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ABSTRACT
Analyses of cosmic shear typically condense weak lensing information over a range of
scales to a single cosmological parameter, S8. This paper presents a method to extract
more information from Stage-IV cosmic shear measurements by directly reconstructing
the matter power spectrum from linear to non-linear scales. We demonstrate that
cosmic shear surveys will be sensitive to the shape of the matter power spectrum on
non-linear scales. We show that it should be possible to distinguish between different
models of baryonic feedback and we investigate the impact of intrinsic alignments and
observational systematics on forecasted constraints. In addition to providing important
information on galaxy formation, power spectrum reconstruction should provide a
definitive answer to the question of whether weak lensing measurements of S8 on
linear scales are consistent with the Planck ΛCDM cosmology. In addition, power
spectrum reconstruction may lead to new discoveries on the composition of the dark
sector.

Key words: cosmology: cosmological parameters, power spectrum, weak lensing,
observations

1 INTRODUCTION

Observations of the primary anisotropies and lensing of the
cosmic microwave background (CMB) are well described by
the ΛCDM cosmology, in which the present day energy con-
tent is dominated by a positive cosmological constant Λ and
collisionless cold dark matter (Planck Collaboration et al.
2020a; Madhavacheril et al. 2023). Measurements of baryon
acoustic oscillations (BAO; Alam et al. 2021; DESI collabo-
ration et al. 2024), combined with the magnitude-redshift
relation of Type 1a supernova (Scolnic et al. 2022) con-
strain the expansion history and provide strong support for
ΛCDM. Combined with CMB data, the parameters of the
ΛCDM cosmology have been determined to percent-level
precision. Overall, it appears that the ΛCDM cosmology of-
fers a consistent picture of the background cosmology and
perturbations on linear scales.

It is less clear whether the ΛCDM cosmology is consis-
tent with observations on small scales where the matter den-
sity field is non-linear (k >∼ 0.1h/Mpc at the present day),
since there are various effects, for example, non-standard
dark matter and baryonic physics that can affect structure
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formation on non-linear scales. If the dark matter is purely
collisionless, the non-linear evolution of matter fluctuations
can be simulated with N-body simulations to arbitrary accu-
racy, limited only by the availability of computer power (for
a review see Angulo & Hahn 2022). However, it is now widely
accepted that feedback processes associated with galaxy for-
mation can modify the matter power spectrum on small
scales (e.g. van Daalen et al. 2011; Dubois et al. 2014; Mc-
Carthy et al. 2017a; Springel et al. 2018; Chisari et al. 2019).
Unlike collisionless dark matter, baryonic feedback involves
complex physics operating on a wide range of scales and can-
not be simulated ab initio. The suppression of the non-linear
matter power caused by baryon feedback therefore depends
on the specific implementation of ‘sub-grid’ (i.e. unresolved)
physics and remains an active area of research (e.g. Schaye
et al. 2023; Pakmor et al. 2023). Non-standard dark mat-
ter, for example, massive neutrinos, warm dark matter or
axions (e.g. Viel et al. 2012; Rogers et al. 2023a; Liu et al.
2018; Laguë et al. 2024) can produce distinctive features in
the matter power spectrum. The matter power spectrum on
small scales can therefore provide an important test of the
nature of dark matter, provided their signatures can be dis-
entangled from baryonic physics (see, for example, Elbers
et al. 2024).

There is a rich source of information on small scales
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but the interpretation, via the usual approach of fitting the-
oretical cosmological models by sampling over parameters,
is likely to be difficult since the models themselves are not
robust. The purpose of this paper is to present a scheme for
reconstructing the matter power spectrum from future cos-
mic shear surveys in a model independent way. As we will
demonstrate, it should become possible to map the power
spectrum accurately well into the non-linear regime. If such
measurements are found to differ from the non-linear spec-
trum expected from collisionless dark matter, the shape of
the reconstructed spectrum may provide clues to the physics
responsible. Furthermore, theorists will be able to explore
possible explanations without having to implement the full
machinery to perform fits directly to the weak lensing data.

Most analyses of cosmic shear surveys have fitted cos-
mological parameters to the ΛCDM model or simple vari-
ants (Asgari et al. 2021; Amon et al. 2023; Secco et al. 2022;
Dalal et al. 2023; Li et al. 2023). There have been some
attempts to constrain the shape of the matter power spec-
trum from weak lensing data (Chabanier et al. 2019a; Doux
et al. 2022; Preston et al. 2023). However, because current
surveys have limited statistical power, these reconstructions
have used coarse bins in wavenumber, are sensitive to as-
sumptions concerning the background cosmology and differ
according to whether the reconstructions are designed to re-
cover the linear or non-linear matter power spectra.

Forthcoming surveys, such Vera C. Rubin Observatory’s
Legacy Survey of Space and Time1 (LSST), the ESA’s
Euclid mission2, and the Roman Space Telescope3, (Eu-
clid Collaboration et al. 2020; LSST Science Collaboration
et al. 2009; Spergel et al. 2015) are expected to lead to
dramatic improvements in the statistical power of cosmic
shear measurements. In this paper, we demonstrate that it
should be possible to reconstruct the matter power spec-
trum directly from cosmic shear data over the scale range
10−2 < k[h/Mpc] < 102, i.e. extending well into the non-
linear regime. As discussed above, such a reconstruction
would provide a powerful probe of baryonic feedback effects
and of the nature of dark matter.

Constraining the matter power spectrum also has im-
plications for the so-called ‘S8 tension’4. Cosmic shear ex-
periments have consistently reported values of S8 that are
up to ∼ 3σ lower than the value inferred from Planck for the
ΛCDM cosmology (Planck Collaboration et al. 2020a). The
Kilo-Degree Survey, Dark Energy Survey and the Hyper-
Supreme Camera (KiDS, DES, HSC Asgari et al. 2021;
Amon et al. 2023; Dalal et al. 2023), and the combination
of DES+KiDS (DES & KiDS Collaborations 2023) all find
evidence for low values of S8. Various explanations of the
S8 tension as a manifestation of a change in the late time
physics compared to the early times have been proposed
(for a review, see Abdalla et al. 2022) but none have proved
compelling. More recently it has been suggested that the S8-

1 https://www.lsst.org
2 https://www.euclid- ec.org
3 https://roman.gsfc.nasa.gov
4 Where S8 = σ8(Ωm/0.3)0.5, Ωm is the present day matter den-

sity in units of the critical density, σ8 is the root mean square
linear amplitude of the matter fluctuation spectrum in spheres

of radius 8h−1Mpc extrapolated to the present day and h is the

value of the Hubble constant H0 in units of 100 kms−1Mpc−1.

