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The S8 tension between low-redshift galaxy surveys and the primary cosmic microwave background
(CMB) signals a possible breakdown of the ΛCDM model. Recently differing results have been obtained
using low-redshift galaxy surveys and the higher redshifts probed by CMB lensing, motivating a possible
time-dependent modification to the growth of structure. We investigate a simple phenomenological model in
which the growth of structure deviates from the ΛCDM prediction at late times, in particular as a simple
function of the dark energy density. Fitting to galaxy lensing, CMB lensing, baryon acoustic oscillations, and
supernovae datasets, we find significant evidence—2.5–3σ, depending on analysis choices—for a nonzero
value of the parameter quantifying a deviation fromΛCDM. The preferred model, which has a slower growth
of structure below z ∼ 1, improves the joint fit to the data overΛCDM.While the overall fit is improved, there
is weak evidence for galaxy and CMB lensing favoring different changes in the growth of structure.
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I. INTRODUCTION

In current empirical cosmology two “cosmic tensions”
have been actively pursued: the Hubble tension and the S8
tension. The Hubble tension refers to the present-day
expansion rate being faster than predicted by the ΛCDM
model (the standard, minimal cosmological model with a
cosmological constant Λ plus cold dark matter dominating
the energy density) [1,2]. The prediction is obtained by
using the cosmic microwave background (CMB) temper-
ature and polarization measurements at z ≈ 1100 and
extrapolating in time to the present using the expansion
rate expected in theΛCDM cosmology. The S8 tension (aka
σ8 tension) refers to the amplitude of matter density
fluctuations at the present being smaller than predicted
in ΛCDM, again based on the measurements of the
CMB [3]. The statistical significance of the S8 tension is
only at the 2 − 3σ level, and different galaxy survey
measurements—in particular weak lensing (WL) and red-
shift space distortions (RSD)—have some spread in the
inferred value. Nevertheless it has held up for several years,
across experiments, and has major implications for cos-
mology and fundamental physics, so it has rightly received
attention and scrutiny.

WL measurements from three powerful galaxy surveys,
Dark Energy Survey (DES), Kilo-degree Survey (KiDS),
and Hyper Suprime-Cam Subaru Strategic Program (HSC
SSP), have obtained consistent results in the S8 −Ωm
plane that show a 2 − 3σ tension with Planck [3–8].
Recent measurements from the Atacama Cosmology
Telescope (ACT) [9] and reanalysis of the Planck
data [10,11] have provided an interesting viewing angle
to the S8 tension. These projects find that their lensing
measurements are consistent with the primary CMB
fluctuations and in ∼2σ tension with galaxy lensing.
These different findings from CMB lensing and galaxy
lensing, if not just a statistical fluctuation, suggest that
either set of measurements has a bias in the inferred
amplitude, or that the growth history of the universe has
some characteristic length or time scales [12–26].
In this paper, we explore the latter possibility. We note

that the lensing kernel of galaxy surveys peaks at z ≈ 0.5,
while the CMB lensing kernel spans from recombination to
today and has a very wide peak at z ∼ 1–3. Coincidentally,
the epoch of the dark energy-matter equality occurs
at z ∼ 0.7—assuming a ΛCDM expansion history and
Supernovae observations [27]—which lies between the
two sensitivity peaks. Exploiting this possible coincidence,
we introduce a two-parameter model in which deviations of
growth from ΛCDM track the evolution of the dark energy*mxlin@sas.upenn.edu
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density, and the behavior of the background is fixed to
the ΛCDM one. We use this model to study a possible
resolution to the apparent disagreement between the
galaxy lensing and CMB lensing measurements. For
simplicity, we do not consider other late-time probes of
growth of structure, including galaxy clustering in redshift
or angular space and galaxy clusters which are broadly
consistent with lensing measurements but have different
sources of uncertainty.

II. THE MODEL

We introduce a phenomenological model that rescales
the structure growth as a function of redshift. We define the
linear matter power spectrum with the modified growth
as follows:

αðzÞ≡ Pðk; zÞ
Pðk; zÞΛCDM

¼ 1 − β

�
ΩDEðzÞ
Ω0

DE

�
p
; ð1Þ

where Pðk; zÞ is the linear matter power spectrum, ΩDEðzÞ
is the fractional energy density of dark energy at a certain
time, and Ω0

DE is its value today. We then use Halofit [28,29]
to compute the nonlinear power spectrum. Here we assume
Halofit can still capture the main features of the nonlinear
enhancement under the modification. For a more accurate
analysis, one needs to do additional N-body simulations
which we defer to future work.
When β ¼ 0, α ¼ 1 and we recover the ΛCDM model.

