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Early dark energy (EDE) offers a particularly interesting theoretical approach to the Hubble tension,
albeit one that introduces its own set of challenges, including a new “why then” problem related to the EDE
injection time at matter-radiation equality, and a mild worsening of the large-scale structure (LSS) tension.
Both these challenges center on the properties of dark matter, which becomes the dominant component of
the Universe at EDE injection and is also responsible for seeding LSS. Motivated by this, we present the
potential of couplings between EDE and dark matter to address these challenges, focusing on a mechanism
similar to chameleon dark energy theories, deeming this chameleon early dark energy (CEDE). We present
relevant background and perturbation equations and study the dynamics of the case of a quartic scalar

potential and an exponential coupling.
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I. INTRODUCTION

The ACDM model has accumulated an impressive
amount of support from cosmological data. Yet, numerous
persistent and fascinating anomalies remain, presenting
the tantalizing possibility of new fundamental physics.
Perhaps the most pressing of these is the discrepancy
between measurements of the Hubble constant H, made
using different observables at vastly different redshifts.
Specifically, estimations of H based on early-universe data
[1-3] are consistently and significantly lower than mea-
surements using late-universe data [4-9], with the resulting
conundrum known as the Hubble tension [10,11]. Although
the possibility remains that the source of this discrepancy
lies in unresolved systematics [12—16], the alternative is far
more exciting—that the Hubble tension indicates new
physics which will have other quantifiable, observable
signatures.

Theorists have mounted a huge collective effort to under-
stand this anomaly, with approaches naturally falling into
two categories: those in which the physics of the late universe
is altered [see [17] for a review], and others in which new
physics is introduced at early epochs [18-33]. Late-universe
modifications have found severe challenges due to compet-
ing constraints from numerous independent datasets at low
redshifts [34-37] (but see [38,39] for a partially successful
late-universe modification). Early-universe modifications,
while also facing significant constraints, have been some-
what more successful [25,40-44], with early dark energy
(EDE) holding the most promise [18,20-22,45].

EDE scenarios, first introduced in Ref. [46], add a new
scalar-field component to the Universe which is insignifi-
cantly subdominant at all times except for a redshift-
localized contribution close to matter-radiation equality.
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From a particle-physics perspective, a serious drawback of
such a field is the excessive fine-tuning of its parameters,
including exceptionally small masses, required to achieve
kination at the right moment in cosmic history. A natural
next step is to consider whether EDE might be coupled to
other components, such that its dynamics are triggered by
some other, preexisting physics concurrent with the epoch
of equality. This can be achieved, for example, by coupling
EDE to neutrinos which coincidentally decouple around
Zeq [24,47].

Couplings between fields within the dark sector of cos-
mology have been invoked in many other contexts [48], most
notably to explain late-time dark energy [49-51]. Here, we
explore an EDE field that conformally couples to dark matter,
inspired by chameleon models of dark energy [52,53],
designating this cosmology ‘“chameleon EDE” or CEDE,
such that its dynamics are triggered by dark matter becoming
the dominant component of the Universe close to matter-
radiation equality at z.q. Such a coupling essentially trans-
lates to a modification of the effective potential felt by the
scalar, and a modulation of the dark matter mass.

The introduction of this coupling addresses not only the
fine-tuning of the EDE injection time, but also various other
criticisms of EDE models. A scalar-field model of EDE that
is especially successful at improving the Hubble tension
and the fit to cosmological data has V(¢) ~ (1 — cos )"
for integer n [27], which is difficult to theoretically
motivate. Moreover, the solution to the Hubble tension
with the above flavor of EDE lies at the edges or beyond the
parameter space allowed by physical priors on the theo-
retical parameters [54]. Here, we aim to address both these
criticisms by constructing a model with a well-motivated
potential, and scanning the parameter space on both
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theoretical and phenomenological parameters to verify
consistency across parameter bases.

