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32Instituto Avanzado de Cosmoloǵıa A. C., San Marcos 11 - Atenas
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In this work we use Lagrangian perturbation theory to analyze the harmonic space galaxy cluster-
ing signal of Bright Galaxy Survey (BGS) and Luminous Red Galaxies (LRGs) targeted by the Dark
Energy Spectroscopic Instrument (DESI), combined with the galaxy–galaxy lensing signal measured
around these galaxies using Dark Energy Survey Year 3 source galaxies. The BGS and LRG galaxies
are extremely well characterized by DESI spectroscopy and, as a result, lens galaxy redshift uncer-
tainty and photometric systematics contribute negligibly to the error budget of our “2 × 2-point”
analysis. On the modeling side, this work represents the first application of the spinosaurus code,
implementing an effective field theory model for galaxy intrinsic alignments, and we additionally
introduce a new scheme (MAIAR) for marginalizing over the large uncertainties in the redshift evolu-
tion of the intrinsic alignment signal. Furthermore, this is the first application of a hybrid effective
field theory (HEFT) model for galaxy bias based on the Aemulus ν simulations. Our main result
is a measurement of the amplitude of the lensing signal, S8 = σ8 (Ωm/0.3)0.5 = 0.850+0.042

−0.050, con-
sistent with values of this parameter derived from the primary CMB. This constraint is artificially
improved by a factor of 51% if we assume a more standard, but restrictive parameterization for
the redshift evolution and sample dependence of the intrinsic alignment signal, and 63% if we addi-
tionally assume the nonlinear alignment model. We show that when fixing the cosmological model
to the best-fit values from Planck PR4 there is > 5σ evidence for a deviation of the evolution of
the intrinsic alignment signal from the functional form that is usually assumed in cosmic shear and
galaxy–galaxy lensing studies.
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I. INTRODUCTION

The weak lensing of photons by the gravity of interven-
ing matter is one of the premier probes of the large scale
structure of the universe. Since the lensing deflection is a
consequence of general relativity given the cosmological
distribution of matter, weak lensing in principle provides
one of the few direct measurements of matter clustering
on these scales. The amplitude of the lensing signal, fre-
quently expressed in terms of the compressed parameter
S8 = σ8(Ωm/0.3)0.5, allows us to test the the standard
ΛCDM model of cosmology—and its extensions—which

sfschen@ias.edu
jderose@lbl.gov
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tie the large-scale structure of the universe to the pri-
mordial fluctuations measured in the CMB as well as the
expansion history of the universe.

Perhaps the most well-established method of measur-
ing the weak lensing signal is through the distortion of
galaxy shapes due to the deflection of photons by fore-
ground matter. These deflections lead to changes in
the ellipticities of the source galaxies correlated on large
scales known as galaxy weak lensing. The galaxy lens-
ing signal is in addition correlated with the clustering of
foreground, or lens, galaxies which serve as biased trac-
ers of the lensing matter. Combining the auto- and cross-
correlations of lensing and galaxy clustering substantially
increases the total signal to noise and, as a result, so-
called “3× 2-point” analyses utilizing this full set of cor-
relations have become a standard in the literature [1–5].

The current generation of galaxy lensing surveys like
the Dark Energy Survey (DES) [3], the Kilo Degree Sur-
vey [4] and Hyper Suprime Cam (HSC) [6] are able to
constrain the lensing amplitude down to the few-percent
level. Intriguingly, these constraints have tended to be
not only comparable in precision to the value of S8 in-
ferred from Planck satellite measurements of the cosmic
microwave background [7] but also lower at the roughly
2σ level. This “S8 tension” has also been observed in the
cross-correlation of galaxy clustering and the weak lens-
ing of the CMB [8, 9], though higher values more consis-
tent with the CMB, especially through using the auto-
spectrum of CMB lensing, have also been measured [10–
12]. This tension also manifests itself on smaller scales,
where it is often referred to as the “lensing is low” prob-
lem, and where interpretations are more degenerate with
complex galaxy formation physics [13–17]. As a robust
detection of this tension would signal a deviation of the
growth of structure away from the predictions of ΛCDM
and the need for physics beyond the standard model, it
is critical to examine all steps of the modeling from first
principles.

In this paper we focus on refining one particular
aspect—the dynamical modeling—of standard galaxy–
galaxy lensing (GGL) analyses. While recent years have
seen significant advances in the perturbative modeling of
galaxy clustering [18–20], particularly in re-formulating
perturbation theory and galaxy biasing as effective the-
ories, these techniques have not yet become the norm in
galaxy lensing analyses. In this work we will in particular
explore the application of Lagrangian perturbation the-
ory (LPT) and Hybrid Effective Field Theory (HEFT),
its extension using dark matter dynamics from simula-
tions, to model galaxy galaxy-lensing measurements [21–
29]. In parallel, significant advances have also been made
in emulating the predictions of N-body simulations of
dark matter, removing the need for approximate schemes
based for example on the halo model when constrain-
ing matter clustering through lensing. This work is the
first application, along with [9], of state-of-the-art em-
ulators based on the Aemulus ν simulations, which ac-
curately interpolate between a broad set of wCDM and

massive neutrino cosmologies, both to predict matter
clustering directly and galaxy clustering through HEFT
[28]. In future work we may extend this emulator to
w0waCDM models given the potential preference for this
model by recent DESI BAO data [30], although see also
[31] which shows a significantly decreased preference for
non-cosmological constant dark energy when analyzing
these data alongside BOSS two- and three-point func-
tions, CMB lensing, and Type Ia supernovae.

In addition to matter and galaxy densities, a particu-
larly relevant aspect of our dynamical model will be the
perturbative treatment of the shapes of galaxies from
which galaxy lensing is measured. Like their densities,
the shapes of galaxies are biased tracers of the under-
lying matter distribution and exhibit large-scale corre-
lations that can be confused with weak lensing [32–35].
The effective-theory formalism for describing this phe-
nomenon, with galaxy shapes acting as a spin-2 biased
tracer, was developed in ref. [36], and the equivalent ef-
fective theory within the Lagrangian formalism, which
we use in this work, was developed in ref. [37] following
earlier work in refs. [38–40]. At leading order, this in-
trinsic alignment (IA) signal is proportional to the local
tidal field; when projected along the line-of-sight, this is
exactly proportional to the leading local contribution to
weak lensing, making the careful treatment of IAs partic-
ularly important for correctly extracting the lensing am-
plitude [41]. While IAs are thus a significant contaminant
in galaxy lensing surveys, their effect is not catastrophic
for two reasons: firstly, simulations and direct measure-
ments have found their amplitude to be small, with linear
and higher-order dimensionless bias parameters at the
level of a few percent [42–49], compared to the order-one
bias parameters typically observed in galaxy densities in
cosmological surveys. Secondly, they are sensitive to the
local matter distribution at the position of the lenses, as
opposed to projected along the line of sight as is the lens-
ing signal. Thus, for example, the cross correlation with
a lens galaxy sample totally separated from the source
sample is sensitive to the lensing signal but not the IA
one. This makes a sufficiently flexible prescription for
the redshift evolution of IAs particularly important, lest
the lensing signal be confused with that of IAs. Other
works have pointed out the importance of correctly mod-
eling the complex redshift dependence of the IA signal for
galaxy lensing studies [50], and some of the strengths of
galaxy–galaxy lensing in mitigating the sensitivity to this
dependence [51]. In this work we propose a maximally
flexible parameterization for these degrees of freedom,
which we call MAIAR, putting the perturbative modeling
of IAs on the same footing as that of galaxy densities
and fully immunizing our analysis to biases due to their
redshift dependence in a model agnostic manner.

The aim of this work is to consistently apply the theo-
retical models described above to analyze galaxy galaxy-
lensing measurements using the photometrically selected
Dark Energy Spectroscopic Instrument (DESI) target
samples for the Bright Galaxy Survey (BGS) [52] and
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Luminous Red Galaxies (LRG) [53, 54] as lenses and the
year-three release of the Metacalibration catalog from
the Dark Energy Survey (DES Y3) as sources to mea-
sure lensing [55]. Although the BGS and LRG samples
are photmetrically selected, we can calibrate the redshift
distributions of these samples nearly perfectly, as they are
DESI target samples with greater than 99% spectroscopic
completeness. We use the harmonic-space 2-point auto-
power spectrum of the DESI galaxies, and cross-power
spectrum of the galaxies and lensing (“2 × 2-point”),
which, as we explain below, are particularly amenable
to these techniques. The DESI imaging data has the
largest overlap with the DES Y3 catalog of all Stage
III lensing catalogs, and so we use the DES data rather
than KiDS or HSC for this analysis. DESI is a Stage
IV ground-based spectroscopic survey operated through
the 4m Mayall Telescope at Kitt Peak National Obser-
vatory [56–63]. As of writing DESI has completed its
survey validation and an early data release [64, 65], and
the analysis of the Y1 data is well underway, including
already-published results on the highest signal-to-noise
measurements of the baryon acoustic oscillations feature
to date and their cosmological implications [30, 66, 67].

The combination of DESI galaxy and DES lensing
data provides us competitive signal-to-noise measure-
ments of the GGL signal compared to other state-of-
the-art surveys [5, 68–71], and, more importantly, the
spectroscopic calibration of the DESI target samples al-
lows us to avoid lens photometric-redshift uncertainties
and cleanly localize the distance scales associated with
clustering measurements, making a direct application of
perturbative techniques to a “2 × 2-point” analysis par-
ticularly straightforward. While photometrically selected
lens samples may provide greater raw signal-to-noise, a
careful treatment of theoretical uncertainties renders this
less important, motivating the use of less dense, but
better-calibrated spectroscopically characterized galaxy
samples. We envision this will continue into the next
generation of surveys with DESI2 [72], providing ideal
lens samples for analogous analyses joint with Stage IV
galaxy lensing data (e.g. Rubin and Euclid [73, 74]).
We leave a full “3× 2-point” analysis to future work, as
the modeling of the shape–shape auto-spectrum, i.e., cos-
mic shear, requires additional model complexity beyond
that presented in this work. Furthermore, these analy-
ses can straightforwardly be combined with the redshift-
space distortion and CMB lensing signals measured with
the same lens samples, providing a powerful combined
probe of the growth of cosmic structure.

The rest of the paper is structured as follows. The
data and modeling, including an extensive discussion of
the degrees of freedom in GGL analyses, are described in
Sections II and III. We describe the likelihood and anal-
ysis pipeline briefly in Section IV before validating them
against mocks based on the Buzzard simulations [75, 76]
in Section V. Finally, we apply our pipeline to the actual
data in Section VI before concluding in Section VII.

II. DATA

Here, we summarize the data used in this analysis, as
well as our angular power spectrum measurements and
our covariance estimation methodology. Table I contains
a summary of a few quantities relevant to the lens sam-
ples used in this analysis.

