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We highlight the role of weak lensing measurements from current and upcoming stage-IV imaging
surveys in the search for cosmic inflation, specifically in measuring the scalar spectral index ns. To do so,
we combine the Dark Energy Survey 3 years of observation weak lensing and clustering data with Bicep/
Keck, Planck, and Sloan Digital Sky Survey data in rΛCDM (cold dark matter) where r is the tensor-to-
scalar ratio. While there is no significant improvement in constraining power, we obtain a 1σ shift on ns.
Additionally, we forecast a weak lensing and clustering data vector from the 10-year Legacy Survey of
Space and Time by the Vera C. Rubin Observatory and show its combination with current data would
improve their ns constraints by 25% in rΛCDM.
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I. INTRODUCTION

In the ΛCDM model, scalar perturbations of the metric
have been evolving since cosmic inflation, sourcing the
large-scale structures in the recent Universe. Their primor-
dial power spectrum PSðkÞ follows:

PSðkÞ ¼ As

�
k
ks

�
ns−1

; ð1Þ

with As the amplitude of scalar pertubation, k the wave
number, ks the wave number at a pivot scale, set to
0.05 Mpc−1 in this analysis, and ns the scalar spectral index.
The implications of cosmic microwave background

(CMB) measurements for inflationary search were intro-
duced in [1–3]. And indeed, since then, one of the successes
of the last generation ofCMBexperimentswasmeasuringns
different from unity at high significance (8σ in [4]) thus
excluding a scale-invariant primordial power spectrum, a
key step towards establishing inflation. Now and over the
coming decade, CMB polarization experiments aim at
detecting large scale B modes to constrain the tensor-to-
scalar ratio r, the energy scale of inflation. Today, the
Bicek/Keck experiment in combination with CMB Planck
and baryonic acoustic oscillation (BAO) measurements
from 6dFGS, Main Galaxy Sample (MGS) and Baryon
Oscillation Spectroscopic Survey (BOSS) DR12 data
constrain r to be below 0.036 at 95% confidence [5].
In the future, the LiteBIRD satellite [6], the Simons
Observatory [7], and CMB-S4 [8] ground-based experi-
ments will aim at attaining σðrÞ ∼ 10−3.
In parallel, a new generation of photometric galaxy

surveys will soon start mapping galaxies to further test

the ΛCDMmodel with the goal of understanding the origin
of the current cosmic acceleration. On the ground, the Vera
C. Rubin Observatory will produce the Legacy Survey of
Space and Time (LSST) [9,10], a 10-year imaging survey
of half the celestial sphere, while the Euclid [11] and
Roman [12] satellites will image galaxies from space. One
of their main objectives is to probe dark energy and
modified gravity, through the evolution of the background
and structures in the recent Universe through various
observables [13–16]. Weak gravitational lensing is espe-
cially promising as being one of the few unbiased probes of
dark matter distribution and having been successfully used
for precision cosmologywith stage-III experiments [17–19].
Weak lensing is mostly sensitive to the energy density of
matter Ωm and the variance of matter fluctuations σ8,
however with improved measurements from stage-IV
surveys (as defined in [20]), weak lensing will become
more sensitive to other properties of the matter power
spectrum: in this paper, we investigate the role of weak
lensing in inflationary search, especially through its sensi-
tivity to the scalar spectral index ns. Weak lensing indeed
brings complementary information fromCMB,by accessing
different modes, in the range k ∼ ½0.1; 5� h=Mpc, compared
to the range accessed by the CMB k ∼ ½10−4; 10−1� h=Mpc.
We note that in parallel, galaxy surveys will also aim at
detecting primordial non-Gaussianities, through galaxy
clustering as forecasted in [21–23], as well as through weak
lensing [24] and alignment of galaxies [25].
There are now a few indications that weak lensing could

bring promising improvements on ns constraints. In [26],
the second moment of the mass map from the Dark Energy
Survey shows sensitivity to ns. Additionally, [27,28]
indicate significant constraints on ns with stage-IV surveys,
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although they are probably partly informed by prior
choices. Weak lensing was also used in [29] to determine
the sensitivity of Euclid-like surveys in detecting specific
features arising from inflation. Furthermore, [30] shows
that future spectroscopic surveys such as Euclid will
increase the constraints in the ns direction by close to a
factor of 2 in rΛCDM. However, this analysis did not
consider weak lensing, so we complete the picture in the
present paper by considering information from photometric
surveys, specifically the Dark Energy Survey (DES) and
the future LSST. To do so, we first infer cosmology in
ΛCDM and rΛCDM using data from the DES 3 years of
observation (DES Y3) and second, from our predicted
10-year LSST data vector. We describe both datasets in
Sec. II A and detail the other likelihoods used as well as our
parameter estimation approach in Sec. II B. We show our
results in ΛCDM and rΛCDM models in Sec. III. We
finally conclude in Sec. IV with outlooks on weak lensing’s
role in inflation search.

