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Measurement of the Weyl potential
evolution from the first three years of dark
energy survey data

Isaac Tutusaus 1 , Camille Bonvin 2 & Nastassia Grimm 2

TheWeyl potential, which is the sum of the spatial and temporal distortions of
the Universe’s geometry, provides a direct way of testing the theory of gravity
and the validity of the ΛCDM (Lambda Cold Dark Matter) model. Here we
present measurement of the Weyl potential at four redshifts bins using data
from the first three years of observations of the Dark Energy Survey. We find
that the measured Weyl potential is 2 σ, respectively 2.8 σ, below the ΛCDM
predictions in the two lowest redshift bins. We show that these low values of
the Weyl potential are at the origin of the tension between Cosmic Microwave
Background measurements and weak lensing measurements, regarding the
parameter σ8 which quantifies the clustering of matter. Interestingly, we find
that the tension remains if no information from the Cosmic Microwave
Background is used. Dark Energy Survey data on their own prefer a high value
of the primordial fluctuations, together with a slow evolution of the Weyl
potential. An important feature of ourmethod is that themeasurements of the
Weyl potential are model-independent and can therefore be confronted with
any theory of gravity, allowing efficient tests of models beyond General
Relativity.

Since the observation of the accelerated expansion of the Universe in
19981,2, extensive studies have been performed to understand if this
acceleration is due to a cosmological constant, a dynamical dark
energy, or a modification of the theory of gravity. In theories beyond
ΛCDM, not only the background evolution of the Universe can be
modified, but also the formation of structure. A powerful way of
testing these theories is therefore to confront them with measure-
ments from large-scale structure surveys.

The landscape of theories beyond ΛCDM is vast, and testing all
models one by one has become infeasible. As a consequence, two
complementary approaches have been developed. The first one con-
sists in testing classes of theories, e.g. Horndeski theories3 that
encompass all scalar-tensor theories with second-order equations of
motion. The advantage of such an approach is that the functions
constrained by the data are directly linked to fundamental ingredients

in the theories. However, the degeneracies between the free functions
are large, and current data are not stringent enough to constrain them
all well4.

The second approach is more phenomenological and consists in
parameterising deviations from General Relativity (GR) directly at the
level of Einstein’s equations by introducing two new functions, often
called μ and η5. The function μ encodes changes in Poisson’s equation,
while η describes the difference between the time distortion and the
spatial distortion of the metric, the so-called anisotropic stress. This
approach has been successfully usedwith current data, e.g. combining
gravitational lensing measurements from the Dark Energy Survey
(DES) and galaxy clustering measurements from BOSS and eBOSS6.
Even though powerful, this approach suffers from one important
complication: the constraints on μ and η at a given redshift z depend
on the evolution of the functions at all redshifts above z. This means
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that either one assumes a fixed time evolution for these functions, as
done in ref. 6, and only the values of μ and η at z =0 are constrained.Or
one needs sophisticated techniques to constrain and reconstruct the
time evolution of μ and η from a set of chosen redshift nodes, as done
for example in ref. 7. In this second case, it is necessary to have mea-
surements over a wide range of redshift to obtain relevant constraints,
and any degradation of the data in a given redshift bin will impact the
constraints in the other bins. Another limitation of this framework is
that the constraints on μ and η rely on the validity of Euler’s equation
for darkmatter. Without this additional assumption, these parameters
cannot be constrained from redshift-space distortions (RSD), since
they are fully degenerated with the parameters encoding changes in
Euler’s equation8,9.

Here we propose an alternative approach, which is fully detached
from any theoretical model. We ask ourselves what are the quantities
that we can directly measure from the data, in a fully model-
independent way. This approach has been extensively used in the
past for RSD. Combining the multipoles of the RSD correlation func-
tion (or power spectrum) provides direct measurements of the galaxy
peculiar velocities in the redshift bins of the surveys. The evolution of
the velocity is encoded in the so-called growth rate function, f, which is
measured in combination with σ8 (the amplitude of density perturba-
tions in spheres of 8 Mpc/h)10–12. Such measurements are very power-
ful, since fσ8 can then be compared with the prediction fromGR to see
if this theory is consistent or not. Moreover, it can be compared with
predictions from any other theory of gravity, to put constraints on
their parameters, see e.g. ref. 12. To the best of our knowledge, this
approach, which is standard in RSD analyses, has never been used for
gravitational lensing analyses with real observations. The goal of this
paper is to doprecisely that, usingDESmeasurements of galaxy-galaxy
lensing and galaxy clustering. More precisely, we use the formalism
developed in ref. 13 to measure the evolution of the Weyl potential
ΨW = (Φ +Ψ)/2 (where Φ and Ψ denote respectively the spatial and
temporal perturbations of the metric, see Eq. (1) in methods) in the
four tomographic bins of the DES lenses. This provides the first direct
and model-independent measurement of the evolution of the per-
turbed geometry of our Universe. We define a new function, Ĵ, that we
call theWeyl evolution, to encode the evolution of the Weyl potential.
The measurement of Ĵ from DES data is fully complementary to the
growth rate measurement. Modified theories of gravity can indeed
change the way structures evolve, the way the geometry evolves, or

both. As for the measurement of fσ8, the Weyl evolution Ĵ is measured
redshift bin per redshift bin, without assuming any time evolution.
These model-independent measurements can then be compared with
the prediction in ΛCDM, or with any theory of gravity of interest.

Results
We combine two sets of data from DES: galaxy clustering and galaxy-
galaxy lensing. As described in methods, subsection The lensing
angular power spectra as function of the Weyl evolution, these two
data sets provide constraints on cosmological parameters, nuisance
parameters, as well as the galaxy bias, b̂ðziÞ=bðziÞσ8ðziÞ, and the Weyl
evolution, ĴðziÞ, in each of the redshift bins of the lenses. We focus on
the first four tomographic bins of the DES lens sample, with mean
redshifts [0.295, 0.467, 0.626, 0.771], since some residual systematic
uncertainties were identified in the two highest redshift bins14. We
consider four different scenarios: our baseline corresponds to the use
of 3σ Gaussian priors on the cosmological parameters from Planck
measurements of the Cosmic Microwave Background (CMB)15, while
using the fiducial DES angular scale cuts. In this way, the density power
spectrum at high redshift is constrained by Planck, while the late time
evolution is left free. To test the sensitivity of our treatment on the
non-linear modelling, we also consider a “pessimistic” scenario with
more stringent angular scale cut, using only scales above 21 Mpc/h for
the galaxy-galaxy lensing observable (see “methods”, subsection
Measurement of the Weyl potential for more detail). Finally, we also
consider two scenarios (with standard and pessimistic scale cuts),
removing the priors from Planck. In these scenarios, both the early
time power spectrum and the late time evolution of theWeyl potential
are constrained by DES data only. For these cases we use the wide
fiducial DES priors on the cosmological parameters.