A. Lens galaxies

1. DESI LRGs

We make use of the DESI LRG target sample [53, 54]
defined over the full footprint of DR9 of the DESI Legacy
Imaging Survey [77], which constitutes the parent imag-
ing survey for this work. We briefly describe the LRG
sample here, and refer the reader to [54] for more details.
This sample is selected from the parent imaging catalogs
by applying cuts in extinction-corrected g, r, z and WISE
[78] W1 bands. In particular, although the DESI foot-
print does not cover the entire DES footprint, the LRG
sample that we use in this work does. Furthermore, the
photometry used to select the LRG sample makes use of
the full six years of DES imaging data. One major ad-
vantage of this sample is that it is one of the primary
DESI target classes. With a spectroscopic success rate
of greater than 99%, we are able to train accurate pho-
tometric redshifts, which can be used to bin the sample
into four well-localized redshift bins, as shown in Fig-
ure 1. This training procedure is described in detail in
[54], but in essence it trains a random forest regression
model to produce redshift estimates given Legacy Survey
photometry using the DESI Y1 redshift catalogs and the
DR9 Legacy Survey imaging data. Redshift distributions
and stellar contamination fractions for each of the four
LRG redshift bins are estimated using the redshifts ob-
tained for the LRG sample over the first year of DESI
main survey observations. For our fiducial analysis, we
specifically use the redshift distribution of these galaxies
inferred from DESI spectroscopy in the overlapping DES
region; we comment on the negligible effect of using the
full Y1 area instead in Appendix A.
We apply masking following [54] to remove regions of

the sky near bright stars and large galaxies included
in the Sienna Galaxy Atlas (SGA)[79], and to avoid
the Galactic plane and areas of high extinction. In
addition, we apply the masking used for the DES Y3
Metacalibration sample [55], as described below, in or-
der to measure our galaxy clustering and galaxy–galaxy
lensing statistics over the same area. We do not apodize
our masks as they contain a large number of small holes
and doing so would significantly decrease the effective
area of our measurements.
Random points are sampled uniformly over the foot-

print and the same masking is applied to them as for
the LRG catalogs. Weights are assigned to the randoms
independently for each LRG redshift bin, such that the
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sample zeff σ(z) fstar b1E αµ 106SN2D SN3D [h−3Mpc3] n̄ [deg−2] ℓmax,fid

BGS0 0.229 0.0597 0.00278 0.99 1.62 0.463 90 627 134
BGS1 0.363 0.0621 0.00216 1.34 1.60 0.918 430 317 267
LRG0 0.469 0.0636 0.000634 1.72 1.916 3.89 2835 74.9 400
LRG1 0.626 0.0715 0.000602 1.96 2.078 2.16 2600 135 533
LRG2 0.794 0.0766 0.00146 2.73 1.956 2.03 3350 148 667
LRG3 0.932 0.0913 0.00218 2.54 1.952 2.24 5295 136 767

TABLE I. Summary of quantities pertaining to the lens samples used in this analysis. zeff is the effective redshift of the sample
(see Eq. 29), σ(z) is the width of the lens redshift distributions, fstar is the stellar contamination fraction, b1E is the Eulerian
linear bias, αµ is the lens magnification coefficient given by Eq. 26, SN2D is the Poisson angular shot noise, SN3D is the best-fit
three-dimensional shot noise, allowing for deviations from the Poissonian expectation, n̄ is the angular number density, and
ℓmax,fid is the maximum ℓ value that we fit to for our fiducial analysis.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

z

0

1

2

3

4

5

6

7

p(
z)

DESI Lens Galaxies

DES Y3 Source Galaxies

FIG. 1. Redshift distributions of the DESI lens (solid) and DES Y3 source (dashed) galaxies. The two lowest redshift lens
bins are comprised of the DESI Bright Galaxy Sample, and the four higher redshift bins are made up of DESI Luminous Red
Galaxies.

weighted random densities are correlated with imaging
and foreground systematics with the same trends as mea-
sured in the galaxy catalogs in that redshift bin. These
weights are constructed by performing linear regression
on the correlations between LRG density and g, r, and z
band, extinction corrected imaging depths, PSF sizes, as
well as E(B − V ) as estimated by [80]. We find negligi-
ble differences when removing the weights that correct for
E(B−V ) correlations. We use the weights computed by
performing a linear regression over the full DECaLS region,
but we have verified that our C(ℓ) measurements are sta-
ble to performing this regression over just the DES foot-
print where we measure our power spectra. The weight-
ing methodology and null tests are presented in [54], and
we note that these weights are necessarily different from
the LRG weights used for the key DESI BAO and RSD

analyses, given the differences in binning used in this
analysis and the LRG BAO and RSD analyses.

2. DESI BGS

In addition to the DESI LRG sample described above,
we make use of the DESI Bright Galaxy Sample [52] as an
additional lens galaxy sample designed to trace z ≲ 0.4
structure. This sample is particularly useful for galaxy–
galaxy lensing science as it has minimal redshift overlap
with two of the four DES Y3 source galaxy redshift bins.
The BGS sample has many of the same advantages as the
DESI LRG sample, with comparably high spectroscopic
completeness, allowing us to bin galaxies into two nar-
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row redshift bins using photometric redshifts, robustly
calibrate the redshift distributions of these bins, and es-
timate systematics such as stellar contamination. The
photometric redshifts that we use to bin the BGS sam-
ple are trained in a manner identical to that described
for LRGs in [54]. We briefly describe our treatment of
this sample here, and refer the reader to additional sys-
tematics tests, mirroring those done in [54] for the LRG
sample, in Appendix A.
Similarly to the LRGs, redshift distributions for each

of the two BGS redshift bins are estimated using the
redshifts obtained for the BGS sample over the first year
of DESI main survey observations in the overlap region
with the DES Y3 footprint. These are shown in Figure 1.
Unlike the LRG sample, we do not apply weights to the
redshift distributions to correct for spectroscopic incom-
pleteness, given the > 99% spectroscopic completeness
of this sample. While we do include these weights in
the LRG sample, they have a negligible impact on the
LRG redshift distributions, and so for simplicity we have
omitted them for the BGS sample.

We apply the same masking as for the LRG sample,
and we have checked that the SGA masking done for
LRGs does not significantly impact our measured statis-
tics, despite the fact that the redshift distribution of SGA
galaxies slightly overlaps our BGS samples. The BGS
samples, which are generally brighter galaxies detected at
higher signal-to-noise, exhibit even less significant trends
with potential contaminants than the LRG samples. Cor-
recting for these trends in our angular power spectrum
measurements has a significantly smaller impact than our
statistical uncertainty and thus we do not apply weights
correcting for these trends for our fiducial BGS measure-
ments.

3. Galaxy overdensity maps

To construct galaxy overdensity maps, δg,p, we first
bin galaxies into Healpix [81, 82] maps (NSIDE = 2048),
Np =

∑
g∈p vg, where vg is an “effective redshift weight”

assigned to galaxy g that will be described in §III B,
and the sum runs over all galaxies in pixel p. We then
compute weighted random counts, Rp =

∑
r∈p vr, and

pixel averaged random weights using our random cata-
log: wp = Rp/

∑
r∈p 1, where vr are weights assigned to

the randoms to correct for angular systematics and the
denominator in the second equation is simply counting
the total number of randoms in each pixel. For each
lens bin, we construct five different galaxy count maps:
one with no weights applied to the galaxies, and four
with galaxy weights constructed to bring the effective
redshift of our clustering measurements into agreement
with our lensing measurements for each of the four DES
Y3 Metacalibration source bins. Random weights are
always applied to correct for angular systematics for the
LRG samples.

In terms of the above quantities, the projected galaxy

density is

ρg,p =
Np

Rp
, δg,p =

ρp
ρ̄p

− 1 , (1)

where ρ̄p is the mean of ρp taken over all unmasked pixels.

We then define the mask W
δg
p = Θ(Rp − 0.2R̄p), where

R̄p is the average of Rp over all pixels with Rp > 0, and
Θ is the Heaviside step function, i.e., the mask is one
where the average random density is greater than 20% of
the mean, and zero otherwise following, e.g. [8, 27]. We
also compute the Poisson shot noise for each redshift bin
as 1/n̄ using

n̄ =
(
∑

p Npwp)
2

Ωs

∑
wNpw2

p

, (2)

where wNp =
∑

g∈p v
2
g and Ωs is the survey area in stera-

dians.

B. DES Y3 Metacalibration

Source bin σ (∆zs) ⟨m⟩ σ(m) σ2
e/n̄

0 0.018 -0.006 0.009 0.040
1 0.015 -0.020 0.008 0.046
2 0.011 -0.024 0.008 0.045
3 0.017 -0.037 0.008 0.062

TABLE II. Summary of quantities pertaining to the source
samples used in this analysis. The first column indexes the
source bin, σ (∆zs) is the uncertainty marginalized over in the
mean redshift of each source bin, ⟨m⟩ and σ(m) are the mean
and standard deviation of the prior on the multiplicative bias
correction applied to each source sample, and σ2

e/n̄ is the
shape noise divided by the average angular number density.

We make use of the Metacalibration shape catalog
constructed from the first three years of DES data [55]
to measure gravitational lensing through the cross cor-
relation between galaxy ellipticities, eg,i, in DES and
galaxy overdensities measured from our DESI samples.
The catalog contains 100 million galaxies over an area of
4142 square degrees, with an effective number density of
n̄ = 5.59 arcmin−2. The shape measurement process is
known to be biased by a number of observational factors,
and so the raw galaxy ellipticities, eg,i, with i indexing
the two galaxy ellipticity components, must be corrected
in order to obtain an unbiased measurement of the grav-
itational lensing signal.
To account for this, the Metacalibration algorithm

computes the response, Rgi , of observed galaxy shapes
to an artificial shear. By appropriately weighting eg,i by
Rgi , the biases to egi can be removed in estimators using
these ellipticities [83, 84]. Residual biases to eg,i at the
∼ 2 − 4% level, mostly sourced by blending of galaxy
shapes, must be calibrated using image simulations [85];
uncertainties in this calibration are marginalized over in
our cosmological analysis.
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We make use of the fiducial DES Y3 redshift cali-
bration, binning the Metacalibration sample into four
coarse redshift bins, and using the ensemble n(z)s pro-
vided for these bins. The n(z) estimates for the four bins
are obtained using a combination of SOMPZ photometric
redshifts [86, 87] and clustering cross-correlations [88],
additionally corrected for the effects of redshift depen-
dent blending [85]. Furthermore, the SOMPZ algorithm
relies on a combination of wide and deep field photome-
try [89] which are related to each other through the syn-
thetic source injection software Balrog [90, 91], as well
as catalogs of spectroscopic and high-quality photometric
redshifts. These redshift distributions are shown along-
side those of the DESI lens galaxies in Figure 1.
In each tomographic bin, we divide each ellipticity

component by the mean Metacalibration response mea-
sured in that bin as in [55, 92, 93], and subsequently sub-
tract the mean ellipticity in each component. Once we
have calibrated the ellipticities in this manner, we con-
struct galaxy ellipticity maps as

ep,i =

∑
g∈p vgeg,i∑

g∈p vg
(3)

where vg are the inverse variance weights provided with
the Metacalibration catalog, and i indexes over the
two galaxy ellipticity components. Because our signal
is weighted by the number of source galaxies per pixel
divided by the ellipticity dispersion, σe, which can vary
quite significantly over the footprint, we compute the
mask for our ellipticity maps as

W e
p =

∑

g∈p

vg (4)

where σe enters through vg, since vg are inverse variance
weights. We also compute the mode-coupled noise bias,
sometimes known as the noise power spectrum, which
enters into our covariance calculations as

Nℓ>2 = Ap

〈∑

g∈p

v2gσ
2
e,g

〉

pix

(5)

where σ2
e,g = 0.5(e2g,1+ e2g,2) and Ap is the area of a pixel

in steradians, and the average is taken over all pixels in
the map. As shown by [94], this is equivalent to what
would be measured from repeatedly rotating all galaxy
ellipticities randomly and measuring power spectra, i.e.,
it is the contribution from uncorrelated shape noise.