Table 1. Survey statistics forecasted for LSST DESC Y1 and

Y10, following The LSST Dark Energy Science Collaboration
et al. (2018). We include DES Y3 for comparison. We report

the forecasted number density of galaxies neff [galaxies/arcmin2],

evenly distributed between the five redshift bins, sky coverage,
shape noise σe and mean redshift. DES Y3 has no redshift pa-

rameters as the calibrated n(z)’s of Myles et al. (2021) are used.

Parameter DES Y3 Year 1 Year 10

ngal (gal/arcmin2) 5.6 10 27

σe 0.27 0.26 0.26

Sky coverage (deg2) 5,000 18,000 18,000

Mean redshift 0.63 0.85 1.05

tension may be a manifestation of a scale-dependent physics.
Specifically, it has been proposed that the Planck ΛCDM
model is an accurate description on linear scales, but the
matter power spectrum on non-linear scales is suppressed as
a consequence of baryonic feedback processes and a possible
contribution to the mass density by non-standard dark mat-
ter (Amon & Efstathiou 2022; Preston et al. 2023; Rogers
et al. 2023b). These ideas can be tested by reconstructing the
matter power spectrum from weak lensing measurements.

This paper is structured as follows. Sec. 2 describes the
generation of fiducial data sets with the characteristics of
the LSST Dark Energy Science Collaboration (DESC) Year
1 and Year 10 (Y1/Y10) cosmic shear surveys. Sec. 3 de-
scribes our method for constraining the suppression of the
matter power spectrum on non-linear scales by solving for
suppression parameters in discrete bins in k-space. Our main
results are presented in Sec. 4. We compare the accuracy of
the reconstructions to simulations of baryonic feedback. We
also consider the impact of inaccurate modelling of intrinsic
alignment (IA) signals and in removing priors on the back-
ground expansion rate. Our conclusions are summarised in
Sec. 5.

2 DATA

2.1 DESC-like lensing data vectors

We follow the LSST DESC Science Requirements Document
(The LSST Dark Energy Science Collaboration et al. 2018,
hereafter DESC SRD) and assume that shear measurements
are divided into five redshift bins that roughly span the red-
shift range of 0 < z < 2 for both Y1 and Y10. The photo-
metric redshift distributions of these bins are set to those
given in the DESC SRD and are plotted in Fig. 1. Table 1
lists the number density of galaxies, neff , the shape-noise,
σe

5 and the survey sky coverage. For comparison, we give
the corresponding values for DES Y3 as reported in Amon
et al. (2023).

We use these specifications to create simulated DESC
Y1/Y10 cosmic shear data vectors consisting of two-point

5 Where σe is the root mean square of the typical intrinsic ellip-
ticity expected from a galaxy in a weak lensing survey (Heymans

et al. 2013)
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Reconstructing the matter power spectrum with cosmic shear 3

correlation functions, ξij+/−, for redshift bin pair, i and j, as-
suming the Planck ΛCDM cosmology. Throughout this pa-
per, we use the Cosmosis framework to generate simulated
data and to fit parameters (Zuntz et al. 2015).

The angular convergence power spectra, Cij
κ (ℓ) as func-

tion of multipole ℓ, are related to the real space correlation
functions ξij+/−(θ), via Hankel transforms

ξij+/− =
1

2π

∫
ℓ J0/4(ℓθ) C

ij
κ (ℓ) dℓ, (1)

where J0/4 are the Bessel functions of the first kind. In the
small angle (Limber) approximation, the convergence power
spectra are related to the matter power spectra, Pm, accord-
ing to

Cij
κ (ℓ) =

∫ χH

0

dχ
qi(χ)qj(χ)

[fK(χ)]2
Pm(ℓ/fK(χ), χ), (2a)

where χ is the comoving radial distance, fK(χ) is the co-
moving angular diameter distance to radial distance χ in a
Friedmann, Robertson, Walker universe with curvature pa-
rameter K and χH is the radial distance to the Hubble scale.
Throughout this work, we use the Euclid Emulator (Euclid
Collaboration et al. 2021) to model the nonlinear matter
power spectrum. The lensing efficiency functions qi are given
by

qi(χ) =
3H2

0Ωm

2c2
fK(χ)

a(χ)

∫ χH

χ

dχ′ni(χ
′)
fK(χ′ − χ)

fK(χ′)
, (2b)

where a(χ) is the dimensionless scale factor and ni(χ) is
the redshift distribution in tomographic bin i normalised so
that

∫
ni(χ)dχ = 1 (see e.g. Hildebrandt et al. 2017). In

this paper, we assume that the Universe is spatially flat6

thus fK(χ) = χ.
Having specified the redshift distributions and spatial

curvature, the correlation functions ξ+/− depend on the co-
ordinate distance χ(z) as a function of redshift. The parame-
ters Ωm and H0 affect the amplitude of correlation functions
via Eq. 2b. If the matter power spectrum Pm(k, z) is separa-
ble in k and z, as expected in linear theory, a deviation in the
growth rate from the expectations of ΛCDM will suppress
the amplitudes of Cκ(ℓ) and ξ+/−(θ) without affecting their
shapes. Thus, although we assume a Planck ΛCDM cosmol-
ogy in generating the data vectors and in our default power
spectrum reconstruction analysis, this assumption primarily
affects the background expansion history and hence χ(z).
Since we solve for the functional form of the power spec-
trum, the shape and amplitude of the power spectrum is
free to deviate from that of the ΛCDM cosmology.