Measurements of Ĵ using priors from Planck
In Fig. 1, left panel, we show themeasured values of Ĵ with 1σ error bars.
We see that Ĵ is very well measured, with a precision of 5 to 10% in the
four DES redshift bins (see also Table 1). This demonstrates the capa-
city of the data to significantly constrain the Weyl evolution in a fully
model-independent way, i.e. without assuming any theory of gravity.
The measured values of Ĵ can then be compared with any model of
interest. In Fig. 1, we show the prediction for Ĵ in ΛCDM, with the
cosmological parameters obtained through our cosmological analysis.
The shaded region corresponds to the 1σ uncertainty on the ΛCDM

Fig. 1 | Measured values of Ĵ with 1 standard deviation error bars at the mean
redshifts of the MAGLIM sample. The left panel shows the measurements
assuming a prior from Planck on early time cosmological parameters. The right
panel shows the measurements without Planck priors. The black and orange solid
lines show the predictions for Ĵ in ΛCDM. The shaded regions indicate the 1σ
uncertainty on those predictions due to uncertainties in the primordial

cosmological parameters. Note that, due to the change in cosmological parameters
(see Supplementary Table 1), the ΛCDMprediction of Ĵ changes in the casewith and
without prior, which is particularly noticeable at higher redshifts, where there is a
1.6σ difference between the two predictions. Source data are provided as a Source
Data file.
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prediction. In the first and second redshift bins, themeasurements of Ĵ
are 2σ, respectively 2.8σ, below the ΛCDM predictions. In the highest
twobins themeasurements arecompatiblewithΛCDM(1.6σdifference
in the last bin). The joint constraints on Ĵ are plotted in Supplemen-
tary Fig. 1.

Even though such a tension is not very significant, it is interesting
to see that the deviations from ΛCDM are localised to the two lowest
redshift bins. This could hint either at a modification of gravity that
may have more impact at low redshift, when the mechanism respon-
sible for the acceleration of the Universe is in full play. Or it could be
due to a (partially) incorrect modelling of non-linear effects, which are
more important at low redshift. Alternatively, it could also be due to
unknown systematic effects in the first two bins of the MAGLIM
sample.

Our measurements are in agreement with the results of ref. 16,
which used cosmic shear and galaxy clustering data from DES Year 1,
KiDS-1000, eBOSS QSOs, DESI Legacy Survey and CMB lensing to
reconstruct the redshift evolution of matter density perturbations.
Their methodology differs from ours, first because they use GR to link
theWeyl evolution todensity perturbations, allowing them to combine
cosmic shear, CMB lensing and galaxy clustering to measure a single
growth function, and second because they reconstruct the growth
function using spline interpolation between chosen redshift nodes. As
can be seen from Fig. 8 of ref. 16, they find a growth function which is
lower than predicted by ΛCDM between z =0.2 and z = 0.5, in perfect
agreement with our measurements of a lowWeyl evolution in the first
two redshift bins. Both methods are highly complementary: using GR
and spline interpolation allows them to combine different probes,
enhancing the precision of their measurement. Our method is more
model-independent since it does not rely on GR, which allows us to
compare our measurements of Ĵ with the predictions of various
modified gravity models, see subsection Modified gravity below.
Moreover, by measuring Ĵ at the redshifts of the lenses, our method
can also directly identify if the tension comes from one particular
redshift bin (which could indicate a problem with the lens sample in
that bin), or fromvarious redshift bins: the two lowest ones in our case.
In Supplementary Discussion 2, we also compare our results with the
binned σ8 analysis of DES and we show that the two approaches are
complementary but different: the binned σ8 analysis is a consistency
test of the ΛCDM model, whereas our approach provides a model-
independent way of measuring the Weyl evolution. For completeness,
in SupplementaryDiscussion 3, we showand discuss the results for the
REDMAGIC lens sample of DES17.

Since Ĵ has been measured in a fully model-independent way, we
can now use these measurements to infer σ8(z =0) assuming ΛCDM.
Combining the four measurements of Ĵ, we can fit for σ8(z =0) at each
point of the chain using Eq. (10) in methods, and obtain its posterior
distribution which we find to be close to Gaussian (see Supplementary
Fig. 2). The mean and 1σ errors are σfit

8 ðz =0Þ=0:743±0:039. In

contrast, using the values of Ωm, Ωb, ns and As, we obtain
σcosmo
8 ðz =0Þ=0:849±0:030, which is 2.2σ higher than the value

obtained from Ĵ. With our method, we recover therefore the well-
known result from the Year 3 DES data that high redshifts prefer a
larger clustering amplitude than low redshifts. Moreover, we are able
to pin-point this tension to the behaviour of the Weyl potential in the
two lowest redshift bins of DES. We obtain similar results if we use Ĵ to
infer S8 = σ8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωm=0:3

p
: the value obtained from Ĵ is 2.1σ below that

obtained from cosmological parameters.
Our results are in agreement with previous analyses, which com-

bined CMB lensing (either from ACT or from Planck) with clustering
fromDES18, BOSS19, DESI20 andhigh-redshift quasars21,22. These analyses
all point toward a clustering amplitude which is consistent with ΛCDM
above redshift 0.521–23, but is too small at low redshift16,18–20. This shows
that the tension is not limited to cosmic shear measured in galaxy
surveys, but also appears when using CMB lensing. Combined with the
fact that some of those analyses used BOSS and DESI galaxy samples
instead of the DES lens sample, we can conclude that the tension is not
linked to a particular data set. Interestingly, these results are also in
agreement with other probes, e.g. the measurements in ref. 24, which
find that high-redshift Lyman-α data prefer a large value of σ8 com-
pared to the number counts of clusters at low redshift pointing
towards a lower σ8.

Measurements of Ĵ without Planck prior
We then redo themeasurements of Ĵ, removing the priors fromPlanck.
FromFig. 1 (right panel), we see that Ĵ can still be verywellmeasured in
this case: the errors increase by 11−20% only (see Table 1). On the other
hand, the errors on the cosmological parameters are 3 to 6 times larger
when no priors are used (As and h being the most degraded). This
degradation is not surprising, since in our framework all the informa-
tion coming from the growth of structure and from theWeyl potential
is encoded in the parameters b̂i and Ĵ and does not contribute to the
constraints on the cosmological parameters (see methods, subsection
The lensing angular power spectra as function of the Weyl evolution
for more detail). The larger uncertainties in cosmological parameters
lead towider errors on the prediction for Ĵ in ΛCDM, as is clearly visible
from Fig. 1.

