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Cosmological observables are particularly sensitive to key ratios of energy densities and rates, both
today and at earlier epochs of the Universe. Well-known examples include the photon-to-baryon and the
matter-to-radiation ratios. Equally important, though less publicized, are the ratios of pressure-supported to
pressureless matter and the Thomson scattering rate to the Hubble rate around recombination, both of
which observations tightly constrain. Preserving these key ratios in theories beyond the Λ Cold-Dark-
Matter (ΛCDM) model ensures broad concordance with a large swath of datasets when addressing
cosmological tensions. We demonstrate that a mirror dark sector, reflecting a partial Z2 symmetry with the
Standard Model, in conjunction with percentage level changes to the visible fine-structure constant and
electron mass which represent a phenomenological change to the Thomson scattering rate, maintains
essential cosmological ratios. Incorporating this ratio-preserving approach into a cosmological framework
significantly improves agreement to observational data (Δχ2 ¼ −35.72) and completely eliminates the
Hubble tension with a cosmologically inferredH0 ¼ 73.80� 1.02 km=s=Mpc when including the SH0ES
calibration in our analysis. While our approach is certainly nonminimal, it emphasizes the importance of
keeping key ratios constant when exploring models beyond ΛCDM.
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I. INTRODUCTION

The success of theΛ cold-dark-matter (ΛCDM) model at
explaining cosmic microwave background (CMB) obser-
vations is undeniable, earmarked by its simplicity—six
degrees of freedom to explain the Universe [1–3]. Despite
its success, ΛCDM encounters notable discrepancies in
reconciling distant cosmic observations with local mea-
surements of the expansion rate today, H0 [4–7]. The
systematic discrepancies between local and distant mea-
surements have been meticulously examined, yet no
resolution has been found [8–14].
Consequently, we investigate beyond the ΛCDM para-

digm to produce concordant cosmologies, drawing on
several observational clues as our guide. The initial hint
originates from ΛCDM directly. The model tightly con-
strains several critical ratios in the early Universe: the
baryon-photon ratio, the matter-radiation ratio, the fluid-
freestreaming radiation ratio, and the balance between
pressure-supported and pressureless matter. ΛCDM’s effec-
tiveness at predicting CMB features hinges on its precise
predictions of these ratios while maintaining the minimal
number of degrees of freedom possible. The second clue
emerges from the significant similarities between the
baryon density and the estimated dark matter density,

suggesting a potential link in the mechanisms which
populate the two sectors. Given the visible sector’s dynamic
and complex nature, it is reasonable that if there is a
connection between the population of both sectors, the dark
sector might be more intricate than just a single particle
species. However, this notion goes against one of ΛCDM’s
foundational assumptions. It assumes that the majority of
the Universe’s matter consists of a single type of cold,
noninteracting, and collisionless dark matter, termed cold
dark matter (CDM), detectable solely through its gravita-
tional effects. Despite its elusive nature and absence from
the StandardModel, it is evident that a significant portion of
the dark sector must conform to CDM’s phenomenological
criteria. However, the question arises: must the entire dark
sector adhere to the CDM paradigm? Consequently, guided
by these clues, our investigation suggests the necessity for a
subdominant addition to the dark sector that maintains the
ratios predicted byΛCDMand hasmore dynamic degrees of
freedom than CDM. Separately, we require that the intro-
duction of new physics becomes cosmologically relevant
after big bang nucleosynthesis (BBN) to not interfere with
light elemental abundances such as in Refs. [15,16] where
the dark sector thermalizeswith the visible sector after BBN.
These clues converge toward a singular solution: a mirror

sector inspired by Z2 symmetries [17–60]. Introducing
mirror sectors as atomic dark matter (ADM), realizable
through broken Z2 symmetries, offers remarkable potential
for resolving tensions in both particle physics and

*Contact author: kygreene@unm.edu
†Contact author: fycr@unm.edu

PHYSICAL REVIEW D 110, 043524 (2024)

2470-0010=2024=110(4)=043524(17) 043524-1 © 2024 American Physical Society

https://orcid.org/0000-0002-2711-7191
https://orcid.org/0000-0002-7939-2988
https://ror.org/05fs6jp91
https://ror.org/020hgte69
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.043524&domain=pdf&date_stamp=2024-08-23
https://doi.org/10.1103/PhysRevD.110.043524
https://doi.org/10.1103/PhysRevD.110.043524
https://doi.org/10.1103/PhysRevD.110.043524
https://doi.org/10.1103/PhysRevD.110.043524


cosmology [61–113]. Here, a mirror sector can succinctly
satisfy both outlined phenomenological criteria. Firstly, they
provide a natural link between the two sectors, elucidating
the similarity in energy densities through connections in
baryogenesis [114–119]. Secondly, they inherently justify
how the mirror sector contributes the required radiation and
pressure-supported matter preserving ΛCDM’s predictive
accuracy for the specified ratios [120,121].
We utilize a symmetry of cosmological observables to

guide our model building process, the Free-Fall, Amplitude,
and Thomson (FFAT) scaling [120,122]. The FFAT sym-
metry prescribes a way to increase the Hubble expansion
rate of the Universe by proportionally adjusting the length
and rate scales of the Universe. Specifically, the following
rescaling of the energy density ρi of species i, the Thomson
scattering rate κ̇, and the amplitude of scalar fluctuations As
by a real parameter λ > 1 leaves dimensionless cosmologi-
cal observables invariant,

�
ρi⟶

λ
λ2ρi; κ̇⟶

λ
λκ̇; As⟶

λ
As=λns−1

�
; ð1Þ

while leading to a larger Hubble expansion rate H→
λ
λH.

In the above ns is the scalar spectral index. Integrating the
FFAT scaling into a cosmological scenario requires address-
ing two, nontrivial model building questions:
(1) What is the form of the additional energy density

needed to satisfy ρi → λ2ρi?
(2) How do we modify the visible Thomson scattering

rate to satisfy κ̇ → λκ̇?
Notably, ADM naturally satisfies the first model building
criteria of the FFAT symmetry by allowing the inclusion of
proportional additions of radiation and pressure-supported
matter while preserving the critical ratios predicted by
ΛCDM. However, as a generic feature of models seeking
to alleviate the Hubble tension, the increase inH0 will begin
to cause issues with CMB observables as the ratio of the
Thomson scattering rate to background expansion rate (the
characteristic timescale of recombination)moves away from
the ΛCDM predicted value.
To protect cosmic observables from alterations to the

characteristic timescale of recombination, the Thomson
scattering rate must be proportionally scaled compared to
the expansion rate as part of its second model building
criteria. Scaling the Thomson scattering rate, which depends
on electron number density and the Thomson cross section,
introduces theoretical challenges. In this study, we utilize
the strategy first suggested by Ref. [121], modifying the
parameter values for the electromagnetic fine-structure
constant and electron mass at the percentage level. This
adjustment achieves the necessary scaling of the Thomson
scattering rate while maintaining the binding energy of light
elements at the Standard Model value. As we will see, this
effectively renders the CMB insensitive to these changes
at first order. However, varying fundamental constants is
notoriously difficult to realize in a physical Lagrangian;

for example see Refs. [123,124]. We point out that this
method is not the only way to scale the Thomson scattering
rate. It represents a straightforward phenomenological
model that captures interactions beyond the Standard
Model potentially affecting the Thomson scattering rate.
Potential interactions between the dark and visible sectors,
currently beyond experimental detection limits, could be
incorporated within the mirror sector framework. Such
integration may provide a compelling “two-for-one” reali-
zation of the necessary phenomenology, effectively lever-
aging the unique capabilities of the new, subdominant ADM
component [125,126]. The relationship between fundamen-
tal constant variation and cosmology is a well discussed
topic; for more models and recent discussion please see
Refs. [127–143].
In Sec. II, we establish the theoretical framework for the

model’s two key components: the Z2 symmetry inspired
model of ADM and fundamental constant variation (FCV).
Section III details our numerical investigation of this model
using Monte-Carlo-Markov-Chain methods. We present
the results in Sec. IV, revealing a cosmological inference of
H0 that aligns with locally measured values. Concluding
remarks follow in Sec. V. Throughout this paper, we adopt
natural units where c ¼ ℏ ¼ 1, representing the speed of
light and reduced Planck constant, respectively. We also
use the reduced Planck mass,Mpl ¼ ð8πGÞ−1=2, whereG is
Newton’s gravitational constant.

II. THE SYNCHRONOUS MIRROR
RECOMBINATION MODEL

To understand how a mirror sector containing a sub-
dominant ADM component may allow for concordant
cosmology, we explain here how its parameters can be
chosen to exploit the FFAT symmetry direction, ensuring
alignment with CMB and large scale structure (LSS) data.
This requires satisfying the phenomenological criteria
outlined above: ρi → λ2ρi and κ̇ → λκ̇. Section II A details
how we fulfill the energy density requirement to increase
H, and Sec. II C describes the scaling of the Thomson
scattering rate to ensure consistent recombination history.

A. Atomic dark matter

Mirrorlike dark sectors can vary widely, ranging from
those featuring multiple, exact replicas of the Standard
Model to others with only partial duplications [17–59].
Importantly, these frameworks often allow for masses and
coupling strengths of mirror particles to be comparable in
magnitude to the visible sector. Given the variety and scope
of models exploring ADM and Z2 symmetries, our
approach in this study is broad, aiming to delineate dark
sector phenomenology that could be compatible with
various mirror ADM implementations [61–111].
We assume the mirror sector primarily consists of two

massive stable particles, each bearing a charge under a dark
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Uð1Þ symmetry reminiscent of the visible electromagnetic
sector. For the sake of simplicity in modeling, these
particles are assumed to be fundamental fermions, though
we recognize that composite particles could serve equally
well in a more specific realization. These fermions are
distinguished by their masses: one mirroring the mass of
the visible electron and the other mirroring the mass of the
visible proton. We refer to the lighter of these as the dark
electron and the heavier as the dark proton, with their
interactions mediated by a massless dark photon introduc-
ing a dark radiation component to the Universe. These
additions to the dark sector interact with the visible sector
exclusively through gravitational forces and represent a
subdominant portion of the overall dark sector energy
density. For the scope of this work, we do not define the
specific characteristics of the remaining dark matter, aside
from its adherence to CDM behavior. However, we note an
interesting possibility and connection to recent research:
the CDM could for example be a stable “dark neutron” left
over from a dark nucleosynthesis era in the early Universe
which may naturally agree with our ADM approach [29].
This schematic model presents three significant phe-

nomenological implications. Firstly, it enables the for-
mation of bound states akin to visible baryons. Secondly,
the capacity to form bound states means the mirror sector
will undergo a recombination process analogous to
that experienced by the visible sector. Thirdly, ADM
models allow the critical ratios established by ΛCDM to
be preserved:
(1) The precisely measured baryon-photon ratio is

preserved through the proportional inclusion of
ADM and dark radiation.

(2) The matter-radiation ratio is maintained through the
proportional inclusion of CDM, ADM, neutrinos,
and dark radiation.

(3) Dark radiation lends pressure support to ADM, and
the integration of extra cold dark matter ensures a
balance between pressure-supported and pressure-
less matter.