The fact that the non-linear matter power spectrum
Pm(k, z) is not strictly separable in k and z is discussed in
the next section. We will show below that if the cosmological
parameters are allowed to vary along with the power spec-
trum, the constraints on the reconstructed power spectrum
are only mildly degraded compared to the case of a fixed
Planck cosmology.

The dark matter only (i.e. no suppression of the non-
linear matter power spectrum) correlation functions, ξij+/−,
for the Y10 settings are shown by the black lines in Fig. 2.

6 Consistent with the strong observational constraint, ΩK =

0.0004± 0.0018 (Efstathiou & Gratton 2020).
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Figure 1. Forecast of the LSST DESC Y1 and Y10 redshift dis-

tribution with five redshift bins following The LSST Dark Energy

Science Collaboration et al. (2018). We fix survey parameters for
Y1 and Y10 to those given in Table 1. Solid lines show forecast

Y1 redshift distributions, whilst dashed lines show forecast Y10
distributions. The mean redshift of the Y1 and Y10 samples are

approximately 0.85 and 1.05 respectively (The LSST Dark Energy

Science Collaboration et al. 2018). For comparison, the mean red-
shift of DES Y3 is approximately 0.6 (Myles et al. 2021).

We show the contributions from different k scales by lines
of different colours. This figure highlights the range of scales
that contribute to these measurements that extend will into
the non-linear regime. Importantly, we also see a large con-
tribution to the signal from linear scales k < 0.1, as the
cosmic shear signal extends to large θ.

2.2 Simulated data specifications

As discussed in the introduction, baryonic feedback effects
are expected to suppress the amplitude of the matter power
spectrum on non-linear scales. The predicted form of this
suppression is currently uncertain given the sensitivity of
hydrodynamical simulations to ‘sub-grid’ physics. One of the
main motivations for the work here is to recover the form
of the shape of the non-linear power spectrum directly from
weak lensing data using as few assumptions as possible. In
addition to baryonic feedback, non-standard dark matter
could also lead to a suppression of power on small scales. In
this paper, we take a phenomenological approach (Amon &
Efstathiou 2022) and modify the non-linear matter spectrum
by introducing a single parameter Amod

Pm(k, z) = PL
m(k, z) +Amod[P

NL
m (k, z)− PL

m(k, z)] , (3)

where PL
m(k, z) is the linear theory prediction of the mat-

ter power spectrum, PNL
m (k, z) is the dark matter only non-

linear prediction and Amod controls the amount of power
suppression. In our default analysis we choose Amod = 0.8,
since this value reconciles weak lensing measurements from
DES (Amon et al. 2023) with the Planck ΛCDM cosmology
(Preston et al. 2023). We also consider less extreme sup-
pression, based on the results from current state-of-the-art
hydrodynamical simulations (e.g. van Daalen et al. 2020;
McCarthy et al. 2017a), to show that it is possible to differ-
entiate between these possibilities using weak lensing mea-
surements.

The intrinsic alignments (IA) of the lensing galaxies
contributes to the cosmic shear data vector. The theory of

MNRAS 000, 000–000 (0000)



4 Preston, Amon & Efstathiou

101 102

 (arcmin)

0

10

10
4

+

1,1

101102 0

10
1,1

0

10
1,2

101102 0

10
1,2

0

10
1,3

101102 0

10
1,30

10
1,4

101102 0

10
1,4

0

10
1,5

101 102

 (arcmin)

0

10

10
4

1,5

2,2

101102

2,2

2,3

101102

2,3

2,4

101102

2,4

2,5

101 102

 (arcmin)

2,5

3,3

101102

3,3

3,4

101102

3,4

3,5

101 102

 (arcmin)

3,5

4,4

101102

4,4

4,5

101 102

 (arcmin)

4,5

5,5

101 102

 (arcmin)

5,5×10

×10

×10

×10

×10

×5

×5

×5

×5 ×10

×10

×10

×10

×10

×5

×5

×5

×5

k < 0.1 0.1 < k < 10 0.5 10 0.5 < k < 1 1 < k < 100.5 k > 100.5 All scales

Figure 2. Forecasted DESC Y10 real space ξ+/− data-vector following The LSST Dark Energy Science Collaboration et al. (2018) fixed
at a dark matter only Planck ΛCDM cosmology (Planck Collaboration et al. 2020a). The cross and auto-correlations are shown between

each of the five redshift bins. The upper left panels shows ξ+, whilst the lower right panels shows ξ−, both as a function of angle on the

sky, θ. The black lines show the overall data vector, whilst other colours show the contributions from different k-scales to the overall fit.
Redshift and shear calibration systematics are fixed. Note that scaling factors of ×10 and ×5 have been applied to the 1×N and 2×N

correlation functions respectively.

IA is complex and poorly understood (see e.g. Lamman et al.
2024, for a review) and so any analysis of IA in this paper
will be schematic at best. In Sec. 4.3 we investigate how two
widely used models of IA affect reconstructions of the mat-
ter power spectrum. We quantify the biases induced if the
‘wrong’ model of IA is used in the reconstruction.

Finally, to illustrate the reconstruction method, we will
assume highly idealised data. The redshift distributions have
idealised shapes and we ignore any contamination from data
calibration issues such as mis-modelled point spread func-
tions. In our analysis, we marginalise over an error on the
mean redshift of the distribution for each bin and a shear
calibration error for each bin, following the SRD7. Therefore,
in total, we include an additional ten nuisance parameters
to account for observational systematic uncertainties.

7 The DESC SRD places a Gaussian prior of width 0.003 on
a single shear calibration parameter in each redshift bin and a

Gaussian prior in the mean shift redshift of each tomographic

bin following dzi = 0.001(1 + zi), where zi is the mean redshift
of the ith bin. We fix the redshift scatter σz for consistency in

comparing to DES Y3.

3 RECONSTRUCTING THE MATTER
POWER SPECTRUM

Relatively little work has been done on reconstructing the
power spectrum from weak lensing data. Chabanier et al.
(2019a) and Doux et al. (2022) used a variant of the tech-
nique described in Tegmark & Zaldarriaga (2002) to re-
construct the linear matter power spectrum from DES Y1
and DES Y3 data respectively, assuming the Planck ΛCDM
cosmology. In their analyses, the non-linear matter power
spectrum is assumed to follow the predictions for collision-
less dark matter prediction ignoring suppression caused by
baryonic feedback. Preston et al. (2023) performed a crude
reconstruction of the non-linear power spectrum from the
DES Y3 cosmic shear measurements assuming the Planck
cosmology. This reconstruction demonstrated the extent of
the suppression required to explain the S8 tension if the
Planck ΛCDM cosmology is correct.