We see that removing the priors actually slightly increases the
tension between the measured Ĵ and the ΛCDM predictions, which is
now [2.1 σ, 2.9 σ, 1.7 σ, 2.4 σ] in the four bins. This is due to the fact that
the ΛCDMpredictions for Ĵ increase when the prior is removed, due to
an increase of the primordial amplitude As from 2:13 ±0:10ð Þ � 10�9 to

2:98+0:57
�0:69

� �
� 10�9. In this case, As is mainly constrained by the (sub-

dominant) RSD contribution to galaxy clustering that we modelled in
GR (see methods, subsection Measurement of the Weyl potential, and
Supplementary Discussion 1 formore detail).We note that the value of
As is still compatible with Planck value at 1.2σ, but its slight increase
counterbalances the increase of uncertainty due to the absence of
priors, leading to a persisting tension of Ĵ with ΛCDM predictions.
From this analysis, we see that DES data on their own prefer a high
amplitude of perturbations As, together with a growth of the Weyl
potential slower than in ΛCDM at low redshifts.

The tension in Ĵ leads to a 2.1σ tension between σ8 extracted from
the cosmological parameters: σcosmo

8 ðz =0Þ= 1:028±0:097, and σ8
extracted from Ĵ assuming ΛCDM: σfit

8 ðz =0Þ=0:776+0:067
�0:079 . The large

value of σcosmo
8 is directly related to the large value of As. Our analysis

shows therefore that the σ8 tension is internally present in DES data.
The clustering amplitude extracted from the evolution of the Weyl
potential is in tension with the clustering amplitude inferred from the
background evolution and the subdominant RSD signal in the dis-
tribution of lenses. Ourmethod therefore indicates that the σ8 tension
is not only a tension between high redshift and low redshift, but that it
is also a tension between the perturbations of the geometry at low

Table 1 | Mean values and 1σ error bars for ĴðziÞ in the four
cases considered in our analysis: with andwithout priors from
Planck measurements of the Cosmic Microwave Background
(CMB), with standard and pessimistic scale cuts

CMB prior No CMB prior

Standard cuts Pessimistic
cuts

Standard cuts Pessimistic cuts

Ĵðz1Þ 0.325 ± 0.015 0.329 ± 0.028 0.327 ± 0.017 0.335 ± 0.030

Ĵðz2Þ 0:333 +0:017
�0:019

0.324 ± 0.035 0:328+0:019
�0:023

0.326 ± 0.036

Ĵðz3Þ 0:387 +0:026
�0:029

0.428 ± 0.061 0.388 ± 0.032 0.433 ± 0.063

Ĵðz4Þ 0.354 ± 0.035 0.368 ± 0.075 0.345 ±0.040 0.370 ± 0.080

Wehave considered a uniform prior for Ĵ between 0.1 and0.6 for the first twobins, andbetween
0.15 and 0.65 for the last two bins.
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redshift (probed by weak lensing), and the other dynamical fields:
expansion rate and density fluctuations (encoded in the RSD con-
tribution). This is in agreement with measurements of the growth rate
function f from spectroscopic RSD surveys, which show no deviations
fromΛCDMat low redshift (see e.g. Fig. 1 of ref. 25).What is particularly
interesting inourmethod is that it allows the separationof information
from the Weyl potential and from background and density perturba-
tions within DES data, consequently showing that the same trend is
present in this single data set. Translating our constraints on σ8(z =0)
to constraints on S8 we find that the tension is slightly larger, of 2.6 σ.
We summarise the values of σ8(z =0) obtained in various cases in
Table 2.

Measurements of Ĵ with more stringent non-linear scale cuts
As discussed in methods, subsection Measurement of the Weyl
potential, we have implemented more stringent scale cuts to further
remove the impact of non-linear scales (see methods, subsection
Measurement of the Weyl potential). The results for Ĵ are shown in
Fig. 2 for the analysis with Planck priors (left panel) and without (right
panel). We see that the measurements of Ĵ are significantly degraded:
the errors increase by roughly a factor 2. This is not surprising since
removing scales reduces the available amount of information needed
to measure Ĵ. The errors on the ΛCDM prediction also increase due to
the scale cut, in the case without prior, but only by 14%. Interestingly,
the mean values of Ĵ are only mildly affected by removing scales and
are still below the ΛCDM predictions. However, the increase in the
error bars significantly reduces the tension with ΛCDM predictions:
only the second bin is still 1.8σ away from the ΛCDM prediction in the
case with prior (1.5σ without prior). A comparison of the measure-
ments of Ĵ with standard and pessimistic scale cuts is provided in
Table 1.

Modified gravity
We now compare our measurements of Ĵ in the baseline scenario with
predictions in modified theories of gravity. We explore two cases: A)
the phenomenological μ − Σ extensions of gravity; and B) Horndeski
theories, concentrating on a few specific cases. The relation between Ĵ
and the parameters of these two types of modified gravity models are
given in methods, subsection Modified theories of gravity. In both
cases,we use themeasured Ĵ to constrain the parameters of the theory,
and then use those to compute the best fit ĴðzÞ.

In case A), we fix μ = 1, since as explained in methods, Ĵ is mainly
affected by Σ. We explore three types of evolution for the function
Σ(z): a standard evolution, where Σ(z) decays proportionally to dark
energy; no evolution; and an exponential evolution (see Eq. (13) in
methods). The posteriors for Σ0 = Σ(z = 0) are very close to Gaussian
for the three cases, with mean and 1σ errors given by: Σst

0 = �
0:24±0:10 (standard evolution), Σcst

0 = �0:13 ±0:06 (no evolution)
and Σexp

0 = �0:027±0:013 (exponential evolution). In Fig. 3 we show
the predicted ĴðzÞ (mean and 1σ error bands) for the three models,
compared with the measured Ĵ in the baseline case. In the three
models, a negative value of Σ0 decreases Ĵ with respect to ΛCDM,
leading to a better agreement with the data (at the cost of one extra
parameter though). The reduced chi-squared of ΛCDM is of 2.1 (p-
value 0.078), while the reduced chi-squared of the three models
(with one extra free parameter Σ0 each) is very similar: 1.1 for the
standard evolution and the constant case (p-value 0.33), and 0.8 for
the exponential evolution (p-value 0.48). This shows that the data are
not able to discriminate between the different time evolutions, as is
clear from Fig. 3. The coming generation of surveys has clearly the
potential to help, by adding measurements at lower and higher
redshifts and reducing the error bars. Here we also see the strong
advantage of our method: by first measuring Ĵ without assuming any
model and then comparing with the predictions in modified gravity,
we can easily understand and test the impact of different assump-
tions about the time evolution.

