosmological
parameter Q’s. However, the reconstructed Q,, ~0.287 is
again less consistent with PantheonPlus compared to the
standard ACDM model. Further, when PantheonPlus data
are added along with CMB and BAO, we find that one
could lower the tension down to at most ~2.4c while
remaining within the region of validity of the formalism. As
such, even with arbitrary perturbative modifications to a(z)
or m,(z) around the time of recombination, the Hubble
tension can only be partially eased once BAO and super-
novae data are accounted for.

Conclusions.—We have built on the Fisher bias formal-
ism to systematically search for data-driven solutions to any
tension between any given datasets, by looking for the
smallest possible change to an arbitrary function leading to
a desired small shift in cosmological parameters [112]. We
applied our formalism to find a time-dependent function for
the electron mass (and for the fine structure constant in
Appendix F of the Supplemental Material [66]) leading to a
Hubble constant consistent with SHOES while providing an
equally good fit to Planck CMB data. We show that as a
remarkable byproduct it happens to also solve the Sy
tension. However, this extended model is less consistent
with BAO [98] and PantheonPlus [97].

Once BAO and PantheonPlus data are included in the
formalism, we find that larger changes in recombination
history are required to achieve the same target value of H5F,
making the assumed linearity of observables, and the
validity of Taylor expansion of y2, break down. We note
that these limitations can in principle be removed if one
approaches the optimization problem with an exact method,
which we defer to future work. In practice, we find that
small perturbations to recombination through a time-
varying electron mass can only reduce the tension down
to 2.40, and decreasing it further would likely require
nonperturbative changes to recombination.

While we focus on perturbations to recombination in this
Letter, our formalism can be applied more generally to any
quantity impacting the prediction of a cosmological observ-
able, e.g., the Hubble rate H(z). We trust that the
phenomenological framework we laid out, and the specific
examples we provide here in terms of a modified recombi-
nation, will inspire a model-building effort from the
cosmology and particle physics community with potential
implications well beyond the mere study of cosmological
tensions.

We thank Jens Chluba, Colin Hill, Marc Kamionkowski,
Julien Lesgourgues, and Licia Verde for useful

conversations. N.L. is supported by the Center for
Cosmology and Particle Physics at New York University
through the James Arthur Graduate Associate Fellowship.
Y. A. H. is a CIFAR-Azrieli Global Scholar and acknowl-
edges support from Canadian Institute for Advanced
Research (CIFAR). N. S. acknowledges support from the
Maria de Maetzu fellowship Grant: CEX2019-000918-M,
financiado por MCIN/AEI/10.13039/501100011033. V.P.
is partly supported by the CNRS-IN2P3 grant Dark21. This
project has received support from the European Union’s
Horizon 2020 research and innovation program under the
Marie Skodowska-Curie Grant Agreement No. 860881-
HIDDeN and from COST Action CA21136 Addressing
observational tensions in cosmology with systematics and
fundamental physics (CosmoVerse) supported by COST
(European Cooperation in Science and Technology). This
project has received funding from European Research
Council (ERC) under the European Union’s HORIZON-
ERC-2022 (Grant Agreement No. 101076865).

*

‘nanoom.lee @nyu.edu

yah2 @nyu.edu

*nils.science @gmail.com

Svivian.poulin@umontpellier.fr

[1] N. Aghanim er al. (Planck Collaboration), Astron.
Astrophys. 641, A6 (2020).

[2] A.G. Riess et al., Astrophys. J. Lett. 934, L7 (2022).

[3] A.G. Riess, L. Breuval, W. Yuan, S. Casertano, L. M.
Macri, D. Scolnic, T. Cantat-Gaudin, R. I. Anderson, and
M. C. Reyes, Astrophys. J. 938, 36 (2022).

[4] L. Verde, T. Treu, and A.G. Riess, Nat. Astron. 3, 891
(2019).

[5] A. G. Riess, Nat. Rev. Phys. 2, 10 (2019).