The reconstruction technique presented here is an ex-
tension of the method presented in Preston et al. (2023). As
noted above, the non-linear matter power spectrum appear-
ing in Eq. 2b is not separable in k and z. Fig. 3 shows the
ratio of the non-linear to linear matter power spectrum for a
range of redshifts. One way of dealing with the spread shown
in Fig. 3 would be to introduce additional parameters char-
acterising the redshift evolution, but it would be difficult

MNRAS 000, 000–000 (0000)
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Figure 3. Ratio of the non-linear dark matter only matter power

spectrum from Euclid Emulator to the linear matter power spec-
trum from CAMB (Lewis & Challinor 2011) from z = 0 to z = 2.

The increase in amplitude of these curves with decreasing red-

shift reflect the growth of non-linear structure over cosmic time.
In Eq. 4 we make the assumption that linear growth factors do

not change over the redshift range we perform our reconstruction.

to find a simple parameterisation that could be accurately
constrained, even with the statistical power of DESC Y10.
Instead we adopt a simpler approach in which we assume
the redshift evolution shown in Fig. 3, but solve for ratios
P̂(ki) in wavenumber bins centred at ki:

Pm(k, z)

PDMO
m (k, z)

= P̂(ki), (4)

where PDMO
m (k, z) is the collisionless dark-matter only non-

linear power spectrum. In the limit Pm(k, z) = PDMO(k, z)
the formalism is exact and we would expect to recover
P̂(ki) = 1. In a wide range of cosmological hydrodynami-
cal simulations, the effects of baryonic feedback lead to ra-
tios P̂(ki) that are approximately constant over the redshift
range z <∼ 1 (see e.g. the compilation of van Daalen et al.
2020). The weak lensing statistics are sensitive to a relatively
narrow range of redshifts, thus in our application to Y10 the
suppression parameters P̂(ki) quantify the non-linear power
spectrum at a redshift z ∼ 0.5, i.e. half the mean redshift of
the Y10 sample.

Following Preston et al. (2023), we choose a set of dis-
crete wavenumber bins ki and solve for the amplitudes P̂(ki)
by fitting to ξ+/− using the Y1 or Y10 covariance matrices.
For the main results in this paper, we use 23 bins, equally
spaced in log k over the range k = 10−2 to k = 102, with
open ended-bins at the smallest and largest scales. Similar
approaches have been applied to CMB data to reconstruct
the primordial primordial curvature spectrum from observa-
tions of the CMB temperature and polarisation anisotropies
(e.g. Bridle et al. 2003; Peiris & Verde 2010; Collaboration
2020; Handley et al. 2019). In the case of the CMB, the
power spectrum reconstructions can become unstable if the
binning in k-space is chosen to be too fine. The solutions can
be stabilised by penalising reconstructions with large gradi-
ents. In our applications, we found stable results using 23
bins without the need to apply gradient penalties. Since we
are searching for smooth variations of the power spectrum,
there is no compelling reason to use finer bins. Appendix A
discusses the application of gradient penalties and demon-

strates that our results are insensitive to the choice of bin
widths.

In our baseline analysis, we introduce 23 free param-
eters P̂(ki) as described above and fix the background ge-
ometry to the Planck ΛCDM described in Sec. 2. We apply
the MultiNest algorithm (Feroz et al. 2009) to sample the
parameter space, fitting ξ+/− for a chosen value of the sup-
pression parameter Amod of Eq. 3. As stressed above, since
we are solving for the shape of the power spectrum, the
reconstructed spectrum is free to differ from the shape ex-
pected for the Planck ΛCDM cosmology. The assumption
of a spatially flat Planck ΛCDM cosmology fixes the geom-
etry and background expansion history and therefore the
relation between the radial distance χ and redshift. In our
formulation of Eq. 4, the growth rate of the power spectrum
is assumed to follow that of collisionless dark matter in the
ΛCDM cosmology. Section 4.4 shows how the power spec-
trum reconstruction is degraded if the cosmological parame-
ters are determined from the lensing data alone, i.e. with no
use of external data. These specific forecasts are likely to be
pessimistic, since external data from surveys such as DESI
(DESI collaboration et al. 2024) in combination with Type
IA supernovae (Brout et al. 2022) will strongly constrain the
expansion history.

4 RESULTS

In our default analysis, we assume the non-linear power
spectrum model of Eq. 3 with a suppression parameter
Amod = 0.8. A non-linear suppression of this order reconciles
the Planck ΛCDM cosmology with the KiDS and DES Y3
weak lensing measurements (Preston et al. 2023) and serves
as a useful target for our analysis. The results of applying our
reconstruction method to DESC Y1 and DESC Y10 simula-
tions are shown in Fig. 4. For comparison, we show simulated
reconstructions for the fiducial DES Y3 measurements com-
puted in the same way as the DESC simulations, but using
the redshift distributions and shape noise noise levels from
Myles et al. (2021) and Amon et al. (2023) (see Table 1).
Since the constraining power of DES Y3 cosmic shear is sig-
nificantly weaker than DESC, we use 10 bins in wavenumber
evenly spaced between k = 10−1h/Mpc and k = 10h/Mpc,
with open-ended bins at the largest and smallest scales. The
DES Y3 results agree well with the power spectrum recon-
struction using the real DES Y3 data shown in Fig. 6 of Pre-
ston et al. (2023). In contrast to DES, the DESC forecasts
have much higher signal-to-noise. Even with DESC Y1, the
input power spectrum is recovered to high accuracy demon-
strating that a non-linear suppression with Amod ≈ 0.8 is
easily detectable.