We illustrate this parametrization in Fig. 1 together with the
redshift distributions of CMB and galaxy lensing kernels
following [9]. The rescaling is tied to the time dependence
of dark energy density, so it mainly changes the late-time
structure growth while leaving the early-time physics
unchanged. Note that the parameter p alters the effective
redshift at which the modification occurs, allowing us to
tune the sensitivity of CMB lensing to the change. In the
analysis below, we fix p to several discrete values and
mainly focus on the simplest case p ¼ 1. Hereafter we
refer to this model as the dark energy tracking growth
(DETG) model.
In the literature, the “growth index parameter” γ has been

introduced to characterize gravity theories with a single
parameter [30]. It is given by

gðaÞ ¼ exp

�Z
a

0

da0

a0
ðΩmða0Þγ − 1Þ

�
; ð2Þ

where ΩmðaÞ is the fractional energy density of matter,
g ¼ δ=a and δ ¼ δρm=ρm is the linear density perturbation
of matter. Our parametrization of Eq. (1) can be related to
the γ parameter above:

ΩmðaÞγ ¼ ΩmðaÞγLCDM þ 1

2

d ln αðaÞ
d ln a

: ð3Þ

Our DETG model is somewhat similar in implementa-
tion to other phenomenological parametrizations of
nonstandard growth, such as those studied in, e.g.,
Refs. [14,19,20,31], but represents a more targeted
search in that it imposes a redshift dependence asso-
ciated with the evolution of dark energy density and
introduces only one free parameter when fixing p ¼ 1.

III. DATASETS

In order to assess the ability of the DETG model to
reconcile the different S8 constraints between galaxy
lensing and CMB lensing, we use both sets of measure-
ments as well as their cross-correlations. We use the DES
Year 3 dataset for galaxy lensing, which bins the source
galaxies into 4 redshift bins with the bulk of the sample
over the range 0.2≲ z≲ 1.3 which are lensed by the
foreground mass. The cross-correlation with CMB lensing
is determined by the overlap of the galaxy lensing and
CMB lensing redshift kernels. For additional constraints
on the distance-redshift relation, we use supernovae and
baryon acoustic oscillations(BAO) measurements. In par-
ticular, we employ the following datasets in this work:

(i) DES&xco: DES Year 3 shear × shear correlations
(for DES galaxies) and shear × CMB lensing 2pt
correlations [32–34]. The CMB lensing is from
SPTþ Planck and the cross-correlation has a lower
signal-to-noise ratio.

(ii) CMBlens: Planck 2018 [35] and ACT DR6 [9,36]
lensing potential power spectra.

(iii) BAO: Distance measurements from 6DFGS at
z ¼ 0.106 [37], SDSS DR7 main galaxy sample

FIG. 1. Top panel: the redshift distributions of CMB and galaxy
lensing kernels (solid lines) and the sources (dashed lines).
Bottom panel: the parameterization of DETG model Eq. (1).
For illustration purposes, here we choose Ω0

DE ¼ 0.7. The vertical
dashed lines indicate z ¼ 0.7 where dark energy density starts to
dominate.
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at z ¼ 0.15 [38], and BOSS DR 12 & 16 at z ¼ 0.38,
0.51, 0.68 [39–41].

(iv) SN: Pantheonþ supernovae dataset of relative lumi-
nosity distances [27].

(v) All ¼ DES& xcoþ CMBlensþ BAOþ SN.
For additional tests of the robustness of the results, we also
add the primary CMB likelihood

(i) CMB primary: high-l Planck 2018 [Plik] tem-
perature and polarization (TTþ TEþ EE) and
low-E power spectra [42].

We do not attempt to model the modifications of primary
CMB anisotropies due to lensing and ISW effects of our
modified late-time growth, instead, we marginalize over the
Alens parameter to accommodate the modified lensing effect
and leave out the temperature data at low-l that may be
impacted by the late time ISWeffect. The optical depth τ is
also varied in the primary CMB analysis.