[6] M. Rigault et al., Astrophys. J. 802, 20 (2015).

[7] B. Follin and L. Knox, Mon. Not. R. Astron. Soc. 477,
4534 (2018).

[8] D.O. Jones et al., Astrophys. J. 867, 108 (2018).

[9] M. Rigault et al. (Nearby Supernova Factory Collabora-
tion), Astron. Astrophys. 644, A176 (2020).

[10] D. Brout and D. Scolnic, Astrophys. J. 909, 26 (2021).

[11] G. Efstathiou, arXiv:2007.10716.

[12] M. G. Dainotti, B. De Simone, T. Schiavone, G. Montani,
E. Rinaldi, and G. Lambiase, Astrophys. J. 912, 150
(2021).

[13] E. Mortsell, A. Goobar, J. Johansson, and S. Dhawan,
Astrophys. J. 933, 212 (2022).

[14] E. Mortsell, A. Goobar, J. Johansson, and S. Dhawan,
Astrophys. J. 935, 58 (2022).

[15] M. G. Dainotti, B. De Simone, T. Schiavone, G. Montani,
E. Rinaldi, G. Lambiase, M. Bogdan, and S. Ugale,
Galaxies 10, 24 (2022).

[16] R. Wojtak and J. Hjorth, Mon. Not. R. Astron. Soc. 515,
2790 (2022).

[17] E. Di Valentino, A. Melchiorri, and J. Silk, Phys. Lett. B

761, 242 (2016).

-

161003-5


https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.3847/2041-8213/ac5c5b
https://doi.org/10.3847/1538-4357/ac8f24
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1038/s42254-019-0137-0
https://doi.org/10.1088/0004-637X/802/1/20
https://doi.org/10.1093/mnras/sty720
https://doi.org/10.1093/mnras/sty720
https://doi.org/10.3847/1538-4357/aae2b9
https://doi.org/10.1051/0004-6361/201730404
https://doi.org/10.3847/1538-4357/abd69b
https://arXiv.org/abs/2007.10716
https://doi.org/10.3847/1538-4357/abeb73
https://doi.org/10.3847/1538-4357/abeb73
https://doi.org/10.3847/1538-4357/ac756e
https://doi.org/10.3847/1538-4357/ac7c19
https://doi.org/10.3390/galaxies10010024
https://doi.org/10.1093/mnras/stac1878
https://doi.org/10.1093/mnras/stac1878
https://doi.org/10.1016/j.physletb.2016.08.043
https://doi.org/10.1016/j.physletb.2016.08.043

PHYSICAL REVIEW LETTERS 130, 161003 (2023)

[18] D.-M. Xia and S. Wang, Mon. Not. R. Astron. Soc. 463,
952 (2016).

[19] E. Di Valentino, A. Melchiorri, E. V. Linder, and J. Silk,
Phys. Rev. D 96, 023523 (2017).

[20] V. Poulin, K. K. Boddy, S. Bird, and M. Kamionkowski,
Phys. Rev. D 97, 123504 (2018).

[21] L. Knox and M. Millea, Phys. Rev. D 101, 043533
(2020).

[22] N. Arendse et al., Astron. Astrophys. 639, A57 (2020).

[23] G. Benevento, W. Hu, and M. Raveri, Phys. Rev. D 101,
103517 (2020).

[24] D. Camarena and V. Marra, Mon. Not. R. Astron. Soc. 504,
5164 (2021).

[25] G. Efstathiou, Mon. Not. R. Astron. Soc. 505, 3866 (2021).

[26] F. McCarthy and J. C. Hill, arXiv:2210.14339.

[27] J.L. Bernal, L. Verde, and A.G. Riess, J. Cosmol.
Astropart. Phys. 10 (2016) 019.

[28] J. Evslin, A.A. Sen, and Ruchika, Phys. Rev. D 97,
103511 (2018).

[29] K. Aylor, M. Joy, L. Knox, M. Millea, S. Raghunathan, and
W.L. K. Wu, Astrophys. J. 874, 4 (2019).