(4) At appropriate temperatures, radiation interacting
with ADM behaves as a fluid, maintaining this state
up to “mirror recombination,” akin to the recombi-
nation process in the visible sector. Following this,
the dark radiation shifts to freestreaming, thereby
maintaining the fluid-freestreaming radiation ratio
when the recombination events align.

Models of atomic dark matter, especially those derived
from partial Z2 symmetries, naturally define a parameter
space encompassing mirror recombination which occurs
near visible recombination. The proportional inclusion of
the mirror sector densities is the same statement as the
second clue outlined above. It is natural that the ratios
of dark sector energies match that of the visible sector if
they are populated by the same criteria. Together, this
approach circumvents numerous fine-tuning challenges.

B. Thermal history of the mirror sector

To limit the number of free parameters of the theory
during our numerical investigation, we fix the dark proton
mass mp;d, dark electron mass me;d, and dark fine structure
constant αd to be functions of the mirror sector temperature
ξd such that mirror recombination occurs at the same time
as the visible sector, ensuring the fluid-freestreaming
radiation ratio is preserved. The fraction of total dark
matter which is atomic, fADM, is left as a free parameter.
We call this scenario the “synchronous mirror recombina-
tion” case. Later, in Sec. IV C we will consider a model
where the mirror sector is allowed to recombine independ-
ently of the visible sector in the “asynchornous mirror
recombination” case. To ensure synchronous mirror recom-
bination and enforce the fourth condition regarding the
fluid-freestreaming radiation ratio, we make three assump-
tions regarding the mirror sector: (1) κ̇ is similar in both
sectors, (2) the sound speeds in both the sectors are similar to
first order, and (3) the ratio of binding energy to temperature
is congruent between the two sectors. The first constraint
ensures dark photons appropriately couple to dark electrons.
The second constraint guarantees that pressure waves in the
mirror plasma propagate at speeds matching those in the
visible sector; otherwise, differing speeds of dark pressure
waves would gravitationally affect visible sector pressure
waves, altering their profile slightly. The third constraint
determines the conditions under which recombination in the
mirror sector becomes energetically favorable.
The first assumption is that the Thomson scattering rates

for both sectors are the same:

λneaσT ¼ ne;daσT;d; ð2Þ

where λ ¼ H̃0=H0;ΛCDM with H̃0 being the increased value
and the subscript d denotes dark sector values. This
formulation introduces a new variable: the dark electron
number density. Similar to the visible sector, we account for
this by assuming global neutrality under the dark Uð1Þ
symmetry, leading to the relation

ne;d ¼ np;d ≈
ρADM
mp;d

; ð3Þ

where np;d and ρADM represent the dark proton number
density and ADM energy density, respectively. Therefore,
the mass of the dark proton emerges as a key determinant of
the dark electron number density. Equation (3) holds true
specifically when me;d ≪ mp;d, a condition inherently met
in mirrorlike models.
From the degeneracy direction pointed out by the FFAT

symmetry, the visible baryon density is related to the ADM
density such that

ρADM ¼ ðλ2 − 1Þρb: ð4Þ
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Therefore, Eq. (2) becomes

λ
ρb
mp

σT ¼ ðλ2 − 1Þρb
mp;d

σT;d: ð5Þ

For clarity, we define the ratio of a quantity χ and its dark
sector component χd as rχ ¼ χd

χ . With this notation, the
constraint from (2) becomes

rmpr2me

r2α
¼ ξ4dffiffiffiffiffiffiffiffiffiffiffiffiffi

ξ4d þ 1
p ; ð6Þ

where α is the visible fine-structure constant, and we have
made the substitution

ξd ≡ Tγ;d

Tγ
¼ ðλ2 − 1Þ1=4; ð7Þ

with Tγ being the visible sector temperature and Tγ;d being
the mirror sector temperature.
We now seek to write rp in terms of ξd and can do so

while enforcing the second assumption. The sound speed of
the primordial plasma is given by

c2s ¼
Tb

μ̄

�
1 −

1

3

d lnTb

d ln a

�
; ð8Þ

where Tb is the temperature of baryons and μ̄ is the reduced
molecular weight. At first order, we can ensure cs ¼ cs;d by
enforcing

Tb

μ̄
¼ TADM

μ̄d
; ð9Þ

where TADM is the temperature of the atomic dark matter.
Prior to recombination, the baryons and ADM are tightly
coupled to their respective radiation baths such that
Tb ≈ Tγ and TADM ≈ Tγ;d. Additionally, μ̄ ≈mp as long
as mp ≫ me. Therefore, (9) implies

TADM

Tb
≈
Tγ;d

Tγ
¼ mp;d

mp

⇒ ξd ¼ rmp: ð10Þ

The constraint on the dark electron mass and dark fine
structure constant from Eq. (6) becomes

r2me

r2α
¼ ξ3dffiffiffiffiffiffiffiffiffiffiffiffiffi

ξ4d þ 1
p : ð11Þ

We now turn our attention to the last and perhaps most
important constraint: keeping the ratio of the binding
energy Be to temperature in both sectors equal such that

Be

Tγ
¼ Be;d

Tγ;d
; ð12Þ

which simplifies to the constraint

ξd ¼ rer2α; ð13Þ

where we have used Beð;dÞ ¼ 1
2
með;dÞα2ðdÞ. Therefore, the

system of equations we must solve for re and rα is

rmer2α ¼ ξd &
r2me

r2α
¼ ξ3dffiffiffiffiffiffiffiffiffiffiffiffiffi

ξ4d þ 1
p : ð14Þ

We find the mirror sector parameters to enforce synchro-
nous mirror recombination to be solely functions of
temperature such that

rme ¼
�

ξ4dffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ4d þ 1

p
�

1=3

rmp ¼ ξd

rα ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

ξ4d þ 1
p

ξd

�1=6

: ð15Þ

This approach ensures that the fourth condition of pre-
serving the fluid-freestreaming radiation ratio is exactly
preserved. However, we note that the mirror sector’s sub-
dominant nature offers flexibility in these relationships;
exact matches are not required. We explore this flexibility
when we permit the mirror sector to recombine independ-
ently from the visible sector in Sec. IV C. We note that this
parametrization begins to break down for very cold mirror
sectors where ξd → 0, as not only do the masses and
couplings diverge, but the introduced ADM will be cold
and behave as CDM which we describe in Sec. IV B.

C. Phenomenological changes to κ̇ using FCV

The dimensionless ratio of the Thomson scattering rate,
κ̇, to the Hubble rate, HðzÞ, is crucial for setting the photon
diffusion scale during recombination. This period, vital for
shaping the CMB spectra at small angular scales, demands
a balance between the expansion and Thomson scattering
rates for observational consistency. The high l regions of
the CMB spectra, where κ̇ smooths perturbations resulting
in power dampening, are particularly sensitive to this ratio.
Thus, the Hubble tension can be reframed as a “photon
diffusion tension” in this context [121].
The Thomson cross section dictates the mean free path of

photons at this time, and variations in α andme can enhance
or hinder the level of diffusion. Our method employs a
targeted FCV approach, focusing on maintaining constant
binding energy and κ̇=HðzÞ, the physical quantities which
drive observational constraints. In essence, CMB observa-
tions are more attuned to changes in the binding energy and
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this ratio, rather than specific alterations in α orme. Notably,
CMB spectral observations may be sensitive to specific
variations in α or me with possible future telescopes but
remain out of reach for current observations [144–148]. We
remind the reader that this phenomenological approach
encapsulates any modification to the Thomson scattering
rate potentially achievable through novel interactions
between the dark and visible sectors, and is not solely
limited to models investigating FCV.
Our proposed scaling for κ̇ hinges on two constraints.

Firstly, the binding energy of light elements Be ¼ 1
2
meα

2

must remain unchanged compared to the Standard Model to
ensure visible recombination timing aligns with ΛCDM.
This preserves observables related to the distance to the
CMB. Secondly, the Thomson cross section σT ¼ 8π

3
α2=m2

e

requires a specific scaling (σT → λσT) to maintain the κ̇=H
ratio, thereby preserving CMB temperature spectra obser-
vational consistency. Resolving these constraints yields
precise scaling predictions for the fundamental parameters:
α → λ1=6α & me → λ−1=3me [121,122]. These scalings
align with the degeneracy direction indicated by the
FFAT symmetry, while preserving recombination-related
cosmological observables at first order. For more discus-
sion regarding the observational constraints imposed on
FCV, see Appendix A, and for results depicting the
relationship between FCV and the binding energy see
Sec. II C.

III. METHODOLOGY

We integrate the ADM model into the Cosmology
Linear Anisotropy Solving System (CLASS) to probe the
mirror sector parameter space, and allow the prior volume
to include the FFAT symmetry direction [149]. To incor-
porate the FCV necessary to keep κ̇=H invariant, we
utilize CLASS’s default functionality for varying α and
me and call upon HyREC to compute recombination for
the mirror and visible sectors [150]. Combining CLASS

with the Monte-Carlo-Markov-Chain (MCMC) package
MontePython [151,152], we compute the one- and two-
dimensional posteriors for the free parameters for the
synchronous mirror recombination model. To plot our
derived one- and two-dimensional posteriors, we utilize
the Python package GetDist [153].
Although this approach introduces a considerable expan-

sion in the model’s degrees of freedom, they are well
justified by physical principles and guided by underlying
symmetries. For clarity, we list the free parameters incor-
porated into the model, along with their physical justifi-
cation. First, we consider the six standard ΛCDM
parameters ½h;ωb;ωcdm; As; ns; τreio�. To maintain a con-
stant ratio of fluid-freestreaming radiation, we introduce a
variable neutrino energy density ½Nur� while assuming that
neutrinos are massless. Additionally, we incorporate var-
iations in the fundamental parameters ½α; me� such that the

Thomson scattering rate can vary while keeping the binding
energy constant. We allow ½fADM; ξd� to vary, enabling the
mirror sector to preserve the matter-radiation, baryon-
photon, and pressure-supported to pressureless matter
ratios. The other mirror sector parameters (mp;d; mp;e; αd)
are fixed functions of the temperature according to Eq. (15),
ensuring a synchronous mirror recombination with the
visible sector.
We consider the following observational datasets:
(1) CMB—Planck 2018 high lTT, TE, and EE data;

Planck 2018 low lTT and EE data; and Planck
Lensing data [1].

(2) Baryon Acoustic Oscillations (BAO)—6dF Galaxy
Survey [154], SDSS DR7 [155], and BOSS
DR12 [156].

(3) Uncalibrated Pantheonþ Supernova [157].
(4) Pantheonþ Supernova calibrated by the local

SH0ES measurement [4].
in three different combinations: (A) CMB and BAO,
(B) CMB, BAO, and uncalibrated Pantheonþ, and
(C) CMB, BAO, and Pantheonþ calibrated by SH0ES,
referred to hereafter as likelihood groups A, B, and C. In all
cases, we set the helium abundance to Yp ¼ 0.2454 to
ensure alignment with BBN predictions [158]. As men-
tioned previously, models where the dark sector thermalizes
with the visible sector after BBN, thereby avoiding Neff
constraints [16,69], present intriguing connections and are
certainly possible, but are beyond the scope of this work.
The MCMC analysis is allowed to run until the

chains satisfy a Gelman-Rubin convergence criterion of
R − 1 < 0.05 in all free parameters. To identify the global
minimum of the fits (a significant computational challenge
given the extensive parameter space spanned by likelihood
groups A and B as we will see) we employ the newly
developed Procoli package which comes equipped with an
integrated global best-fit minimizer [159]. Procoli is also
utilized for conducting profile likelihood scans, enabling us
to understand the relationship between the fit to data and
increasing values of H0 when exploring the FFAT sym-
metry. Additionally, we define the visible sector variables,

δα ¼
α̃ − α0
α0

δe ¼
m̃e −me;0

me;0
; ð16Þ

where the tilde indicates the varied value and 0 indicates the
Standard Model value.