In case B) we consider Horndeski models while additionally
allowing for a non-minimal coupling of dark matter, which constitutes
a breaking of the weak equivalence principle. We focus on two specific
cases: first, we consider the case where αB= αM/2 can differ from zero,
and dark matter is minimally coupled to the scalar field, γc = 0
(see e.g. ref. 26 for more detail on these parameters). This special
relation betweenαM andαB is recovered e.g. in Brans-Dicke theories27,28

and some f(R) models29–32. Second, we investigate the case with a non-
minimal coupling of darkmatter, γc ≠0, while all other parameters are

Table 2 | Mean values and 1σ error bars for σ8(z = 0), in the
cases with and without CMB priors, using the standard
scale cuts

CMB Prior No CMB prior

From
parameters

From Ĵ From
parameters

From Ĵ

σ8(z = 0) 0.849 ±0.030 0.743 ±0.039 1.028 ±0.097 0:776+0:067
�0:079

We compare the value fitted from Ĵ with the value obtained from the cosmological parameters.

Fig. 2 | Measured values of Ĵ with 1 standard deviation error bars at the mean
redshifts of theMAGLIMsample, usingmore stringent scale cuts.The left panel
shows themeasurements assuming a prior from Planck on early time cosmological
parameters. The right panel shows the measurements without Planck priors. The

black and orange solid lines show the predictions for Ĵ in ΛCDM. The shaded
regions indicate the 1σ uncertainty on those predictions due to uncertainties in the
primordial cosmological parameters. Source data are provided as a Source
Data file.
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kept to their GR value. For the two specific models, we obtain
αM,0 = 2αB, 0 = 0:55

+0:22
�0:20 and γc, 0 = � 0:79+0:30

�0:37 . The results for Ĵ are
shown in Fig. 4. We see that both αM = 2αB > 0 as well as γc <0 can
decrease the amplitude of the Weyl potential at late time, leading to
predicted values of ĴðzÞ in line with themeasured data. This shows that
while Ĵ provides an excellent test of the ΛCDMmodel, it cannot, on its
own, distinguish between modifications of gravity and a breaking of
theweak equivalenceprinciple. A combinationwith other observables,
in particular gravitational redshift, will allow to break degeneracies
between different physical effects26.

Discussion
In this paper, we have performed the first measurement of the Weyl
potential from galaxy-galaxy lensing. Using data from DES, we were
able to measure the function ĴðzÞ, which encodes the evolution of the
Weyl potential, with a precision of 5 to 10% in the four bins of the
MAGLIM lens sample. We found that the measured values in the two
lowest bins are in mild tension with the ΛCDM predictions.

One important feature of our method is that it allows us to
separate the information coming from the matter density fluctuations
(which we do not use to constrain gravity, since it is fully degenerated
with the galaxy bias) from the information coming from the Weyl
potential. The latter purely encodes the growth of the spatial and
temporal distortions of the geometry, and is therefore independent of
the galaxy bias. Moreover, our method does not rely on any assump-
tion about the redshift evolution of Ĵ: the function is directlymeasured
in each bin of the survey.

Our measurements allow us to pin-point the σ8 tension to the fact
that the Weyl potential is smaller than predicted in ΛCDM in the two
lowest bins of the DES data. Surprisingly, we found that the tension
remains evenwhen no priors from the CMB are used. DES data on their
own prefer a Universe with a high initial value of the primordial
potential (higher than measured by Planck) followed by a slower
growth at late time. Further investigation to understand the origin of
this behaviour is needed. In particular, it would be interesting to redo
the analysis changing the settings to the ones used in the new com-
bined analysis of DES and KiDS33 (which found a decrease of the σ8
tension) to see how this impacts the measurements of Ĵ. Moreover,
having measurements of Ĵ between the second and third bin of DES,
where the deviation suddenly appears could help understand the ori-
gin of the tension. Surveys like Euclid and LSST will be of crucial
importance for this.

More generally, our method allows us to compare the measure-
ments of Ĵ with predictions in any theory of gravity that recovers GR at
high redshift. Since the measurements are model-independent, the
method allows for various tests of the theory of gravity in an efficient
way. One can for example easily change the time evolution of the
parameters of the theory, without having to reanalyse the data for each
case. Using the μ−Σ parameterisation of modified gravity, we have
shown that current data are not constraining enough to differentiate
between different time evolutions. In the future, we will study if cor-
relations of galaxy clustering with CMB lensing may help. Moreover,
future surveys like Euclid and LSST are expected to provide sufficiently
tight constraints (at the level of 0.1−1% for z ∈ [0.25, 2.1] for LSST13)
over a wider redshift range, to allow for much more stringent tests.

The evolution of the Weyl potential can be combined with mea-
surements of the growth rate of structure, to test the relation between
these two fundamental quantities in our Universe. In ref. 25, we have
combined these quantities to obtain precise measurements of the EG
statistic, providing a robust test of GR. Therefore, while Ĵ reveals an
interesting tension with ΛCDM on its own, it is particularly powerful in
combination with further model-independent observables.

Methods
The Weyl evolution Ĵ is measured from galaxy-galaxy lensing, com-
bined with galaxy clustering. The formalism to relate gravitational
lensing observables to Ĵ has been derived in ref. 13. Herewe summarise
the main results.

The lensing angular power spectra as function of the Weyl
evolution
We work with the linearly perturbed flat Friedmann-Lemaître-
Robertson-Walker (FLRW) metric in the conformal Newtonian gauge,
with the line element given by

ds2 = a2ðτÞ �ð1 + 2ΨÞdτ + ð1 + 2ΦÞdx2� �
, ð1Þ

where τ denotes conformal time, a is the scale factor, andΨ andΦ are
the two metric potentials. Gravitational lensing is directly sensitive to
the Weyl potential ΨW≡ (Φ +Ψ)/2. We define the Weyl transfer func-
tion TΨW

, which relates the value of ΨW(z, k) in Fourier space and at
redshift z to the primordial potential at the end of inflation Ψin(k). In
GR, one can easily show that for wavelengths that are inside the

Fig. 4 | Predictions for Ĵ in Horndeski models. We show the mean value and 1
standard deviation error bars for a model with αM = 2αB (red) and a model with a
non-minimal coupling, γc ≠ 0, of CDM to themetric (black). In both cases, all other
modified gravity parameters are assumed to maintain their GR values. The mea-
surements correspond to our baseline, using Planck priors and with standard scale
cuts. Source data are provided as a Source Data file.