[30] E. Di Valentino, O. Mena, S. Pan, L. Visinelli, W. Yang, A.
Melchiorri, D. F. Mota, A. G. Riess, and J. Silk, Classical
Quantum Gravity 38, 153001 (2021).

[31] J.L. Bernal, L. Verde, R. Jimenez, M. Kamionkowski, D.
Valcin, and B. D. Wandelt, Phys. Rev. D 103, 103533 (2021).

[32] M. M. Ivanov, Y. Ali-Haimoud, and J. Lesgourgues, Phys.
Rev. D 102, 063515 (2020).

[33] T. Karwal and M. Kamionkowski, Phys. Rev. D 94,
103523 (2016).

[34] V. Poulin, T. L. Smith, T. Karwal, and M. Kamionkowski,
Phys. Rev. Lett. 122, 221301 (2019).

[35] M.-X. Lin, G. Benevento, W. Hu, and M. Raveri, Phys.
Rev. D 100, 063542 (2019).

[36] T.L. Smith, V. Poulin, and M. A. Amin, Phys. Rev. D 101,
063523 (2020).

[37] R. Murgia, G. F. Abellan, and V. Poulin, Phys. Rev. D 103,
063502 (2021).

[38] M. Kamionkowski and A. G. Riess, arXiv:2211.04492.

[39] N. Blinov and G. Marques-Tavares, J. Cosmol. Astropart.
Phys. 09 (2020) 029.

[40] D. Aloni, A. Berlin, M. Joseph, M. Schmaltz, and N.
Weiner, Phys. Rev. D 105, 123516 (2022).

[41] N. Schoneberg and G. Franco Abellan, J. Cosmol.
Astropart. Phys. 12 (2022) 001.

[42] K. Jedamzik and T. Abel, arXiv:1108.2517.

[43] K. Jedamzik and A. Saveliev, Phys. Rev. Lett. 123, 021301
(2019).

[44] K. Jedamzik and L. Pogosian, Phys. Rev. Lett. 125,
181302 (2020).

[45] L. Thiele, Y. Guan, J.C. Hill, A. Kosowsky, and D. N.
Spergel, Phys. Rev. D 104, 063535 (2021).

[46] M. Rashkovetskyi, J. B. Muifloz, D.J. Eisenstein, and C.
Dvorkin, Phys. Rev. D 104, 103517 (2021).

[47] N. Lee and Y. Ali-Haimoud, Phys. Rev. D 104, 103509
(2021).

[48] L. Hart and J. Chluba, Mon. Not. R. Astron. Soc. 474,
1850 (2018).

[49] L. Hart and J. Chluba, Mon. Not. R. Astron. Soc. 493,
3255 (2020).

[50] T. Sekiguchi and T. Takahashi, Phys. Rev. D 103, 083507
(2021).

[51] L. Hart and J. Chluba, Mon. Not. R. Astron. Soc. 510,
2206 (2022).

[52] C.-T. Chiang and A. Slosar, arXiv:1811.03624.

[53] M. Liu, Z. Huang, X. Luo, H. Miao, N. K. Singh, and L.
Huang, Sci. China Phys. Mech. Astron. 63, 290405
(2020).

[54] N. Schoneberg, G. Franco Abelldn, A. Pérez Sanchez, S.J.
Witte, V. Poulin, and J. Lesgourgues, Phys. Rep. 984, 1
(2022).

[55] K. Sigurdson, A. Kurylov, and M. Kamionkowski, Phys.
Rev. D 68, 103509 (2003).

[56] D. Brzeminski, Z. Chacko, A. Dev, and A. Hook, Phys.
Rev. D 104, 075019 (2021).

[57] Strictly speaking, estimating the quality of the fit also
involves the number of degrees of freedom (d.o.f.). Here
we limit ourselves to requiring no change in y?, given that
the main goal of this work is to check the existence of
solutions. Also, note that the number of d.o.f. for an
arbitrary function, which can be estimated, for example, by
principal component analysis, will be anyway dominated
by the large number of CMB data points, independently of
the model.

