
Physics of the Dark Universe 37 (2022) 101119

m
i
(
t
t
a
a
e
w
I
t

d
m
a

w

h
2

Contents lists available at ScienceDirect

Physics of the Dark Universe

journal homepage: www.elsevier.com/locate/dark

Measuring dark energywith expansion and growth
Louis Perenon a,∗, Matteo Martinelli b, Roy Maartens a,c,d, Stefano Camera e,f,g,a,
Chris Clarkson h,a

a Department of Physics & Astronomy, University of the Western Cape, Cape Town 7535, South Africa
b INAF — Istituto Nazionale di Astrofisica, Osservatorio Astronomico di Roma, 00040 Monteporzio Catone, Italy
c Institute of Cosmology & Gravitation, University of Portsmouth, Portsmouth PO1 3FX, UK
d National Institute for Theoretical and Computational Sciences (NITheCS), Cape Town 7535, South Africa
e Dipartimento di Fisica, Università degli Studi di Torino, 10125 Torino, Italy
f INFN — Istituto Nazionale di Fisica Nucleare, Sezione di Torino, 10125 Torino, Italy
g INAF — Istituto Nazionale di Astrofisica, Osservatorio Astrofisico di Torino, 10025, Pino Torinese, Italy
h School of Physical & Chemical Sciences, Queen Mary University of London, London, E1 4NS, UK

a r t i c l e i n f o

Article history:
Received 12 July 2022
Received in revised form 31 August 2022
Accepted 20 September 2022

Keywords:
Cosmology
Dark energy
Gaussian processes

a b s t r a c t

We combine cosmic chronometer and growth of structure data to derive the redshift evolution of the
dark energy equation of state w, using a novel agnostic approach. The background and perturbation
equations lead to two expressions for w, one purely background-based and the other relying also on the
growth rate of large-scale structure. We compare the features and performance of the growth-based
w to the background w, using Gaussian Processes for the reconstructions. We find that current data
is not precise enough for robust reconstruction of the two forms of w. By using mock data expected
from next-generation surveys, we show that the reconstructions will be robust enough and that the
growth-based w will out-perform the background w. Furthermore, any disagreement between the two
forms of w will provide a new test for deviations from the standard model of cosmology.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding dark energy remains a key problem in cos-
ology. A key quantity to trace the behaviour of dark energy

s its equation of state w(z) = p̄de(z)/ρ̄de(z), the ratio of the
spatially averaged) pressure and energy density. Deriving w is
ypically done using observations which infer background quan-
ities such as the distance-redshift relation or the expansion rate
s a function of redshift, H(z). Then w can be estimated using
simple parametrisation or via non-parametric approaches (see
.g. [1–3] for reviews). A key problem in this approach is that
hatever data is used, it needs to be differentiated in some way.

n the case of distance data, such as from type Ia supernovae,
wo derivatives are required, greatly enhancing the error on w(z)
and increasing the sensitivity to the reconstruction approach that
is used. While direct measurements of H(z) only require one
erivative to be taken, the observations themselves are much
ore sparse, e.g. from cosmic chronometers, or require extra
ssumptions, e.g. from baryon acoustic oscillations (BAO).
It is therefore important to access w(z) in as many agnostic

ays as possible. Here we present a new approach to direct

∗ Corresponding author.
E-mail address: perenon.louis@yahoo.fr (L. Perenon).
 f

ttps://doi.org/10.1016/j.dark.2022.101119
212-6864/© 2022 Elsevier B.V. All rights reserved.
reconstructions of w(z) by including measurements of the growth
rate f (z). We show that in principle w(z) can be found if we
know f (z) and f ′(z), together with H(z) (and a prior on Ωm,0).
moothing the measurements of these functions can give a direct
easurement of w(z). We do this smoothing using Gaussian
rocesses (GP), which has been shown to be particularly stable
or taking derivatives of raw data [4,5]. This approach gives a
ew method for probing dark energy and gravity. In addition,
t provides an important consistency test: if the growth-based
disagrees with the purely background w, this would signal a

reakdown of the simple effective fluid model of dark energy
including quintessence models). The mismatch would be indica-
ive of a clustering or interacting form of dark energy — or of a
odification of general relativity.
The paper is organised as follows. We show in Section 2

ow the dark energy equation of state can be obtained from
ackground data only and derive how growth of structure data
an be brought into play. In Section 3, we compare the pre-
ictions of the equations of state using current data, while in
ection 4 we analyse their performances using forecasts on mock
ata and present the diagnostic which arises from comparing the
ackground and growth equations of state. We summarise our

indings in Section 5.