II. ANALYSIS

A. DES Y3 and predicted LSST Y10 weak
lensing and clustering

To quantify weak lensing contributions to constraints on
inflation, we choose to combine information from weak
lensing and clustering in order to pin down systematics such
as intrinsic alignment and galaxy bias as done in [17–19].
Their statistics are summarized in the form of three corre-
lation functions in tomographic bins (referred to as 3 × 2 pt):
cosmic shear ξ�ðθÞ corresponding to the correlations of
galaxy shapes, galaxy-galaxy lensing γtðθÞ, the tangential
shear of background galaxies around lens galaxies, and
finally clustering wðθÞ corresponding to the correlation of
lens galaxy positions. We use DES Y3 3 × 2 pt along with
the modeling choices and angular scale cuts used in DES Y3
cosmological analysis in [17].We tested that adding the DES
Y3shear ratio likelihood from [31] didnot change the results.
To forecast weak lensing from stage-IV surveys, we

simulate a data vector from the 10 years of LSST
(hereafter LSST Y10). For simplicity, in this case, we
choose to use angular power spectra in harmonic space
Cab
l (with a and b either the convergence field κ or the

density δ) as our summary statistics. We closely follow
the choices made in [13], which we will refer to as the SRD
(the LSST-Dark Energy Survey Science Collaboration
Science Requirement Document), with small changes for
more realistic forecasts which we describe below.
Regarding LSST Y10 observations, we set the observed

sky fraction used to create the source and lens samples to be
35% of the celestial sphere. The redshift distribution nðzÞ
of both samples is described by a Smail distribution, i.e.,

nðzÞ ¼ zαeð−z=z0Þβ : ð2Þ

Parameters α, β, and z0 of this distribution along with the
number of redshift bins, effective number density, and
shape noise are summarized in Table I, following the SRD.
We list below the choices made to model the LSST Y10

Cl data vector:
(1) The matter power spectrum is computed using

CAMB [32–35]. As the SRD uses scales down to
lshear ¼ 3000, we decided to add a nonlinear pre-
scription with baryonic feedback from HMCode-2020

[36] to model the small angular scales more realis-
tically. We set log10ðTAGN=KÞ ¼ 7.8 inside the
range recommended in [36], with TAGN correspond-
ing to the strength of Active Galactic Nuclei feed-
back in simulations.

(2) The intrinsic alignment (IA) of galaxies is modeled
using the nonlinear alignment model [37] such that
the IA contributions to cosmic shear are linearly
related to the nonlinear matter power spectrum,
where the amplitude of IA has (1þ z) redshift
dependence as used in DES Year 1 [38].

(3) Similarly to the SRD, we adopt a linear galaxy bias
model parametrized by a bias parameter per red-
shift bin.

We use CosmoSIS [39] to model and analyze DES Y3 and
our LSST Y10-like data vector. We thus theoretically
predict the expected Cl, with a Gaussian covariance matrix
computed within CosmoSIS. Weak lensing analyses such
as [17] remove measurements, typically at small angular
scales, where the modeling is uncertain. We do similarly
and follow the guidelines from the SRD, thus using lmax ¼
3000 for weak lensing, and kmax ¼ 0.3 h=Mpc for the
clustering part of the data vector. We translate this value
into corresponding lmax for each lens redshift bins as
shown in Table II.
The effect of the scalar spectral index ns on shear power

spectrum in redsfhit bin 2 is shown on the top panel of
Fig. 1 along with the predicted data points and error bars
from LSST Y10. The tilt of the primordial power spectrum
translates into a dampening at low-l (of at most 3% for
ns ¼ 0.98) and a boost at higher l. Given the shown error
bars, we thus expect LSST Y10 weak lensing to have

TABLE I. Parameters used to model the redshift distribution of
the lens and galaxy samples [see Eq. (2)], along with the number
of redshift bins, effective number density neff and shape noise σϵ
used to simulate a LSST Year 10 weak lensing and clustering data
vector, following [13].