[58] M. Tegmark, A. Taylor, and A. Heavens, Astrophys. J.
480, 22 (1997).

[59] L. Knox, R. Scoccimarro, and S. Dodelson, Phys. Rev.
Lett. 81, 2004 (1998).

[60] A.G. Kim, E. V. Linder, R. Miquel, and N. Mostek, Mon.
Not. R. Astron. Soc. 347, 909 (2004).

[61] A.N. Taylor, T.D. Kitching, D.J. Bacon, and A.F.
Heavens, Mon. Not. R. Astron. Soc. 374, 1377 (2007).

[62] C. Shapiro, Astrophys. J. 696, 775 (2009).

[63] F. De Bernardis, R. Bean, S. Galli, A. Melchiorri, J. I. Silk,
and L. Verde, Phys. Rev. D 79, 043503 (2009).

[64] D. Huterer and M. S. Turner, Phys. Rev. D 64, 123527
(2001).

[65] J. Samsing and E. V. Linder, Phys. Rev. D 81, 043533
(2010).

[66] See Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.130.161003 for a data
description, numerical techniques, changes in best-fit and
chi-squared due to time-varying electron mass m,(z),
validation test, error estimation, and results with time-
varying fine structure constant a(z), which includes addi-
tional Refs. [67-89].

[67] E. Aubourg et al., Phys. Rev. D 92, 123516 (2015).

[68] T. McClintock et al. (DES Collaboration), Mon. Not. R.
Astron. Soc. 482, 1352 (2019).

[69] M. Kaplinghat, R. J. Scherrer, and M. S. Turner, Phys. Rev.
D 60, 023516 (1999).

[70] C. G. Scoccola, S.J. Landau, and H. Vucetich, Mem. Soc.
Astron. Ital. 80, 814 (2009).

[71] P.A.R. Ade et al. (Planck Collaboration), Astron.
Astrophys. 580, A22 (2015).

[72] J. Chluba and Y. Ali-Haimoud, Mon. Not. R. Astron. Soc.
456, 3494 (2016).

[73] J. C. Mather et al., Astrophys. J. 420, 439 (1994).

[74] D.J. Fixsen, E. S. Cheng, J. M. Gales, J. C. Mather, R. A.
Shafer, and E. L. Wright, Astrophys. J. 473, 576 (1996).