IV. RESULTS AND DISCUSSION

We tabulate the results for the scans over the synchro-
nous mirror recombination model in Table I and show the
posteriors in Fig. 1 for likelihood groups A, B, and C.
Additionally, we perform the same analysis for the ΛCDM
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model using the same likelihoods to generate comparative
data. In general, we find that all parameters naturally follow
the FFAT symmetry direction, depicted by red dashed lines,
and keep the critical ratios discussed above invariant
compared to ΛCDM. The binding energy is left invariant
compared to the Standard Model while the Thomson cross
section is scaled to match the change in H as expected.
Table I shows that without Pantheonþ supernova data

and SH0ES calibration, the likelihood group A best-fit
values favor ΛCDM model values. This matches our clues
discussed in Sec. I: without a need to introduce an addi-
tional signal into CMB data to increase H0, ΛCDM out
performs other models as it accurately predicts the ratios
dictating CMB spectra with minimal parameters. Yet,
posteriors are significantly expanded, allowing for H0

values well over 80 km=s=Mpc within the 68% confidence
level—a notable departure from traditional ΛCDM CMB
and LSS analysis. Figure 1 demonstrates an expanded H0

posterior which opens the parameter space to explore
cosmologically concordant models. Indeed, as we will
see in our discussion of the profile likelihood for H0,
CMB and LSS observations have little constraining power
in the FFAT symmetry direction. The minimizer finds best-
fit values consistent with ΛCDM underscoring ΛCDM’s
efficacy at matching observations, while also highlighting

the need for cosmological models to adhere to its founda-
tional ratios (photon-baryon number, matter-radiation ratio,
pressure-supported to pressureless matter ratio, fluid-
freestreaming radiation ratio) for stronger statistical agree-
ment. Adding five parameters to the model marginally
improves the fit to CMB and LSS data alone with
a Δχ2 ¼ −1.0799.
When incorporating the uncalibrated Pantheonþ super-

novae data into the analysis, the best-fit preferences for the
model shift dramatically, naturally leading to a best-fit
H0 ¼ 73.70 km=s=Mpc. The inclusion of uncalibrated
supernova data makes the model sensitive to the shape of
the redshift-luminosity relationship and probes the eras of
matter domination and matter-dark energy equality, but in
this case is unaware of the SH0ES calibration. Notably, the
best fits agree nicely with direct local measurements of the
expansion rate without a notion of their existence. For both
likelihood groups A and B, the error bars are broad because
the sampler is traversing the FFAT symmetry direction
without a calibration for H0. Although the best fits now
alignwith localmeasurements ofH0, the enhancement to the
overall fit remains minimal, with a Δχ2 ¼ −1.2602. The
two-dimensional posteriors for likelihood groups A and B
in Fig. 1 align well with our predictions from the FFAT
symmetry, indicated by the red dashed lines.

TABLE I. This table presents the mean (best-fit) values for the synchronous mirror recombination model across three different
likelihood groups, with all errors representing the 68% CL. A double horizontal line divides the table into two main sections. The upper
section lists free parameters, categorized into ΛCDM, ADM, and FCV. The lower section details derived parameters from both the dark
and visible sectors. At the bottom, the table features Δχ2 values, comparing the synchronous mirror recombination model’s χ2 to a
baseline ΛCDM model using identical likelihoods.

Free parameters CMB & BAO CMB, BAO, Pantheonþ CMB, BAO, Pantheonþ, SH0ES

ΛCDM h 0.7462ð0.6854Þ � 0.0549 0.7273ð0.7370Þ � 0.0549 0.7380ð0.7380Þ � 0.0102
ωb 0.0223ð0.0224Þ � 0.0002 0.0223ð0.0224Þ � 0.0002 0.0223ð0.0226Þ � 0.0002
ωcdm 0.1495ð0.1221Þ � 0.0244 0.1439ð0.1475Þ � 0.0256 0.1472ð0.1473Þ � 0.0065
ns 0.9585ð0.9580Þ � 0.0095 0.9574ð0.9568Þ � 0.0089 0.9585ð0.9589Þ � 0.0096

As10
9 2.0794ð2.0740Þ � 0.0411 2.0728ð2.0736Þ � 0.0368 2.0792ð2.0802Þ � 0.0417

τreio 0.0518ð0.0550Þ � 0.0077 0.0520ð0.0512Þ � 0.0072 0.0521ð0.0516Þ � 0.0075

ADM ξdark 0.6242ð0.4989Þ � 0.1954 0.5615ð0.6977Þ � 0.2660 0.6849ð0.6893Þ � 0.0707
fadm 0.0317ð0.0072Þ � 0.0212 0.0359ð0.0340Þ � 0.0212 0.0322ð0.0346Þ � 0.0103

FCV δα 0.0142ð0.0021Þ � 0.0120 0.0122ð0.0152Þ � 0.0118 0.0141ð0.0149Þ � 0.0040
δme −0.0264ð−0.0014Þ � 0.0264 −0.0256ð−0.0309Þ � 0.0260 −0.0293ð−0.0296Þ � 0.0132

Other Nur 3.3860ð2.8063Þ � 0.5624 3.2670ð3.3393Þ � 0.5370 3.3713ð3.3793Þ � 0.3481

Derived parameters

Dark rα 1.1291ð1.1286Þ � 0.1305 1.1705ð1.0808Þ � 0.2130 1.0816ð1.0822Þ � 0.0183
rme 0.5291ð0.3917Þ � 0.2201 0.4996ð0.5973Þ � 0.2524 0.5906ð0.5886Þ � 0.0774
rmp 0.6242ð0.4989Þ � 0.0195 0.5615ð0.6977Þ � 0.2660 0.6849ð0.6893Þ � 0.0707

Visible δBe 0.0004ð0.0028Þ � 0.0086 −0.0023ð−0.0012Þ � 0.0085 −0.0020ð−0.0005Þ � 0.0087
δσT 0.0901ð0.0070Þ � 0.0831 0.0903ð0.0974Þ � 0.0839 0.0929ð0.0938Þ � 0.0355
Ωm 0.3070ð0.3075Þ � 0.0089 0.3124ð0.3123Þ � 0.0077 0.3111ð0.3114Þ � 0.0082
S8 0.8178ð0.8167Þ � 0.0127 0.8113ð0.8146Þ � 0.0125 0.8164ð0.8159Þ � 0.0128

Δχ2 −1.08 −1.26 −35.72
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The inclusion of the SH0ES’ local H0 measurement
into likelihood group C calibrates the FFAT symmetry,
significantly reducing parameter uncertainties and anchor-
ing the results. With the SH0ES calibration, we find
H0 ¼ 73.80� 1.02 km=s=Mpc, closely matching the local
measurement of Ref. [4] with an overall Δχ2 ¼ −35.72
compared to ΛCDM. Furthermore, we detect variations in
α and me, yet the binding energy remains consistent with

the Standard Model, affirming the precise timing of visible
recombination and the insensitivity of observables to
specific variations in fundamental parameters at first order.
Additionally, the FCV represents the phenomenological
need to scale the Thomson scattering rate accordingly when
exploring models with higher H0, regardless of the mecha-
nism which amplifies it. The incorporation of dark radiation
and ADM upholds the ratios of matter to radiation,

FIG. 1. This triangle plot showcases the MCMC analysis results for the synchronous recombination mirror model under three different
likelihood groups: A (blue), B (yellow), and C (green). Dark red dashed lines represent the degeneracy direction of the FFAT symmetry.
Note that the FFAT symmetry does not make a prediction for S8. In theH0 column, dark and light gray bands mark the 68% and 95% CL
from the SH0ES’s locally measured value ofH0 ¼ 73.3� 1.04 [4], while similar bands in theΩm and S8 columns reflect the constraints
from Pantheon+’s measured value of Ωm ¼ 0.334� 0.018 [157] and the DES-Y3 result of S8 ¼ 0.776� 0.017 [160]. The MCMC
sampler naturally follows the FFAT symmetry direction as it ensures agreement with CMB and LSS observational data. The degeneracy
is broken only once the local SH0ES calibration of H0 is included, effectively selecting a slice of the posterior.
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pressure-supported to pressureless matter, and fluid to free-
streaming radiation, in alignment with ΛCDM predictions.
The required ADM fraction is fadm ¼ 0.0322� 0.0103,
and the mirror sector is found to be slightly cooler than the
visible sector with ξdark ¼ 0.6849� 0.07. The variation in
neutrino energy density, Nur, yields best-fit values about
10% higher than the Standard Model predictions and nicely
matches the predicted scaling of Nur → λ2Nur. However,
across all likelihood groups, the results consistently align
with Nur ¼ 3.044 within the 68% CL.
Figure 2 demonstrates the CMB temperature-

temperature (TT) and polarization-polarization (EE)
spectra for the best-fit values obtained for the mirror
model when considering likelihood group C. We find

that even with significantly enhanced values of H0 ¼
73.80 km=s=Mpc compared to ΛCDM, we do not sacrifice
agreement to CMB spectra observations both at low l and
high l multipoles as seen in Table II and Fig. 2, although
there is a slight trade for agreement for high l from the
low l data.

A. Profile likelihood with Procoli

To delve deeper into the connection between preserving
ratios and cosmological observables, we perform a profile
likelihood scan over H0 across all three likelihood groups
utilizing the newly developed Procoli package [159]. Figure 3

(a) (b)

FIG. 2. These two figures compare the TT and EE spectra from the ΛCDM model best-fit values obtained from Ref. [1] to the
synchronous mirror recombination model best-fit values obtained when considering likelihood group C. In both figures,
H0 ¼ 73.8 km=s=Mpc. The top panels of the figures demonstrate the spectra’s power correlation. The bottom panels demonstrate
the fractional difference between the ΛCDM and synchronous model. The gray points with associated error bars are binned Planck 2018
observations of the TT and EE spectra. The plots are logarithmic on the x axis for 2 ≤ l < 30 for the low l data, and then linear for
l ≥ 30 for the high l data. (a) CMB TT correlation spectra. (b) CMB EE correlation spectra.

TABLE II. This table provides a comparison of the fit to
individual datasets within likelihood group C across three
models: the baseline ΛCDM, the synchronous mirror recombi-
nation model, and the asynchronous mirror recombination model.
The Δχ2 value quantifies the change in χ2 relative to the baseline
ΛCDM model.