The most accurately constrained scales are the mildly
non-linear scales of 10−1h/Mpc < k < 10 h/Mpc. At high
wavenumbers, the constraints are limited by minimum angu-
lar scale measured, θ = 2.5 arcmin, following Abbott et al.
(2021). The errors on the linear scales are set by the size
of the surveys. The constraints on intermediate scales are
especially important, however, since we expect to see the ef-
fects of baryonic feedback on these scales. Hydrodynamical
simulations are most discrepant with each other over this
range of wavenumbers (see e.g. van Daalen et al. 2020).

MNRAS 000, 000–000 (0000)
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Figure 4. Forecast of LSST DESC Y1 and Y10 constraints on the

suppression of the non-linear matter power spectrum relative to
the dark matter-only spectrum predicted at z = 0. The darkest,

boxed regions show the Y10 constraints, whilst the next dark-

est region shows constraints for Y1. For comparison, the lightest
shaded regions shows the constraining power of DES. For DESC

Y1 and Y10 we select 23 equally spaced bins in log(k) between

10−2 < k < 102 (except for the open-ended bins at the smallest
and largest scales), whilst for the less constraining DES Y3 data

we choose 10 bins in log(k) between 10−1 < k < 10. The sup-
pression assumed in creating the data vector is given by the green

line.
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Figure 5. Impact of observational systematics on the power spec-
trum reconstruction forecast for DESC Y10. The open boxes in-

clude nuisance parameters to account for the systematic uncer-

tainties on the mean redshift of each bin and the shear calibration,
as prescribed in the DESC SRD, while the filled purple boxes show
the result without them, as in Fig. 4.

4.1 Impact of observational systematics

The SRD for DESC Y1 and Y10 (The LSST Dark Energy
Science Collaboration et al. 2018) places threshold require-
ments for the precision of mean shear-shape uncertainty and
redshift calibration parameters in each tomographic bin of
the cosmic shear analysis. We include these as priors in
our analysis. The results of fixing these calibration parame-
ters compared to following the requirements of the SRD are
shown in Fig. 5. We see that the uncertainty in our results
are not systematics dominated.

4.2 Testing models of baryonic feedback

Constraints from cosmic shear surveys offer an extremely
promising way of constraining baryonic physics (see, for ex-
ample Bigwood et al. 2024). The advantage of the approach
proposed here is to constrain the power suppression in a
model-independent way. This is illustrated in the left hand
panel of Fig. 6 showing power spectrum reconstructions for
DESC Y10. The purple squares show the Amod = 0.8 re-
construction as plotted in Fig. 4. The orange and green
squares show reconstructions from data vectors constructed
with power suppression following the BAHAMAS model
(McCarthy et al. 2017b) for two values of their feedback
parameter log10(∆Theat/K) = 7.6 (their favoured value)
and log10(∆Theat/K) = 8.0. These models are easily dis-
tinguishable by DESC Y10. At wavenumbers k >∼ 7h/Mpc
the two BAHAMAS models show an upturn in the spec-
trum. This ‘spoon-like’ shape (which is not described by
the phenomenological Amod model) is characteristic of hy-
drodynamical simulations and is caused by the cooling of
baryons and star formation associated with galaxy forma-
tion on small scales. The predicted upturn could, in prin-
ciple, be seen if reliable cosmic shear measurements can be
made on scales <∼ 2.5 arcmin.

4.3 Impact of modelling intrinsic alignments

So far, we have assumed that galaxies are oriented at random
and so the lensing power spectrum is given by Eq. 2a. Intrin-
sic alignments (IA) could lead to additional contributions
to the cosmic shear power spectrum complicating the inter-
pretation of weak lensing measurements (see e.g. Joachimi
et al. 2015; Lamman et al. 2024, and references therein).
To extract an unbiased reconstruction of the matter power
spectrum, it is necessary to model and correct for IA. The
total IA signal is comprised of two distinct components:

(i) Intrinsic-Intrinsic galaxy alignments (II correlations)
are caused by correlations in the orientations of galaxies
generated during the galaxy formation processes (Critten-
den et al. 2001).

(ii) Galaxy-Intrinsic alignments (GI correlations) arise
through the cross-correlation of the intrinsic ellipticity of
a galaxy and its cosmic shear signal (Hirata & Seljak 2004)
as a consequence of correlations between galaxy shapes and
the surrounding density field. In some models of IA, the GI
effect dominates over the II correlations leading to a reduc-
tion of the measured shear-shear signal.

II signals have been detected at high significance in several
surveys of early type galaxies (e.g. Brown et al. 2002; For-
tuna et al. 2021). The GI term has also been detected by
Mandelbaum et al. (2006) from a sub-sample of the Sloan
digital Sky Survey (SDSS York et al. 2000). Both the II and
GI contributions are thought to depend on galaxy type, (pre-
dicted to be stronger for early type galaxies), and are there-
fore sensitive to the selection criteria of the cosmic shear
sample.

Including intrinsic alignments in the total observed an-
gular power spectrum, we can write the power spectrum
appearing in Eq. 1) as the sum of three terms:

Cij
Total(l) = Cij

GG(l) + Cij
GI(l) + Cij

II (l), (5)
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Figure 6. Left: The power of DESC Y10 in recovering different models of power suppression. Here we give three examples: the Amod

model of Amon & Efstathiou (2022) and the baryonic feedback prescription of the BAHAMAS hydrodynamical simulations (McCarthy

et al. 2017b), for two different log10(∆Theat/K) parameters. We see that their is significant enough constraining power to disentangle

the three different prescriptions in the approximate scale range 0.2 < k < 2. Right: Simulated data at DESC Y10 settings following
Table 1 with IA’s created with the different amplitudes of the TATT model (with other redshift and bias parameters sets to 0). The

transparent boxes are results of analysing this TATT data with the more simplistic NLA model, a subspace of the TATT model. In

purple are the year constraints from DESC Y10 cosmology with no IA (as shown in Fig. 4). We see that, whilst the largest and smallest
scales are biased by modelling with an incorrect IA system, they are still generally consistent with the true suppression results. The most

tightly constrained scales, 10−1 < k < 10, are well recovered by our method. These results are made with fixed observational systematics

(redshift and shear calibration).

where the pure cosmic shear signal Cij
GG, is related to the

matter power spectrum according to Eq. 2a. There is, how-
ever, no exact theory to relate the II and the GI terms to the
matter power spectrum, and so we will follow the weak lens-
ing literature and write, assuming a spatially flat geometry,

Cij
II (l) =

∫ ∞

0

ni(χ)nj(χ)

χ2
PII(k, z)dχ, (6a)

Cij
GI(l) =

∫ ∞

0

[gi(χ)nj(χ) + ni(χ)gj(χ)]

χ2
PGI(k, z)dχ, (6b)

and apply a simplified model to relate the power spectra
PII(k, z) and PGI(k, z) to the matter power spectrum.