161003-6


https://doi.org/10.1093/mnras/stw2073
https://doi.org/10.1093/mnras/stw2073
https://doi.org/10.1103/PhysRevD.96.023523
https://doi.org/10.1103/PhysRevD.97.123504
https://doi.org/10.1103/PhysRevD.101.043533
https://doi.org/10.1103/PhysRevD.101.043533
https://doi.org/10.1051/0004-6361/201936720
https://doi.org/10.1103/PhysRevD.101.103517
https://doi.org/10.1103/PhysRevD.101.103517
https://doi.org/10.1093/mnras/stab1200
https://doi.org/10.1093/mnras/stab1200
https://doi.org/10.1093/mnras/stab1588
https://arXiv.org/abs/2210.14339
https://doi.org/10.1088/1475-7516/2016/10/019
https://doi.org/10.1088/1475-7516/2016/10/019
https://doi.org/10.1103/PhysRevD.97.103511
https://doi.org/10.1103/PhysRevD.97.103511
https://doi.org/10.3847/1538-4357/ab0898
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1103/PhysRevD.103.103533
https://doi.org/10.1103/PhysRevD.102.063515
https://doi.org/10.1103/PhysRevD.102.063515
https://doi.org/10.1103/PhysRevD.94.103523
https://doi.org/10.1103/PhysRevD.94.103523
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevD.100.063542
https://doi.org/10.1103/PhysRevD.100.063542
https://doi.org/10.1103/PhysRevD.101.063523
https://doi.org/10.1103/PhysRevD.101.063523
https://doi.org/10.1103/PhysRevD.103.063502
https://doi.org/10.1103/PhysRevD.103.063502
https://arXiv.org/abs/2211.04492
https://doi.org/10.1088/1475-7516/2020/09/029
https://doi.org/10.1088/1475-7516/2020/09/029
https://doi.org/10.1103/PhysRevD.105.123516
https://doi.org/10.1088/1475-7516/2022/12/001
https://doi.org/10.1088/1475-7516/2022/12/001
https://arXiv.org/abs/1108.2517
https://doi.org/10.1103/PhysRevLett.123.021301
https://doi.org/10.1103/PhysRevLett.123.021301
https://doi.org/10.1103/PhysRevLett.125.181302
https://doi.org/10.1103/PhysRevLett.125.181302
https://doi.org/10.1103/PhysRevD.104.063535
https://doi.org/10.1103/PhysRevD.104.103517
https://doi.org/10.1103/PhysRevD.104.103509
https://doi.org/10.1103/PhysRevD.104.103509
https://doi.org/10.1093/mnras/stx2783
https://doi.org/10.1093/mnras/stx2783
https://doi.org/10.1093/mnras/staa412
https://doi.org/10.1093/mnras/staa412
https://doi.org/10.1103/PhysRevD.103.083507
https://doi.org/10.1103/PhysRevD.103.083507
https://doi.org/10.1093/mnras/stab2777
https://doi.org/10.1093/mnras/stab2777
https://arXiv.org/abs/1811.03624
https://doi.org/10.1007/s11433-019-1509-5
https://doi.org/10.1007/s11433-019-1509-5
https://doi.org/10.1016/j.physrep.2022.07.001
https://doi.org/10.1016/j.physrep.2022.07.001
https://doi.org/10.1103/PhysRevD.68.103509
https://doi.org/10.1103/PhysRevD.68.103509
https://doi.org/10.1103/PhysRevD.104.075019
https://doi.org/10.1103/PhysRevD.104.075019
https://doi.org/10.1086/303939
https://doi.org/10.1086/303939
https://doi.org/10.1103/PhysRevLett.81.2004
https://doi.org/10.1103/PhysRevLett.81.2004
https://doi.org/10.1111/j.1365-2966.2004.07260.x
https://doi.org/10.1111/j.1365-2966.2004.07260.x
https://doi.org/10.1111/j.1365-2966.2006.11257.x
https://doi.org/10.1088/0004-637X/696/1/775
https://doi.org/10.1103/PhysRevD.79.043503
https://doi.org/10.1103/PhysRevD.64.123527
https://doi.org/10.1103/PhysRevD.64.123527
https://doi.org/10.1103/PhysRevD.81.043533
https://doi.org/10.1103/PhysRevD.81.043533
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.161003
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.161003
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.161003
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.161003
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.161003
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.161003
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.161003
https://doi.org/10.1103/PhysRevD.92.123516
https://doi.org/10.1093/mnras/sty2711
https://doi.org/10.1093/mnras/sty2711
https://doi.org/10.1103/PhysRevD.60.023516
https://doi.org/10.1103/PhysRevD.60.023516
https://doi.org/10.1017/S1743921310009476
https://doi.org/10.1017/S1743921310009476
https://doi.org/10.1051/0004-6361/201424496
https://doi.org/10.1051/0004-6361/201424496
https://doi.org/10.1093/mnras/stv2691
https://doi.org/10.1093/mnras/stv2691
https://doi.org/10.1086/173574
https://doi.org/10.1086/178173

PHYSICAL REVIEW LETTERS 130, 161003 (2023)

[75] S. Alam et al. (eBOSS Collaboration), Phys. Rev. D 103,
083533 (2021).

[76] A. Aghamousa et al
1611.00036.

[77] A. Refregier, A. Amara, T.D. Kitching, A. Rassat, R.
Scaramella, and J. Weller (Euclid Imaging Collaboration),
arXiv:1001.0061.