Fig. 3 | Predictions for Ĵ for modified gravity models with Σ ≠ 1 and μ = 1.We
show themean value together with the 1 standard deviation error bars for the three
choices of time evolution (standard, constant, and exponential) described in
methods. The measurements correspond to our baseline, using Planck priors and
with standard scale cuts. Source data are provided as a Source Data file.
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horizon, the Weyl transfer function simply evolves proportionally to
D1(z)Ωm(z). Here D1(z) is the growth function (governing the evolution
of matter density perturbations) and Ωm(z) is the matter density
parameter at redshift z. Hence, in GR, measuring the evolution of
density perturbations ormeasuring the evolution of theWeyl potential
provides exactly the same information. In modified theories of gravity
the situation is different: Einstein’s equations aremodified, generically
leading to a different evolution of the Weyl potential. To capture this,
we introduce a new function, J, encoding this evolution. More pre-
cisely,wewrite the transfer functionof theWeyl potential as (see ref. 13
for more detail)

TΨW
ðk, zÞ= H2ðzÞJðk, zÞ

H2ðz*ÞD1ðz*Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bðk, zÞ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bðk, z*Þ

p TΨW
ðk, z*Þ , ð2Þ

where z* is a redshift well in the matter era (before the acceleration of
the Universe started), H is the Hubble parameter in conformal time,
and B(k, z) is a boost factor, encoding the non-linear evolution of
matter density perturbations at small scales. We assume that at z* a
cold dark matter (CDM) Universe, governed by GR, is recovered. This
assumption automatically excludes early dark energy models, where
deviations from a CDM Universe take place already at high redshift.
The motivation behind this assumption is that, at early times, CMB
measurements are highly compatible with a CDM Universe15.
Theories of modified gravity therefore usually aim at recovering
GR at high redshift, while leading to a phase of accelerated expansion
at low redshift. In our framework, any deviation in the Weyl potential
evolution during the phase of accelerated expansion is encoded in
the free function J. By measuring this free function as a function of
redshift, we are able to reconstruct the Weyl evolution and assess its
compatibility with GR predictions, or with the predictions of
any theory of gravity we may want to test. Note that the function J
has the same information content as the function L defined in refs.
34,35, which identified for the first time the quantities that can be
measured in a model-independent way from large-scale structure
surveys.

In full generality, J is a function of redshift and wavenumber k. In
GR, the evolution is almost scale-independent, except from a small
scale-dependence due to massive neutrinos. In our analysis we fix the
sum of neutrino masses to 0.06 eV, leading to a scale-dependence in
the growth of structure (and therefore in J) which is negligible36. In
models of gravity beyond GR, J can in principle depend on scales.
However, in many models of modified gravity, it turns out that the
evolution is scale-independent for sub-horizon modes, where the
quasi-static approximation is valid37,38. In our analysis, we therefore
drop the scale-dependence in J (as is also usually done for measure-
ments of the growth rate in RSD analyses10–12). This simplifies the
analysis, but it is not a fundamental limitation of the method, which
can be extended to a scale-dependent J.

As observable we consider the galaxy-galaxy lensing angular
power spectrum, i.e. the cross-correlation of cosmic shear of back-
ground galaxies with clustering of foreground lenses. As shown
in ref. 13, the galaxy-galaxy lensing angular power spectrum can be
written in the following way (using the Limber approximation):

CΔκ
‘ ðzi, zjÞ=

3
2

Z
d z niðzÞH2ðzÞb̂iðz Þ̂JðzÞB k‘, χ

� �Plin
δδ k‘, z*
� �
σ2
8ðz*ÞZ

d z0njðz0Þ
χ0ðz0Þ � χðzÞ
χðzÞχ0ðz0Þ ,

ð3Þ

where ni and nj denote the galaxy distribution function of the lenses
and sources, respectively, and kℓ ≡ (ℓ + 1/2)/χ, with χ the comoving
distance. Plin

δδ is the linear matter power spectrum, evaluated here at
redshift z*. We see that the galaxy-galaxy lensing angular power
spectrum depends on: 1) the density fluctuations at z* where GR is

recovered; 2) the evolution of background quantities, HðzÞ and χ(z);
and 3) the functions Ĵ and b̂i defined as

ĴðzÞ � JðzÞσ8ðzÞ
D1ðzÞ

=
JðzÞσ8ðz*Þ
D1ðz*Þ

, ð4Þ

b̂iðzÞ � biðzÞσ8ðzÞ , ð5Þ

where bi is the linear galaxy bias in the tomographic redshift bin i. The
second equality in Eq. (4) follows from the fact that σ8(z) is directly
proportional to D1(z). As a consequence Ĵ and J contain the same
information about modified gravity, since they are related by the ratio
σ8(z*)/D1(z*) which does not depend on the modifications of gravity
(since we assume that at z* GR is recovered). In the following we will
assume the background evolution to be as in ΛCDM. This is an
assumption that is often done in large-scale structure analyses, since
all current constraints set the background evolution to be close to that
of ΛCDM. This assumption can be relaxed, but it requires adding other
data sets in the analysis (e.g. supernovae or BAO data) that would
constrain the evolution of these functions. This is, however, beyond
the scope of this analysis.

Since b̂iðzÞ and ĴðzÞ vary slowlywith redshift, we can take themout
of the integral in Eq. (3) and evaluate them at the mean redshift of the
bin zi. We see therefore, that by measuring the galaxy-galaxy lensing
angular power spectrum for lenses at redshift zi, we can directly
measure the functions Ĵ and b̂i at that redshift, in a fully model-
independent way, i.e. without assuming any theory of gravity, nor
specifying a redshift evolution for Ĵ. The fact that galaxy-galaxy lensing
depends on Ĵ at the redshift of the lenses follows from the fact that, in
the Limber approximation, the signal is fully due to correlations
between the Weyl potential and the galaxy density at the position of
the lenses. All the other correlations along the photon’s trajectory are
negligible. The situation for the shear angular power spectrum is dif-
ferent, since it depends on the integral of Ĵ from the sources to the
observer. For this reason we do not consider it in our analysis. Note
however that this could be done by introducing a function Ĵ which is
piece-wise constant in some chosen redshift bins, with smooth inter-
polation between them.