The most widely used model is the non-linear alignment
model (NLA, Bridle & King 2007). The model is based on
the ansatz that intrinsic shear of a galaxy is proportional
to the linear tidal field (Catelan et al. 2001; Hirata & Sel-
jak 2004). To extend the model into the non-linear regime,
Bridle & King (2007) replaced the linear matter power spec-
trum with the non-linear matter power spectrum, leading to
the expressions:

PII(k, z) = A(z)2Pm(k, z), (7a)

PGI(k, z) = A(z)Pm(k, z), (7b)

where redshift dependent function A(z) is given by

A(z) = −A1C1ρcrit
Ωm

D(z)

(
1 + z

1 + z0

)η1

, (8)

ρcrit is the critical density at the present day and D(z) is
the growth rate of linear fluctuations normalised to unity
at the present day. The constant C1 is conventionally set to
C1 = 5× 10−14M⊙Mpc2/h2 to match the II measurements
of Brown et al. (2002). This version of the NLA model has

two free parameters, the amplitude A1 and the parameter
η1 which describes the redshift evolution relative to a pivot
redshift z0 (here fixed to z0 = 0.62 to match the value chosen
for the DES Y1 shear analysis (Samuroff et al. 2019)). Some
variants of the NLA model include a dependence on the
luminosity of source sample (e.g. Joudaki et al. 2017).

The 5-parameter tidal alignment and tidal torquing
model (TATT, Blazek et al. 2019) extends above model
to include terms quadratic in the tidal field. The intrinsic
galaxy shear is expanded as

γI
ij = B1sij +B2

(
sikskj −

1

3
δijs

2

)
+B1δ(sijδ), (9)

where sij is the linear tidal field and δ is the density field.
The linear term, proportional to B1, describes tidal align-
ments. Consistency with the NLA model requires B1(z) =
A(z), where A(z) is given by Eq. 8. The B2 term describes
tidal torques and is given by

B2(z) = 5A2C1ρcrit
Ωm

D(z)

(
1 + z

1 + z0

)η2

, (10)

(Blazek et al. 2019). The term proportional to B1δ accounts
for the fact that galaxy shear surveys sample shear at biased
positions in the density field. If galaxies are linearly biased
with respect to the density field, then B1δ = B1 × b where b
is the galaxy bias. In its simplest form, the TATT model has
five free parameters A1, A2, η1, η2 and b. The expressions for
the TATT contributions to the total lensing power spectrum
are complicated and can be found in Sections A-D of Blazek
et al. (2019). In this paper, we use the implementation of
TATT in Cosmosis.

As evident from Fig. 2, most of the statistical power
of weak lensing surveys comes from scales that are well into
the non-linear regime. Neither the NLA or the TATT have a
sound theoretical basis in this regime. Attempts have been
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Figure 7. Contributions to power spectra for different values of

the IA parameters, within the context of the TATT model. The
matter power spectrum, GG, is plotted in black. The GI com-

ponents, which dominate over II, for different TATT amplitudes

are plotted in red and blue. The GI contribution for A1 = 1 and
A2 = 1 is negative and we plot the modulus as the dashed line.

The shaded blue region indicates the approximate scales that may

be affected by baryonic feedback.

made to model IA including higher order terms using ei-
ther effective field theory of non-linear structure formation
(e.g. Bakx et al. 2023), semi-numerical methods (e.g. Maion
et al. 2023), or the halo model (e.g. Fortuna et al. 2020) but
these have not yet been used in the analysis of a major cos-
mic shear survey. Typically, analyses have adopted the NLA
model (e.g. Asgari et al. 2020) or performed their analysis
with both NLA and TATT (Secco et al. 2022; Amon et al.
2023; Dalal et al. 2023; DES & KiDS Collaborations 2023),
finding shifts in the value of S8 of ∼ 0.5σ.

To illustrate the effects of IA, Fig. 7 shows the spectra
Pm(k, z), PII(k, z) and PGI(k, z) appearing in Eqs. 2a, 6a
and 6b in the TATT model for several values of the param-
eters A1 and A2 with η1 and η2 set to zero and ignoring the
B1δ term in Eq. 9. For reference, the peak posterior values
found from DES Y3 cosmic shear with ‘optimized’ scale-cuts
are A1 ≈ −0.5, A2 ≈ 1 (see Fig. 15 of Amon et al. (2023),
though the posteriors are so broad that they cannot exclude
values of zero for both A1 and A2. As discussed by Hirata &
Seljak (2004), the GI term can dominate over the II term,
though for the parameters shown in Fig. 7, both terms are
small in comparison to the GG term. Nevertheless, in the
era of precision cosmology, inaccurate modelling of IA can
lead to biases in cosmological parameters (Troxel & Ishak
2015). Given the lack of understanding of IA, it is not pos-
sible to make a comprehensive assessment of the impact of
IA on power spectrum reconstructions. Instead, we assess
the biases caused by using the NLA model to analyse data
vectors generated with the more complex TATT model for
the values of A1 and A2 shown in Fig. 7.