Parameters Source sample Lens sample

α 2 2
z0 0.11 0.28
β 0.68 0.9
Number of redshift bins 5 10
neff (in arcmin−2) 27 48
σϵ 0.26
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sensitivity to this parameter. We however also show the
effect of the amplitude of scalar perturbations As on the
lower panel of Fig. 1, which behaves similarly to ns on
small angular scales, where the sensitivity is best. This
translates into a degeneracy between the two parameters
which is shown in the contours from analyzing our LSST
Y10 3 × 2 pt data dector in ΛCDM in Fig. 4. For similar
reasons, the baryonic feedback parameter TAGN is degen-
erate with ns while the energy density of baryons Ωb and
the Hubble parameter H0 are anticorrelated with ns. We
therefore need to combine LSST Y10 with other data such
as Planck temperature and polarization power spectra to
break such degeneracy, which we do in the following
section.

B. Other datasets and likelihood analysis

We adopt a Bayesian approach, where we sample
the posterior using the NAUTILUS importance nested
sampler [40] within CosmoSIS. The parameter estimation
is made in ΛCDM to forecast the sensitivity of LSST Y10
on ns and in rΛCDM to forecast implications of DES Y3
and LSST Y10 for cosmic inflation.
Although our LSST Y10 data vector is a theoretical

prediction, we combine it with current real CMB and BAO
data while of course measurements of such observables will
also become more precise in the coming decade. We indeed
want to show results in the current experimental landscape
first, using weak lensing data from DES Y3 in rΛCDM and
then show how solely improving DES Y3 to LSST Y10
would translate into inflation constraints. We thus use
Planck 2018 temperature, polarizationEmodes and lensing
potential ϕ power spectra in the form of the TT, TE, EE lite
high-l, EE, and TT low-l as well as lensing likelihoods, to
add information on the cosmological parameters [4]. We
refer to this combination as TTTEEEþ low-lþ lensing.
Additionally, to inform the geometry of the Universe and
break the degeneracy between σ8, Ωm, and the Hubble
parameter H0, we add Baryonic Acoustic Oscillation mea-
surements from the Sloan Digital Sky Survey. They specifi-
cally include likelihoods on distance measurements from the
MGS [41], the BOSS DR12 [42] reanalyzed in [43] and
extendedBaryonOscillation Spectroscopic Survey (eBOSS)
DR16 measurements from luminous red galaxies [44,45],
emission line galaxies [46], quasars [47,48], and Ly-α
forest [49].
In rΛCDM, we additionally include the likelihood on the

tensor-to-scalar ratio r from Bicep/Keck B modes power
spectrum measurements from [5] (hereafter BK18). We
note that Fig. 3 shows in coral the combination of BK18,
Planck TTTEEEþ low − lþ lensing and SDSS including
eBOSS DR16, while BK18 analysis in [5] uses 6dFGS,
MGS, and BOSS DR12. The shift in ns caused by this
update in the BAO measurement is not significant (0.07σ).
Table III summarizes the parameters varied and their

corresponding priors, including both cosmological and
nuisance parameters. We use GetDist [50] to quote con-
straints on parameters as the mean and 68% credible
intervals in one dimension, and to show the 68% and
95% credible regions in two dimensions.

III. RESULTS, FORECASTS,
AND IMPLICATIONS FOR INFLATION

In Fig. 2, we summarize the present status of ns mea-
surements in ΛCDM, quoting results from Wilkinson
microwave anisotropy probe (WMAP) data, the first rejec-
tion ofns ¼ 1 at high significance in [51,52], and the tightest
currentmeasurements from thePlanck satellite [4] aswell as
the results fromDESY3 combinedwithPlanck (which does
not include CMB lensing) as published in [17]. We then

TABLE II. Harmonic-space scale cuts adopted in the present
analysis following [13], i.e., lmax ¼ 3000 for shear and kmax ¼
0.3 h=Mpc for correlations involving the lens sample. The total
number of data points used is 513.