C. Angular Power Spectra

In order to extract cosmological information from our
data, we measure auto and cross angular power spec-
tra of the galaxy overdensity fields, δig,obs, and E-mode

galaxy ellipticity fields, γj
E , where i and j index the lens

and source galaxy redshift bins. As we explain in Sec-
tion III, our fiducial analysis setup uses data from only
the first three lens bins, whose auto and cross correlations
we shown in Figure 2 along with the error bars computed
as in Section IID and the best-fit model. In order to com-
pute these harmonic-space 2-point functions we use the
pseudo-Cℓ estimator implemented in the NaMaster code.
We briefly review this methodology here, and refer the
reader to [95] for further details.
A map a(n̂) on the unit sphere, where n̂ denotes an an-

gular position on the sky, can be decomposed into spher-
ical harmonics via:

ãℓm =

∫
dΩ a(n̂)W a(n̂)Yℓm(n̂) , (6)

or in the case of a spin-2 field, like the galaxy ellipticity
field, we have

γ̃E,ℓm±iγ̃B,ℓm =

∫
dΩ (γ1(n̂)±iγ2(n̂))W

γ(n̂)±2Yℓm(n̂) ,

(7)
where W a(n̂) is the mask, and Yℓm(n̂) and ±2Yℓm(n̂) are
spherical harmonics and spin-weighted spherical harmon-
ics [96], respectively. Without loss of generality, we con-
sider only the scalar field case for the rest of this section.
We also use the shorthand

ã(n̂) = a(n̂)W a(n̂) . (8)

Given two sets of spherical harmonic coefficients, ãℓm
and b̃ℓm, we can compute the angular power spectrum of
these two fields as:

C̃ab
ℓ =

1

2ℓ+ 1

ℓ∑

m=−ℓ

ãℓmb̃∗ℓm , (9)

which is then related to the true unmasked angular power
spectrum, Cab

ℓ as

⟨C̃ab
ℓ ⟩ =

∑

ℓ′

Mab
ℓℓ′C

ab
ℓ′ (10)

where Mab
ℓℓ′ is the mode-coupling matrix (MCM), which

can be computed analytically from the masks of the two
fields, a and b [97]. See [95] for the expressions of Mab

ℓℓ′

given masks for spin-0 and spin-2 fields that we use in
this work.
In order to obtain unbiased angular power spectrum

estimates, we must invert Mab
ℓℓ′ , but in the case of masks

that remove large fractions of the sky this matrix is sin-
gular. To circumvent this issue, it is necessary to bin C̃ab

ℓ
into bandpowers, with each bandpower L containing (po-
tentially weighted) sums over many ℓ values. The binned
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FIG. 2. Galaxy density-shear E-mode cross-spectra (top) and galaxy-density auto-spectra (bottom) compared with the best-fit
model from our fiducial analysis (lines). Note that we do not use all source–lens bin combinations in this fit, as detailed in
Section VA. A fit to the full data vector is shown in Figure 25. Smaller sub-panels show the residuals in units of the estimated
uncertainty on each data point. We do not fit to the points in the gray regions to avoid unmodeled RSD contributions on large
scales, and higher order bias and baryonic contributions on smaller scales as described in Section III. The blue and orange
points in the top row are measurements using the third and fourth highest redshift DES Y3 source bins. We find χ2 = 27.5
for 54 data points using 21 free parameters, not counting the IA, magnification or source sample uncertainties since these are
prior dominated, equivalent to χ2

red = 0.86.

MCM, Mab
LL′ , is then invertible and we have:

⟨C̃ab
L ⟩ =

∑

L′

Cab
L′Mab

LL′ (11)

=
∑

L′

∑

ℓ′

Bℓ′L′Cab
ℓ′

∑

ℓ

BℓLBℓ′L′Mab
ℓℓ′ (12)

where BℓL is the weight given to ℓ in bandpower L. Mab
LL′

can then be inverted to give an estimate of Ĉab
L :
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Ĉab
L =

∑

L′

(Mab)−1
LL′C̃

ab
L . (13)

Ĉab
L is an unbiased estimate of Cab

L in the limit that Cab
ℓ

is piecewise constant over each bandpower, L. In general,
this is not the case, and so we must account for binning
into bandpowers using a bandpower convolution matrix,
Fab

Lℓ which connects a theory prediction for Cab
ℓ to the

bandpowers Cab
L ,

Cab
L =

∑

ℓ

Fab
LℓC

ab
ℓ (14)

=
∑

ℓ

∑

L′

(Mab)−1
LL′

∑

ℓ′

Bab
ℓ′L′Mab

ℓℓ′C
ab
ℓ , (15)

where Fab
Lℓ combines the mode coupling, binning, and de-

coupling procedures. Note that we could just as well have
avoided deconvolving our measurements, and evaluated
our model prediction by removing the inverse mode cou-
pling matrix in Equation 15, but following convention we
have chosen to deconvolve our measurements.

We compute our bandpowers and bandpower convolu-
tion matrices using the NaMaster compute full master
function. Figure 2 shows these angular power spectrum
measurements for the first three lens (BGS0, BGS1 and
LRG0) bins and two highest redshift source bins, which
are the spectra used in our fiducial analysis as described
in § VA, as well as our best-fit model. This fit will be
further described in § VI. Unlike some other works mak-
ing use of pseudo-Cℓ estimators, we do not correct for
the pixel window function, as the form of this correc-
tion depends on the number of source galaxies per pixel
[94], and because even in the limit of infinite sampling the
pixel window depends on azimuthal angle due to the vari-
ation in Healpix pixel shape with azimuth. Although
algorithms exist to circumvent these issues, for example
[98], we opt to simply take the pixel size to be small
(NSIDE = 2048) compared to the scales of interest in this
work, such that the impact of the azimuthally averaged
pixel window function on our measurements is signifi-
cantly below 1% even for ℓ = 1200, which is the largest ℓ
that we use in this work for the simulated tests extend-
ing beyond our fiducial scale cuts to kmax = 0.6hMpc−1.
We note that the largest ℓ used in our fiducial analysis is
much smaller than this, at ℓmax = 400 for the first LRG
bin.

Finally, as a systematics test, we also measure the
galaxy-overdensity–B-mode angular power spectra for
each source–lens bin configuration, shown in Figure 3.
The different panels show each of the six lens bins con-
sidered in this work, and the different colored points show
measurements for each source bin. Error bars are derived
from the Gaussian simulations described in § IID. Inset
in the figure, we quote the probability that the χ2 value
measured for each spectrum in our Gaussian simulations

over the scales used in our analysis exceeds that mea-
sured in our data (PTE). No spectrum has a PTE of less
than 3%, and of the spectra used in our fiducial analy-
sis the lowest PTE value is 16%. As such, we conclude
that B-mode contamination contributes negligibly to our
analysis.

D. Covariance

We make use of a Gaussian covariance matrix
computed analytically with the NaMaster function
gaussian covariance, where we use as input the best-fit
theory spectra shown in Figure 2. In order to avoid com-
plications in implementing an accurate model for CγE ,γE

ℓ ,
we instead use a third order B-spline fit to the mea-
sured, noise bias subtracted CγE ,γE

ℓ s as input to our co-
variance calculations. A number of works [99, 100] have
shown that Gaussian covariance matrices are sufficient
for ΛCDM analyses of very similar statistics for a com-
parable sky area and level of constraining power, and so
we focus on validating the computation of the discon-
nected (Gaussian) contribution to the covariance in this
section.
It has been shown that the narrow kernel approxima-

tion (NKA) that is used to accelerate the computation
of the effect of survey geometry on the Gaussian part of
the covariance from an O(ℓ6max) operation to a tractable
O(ℓ3max) is inaccurate at the 10−30% level for galaxy lens-
ing surveys, which have very complicated masks. These
masks break the main assumption of the NKA, which
is that the MCM is close to diagonal. Ref. [94] showed
that replacing the input theory spectra with their mode-
coupled counterparts scaled by the mean of the product
of their masks as:

Cab
ℓ →

∑
ℓ′ M

ab
ℓℓ′C

ab
ℓ

⟨W a
pW

b
p ⟩pix

(16)

significantly improved the agreement of the NKA and
their Gaussian simulations with realistic galaxy lensing
survey geometries. Note that we include the noise terms
in Equation 16 as fsky/n̄, where n̄ is given by Equation 2
for galaxy densities and as Equation 5 for γE .
The additional subtlety that we incur due to our choice

to use different galaxy weights in our auto- and cross-
spectrum measurements, is that the shot noise of the
galaxy maps that enter these measurements are differ-
ent. To account for this we simply use the geometric
mean of the shot-noise values obtained for the maps that
enter into the auto- and cross-spectrum measurements
when computing the shot-noise contribution for Cgg

ℓ of
galaxy samples that differ only by different effective red-
shift weights.
We validate these approximations using Gaussian ran-

dom field simulations, generating correlated realiza-
tions of the fields {δ̃0p, ..., δ̃5p, ẽ0p, ..., ẽ3p} with NaMaster ’s
synfast function. Instead of Poisson sampling a Gaus-
sian density field to obtain the correct shot-noise values
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FIG. 3. Measurements of galaxy density - B mode galaxy ellipticity power spectra for all lens and source bin combinations.
The different colors represent the four different source bins, going from low to high redshift from blue, orange, and green to red.
The covariance for all of these measurements is estimated from the Gaussian simulations described in Sec IID. The probability
that the chi-squared value measured in our Gaussian simulations with no B-modes exceeds the chi-squared for each spectrum
in the data measured over the scales used in this analysis (non-greyed regions) is displayed on each panel as “PTE”.

for the galaxy overdensity fields, we include the Pois-
son shot-noise in our input, noiseless auto spectra. In
principle, we should generate five overdensity maps per
lens bin, one with the shot-noise appropriate for the un-
weighted lens catalog, and four with shot-noise values
appropriate for the lens catalogs with effective redshift
weights applied for each source bin. In order to reduce
the computational cost of these simulations, we have
opted to generate only the field with shot noise appro-
priate for the unweighted catalogs. As such, we compare
to a slightly modified version of our covariance, where we
have used the unweighted lens catalog shot noise for all
relevant spectra, and so we do not explicitly validate our
treatment of the impact of effective redshift weighting on
our covariance. Nevertheless, the difference between our
fiducial analytic covariance and the analytic covariance
we use for this comparison is at the level of ∼ 2 − 5%,
and so it is not important for interpreting the results
presented here.