ΛCDM
Synchronous
recombination

Asynchronous
recombination

Planck high l 2347.79 2343.97 2342.18
Planck low l TT 22.63 24.16 23.89
Planck low l EE 396.95 396.09 396.05
Planck lensing 8.85 8.62 8.70
BOSS DR12 3.57 4.28 4.41
BOA low z 2.32 1.23 1.198
Pantheonþ SH0ES 1319.44 1287.49 1287.45

Δχ2 0 −35.72 −37.65

FIG. 3. This plot demonstrates the results from a profile
likelihood scan over H0 utilizing the Procoli package for the
synchronous mirror recombination model when considering
likelihood group C. The results are normalized to each dataset
minimum χ2 value, allowing comparison between all datasets.
We point out the Δχ2 ¼ 1 line which represents the 68% CL.
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displays the outcomes of one of these scans, for likelihood
group C, demonstrating that CMB and LSS data are
insensitive to changes in H0 while exploring along the
FFAT symmetry direction. The degeneracy is only resolved
when a calibrating measurement of H0 is incorporated. In
Table II, we present a comparison of the χ2 values across
each dataset within likelihood group C for three distinct
cases: ΛCDM, the synchronous mirror recombination
model, and the asynchronous mirror recombination model
(see Sec. IV C).We observe that bothmirrormodels result in
a reduced χ2 for the Planck high-lmeasurements and for the
Pantheonþ data, once calibrated by the SH0ES measure-
ment. The model’s effectiveness at high l stems from
maintaining the κ̇=H ratio. This preservation allows for
higher values of H, driven by the increased ADM and dark
radiation density, ensuring alignment with the Pantheonþ
with SH0ES dataset. The fit to the low lTT spectra and the
BOSS DR12 BAO dataset shows a slight deterioration.
However, measurements from low redshift BAO largely
compensate for this change.

B. Cold mirror sector volume effects

The one- and two-dimensional posteriors for likelihood
groups A and B are influenced by a potentially large
volume effect in the prior space in which fadm becomes
unconstrained when the mirror sector is very cold. This
result was first pointed out by Ref. [161] and is most clearly
seen when considering likelihood group B.
In scenarios where the mirror sector temperature is cold

(ξd ≲ 0.25), fadm becomes unconstrained as the ADM
begins to simply resemble the background cold dark matter.
This similarity introduces a significant volume to the
parameter space, echoingΛCDM characteristics and result-
ing in “mitten” shaped two-dimensional contours with
“cold thumbs.” Figure 4 demonstrates that the synchronous
mirror recombination model follows the expected FFAT
symmetry direction for fadm in the “mitten” when consid-
ering likelihood group B. However, as ξd → 0, fadm → 1
and the volume effect is introduced creating “cold thumbs”
of the mitten. This volume effect is removed when
calibrating the Pantheonþ supernovae with SH0ES, as
the SH0ES anchor strongly disfavors cold mirror sectors.
Ultimately, this increased volume influences the shape of
the one-dimensional posteriors when considering likeli-
hood groups A and B, but do not influence the best-fit
parameters. For instance, in Fig. 4, we point out the best-fit
values and note they do not align with the peaks of the
distribution.

C. Additional mirror sector freedom

As a final test of Z2 inspired ADM models, we now
consider a scenario where the mirror sector’s recombination
is asynchronous with the visible sector in an asynchronous
mirror recombination model. By varying the mirror binding

energy to mirror sector temperature ratio through changes
in the dark fine structure constant, we determine the
recombination epoch for the mirror sector: ratios greater
(less) than unity indicate earlier (later) mirror sector
recombination compared to the visible sector.
Our findings reveal a statistical preference in Δχ2 for an

earlier mirror sector recombination, finishing just before
the onset of visible hydrogen recombination. Recall that in
this model, the mirror sector interacts with the visible sector
only gravitationally. Prior to mirror sector recombination,
dark photons act as a fluid. Once the majority of atomic
dark matter recombines, the dark photons start to free-
stream. Therefore, CMB data seems to favor an injection of
free-streaming radiation before hydrogen recombination
but after helium recombination which would have the effect
of gravitationally pulling on sound horizon wavefronts, and
efficiently transporting energy out of the system [162,163].
The asynchronous mirror recombination model with like-
lihood group C finds a Δχ2 ¼ −37.65 compared to the
ΛCDM model, and H0 values which agree with local
measurements. Figure 6 illustrates the correlation between
mirror sector parameters and cosmological tensions for the
asymmetric recombination model, with parameter values

FIG. 4. This triangle plot showcases a volume effect shaping
the posteriors for likelihood groups A and B in the synchronous
mirror recombination model. The one-dimensional posteriors,
prominently influenced by this volume effect, display peaks that
are shaped accordingly. A black dashed line in the plot indicates
the FFAT symmetry direction. The color scale indicates the
temperature of the mirror sector, with purple colors being very
cold mirror sectors. The gray lines indicate best fit values, and
because of the volume effect introduced by cold dark sectors, do
not necessarily align with the peak of the one-dimensional
distribution.
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given in Table III. A bimodal feature related to the timing of
mirror recombination is found, where it is disfavored to
recombine during visible HeII to HeI recombination. As a
general feature of this model and the synchronous mirror
model, theADMexperiences pressure support from the dark
radiation until the end of its drag epoch, slowing the infall of
dark matter into initial seeds of structure. This allows the
one- and two-dimensional posteriors in Fig. 6 to penetrate
into higher values ofΩm and lower values of S8.We note that
this preference for later recombination in the dark sector is
phenomenologically similar to recent studies showing that
allowing the free electron fraction during visible recombi-
nation to vary freely suggests a nonstandard recombination
history, with part of the visible sector recombining later than
predicted by the standard model [164,165]. Finally, while
outside the scope of this study, it may be of great interest to
investigate how subdominant components of the mirror
sector adhering to similar ADM phenomenology influence
the growth of structure on scales relevant for the S8 tension.
Local observations of satellite galaxies and searches for thin
dark matter disks constrain the energy dissipation rate
caused by ADM additions to the dark sector and its impact
on the formation and shape of these small nearby objects,
providing valuable guidance for future dark sector model
development [166–170].

Finally, an interesting coincidence has appeared in the
analysis of the synchronous and asynchronous mirror
recombination models when considering likelihood groups
B and C. The best-fit temperature for the mirror sector in
the asymmetric recombination model is ξdark ¼ 0.7132 or
1.944 K. This temperature is strikingly similar to the 1.95 K
predicted for the neutrino background. Note that this is not
simply adding an additional neutrino species and naming it
something else, as this radiation behaves as a fluid until
mirror recombination. This coincidence bears intriguing
implications, connecting back to the second clue mentioned
in Sec. I. This observation could imply that, at some point
in cosmic history, the mirror sector radiation might have
coupled to the neutrino or visible sector, allowing the two
sectors to achieve thermal equilibrium with one another and
explaining this temperature coincidence [171,172]. A
similar phenomenology to this was realized in [15].

D. Constant binding energy

A particular scaling of α and me has been determined to
maintain constant binding energy while enabling increased
Thomson scattering rates [121]. Without prior knowledge
of this specific strategy, the MCMC sampler naturally
navigates this path, revealing the insensitivity of cosmic
observables to individual changes in either α or me,
focusing instead on maintaining the invariance of the
binding energy within the visible sector. This degeneracy

FIG. 5. This triangle plot demonstrates the relationship between
variations in α and me in the synchronous mirror recombination
model. A black dashed line marks the Standard Model binding
energy. The samples are plotted as points with colors correspond-
ing to the ratio of the varied visible binding energy compared to
the Standard Model value.

TABLE III. This table presents the mean (best-fit) values for the
asynchronous mirror recombination model when considering
likelihood group C, with all errors representing 68% CL. The
format is the same as in Table I.

Parameter Asymmetric recombination

ΛCDM h 0.7375 ð0.7381Þ � 0.0100
ωb 0.0224 ð0.0022Þ � 0.0003
ωcdm 0.1461 ð0.1474Þ � 0.0067
ns 0.9624 ð0.9591Þ � 0.0106

As10
9 2.0889 ð2.0718Þ � 0.0460

τreio 0.0519 ð0.0515Þ � 0.0074

ADM ξdark 0.6715 ð0.7132Þ � 0.0817
fadm 0.0362 ð0.0347Þ � 0.0143
rα 1.1804 ð1.2127Þ � 0.3811

FCV δα 0.0122 ð0.0142Þ � 0.0044
δme −0.0254 ð−0.0312Þ � 0.0140

Other Nur 3.3757 ð3.2859Þ � 0.3628

Dark rme 0.5721 ð0.6132Þ � 0.0950
rmp 0.6715 ð0.7132Þ � 0.0817

rBe=ξdark 1.3077 ð1.2645Þ � 0.7095

Visible δBe −0.0015 ð−0.0035Þ � 0.0084
δσT 0.0796 ð0.0959Þ � 0.0385
Ωm 0.3098 ð0.3117Þ � 0.0827
S8 0.8161 ð0.8139Þ � 0.0131
zrec 1090.1 ð1088.1Þ � 9.3337

Δχ2 −37.65
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direction is depicted in Fig. 5, where the plot’s two-
dimensional posterior closely follows lines of constant
binding energy, and guarantees that recombination in the
visible sector occurs at a time consistent with ΛCDM
predictions, thereby preserving distance measurements.
Simultaneously, the Thomson scattering rate not is left
invariant in the direction of constant binding energy,
allowing the sampler to explore regimes with constant κ̇

H
ratios. We show likelihood group B for its capacity to

explore the FFAT symmetry’s degeneracy direction without
the SH0ES calibration which anchors the result.

V. CONCLUSION

In this study, we leverage insights into the dark sector’s
connection to the visible sector, and the predictions of ratios
by ΛCDM. We introduce a streamlined, universal model of
ADM, inspired by recent works investigating mirror

FIG. 6. This triangle plot showcases the asynchronous mirror recombination model. It displays three free mirror sector parameters
alongside three key observables (H0, S8, and Ωm) linked to cosmological tensions. 68% (dark gray) and 95% (light gray) CL limits for
H0, S8, and Ωm appear in the relevant plots. The color coding reflects the ratio of the mirror sector binding energy to its temperature
relative to visible sector values, a determinant of the mirror sector’s recombination epoch. Ratios above 1 suggest earlier recombination
compared to the visible sector, while values below 1 indicate a later recombination. The black dashed line indicates the values which
align with the visible sector binding energy to temperature ratio.
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sectors. In this model, a subdominant component of the
dark sector (∼3%) mirrors the visible sector’s Uð1Þ
symmetry for electromagnetic interactions. Notably, with
parameters analogous to those in the visible sector, the
ADM is expected to experience a recombination event
within the mirror sector at epochs parallel to those observed
in the visible sector. To assess the influence of adding a
dynamic, subdominant ADM component to the mirror
sector, we employ the FFAT symmetry to guide our
modeling approach. This strategy safeguards cosmological
observables, guaranteeing alignment with CMB and LSS
data. ADM inherently fulfills one of the FFAT symmetry’s
phenomenological requirements by contributing propor-
tional amounts of matter, radiation, and cold dark matter
densities to the Universe. The second criterion of the FFAT
symmetry involves maintaining the ratio of the Thomson
scattering rate to the background expansion rate. To achieve
this, we suggest a variation of fundamental constants in a
way that scales the Thomson scattering rate appropriately,
while keeping the binding energy of hydrogen and helium
constant. We discover that the CMB observational agree-
ment remains unaffected by particular variations in α and
me, provided the binding energy remains unchanged. While
integrating fundamental constant variation into a realistic
Lagrangian presents challenges, the underlying phenom-
enology remains essential. A model capable of adjusting
the Thomson scattering rate similarly, without relying on
FCV, would offer a compelling route to explore the
concordant cosmological models. While this study dem-
onstrates the potential of mirror sector models to address
certain cosmological tensions, it is important to note that
the consistency of these models with BBN is not fully
settled. References [15,16] provide a plausible route to
address BBN consistency but require the introduction of
new couplings or mediators between the SM and dark
sectors. We hope that this work motivates more detailed
studies examining the interplay of BBN and the implica-
tions for the viability of mirror sector models.
To investigate this phenomenology and its relationship to

cosmic tensions, we conduct a MCMC analysis utilizing a
modified version of CLASS which incorporates ADM. We
explore two distinct cases of mirror sector recombination:
(i) the synchronous mirror recombination model depicting
the mirror sector recombining concurrently with the visible
sector and (ii) the asynchronous mirror recombination
model allowing the mirror sector to undergo recombination
independently from the visible sector. Our findings indicate
that under both recombination scenarios, the CMB and LSS
observables show almost no sensitivity in response to
changes in H0. Incorporating data from the local meas-
urement of H0, we determine a cosmologically inferred
value of H0 ¼ 73.8� 1.0 km=s=Mpc for both models.
This results in improved fits, especially for the high l
Planck data and Pantheonþ dataset, corresponding to
a Δχ2 ¼ −35.72 for the synchronous model and