Eq. (3) shows that there is a degeneracy between Ĵ and b̂i, but this
degeneracy can be easily broken by adding the clustering angular
power spectrum which only depends on b̂i. Following

39, we use the
Limber approximation to compute the galaxy clustering spectrum at
large ℓ

CΔΔ
‘ ðzi, zjÞ=

Z
d z niðzÞnjðzÞ

HðzÞð1 + zÞ
χ2ðzÞ b̂iðzÞb̂jðzÞB k‘, χ

� � Plin
δδ k‘, z*
� �
σ2
8ðz*Þ

, for ‘≥ 200 :

ð6Þ

For low ℓ, however, the Limber approximation is not accurate
enough and we need to go beyond it. Following ref. 40, we split the
non-linear matter power spectrum into its linear contribution and
the difference between the non-linear and linear contributions:
Pnl
δδ = P

lin
δδ + ðPnl

δδ � Plin
δδÞ. For the purely non-linear part, Pnl

δδ � Plin
δδ , the

Limber approximation can be used, since non-linearities will only
contribute at small scales (large k) where the Limber approximation
is valid. The linear part on the other hand is computed exactly for
ℓ < 200. In our formalism we can write it as (this corresponds to the
second term of Eq. (2.10) in ref. 40).

CΔΔ
‘ ðzi, zjÞ∣lin =

2
π

Z
d χ1 niðχ1Þð1 + zðχ1ÞÞHðχ1Þb̂iðχ1Þ

Z
d χ2 njðχ2Þð1 + zðχ2ÞÞHðχ2Þb̂jðχ2Þ

×
Z
0

1
d k k2 P

lin
δδðk, z*Þ
σ2
8ðz*Þ

j‘ðkχ1Þj‘ðkχ2Þ , for ‘<200 :

ð7Þ

Article https://doi.org/10.1038/s41467-024-53363-6

Nature Communications |         (2024) 15:9295 6

www.nature.com/naturecommunications


Eqs. (6) and (7) are similar to Eq. (3): they depend on the density power
spectrum at z*, on the background evolution through HðzÞ and χ(z),
and on the bias of the lens sample b̂i. Combining galaxy clusteringwith
galaxy-galaxy lensing allows us therefore to measure separately b̂i and
Ĵ. Note that in the case where GR is assumed to be correct, the
measurement of Ĵ reduces to a measurement of Ωm(z)σ8(z), as was
proposed in ref. 41.

Eqs. (3) and (6) relate the angular power spectra to Ĵ and b̂i. In
practise, however, the baseline DES analysis considered the angular
correlation functions as observables. Here we make the same choice,
to directly use the data vectors measured by the Collaboration. The
angular correlation functions can be related to the angular power
spectra via

wijðθÞ=
X
‘

2‘+ 1
4π

P‘ðcosθÞCΔΔ
‘ ðzi, zjÞ , ð8Þ

γijt ðθÞ=
X
‘

2‘+ 1
4π‘ð‘+ 1Þ P

2
‘ ðcosθÞCΔκ

‘ ðzi, zjÞ , ð9Þ

where Pℓ and P2
‘ are the associated Legendre polynomials of degree ℓ

and order 0 and 2, respectively.
The galaxy-galaxy lensing signal (3) and the galaxy clustering

signal (6) dependon the boostB(k, z) encoding the evolution ofmatter
density fluctuations in the non-linear regime. Without specifying a
theory of gravity, we cannot know the form of the boost. Here we
follow the strategy presented in ref. 6 for extensions beyond GR, and
assume that the boost is the same as in GR. We then restrict the range
of angular scales used in the analysis to minimise the impact of the
boost. We consider two scenarios: one where we use all scales that
were used in the standard DES analysis14, and another one where we
impose a more stringent scale cut similar to the one used in ref. 6.
These two choices are described in detail in the next section. Note that
even though choosing a boost as in GR is obviously not a model-
independent treatment, it does not invalidate our analysis. Suppose
thatweobserve Ĵ different fromGRusing our formalism. This indicates
without ambiguity that GR is invalid (if GR would be valid, the boost
would be correct). One can then compare the measured Ĵ with mod-
ified gravity models and find those that are compatible with the mea-
surements.Within thesemodels, one can then rerun the analysis, using
now the correct boost in thosemodels to refine the constraints (which
we do not expect to change by much, given that we have chosen
stringent angular scale cuts). Of course, if we are in a theory of gravity
where the boost is anti-correlated with Ĵ, using a GR boost will partially
hide the deviations in Ĵ, in the regime where non-linear effects are
relevant. This is unavoidable and is simply due to the fact that lensing
mixes large scales and small scales leading to possible cancellations
between opposite effects. Such a situation would however have a very
specific signature: the measured values of Ĵ would deviate more and
more from GR when more stringent scale cuts are used.

Once Ĵ has beenmeasured, it can be comparedwith predictions in
any theory of gravity of interest and it can be used to constrain the
parameters of these theories. In particular, assuming the validity of the
ΛCDMmodel, Ĵ can be used to measure σ8(z = 0), since in this case it
reduces to

ĴðzÞ=ΩmðzÞ
D1ðzÞ

D1ðz =0Þ
σ8ðz =0Þ : ð10Þ

Measurement of the Weyl potential
To measure the Weyl potential with the DES observations, we follow
closely the baseline analysis for galaxy clustering and galaxy-galaxy
lensing presented in ref. 39, which is also called 2 × 2pt analysis. This

includes the data sets presented in that analysis, as well as the mod-
elling of systematic effects and the modelling of the cosmological
observables. In the following we describe the main differences with
respect to the baseline analysis considered in ref. 39 and publicly-
available in the COSMOSIS software42 (https://cosmosis.readthedocs.
io/en/latest/).

Starting with the data sets, we consider the magnitude-limited
MAGLIM sample for the lenses43, and the source sample obtained with
the METACALIBRATION method44. The full lens sample contains 6
tomographic bins, whichwould in principle allowus todetermine Ĵ at 6
different effective redshifts. However, some residual systematic
uncertainties were identified in the two bins with the highest redshift
and this led to the use of only the first 4 bins in the baseline 3 × 2pt
analysis14. In this analysis we use a conservative approach and focus
only on the first 4 tomographic bins, even if we only consider a 2 × 2pt
analysis. The mean redshift of the first 4 tomographic MAGLIM bins
are: [0.295, 0.467, 0.626, 0.771] and their distribution is plotted
in Fig. 5.