[78] P.A. Abell et al. (LSST Science and LSST Project
Collaborations), arXiv:0912.0201.

[79] S. Bashinsky and U. Seljak, Phys. Rev. D 69, 083002
(2004).

[80] J. Lesgourgues, G. Mangano, G. Miele, and S. Pastor,
Neutrino Cosmology (Cambridge University Press,
Cambridge, England, 2013).

[81] B. Follin, L. Knox, M. Millea, and Z. Pan, Phys. Rev. Lett.
115, 091301 (2015).

[82] D. Baumann, D. Green, J. Meyers, and B. Wallisch,
J. Cosmol. Astropart. Phys. 01 (2016) 007.

[83] E.-Y. Cyr-Racine, F. Ge, and L. Knox, Phys. Rev. Lett. 128,
201301 (2022).

[84] F. Ge, F.-Y. Cyr-Racine, and L. Knox, Phys. Rev. D 107,
023517 (2023).

[85] O. Pisanti, G. Mangano, G. Miele, and P. Mazzella,
J. Cosmol. Astropart. Phys. 04 (2021) 020.

[86] E. Aver, K. A. Olive, and E.D. Skillman, J. Cosmol.
Astropart. Phys. 07 (2015) 011.

[87] A. Peimbert, M. Peimbert, and V. Luridiana, Rev. Mex.
Astron. Astrofis. 52, 419 (2016), https://inspirehep.net/
literature/1479907.

[88] T. Hsyu, R.J. Cooke, J. X. Prochaska, and M. Bolte,
Astrophys. J. 896, 77 (2020).

[89] Y. I. Izotov, T. X. Thuan, and N. G. Guseva, Mon. Not. R.
Astron. Soc. 445, 778 (2014).

[90] The variations in the net recombination rate is another
interesting possible extension we considered. However, it
happens to inherit a stronger nonlinearity of C,’s, hence
we do not include it in this Letter (see also Appendix G of
the Supplemental Material [66]).

[91] Y. Ali-Haimoud and C.M. Hirata, Phys. Rev. D 82,
063521 (2010).

[92] Y. Ali-Haimoud and C.M. Hirata, Phys. Rev. D 83,
043513 (2011).

[93] N. Lee and Y. Ali-Haimoud, Phys. Rev. D 102, 083517
(2020).

[94] D. Blas, J. Lesgourgues, and T. Tram, J. Cosmol.
Astropart. Phys. 07 (2011) 034.

(DESI Collaboration), arXiv:

[95] M. Farhang, J. R. Bond, and J. Chluba, Astrophys. J. 752,
88 (2012).

[96] L. Hart and J. Chluba, Mon. Not. R. Astron. Soc. 495,
4210 (2019).

[97] D. Brout et al., Astrophys. J. 938, 110 (2022).

[98] S. Alam et al. (BOSS Collaboration), Mon. Not. R. Astron.
Soc. 470, 2617 (2017).

[99] H. Prince and J. Dunkley, Phys. Rev. D 105, 023518
(2022).

[100] O. Seto and Y. Toda, arXiv:2206.132009.

[101] B. Audren, J. Lesgourgues, K. Benabed, and S. Prunet,
J. Cosmol. Astropart. Phys. 02 (2013) 001.

[102] T. Brinckmann and J. Lesgourgues, Phys. Dark Universe
24, 100260 (2019).

[103] Throughout the Letter, the chi-squared from the chains is
calculated at the mean cosmology assuming the best-fit
cosmology is very close to the mean. This is due to the
difficulty of the minimization process. The fact that all the
posteriors of parameters are nearly Gaussian justifies this
approximation.

[104] T. M. C. Abbott et al. (DES Collaboration), Phys. Rev. D
98, 043526 (2018).

[105] M. Asgari et al. (KiDS Collaboration), Astron. Astrophys.
645, A104 (2021).

[106] E. Di Valentino et al, Astropart. Phys. 131, 102604
(2021).