Δχ2 ¼ −37.65 for the asynchronous model. The asynchro-
nous mirror recombination model reveals a preference for
the mirror sector to undergo recombination slightly earlier
than the visible sector. This timing places mirror sector
recombination between the conclusion of helium recombi-
nation and the onset of hydrogen recombination.
This dual approach to investigating the Hubble tension

has achieved fruitful results, summarized as follows:
(1) The inclusion of a subdominant (3%) atomic dark

matter component in the mirror sector with a
temperature of ξd ∼ 0.7, inspired by Z2 symmetries,
alongside a mechanism that maintains a consistent
κ̇=H, eliminates the tension in H0.

(2) The inclusion of extra mirror sector species, with
mass and coupling strengths mirroring those in the
visible sector, results in mirror sector recombination
occurring at times similar to that of the visible sector.
Given the freedom to recombine independently, the
mirror sector exhibits a preference for undergoing
recombination just before the visible sector hydro-
gen recombines.

(3) By scaling the Thomson scattering rate in accor-
dance with the background expansion rate, we
achieve cosmological concordance. Our approach
employs a phenomenological variation of funda-
mental constants, demonstrating that targeted adjust-
ments to α and me facilitate the necessary scaling
while maintaining compatibility with CMB obser-
vations.

Our work has highlighted several intriguing potential links
between mirror models and cosmological tensions while
offering avenues for further investigation into possible dark
sector interactions. Significant efforts are required from
both particle physics and cosmology disciplines to further
verify the efficacy of this or similar models at addressing
cosmological tensions. However, the phenomenology is
clear: 3%–4% of the dark sector behaving as ADM while
ensuring the ratio of κ̇=H is left invariant compared to
ΛCDM produces concordant cosmology.
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APPENDIX A: CONSTRAINTS ON FCV

Adjusting fundamental constants introduces challenges
that span both theoretical and observational domains.
Although we have pinpointed a variation in the CMB
during recombination that evades detection, geological
records, atomic spectra, quasar observations, and poten-
tially BBN impose much tighter constraints. To ensure the
model is not in direct disagreement with current observ-
ables, we briefly review the main methods for constraining
FCV. For an extensive review, see Refs. [173,174].
Geological constraints, assessing periods comparable to

Earth’s age (or z < 0.5), are based on measuring relative
abundances of various heavy element isotopes. The most
stringent of these arises from the fascinating Oklo natural
reactor phenomenon, where natural nuclear fission occurred
approximately 1.7 billion years ago [175]. Analysis of this
event, considering the neutron mass and decay resonance
energy, has significantly constrained the variation of α to
jΔα=αj < 1.1 × 10−8 over this period [176].
Atomic clocks provide a highly precise method for

measuring FCV today (z ¼ 0). These experiments seek to
detect variation in frequencies of long term, stable oscillators
and probe the nature of α, the electron to protonmass ratio μ,
and the proton gyromagnetic ratio gp. By measuring
frequencies related to the gross, fine-structure, and hyperfine
structure atomic transitions they measure combinations of
R∞, α2R∞, and μα2R∞, respectively, where R∞ is the
Rydberg constant. The scaling of α and me proposed in
this study specifically leaves the Rydberg constant and μα2

invariant, which could leave some atomic clock measure-
ments insensitive to this specific variation.However, the fine
structure measurements (αR∞) effectively break the degen-
eracy. Current atomic clock data restrict the variability of α
to about jα̇=αj < 10−19 annually [177].
Quasar (QSO) absorption spectra provide the earliest

directly observable constraints on FCV. As some of the
Universe’s most luminous sources, QSOs allow observa-
tions up to redshifts of z ∼ 7, reaching back to less
than 1 Gyr after the big bang. Astronomers analyze
absorption spectra from cold gas clouds along QSOs’
line of sight up to z ∼ 3 (about 2 Gyr old), setting
constraints on early Universe FCV. This method, how-
ever, introduces additional complexity due to the
Universe’s expansion redshifting the spectra. FCV con-
straints using QSOs rely on identifying chromatic effects
in the spectra, impacting all wavelengths and may be
difficult to disentangle from redshift. Current constraints
from QSO absorption spectra separately limit α variation
to jΔα=αj < 10−6 at z ∼ 2.4 [178] and jΔμ=μj < 10−5 at
z ∼ 0.9 [179].

Big bang nucleosynthesis offers potential constraints on
FCV mere minutes after the end of inflation at redshifts of
z ∼ 108. Standard BBN models, which successfully predict
light elemental abundances, potentially anchor FCV con-
straints to this early epoch. BBN’s sensitivity extends to
various factors, including the expansion rate, neutron-proton
number density ratio and mass difference, neutron lifetime,
and the Coulomb barrier strength. This complexity opens a
challenging avenue, as BBN’s outcomes are not clear when
considering variations of α and me. However, a compre-
hensive analysis of FCV’s impact onBBNdemands not only
advanced nuclear reaction rate calculations but also detailed
lattice QCD and QED computations [180–183].
We summarize the constraints on FCV as follows:
(1) Atomic clocks confirm the stability of α and me at

present (z ¼ 0) and that linear variations are ruled out.
(2) Geological and QSO observations suggest no sig-

nificant variation in these parameters individually
over the past 10 billion years (z ∼ 3).

(3) The exact impact of the FFAT symmetry combined
with FCV on big bang nucleosynthesis outcomes
remains uncertain at z ∼ 108. See Appendix B for
more discussion.

However, it is interesting to highlight that most discussions
herein typically focus on varying a single parameter.
Simultaneously varying both α and me might weaken some
constraints, particularly if they primarily depend on the
binding energy, which remains unchanged under this
specific FCV. Under the most conservative assumption
that simultaneous variations in α and me do not impact
constraining power, a particle physics model aiming to
realize the required Thomson scattering rate increase must
vary these parameters while satisfying several criteria: it
must preserve BBN predictions, avoid rapid variation
compared to the timescale set by recombination, and align
with Standard Model values before the earliest QSO
observations, maintaining stability thereafter.

APPENDIX B: COMMENTS ON BBN AND FCV

Big bang nucleosynthesis is significantly influenced by
two critical quantities that depend on the fine structure
constant and the electron mass: the neutron to proton
mass difference (Qnp) and the neutron lifetime (τn).
Reference [184] explores the impact of varying α and
me linearly, establishing two key relationships:

ΔQnp

Qnp
¼ −0.59

Δα
α

; ðB1Þ

Δτn
τn

¼ 3.86
Δα
α

þ 1.52
Δme

me
: ðB2Þ

In this analysis,we omit variations in thevacuumexpectation
value and quark masses as examined in [184]. Applying the
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best-fit values identified in Sec. IV, we ascertain that
following the FFAT symmetry direction results in a decrease
in Qnp by approximately 1% and an increase in τn by
around 1%.
BBN unfolds in three crucial stages, with the neutron to

proton mass difference (Qnp) and the neutron lifetime (τn)
playing pivotal roles:
(1) Initially, the temperature remains high enough for

the weak interaction rate to maintain protons and
neutrons in equilibrium.

(2) Once the weak interaction rate dips below the Hubble
rate, inverse reactions cease, and the neutron to proton
ratio becomes fixed at an amount sensitive toQnp and
the background temperature. However, neutrons are
unstable and will continue to decay according to τn
until the onset of light element synthesis.

(3) Finally, the temperature falls to a level where
primordial nucleosynthesis begins, facilitated by
the formation of deuterons.

This simplified overview demonstrates that BBN is
influenced by Qnp and τn, as well as the background
expansion rate. Without comprehensive calculations,
pinpointing the exact impact of these factors on the
predicted helium-4 yields is challenging and very model
dependent. However, it seems that an increase in Qnp and
a decrease in τn would increase the helium-4 yields.
Ultimately, BBN could serve as the decisive assessment
for any proposed resolution to the Hubble tension, as
elemental abundances offer stringent constraints on the
expansion rate during that epoch. For a recent discussion
regarding the connection between BBN and FCV see
Refs. [183,185–187].

[1] N. Aghanim et al. (Planck Collaboration), Astron. As-
trophys. 641, A6 (2020); 652, C4(E) (2021).

[2] S. Aiola et al. (ACT Collaboration), J. Cosmol. Astropart.
Phys. 12 (2020) 047.

[3] L. Balkenhol et al. (SPT-3G Collaboration), Phys. Rev. D
108, 023510 (2023).

[4] A. G. Riess et al., Astrophys. J. Lett. 934, L7 (2022).
[5] W. L. Freedman, Astrophys. J. 919, 16 (2021).
[6] D. Scolnic, A. G. Riess, J. Wu, S. Li, G. S. Anand, R.

Beaton, S. Casertano, R. I. Anderson, S. Dhawan, and X.
Ke, Astrophys. J. Lett. 954, L31 (2023).

[7] S. A. Uddin et al., arXiv:2308.01875.
[8] G. Efstathiou and S. Gratton, Open J. Astrophys. 4 (2021),

10.21105/astro.1910.00483.
[9] K. L. Greene and F.-Y. Cyr-Racine, J. Cosmol. Astropart.

Phys. 06 (2022) 002.
[10] O. Luongo, M. Muccino, E. O. Colgáin, M. M. Sheikh-

Jabbari, and L. Yin, Phys. Rev. D 105, 103510 (2022).
[11] C. Krishnan, R. Mohayaee, E. O. Colgáin, M. M. Sheikh-

Jabbari, and L. Yin, Phys. Rev. D 105, 063514 (2022).
[12] C. Krishnan, R. Mohayaee, E. O. Colgáin, M. M. Sheikh-

Jabbari, and L. Yin, Classical Quantum Gravity 38,
184001 (2021).

[13] D. Camarena, V. Marra, Z. Sakr, and C. Clarkson, Classical
Quantum Gravity 39, 184001 (2022).