Results of this test are shown in the right hand plot of
Fig. 6 for the fiducial case of Amod = 0.8. Evidently, for these
IA parameters, the NLA model has sufficient flexibility to
absorb the IA contributions of the TATT model leading to
negligible bias in the power spectrum reconstruction. Given
the relative contributions of the GG, GI and II power spec-
tra shown in Fig. 7, it seems unlikely that IA’s could seri-
ously bias power spectrum reconstructions at wavenumbers
k >∼ 5 h/Mpc, where numerical simulations suggest power

0.01 0.1 1.0 10.0
k [h/Mpc]

0.8

0.9

1.0

1.1

(k
)

Fixed cosmology
Free cosmology

True suppression

Figure 8. Comparison of reconstructing the non-linear matter
power spectrum for DESC Y10 simulations with Amod = 0.8

fixing to Planck cosmology as in Fig. 4 (filled constraint) and
allowing cosmological parameters to vary (unfilled constraint).

We see that in both cases, the true suppression is recovered, shown

by the green line. However, the uncertainties are inflated when the
cosmological parameters are allowed to vary by approximately

2.5× in the range 0.1 < k < 1.0.

suppression of more than about 10% caused by baryonic
feedback. However, it would be premature to conclude on
the basis of our tests that IA modelling does not bias recon-
structions on scales k <∼ 0.3 h/Mpc where the power spec-
trum suppression from baryon feedback is expected to be at
the level of a few percent.

Looking to the future, further work is needed to un-
derstand model the impact of IA, guided by direct measure-
ments from spectroscopic surveys and numerical simulations
(e.g. Tenneti et al. 2015; Hilbert et al. 2017; Johnston et al.
2019; Samuroff et al. 2023).

4.4 Constraining cosmology and the non-linear
matter power spectrum

Typically, in analyses of cosmic shear, cosmological param-
eters have been allowed to vary within uninformative pri-
ors. With current surveys such as DES, KiDS, and HSC,
parameters such as h and the scalar spectral index ns are
essentially unconstrained. The parameters σ8 and Ωm are
strongly degenerate and so each individual parameter can-
not be constrained. The parameter S8 measures the perpen-
dicular direction to the σ8−Ωm degeneracy and is quite well
constrained with current cosmic shear surveys.

Up until now we have reconstructed the matter power
spectrum, with cosmological parameters fixed to those of the
best fit base Planck ΛCDM cosmology. As noted in Sect. 2,
since we solve for the the power spectrum, its shape is not
required to match the spectrum expected in the Planck
cosmology. The only effect of fixing to the Planck ΛCDM
parameters is to constrain the expansion rate of the back-
ground cosmology and to fix the linear growth rate.

In any practical application to real data, however, the
coordinate and angular diameter distance-redshift relations
can be constrained in a model-independent way by using
the Type 1a supernova magnitude-redshift relation together
with BAO measurements to constrain H(z). Furthermore,
if one is willing to assume that dark energy can be approx-
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imated as uniform on scales much smaller than the Hubble
radius, the form of H(z) can be used to constrain the lin-
ear growth rate. There is therefore no need to rely on Planck
or other CMB measurements to constrain the expansion his-
tory.

Nevertheless, it is useful to analyse our simulations al-
lowing cosmological parameters to vary, without imposing
any constraints from other data, as in traditional analyses
of cosmic shear. We have therefore performed power spec-
trum reconstructions where, in addition to solving for the
power spectrum reconstruction parameters, we vary the cos-
mological parameters Ωm, Ωb, h, ns and As, fixing w0 = −1
adopting the priors listed in Abbott et al. (2021).

The reconstructed power spectrum with free cosmol-
ogy for DESC Y10 is compared to the fixed cosmology re-
construction in Fig. 8. Allowing cosmological parameters to
vary increases the errors by factors of between ∼ 2− 4, but
the Amod = 0.8 suppression assumed in the simulations is
recovered at many standard deviations. We regard the free
cosmology example shown in Fig. 8 to be overly pessimistic
since by the time that DESC Y10 data become available
there will be a huge volume of supplementary data that can
be used to constrain the expansion history.

5 DISCUSSION AND OUTLOOK

Cosmic shear is a unique cosmological probe. It offers a win-
dow to low redshifts (z <∼ 2) and to non-linear scales. In
addition, it tests the propogation of photons and can there-
fore constrain theories of gravity that display ‘gravitational
slip’ (see e.g. Daniel et al. 2008; Bertschinger 2011; Simp-
son et al. 2013). Cosmic shear is therefore complementary
to other cosmological probes such as the CMB, galaxy clus-
tering and redshift-space distortions.

In most analyses of cosmic shear surveys, the primary
goal has been to test whether structure formation at low
redshifts is consistent with the predictions inferred from ob-
servations of the CMB. To do so requires accurate modelling
of non-linear scales, to ensure that linear theory parameters
such as S8 are unbiased. More importantly, the standard ap-
proach mixes information from a range of scales and misses
the opportunity to investigate non-linear physics.

We have investigated a number of technical issues:

(i) In most of our results, we assumed a Planck ΛCDM
cosmology which fixes the background expansion history and
the growth rate of fluctuations. However, if we adopt non-
informative wide priors on cosmological parameters ignoring
all other cosmological data (surely overly conservative), we
find that we are able to reconstruct unbiased estimates of the
non-linear power spectrum accurately, though with larger
errors than in the case of fixed Planck cosmology (see Fig. 8).

(ii) We have presented forecasts for our method using the
ten-year DESC cosmic shear survey (The LSST Dark Energy
Science Collaboration et al. 2018). Already, forecasts with
the one-year DESC cosmic shear show a major improvement
compared to current constraints from DES Y3, and should
allow accurate power spectrum reconstruction (Fig. 4). For
example, it should be possible with one or two years of data
with DESC to distinguish between different models of bary-
onic feedback (left hand panel of Fig. 6, provided systematic
errors are as small as stated in the DESC SRD (Fig. 5).

(iii) Using the NLA and TATT models as a guide, IA
should not lead to significant biases in the power spectrum
reconstructions on scales k >∼ 5h/Mpc, where the power
spectrum suppression from baryonic feedback processes is
likely to exceed 10% (right panel of Fig. 6). However, fur-
ther work is required to assess the impact of IA on larger
scales, that might bias the linear theory value of S8 at the
percent level.