https://doi.org/10.1016/j.dark.2022.101119
http://www.elsevier.com/locate/dark
http://www.elsevier.com/locate/dark
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dark.2022.101119&domain=pdf
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. Dark energy equation of state

Here we present two different methods to reconstruct w(z)
directly from data. The first is well known, and uses data that
measures the background Hubble rate. The second is new and
uses the time evolution of the growth rate.

The standard simple model of dynamical dark energy is de-
fined by its equation of state w(z). The dark energy is assumed
to be non-interacting, so that it obeys energy conservation: ˙̄ρde +

(1 + w)H ρ̄de = 0 (see e.g. [6] on interacting dark energy). It is
ssumed to be non-clustering on observable scales, which entails
n implicit assumption that its speed of sound is close to 1 (see
.g. [7,8] on clustering dark energy).
The evolution of the Hubble rate is given in general relativity

n a spatially flat background by

d lnH
d ln(1 + z)

≡ −
Ḣ
H2 =

3
2

+
3
2

(1 − Ωm) w , (1)

Ωm(z) = Ωm,0 H2
0
(1 + z)3

H2(z)
. (2)

We can then reconstruct the equation of state using Eq. (1):

wbg =
1

1 − Ωm

[
2
3

d lnH
d ln(1 + z)

− 1
]

, (3)

where the subscript ‘bg’ indicates that this reconstruction in-
volves only background quantities, i.e. H(z), dH(z)/dz and Ωm,0.

However, it also is possible to infer the equation of state
from observations of cosmological perturbations. For example,
redshift-space distortions (RSD) in galaxy correlations aim to
measure the linear growth rate f of large-scale structure, a pow-
erful probe of gravity. For standard models of dark energy in
general relativity, at late times the linear growth factor D is
scale-independent, if we neglect the effects of massive neutri-
nos. In this case, the linear matter density contrast is separable:
δm(z, k) = D(z) δm(0, k). It then follows that the growth rate is
scale independent:

f ≡ −
∂ ln δm

∂ ln(1 + z)
= −

d lnD
d ln(1 + z)

. (4)

Massive neutrinos introduce suppression and scale depen-
dence in the linear power spectrum, but these effects are signifi-
cantly smaller for the linear growth rate f [9]. Current constraints
on the total mass of neutrinos are Mν < 90meV at 95% con-
fidence level (CL) [10]. In this mass range, the scale-dependent
suppression of f is at sub-percent level on linear scales [11].

The perturbed conservation equations and the Poisson equa-
tion imply that

δ̈m + 2H δ̇m −
3
2

Ωm H2 δm = 0 . (5)

By Eq. (4), using dz = −(1 + z)H dt , we have δ̇m = H f δm and
δ̈m = [(H f )· + (H f )2] δm. Then Eq. (5) can be rewritten as an
evolution equation for the growth rate:

d ln f
d ln(1 + z)

= f + 2 −
d lnH

d ln(1 + z)
−

3Ωm

2f
(6)

= f +
1
2

+
3
2

(Ωm − 1) w −
3Ωm

2 f
.

ere the first line follows directly from Eq. (5) and the second
ine uses Eq. (1).