[14] D. Camarena and V. Marra, arXiv:2307.02434.
[15] A.Berlin andN.Blinov, Phys.Rev.Lett.120, 021801 (2018).
[16] A. Berlin, N. Blinov, and S. W. Li, Phys. Rev. D 100,

015038 (2019).
[17] N. Arkani-Hamed, T. Cohen, R. T. D’Agnolo, A. Hook,

H. D. Kim, and D. Pinner, Phys. Rev. Lett. 117, 251801
(2016).

[18] Z. Chacko, N. Craig, P. J. Fox, and R. Harnik, J. High
Energy Phys. 07 (2017) 023.

[19] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, J. High
Energy Phys. 09 (2018) 163.

[20] S. Koren and R. McGehee, Phys. Rev. D 101, 055024
(2020).

[21] W.-Z. Feng and J.-H. Yu, Commun. Theor. Phys. 75,
045201 (2023).

[22] H. Beauchesne, J. High Energy Phys. 09 (2020) 048.
[23] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, J. High

Energy Phys. 11 (2021) 198.
[24] S. Bansal, J. H. Kim, C. Kolda, M. Low, and Y. Tsai,

J. High Energy Phys. 05 (2022) 050.
[25] A. Bodas, R. Coy, and S. J. D. King, Eur. Phys. J. C 81,

1065 (2021).
[26] S. Bansal, J. Barron, D. Curtin, and Y. Tsai, J. High Energy

Phys. 10 (2023) 095.
[27] A. Ireland and S. Koren, Phys. Rev. D 109, 103537 (2024).
[28] I. Holst, D. Hooper, G. Krnjaic, and D. Song, Phys. Rev. D

109, 063514 (2024).
[29] A. Bodas, M. A. Buen-Abad, A. Hook, and R. Sundrum,

J. High Energy Phys. 06 (2024) 052.
[30] G. Dvali, Fortschr. Phys. 58, 528 (2010).
[31] G. Dvali and M. Redi, Phys. Rev. D 80, 055001 (2009).
[32] Z. Chacko, H.-S. Goh, and R. Harnik, Phys. Rev. Lett. 96,

231802 (2006).
[33] Z. Chacko, H.-S. Goh, and R. Harnik, J. High Energy

Phys. 01 (2006) 108.
[34] Z. Chacko, Y. Nomura, M. Papucci, and G. Perez, J. High

Energy Phys. 01 (2006) 126.
[35] Z. Chacko, Y. Cui, S. Hong, T. Okui, and Y. Tsai, J. High

Energy Phys. 12 (2016) 108.
[36] R. Barbieri, T. Gregoire, and L. J. Hall, arXiv:hep-ph/

0509242.
[37] N. Craig and K. Howe, J. High Energy Phys. 03 (2014)

140.
[38] N. Craig, A. Katz, M. Strassler, and R. Sundrum, J. High

Energy Phys. 07 (2015) 105.
[39] N. Craig and A. Katz, J. Cosmol. Astropart. Phys. 10

(2015) 054.

KYLAR GREENE and FRANCIS-YAN CYR-RACINE PHYS. REV. D 110, 043524 (2024)

043524-14

https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1088/1475-7516/2020/12/047
https://doi.org/10.1088/1475-7516/2020/12/047
https://doi.org/10.1103/PhysRevD.108.023510
https://doi.org/10.1103/PhysRevD.108.023510
https://doi.org/10.3847/2041-8213/ac5c5b
https://doi.org/10.3847/1538-4357/ac0e95
https://doi.org/10.3847/2041-8213/ace978
https://arXiv.org/abs/2308.01875
https://doi.org/10.21105/astro.1910.00483
https://doi.org/10.1088/1475-7516/2022/06/002
https://doi.org/10.1088/1475-7516/2022/06/002
https://doi.org/10.1103/PhysRevD.105.103510
https://doi.org/10.1103/PhysRevD.105.063514
https://doi.org/10.1088/1361-6382/ac1a81
https://doi.org/10.1088/1361-6382/ac1a81
https://doi.org/10.1088/1361-6382/ac8635
https://doi.org/10.1088/1361-6382/ac8635
https://arXiv.org/abs/2307.02434
https://doi.org/10.1103/PhysRevLett.120.021801
https://doi.org/10.1103/PhysRevD.100.015038
https://doi.org/10.1103/PhysRevD.100.015038
https://doi.org/10.1103/PhysRevLett.117.251801
https://doi.org/10.1103/PhysRevLett.117.251801
https://doi.org/10.1007/JHEP07(2017)023
https://doi.org/10.1007/JHEP07(2017)023
https://doi.org/10.1007/JHEP09(2018)163
https://doi.org/10.1007/JHEP09(2018)163
https://doi.org/10.1103/PhysRevD.101.055024
https://doi.org/10.1103/PhysRevD.101.055024
https://doi.org/10.1088/1572-9494/acbb5b
https://doi.org/10.1088/1572-9494/acbb5b
https://doi.org/10.1007/JHEP09(2020)048
https://doi.org/10.1007/JHEP11(2021)198
https://doi.org/10.1007/JHEP11(2021)198
https://doi.org/10.1007/JHEP05(2022)050
https://doi.org/10.1140/epjc/s10052-021-09850-x
https://doi.org/10.1140/epjc/s10052-021-09850-x
https://doi.org/10.1007/JHEP10(2023)095
https://doi.org/10.1007/JHEP10(2023)095
https://doi.org/10.1103/PhysRevD.109.103537
https://doi.org/10.1103/PhysRevD.109.063514
https://doi.org/10.1103/PhysRevD.109.063514
https://doi.org/10.1007/JHEP06(2024)052
https://doi.org/10.1002/prop.201000009
https://doi.org/10.1103/PhysRevD.80.055001
https://doi.org/10.1103/PhysRevLett.96.231802
https://doi.org/10.1103/PhysRevLett.96.231802
https://doi.org/10.1088/1126-6708/2006/01/108
https://doi.org/10.1088/1126-6708/2006/01/108
https://doi.org/10.1088/1126-6708/2006/01/126
https://doi.org/10.1088/1126-6708/2006/01/126
https://doi.org/10.1007/JHEP12(2016)108
https://doi.org/10.1007/JHEP12(2016)108
https://arXiv.org/abs/hep-ph/0509242
https://arXiv.org/abs/hep-ph/0509242
https://doi.org/10.1007/JHEP03(2014)140
https://doi.org/10.1007/JHEP03(2014)140
https://doi.org/10.1007/JHEP07(2015)105
https://doi.org/10.1007/JHEP07(2015)105
https://doi.org/10.1088/1475-7516/2015/10/054
https://doi.org/10.1088/1475-7516/2015/10/054


[40] N. Craig, S. Koren, and T. Trott, J. High Energy Phys. 05
(2017) 038.

[41] I. Garcia Garcia, R. Lasenby, and J. March-Russell, Phys.
Rev. D 92, 055034 (2015).

[42] M. Farina, J. Cosmol. Astropart. Phys. 11 (2015) 017.
[43] V. Prilepina and Y. Tsai, J. High Energy Phys. 09 (2017)

033.
[44] R. Barbieri, L. J. Hall, and K. Harigaya, J. High Energy

Phys. 11 (2016) 172.
[45] J. Berger, K. Jedamzik, and D. G. E. Walker, J. Cosmol.

Astropart. Phys. 11 (2016) 032.
[46] C. Csaki, E. Kuflik, and S. Lombardo, Phys. Rev. D 96,

055013 (2017).
[47] G. Elor, H. Liu, T. R. Slatyer, and Y. Soreq, Phys. Rev. D

98, 036015 (2018).
[48] Y. Hochberg, E. Kuflik, and H. Murayama, Phys. Rev. D

99, 015005 (2019).
[49] A. Francis, R. J. Hudspith, R. Lewis, and S. Tulin, J. High

Energy Phys. 12 (2018) 118.
[50] K. Harigaya, R. Mcgehee, H. Murayama, and K. Schutz,

J. High Energy Phys. 05 (2020) 155.
[51] M. Ibe, A. Kamada, S. Kobayashi, T. Kuwahara, and W.

Nakano, Phys. Rev. D 100, 075022 (2019).
[52] D. Dunsky, L. J. Hall, and K. Harigaya, J. High Energy

Phys. 02 (2020) 078.
[53] C. Csáki, C.-S. Guan, T. Ma, and J. Shu, J. High Energy

Phys. 12 (2020) 005.
[54] J. Terning, C. B. Verhaaren, and K. Zora, Phys. Rev. D 99,

095020 (2019).
[55] L. Johns and S. Koren, arXiv:2012.06591.
[56] J.-S. Roux and J. M. Cline, Phys. Rev. D 102, 063518

(2020).
[57] A. C. Ritter and R. R. Volkas, Phys. Rev. D 104, 035032

(2021).
[58] D.Curtin and S.Gryba, J.HighEnergyPhys. 08 (2021) 009.
[59] D. Curtin, S. Gryba, D. Hooper, J. Scholtz, and J. Setford,

Phys. Rev. D 105, 035033 (2022).
[60] C.-T. Huang, R. Ramos, V. Q. Tran, Y.-L. S. Tsai, and T.-C.

Yuan, J. High Energy Phys. 09 (2019) 048.
[61] D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and C. M.

Wells, J. Cosmol. Astropart. Phys. 05 (2010) 021.
[62] F.-Y. Cyr-Racine and K. Sigurdson, Phys. Rev. D 87,

103515 (2013).
[63] R. Foot and S. Vagnozzi, Phys. Rev. D 91, 023512 (2015).
[64] W. Detmold, M. McCullough, and A. Pochinsky, Phys.

Rev. D 90, 115013 (2014).
[65] G. Krnjaic and K. Sigurdson, Phys. Lett. B 751, 464 (2015).
[66] M. Cirelli, P. Panci, K. Petraki, F. Sala, and M. Taoso,

J. Cosmol. Astropart. Phys. 05 (2017) 036.
[67] P. Agrawal, F.-Y. Cyr-Racine, L. Randall, and J. Scholtz,

J. Cosmol. Astropart. Phys. 05 (2017) 022.
[68] I. Garcia Garcia, R. Lasenby, and J. March-Russell, Phys.

Rev. Lett. 115, 121801 (2015).
[69] A. Berlin, J. A. Dror, X. Gan, and J. T. Ruderman, J. High

Energy Phys. 05 (2023) 046.
[70] M. Ryan, J. Gurian, S. Shandera, and D. Jeong, Astrophys.

J. 934, 120 (2022).
[71] S. I. Blinnikov andM. Khlopov, Sov. Astron. 27, 371 (1983),

https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/
abstract.

[72] L. Ackerman, M. R. Buckley, S. M. Carroll, and M.
Kamionkowski, Phys. Rev. D 79, 023519 (2009).

[73] J. L. Feng, M. Kaplinghat, H. Tu, and H.-B. Yu, J. Cosmol.
Astropart. Phys. 07 (2009) 004.

[74] P. Agrawal and L. Randall, J. Cosmol. Astropart. Phys. 12
(2017) 019.