The left hand panel of Fig. 9 summarises constraints
on the matter power spectrum at z = 0 from linear CMB
scales to highly non-linear scales (adapted from Chabanier
et al. 2019a). The solid line shows the linear theory spec-
trum of the base Planck ΛCDM cosmology extrapolated
to z = 0, while the points labelled Planck 2018 TT, EE,
and ϕϕ shows constraints inferred from the Planck TT, EE
and lensing power spectra respectively (Planck Collabora-
tion et al. 2020a,b). Chabanier et al. (2019a) also plot con-
straints derived from the Sloan Digital Sky Survey galaxy
halo power spectrum analysis of Reid et al. (2010) and from
BOSS quasar spectra (Abolfathi et al. 2018) in the redshift
range 2.2 − 4.6 as analysed by Chabanier et al. (2019b).
This plot8, which is schematic, serves to illustrate the range
of scales sampled by different experiments and their relative
precision. The purple boxes show the DESC Y10 reconstruc-
tion from Fig. 4, extrapolated to z = 0. The black dotted
line labelled shows the non-linear matter power spectrum at
z = 0 computed using the Euclid Emulator while the orange
dashed line shows the suppressed spectrum with Amod = 0.8
that was used to generate the DESC Y10 data vector. As
Fig. 4 shows, the differences between these two spectra as
distinguishable by DESC Y10 at many standard deviations.

The right panel of Fig. 9 highlights how it may be possi-
ble to distinguish between dark matter models using DESC
Y10 weak lensing. The plot predicted non-linear power spec-
tra for the specific case of a light axion particle contributing
10% of the matter energy density, considering various values
of the axion mass, computed using axionHMCODE (Vogt et al.
2023). However, we note that for these predictions, baryon
feedback effects have been ignored. To make inferences on
the nature of dark matter from weak lensing measurements
will require disentangling baryonic feedback from the effects
caused by exotic dark matter. Additional data, such as ther-
mal and kinetic Sunyaev-Zel’dovich measurements should
provide valuable constraints on the impact of baryonic feed-
back on weak lensing (e.g. Tröster et al. 2022; To et al. 2024;
Bigwood et al. 2024).

In this paper we have concentrated on recovering infor-
mation of the matter power spectrum on non-linear scales.
Returning to the S8 tension on linear scales, constraints from
forthcoming galaxy surveys (e.g. DESI Collaboration et al.
2016) should prove decisive. In particular, redshift space dis-
tortion measurements and CMB-galaxy cross correlations
(e.g. Farren et al. 2023) should measure the growth rate
of fluctuations accurately over the same redshift range that
DESC weak lensing tests. Together, these new experiments
will build a complete view of the low-redshift Universe.

8 Based on data provided by Chabanier et al. (2019a),

https://github.com/marius311/mpkcompilation.
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Figure 9. The predicted linear and non-linear matter power spectrum for a dark matter only Planck ΛCDM cosmology (black) with
forecasted DESC Y10 constraints (purple boxes). The non-linear ΛCDM spectrum (dashed black) is predicted using Euclid Emulator.

The left panel compares these constraints with others from the literature. We report constraints from Planck (Planck Collaboration

et al. 2020a), the Sloan Digital Sky Survey (Reid et al. 2010) and from the Lyman-α forest, as inferred from quasars (Abolfathi et al.
2018). DESC Y10 WL can place competitive constraints on the non-linear matter power spectrum. The right panel shows our constraints

compared to predictions for the non-linear spectrum using a mixed dark matter model, composed of cold dark matter and ultralight

axion-like particles, presented in Vogt et al. (2023). We show a range of ultralight axion masses for the case when axions contribute 10%
of the matter density. Our results demonstrate that future cosmic shear constraints will be sensitive enough to distinguish between these

dark matter models. Shaded regions approximately delineate the wavenumber ranges to which clusters and galaxy haloes contribute (as

given in Fig. 1 of Bechtol et al. (2022).)
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Viel M., Markovič K., Baldi M., Weller J., 2012, MNRAS, 421,

50

Vogt S. M. L., Marsh D. J. E., Laguë A., 2023, Phys. Rev. D,
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APPENDIX A: BINNING OF NON-LINEAR
SCALES

We investigate power spectrum reconstructions with differ-
ent bin widths. As shown in fig. A1, using 5, 10 and 23 bins
recovers the shape of the spectrum over the wavenumber
range 10−1 < k [h/Mpc] < 10, but loses resolution outside
this range because of our use of open-ended bins. These is-
sues are avoided if we adopt 23 bins evenly spaced in log(k)
as reported in the main body of the paper.

Because we are reconstructing smooth spectra with no
there is no gain in using finer bins.

We also investigated the effects on reconstruction on
imposing a derivative penalty. This follows previous works
on constraining the shape of power spectrum reconstructions
by Collaboration (2020) (for more details see Tegmark &
Zaldarriaga (2002) and references therein). We add to the
likelihood

− 2 lnL = λ

∫ κmax

κmin

dκ

(
∂f2(κ)

∂κ2

)2

+ α

∫ κmin

−∞
f2(κ) dκ+ α

∫ ∞

κmax

f2(κ) dκ (A1)

Where Pm(k) = P0(k)[1 + f(κ)] has P0(k) as the DMO
power spectrum, such that f(κ) captures fractional devia-
tions from the DMO spectrum, and κ = log10 k. κmin and
κmax capture the rough constraining scales of the data. λ
represents a smoothing scale of the data, whilst α’s value is
chosen to reflect the constraining power of data outside of
the range [κmin, κmax].

We explore a range of smoothing lengths λ for various
values of α = 0.001.

Applying a derivative penalty makes little difference to
power spectrum reconstructions. However, we do see that
the off-diagonal terms of the covariance matrix are smaller.
This reflects the intended effect of this smoothing deriva-
tive penalty to stabilise the oscillations between different
bin constraints. If we were to use a much finer binning than
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Figure A1. The fiducial suppression of the DESC Y10 data vec-

tor constrained using different numbers. The same dark matter
spectrum is used here in all cases. We report results for 5, 10 and

23 bins. As binning number is increased, error bars show a flar-

ing response, highlighting the more constraining regimes of the
data vector. Too few bins loses shape information in the range

10−1 < k < 10.

adopted in Sec. 4, then a derivative penalty would need to
be used to prevent oscillatory, non-physical reconstructions.
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