Lastly, we are motivated to explore this EDE-dark matter
coupling to search for combined solutions to the Hubble and
large-scale structure (LSS) tensions. The Hubble tension is
not alone in puzzling cosmologists. A different tension,
though so far not highly statistically significant, exists
between the CMB-ACDM expectation versus local-universe
constraints on the amplitude of matter density fluctuations in
the late universe, parametrized by Sg [55—60]. Although this
LSS tension has a lower significance than the Hubble tension,
it has persisted across different measures of LSS (redshift
space distortions, weak lensing, galaxy clusters) as meas-
urement precision has increased. Unfortunately, EDE sce-
narios tend to worsen this tension while relieving the Hubble
tension [54,61-63]. In coupling EDE to dark matter, we
modify the evolution of dark matter, with the possibility of
simultaneously easing the Hubble and LSS tensions.

In this paper, we present the background and perturbative
evolution of the components of such a cosmology. We will
pursue data constraints on chameleon EDE (CEDE) models
in future work. We present the background evolution of a
universe with a scalar field conformally coupled to dark
matter in Sec. II and its perturbations dynamics in Sec. III.
In Sec. IV, we briefly discuss initial conditions for the
background and perturbations. We explore a specific
realization of CEDE in Sec. V, making specific choices
for the scalar field’s native potential and the form of its
coupling to DM and illustrate its impact on CMB data in
Sec. VI. Finally, we conclude in Sec. VII, looking to the
future of the Hubble tension and EDE."

II. BACKGROUND EVOLUTION

We begin with the chameleon action S:

S = / d*x\/=g [@R - % (Vg)* = V(e)
+ Sdm [¢dmv g;w] + Sm [¢mv g/w]9 (1)

where m denotes all standard matter species, baryons,
photons and neutrinos, Mp is the reduced Planck mass, g is
the determinant of the metric g,, and the two metrics, g,,
and §,,, are related through some arbitrary function A(¢) of
the scalar ¢ by

G = A%(D) G- (2)

The two metrics define two reference frames, the Einstein
frame with the metric g,, in which photons and baryons

'A previous version of this article contained an error in
Eq. (15) (missing factor of A in the denominator of the Aib
term). The code the analysis was based on contained another error
in Eq. (17) (flipped signs on the right-hand side). These have
since been corrected and the analysis updated to reflect these
changes, removing some of the results based on erroneous code.

move on geodesics but DM motion is influenced by
acceleration due to the scalar field, and the DM or
Jordan frame with metric g,, in which DM moves on
geodesics but photons and baryons are accelerated. We
indicate quantities defined in the Jordan frame with a tilde
and quantities without a tilde are assumed to be defined in
the Einstein frame. As the choice of reference frame where
we perform calculations does not impact physical results,
we generally work and solve equations in the Einstein
frame for convenience. The uncoupled scalar field model is
recovered in the limit A(¢) — 1.

The two stress-energy tensors for regular matter and DM
are defined in the Einstein frame as:

2 SL,

D = -2 3
! V=904" ®)
and
2 6L ~
Tdm — _A2 dm — A2 Tdm 4
u (¢) \/_—g 59,” (¢) ) ( )

clarifying the relation between the DM stress-energy tensor
in the two conformal frames.

We assume that in their respective geodesic frames,
different matter species have a stress-energy tensor of a
perfect fluid. In particular, for the DM component we have

T;w = (,5 + P)ﬁuﬁu + P?];w' (5)

Note that, since i1, is a time-like geodesic of g, then
i,it,g" = —1. The physical density and pressure of DM
are defined in the rest frame of the DM fluid, which is
accelerated in the baryon frame. In this frame, collisionless
DM has no pressure. Both stress-energy tensors are
covariantly conserved with respect to their geodesic frame
metric in the absence of nongravitational interactions:

V,I% =0 and V, T4 =0. (6)

From this, we see that it is convenient to work in the
Einstein frame where baryons move on geodesics, since we
can more easily quantify their Thompson scattering with
photons.