The second line in Eq. (6), which applies in standard dark en-
rgy models, implies that we can reconstruct w(z) in a new way
hat incorporates structure formation and not only background
nformation:

gr =
1

{
2

[
f −

d ln f
]

−
Ωm

+
1
}

. (7)

1 − Ωm 3 d ln(1 + z) f 3

2

The subscript ‘gr’ indicates that we use growth data f (z) and
df (z)/dz, as well as background data — i.e. H(z) data and a prior
on Ωm,0. This gives a new method to extract the dark energy
equation of state. Note that the concept of splitting key cosmolog-
ical quantities into their background and perturbation or growth
counter parts is not novel. More model-dependent methods have
been considered in the past [12–17].

In our approach, by considering data on H , we can employ GP
to reconstruct the evolution of H and then deduce dH/dz and
Ωm, given a value of Ωm,0. Then wbg can be fully determined.
Considering data on f and its GP reconstruction in addition,
wgr can be fully determined also. Then determining consistency
between these gives a new diagnostic of dark energy and gravity,
which we explore for present and upcoming experiments.

3. Reconstructions with current data

We use the ‘Humble Code for Gaussian Processes’ that we
have made publicly available.1 This code is able to compute
automatically any combinations of kernels and their derivatives
since it uses the python package SymPy. The first step to obtain
the dark energy equations of state is to reconstruct the functions
H and f with GP. We probe how robust the reconstructions are by
looking at dependence on priors and assumptions, in order ensure
that our conclusions are as agnostic as possible. Robustness tends
to apply when the data is numerous and precise, an assumption
that might not apply to current data.

For H(z), we use cosmic chronometer (CC) data, via the com-
pilation in Appendix A of [18]. We choose not to use the BAO data
here, since they are less model-independent, requiring a prior on
the sound horizon at recombination in order to be converted into
measurements of H(z). The f (z) data are from [19], a compilation
obtained from different tracers. This compilation contains only
uncorrelated data and direct measurements of f (z). We restrict
all datasets to z ≤ 1 in order to consider only the redshift range
here data on both f and H are the most available.
As a first step, we explore the dependency of our results on

he choice of priors for the means of the reconstructed functions.
e choose not to enforce any mean prior on H and f . However,
e also considered the case where predictions on these functions

nferred from Planck data (within the ΛCDM model) are used
s mean priors. We find that this produces negligible differences
ith the null prior case.
Secondly, we examine how the choice of GP kernel impacts

he reconstructions. Since H and f are smooth functions of z,
e use simple stationary kernels, comparing 3 kernels to cover
he possible evolution of the data (see [20] for details of these
ernels):

1. SE (squared exponential) is one of the most commonly used
in cosmology as it is simple and predicts the smoothest
evolution generally;

2. Mat32 (Matern 3/2) can capture the sharpest variations of
the Matern class and is best able to capture noisy data;

3. RQ (rational quadratic) can be seen as an infinite sum of
SE kernels with different correlation lengths, and an extra
hyperparameter.

We optimise a GP for each kernel choice, for both H and
, ensuring that the allowed ranges on kernel hyperparameters
re always chosen large enough to yield no effect. We take
10−5, 105

] for each hyperparameter. The results are displayed in
ig. 1. The ΛCDM model that we use is from CMB+BAO data (the
ast column of Table 2 in [21]). It is recovered within the 95% con-
idence regions of all the reconstructions, but some differences

1 https://github.com/louisperenon/HCGP

https://github.com/louisperenon/HCGP
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Fig. 1. Optimised reconstruction of H (top) and f (bottom) using 3 GP kernels.
Means are dashed lines, shaded areas between dotted lines are 95% CL. ΛCDM
s the solid black line.

re evident. The RQ kernel tends to yield the largest errors at the
xtremes of the data range, while Mat32 gives the smallest errors
here the data clusters.
The data lacks constraining power. The fact that these three

ernels yield different results overall is a hint that the quality
f the current data is still too poor to produce more robust
econstructions. By contrast, reconstructions with future galaxy
urvey data do not suffer from this, see e.g. [22], and we will
xploit this in Section 4.
Another key ingredient in the predictions of wbg and wgr is

m, given in Eq. (2). It must be computed through the Monte
arlo realisation of two quantities, one from the GP on H(z) and
ne from Ωm,0. While the possible realisations of H(z) are entirely
ictated by the CC data and the assumptions on the GP, the choice
f Ωm,0 brings in an extra layer of prior knowledge that we need
o examine. To illustrate how different values of Ωm,0 can impact
he predictions, we use a Mat32 kernel for f and H and consider
different priors:

1. the Planck CMB+BAO constraint of Table 2 in [21], Ωm,0 =

0.3111 ± 0.0056 ;
2. the KiDS-DR3 constraint from AMICO galaxy clusters [23],

Ωm,0 = 0.24 +0.03
−0.04 ;

3. the DES Y3 constraint from weak lensing and galaxy clus-
+0.032
ters [24], Ωm,0 = 0.339
−0.031 .

3

Fig. 2. Matter density Ωm(z) from GP reconstruction of H(z), with Mat32 kernel
and 3 choices of prior on Ωm,0: DES Y3 (weak lensing and galaxy clusters);
Planck CMB+BAO; KiDS-DR3 (AMICO galaxy clusters). Means are dashed lines,
shaded areas are 95% CL.

The results on the predictions of Ωm(z) are shown in Fig. 2. The
choice of prior on Ωm,0 is a key factor in the precision on Ωm(z)
at small redshifts, as expected. As redshift increases, uncertainties
from the different prior choices becomes similar. Indeed, the error
on Ωm(z) becomes dominated by the uncertainty on H(z).

Furthermore, there is an important caveat to consider in the
prediction of Ωm(z). Given our assumption of a spatially flat
Universe, used to obtain Eqs. (3) and (7), we have a theoretical
prior Ωm(z) < 1. Violating this condition is unphysical and
would lead to divergence in w due to the 1/(1 − Ωm) factors.
Given the precision of the reconstruction of H and the choice
of prior on Ωm,0, some realisations are however likely to violate
this condition, in particular at higher redshift when matter starts
to dominate over dark energy. The more precise is the data, the
less probable are such occurrences. Using the kernel that leads
to the smallest errors, i.e. Mat32, we find that with currently
available data, 47%, 18% and 57% of the realisations violate such
a condition for the 3 choices of Ωm,0 prior. This effect is another
indication that more precise data is desirable to produce more
robust predictions.

For now, we choose to reject the realisations that do not satisfy
Ωm(z) < 1. The effect of this choice artificially pushes the mean
of the prediction of Ωm to lower values relative to the standard
model, as seen in Fig. 2.

To derive the evolution of wbg and wgr, we use a Monte Carlo
procedure. With a GP mean and covariance for f (z) and H(z), we
can derive the mean and covariance of their derivatives (see [4]
for details). Supplementing this with a prior on Ωm,0, we derive
predictions of Ωm(z). We then randomly simulate realisations of
each of these quantities and from these derive a prediction of
w(z) at each step, following Eqs. (3) and (7). Their distribution
at z = 0 for the different choices of kernel and priors is given
in Fig. 3. Note that the constraints we find on wbg are in good
agreement with the recent findings of [25] using the same data
set but a different method.

In the top panel, we use the Planck prior on Ωm,0 and compare
the kernels. The RQ kernel leads to much larger errors, showing
that the derivation of w can be very sensitive to kernel choice
given the data that we use for the reconstruction. Note that the
standard model (wbg = wgr = −1) is consistent within 95% CL
for each kernel. Interestingly, there is a tendency for w > w .
gr bg
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Fig. 3. Distribution of wbg and wgr at z = 0 from Monte Carlo realisations of
P-generated f and H and the derived Ωm . Top: For Planck prior on Ωm,0 and
ifferent GP kernels (see Fig. 1). Bottom: For Mat32 kernel and different priors
n Ωm,0 (see Fig. 2). Shading levels are 68% and 95% CL.