IV. RESULTS

We perform Markov Chain Monte Carlo (MCMC)
analyses with the Polychord algorithm [43,44] using
CosmoSIS [45].1 We use CAMB [46] for cosmological
calculations and GetDist [47] for MCMC chain analyses.
In the analyses, we fix p to several discrete constant values.
In addition to the standard ΛCDM parameters, we have one
more varying parameter β for which we impose a flat prior
−1.0 < β < 1.0. In our baseline analysis, we have flat
priors for ΛCDM parameters: 0.1 < Ωm < 0.9, 55 < H0 <
91, 0.03 < Ωb < 0.07, 0.9 < ns < 1.0, 0.3 < σ8 < 2.0.
For the robustness test, we also try a Gaussian prior on
ns ∼N ð0.96; 0.02Þ for the case the primary CMB like-
lihood is not included.
We show the results of our simplest DETG p ¼ 1 model

in Fig. 2. DES&xco data, in combination with the probes of
the expansion history, favor a positive β as we expect due to
the slower late-time structure growth compared to ΛCDM.
On the other hand, CMB lensing data favor a negative β.
Note that in the linear regime, CMB lensing by itself has a
degeneracy between β and σ8, whereas the multiple redshift
bins of DES break that degeneracy. Nonlinear evolution
also helps break it for both probes. In addition, the time-
dependent modification induces scale-dependence on CMB
lensing which helps break the degeneracy as well. In Fig. 3
we show the lensing power spectra of different maximum
likelihood models in solid lines. We see that Planck and
ACT lensing power spectra have relatively higher ampli-
tudes at low-l compared to ΛCDM. For the DETG p ¼ 1
model, varying β has some impact on the redshift range at
which the CMB lensing kernel peaks, see Fig. 1. To
illustrate the impact of β, we also show the dashed red
line which has all the parameters the same as the maximum
likelihood solid red line but with β ¼ 0. For the overall

lensing power spectrum amplitude, β compensates the
effects of adjusting ΛCDM parameters. Additionally, the
low-l CMB lensing power is more sensitive to low redshift
structure growth, hence a negative β enhances the low-l

FIG. 2. The marginalized joint posterior of parameters of the
DETG p ¼ 1 model for different datasets. Here σ8ðz ¼ 0Þ ¼
σΛCDM8 ð1 − βÞ is inferred from the rescaled matter power spec-
trum Pðk; z ¼ 0Þ. The darker and lighter shades correspond
respectively to the 68% CL and 95% CL.

FIG. 3. Lensing power spectra of different models along with
Planck 2018 and ACT DR6 data. For DETG p ¼ 1 model, the
solid lines are maximum likelihood models with different data-
sets, while the dashed red line has all parameters the same as the
solid red line but with β ¼ 0. The maximum likelihood ΛCDM
model given by Planck 2018 [1] (the solid blue) is also shown for
comparison. The gray and orange shades indicate the excluded
data ranges for Planck (L > 400) and ACT (L < 40, L > 763)
respectively.1https://cosmosis.readthedocs.io/en/latest/index.html.
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CMB lensing power spectra relative to the high-l multi-
poles, which is favored by the data. However, this
preference is weak as the 2σ contour extends to the
positive β as shown in Fig. 2. When combining CMB
lensing with DES&xco data, it leads to a positive β since
their different S8 constraints at different redshifts prefer a
suppression of late-time growth. The ΛCDM value β ¼ 0
is excluded at 2.9σ.
Table I shows the parameters of the maximum likelihood

models fitting to All datasets. Compared to ΛCDM, DETG
p ¼ 1model has a better fit by Δχ2tot ¼ −7.2 at the expense

of only one more parameter. This improvement in χ2 is
roughly compatible with the 2.9σ deviation from ΛCDM
we see in β. Notice that the best-fit ns is close to the lower
bound of the flat prior; in fact, even after combining
DES&xco and CMB lensing data ns is not well con-
strained, and the preference for low ns can also be seen in
the DES-Y3 cosmic shear constraints [33].
The posteriors of DETG models with different values of

the parameter p fit to All datasets are shown in Fig. 4 along
with ΛCDM results. As p goes to higher values, the
modification of structure growth affects lower redshifts
(see Fig. 1), and its impact on CMB lensing becomes less
important. Therefore CMBlens data have less constraining
power on β, and almost no constraint for the p ¼ 3 model.
The posterior of β extends to higher values for a larger p.
To test the robustness of our results against primary

CMB power spectra, we carry out two additional variations
of our analyses with the DETG p ¼ 1 model: (1) using a
Gaussian prior on ns ∼N ð0.96; 0.02Þ; and (2) adding
CMB primary likelihood (as noted above, with Alens as a
free parameter to account for the possible modified lensing
effect of the DETG model). The posterior distributions
are shown in Fig. 5. Both are consistent with our baseline
results and show evidence of deviation from ΛCDM, at
2.6σ and 3.1σ respectively.

V. CONCLUSION AND DISCUSSION

This work is motivated by the difference in matter
clustering inferred from CMB lensing versus galaxy

TABLE I. Maximum likelihood parameters and constraints
(mean and the 68% CL lower and upper limits) for different
models fitting to All datasets. Δχ2 values are quoted relative to
the maximum likelihood ΛCDM model.