At the background level in the Einstein frame, the
Friedmann equation reads

1.
3H2Mp* = 5452 +a?V () + pamA* (9)a* + pa* + ppa?,

(7)

where H = a/a is the Hubble parameter in conformal time,
i.e., dots represent derivatives with respect to conformal
time (different from the usual definition with respect to
time ¢) and Py, is the dark matter density in the Jordan
frame. The equation of motion of the scalar is also modified
in the Einstein frame and gains an additional source term
dependent on the dark matter density
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$ +2MHp = —a’V 4 — a®A yA3 () Pum- (8)

The homogeneous continuity equation for DM becomes

pa A(¢ ~
Pdm = -3 (H =+ 1: )pdm’ (9)

that can be directly integrated giving
. o _3(A0\’
Pam = Pama ™ (f) : (10)

where a subscript or superscript O represents the value of a
quantity today, at a = 1. We hence define an auxiliary
quantity, pgm, as

Pdm EﬁdmAS’ (11)
which now dilutes like standard CDM as pg, o« a™>.
Altogether, DM in the Einstein frame does not dilute as
a3, and has an effective equation of state parameter that
can have departures from 0 and a nonzero effective DM
pressure in the Einstein frame. With the above redefinition,
the effective potential V¢ (¢p) of the scalar in the Einstein
frame can be rewritten as

Veir(@) = V() + A(P)pam- (12)

The Hubble constraint equation evaluated today needs to
be satisfied yielding

1.
3MEHG = Pl +A(¢0)Pgm+§¢(2)+ Vo+pr. (13)
which can be rewritten as
1= Q) + A(¢ho)Qqmo + @ + Q. (14)

Note that the physical meaning of €,  is not the usual one
and for all purposes, it is just an auxiliary variable. The
relative DM gravitational density is given by Q4 0A(¢o)s
while the rest frame density is given by Qg 0A™3 (o).
Hence, at any point in time, the contribution of DM to the

|

total energy budget of the Universe is pgnA(¢), which can be
interpreted as a modulation of the mass of the DM particle.

III. PERTURBATION DYNAMICS

We also account for the modified perturbation evolution of
CEDE. In this section, we follow the conventions of [64]. For
convenience, we set up our perturbation calculations in the
Einstein frame. For DM, we write the Einstein frame
equations in terms of Jordan frame quantities, since the
Jordan frame is the DM fluid rest frame where the physical
interpretation of DM density perturbations is easier. We then
do a coordinate transformation on the relevant quantities of
DM when determining their contributions to the total stress-
energy tensor.

The evolution of the density perturbation &y, of DM
depends on an additional source term due to the coupling to
the scalar ¢, while the DM velocity perturbation 8, is now
nonzero in the synchronous gauge and sourced by the
scalar coupling:

. - 1. A, .. A A2
6dm=—9dm—5h—3(7¢5¢+¢5¢<%—14—?>> (15)

p i ( A’{/) . > ~ A(/) 2
Oim = —( H+—=¢ |O0gmn + ——k"5¢. (16)
A A
Note that these are the Einstein frame equations (with metric
perturbations 4 and 7) for the evolution of the rest frame
(Jordan frame, marked by tildes) DM density and velocity.
Likewise, with respect to the uncoupled scalar field
model, the scalar field Klein-Gordon equation obtains
additional source terms dependent on DM density pg,:

. . .k
5 + 2HSP + K*Sp + a*V 4,60 + ¢§

3A2 -
=—a’ <A,¢¢ + T¢) PdmOP — azA,qudm(sdm' (17)
Finally, we correct the contribution of DM density and
velocity perturbations to the stress-energy tensor, account-
ing for the coordinate transformation between Einstein and
Jordan frames:

1. 3 b
R = 2 Hi = =02 i+ 4A yindb + Apanam + V.3 + 5,
2 ZMPI a
PP (P + Pun)Om + Apam® +k2¢5¢
= a 5 )
n 2MP12 Pm m/Ym PdmYdm az
. . , 3, b -
i+ 2Hh = 2020 = =5 a*( 6Py + 56— V 460 ),
MPI a ’
. . 3
h+6ij+2H(h+6n)—2k211:—M 5@ (P + Prn)Oim. (18)

Pl
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IV. INITIAL CONDITIONS

Independent of the choice of potential, the coupled scalar

field is initially dominated by its kinetic energy ¢°/2a>
and ¢ is rolling down the time-varying potential A(¢)pgm-
This holds for several order of magnitude in A(¢; ), as Py, is
very large at early times, and most reasonable choices of
¢; ~ My, and therefore V(¢;) < pam(a;) are not too large.