n addition, the SE and RQ kernels, which yield a wbg centred
round the standard model, produce a wgr systematically larger
han −1. This is a consequence of the fact that growth data has a
light preference for suppressed growth relative to the standard
odel [26–29]. As a result, the reconstructions of f tend to lie

urther below the standard model as can be seen in Fig. 1.
In the bottom panel, we fix the kernel of the reconstruction to

at32, and compare the different priors on Ωm,0. The differences
nduced by changing prior are milder than those induced by
hanging kernel. We also observe that there is not a one to one
orrespondence between the error on Ωm,0 and that on w(0). For
xample, the tightest prior on Ω is from Planck, and it does not
m,0 F

4

Fig. 4. Derived predictions of wbg and wgr from Monte Carlo realisations of
GP-generated f and H , with Mat32 kernel and KiDS prior on Ωm,0 .

ead to the smallest error. It is in fact the error on the derivative
f H which plays a key role. This is another example showing that
he details of the GP reconstructions strongly affect the derivation
f w and hence the choice of kernel is more important than the
hoice of Ωm,0 prior.
We observe a systematic increase of w(0) when Ωm,0 de-

reases, although the results are always compatible with each
ther. This arises since a decrease in Ωm,0 increases the factor
1 − Ωm,0)−1 in Eqs. (3) and (7). The increase is enhanced for
gr(0) by the term −Ωm,0/f (0). Nevertheless, the tendency to
ave wgr > −1 is present no matter what the choice of Ωm,0
rior is.
Using a Mat32 kernel and the KiDS prior on Ωm,0, we display

he redshift evolution of wbg and wgr in Fig. 4. The downward
rend of the means at higher redshifts is a result of the Ωm(z) < 1
prior. However, as expected we find that such a requirement does
not affect the distribution of w at low redshifts.

Although the reconstructed wbg and wgr are compatible with
the standard model within 2σ , the tendency of the perturbation
data to prefer a lower growth rate than in the standard model
leads to hints for wgr different from wbg, with wgr > −1. This
could be a signal of deviations from the standard model. However,
the precision and number of current data is too poor to make
robust claims. The predictions are too sensitive to the details of
the reconstructions, i.e. the GP kernels and the prior on Ωm,0. The
analysis we developed here should become much more stringent
with future data.

4. Forecasts with future surveys

In this section we estimate the precision that could be
achieved by future surveys on the w derivations. We also analyse
how effective this can be as a test of the standard model.

4.1. Reconstructing wbg and wgr

Instead of choosing specific surveys, we simply assume nomi-
al surveys that deliver percent-level precision on H and f at low
, with errors growing as z increases. We create mock datasets for

f (z) and H(z) with ΛCDM as fiducial. This gives predicted values
at 11 redshifts uniformly distributed between redshift 0 and 1.

For f , we assume the errors start at 1% and grow as (1 + z).

or the cosmic chronometer data on H we use the prescription
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Fig. 5. Predictions of wbg and wgr from Monte Carlo procedure based on single-
and multi-task GP reconstructions of f and H with mock future data. Top:
Distributions at z = 0, compared to current data (as in Fig. 4 bottom panel,
with KiDs prior). Bottom: Redshift evolution of wbg and wgr .

of [30], where the error on the spectroscopic velocity increases
linearly from 1% to 11% from the first to the last measurement.
Then for f and H , we draw the mocks from multivariate Gaussian
distributions with mean given by their fiducial prediction. The
diagonal covariance matrix entries are their errors squared. We
also choose a prior on Ωm,0 with 1% error, in line with the
expected precision of future weak lensing surveys.

We find that this precision on the data yields GP reconstruc-
tions much less dependent on the choices of kernel and priors
than for current data. The reconstructions are now completely
driven by the data [22]. We therefore choose an SE kernel and
a null mean prior, as in [22]. We find that only 2.7% of the
reconstructions are rejected by the Ωm(z) < 1 condition. The re-
constructions produced are now much more robust and unbiased,
compared to those extracted from current data.
5

At this level of precision, the benefits of including growth
data to reconstruct w become apparent. We comment first on
the results at z = 0, shown in Fig. 5, top panel. Comparing the
widths of the constraints, it is evident that the wbg error which
uses only future cosmic chronometer data is decreased by factor
∼ 2 relative to current data. When including future growth data,
the wgr error decreases by more than a factor of 5. We obtain for
the forecast using background data:

wbg(0) = −0.956 +0.183
−0.181 (95% CL). (8)