In terms of modelling the (observational and instrumental) sys-
tematic effects, we include nuisance parameters for the width and the
position of the distributions of the lenses, as well as nuisance para-
meters for the shift of the source distributions, see Supplementary
Table 1 for a list of all nuisance parameters and Supplementary Dis-
cussion 4 for a discussion about degeneracies. We use the officially-
provided informative priors on the corresponding nuisance para-
meters. We further consider the effect of intrinsic alignments in our
galaxy-galaxy lensing observables. Although the baseline adopted in
the 3 × 2pt analysis by the DES Collaboration was the tidal alignment
and tidal torquing model45, we follow the approach used by the Col-
laboration for extended models and consider the simpler non-linear
alignment model46. Given the lack of understanding of intrinsic align-
ments in modified gravity scenarios, we prefer to take a conservative
approach and treat these effects as if we were in GR. The main reason
behind this choice is to avoid artificially extracting information from
modified gravity from a wrong modelling of intrinsic alignments. We
further marginalise over the amplitude and redshift dependence of
intrinsic alignments to avoid possible biases in our posteriors due to
the intrinsic alignment assumptions.

Similar to the treatment of the intrinsic alignment of galaxies, we
account for magnification effects in the lens sample assuming GR. In
principle,magnification could bewritten in terms of the function Ĵ, thus

Fig. 5 | The solid and dashed line show the galaxy (lenses) distribution of the 6
MAGLIM tomographic bins as a function of redshift. Only the first 4 bins (solid
lines) have been considered in this analysis. The effective redshift of the lenses,
computed as the mean of each distribution, is also provided for information. The
shaded regions show the distribution of sources. Source data are provided as a
Source Data file.
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providing further constraints on it. However, since this effect is strongly
subdominant, we expect the improvement to be negligible andwe treat
therefore magnification as a nuisance, that can be computed in GR
without biasing the results.We fix themagnification bias parameters, as
it was done in ref. 39. We also include the effect of RSD in the galaxy
clustering observable, and as formagnificationwemodel it inGR,which
again is well justified since the effect is subdominant. Following ref. 39
we use a linear galaxy bias model and we consider broad flat priors,
given the fact that b̂i now contains information relative to the growth,
see Eq. (5). Finally, we account for the shearmultiplicative bias using the
publicly-available informative priors. Concerning the galaxy-galaxy
lensing observable, we further marginalise analytically over the mass
enclosed below the angular scales considered in the analysis, as was
done in ref. 39. Contrary to the baseline analysis, and in order to avoid
dealing with the small scales, we prefer not to include any information
from shear ratios in the likelihood.

We consider the POLYCHORD47 sampler (https://github.com/
PolyChord/) to explore the parameter space with 500 live points,
number of repetitions of 60, tolerance of 0.01, fast fraction of 0.1, and
boost of the posteriors of 10, consistent with the baseline DES Y3
analysis14.

In order to test the dependency of our results on the different
assumptions, we consider four different scenarios in this analysis.
More precisely, we implement two different scale cuts: a “standard”
scale cut, where only separations above 8Mpc/h for galaxy clustering
and 6 Mpc/h for galaxy-galaxy lensing are included. These roughly
correspond to angular scales above 34, 24, 17, and 14 arcmin,
depending on the tomographic bin, for galaxy clustering, and 25, 18,
13, and 11 arcmin forgalaxy-galaxy lensing. Thoseare the scale cuts that
were used in the DES analysis39. In addition, we also introduce a more
“pessimistic” scale cut, where we further remove all separations below
21 Mpc/h for galaxy-galaxy lensing (which corresponds to angular
scales below 89, 64, 46, and 38 arcmin, depending on the tomographic
bin). The choice of 21 Mpc/h roughly matches the number of data
points considered for galaxy-galaxy lensing in ref. 6 when testing
theories of gravity beyond GR. We note that the standard scale cut for
galaxy clustering is already enough to not be sensitive to the nonlinear
modelling (see Table I in ref. 6); therefore, we consider always the
standard scale cut for this probe. In Figs. 6–7 we plot the data vectors
together with the two scale cuts.

In addition to these two different scale cuts, we consider two
different scenarios: one wherewe use 3σGaussian Planck priors on the
cosmological parameters15; and another one where we do not use any
information fromPlanck, i.e. we use the wide fiducial DES priors on the
cosmological parameters. In this second case, the cosmological para-
meters will be constrained through the background evolution, the

shape of the power spectrum at z* = 10 (which affects the shape of the
Cℓ’s at lower redshift, see Eqs. (3) and (6)), and the contaminations
(RSD, intrinsic alignment and magnification). The priors in both cases
are listed in Supplementary Table 1.

To analyse the different chains and visualise posteriors,we use the
GETDIST package48.

Modified theories of gravity
Since themeasurements of Ĵ do not rely on a specific theory of gravity,
they can be compared with predictions of any modified theory of
gravity. The only limitation is that the theory in consideration must
converge to GR at high redshift, z* = 10, since our measurements rely
on this assumption. As illustration, we consider two cases: A) the
phenomenological μ − Σ extensions of gravity; and B) Horndeski the-
ories, concentrating on a few specific cases.

μ − Σ modifications of gravity. The phenomenological parameters μ
and Σ encode deviations from GR in the relation between the metric
potentials and the matter density fluctuations,

k2Ψ= � 4πμða, kÞGa2ρδ and k2ΨW = � 4πΣða, kÞGa2ρδ : ð11Þ

In GR, μ = Σ = 1. These parameters affect Ĵ in the following way,

ĴðzÞ=ΣðzÞΩmðzÞD1ðzÞ
σ8ðz*Þ
D1ðz*Þ

, ð12Þ

where as before we have neglected the dependence in k, as is usually
done in the literature, see e.g. ref. 6 (both due to the fact that current
data are not constraining enough to probe a possible scale-
dependence in μ and Σ, and that in many models of modified gravity
the scale-dependence is negligible for sub-horizon scales). Ĵ depends
directly on Σ, but it also depends on μ through the evolution of D1(z).
Eq. (12) underlines the difference betweenmeasuring Ĵ, andmeasuring
μ and Σ. Ĵ can be measured from lensing data on their own. The
parameters μ and Σ, on the other hand, cannot bemeasured separately
from lensing only, since their impact on Ĵ is fully degenerated. To
determine if μ and Σ are consistent with GR, it is therefore necessary to
include othermeasurements, like RSD.Moreover, in order to constrain
μ fromRSD, one has to assume the validity of Euler’s equation for dark
matter. The growth of structure is indeed not only affected by μ, but
also by additional forces or interactions affecting dark matter8,9. As a
consequence, the constraints on Σ from lensing also rely on the validity
of Euler’s equation. In contrast, Ĵ can be measured without any
assumptions on the behaviour of dark matter. Finally, we see from Eq.
(12) that Ĵ depends directly on the redshift evolution of μ and Σ, which

Fig. 6 |Measured galaxy clustering angular two-point correlation function as a
functionof angle for thefirst 4 tomographic bins of theMAGLIM sample in the
DES Y3 analysis.The error bars represent 1 standard deviation. The shaded region

corresponds to the measurements removed from the analysis after imposing the
baseline scale cut of comoving transverse distance of 8 Mpc/h. Source data are
provided as a Source Data file.
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is unknown. In particular, Ĵ depends on μ(z) through a second order
evolution equation, which requires knowledge of μ(z) not only at the
redshift of the analysis, but also at all redshifts above it.