In order to simulate sheared galaxy shape fields, for
each source bin we generate a noiseless convergence field,
κp, correlated with the other source galaxy convergence
and lens galaxy overdensity fields. We then transform
convergence to shear, γp,i, using the inverse Kaiser–
Squires algorithm [101]. Using the actual positions and
ellipticities of the DES Metacalibration catalog for the

source bin in question, we apply a random rotation to all
eg,i, and then shear these ellipticities:

ẽ′g =
eiπθg ẽg + γ̃g

1 + (eiπθg ẽgγ̃∗
g )

(17)

where ẽg and γ̃g are the complex galaxy ellipticity and
shear at the position of the galaxy, and θg is the random
rotation generated for galaxy g. We then apply the rele-
vant masks for the galaxy overdensity fields, and use the
map-making procedure outlined in §II B for our source
galaxy maps. We then measure the auto- and cross-
spectra of all the generated fields, including both E- and
B-mode components for relevant spectra. We compare
the covariance computed with these simulations to our
analytic Gaussian covariance in Figure 4.

E. Analysis Blinding

In order to mitigate observer bias, we blinded the re-
sults of our constraints until we had finalized all aspects
of our analysis that we believed could shift our con-
straints. In order to do so, after measuring the angu-
lar power spectra used in this analysis, we produced a
blinded measurement given by:

C̃ ′ab
ℓ = C̃ab

ℓ +
(
Cab

ℓ (θ′)− Cab
ℓ (θfid)

)
, (18)
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where C̃ab
ℓ are the unblinded measurements, while

Cab
ℓ (θ′) and Cab

ℓ (θfid) are model predictions at a ran-
domly chosen and a fiducial set of parameters. The fidu-
cial parameters, θfid are chosen to be the best fit from
[7], while the randomly chosen cosmology, θ′, is gener-
ated by applying a hashing algorithm to a known string,
and using this to seed a random sample, θ′, from the ini-
tial proposal distribution used in our MCMC analyses.
The standard deviation of shifts in σ8 that we expected
by performing this procedure was ∼ 0.1, i.e., about two
times larger than our expected constraining power.

We chose to perform this blinding operation in a re-
duced parameter space from that of our fiducial model
described in §III in order to limit the size of the change in
our data vector that was allowed to be ≲ 20%. In partic-
ular, we applied the blinding shift using a linear galaxy
bias model, as well as a nonlinear alignment IA model
(NLA) [102] with linear redshift evolution (§III). We also
did not allow the shot noise, source redshift or shear mul-
tiplicative bias parameters to vary, as these were well
known from previous analyses. All other parameters in
our fiducial analysis set up were allowed to vary.

Before un-blinding we performed a series of tests in
order to ensure the robustness of our results. The tests
that were passed before unblinding were:

1. Recovered the input cosmology within noise (∼
0.25σ) on the Buzzard simulations with the fidu-

cial modeling pipeline.

2. Posterior projection effects were well understood on
noiseless simulations.

3. No significant detection of B-modes for measure-
ments used in fiducial analysis (p > 0.05).

4. No significant detection of cross-correlation be-
tween systematics maps and galaxy density maps.

5. Galaxy density cross-power spectra consistent with

predictions given by pδ
i
g (z) overlap and magnifica-

tion.

6. Acceptable goodness of fit to blinded data (χ2 =
27.7 for 54 data points)

7. Insensitivity of blinded results to changing foot-

print used for pδ
i
g (z) estimation from overlap region

with DES Y3 footprint to full DESI Y1 footprint.

8. Insensitivity of results to inclusion of ℓ ≤ 50 for

Cδig,obs,γ
j
E .

9. No preference for nuisance parameters at edges of
priors.

After unblinding, we updated our covariance to use the
best-fit model predictions from an analysis of all lens and
source bins with our fiducial model.
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III. MODEL

Having validated our measurement and covariance
methodologies, we now discuss our forward model. The
following sections aim to provide a high-level overview
of all of the components entering into our model predic-
tions. See Table III for a list of all free parameters and
their priors.

A. Field level description

We make use of two types of fields in this analysis:
the projected galaxy density field, δg,obs(n̂), and the pro-
jected E-mode galaxy ellipticity field, γE(n̂). We do not
treat B-modes in our model, as a cross correlation be-
tween a scalar field and B-modes can only be generated
by a parity violating process. We can express γE(n̂) as
[103]

γi
E(n̂) = γi

E,I(n̂) + κi(n̂) , (19)

where i indexes the source galaxy bin in question. The
first term on the right-hand side is the intrinsic alignment
contribution to galaxy ellipticity while the second term is
the contribution due to gravitational lensing. We neglect
higher-order terms related to source magnification and
reduced shear, as these are insignificant at the scales used
in this analysis [104, 105]. We verify this assumption on
N -body simulations that include these effects in §V. The
intrinsic alignment contribution can be expressed as

γi
E,I(n̂) =

∫
dχ wγi

E,I (χ)γi
E,I(n̂χ, z(χ)), (20)

where wγi
E,I (χ) = pγ

i
E (z(χ))E(z(χ)) and pγ

i
E is the

source galaxy selection function, i.e., the galaxy redshift
distribution for the ith source bin normalized to inte-
grate to one, and E(z) is the Hubble parameter at z.
The gravitational lensing term is given by

κi(n̂) =

∫
dχ wκi

(χ)δm(n̂χ, z(χ)) , (21)

where

wκi

(χ) =
3

2
Ωm,0H

2
0 (1 + z(χ))

∫ ∞

z(χ)

dz′gi(z(χ), z′)

gi(z, z′) =
χ(z)(χ(z′)− χ(z))

χ(z′)
pγ

i
E (z′). (22)

Similarly, the observed galaxy density field for the ith
lens bin can be expressed as

δig,obs(n̂) = δig(n̂) + δig,µ(n̂) , (23)

where δig(n̂) is the projected intrinsic real-space galaxy
density field, and the second term on the right-hand-side
is the lens magnification contribution. In order to neglect

the impact of redshift-space distortions, we fit only to
ℓ > 50, where the beyond-Limber and redshift-space-
distortion effects impact our observables at the < 1%
level [9].
We can express the projected intrinsic real-space

galaxy density field as:

δig(n̂) =

∫
dχ wδig (χ)δg,3D(n̂χ, z(χ)) , (24)

and wδg (χ) = pδ
i
g (χ)E(χ(z)), and pδ

i
g (χ) is the lens

galaxy selection function. The magnification contribu-
tion is

δig,µ(n̂) = 2(αi
µ − 1)

∫
dχ wδig,µ(χ)δm(n̂χ, z(χ)) , (25)

where wδg,µ = wκ, and αi
µ is the response of the galaxy

angular number density, ni, to a change in convergence:

1

ni

dni

dκ
= 2(αµ − 1) . (26)

B. Angular power spectra and effective redshifts

In order to predict the angular power spectra of
the projected field discussed above, we use the Limber
approximation[106, 107]

Cab
ℓ =

∫
dχ

wa(χ)wb(χ)

χ2

Pab

(
k⊥ =

ℓ+ 1
2

χ
, k∥ = 0; z(χ)

)
+O(ℓ−2), (27)

where wa(χ) and wb(χ) are the projection kernels ap-
propriate for fields a and b, and Pab is the cross-power
spectrum between these fields evaluated at wave-vectors
k = (k⊥, k∥) perpendicular to the line of sight. This is an
excellent approximation for angular scales ℓ that we fit
in this work. Given the field level description presented
above, we can express the two main spectra of interest:

C
δig,obs,δ

j
g,obs

ℓ = C
δig,δ

j
g

ℓ + C
δig,δ

j
g,µ

ℓ + C
δjg,δ

i
g,µ

ℓ + C
δig,µ,δ

j
g,µ

ℓ

Cδig,obs,γ
j
E = C

δig,κ
j

ℓ + C
δig,γ

j
E,I

ℓ + C
δig,µ,κ

j

ℓ . (28)

The spectra in Equation 28 with at least one power of
δig have Limber integrals that are highly localized due to
the narrowness of the lens galaxy redshift distributions

pδ
i
g (z). This implies that we can make an additional ap-

proximation and subsitute z(χ) → zabeff in Equation 27,
where the effective redshift is given by

zabeff =

∫
dχ

wa(χ)wb(χ)

χ2
z(χ). (29)

This choice cancels corrections to the evolution of clus-
tering at linear order, with corrections coming in at
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TABLE III. Parameters and priors

Parameter Prior Reference
Cosmology

ωc U(0.08, 0.16)
As U(1.1× 10−9, 3.1× 10−9)
ns U(0.93, 1.01) Sec. IV
ωb U(0.0173, 0.0272)
h U(0.52, 0.82)

log10
∑

mν U(−2.0,−0.301)
Lens Galaxy Bias

σ8(z)
σ8,fid

(1 + bi1) U (0.5, 3.5) Eq. 35-37

( σ8(z)
σ8,fid

)2bi2 N (0, 1) Eq. 35-37

( σ8(z)
σ8,fid

)2bis N (0, 1) Eq. 35-37
2k2

max

1+bi1
bi∇2a N (0, 0.2) Eq. 35,36,49

2k2
max

1+bi1
bi∇2× N (0, 0.2) Eq. 35,37,49

b∇2m N (0, 0.5) Eq. 35,38
SNi N (Table I, 30%) Eq. 35,36

Intrinsic Alignment

( σ8(z)
σ8,fid

)cij1 N (−1, 5) Eq. 40

( σ8(z)
σ8,fid

)2cij2 N (0, 5) Eq. 40

( σ8(z)
σ8,fid

)2cijδ1 N (0, 5) Eq. 40

( σ8(z)
σ8,fid

)2cijt N (0, 5) Eq. 40

( σ8(z)
σ8,fid

)2αij
s N (0, 45) Eq. 40

Magnification
αi
µ U(Table I± 0.1) Eq. 26

cµ,UV N (0, 0.4) Eq. 55
Source photo-z

∆zis N (0.000, Table II) Eq. 56
Shear calibration

mi N (Table II) Eq. 57

quadratic order in the width of pδ
i
g , ∆z2i [27], remov-

ing the need to marginalize over the redshift evolution
of galaxy clustering within each lens sample. While the
precise size of corrections to the effective redshift approx-
imation depends on the steepness of this evolution, theo-
retical calculations show that they should be sub-percent
for the widths of our lens distributions [22], which we fur-
ther validate against simulations with realistic redshift
evolution in §V.
An immediate consequence of Equation 29 is that