Lens bin 1 2 3 4 5 6 7 8 9 10

hzli 0.27 0.46 0.61 0.74 0.88 1.03 1.20 1.42 1.73 2.45
lmax 227 370 466 550 629 708 791 884 1000 1210

FIG. 1. Theoretical predictions of the shear angular power
spectra in redshift bin 2 of the LSST Y10 source nðzÞ for three
values of the scalar spectral index ns in the top panel, and three
values of the amplitude of scalar perturbations As in the lower
panel, along with our forecasted LSST Year 10 shear data vector
and error bars.
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report the mean and 68% credible interval on ns we obtain
from our analysis of LSST Y10 3 × 2 pt alone and LSST
Y10 3 × 2 pt combined with Planck TTTEEEþ low-lþ
lensing in orange. While LSST Y10 by itself does not result
in competitive results on the spectral index, the forecast
shows a 30% improvement on ns from adding LSST Y10 to
Planck compared to Planck alone. Although the gain in
constraining power on ns expected from spectroscopic
surveys is greater [30], weak lensing and clustering prove
to be useful additions as probes of the matter power

spectrum. In Fig. 4 in the Appendix, we show the predicted
constraints on cosmology from LSSTY10 3 × 2 pt in red as
well as the combination with Planck in dark blue.
We now turn to the implications of such improvements

on inflationary models, in rΛCDM. The results from our
parameter inference are summarized in Fig. 3 where we
show constraints in the (r,ns) plane, using the BK18
likelihood on the tensor-to-scalar ratio in addition to
Planck TTTEEEþ low-lþ lensing and SDSS BAO mea-
surements in salmon. As a reference, we also show
predictions from the Starobinsky model [53,54] for e-folds
N⋆ between 49 and 59 in teal. As nicely summarized
in [52], r and ns are indeed simply related to the number of
e-folds in the super-horizon limit, following [55]. In
particular, ns − 1 ¼ −2=N⋆.
First, adding DES Y3 3 × 2 pt results in the red contour

on (r,ns). There is virtually no improvement on ns but
strikingly, the contours are shifted by 1σ to higher values of
ns, indicating that any e-folds N⋆ below 55 are rejected at
more than 2σ. We believe this shift to be caused by the
slight tension between Planck and DES Y3 3 × 2 pt, where
DES Y3 pulls the results towards lower values ofΩm which
in turn translates into higher values of ns [given the slight
anticorrelation in Planck’s (Ωm,ns) plane].

TABLE III. Priors on parameters used in the parameter esti-
mation, where brackets indicate flat priors while Gðm; σÞ in-
dicates a Gaussian prior of mean m and standard deviation σ.

Parameters Priors

Cosmology
As [0.5, 5] ×10−9

ns [0.88, 1]
Ωm [0.1, 0.7]
Ωb [0.03, 0.07]
h0 [0.55, 0.9]
r (in rΛCDM) [0, 0.2]

DES Y3
See Table 1 in [17]
Forecast LSST Y10

logðTAGNÞ [7.7, 8.0]
AIA [−5; 5]
α [−5; 5]
mi; i∈ ½1; 5� [−0.005; 0.005]
Δzis; i∈ ½1; 5� [−0.01; 0.01]
Δzil; i∈ ½1; 10� [−0.01; 0.01]
bi; i∈ ½1; 10� [1.9, 2.1]

Planck

τ [0.01, 0.8]
APlanck Gð1; 0.0025Þ

FIG. 2. Past and current measurements of the scalar spectral
index ns in blue along with the predictions from our forecasted
LSST Year 10 weak lensing and clustering data vector, alone and
in combination with Planck TTTEEE, low-l and lensing like-
lihoods in orange.

FIG. 3. Current constraints and forecasts on the tensor-to-scalar
ratio r and the scalar spectral index ns using the likelihood on r
from Bicep/Keck in addition to Planck 2018 TTTEEE, low-l and
lensing likelihoods, BAO measurements from SDSS, in salmon.
We add DES Y3 weak lensing and clustering data to this fiducial
data combination, and show the results in red. Forecasts from
replacing DES Y3 by our LSST Y10-like weak lensing and
clustering data vector is shown in brown. We also show for
reference forecasts for future stage-IV CMB experiments: Simons
Observatory (in turquoise), LiteBIRD (in blue), and CMB-S4 (in
dark blue), with the prediction from Starobinsky inflationary
model (referred to as R2 model) for e-fold N⋆ between 49 and 59
overlaid in teal.
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We then switch DES Y3 to our predicted LSST Y10
3 × 2 pt data vector and report the result in brown,
indicating that the 68% credible interval on ns would in
this case be improved by 25%. We note that our predicted
LSST Y10 3 × 2 pt data vector was computed for a value of
ns equal to its mean measured by Planck 2018. The
addition of LSST Y10 3 × 2 pt will thus help test the R2