In practice, we find that Ĵ is much more sensitive to Σ than to μ.
This is linked to the fact that Ĵ is directly proportional to Σ (see Eq. (12)),
whereas it is affected by μ only through the evolution ofD1(z). Here, we
aim to investigate the constraining power of Ĵ, without the inclusion of
additional RSD data. Therefore, as illustration, we choose μ = 1 (as in
GR) and we infer Σ from Ĵ. We consider 3 different choices of time
evolution, encoded through

ΣðzÞ= 1 +Σ0gðzÞ , ð13Þ

with 1) the standard evolution that has been used in the DES analysis6

and in Planck analysis15: g(z) = ΩΛ(z); 2) no evolution: g(z) = 1 for
z ∈ [0, 1] and 0 elsewhere; and 3) an exponential evolution:
gðzÞ= expð1 + zÞ for z ∈ [0, 1] and 0 elsewhere. The first case is moti-
vated by the fact that deviations fromGR are linked to the accelerated
expansion of the Universe, and are therefore expected to decay pro-
portionally to the amount of dark energy. The second and third cases
are not physically motivated time evolutions, but they allow us to
explore the sensitivity of the data to various behaviours, drastically
different from each other.

At each point of the chain, we fit for Σ0 using Eq. (12), combining
the fourmeasurements of Ĵ. The value σ8(z*) is computed at each point
from the cosmological parameters using CAMB49.

Fig. 7 |Measured tangential shear (galaxy-galaxy lensing signal) asa functionof
angle for the first 4 tomographic bins of the MAGLIM lens samples and the 4
tomographic bins of the METACALIBRATION sources in the DES Y3 analysis.
Each tuple (i, j) represents the combination of the ith tomographic bin for the lenses
and the jth tomographic bin for the sources. The error bars represent 1 standard

deviation. The darker shaded region corresponds to the measurements removed
from the analysis after imposing the baseline scale cut of comoving transverse
distance of 6Mpc/h. The lighter shaded region represents themore stringent scale
cuts of 21Mpc/h also considered in this work. Source data are provided as a Source
Data file.
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Horndeski theories and a non-minimal coupling of CDM. Besides
these phenomenological modifications of GR, we also consider
Horndeski models3, which constitute the most general class of
Lorentz-invariant scalar-tensor theories with second-order equations
of motion. In the regime of linear cosmological perturbations, this
broad class of theories can be expressed in an effective theory
approach by a limited number of parameters50, including the running
of the Planck mass αM and the braiding αB. Following the approach
of refs. 32,37,51, we additionally allow for dark matter to be non-
minimally coupled to the scalar field, since the weak equivalence
principle has not been tested for dark matter. While theoretically
easier to interpret, since the modifications enter directly at the level
of the Lagrangian, Horndeski models with a non-minimal coupling of
CDM addmore complexity compared to the phenomenological μ − Σ
modifications. In particular, they influence the background evolution
of HðzÞ along with the perturbations. As previously mentioned,
relaxing the assumption of the background evolution of ΛCDM
would necessitate the inclusion of further data sets, which is beyond
the scope of this work. Instead, for simplicity we neglect the impact
on the background evolution and only constrain the parameters
through their impact on Ĵ. As such, our constraints should be seen as
an illustration of the capability of this model type to explain a Ĵ
measurement different from the ΛCDM prediction, rather than a full
analysis of the models.

We focus on two specific cases: 1) the case where αB = αM/2, and
dark matter is minimally coupled to the scalar field, i.e. γc = 0; and 2)
the case where γc ≠0, i.e. there is a non-minimal coupling of dark
matter, and all other parameters are kept to their GR value. As before,
we need a time evolution for the parameters, which we choose to be
g(z) =ΩΛ(z) as usually considered for Horndeski models. For both
cases, we consider the baseline analysis, with Planck priors and stan-
dard scale cuts.

To find αM,0 and γc,0 we can use Eq. (12), which is also valid in
Horndeski theories. For each value of the parameters, we can com-
pute Σ(zi) = μ(zi)(1 + η(zi)), using the relations between the model
parameters (αM, αB, γc) and the phenomenological parameters (μ, η)
stated in Appendix A of ref. 32. We then use the EF-TIGRE code
(https://github.com/Mik3M4n/EF-TIGRE) developed in ref. 32 to
obtain Ωm(zi) and D1(zi)/D1(z*). In addition to their dependence on
αM,0 and γc,0, these quantities depend also on the primordial cos-
mological parameters. However, since it is computationally expen-
sive to solve the system of differential equations at each point of the
chain, we solve it instead for the mean values of the primordial cos-
mological parameters obtained from our analysis. Similarly, we
compute the mean value of σ8(z*) using CAMB. With this, we can
compute ĴðziÞ using Eq. (12). We then fit for αM,0, respectively for γc,0,
using the mean values for the four measured Ĵ and their covariance
fromour baseline analysis. Sincewe do not fit for αM,0 and γc,0 at each
point of the chain, we do not have posteriors for these quantities. We
can, however, compute the 1σ error bars by propagating the errors on
the primordial parameters. In principle, the way in which the errors
on Ωm and Ωb at initial epoch propagate into the errors on Ωm(zi)
and D1(zi)/D1(z*) depends on the values of the modified gravity
parameters. For simplicity, we assume that they are the same as
in ΛCDM.

Data availability
All the DES data used in this analysis have been produced and publicly
released by the DES Collaboration14. It is accessible through the COS-
MOSIS software42 in https://github.com/joezuntz/cosmosis-standard-
library/tree/main/likelihood/des-y3. It can also be found in https://des.
ncsa.illinois.edu/releases/y3a2/Y3key-products. Source data are pro-
vided with this paper. The chains are available in https://github.com/
itutusaus/cosmosis_weyl52. The other data obtained in the analysis are

available from the corresponding author on request. Source data are
provided with this paper.

Code availability
The code used in this analysis is a modified version of COSMOSIS that
is accessible in https://github.com/itutusaus/cosmosis_weyl52. This
analysis also made use of the public codes: CAMB49,
POLYCHORD47https://github.com/PolyChord/, GETDIST48, and EF-
TIGRE32https://github.com/Mik3M4n/EF-TIGRE.
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