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We present evidence for a suppressed growth rate of large-scale structure during the dark-energy-
dominated era. Modeling the growth rate of perturbations with the “growth index” y, we find that current
cosmological data strongly prefer a higher growth index than the value y = 0.55 predicted by general
relativity in a flat Lambda cold dark matter cosmology. Both the cosmic microwave background data from
Planck and the large-scale structure data from weak lensing, galaxy clustering, and cosmic velocities
separately favor growth suppression. When combined, they yield y = O.633f8"8222 , excluding y = 0.55 at a
statistical significance of 3.7¢. The combination of fog and Planck measurements prefers an even higher
growth index of y = 0.639:‘;;822;t , corresponding to a 4.2¢ tension with the concordance model. In Planck
data, the suppressed growth rate offsets the preference for nonzero curvature and fits the data equally well
as the latter model. A higher y leads to a higher matter fluctuation amplitude Sg inferred from galaxy
clustering and weak lensing measurements, and a lower Sg from Planck data, effectively resolving the Sy

tension.
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Introduction.—The flat Lambda cold dark matter (ACDM)
concordance cosmology, which combines general relativity
(GR) and a spatially flat universe with ~70% constant dark
energy and ~30% cold dark matter, provides an excellent fit to
observational data. However, several tensions in the mea-
surements of parameters in this model have been noted in
recent years [1]. Most significantly, the expansion rate H
inferred from the distance ladder [2] is higher than that
measured by the cosmic microwave background (CMB) [3].

At a lesser significance, the parameter Sg = 0g+/€,,/0.3
(where oy is the amplitude of mass fluctuations in spheres of
8 h™!'Mpc with h = H;/100 kms~! Mpc~!, and Q,, is
matter density relative to the critical density) determined
by CMB observations is larger than that found by galaxy
clustering and weak gravitational lensing measurements [4].
Finally, the Planck CMB data themselves show a preference
for a nonzero spatial curvature Qg [3].

In this Letter, we consider the possibility that the growth
of structure deviates from the concordance model. While
(Q,,, Ss, and Q) affect the growth of density perturbations,
they also control geometrical quantities like distances
and volumes, complicating the physical interpretation. It
is thus important to isolate and constrain the growth of
structure [5] separately from geometrical quantities. Here,
we adopt a precise parametrization of the growth rate and
find evidence for growth suppression—relative to the
expectation from flat ACDM and GR—which also recon-
ciles tensions in Sg and Qg constraints. Our results clarify
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and consolidate the current situation in the field, where
different analyses adopting different prescriptions of growth
(and geometry) either found some evidence for a suppressed
growth [6—16] or did not [17-26]. Our baseline constraint is
consistent with Refs. [19-23], whose constraints are also
consistent with standard growth rate in ACDM and GR
given their data and modeling uncertainties.

Growth of structure.—QOver cosmic time, matter density
fluctuations 6= (p —p)/p (where p and p are the local
and the cosmic mean densities, respectively) are ampli-
fied by gravity. Assuming GR and restricting to the linear
regime where § < 1 (k <0.1 A Mpc~! today) and subhor-
izon scales (k= Hy=~0.0003 hMpc~! today), we can
describe the growth of large-scale structure as [27,28]

Sk, t) +2H5(k, t) — 4xGpd(k,t) = 0, (1)

where the dot denotes the derivative with respect to time;
the matter overdensity 6, the expansion rate H, and the
mean matter density p all depend on time, while every
Fourier £ mode evolves independently. Linear growth
is thereby described by the linear growth function
D(t) =6(t)/6(ty), where t, denotes the present, and the
growth rate f(a) =dln D(a)/dIn a, where a(t) is the
scale factor. The growth rate is a central link between data
and theory: It is proportional to large-scale structure
observables like peculiar velocities and redshift-space
distortions [29,30], while being exquisitely sensitive to
the properties of dark-energy models [31].
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To isolate the temporal evolution of structure, Refs. [32-34]
introduced a robust and accurate approximation of the growth
rate as

fla) = Q(a). )

where y is the growth index. In particular, Refs. [33,34]
showed that standard GR in the flat ACDM background
predicts y ~ 0.55 even in the presence of dark energy; this
fit is accurate to ~0.1% [34-36]. A measured deviation from
y = 0.55 would suggest an inconsistency between the con-
cordance cosmological model and observations.