model more strongly.
In the future, stage-IV CMB experiments dedicated to

inflation search will aim at σðrÞ ∼ 10−3. The combination
of their polarization power spectra with Planck will also
tighten the constrains on ns. As a reference we show
forecasts for Simons Observatory (SO) in cyan, LiteBIRD
in light blue, and CMB-S4 in blue, taken from their forecast
papers [6–8]. In future work, we will assess the expected
improvements on ns, and therefore on R2 model con-
straints, from combining these experiments with future
weak lensing (as shown here) and spectroscopic clustering
(as shown in [30]) measurements.

IV. CONCLUSION

The detection of cosmic microwave background B
modes on large scales is a great goal of modern cosmology
as an awaited signal from cosmic inflation. Experiments
such as BICEP/Keck have therefore been developed to
enable the current tightest constraints on the tensor-to-
scalar ratio r, with implications for inflation shown as
constraints on r and the scalar spectral index ns of scalar
perturbations as shown in Fig. 3. In the coming decade, a
new generation of CMB polarization experiments including
Simons Observatory, LiteBIRD, CMB-S4 will aim at
improving constraints in the r direction, by attaining
σðrÞ ∼ 10−3. However, we also need improvements in
the ns direction to help further test inflationary models
(such as R2 model), in particular [30] already showed the
power of spectroscopic measurements for surveys like
Euclid in improving ns constraints by a factor of 2. In
the present analysis, we complete the picture by showing
the expected improvements from current and stage-IV

weak lensing surveys in inflationary search and summarize
our results in Table IV.
The next steps in this direction include assessing weak

lensing and clustering sensitivity to the running of the scalar
index, αs, the derivative of ns to the wave number k as done
with the Kilo Degree Survey in [56] as well as including
information from the mass and galaxy maps beyond two-
point statistics. Additionally, we showed results using the
primordial and lensing CMB information from Planck but
further workwill be needed to understand how future galaxy
surveys will help stage-IV CMB experiments in improving
ns constraints. On a similar note, we show in Fig. 5 how ns
priors informed by the CMB will impact cosmology from
LSST Y10, the parameter σ8 appearing unchanged. To
conclude, given the experimental landscape of the coming
decade, we will want to combine results from both spectro-
scopic and weak lensing surveys with CMB polarization
data to perform more complete inflation searches.
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APPENDIX: LSST Y10 WEAK LENSING
AND CLUSTERING FORECAST

We show in Fig. 4 the credible regions of cosmological
parameters obtained by analyzing our predicted LSST Y10
3 × 2 pt Cl data vector in ΛCDM in red, from Planck 2018
TTTEEEþ low-lþ lensing likelihoods in light blue
and their combination with LSST Y10 in dark blue. We
thus show how LSST and Planck combined together will
improve cosmological constraints by breaking several
degeneracies.
In Fig. 5, we show forecasts on As, ns, and σ8 obtained

analyzing LSST Y10 3 × 2 pt using a flat wide prior on ns
(shown in red), a Gaussian prior informed by Planck 2018
(in coral) and SO (in pink). In both cases, the standard
deviation of the Gaussian prior is five times the 68%
credible interval from Planck, and five times the expected
uncertainty from SO (expected to be twice as small as
Planck).

TABLE IV. Mean and 68% credible interval on the scalar
spectral index ns in rΛCDM from the fiducial combination of
current data [(i.e., BK18þ Planck 2018 ðTTTEEEþ low-lþ
lensingÞ þ SDSSBAO (MGS, eBOSS DR16)] and combination
with weak lensing and clustering data.

rΛCDM ns

Fiducial 0.9668þ0.0037
−0.0035

Fiducial þ DES Y3 3 × 2 pt 0.9702þ0.0034
−0.0035

Fiducial þ forecast LSST Y10 3 × 2 pt 0.9660þ0.0028
−0.0027

RESULTS AND FORECASTS ON COSMIC INFLATION FROM … PHYS. REV. D 109, 103502 (2024)

103502-5



FIG. 4. Credible regions on cosmological parameters from our predicted LSST Y10 weak lensing and clustering data vector in
harmonic space in ΛCDM in red along with constraints on corresponding parameters from Planck 2018 TTTEEEþ low-lþ lensing
likelihoods in light blue and their combination with LSST Y10 in blue.
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