During this time, there is little change in ¢ and its
potential energy. At initial times, assuming ¢); — 0, we set

ZHQZ’;i ~—q? V- azA’q;pdm
2

. a
= ¢~ K (Vg + A pPdm) (19)

which recovers the uncoupled regime as A — 0. As (])i is set
deep in radiation domination, if the right-hand side is
dictated by the DM term, P; is roughly constant, indepen-
dent of a, validating setting ¢, = 0. Then, pys x a2
early times, dominated by the kinetic energy of ¢.

The initial field location ¢;, on the other hand, is not set
by an attractor solution, but is an input parameter that
controls the maximal fractional energy density f.4. in
CEDE. There is also a degeneracy between ¢; and Qg ;
wherein changing ¢; simply rescales Q. ;.

The initial conditions for DM perturbations are left
unchanged relative to the uncoupled case. At large scales,
above the DM geodesic horizon, the DM fluid comoves
with the synchronous gauge and hence synchronous gauge
initial conditions apply to this scenario. We set

at

~ 3
5dm - 159
édm =0, (2’0)

where 6, is the photon density perturbation. The initial
conditions for the scalar field perturbations are set as

5¢.5¢ =0, as they quickly evolve toward their attractor
solutions.

V. MODELS OF CEDE

With this general CEDE setup, we make the following
choices of scalar field potential and form of the coupling

Alp) = ePP/Mr and
V(g) = 4", (21)

where A and f are dimensionless constants. Note that our
choice of potential differs from that in the original
chameleon papers [49,52,53], as EDE must dilute away
at least as fast as radiation, which is accomplished by a ¢*
potential. In presenting this toy model to illustrate CEDE
dynamics, we redefine the potential as

V(¢) = lsch0¢47 (22)
where
Vo=2x 10"°Mp2H3, (23)

complying with the CLASS unit convention. With this
definition, A, = 1 and ¢ = My, lead to a scalar field that
dilutes close to matter-radiation equality.

Of course, since the model contains no symmetry
forbidding a mass term, the rules of effective field theory
dictate that we should, in principle, include one, since if we
do not then such a term will be generated by radiative
corrections. For fe4e ~ O(10%) and z, ~ z.q, the scalar

field must be ultralight, with mg(¢;) ~ Vg ~ 10728 V.
The scalar mass will receive radiative corrections, for
example from loops of dark matter, of order

/\2
omy ~ f—. 24
? 0 My, (24)

The cutoff A should at the very least be > than the dark
matter particle mass my,,, hence radiative stability requires
Mym << eV. This will be the case if dark matter is axionlike.
(A similar back-of-the-envelope shows that the quartic
coupling is also radiatively stable for sufficiently light dark
matter.) Thus the inclusion of a tree-level mass term, such
that V(¢) becomes

V(g) = %mzqﬁz + Ag*, (25)

with m <1072 eV has little impact on cosmology. We
leave the analysis of the model including a mass term to
future work.

An uncoupled scalar field with a ¢* potential is initially
frozen due to Hubble friction. When it begins to roll, its
energy density dilutes « a~* when time-averaged over
oscillations. Such a dissipation satisfies the EDE require-
ment of vanishing at late times and has already been
explored in [22].