Assuming Eq. (2), the linear growth function takes the
form

D(y,a) = exp [— / ‘ da%], 3)

a

where we have normalized D(y,a =1) =1 for all y. A
y > 0.55 corresponds to a growth rate f(y,a) < f(0.55, a)
and, for our present-day normalization, to a growth func-
tion D(y,a) > D(0.55,a) in the past.

Methodology and data.—To implement Eqgs. (2) and (3),
we express the linear matter power spectrum as

P(]/, k, a) = Ptoday(k’ a= ])Dz(}" a)v (4)

where Py, i8 the fiducial linear matter power spectrum
evaluated today which depends on the usual set of cosmo-
logical parameters. We note that the choice of a(#) at which
growth is normalized does not impact our y constraints and
its (in)consistency with y = 0.55 as we jointly infer the
power spectrum amplitude as well (see below). To compute
the transfer functions and power spectra, we modify
the cosmological Boltzmann solver caAmMB [37,38]. With
y = 0.55, we obtain (at redshift z=1.5 and up to
k <0.1 hMpc~!) linear matter power spectra within 0.1%
of the outputs from the unmodified version of CAMB.
Likewise, we repeat the baseline Planck 2018 [3] and Dark
Energy Survey (DES) year-one [39] analyses, using our
modified camB [40] at fixed y = 0.55 and reproduce their
constraints on relevant cosmological parameters well
within their precision.

Because the growth-index parametrization has only been
validated for subhorizon perturbations, care needs to be
taken when modeling the CMB whose information partially
comes from large scales and high redshifts. Therefore, we
isolate the effect of y from the prediction for the (unlensed)
primary CMB anisotropies. Equation (4) only modifies the
CMB lensing gravitational potential [41], which is gen-
erated by density fluctuations within the regime where
Egs. (2)-(4) are valid.

Our baseline data include measurements of the parameter
combination fog from peculiar velocity and redshift-
space distortion data, at local (z < 0.1) [11,44-47] and

cosmological distances (z > 0.1) [48-53]. Figure 2 shows
these fog measurements at the corresponding redshifts. We
assume that the fog measurement uncertainties are Gaussian
distributed and uncorrelated among each other [54]. We
further complement the fog measurements with either the
Planck 2018 CMB data—including CMB temperature-
temperature (TT), temperature-polarization plus polariza-
tion-polarization spectra, and CMB lensing reconstruction
[3,55,56] (hereafter, PL18 collectively)—or large-scale
structure data from galaxy surveys, or both. Data from
galaxy surveys include (a) the DESY1 3x2pt correlation
functions [39] (hereafter DESY1) and (b) baryon acoustic
oscillations in the 6dF Galaxy Survey (6dFGS) galaxy [57]
and the Sloan Digital Sky Survey (SDSS) [53,58,59] galaxy
plus Lyman-alpha (hereafter, BAO collectively). When
including both SDSS fog and BAO data, we employ joint
covariance and likelihood that properly account for their
correlations [60]. Throughout, we adopt the same like-
lihoods and priors used in the baseline of those analyses. We
fix the total mass of neutrinos to Y m, = 0.06 eV and
include neutrino contribution €, in the matter density
parameter Q,,. We verify that excluding €, in computing
theoretical fog leads to negligible changes in the latter and
all downstream results. We allow y to vary assuming a
uniform prior (0, 2.0).

We constrain the growth index y along with other
standard cosmological parameters: the matter and baryon
densities relative to critical Q,, and €, the Hubble constant
H,, spectral index n,, mass fluctuation amplitude oy, and
reionization optical depth 7. We therefore perform Bayesian
inference via the Markov chain Monte Carlo (MCMC)
method using the COBAYA framework [61] and analyze the
MCMC samples using the GetDist package [62].