Model ΛCDM DETG p ¼ 1

Ωm 0.300 (0.301� 0.009) 0.321 (0.315� 0.011)
H0 72.64 (68.68� 6.59) 66.85 (66.98� 6.13)
Ωb 0.0528 (0.0484� 0.0093) 0.0464 (0.0452� 0.0090)
ns 0.907 (0.937� 0.027) 0.909 (0.932� 0.023)
σ8ðz ¼ 0Þ 0.788 (0.792� 0.015) 0.673 (0.699� 0.038)
β 0 0.182 (0.149� 0.052)

Δχ2DES&xco 0 −2.9
Δχ2CMBlens 0 0.2

Δχ2BAO 0 −1.1
Δχ2SN 0 −3.3
Δχ2prior 0 −0.2

Δχ2tot 0 −7.2

FIG. 4. The marginalized joint posterior of parameters of
different models for all datasets. The darker and lighter shades
correspond respectively to the 68% CL and 95% CL.

FIG. 5. The marginalized joint posterior of parameters of the
DETG p ¼ 1 model for different priors/datasets. The darker and
lighter shades correspond respectively to the 68% CL and
95% CL.
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lensing. While a new (or under-estimated) source of
systematic uncertainty in one or both datasets is a possible
explanation, here we explore the possibility that the late-
time growth of structure deviates from the standard ΛCDM
model. We use measurements of CMB lensing, galaxy
lensing, and their cross-correlation to constrain an ad-hoc
but simple model for the modification of late-time growth.
Our model, which we call dark energy tracking growth
(DETG), modifies the growth rate as a power law of the
relative energy density of dark energy (taken to evolve
as Λ). We combine the lensing datasets with BAO and
Supernovae data which fix the expansion history at late
times to constrain the free parameter of our model: the
coefficient β, see Eq. (1).
Our main findings are as follows:
(i) Our one-parameter DETG model provides an im-

proved fit to galaxy lensing and CMB lensing. We
find 2.5 − 3σ evidence for nonzero β in our com-
bined fit, which includes BAO and SN data.

(ii) Galaxy lensing favors slower growth at late times
(a positive value of β). Since no reference to an
external amplitude calibration is used in the fit, this
is evidence for slower growth, independent of the
usual S8 tension.

(iii) CMB lensing shows a weak preference for stronger
growth at late times. This preference arises from the
shape dependence of its power spectrum. Galaxy
lensing on the other hand has a preference for slower
growth. However, this difference is not significant,
and the best-fit model (which has slower growth)
improves the overall χ2 by about 7, with only one
additional free parameter.

(iv) Our model does not explicitly allow for scale-depen-
dent modifications to the growth (beyond the one
induced in angular statistics by scale projection of a
modified time dependence). The success of the time
dependence we introduce suggests that current data
does not require this additional feature, but to under-
stand the origin of a possible deviation from ΛCDM,
it is worth exploring scale dependence as well,
especially as measurements improve.

There are several caveats and extensions to our simple
study. We have used new publicly available ACT lensing
power spectra but not the cross-correlation with galaxy
lensing (for which we use the cross-correlations with
SPT lensing [34]). This measurement would have higher
signal-to-noise than the measurements used here and could
therefore also impact the results. On the galaxy lensing

side, we have used the fiducial DES Y3 measurement
of lensing two-point correlations. Other studies, using
galaxy clustering, Fourier space correlations or higher
order statistics, or measurements from KiDS or HSC
SSP [4,6,48–50], may yield somewhat different results.
Rather than carry out an exhaustive comparison, in future
work we will use measurements from the full DES survey
(the Year 6 data) and other galaxy and CMB surveys to
improve our constraints. Higher redshift perturbation trac-
ers, such as Lyman-α forest and the future Dark Energy
Spectroscopic Instrument (DESI) data, would be useful to
further test our model. Finally, as noted above, our model
gives only limited freedom to the time dependence of the
growth factor, a more extensive exploration that includes
scale-dependent deviations is merited, especially with
improved measurements expected from DES, DESI,
ACT, and South Pole Telescope in the near future. For a
study of scale-dependent modifications due to baryonic
physics, see, e.g., [16,17].
The model in this paper is a phenomenological model. It

could possibly be realized by some physical models, e.g.,
ones that involve a significant DE clustering; modifications
to gravity at late times [51,52]; interactions between dark
energy and dark matter [15,18]. We leave the investigation
of these interesting model realizations to future work.
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