This is improved by 44% when adding the forecast growth data:

wgr(0) = −0.903 +0.125
−0.128 (95% CL). (9)

Upcoming surveys will not only improve measurements of the
growth rate f (z), but will also obtain precise estimate of the two
related functions, σ8(z) and (f σ8)(z). Spectroscopic galaxy surveys
will allow for precise measurements of (f σ8)(z), while combina-
tions of galaxy–galaxy lensing with RSD [31–33] or combining
matter power spectrum and bispectrum [34–38], will break the
f σ8 degeneracy and extract measurements of f and σ8.

With these measurements in hand, one can avoid reconstruct-
ing only f by combining the information contained in the mea-
surements of the three functions. This can be done by recon-
structing simultaneously f , σ8 and f σ8 via the use of multi-task
GP, which greatly improves the error on the prediction of each
quantity [22]. Following the procedure of [22], we use mock
data to forecast σ8 and f σ8, using the same prescriptions as
we have for f , and thus reconstruct simultaneously the three
functions. Using now this multi-task (MT) reconstruction of f in
the derivation of wgr, we obtain

wgr,MT(0) = −0.989 +0.076
−0.077 (95% CL). (10)

This yields a 67% improvement on the single-task (ST) prediction
Eq. (9).

At higher redshifts the picture is quite different. The error on
w increases with z, since the error on the forecast data does.
However, Fig. 5 bottom panel shows that the error on wbg is
smaller than that on wgr — since wgr depends on Ωm/f . As the
error on Ωm increases with z, it comes to dominate the overall
error on wgr. For the same reason, there is virtually no gain at
larger redshifts made by considering a multi-task reconstruction,
even though the precision of the reconstruction on f is improved
at all redshifts relative to the single-task case.

In order to illustrate the previous findings further, we run a
large number of realisations of w, assuming that Ωm(z) is known
perfectly, i.e. fixing it to the fiducial. The results are informa-
tive: the error on wbg does not improve while that on wgr does
considerably and is smaller at almost all redshifts. Its multi-task
version is a factor 2 more precise than the single-task case. This
shows that the error on Ωm is significantly more detrimental to
the prediction of wgr, due to the Ωm/f term. At low redshifts, the
error on wgr is always lower than for wbg. For wgr to become a
more competitive diagnostic at high z, more precise constraints
on Ωm(z) are required.

Reconstructions of wbg and wgr provide a test of dark energy
and gravity. Fig. 6 illustrates the potential diagnostics of this
probe, using mock data sets for two non-standard models:

• w0waCDM: A dynamical dark energy model with w(z) =

w0−wa z/(1+z) [39,40], whose fiducial values are constrained by
the combination of CMB, BAO, RSD and weak lensing (last column
of Table 6 in [21]). Fig. 6 top panel shows predictions for wbg
and wgr. These recover the fiducial trend well and the previous
findings on precision apply. At lower z the multi-task error on wgr
is lower than the single-task error, which in turn is lower than the
wbg error. wbg excludes the standard model at more than 95% CL
and w excludes it with much higher significance.
gr
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Fig. 6. As in Fig. 5 (bottom) but using mock data from non-ΛCDM models. Top:
Predictions for w0waCDM as constrained by Planck [21]. Bottom: Predictions for
a model with ΛCDM fiducial on H , while f = Ω

γ
m with γ ̸= γλCDM = 0.55.

• γ CDM: A simplified modified gravity model which mimics
a ΛCDM expansion rate but has different growth rate, where we
use the parametrisation f = Ω

γ
m [41,42]. We choose a −10%

ariation of the standard value γΛCDM = 0.55, and use the code
MGCLASSII [43] to compute the fiducial predictions of f and σ8.
he bottom panel of Fig. 6 displays the wbg and wgr predictions.
bg is fully consistent with the standard model, while wgr (ST and

MT) correctly follows the prediction of the modified fiducial. In
fact, at low z the growth and background reconstructions exclude
each other at almost 95% CL. This highlights that there is not
only valuable phenomenological information to be gained from
comparing wbg and wgr predictions with the standard model, but
also from comparing them with one another.