To quantify the statistical significance of our results, we
compute the Bayesian factor of y = 0.55 and y # 0.55 by
assuming the Savage-Dickey density ratio

Pyld. M)

log,oBFy; = log) PIM,) )
7=0.55

(5)

where d and M/, respectively, denote the data and the
model with y, while P(y|M) = U(0.,2.). This is reported
in the fifth column of Table I. We further quote the
significance of y # 0.55 following the two-tailed test and
measuring the posterior tail in units of Gaussian sigmas. In
the Supplemental Material [63], we compare the goodness
of fit of the models with respect to each data combination
and for each individual likelihood.

Constraints on y in a flat universe.—We first consider the
data combination fog + PL18. Marginalizing over all other
cosmological parameters, we obtain the orange posterior
density in Fig. 1. This corresponds to the constraint y =
0.639702¢ and a Bayes factor of [log;(BFy,| = 1.7. The
former excludes y = 0.55 ata statistical significance of 4.2,
while the latter provides “very strong” evidence for
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TABLE L

Constraints on the growth index y and cosmological parameters Sg and H from different data combinations, the

corresponding Bayes factors, and chi-square differences relative to the concordance model (y = 0.55).

Data 4 Sg Hy (kms™'Mpc™") |[log;oBF o] Ay* =y3 —)(5:0,55
PLI8 0.668759¢%  0.807:00 68.1°07 0.4 -2.8

PLI8 + fog 0.639:092% 0.81479011 67.9%03 1.7 -13.6

PLI8 + fog + DESY1 + BAO 0.6331092% 0.80270008 68.4704 1.2 -132

PLI8 + foy + DESY1 + BAO (flat ACDM +GR) 055  (.803:00% 68.5:04 0

deviation from the GR + flat ACDM prediction of y = 0.55
according to the Jeffreys scale [64]. Neither PL18 nor fog
alone substantially constrains the growth index due to
degeneracies with other cosmological parameters, yet
together they show a clear preference for y > 0.55, that
is, a lower rate of growth than predicted by GR in flat
ACDM. Figure 2 illustrates the effect of growth suppression
as a function of the redshift by showing the f(z)og(z)
posterior assuming flat ACDM and assuming flat
ACDM +y, both inferred from the fog+ PL18 data
combination.

Next, we investigate how the galaxy clustering and
lensing data constrain y. To do so, we replace the PL18
data by the DESY1 3x2pt measurements of galaxy cluster-
ing and weak lensing, together with the expansion-history
data from BAO. The fog + DESY1 + BAO data combi-
nation yields the marginalized constraint y = 0.598 003!
Much like the fog + PL18 constraint, this combination
prefers a higher growth index than the GR value, except
now at a lower statistical significance, excluding y = 0.55
at 2.0c.

We finally report the constraint from all data combined,
fog +PL18 + DESY1 + BAO:

y = 0.633700%.

(6)

__ fos+PL18+
DESY1+BAO

fO'g +PL18
--- fog+DESY1+BAO
'a‘ PL18+DESY1+BAO

Probability density

T T T

1.0

e
=

1.2

FIG. 1. Marginalized constraints on the growth index y from
CMB (PL18) and LSS data. The latter includes fog, DESY1, and
BAO measurements. The legend indicates different combinations
of the datasets. The vertical dashed line marks the concordance
model prediction of y = 0.55.

An analysis of the posterior tails indicates that y = 0.55 is
excluded at 3.76, while the Bayes factor [log;(BF| = 1.2
shows “strong” evidence for a departure from the expected
value of y. The constraint is represented by the violet
posterior density in Fig. 1; it is very close to the posterior
for fog + PL18. For clarity, we additionally plot the y
constraint from PL18 + DESY1 + BAO in green.

We summarize all y constraints, together with their
statistical significance, in Table I. We further assert the
robustness of and internal consistency between our y
constraints in the Supplemental Material [63].