[75] R. Foot and S. Mitra, Phys. Rev. D 66, 061301 (2002).
[76] R. Foot and R. R. Volkas, Phys. Rev. D 68, 021304 (2003).
[77] R. Foot, Int. J. Mod. Phys. D 13, 2161 (2004).
[78] R. Foot and R. R. Volkas, Phys. Rev. D 70, 123508 (2004).
[79] R. Foot, A. Kobakhidze, K. L. McDonald, and R. R.

Volkas, Phys. Rev. D 77, 035006 (2008).
[80] R. Foot, Phys. Lett. B 711, 238 (2012).
[81] R. Foot, Phys. Rev. D 88, 023520 (2013).
[82] R. Foot, Int. J. Mod. Phys. A 29, 1430013 (2014).
[83] R. Foot and S. Vagnozzi, J. Cosmol. Astropart. Phys. 07

(2016) 013.
[84] P. Ciarcelluti, Int. J. Mod. Phys. D 14, 187 (2005).
[85] P. Ciarcelluti, Int. J. Mod. Phys. D 14, 223 (2005).
[86] P. Ciarcelluti and A. Lepidi, Phys. Rev. D 78, 123003

(2008).
[87] P. Ciarcelluti, Int. J. Mod. Phys. D 19, 2151 (2010).
[88] P. Ciarcelluti and Q. Wallemacq, Phys. Lett. B 729, 62

(2014).
[89] P. Ciarcelluti and Q. Wallemacq, Adv. High Energy Phys.

2014, 148319 (2014).
[90] J.-R. Cudell, M. Y. Khlopov, and Q. Wallemacq, Mod.

Phys. Lett. A 29, 1440006 (2014).
[91] H. Goldberg and L. J. Hall, Phys. Lett. B 174, 151 (1986).
[92] D. Fargion, M. Khlopov, and C. A. Stephan, Classical

Quantum Gravity 23, 7305 (2006).
[93] M. Y. Khlopov, Pis’ma Zh. Eksp. Teor. Fiz. 83, 3 (2006),

https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/
abstract.

[94] M. Y. Khlopov and C. Kouvaris, Phys. Rev. D 78, 065040
(2008).

[95] M. Y. Khlopov, A. G. Mayorov, and E. Y. Soldatov, Int.
J. Mod. Phys. D 19, 1385 (2010).

[96] M. Y. Khlopov, Mod. Phys. Lett. A 26, 2823 (2011).
[97] D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and C. M.

Wells, J. Cosmol. Astropart. Phys. 10 (2011) 011.
[98] S. R. Behbahani, M. Jankowiak, T. Rube, and J. G.

Wacker, Adv. High Energy Phys. 2011, 709492 (2011).
[99] J. M. Cline, Z. Liu, and W. Xue, Phys. Rev. D 85, 101302

(2012).
[100] J. M. Cline, Z. Liu, G. Moore, and W. Xue, Phys. Rev. D

89, 043514 (2014).
[101] J. Fan, A. Katz, L. Randall, and M. Reece, Phys. Rev. Lett.

110, 211302 (2013).
[102] J. Fan, A. Katz, L. Randall, and M. Reece, Phys. Dark

Universe 2, 139 (2013).
[103] M. McCullough and L. Randall, J. Cosmol. Astropart.

Phys. 10 (2013) 058.
[104] L. Randall and J. Scholtz, J. Cosmol. Astropart. Phys. 09

(2015) 057.
[105] M. Y. Khlopov, Int. J. Mod. Phys. A 29, 1443002 (2014).
[106] K. Petraki, L. Pearce, and A. Kusenko, J. Cosmol.

Astropart. Phys. 07 (2014) 039.
[107] K. Petraki, M. Postma, and J. de Vries, J. High Energy

Phys. 04 (2017) 077.

RATIO-PRESERVING APPROACH TO COSMOLOGICAL … PHYS. REV. D 110, 043524 (2024)

043524-15

https://doi.org/10.1007/JHEP05(2017)038
https://doi.org/10.1007/JHEP05(2017)038
https://doi.org/10.1103/PhysRevD.92.055034
https://doi.org/10.1103/PhysRevD.92.055034
https://doi.org/10.1088/1475-7516/2015/11/017
https://doi.org/10.1007/JHEP09(2017)033
https://doi.org/10.1007/JHEP09(2017)033
https://doi.org/10.1007/JHEP11(2016)172
https://doi.org/10.1007/JHEP11(2016)172
https://doi.org/10.1088/1475-7516/2016/11/032
https://doi.org/10.1088/1475-7516/2016/11/032
https://doi.org/10.1103/PhysRevD.96.055013
https://doi.org/10.1103/PhysRevD.96.055013
https://doi.org/10.1103/PhysRevD.98.036015
https://doi.org/10.1103/PhysRevD.98.036015
https://doi.org/10.1103/PhysRevD.99.015005
https://doi.org/10.1103/PhysRevD.99.015005
https://doi.org/10.1007/JHEP12(2018)118
https://doi.org/10.1007/JHEP12(2018)118
https://doi.org/10.1007/JHEP05(2020)155
https://doi.org/10.1103/PhysRevD.100.075022
https://doi.org/10.1007/JHEP02(2020)078
https://doi.org/10.1007/JHEP02(2020)078
https://doi.org/10.1007/JHEP12(2020)005
https://doi.org/10.1007/JHEP12(2020)005
https://doi.org/10.1103/PhysRevD.99.095020
https://doi.org/10.1103/PhysRevD.99.095020
https://arXiv.org/abs/2012.06591
https://doi.org/10.1103/PhysRevD.102.063518
https://doi.org/10.1103/PhysRevD.102.063518
https://doi.org/10.1103/PhysRevD.104.035032
https://doi.org/10.1103/PhysRevD.104.035032
https://doi.org/10.1007/JHEP08(2021)009
https://doi.org/10.1103/PhysRevD.105.035033
https://doi.org/10.1007/JHEP09(2019)048
https://doi.org/10.1088/1475-7516/2010/05/021
https://doi.org/10.1103/PhysRevD.87.103515
https://doi.org/10.1103/PhysRevD.87.103515
https://doi.org/10.1103/PhysRevD.91.023512
https://doi.org/10.1103/PhysRevD.90.115013
https://doi.org/10.1103/PhysRevD.90.115013
https://doi.org/10.1016/j.physletb.2015.11.001
https://doi.org/10.1088/1475-7516/2017/05/036
https://doi.org/10.1088/1475-7516/2017/05/022
https://doi.org/10.1103/PhysRevLett.115.121801
https://doi.org/10.1103/PhysRevLett.115.121801
https://doi.org/10.1007/JHEP05(2023)046
https://doi.org/10.1007/JHEP05(2023)046
https://doi.org/10.3847/1538-4357/ac75ef
https://doi.org/10.3847/1538-4357/ac75ef
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://ui.adsabs.harvard.edu/abs/1983SvA....27..371B/abstract
https://doi.org/10.1103/PhysRevD.79.023519
https://doi.org/10.1088/1475-7516/2009/07/004
https://doi.org/10.1088/1475-7516/2009/07/004
https://doi.org/10.1088/1475-7516/2017/12/019
https://doi.org/10.1088/1475-7516/2017/12/019
https://doi.org/10.1103/PhysRevD.66.061301
https://doi.org/10.1103/PhysRevD.68.021304
https://doi.org/10.1142/S0218271804006449
https://doi.org/10.1103/PhysRevD.70.123508
https://doi.org/10.1103/PhysRevD.77.035006
https://doi.org/10.1016/j.physletb.2012.04.023
https://doi.org/10.1103/PhysRevD.88.023520
https://doi.org/10.1142/S0217751X14300130
https://doi.org/10.1088/1475-7516/2016/07/013
https://doi.org/10.1088/1475-7516/2016/07/013
https://doi.org/10.1142/S0218271805006213
https://doi.org/10.1142/S0218271805006225
https://doi.org/10.1103/PhysRevD.78.123003
https://doi.org/10.1103/PhysRevD.78.123003
https://doi.org/10.1142/S0218271810018438
https://doi.org/10.1016/j.physletb.2013.12.057
https://doi.org/10.1016/j.physletb.2013.12.057
https://doi.org/10.1155/2014/148319
https://doi.org/10.1155/2014/148319
https://doi.org/10.1142/S0217732314400069
https://doi.org/10.1142/S0217732314400069
https://doi.org/10.1016/0370-2693(86)90731-8
https://doi.org/10.1088/0264-9381/23/24/008
https://doi.org/10.1088/0264-9381/23/24/008
https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/abstract
https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/abstract
https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/abstract
https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/abstract
https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/abstract
https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/abstract
https://ui.adsabs.harvard.edu/abs/2005astro.ph.11796K/abstract
https://doi.org/10.1103/PhysRevD.78.065040
https://doi.org/10.1103/PhysRevD.78.065040
https://doi.org/10.1142/S0218271810017962
https://doi.org/10.1142/S0218271810017962
https://doi.org/10.1142/S0217732311037194
https://doi.org/10.1088/1475-7516/2011/10/011
https://doi.org/10.1155/2011/709492
https://doi.org/10.1103/PhysRevD.85.101302
https://doi.org/10.1103/PhysRevD.85.101302
https://doi.org/10.1103/PhysRevD.89.043514
https://doi.org/10.1103/PhysRevD.89.043514
https://doi.org/10.1103/PhysRevLett.110.211302
https://doi.org/10.1103/PhysRevLett.110.211302
https://doi.org/10.1016/j.dark.2013.07.001
https://doi.org/10.1016/j.dark.2013.07.001
https://doi.org/10.1088/1475-7516/2013/10/058
https://doi.org/10.1088/1475-7516/2013/10/058
https://doi.org/10.1088/1475-7516/2015/09/057
https://doi.org/10.1088/1475-7516/2015/09/057
https://doi.org/10.1142/S0217751X14430027
https://doi.org/10.1088/1475-7516/2014/07/039
https://doi.org/10.1088/1475-7516/2014/07/039
https://doi.org/10.1007/JHEP04(2017)077
https://doi.org/10.1007/JHEP04(2017)077


[108] J. Choquette and J. M. Cline, Phys. Rev. D 92, 115011
(2015).

[109] Z. Hou, R. Keisler, L. Knox, M. Millea, and C. Reichardt,
Phys. Rev. D 87, 083008 (2013).

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

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

[112] M. A. Buen-Abad, Z. Chacko, C. Kilic, G. Marques-
Tavares, and T. Youn, J. High Energy Phys. 06 (2023) 012.

[113] M. A.Buen-Abad, Z.Chacko, C.Kilic, G.Marques-Tavares,
and T. Youn, J. Cosmol. Astropart. Phys. 11 (2023) 005.

[114] M. Farina, A. Monteux, and C. S. Shin, Phys. Rev. D 94,
035017 (2016).

[115] N. Blinov, G. Krnjaic, and S. W. Li, Phys. Rev. D 105,
095005 (2022).

[116] P. Bittar, G. Burdman, and L. Kiriliuk, J. High Energy
Phys. 11 (2023) 043.

[117] G. Alonso-Álvarez, D. Curtin, A. Rasovic, and Z. Yuan,
J. High Energy Phys. 05 (2024) 069.

[118] E. Hall, R. McGehee, H. Murayama, and B. Suter, Phys.
Rev. D 106, 075008 (2022).

[119] C. Kilic, C. B. Verhaaren, and T. Youn, Phys. Rev. D 104,
116018 (2021).