C
δigδ

i
g

ℓ is sensitive to a different effective redshift than

C
δigγ

j
E

ℓ , and the latter is sensitive to a different effective
redshift for each j. Similar to [27], we remedy this by
applying additional weights to our the ith lens galaxy
sample when constructing galaxy overdensity maps for

the purpose of measuring C
δigγ

j
E

ℓ :

vjg =
wδig (χ(zg))

wκj (χ(zg))
, (30)

where zg is the photo-z estimate of each lens galaxy. In

doing so we make the effective redshifts of C
δigδ

i
g

ℓ and

C
δigκ

j

ℓ , which are the most significant terms in the spec-
tra that dominate our cosmological constraining power,
equal to each other. In addition to constructing four ad-
ditional galaxy overdensity maps, we must also compute

four new lens galaxy selection functions, p
δig
j (z) taking

into account the weights defined above for each source
galaxy sample. These are then used to compute the

model predictions for C
δigγ

j
E

ℓ . Adopting this additional
weight in the cross correlation insulates our measure-
ments against the redshift evolution of P δgδg and P δgκ,
so that the galaxy auto and lensing cross correlations
are probed at precisely the same epoch. Since the ef-
fective redshift is fixed to that of the lens auto correla-
tion, there is no additional dependence on which source
bin the lensing is measured from in these contributions.
This implies that the two cosmological correlations from
which we derive our constraining power can be modeled
at equal times using a consistent set of parameters.

However, because we have chosen to construct weights



14

to make the effective redshifts of C
δigδ

i
g

ℓ and C
δigκ

j

ℓ equal,
we must resign ourselves to the fact that the cross corre-
lation of galaxy densities with intrinsic alignments, whose
redshift distribution follow that of the source samples, are
sensitive to clustering at effective redshifts distinct from
the effective redshift of the autocorrelation of galaxy den-
sities δig, and will in addition also be dependent upon the
source bin. However, we can use the fact that the lens

distributions pδ
i
g (z) are rather narrow to approximate the

galaxy clustering sampled by these cross correlations to
be the same as that for their auto-correlation. Since,

however, pγ
i
e(z) is quite broad for all of our source galaxy

bins due to photometric redshift uncertainties inherent to
the much fainter source galaxy samples, the parameters
describing the intrinsic alignments of the source galax-
ies cannot be treated as constant over the source bins.
Rather, we must describe the intrinsic alignments of each
source sample narrowly localized at each lens bin—this
naturally leads to a proliferation of the possible degrees
of freedom in our model, since each intrinsic alignment
parameter must be described per source and per lens
redshifts, i.e., Nsource × Nlens times. We describe vari-
ous ways to describe this freedom in §IIID. While the

effective redshifts of C
δigγ

j
E,I

ℓ are slightly different than
those of the lens auto-correlations and are different for
each source bin, since we are interested in IA primarily
as a contamination to the main signal and analyze only
cross correlations where IA constitute a few percent of
the lensing signal, we expect the impact on our model
predictions to be quite small, with most of the differ-
ences further soaked up by the definition of the IA bias
parameters.

Similarly, in the case of magnification, we expect that
model predictions due to variations of α over our lens red-
shift bins are relatively small and thus we only leave one
magnification coefficient, αi, free per lens bin. Ref. [108]
investigated the effect of redshift evolution of the magni-
fication coefficient in the BOSS survey and found that ig-
noring it incurred systematic errors in the predicted clus-
tering roughly comparable with ±0.1 errors in the magni-
fication coefficient, though this error is again tied to the
width of the redshift distribution and could be removed
by accurately measuring this evolution for spectroscopi-
cally calibrated samples. Rather than include this effect
in our modeling, since the measurements in our fiducial
setup (§VA1) are relatively insensitive to magnification,
we simply include this error in the width of our priors on
αi.

Finally, we note that we have omitted the cross-
term between lens magnification and intrinsic align-

ments, C
δig,µ,γ

j
E,I

ℓ . This is because our fiducial modeling
choices allow for one set of IA parameters per lens-source
bin combination, as discussed in Sec. IIID. Under this
assumption, there is no unique way to interpolate and
extrapolate the IA parameters as a function of redshift

in order to model C
δig,µ,γ

j
E,I

ℓ over the very broad redshift

range required, due to the width of the source bin redshift
distributions. Evaluating the impact of this term using
our fiducial cosmology and nuisance parameters, and a
constant value of cs = −1, we find its impact to be very
small, contributing a ∆χ2 < 0.7. As such, we neglect
this cross-term in the analysis presented here.

C. Lagrangian Perturbation Theory and Hybrid
Effective Field Theory

The only remaining ingredients required to specify our
models for the angular power spectra above are the power
spectra, Pab(k), to be used in Eq. 27. In this work,
we adopt the formalism of Lagrangian perturbation the-
ory (LPT) and hybrid effective field theory (HEFT),
which model the formation of large scale structure by
predicting the displacements, Ψ(q, τ) of fluid elements
originating at Lagrangian positions q, mapping to final
positions x = q + Ψ(q, τ). These fluid elements follow
Newtonian gravity in an expanding space-time such that
Ψ̈ + HΨ̇ = −∇xΦ, where the dots denote derivatives
with respect to conformal time. The potential, Φ(x, τ )
is sourced by the matter density δm(x, τ), which is given
by number conservation as

1 + δm(x, τ) =

∫
d3q δD(x− q −Ψ(q, τ)). (31)

Within LPT these displacements are computed perturba-
tively order-by-order, and the first order solution is often
referred to as the Zeldovich approximation. In HEFT,
these displacements are computed non-perturbatively us-
ing N -body simulations.
LPT makes predictions for the large-scale statistics of

galaxy properties, such as the galaxy overdensity field
δg or density-weighted galaxy ellipticity field Mij(x) =
(1 + δg(x))Iij(x), where Iij is the galaxy shape, by enu-
merating their responses to their local initial conditions
order-by-order in a bias functional

F (q) =
∑

a

bOa
Oa(q) , (32)

and advecting this field to the late-time coordinates fol-
lowing

1+δ(x, τ) =

∫
d3q (1+F (q))δD(x−q−Ψ(q, τ)) . (33)

The operators Oa can either be scalars or tensors for
densities and ellipticities, respectively. For convenience
we can also define the advected operators

Oa(x, τ) =

∫
d3q Oa(q) δD(x− q −Ψ(q, τ))

Oa(k, τ) =

∫
d3q e−ik·(q+Ψ(q)) Oa(q) . (34)
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Both the perturbative dynamics and bias expansion de-
scribed above are properly thought of as effective theo-
ries, and the inclusion of additional operators, or coun-
terterms, to tame the dependence on small-scale physics
will require additional free parameters in the model. On
the other hand, we emphasize that the bias expansion is
a systematic one, by which we mean that any physical
effect on perturbative scales can necessarily be expressed
as a bias contribution at some order in the theory, with-
out needing to individually account for such effects (see
e.g. ref. [26] for the case of assembly bias). We now
describe LPT as applied to densities and ellipticities in
turn.

1. Matter and galaxy density

In the case of galaxy densities, we have up to one-loop
order [109, 110]:

δg[δ(q)] ≈ 1 + b1δ0 + b2(δ
2
0 − ⟨δ20⟩)+ (35)

bs(s
2
0 − ⟨s20⟩) + b3O3(q) + b∇2∇2δ0(q) + ϵ(q) ,

where the subscript “0” denotes that all quantities are
computed according to the linear initial field, s20 is the
square of the traceless tidal tensor, and we have sup-
pressed the q dependencies on the RHS of this equation.
The contribution from b∇2 is an effective theory term
that captures both short-range non-localities in galaxy
formation and other small-scale effects in the dynam-
ics of galaxies, while ϵ stands for uncorrelated stochas-
tic modes that have a white spectrum. The operator
O3 = 1

3st is a stand-in cubic operator, since all cubic
operators contribute identically to the power spectrum
at one-loop order. Since the contributions to our galaxy
samples are expected to be small, and b3 is rather de-
generate with b∇2 , we do not vary it here. Finally, we
make the ansatz that all of these quantities are computed
from the CDM+baryon field, rather than the total mat-
ter field. This is motivated by the fact that neutrinos
do not cluster on the typical scale of dark matter halos,
and thus we expect galaxies to trace the CDM+baryon
field rather than the total matter field. This ansatz was
shown to be in excellent agreement with CDM+neutrino
simulation predictions of dark matter halo clustering by
[111, 112].

In addition to the analytic one-loop effective La-
grangian perturbation theory, also known as convolu-
tional Lagrangian effective field theory (CLEFT), in
this work we also use a simulation-enhanced extension
called Hybrid Effective Field Theory (HEFT). HEFT as-
sumes the Lagrangian bias expansion in Equation 35,
but uses nonlinear displacements computed exactly from
N -body simulations in Equation 33, rather than pertur-
batively computing Ψ, as is done in CLEFT. In doing
so, it has been shown that real-space galaxy–galaxy and
galaxy–matter power spectra can be jointly fit to k =
0.6hMpc−1, well beyond the scales where perturbation

theory models are traditionally used [23, 26, 113, 114].
This is because for sufficiently low mass and low bias
tracers, the dynamical nonlinear scale Ψ is larger than
the halo scale controlling the convergence of the bias ex-
pansion. For highly biased tracers, it is possible that
this no longer holds, but in §V we show that for simu-
lations that match the bias and number densities of the
samples used here, we can obtain unbiased cosmological
constraints fitting to k = 0.6hMpc−1. Thus, here we
adopt HEFT as our fiducial model.
Our angular power spectra require as inputs the real-

space galaxy–galaxy, galaxy–matter and matter–matter
power spectra. The former two can be expressed in both
CLEFT and HEFT as quadratic and linear polynomials
in the bias parameters:

Pδgδg(k) =
∑

Oi,Oj∈δg

bOi
bOj

POiOj
(k) + Pϵ (36)

Pδgδm(k) =
∑

Oi∈δg

bOj
P1Oi

(k) (37)

where again, bOi
are free bias coefficients that we

marginalize over. These are shared between Pδgδg and
Pδgδm , except for the counter-terms, b∇2a and b∇2x, that
contribute to Pδgδg(k), Pδgδm(k) and Pδmδm(k) respec-
tively. The stochastic spectrum Pϵ is given at leading
order by a single constant “SN” that varies for each
tracer—we ignore any additional scale dependence in this
work. Finally, we model the matter power spectrum as

Pδmδm(k) = P cdm
mm (k)

(
1− b∇2mk2

1 + (kR)2

)
(38)

where P cdm
mm is the matter power spectrum in the ab-

sence of baryonic feedback, equal to P11 in HEFT. Here
b∇2m is a counterterm that accounts for the leading-
order effect of feedback and we have included a Padé
factor R = 2h−1Mpc to tame the large-k behavior sim-
ilar to that used in [115]. We discuss the efficacy of
this parametrization further in §III E, but we emphasize
that it only contributes to the magnification terms in our
model and as such we are quite insensitive to the impact
of baryonic feedback. As an extreme example of this
insensitivity, we can replace the nonlinear matter power
spectrum in Equation 38 with the one-loop matter power
spectrum and our results are unchanged.