Implications for Sg tension.—A moderate yet persistent
tension in constraints of Sg has emerged between CMB
measurements, e.g., Planck [3] or Atacama Cosmology
Telescope plus Wilkinson Microwave Anisotropy Probe [65],
and low-redshift 3x2pt measurements of weak lensing
and galaxy clustering, e.g., the DES [39], the Kilo-Degree
Survey [66], and combinations thereof [67]. This discrepancy
is statistically significant and unlikely to be explained by
lensing systematics alone [68]; thus, it motivates investiga-
tions of physics beyond the standard model.

Figure 3 shows the marginalized constraints in the 2D
planes of the growth index y and, from left to right, Sg or

0.7 7
1SDSS BOSS+ FastSound
0.6 M 5 VIPERS
2 0.5
~—r 4
éo ]
= 0.4':
N
0.3 1 .
R {pecve WiggleZ
0.2 - — fos+PL18, flat-ACDM+GR (v = 0.55)
1 — fos+PL18, flat-ACDM+free ~
0.1 —

LNLENLE DL B LA DAL AL LA B
0.0 02 04 06 08 10 12 14
zZ
FIG. 2. Marginalized posterior on the theoretical f(z)og(z)
assuming the growth-index parametrization in Eq. (2). Shaded
bands show the 68% and 95% posteriors from our baseline
analysis that includes fog and PL18 data (orange), and the

corresponding constraints in the concordance model with y =
0.55 (black). The data points indicate actual fog measurements.
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68% and 95% marginalized constraints on parameters in the concordance model allowing for a free growth index y, from

fog +DESY1 + BAO (blue), PL18 alone (red), and fog + DESY1 + BAO + PL18 (violet). Contours contain 68% and 95% of the
corresponding projected 2D constraints. The horizontal black dashed lines mark the concordance model prediction of y = 0.55. The
horizontal bars in the y — Sg panel indicate the 68% limits on Sg for a fixed y = 0.55 (see text); they are vertically offset from y = 0.55

for visibility.

Q, or H, by different data combinations. Notably,
the Sg —y panel indicates a potential solution to the
Sg tension: A higher growth index (y ~0.65) implies a
higher Sg value in the probes of large-scale structure.
Specifically, the fog + DESY1 4+ BAO combination yields
Sg = 0.784700!7 while in the standard ACDM (with
y =0.55) Sg = 0.77170011. Conversely, Planck now pre-

fers a lower amplitude of fluctuations (Sg = 0.807759)

than it does in ACDM (Sg = 0.8317013). Consequently,
the “Sg tension” between the measurements of Sg in the
galaxy clustering and gravitational lensing versus that in
Planck decreases from 3.2¢ to 0.96, as measured by the Sg
difference divided by errors added in quadrature.

Allowing curvature to vary.—Relaxing the assumption
of spatial flatness changes the expansion history and the
concordance prediction for the growth history [69,70]. An
immediate question is whether the apparent preference for a
higher growth index and a slower growth rate is the same
effect as the apparent preference for a nonzero curvature
found by the Planck 2018 analysis that, by using temper-
ature and polarization data, found Qg = —0.044f8"811§ ([31;
see also Refs. [71-73]).

Allowing both the curvature and growth index to vary,
we observe a trade-off between Qg and y, as shown in
Fig. 4 using only Planck CMB temperature and polariza-
tion data (henceforth, PL18 temp + pol). The data clearly
prefer either a positively curved space, i.e., Qg <0, or
growth suppressed relative to the GR prediction, i.e.,
y > 0.55; the flat model with y = 0.55 has a worse fit
than the best-fit model by Ay? = —6.9.

We next focus on two limits of the results shown in
Fig. 4: (a) varying Qg while fixing y = 0.55 (which
reproduces the standard analysis from the Planck paper,
also finding Qi = —0.044) and (b) fixing Qx = 0 while
varying y. We are particularly interested in comparing the
fit of these two models. We find that the model with free

curvature fits the PL18 temp + pol data marginally better
than the model with free y (Ay? = —1.3). Including
PL18 CMB lensing reconstruction likelihood leads to
Ay?> = 0.7 in favor of the free-y model. Overall, we
conclude that both models fit the PL18 data equally well.