At the background level, the introduction of the coupling
to DM most noticeably modifies the early-time behavior of
the scalar field, when the field is dominated by kinetic energy
#* /242, as described by Eq. (19) with py scaling as a~2.
This behavior can be seen at high redshifts in the left panels of
Fig. 1, produced using a modified version of the Boltzmann
code CLASS [65]. Furthermore, as f increases, the effective
potential Vg felt by the scalar differs from V(¢) to a greater
extent, becoming increasingly asymmetric

Veff(¢) = /1454 + eﬁ(ﬁ/MPlpdm' (26)

It is this direct coupling to DM energy density that offers
the possibility of EDE dynamics being triggered by DM
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Left: energy densities of various components of the Universe. We combine dark matter and baryons as the effect of CEDE on

dark matter is unnoticeable at these scales. The common parameters of uncoupled EDE (dot-dashed) and CEDE (solid) are ¢; = 0.5Mp,
and A = 10. In color, we show the variation of p,; with f, for # > 0 in the top left and # < 0 in the bottom left panels. The solid black
curve sets || = 0.1. Right: the fractional energy density f.q. in the EDE and CEDE scalar fields are shown for the same cosmologies.
Depending on the sign of f, the DM interaction either increases its initial energy density and therefore f.4. (bottom right), or decreases

fede @s p increases (top right).

becoming the dominant component of the Universe. In Fig. 2,
we show V¢ (¢) as well as the field position as a function of
redshift.

The subsequent evolution of the field can be divided into
two distinct scenarios—one in which f¢;/Mp < 0 and
another where f¢;/Mp > 0. Let us assume ¢;/Mp; > 0.
The more commonly explored chameleon dark energy case
sets 3 and ¢; / Mp; with opposite signs. In this scenario, the
two terms contributing to (])i in Eq. (19) have opposite
signs, slowing down |¢;| relative to the # > 0 case. Note
that |¢);] is still larger than in the uncoupled case, as the DM
term dominates the contribution to qﬁl Moreover, (},’zi >0
and ¢ is initially being kicked up its native potential to
larger values, moving toward the minimum of its effective

potential in Eq. (26), higher than in the uncoupled case.
Then, as || increases, the field is at a higher point in its
potential at early times, with greater energy density than in
uncoupled EDE or > 0 CEDE. The bottom right panel of
Fig. 1 shows this most clearly.

On the other hand, for f¢h;/Mp; > 0, |¢b;| is larger than in
the f < 0 CEDE case, and is negative. Hence, ¢ is lower in
its potential relative to the uncoupled or # < 0 CEDE cases
at early times. Accordingly, as f increases, CEDE has
smaller f.4. in this case than in uncoupled EDE, most
evident in the top right panel of Fig. 1.

As DM dilutes away, the native potential V(¢) of the
scalar begins to dictate its dynamics. Both f > Oand f < 0
scenarios may then become Hubble frozen for some
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FIG.2. The effective potential V() of the scalar (solid) shown
in Eq. (26), comprised of its potential V(¢) (dotted) and a source
term e#?/Mrp,  (dashed) arising from its coupling to DM, for
$ = 0.1. Note that e#*/Mrp,  is not symmetric about 0, but only
resembles that in this zoomed-in plot. The DM source term and the
effective potential both depend on the DM density and are therefore
time-dependent, and we show these quantities for several redshifts
in color. In dots, we show the position of ¢ for each of these
redshifts, tracing its oscillations. As pg, decreases with redshift,
Veir () = V(¢p). Initially, ¢p; = 0.5Mp;, shown by the topmost dot.
Then, when V. (¢) becomes dominated by V(¢) in this region,
between the third and fourth curves from the top, it begins to roll,
with z,. = 3026.

decades in redshift. The value of § controls the duration of
this Hubble-frozen period, with higher f leading to a
smaller or no frozen window. For smaller values of S, it
is Ag¢ that controls the redshift z, at which f.4. peaks,
similar to uncoupled EDE.
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FIG. 3.