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

[121] K. Greene and F.-Y. Cyr-Racine, J. Cosmol. Astropart.
Phys. 10 (2023) 065.

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

[123] L. Vacher, J. a. F. Dias, N. Schöneberg, C. J. A. P. Martins,
S. Vinzl, S. Nesseris, G. Cañas Herrera, and M. Martinelli,
Phys. Rev. D 106, 083522 (2022).

[124] L. Vacher and N. Schöneberg, Phys. Rev. D 109, 103520
(2024).

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

[126] V. A. Dzuba, V. V. Flambaum, and A. J. Mansour, arXiv:
2402.09643.

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

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

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

[130] N. Lee, Y. Ali-Haïmoud, N. Schöneberg, and V. Poulin,
Phys. Rev. Lett. 130, 161003 (2023).

[131] L. Hart and J. Chluba, Mon. Not. R. Astron. Soc. 519,
3664 (2023).

[132] H. Tohfa, J. Crump, E. Baker, L. Hart, D. Grin, M. Brosius,
and J. Chluba, Phys. Rev. D 109, 103529 (2024).

[133] O. Seto, T. Takahashi, and Y. Toda, Phys. Rev. D 108,
023525 (2023).

[134] J. Zhang and J. A. Frieman, Phys. Rev. D 107, 043529
(2023).

[135] S. Chakrabarti, Eur. Phys. J. C 83, 693 (2023).
[136] S. Yeung andM.-C. Chu, Phys. Rev. D 105, 083508 (2022).
[137] L. R. Colaço, R. F. L. Holanda, and R. Silva, Eur. Phys.

J. C 81, 822 (2021).

[138] L. Lopez-Honorez, O. Mena, S. Palomares-Ruiz, P.
Villanueva-Domingo, and S. J. Witte, J. Cosmol. Astro-
part. Phys. 06 (2020) 026.

[139] A. Hees et al., Phys. Rev. Lett. 124, 081101 (2020).
[140] L. R. Colaço, R. F. L. Holanda, R. C. Nunes, and J. E.

Gonzalez, Astropart. Phys. 155, 102911 (2024).
[141] D. A. Berke, M. T. Murphy, C. Flynn, and F. Liu, Mon.

Not. R. Astron. Soc. 519, 1221 (2022).
[142] M. Baryakhtar, O. Simon, and Z. J. Weiner, arXiv:2405

.10358.
[143] O. Seto and Y. Toda, arXiv:2405.11869.
[144] D. J. Fixsen, E. S. Cheng, J. M. Gales, J. C. Mather,

R. A. Shafer, and E. L. Wright, Astrophys. J. 473, 576
(1996).

[145] J. Chluba et al., Exp. Astron. 51, 1515 (2021).
[146] J. Chluba, T. Kite, and A. Ravenni, J. Cosmol. Astropart.

Phys. 11 (2023) 026.
[147] J. Chluba, A. Ravenni, and T. Kite, J. Cosmol. Astropart.

Phys. 11 (2023) 027.
[148] T. Kite, A. Ravenni, and J. Chluba, J. Cosmol. Astropart.

Phys. 11 (2023) 028.
[149] D. Blas, J. Lesgourgues, and T. Tram, J. Cosmol. Astropart.

Phys. 07 (2011) 034.
[150] N. Lee and Y. Ali-Haïmoud, Phys. Rev. D 102, 083517

(2020).
[151] B. Audren, J. Lesgourgues, K. Benabed, and S. Prunet,

J. Cosmol. Astropart. Phys. 02 (2013) 001.
[152] T. Brinckmann and J. Lesgourgues, Phys. Dark Universe

24, 100260 (2019).
[153] A. Lewis, arXiv:1910.13970.
[154] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-

Smith, L. Campbell, Q. Parker, W. Saunders, and F.
Watson, Mon. Not. R. Astron. Soc. 416, 3017 (2011).

[155] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival, A.
Burden, and M. Manera, Mon. Not. R. Astron. Soc. 449,
835 (2015).

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

[157] D. Brout et al., Astrophys. J. 938, 110 (2022).
[158] E. Aver, D. A. Berg, K. A. Olive, R. W. Pogge, J. J.

Salzer, and E. D. Skillman, J. Cosmol. Astropart. Phys.
03 (2021) 027.

[159] T. Karwal, Y. Patel, A. Bartlett, V. Poulin, T. L. Smith, and
D. N. Pfeffer, arXiv:2401.14225.

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

[161] E. Hughes, F. Ge, F.-Y. Cyr-Racine, L. Knox, and S.
Raghunathan, Phys. Rev. D 109, 103516 (2024).

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

[163] F.-Y. Cyr-Racine and K. Sigurdson, Phys. Rev. D 90,
123533 (2014).

[164] G. P. Lynch, L. Knox, and J. Chluba, arXiv:2404.05715.
[165] G. P. Lynch, L. Knox, and J. Chluba, arXiv:2406.10202.
[166] K. Schutz, T. Lin, B. R. Safdi, and C.-L. Wu, Phys. Rev.

Lett. 121, 081101 (2018).
[167] C. Gemmell, S. Roy, X. Shen, D. Curtin, M. Lisanti,

N. Murray, and P. F. Hopkins, Astrophys. J. 967, 21
(2024).

KYLAR GREENE and FRANCIS-YAN CYR-RACINE PHYS. REV. D 110, 043524 (2024)

043524-16

https://doi.org/10.1103/PhysRevD.92.115011
https://doi.org/10.1103/PhysRevD.92.115011
https://doi.org/10.1103/PhysRevD.87.083008
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/10.1007/JHEP06(2023)012
https://doi.org/10.1088/1475-7516/2023/11/005
https://doi.org/10.1103/PhysRevD.94.035017
https://doi.org/10.1103/PhysRevD.94.035017
https://doi.org/10.1103/PhysRevD.105.095005
https://doi.org/10.1103/PhysRevD.105.095005
https://doi.org/10.1007/JHEP11(2023)043
https://doi.org/10.1007/JHEP11(2023)043
https://doi.org/10.1007/JHEP05(2024)069
https://doi.org/10.1103/PhysRevD.106.075008
https://doi.org/10.1103/PhysRevD.106.075008
https://doi.org/10.1103/PhysRevD.104.116018
https://doi.org/10.1103/PhysRevD.104.116018
https://doi.org/10.1103/PhysRevLett.128.201301
https://doi.org/10.1103/PhysRevLett.128.201301
https://doi.org/10.1088/1475-7516/2023/10/065
https://doi.org/10.1088/1475-7516/2023/10/065
https://doi.org/10.1103/PhysRevD.107.023517
https://doi.org/10.1103/PhysRevD.107.023517
https://doi.org/10.1103/PhysRevD.106.083522
https://doi.org/10.1103/PhysRevD.109.103520
https://doi.org/10.1103/PhysRevD.109.103520
https://doi.org/10.1103/PhysRevD.104.075019
https://doi.org/10.1103/PhysRevD.104.075019
https://arXiv.org/abs/2402.09643
https://arXiv.org/abs/2402.09643
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://doi.org/10.1103/PhysRevLett.130.161003
https://doi.org/10.1093/mnras/stac3697
https://doi.org/10.1093/mnras/stac3697
https://doi.org/10.1103/PhysRevD.109.103529
https://doi.org/10.1103/PhysRevD.108.023525
https://doi.org/10.1103/PhysRevD.108.023525
https://doi.org/10.1103/PhysRevD.107.043529
https://doi.org/10.1103/PhysRevD.107.043529
https://doi.org/10.1140/epjc/s10052-023-11877-1
https://doi.org/10.1103/PhysRevD.105.083508
https://doi.org/10.1140/epjc/s10052-021-09625-4
https://doi.org/10.1140/epjc/s10052-021-09625-4
https://doi.org/10.1088/1475-7516/2020/06/026
https://doi.org/10.1088/1475-7516/2020/06/026
https://doi.org/10.1103/PhysRevLett.124.081101
https://doi.org/10.1016/j.astropartphys.2023.102911
https://doi.org/10.1093/mnras/stac2037
https://doi.org/10.1093/mnras/stac2037
https://arXiv.org/abs/2405.10358
https://arXiv.org/abs/2405.10358
https://arXiv.org/abs/2405.11869
https://doi.org/10.1086/178173
https://doi.org/10.1086/178173
https://doi.org/10.1007/s10686-021-09729-5
https://doi.org/10.1088/1475-7516/2023/11/026
https://doi.org/10.1088/1475-7516/2023/11/026
https://doi.org/10.1088/1475-7516/2023/11/027
https://doi.org/10.1088/1475-7516/2023/11/027
https://doi.org/10.1088/1475-7516/2023/11/028
https://doi.org/10.1088/1475-7516/2023/11/028
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1103/PhysRevD.102.083517
https://doi.org/10.1103/PhysRevD.102.083517
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://arXiv.org/abs/1910.13970
https://doi.org/10.1111/j.1365-2966.2011.19250.x
https://doi.org/10.1093/mnras/stv154
https://doi.org/10.1093/mnras/stv154
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.3847/1538-4357/ac8e04
https://doi.org/10.1088/1475-7516/2021/03/027
https://doi.org/10.1088/1475-7516/2021/03/027
https://arXiv.org/abs/2401.14225
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevD.109.103516
https://doi.org/10.1103/PhysRevD.69.083002
https://doi.org/10.1103/PhysRevD.69.083002
https://doi.org/10.1103/PhysRevD.90.123533
https://doi.org/10.1103/PhysRevD.90.123533
https://arXiv.org/abs/2404.05715
https://arXiv.org/abs/2406.10202
https://doi.org/10.1103/PhysRevLett.121.081101
https://doi.org/10.1103/PhysRevLett.121.081101
https://doi.org/10.3847/1538-4357/ad3823
https://doi.org/10.3847/1538-4357/ad3823


[168] S. Roy, X. Shen, M. Lisanti, D. Curtin, N. Murray, and P. F.
Hopkins, Astrophys. J. Lett. 954, L40 (2023).

[169] S. Lin et al., arXiv:2401.17940.
[170] J. C. Rose et al., arXiv:2405.00766.
[171] A. Ahmed, Z. Chacko, N. Desai, S. Doshi, C. Kilic, and S.

Najjari, arXiv:2305.09719.
[172] C. Giovanetti, M. Schmaltz, and N. Weiner, arXiv:2402

.10264.
[173] J.-P. Uzan, Living Rev. Relativity 14, 2 (2011).
[174] C. J. A. P. Martins, Rep. Prog. Phys. 80, 126902 (2017).
[175] A. I. Shlyakhter, arXiv:physics/0307023.
[176] E. D. Davis and L. Hamdan, Phys. Rev. C 92, 014319

(2015).
[177] M. Filzinger, S. Dörscher, R. Lange, J. Klose, M. Steinel,

E. Benkler, E. Peik, C. Lisdat, and N. Huntemann, Phys.
Rev. Lett. 130, 253001 (2023).

[178] M. T. Murphy, A. L. Malec, and J. X. Prochaska, Mon.
Not. R. Astron. Soc. 461, 2461 (2016).

[179] N. Kanekar, W. Ubachs, K. M. Menten, J. Bagdonaite, A.
Brunthaler, C. Henkel, S. Muller, H. L. Bethlem, and M.
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