Recall that the feature in the PL18 temp + pol data
driving the preference for Qg <0 is essentially the
same one that favors a high CMB lensing amplitude,
i.€., Ans > 1 [3,56,74]. Does the cosmological model
with a high y produce similar features in the CMB power
spectra to those with Qg < 0 or A,,s > 1? The answer is
affirmative, as shown in Fig. 5 where we compare the
residuals in the CMB TT power spectrum of (a) the PL18
data, (b) the best-fit flat model with y, (c) the best-fit model
with curvature but fixed y = 0.55, and (d) the best-fit flat
model with A, but fixed y = 0.55, all relative to that of
the best-fit concordance model. All three best-fit model

104 PLI18 temp.+pol. i
1
1
-~ | LAY o
0.5 - i
i
1
0.0' T ‘
—0.10 —0.05  0.00
Q

FIG. 4. Degeneracy between y and Qg in the PL18 temp + pol
analysis when both parameters are allowed to vary. Contours
show the 68% and 95% credible intervals. The dashed lines mark
the point [Qx = 0,y = 0.55] corresponding to the concordance
flat ACDM model.
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FIG. 5. Residuals in the CMB TT power spectrum D,=

£(¢+1)C,/(2x) between the best-fit model with free y
(orange), best-fit model with curvature (blue), and best-fit model
with free CMB lensing amplitude Ay, (green). The data points
and error bars represent the Planck 2018 (binned) TT power
spectrum residuals and the 68% uncertainties. All residuals are
computed with respect to the best-fit concordance model.

residuals display the same oscillatory pattern that closely
follows the oscillations in the data residuals. The similarity
between the best-fit models with y > 0.55 [case (b)] and
with A, > 1 [case (d)] in the CMB power spectra is not
entirely surprising: A higher y encodes a lower growth rate
f(a) and, for a fixed amount of structure observed today, a
higher growth (relative to standard growth y = 0.55) in the
recent past [see Eq. (3)]. This in turn implies a higher
lensing amplitude; thus, it has a qualitatively similar effect
as Ap, > 1. We illustrate the effect of y on the lensing
potential power spectrum in the Supplemental Material [63]
(see also Ref. [75]).

Summary and discussion.—In this Letter, we have
presented new constraints on the growth rate using a
combination of Planck, DES, BAO, redshift-space distor-
tion, and peculiar velocity measurements. The constraints
from different data combinations are consistent with one
another within 1. Our constraints exclude the predictions
of the flat ACDM model in GR at the statistical significance
of 3.70, indicating a suppression of growth rate during the
dark-energy-dominated epoch.

Further, we have demonstrated that cosmological models
with a high y resolve two known tensions in cosmology.
First, allowing for a suppressed growth removes the need
for negative curvature indicated by the PL18 temp —+ pol
data; in fact, the best-fit flat model with free y fits the data
equally well as the best-fit model with standard growth and
negative curvature, producing highly similar features in the
TT power spectrum. Second, the discrepancy in the
measured amplitude of mass fluctuations parameter Sg
from the PL18 data and that from the large-scale structure
data can be reconciled with a high-y model. Our findings
indicate that these cosmological tensions can be interpreted
as evidence of growth suppression.

A late-time linear growth suppression is not straightfor-
ward to achieve in modified theories of gravity, particularly
if the expansion history is similar to that in the concordance
model [76-78] as our constraints indicate. Nevertheless,
there is sufficient freedom in the space of modified-gravity
theory (within a subclass of Horndeski models, e.g.,
Refs. [79-82]) to do so [83]. Probing such modified-gravity
theories should be within the reach of future surveys and
experiments [82,86,87]. Specifically, upcoming large-scale
structure data [88-93] will improve fog data both in terms
of measurement precision and redshift coverage. In paral-
lel, forthcoming CMB measurements [65,94-96] with
higher resolution and sensitivity will play a significant
role in pinning down the expansion history and growth rate.
In this era of high-precision large-scale structure and CMB
measurements, joint analyses of these datasets will hold the
key to confirming any evidence for physics beyond the
standard model.
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