The scalar then begins to roll and oscillate in V. about a
new, time-varying minimum shifted from 0, defined by the
solution to

4/1453 — _ieﬁqﬁmin/MPlpd .
M m

min (27)
Pl

Although the time-averaged density of the field falls as
a™* during this period, ¢ undergoes asymmetric oscilla-
tions about this new minimum. This shifts the odd (even)
peaks in f.4. to lower (higher) energy density than in the
symmetric-potential uncoupled EDE case for > 0 and
vice versa for # < 0. The right panels of Fig. 1 show these
shifted oscillations.

VI. IMPACT OF NONZERO p

In Fig. 3, we present the impact of tuning f around the
maximum likelihood point of uncoupled EDE on CMB
residuals, either keeping all other cosmological parameters
fixed, in the left panel, or optimizing them to maximize the
likelihood at each value of f, in the right panel. Here,
uncoupled EDE and a reference ACDM model are fit to
Planck 2018 CMB temperature, polarization and lensing
spectra [2,66,67], baryon acoustic oscillation (BAO) data
[68—70], Pantheon supernova data [71] and the local H
measurement [4] with a Markov chain Monte Carlo
(MCMC) algorithm [72-75] using the sampler Cobaya
[76] and analysis code GetDist [77]. The ML points are
found using the minimizer algorithm BOBYQA [78-80].

As f — 0 while other cosmological parameters are
optimized, the CEDE residuals begin to resemble the
ML uncoupled EDE residuals. By comparing the two
figures, we can gauge what effects, due to nonvanishing
p, can be reabsorbed by a change in other parameters.
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3 051 ‘
S =it s 0.08
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Q 11
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-1.0 T T T
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L

The impact of varying # on CMB residuals. The dashed black curve shows the maximum likelihood (ML) uncoupled EDE

relative to a ACDM fit to data. The gray points are Planck 2018 data points and the vertical lines mark the location of the peaks in each
spectrum. In the colored curves, we begin from the ML uncoupled EDE point and linearly tune $ € [-0.05,0.1]. Left: all other
cosmological parameters are held fixed at their uncoupled EDE ML values. Right: we optimize over the other cosmological parameters
as we tune f. Hence, for any given f, the right plot maximizes the likelihood.
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In contrast, features that do not change between the panels
are the ones that capture the improvement that  provides to
the fit. The two panels show marked differences in all three
spectra, but most so in TT. The changes in the EE spectra
are nearly entirely reabsorbed by changes in other cosmo-
logical parameters. Most notably, the figures show how
modulating f can improve the fit to CMB TT and TE
spectra in the 500 < # < 1500 range, following the oscil-
latory behavior of ACDM CMB residuals.

To fully and robustly understand the impact of data on
CEDE models, we will perform Markov chain Monte Carlo
(MCMC) searches in parameter space in future work. Here,
we simply highlight the interesting features of such models
and the expectation of improvement over an uncoupled
EDE model.

VII. CONCLUSIONS

The concordance ACDM model fits numerous cosmo-
logical observations exceedingly well. As measurement
precision has improved, while most cosmological data
remain individually consistent with ACDM, tensions have
emerged when comparing constraints on common param-
eters from the CMB versus late time observations. Of these,
the Hubble tension has received the greatest attention from
observers and theorists alike and offers exciting hints of
physics beyond the phenomenological ACDM model
[10,11,17]. Add to this the developing large-scale structure
tension and physicists are presented with cracks in ACDM
through which to explore the dark sector [81,82].

Early dark energy models aim to do exactly this—they
postulate new physics in the dark sector to resolve the
Hubble tension without compromising the fit to CMB,
BAO or supernovae data which are fit well by ACDM. The
common features in these models are (i) a prerecombina-
tion energy injection close to matter-radiation equality,
(i1) rapid dilution of energy density thereafter such that the
impact of EDE is localized in redshift and (iii) preference
for a higher dark matter density @y, when fit to the CMB,
which generally worsens the LSS tension [44,54,61,83].
These features raise several questions, including how such
an EDE might theoretically arise, a new “why then”
problem akin to the “why now” problem of late-time dark
energy, and concerns over the exacerbation of the LSS
tension. While several theoretical models for EDE have
been proposed [19,22-24,27,29,30,84-88], few of these
provide answers to the why then problem and none have
simultaneously resolved the Hubble and LSS tensions.