[107] T. M. C. Abbott et al. (DES Collaboration), Phys. Rev. D
105, 023520 (2022).

[108] H. Hildebrandt et al., Mon. Not. R. Astron. Soc. 465, 1454
(2017).

[109] C. Heymans et al., Astron. Astrophys. 646, A140 (2021).

[110] K. Jedamzik, L. Pogosian, and G.-B. Zhao, Commun.
Phys. 4, 123 (2021).

[111] Note that, however, our results cannot be directly com-
pared with those of Ref. [110] due to the fixed relation
between two sound horizon scales at baryon decoupling
and recombination in Ref. [110], which is not satisfied in
our case.

[112] While we find minimal extensions not worsening the fit to
a given dataset, one could also seek solutions to the tension
with other strategies. For example, rather than aiming for a
specific value of H(, one can look for extensions minimiz-
ing the fit to all datasets including SHOES, Pantheon, and
BAO (putting an additional constraint on the norm of the
solution). We defer exploring these different strategies to
future work.

161003-7


https://doi.org/10.1103/PhysRevD.103.083533
https://doi.org/10.1103/PhysRevD.103.083533
https://arXiv.org/abs/1611.00036
https://arXiv.org/abs/1611.00036
https://arXiv.org/abs/1001.0061
https://arXiv.org/abs/0912.0201
https://doi.org/10.1103/PhysRevD.69.083002
https://doi.org/10.1103/PhysRevD.69.083002
https://doi.org/10.1103/PhysRevLett.115.091301
https://doi.org/10.1103/PhysRevLett.115.091301
https://doi.org/10.1088/1475-7516/2016/01/007
https://doi.org/10.1103/PhysRevLett.128.201301
https://doi.org/10.1103/PhysRevLett.128.201301
https://doi.org/10.1103/PhysRevD.107.023517
https://doi.org/10.1103/PhysRevD.107.023517
https://doi.org/10.1088/1475-7516/2021/04/020
https://doi.org/10.1088/1475-7516/2015/07/011
https://doi.org/10.1088/1475-7516/2015/07/011
https://inspirehep.net/literature/1479907
https://inspirehep.net/literature/1479907
https://inspirehep.net/literature/1479907
https://doi.org/10.3847/1538-4357/ab91af
https://doi.org/10.1093/mnras/stu1771
https://doi.org/10.1093/mnras/stu1771
https://doi.org/10.1103/PhysRevD.82.063521
https://doi.org/10.1103/PhysRevD.82.063521
https://doi.org/10.1103/PhysRevD.83.043513
https://doi.org/10.1103/PhysRevD.83.043513
https://doi.org/10.1103/PhysRevD.102.083517
https://doi.org/10.1103/PhysRevD.102.083517
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1088/0004-637X/752/2/88
https://doi.org/10.1088/0004-637X/752/2/88
https://doi.org/10.1093/mnras/staa1426
https://doi.org/10.1093/mnras/staa1426
https://doi.org/10.3847/1538-4357/ac8e04
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1103/PhysRevD.105.023518
https://doi.org/10.1103/PhysRevD.105.023518
https://arXiv.org/abs/2206.13209
https://doi.org/10.1088/1475-7516/2013/02/001
https://doi.org/10.1016/j.dark.2018.100260
https://doi.org/10.1016/j.dark.2018.100260
https://doi.org/10.1103/PhysRevD.98.043526
https://doi.org/10.1103/PhysRevD.98.043526
https://doi.org/10.1051/0004-6361/202039070
https://doi.org/10.1051/0004-6361/202039070
https://doi.org/10.1016/j.astropartphys.2021.102604
https://doi.org/10.1016/j.astropartphys.2021.102604
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1093/mnras/stw2805
https://doi.org/10.1093/mnras/stw2805
https://doi.org/10.1051/0004-6361/202039063
https://doi.org/10.1038/s42005-021-00628-x
https://doi.org/10.1038/s42005-021-00628-x