2. Intrinsic galaxy ellipticity

We can similarly expand the galaxy shape field Mij(q)
perturbatively using a bias expansion. Following ref. [37],
this bias expansion can be expressed in terms of the La-
grangian shear tensor Lij = ∂iΨj (see also refs. [36, 38]).
It will be useful to decompose Mij into its scalar trace
and trace- free components:

Tr{Mij} = M ,TF{Mij} = Mij −
1

3
δijM (39)
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such that we can write Mij = M̄((1 + δM )δij/3 + gij,I),
where δij is the Kronecker delta and M̄ is the mean
galaxy density weighted by size. The trace-free compo-
nent with M̄ normalized out gij is the three-dimensional
intrinsic shape overdensity field, which is what we require
in order to make contact with the quantities reported in
the DES Y3 Metacalibration catalog.

To one-loop order in perturbation theory, we can write

gij [Lij(q)] ≈ A1sij +Aδ1δsij +Attij +A2TF{s2}ij
+Aδtδtij +A3TF{L(3)}ij + αs∇2sij + ϵij , (40)

where Ai are free galaxy shape bias coefficients and we
have kept only two cubic operators as the rest are degen-
erate at one-loop order. Where it is possible in the above,
we have rewritten contributions from the Lagrangian
shear tensor in terms of quantities more familiar to the
IA literature. For example, the linear Lagrangian shear
has the density and tidal field as its trace and trace-free
components:

L
(1)
ij = −1

3
δ(q)δij − sij(q) , (41)

and the Lagrangian

tij =
4

3
TF
{
L(2)

}
ij

,

is equal at leading order to the difference between the
second-order matter overdensity and velocity divergence
in Eulerian perturbation theory.

The Lagrangian IA model, as defined by the above
bias expansion, reflects a full accounting of all possi-
ble contributions to the galaxy shape at one-loop or-
der. Previous analyses of cosmic shear and GGL have
also employed perturbative models such as the nonlin-
ear alignment (NLA) [102] or the tidal alignment and
tidal torquing models (TATT) [35]. These models rep-
resent subsets of the space spanned by the six bias pa-
rameters above with one and three degrees of freedom,
respectively: roughly, the NLA corresponds to a model
with only A1, while the TATT model also frees the equiv-
alent of Aδ1 and A2 in Eulerian space. However, we note
that since the Lagrangian bias model includes nonlinear
contributions from dynamical nonlinearities through the
displacements Ψ the predictions cannot be matched sim-
ply by setting the bias coefficients equal in both models
[34] and that, at least for halos, the leading nonlinearities
are qualitatively close to low-order Lagrangian bias cou-
pled with the nonlinear dynamics of the displacements,
including when compared to the subset of nonlinearities
included in the NLA model [37, 48, 116]. In addition,
the effective theory model includes corrections αs and
ϵij which, while not included in previous models, is es-
sential to account for the dependence on small scales be-
yond the reach of perturbation theory including baryonic
effects and galaxy formation.

We can express the galaxy shape fields in Fourier space
through the helicity basis [36]

Mij(k) =
2∑

ℓ=0

ℓ∑

m=−ℓ

Mℓ,mY
(m)
ℓ,ij (k̂) . (42)

where the basis tensors satisfy ẑiẑjY
(m)
ℓ,ij = Y m

ℓ (Ωk). The
trace-free and symmetric component of the shape field,
in particular, is described by the five components with
spin ℓ = 2, while the galaxy density can be equivalently
thought of as a one-component spin ℓ = 0 field with
Y m
ℓ,ij = δij . In this basis, the angular structure of ten-

sor correlators in can be greatly simplified by symmetry
arguments. In particular, rotational symmetry about k
means that non-zero correlations can only exist between
components of the same helicity independently of spin,
e.g. only the m = 0 component of the shape field cor-
relates with the galaxy density [36]. There is thus only
one non-zero component of the density-shape cross-power
spectrum:

⟨δ(k)gij(k′)⟩ = 3

2

(
k̂ik̂j −

δij
3

)
PδI(k)δD(k − k′) , (43)

where PδI is a scalar power spectrum. We can then write

PδgI(k) =
∑

Oi∈δg,Oj∈g0

bOi
AOj

POiOj
(k) (44)

PδmI(k) =
∑

Oj∈g0

AOj
P1Oj

(k) , (45)

where POiOj
(k) are cross-spectra between advected op-

erators Oi(k) and Oj(k) contributing to δg(k) and g0(k)
respectively. The galaxy density-shape power spectrum
can in addition receive a stochastic contribution propor-
tional to k2 due to the cross correlation of ⟨ϵϵij⟩ but it
is expected to be small for low-mass halos so we neglect
it in this paper [37]. The shape–shape auto-spectra are
similarly described by the three helicity auto-spectra for
m = 0, 1, 2, with helicities of different sign described by
the same spectra due to parity symmetry [36].
Ref. [37] showed that this model can fit

three-dimensional shape–shape auto-spectra to
k ∼ 0.3hMpc−1 at a volume and statistical preci-
sion well beyond what is required in this work, while [47]
showed that a similar model [36] is able to fit projected
density-shape cross-spectra to the same scale similarly
well. We fit slightly beyond this scale for our fiducial
analysis, but because the spectra where we obtain
most of our constraining power have relatively small
IA contributions, and taking into account the stringent
nature of the tests in the aforementioned works, we
believe that this is not an issue.
Galaxy lensing surveys measure the projected, rather

than three-dimensional, shapes of galaxies. These two-
dimensional shape fields are conventionally decomposed
into E and B modes, with the weak lensing signal cap-
tured by the former. The angular power spectra of the
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shape fields and their cross correlations with galaxy den-
sities can be expressed in terms of the three-dimensional
helicity spectra above. For the density E-mode cross
spectrum with the density we are interested in this work
we have [47, 103]

P δγE,I (k) =
3

4
(1− µ2)PδI(k), (46)

where µ = k∥/k, which we can then plug into Equa-
tion 27. The same logic dictates that the E- and B-mode
auto-spectra are given by linear combinations of the he-
licity spectra, with the former given by the m = 0, 2
spectra and the latter by m = 1 in the plane of the sky
(k∥ = 0), while parity dictates that the cross-correlations

of B modes with the density and E modes must be zero.1

D. Bias priors and redshift evolution

Given §III B and §III C, the available dynamical de-
grees of freedom in our model are therefore the bias and
effective-theory parameters describing matter, galaxy,
and intrinsic alignments clustering at each lens redshift
and for each independent (source or lens) galaxy sam-
ple. Our fiducial choice will be to sample combinations
of bias parameters and the matter clustering amplitude
σ8 that roughly correspond to the same physical galaxy
clustering. For example, for the linear bias, we sample
the combination

b̃E1 = (1 + b1)(σ8(z)/σ8,fid), (47)

which denotes the linear clustering of galaxies on
8 h−1 Mpc scales. Similarly for each higher-order bias
parameter our fiducial choice will be to sample them in
the combination

b̃O(n>1) = bO(n>1) (σ8(z)/σ8,fid)
n
, (48)

where n is the order of the bias operator, such that the
clustering due to each operator O(n) is roughly constant
when the sampling parameter is fixed. We explore the
consequence of this choice, particularly in the case of in-
trinsic alignments, in §VA. Similar bias parameter scal-
ings when setting priors have been used in a number of
previous works (e.g. [27, 117, 118]), but this is the first
such application in the case of intrinsic alignments.

1 Ref. [47] pointed out that the definition of galaxy shape used in
conventional weak lensing surveys is normalized by the projected
shape of galaxies, itself a line-of-sight dependent quantity, and
therefore it breaks many of the symmetry properties discussed
above. However, these symmetry-breaking effects seem to be
tolerable for the purpose of galaxy–galaxy lensing analyses and
suppressed at leading order in perturbation theory, so we leave
the proper definition of galaxy shapes for future work.

For the bias counterterms we choose to sample over
their contribution quoted as a fraction of the linear con-
tribution at kmax, i.e.,

b̃∇2,a/x =
(
2k2max,fid/(1 + b1)

)
b∇2,a/x (49)

where kmax,fid = 0.4hMpc−1. Should the data push

b̃∇2,a/x to the edge of its prior, it would directly indicate
that this correction is not perturbative at kmax, requiring
us to relax the analysis scale cut. Note also that had we
used a prior independent of b1, we would need to use sig-
nificantly different counter-term priors for each lens bin
in order to obtain reasonable priors on these terms’ con-
tributions as a fraction of linear theory for all bins given
the very different biases of the BGS and LRG samples.
For our HEFT analyses, we set priors centered at zero
such that our counterterms contribute 20% of the lin-
ear bias contribution at kmax,fid at 1σ, while for CLEFT
analyses we relax this to 50% to account for additional
dynamical uncertainty.
In the case of the intrinsic alignment parameters we

additionally use the normalization convention

AO(n) = cO(n)C̄1ρcΩm,fid (50)

in order to make contact with constraints from exist-
ing surveys. Here ρc is the comoving critical density,
Ωm,fid = 0.31 and C̄1 is a constant conventionally fixed

to C̄1 = 5 × 10−14h2M⊙Mpc3 [119]. We use a fiducial
value of Ωm,fid = 0.31 in the pre-factor to avoid unmo-
tivated cosmological dependence in our prior, which can
additionally lead to projection effects in our marginalized
posteriors. In the literature, this normalization often also
includes a factor of D(z)−n, where D(z) is the growth
factor; in our case this additional factor is implicitly in-
cluded by sampling Ã instead. It is useful to note that
that the constant normalization factors in front of each
IA coefficient are equal to 0.0043.
Let us turn to the redshift evolution of the bias pa-

rameters. For the galaxy density, the effective redshift
approximation implies that we only need to sample the
bias parameters at the effective redshift for each lens bin
without worrying about the redshift evolution in each
sample. This is the choice adopted by most galaxy clus-
tering analyses, including this one, and also spans the
full physical degrees of freedom allowed.
For galaxy–IA cross correlations, the same logic implies

that we need to sample the value of each IA parameter at
each of the Nsource×Nlens effective redshifts in our prob-
lem. This product accounts for the fact that (a) each
source bin is an independent sample that (b) is spread

over a significant redshift range pγ
i
e(z) such that signifi-

cant redshift evolution can occur between each lens bin.
This maximally agnostic intrinsic alignment redshift de-
pendence (MAIAR) will be our fiducial choice, and results
in a large multiplication in the number of IA parameters.
These parameters enter linearly into our model predic-

tions for C
δigγ

j
E

ℓ , and so can be analytically marginalized
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over making our analyses computationally tractable. The
number of parameters that are included in the MAIAR
model, particularly non-linear combinations of IA and
other nuisance parameters, lead to significant projection
effects if care is not taken to mitigate them through care-
ful choices of priors and removal of unconstraining data
as discussed in Section VA. Note that similar effects have
been observed in previous work [92, 104, 120].