In this paper, we suggest addressing both the latter
questions with “chameleon early dark energy” (CEDE),
inspired by chameleon models of late-time dark energy
[49]. We introduce a scalar field that conformally couples to
dark matter. This set up provides grounds for tying the
dynamics of EDE to the onset of matter domination at z..
Moreover, interactions between a scalar field and dark
matter may also have implications for the clustering of

matter and hence the LSS tension. Here, we have specifi-
cally explored the scenario wherein V(¢) = A¢* and the
coupling takes the form e/#/Mw  where 1 and p are
dimensionless, but note that CEDE models with different
potentials and couplings will have variable impact on data.
An uncoupled EDE model with a ¢* potential has been
studied in the literature [22], but is not very successful
at resolving the Hubble tension while simultaneously
providing as good a fit to data as ACDM. As we have
mentioned, more complicated EDE potentials, such as
V() ~ (1 —cos(¢))", can provide a better fit to the data,
but at the expense of theoretical challenges. The introduc-
tion of CEDE allows us to ameliorate the issue of
theoretical fine tuning, while providing another parameter
to tune to better fit data. In particular, in exploring a ¢*
potential for CDE, this is achieved with the addition of a
single new adjustable parameter, /.

At the background level, this chameleon coupling

alters the initial field velocity gbi and makes the effective
potential asymmetric. The field dilutes as a2 initially, then
becomes Hubble frozen before thawing and oscillating in
its asymmetric potential, diluting as a~* when averaged
over oscillations. In the preferred regions of parameter
space, the impact on dark matter at the background level is
minimal, effectively captured by a modulation of the DM
particle mass. As dark matter behaves like CDM at late
times, we can justify using nonlinear codes written for
ACDM when studying CEDE. At the perturbation level,
besides effects common with uncoupled EDE, the leading
order impact to the combination of Newtonian gauge
gravitational potentials @ + ¥ comes from the perturbation
of the temporal modulation of the DM gravitational mass.
This can be seen combining Eq. (18) and using gauge
transformations, as in [64], to obtain an equation for
® + ¥. Among several terms appearing in the equation,
we have verified numerically that for our best fitting model
the most relevant modification appears in the term involv-
ing the gauge invariant DM overdensity, 4, — 3H/k*0yy,.
The EDE model that is currently most successful at
resolving the Hubble tension has a finely-tuned and
difficult-to-motivate potential [27]. On the data end, recent
high-#CMB polarization results from ACT have demon-
strated a preference for nonzero EDE at over 36 [89,90]. As
observers have not yet reached a consensus on the Hubble
tension [7,91] and in light of new data that prefers EDE, it is
vital to build models resembling EDE that are well-
motivated by theory and can be tested with upcoming
CMB polarization data from ACT and SPT [27,92-94].
Lastly, we note that the recent DES Y3 results indicate a
lower tension with Planck [60,95,96], which lowers the
cumulative LSS tension level. This lower Sg tension level
for lensing suggests the jury is still out on the need for new
physics to explain the growth of structure. Spectroscopic
surveys of galaxies provide another probe of structure via
galaxy motions—redshift space distortions in the measured
galaxy power spectrum. Again, the tension with Planck is ata
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similar level, as discussed e.g., by Nunes and Vagnozzi [97],
itis not at high statistical significance. Joint analyses of weak
lensing, redshift space distortions and other measures of large
scale structure may offer new guidance, and upcoming
galaxy surveys with the Dark Energy Spectroscopic
Instrument, Euclid and the Rubin Observatory [98—100]
will almost certainly produce tighter constraints on og and
other late-universe parameters. As these tensions continue to
develop, theoretical solutions that use these anomalies to
probe physics beyond the ACDM model are vital to our
understanding of the Universe.
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