4.2. A new diagnostic of gravity

We can turn the results in Fig. 6 into an effective diagnostic
of gravity, based on the separation between pure-background
reconstruction (H from cosmic chronometers in our analysis)
and background + perturbation reconstruction (f in our case). By
 i

6

comparing the reconstructions we can schematise the diagnostic
as follows:

• If wbg ̸= −1, this indicates a departure from standard
ΛCDM. By Eq. (3), this could be caused by spatial cur-
vature, dynamical dark energy or modified gravity (or a
combination).

• If wgr ̸= −1, there are 3 possible outcomes:

* wbg = wgr ̸= −1, so that background and growth
are consistent, hinting at dynamical dark energy within
General Relativity. Both reconstructions can be used to
track down the redshift evolution of w, allowing us to
test this.

* wbg ̸= wgr, so the standard ΛCDM again breaks
down, but with inconsistency between background and
growth. This could hint at clustering dark energy or
modified gravity.

* wbg = −1, so the background is compatible with stan-
dard ΛCDM but perturbations are incompatible. This
could arise from scale-dependent growth in clustering
dark energy or modified gravity models.

. Conclusion

We propose a new way to reconstruct the equation of state of
ark energy w by using the growth of large-scale structure. This
pproach is based on the evolution equation for the growth rate f .
Note that [44] use the same equation but for a different purpose,
.e. to reconstruct the evolution of Ωm. For us, Ωm is derived via
reconstruction of H from data.)

There are two ways to reconstruct w: purely from back-
ground data (wbg); adding perturbation data to background data
wgr). We apply both approaches to current data, using cosmic
hronometers and RSD. We find that the data is too noisy for the
econstructions of H and f to be robust enough under changes of
P kernels. Consequently, reconstructed wbg and wgr also show
dependency on the kernel. The method is also sensitive to

n additional input: the choice of prior on Ωm,0. Nevertheless,
e find the reconstructed wbg and wgr to be compatible with
he standard model within 2σ . Slight tendencies are noticeable:
uppressed growth relative to the standard model, wgr different
rom wbg, and wgr > −1. This could be a hint of deviations from
he standard model that will be crucial to explore with future
ata.
Consequently, we explore the performance of our reconstruc-

ion technique with mock data from nominal future surveys. With
nhanced precision the GP reconstructions are robust: we find
hat at z = 0 the error on wbg is decreased by a factor of almost 2,
hile for wgr the decrease is more than a factor of 5. This implies
hat the forecast error on wgr is 44% more precise than that on
bg at z = 0.
The precision on wgr can be increased further by 67%, using
multi-task GP reconstruction of the data — where f , σ8 and

σ8 are reconstructed simultaneously. On the other hand, wgr
recision is more degraded than wbg at higher redshifts by the
ncertainties on the Ωm reconstruction.
We also use forecast data with two non-standard models

s fiducial, which are complementary: w0waCDM, where only
he background deviates; γ CDM where only the perturbations
eviate (f = Ω

γ
m and γ ̸= 0.55). In both cases, we find that

he reconstructions are precise enough to detect these deviations
rom the standard model. This allowed us to present a diagnostic
o probe the phenomenology that can cause these deviations.

Summarising, our new method can provide some fresh insight
nto the dark sector of the Universe, based on a GP reconstruction
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f the data. Our results hold within the range of validity of the
P method. Although this method is not completely model inde-
endent (see e.g. [22,45] for further discussion), it is ‘agnostic’,
n the sense that it does not require a choice of a cosmological
odel. Our method is able to identify the contributions to w

from background alone and from background + perturbations. In
this sense, it is complementary and orthogonal to more standard,
model-dependent data analyses techniques, with which it can be
compared when future data becomes available.
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