For the purposes of comparison with the IA parameter-
izations made in past works, we also investigate models
where each IA parameter has a straightforward redshift
dependence cO(z), independent of the source sample. A
common choice (e.g. [3]) is to assume a power-law red-
shift dependence

cO(z) = cO(zfid)

(
1 + z

1 + zfid

)ηO

, (51)

where zfid = 0.62 is the pivot redshift and the free pa-
rameters are then the normalization cO and slope ηO. As
an alternative choice we can use a spline basis [121]

cO(z) =
N∑

m=0

cO,mW

(
z − zmin

∆
−m

)
, (52)

where ∆ is a pre-set redshift spacing defining the smooth-
ness of the redshift dependence and the spline covers
points between zmin and zmax = zmin + N∆. For sim-
plicity we choose a linear spline basis such that W (x) =
max(0, 1 − |x|). In the limit of two points m = 0, 1 this
is equivalent to a linear cO(z) with the two coefficients
being the value of the bias parameters at the bracketing
redshifts. The advantage of this basis, in addition to be-
ing more flexible, is that the free parameters cO,m enter
linearly into Cκ,g and so can be analytically marginal-
ized. For both of the above parameterizations we scale
the amplitudes as above.

Finally, let us briefly describe our specific choices of
priors for the (σ8-normalized) density and shape bias pa-
rameters, as listed in Table III. For the density biases, in
addition to the counterterm priors discussed above, we
sample the linear term with an uninformative, uniform
prior and the rest with normal distributions N (0, 1). The
latter choice is substantially wider than those found in
simulations for galaxy samples like our own [122–126].
The stochastic contribution to the density is rather de-
generate with the counterterm contribution for galaxy
densities, and as such we choose an (informative) Gaus-
sian prior allowing for up to 30% deviations from Pois-
sonian shot noise based on results in simulations [123].

For the intrinsic alignment priors, we choose cOi such
that our priors on AOi cover the values that we expect
of the halos hosting the DES Y3 source galaxies [47, 48],
with the assumption that the shapes of halos carry higher
degrees of IAs than do those of galaxies. We further as-
sume that the priors on the linear alignment contribu-
tion are centered at negative values. Our priors further
generously cover the values of IAs found in direct mea-
surements of LRGs from spectroscopic sample, which are

expected to be less stochastic and more aligned than the
DES source galaxies [42, 46, 127, 128]. Our normaliza-
tion convention further allows the priors to widen with
redshift beyond z = 0 roughly as have been observed in
simulated halos [48]. We note that our priors are some-
what wider than the constraints obtained from analyses
of cosmic shear data. This is because, as we will discuss
in Section VA2, the IA constraints from these analyses
rely on more rigid parametrizations of the redshift evo-
lution of IAs, such that they mainly probe IAs close the
the peak of source galaxy distributions which contribute
negligibly to our cosmological constraints.

E. Scale cuts

Now that we have specified our models for the angular
power spectra of interest, we describe how we determined
which scales to use in our likelihood analysis. In order to
mitigate any theoretical systematics, we wish to remove
data points from our analysis that receive contributions
from scales where we believe our model is inapplicable.
In order to determine this, we compute the response

1

ℓ+ 1
2

δ lnCab
ℓ

δ lnP ab(k)
=

1

Cab
ℓ

wa

(
ℓ+ 1

2

k

)
wb

(
ℓ+ 1

2

k

)
P ab(k)

(53)

of our projected observables to the three-dimensional
power spectrum in order to determine the fractional con-
tribution of each k to a given angular scale ℓ. The results

are shown in Figure 5. Importantly, both C
δgδg
ℓ and C

δgκ
ℓ

have rather narrow support in k-space, allowing us to
cleanly separate perturbative and very nonlinear scales
in our analysis. We note the same would not be true
for the lensing auto-correlation due to the width of the
lensing kernel. We can thus make scale cuts such that
the total contribution from k > kmax is less than 10% in
both Cδgδg and Cδgκ. For our fiducial analysis, we use
kmax = 0.4hMpc−1, and the scales used with this scale
cut are shown in the non-greyed out regions of Figure 2.
The impact of intrinsic alignment contributions in this
context is negligible, as for a given ℓ the IA contribution
almost always comes from equal or lower values of k than
the Cδgκ contribution to Cδg,obsγE .
On the other hand, the lens magnification contribu-

tion to Cδg,obsγE is sensitive to significantly more nonlin-
ear scales than the Cδgκ, due to the significant support
of the lensing kernels at low redshift. This issue is par-
tially mitigated by the fact that this term only requires
knowledge of the matter power spectrum, and does not
rely on a perturbation theory and so our modeling of it
is limited mainly by our ability to model the effects of
baryonic feedback on Pmm(k). As shown in Figure 6, the
counter-term that we include in our model for Pmm(k)
is capable of fitting a broad range of baryonic feedback
scenarios as modeled by SP(k) [129] at the ∼ 1 − 3%
level to k = 2hMpc−1. Here we evaluate SP(k) at our
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fiducial cosmology, varying the power-law parameteriza-
tion of the baryon fraction as a function of halo mass
at z = 0.125, the minimum redshift that SP(k) is reli-
able to, although we do not find that the performance of
our counter-term model is significantly sensitive to the
redshift that we perform this test at.

Since we believe we can sufficiently model the mat-
ter power spectrum to k = 2hMpc−1, we just need a
method for marginalizing over the residual magnification
contributions from scales smaller than kUV = 2hMpc−1.
Making the observation that wκ ∼ χ ∼ ℓ/k for small
χ, we can approximate this contribution to Cδg,µκ and
Cδg,µδg,µ noting that

Cκ,κ
ℓ,UV →

(
3

2
Ωm,0H

2
0

)2 ∫ χmin

0

dχ Pmm(ℓ/χ)

=

(
3

2
Ωm,0H

2
0

)2

ℓ

∫ ∞

kUV

dk k−2Pmm(k)

≡
(
3

2
Ωm,0H

2
0

)2

ℓ αµ,UV (54)

i.e., the unknown effect of short-wavelength modes on
magnification, and lensing in general, can be approxi-
mated through a counterterm proportional to ℓ. Note
that the integrand is highly suppressed at small scales
due to the k−2 factor, with the largest contributions
coming from modes with k ≳ kmax—an estimate in a
Planck ΛCDM cosmology using halofit [130, 131] gives
αµ,UV ≈ 30 h−4Mpc4. This counterterm is a universal
counterterm having to do with the small-scale matter
density at z ≈ 0 and not tracer dependent; its contribu-

tion to e.g. C
δig,µκ

ℓ simply comes with an additional factor
of the magnification bias (2αi

µ − 1).
Higher ℓ corrections to the magnification contribution

will be tracer dependent2 but also significantly smaller on
the scales we are interested in, and are in addition less
UV sensitive. Roughly speaking the UV contributions
as a function of angular scale can be written as a series
(H0ℓ/kUV)

n. Note that this is also the small parameter
that controls the size of the correction due to the redshift
evolution of Pmm neglected in Equation 54, since they
come about from Taylor expanding at low redshifts where
z ≈ H0χ ∼ H0ℓ/kUV.

In our analysis we keep the leading term with a prior
width set by 40% of the N-body only contribution.
Specifically, since the emulator we use extends only to
kemu = 4hMpc−1, we perform our integrals up to kUV

and compute the expected size of the correction from N-
body modes up to kemu. A rough estimate using halofit
shows that this correction alone captures more than 80%
of the UV contribution in a dark-matter only universe,

2 They still depend upon universal integrals of the matter power
spectrum, but with coefficients dependent on the galaxy redshift
distribution.

so we define

αµ,UV = (1 + cµ,UV)

∫ kemu

kmax

dk k−2P cdm
mm (k) (55)

and set a 40% prior on cµ such that it captures both
the effect of modes missed by the emulator while also
marginalizing up to a 20% effect of baryons close to kUV.

F. Source redshift and shear calibration
uncertainty

Extensive work calibrating all sources of bias in the
estimation of the source galaxy redshift distributions [87]
and multiplicative shear biases [55, 85] was performed by
the DES collaboration. Nevertheless there is still residual
uncertainty in each of these that we must marginalize
over. Following [3], we marginalize over a shift in the
mean redshift, ∆zi, and a constant multiplicative bias,
mi, per source galaxy bin.
To marginalize over ∆zi, we perform the following op-

eration on the source galaxy selection functions:

pγ
i
E ′(z) = pγ

i
E (z +∆zi) , (56)

and to marginalize over shear multiplicative biases, we
simply perform:

C
δig,obsγ

j
E ′

ℓ = (1 +mj)C
δig,obsγ

j
E

ℓ , (57)

where we use the same priors on these parameters as
used in [3]. Because we have spectroscopically deter-
mined the redshift distributions of the lens galaxies, we
do not marginalize over any nuisance parameters related
to their calibration. Nevertheless we do perform a test of
the robustness of this assumption in §VI.

G. Aemulus ν and perturbation theory codes

As described in the previous subsections, in this work
we adopt Hybrid Effective Field Theory (HEFT) for
galaxy and matter densities and Lagrangian perturbation
theory (LPT), also known as Convolutional Lagrangian
Effective Field Theory (CLEFT), for intrinsic alignments
as our fiducial dynamical models. For the latter we use
the publicly available code velocileptors3 [24, 25]. For
the former, we use the Aemulus ν emulator 4 [28] to
generate HEFT predictions of POiOj (k). This emula-
tor is trained on a suite of 150 N -body simulations run
over a seven parameter wCDM parameter space, includ-
ing massive neutrinos. These simulations were run with
Gadget-3[132], initialized at z = 12 using third-order

3 https://github.com/sfschen/velocileptors/tree/master
4 https://github.com/AemulusProject/aemulus heft

https://github.com/sfschen/velocileptors
https://github.com/AemulusProject/aemulus_heft
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FIG. 6. Comparison of our counter-term model for the impact
of baryons on the matter power spectrum with SP(k), a model
fit to a broad range of hydrodynamic simulations [129]. The
top panel shows a comparison of the two models, where we
have fit our counter-term model (dashed) to each of a number
of different points in the SP(k) parameter space (solid). The
bottom panel shows the fractional error of our model (solid) as
well as the error one would make by neglecting the impact of
baryons entirely and just using our dark-matter-only Pmm(k)
model (dot-dashed).

LPT. The ICs were computed using an extended ver-

sion of Monofonic [133] in order to include the effect of
massive neutrinos on the initial CDM+baryon distribu-
tion [134] and FASTDF for the neutrino distribution [135].
These ICs properly account for the Newtonian nature
of our simulations, i.e., lacking radiation and GR effects
[136] and are intentionally initialized at as low of a red-
shift as possible in order to mitigate discreteness effects
[133, 137, 138].
The emulator, which uses a combination of principle

component analysis and polynomial chaos expansions,
is trained on measurements from these simulations that
have their statistical errors drastically reduced by means
of Zeldovich control variates [139, 140]. [28] showed that
the error on POiOj

(k) is significantly below the 1% level

at k ≤ 1hMpc−1 and z ≤ 3 for the dominant basis spec-
tra, and we further validate this model’s accuracy in §V.
The intrinsic alignment power spectra in Lagrangian

perturbation theory were derived in ref. [37] who also
released the public Python-based spinosaurus5 code.
spinosaurus computes these intrinsic alignment spec-
tra using FFTs and includes a full resummation of long-
wavelenght linear modes (CLEFT), as well as options to
compute the unresummed and resummed Eulerian per-
turbation theory spectra. We use spinosaurus for all of
our intrinsic alignment calculations in this work. Both

5 https://github.com/sfschen/spinosaurus

https://github.com/sfschen/spinosaurus
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velocileptors and spinosaurus use the same conven-
tions for bias parameters, and we run both using the
infrared resummation cutoff kIR = 0.1hMpc−1 and us-
ing the linear CDM+baryon power spectrum predictions
from CAMB as input.

IV. LIKELIHOOD, SAMPLING AND
ANALYTIC MARGINALIZATION

The main results of this paper take the form of pos-
terior probability distributions of parameters of interest,
marginalized over a large number of nuisance parameters.
In order to compute posteriors, we assume that the like-
lihood of our data given a set of parameters is Gaussian
with a covariance given as described in §IID, and priors
on the parameters of our model given in Table III. We an-
alytically marginalize over all parameters that enter into
our model linearly, i.e., all intrinsic alignment parame-
ters, as well as the stochastic terms and counter-terms in
the bias expansion, SNi, bi∇2a, b

i
∇2×, and b∇2m. In our

fiducial constraints we vary all ΛCDM parameters over
the range of values spanned by the Aemulus ν simula-
tions. We also investigate combining our likelihood with
galaxy BAO data in §VIA.

In order to speed up the likelihood evaluation we train
fully-connected neural network emulators to predict the
cosmology-dependent ingredients that enter into the bias
and IA expansions, i.e., the basis spectra described in
Eqns. 36 and 44. We largely follow the methodology
presented in [141], using a combination of principle com-
ponent analysis and neural networks to reduce the num-
ber of required parameters in our neural networks. The
main difference between the emulators used in this work
and those presented in [141] is that we build emulators
for individual basis spectra rather than the galaxy and
IA power spectra that enter directly into the projection
integrals, e.g. Pgg(k). We also build an emulator for
σ8(z) as a function of cosmological parameters so that
we can bypass using a Boltzmann code to compute rele-
vant transfer functions.

For both bias and IA emulators, we use four fully con-
nected layers with 150 neurons each making use of the
specialized activation function presented in [142] and tak-
ing the arcsinh of the inputs to reduce the dynamic
range, keeping the first 104 and 93 principle components
for the bias and IA models respectively. For σ8(z) we use
two 150 neuron fully connected layers and 104 principle
components, and do not use an arcsinh scaling, since
the dynamic range of σ8(z) over the range of redshifts
that we consider in this work is small. We train these
emulators over the range of cosmologies spanned by the
Aemulus ν simulations, and achieve a 1σ error of approx-
imately 0.1% between redshifts z = 0 and z = 3 and
wave-numbers k = 10−2 hMpc−1 and k = 1hMpc−1 for
all basis spectra other than the matter power spectrum,
where we build emulators to k = 4hMpc−1.

Finally, we use the Metropolis–Hastings sampler [143,

144] implemented in Cobaya [145] to compute posterior
distributions, running 16 independent chains simultane-
ously, and halting our sampling when R−1 = 0.02, where
R is the Gelman–Rubin statistic [146]. We plot all pos-
terior distributions using GetDist [147].

V. SIMULATIONS AND MODEL VALIDATION

In order to demonstrate the robustness of our results
to various choices and approximations we have made in
our modeling, we have run a series of validation tests
against two different types of simulations. First, we an-
alyze data vectors produced using our model in order to
test the robustness our model to our choice of priors and
IA redshift evolution prescription. We then turn to fit-
ting the Buzzard v2.0 simulations [75, 76], a suite of
full N -body lightcones that contain realism beyond that
implemented in our model, in order to test the scales on
which our model based on the Limber approximation and
LPT and HEFT, neglecting higher-order lensing contri-
butions, can reliably constrain the true cosmology.

A. Noiseless simulations

1. IAs, Priors and Projection Effects

We begin by generating a noiseless data vector using
the maximum likelihood nuisance parameter values with-
out IA contamination obtained from fitting the Buzzard
simulations described in the next section, and the val-
ues of the cosmological parameters used to generate the
Buzzard simulations. We convolve these predictions with
the window functions measured from the data, and pro-
ceed to fit them assuming the window functions and co-
variance matrix estimated from the data.
Let us first consider the theoretical error on S8 due

to the unknown amplitude of intrinsic alignments. We
can understand this dilution of S8 information from the
GGL signal by computing the relative contributions from

lensing and IAs to C
δgγE

ℓ in Equation 27. Since the lens

galaxy densities pδ
i
g (z) are very narrow we can approxi-

mate them as δ functions centered at zieff , in which case
the ratio of the lensing and IA contributions is simply
given by

C
δigγ

j
E,I

ℓ

C
δigκ

j

ℓ

≈
wγj

E,I (zeff)PδigI
j (ℓ/χ)

wκj (zeff)Pδigm
(ℓ/χ)

≈ A1(zeff) w
γj
E,I (zeff)

2wκj (zeff)

(58)

where we have used linear theory to arrive at the final
expression.
The above calculation shows that the lensing ampli-

tude and IA contribution are fully degenerate at leading
order, such that neither can be independently determined
without an informative prior on the other. However, it
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FIG. 7. Fractional contribution of IAs to the galaxy–galaxy
lensing signal for a lens at redshift z for each source galaxy
bin. For simplicity we assume only a linear IA contribution,
i.e., the NLA model, and A1 = 1. The black vertical lines
represent the effective redshifts of each of our lens bins. It
is apparent that the IA unacceptably high, greatly exceeding
the statistical error on the measurements, for all but the first
three lens bins, cross-correlated with the two highest redshift
source bins. See further discussion around the balance be-
tween statistical and IA related theory error in Figure 18.

is important to observe that the size of the IA contri-
bution is bounded by the size of wγE,I or, more gener-
ally, the size of the overlap integral between the source
and lens distribution, and by the conservative bounds on
the linear IA amplitude from simulations. The ratio of
their product—which controls the size of the associated
theoretical covariance induced by IA—with the lensing
kernel itself for each of the DES source samples is shown
in Figure 7. Evidently, the lower redshift sources overlap
sufficiently with the DESI lens samples that the IA con-
tribution is always unacceptably high but the last two
source bins (S23) and the first three lens bins (L012) are
sufficiently separated in redshift that the IA contribu-
tions are limited to a few percent and subdominant to
the lensing contribution. We thus expect these cross cor-
relations (L012xS23) to supply essentially all of the S8

signal when the theoretical error is accounted for, such
that we can limit ourselves to this subset of our full data
for our fiducial analysis.

The above intuition can be tested using the noiseless
data vectors generated by our model. Figure 8 shows fits
to these data varying which source–lens bin combinations
are included in the fits, investigating two different choices
for priors on our bias and IA parameters. We adopt our
fiducial MAIAR redshift parametrization of IA evolution in
these constraints, though we revisit this choice in the next
section. The different colored contours represent fits that
make use of data combinations with varying amounts of
IA contamination, with the black contours showing fits to
the L012xS23 combination above that minimizes intrin-

sic alignment contamination. The blue contours show fits
to all source–lens bin combinations. The constraints on
Ωm are significantly improved by including all redshift
bins, since the full set of galaxy auto-correlations is sen-
sitive to this parameter through the shape of the power
spectrum. On the other hand, the restricted data set
gives essentially identical S8 constraints as the full data
set, validating our heuristic argument that the theoretical
covariance from unknown intrinsic alignment contamina-
tion dominates the cross-correlation pairs not included in
L012xS23, diluting away their constraining power. Since
our aim is mainly to measure S8 from these data, and
we expect more stringent and robust constraints on Ωm

from external data sets, we use L012xS23 as our fiducial
data set, which in addition has the advantage of involv-
ing significantly fewer nuisance parameters and integrals
required during sampling.

One frequently encountered problem when marginal-
izing over large numbers of nonlinear bias parameters,
as we do in this work to consistently model galaxy den-
sities, IA and nonlinear matter at 1-loop order, is that
the proliferation of degrees of freedom results in large
projection effects in the posteriors of cosmological pa-
rameters [92, 104, 120]. As discussed in § IIID, we can
understand these projection effects by noting that the
nonlinear galaxy bias and IA parameters are better con-
strained at high values of σ8, where the effect of non-
linearities is more pronounced, leaving significantly more
posterior volume at low σ8. When marginalizing over our
nuisance parameters, this large amount of posterior vol-
ume dominates over the likelihood term, thus shifting the
marginalized posteriors away from the maximum likeli-
hood value. Our strategy in this paper is to marginalize
over the combination of bias and IA parameters scaled by
(σ8(z)/σ8,fid)

n described in §IIID(Eqn. 48), thereby re-
moving this asymmetry in posterior volume by marginal-
izing over the parameter combination that governs the
absolute contribution of each nuisance parameter.

In order to test these σ8(z)-dependent prior choices, we
show results both using our fiducial priors (solid lines),
which marginalize over the combination of bias and IA
parameters multiplied by (σ8(z)/σ8,fid)

n, where n is the
order at which the bias or IA parameter enters into the
perturbative expansion, and priors without this scaling
(dashed), in Figure 8. Both solid and dashed results use
our MAIAR IA model, allowing for a free set of IA param-
eters per source–lens bin pair. In the case of our fiducial
priors, our results are stable to including bins that have
potentially large IA contamination, neither significantly
increasing our constraining power, nor significantly shift-
ing our marginalized posteriors on S8 and Ωm away from
the values used to generate the synthetic data. On the
other hand, when marginalizing over the bare bias and IA
parameters, we see that the constraints shift significantly
when including bins with potentially large IA contamina-
tion. Even the black contours, with minimal IA contam-
ination, are shifted away from the true parameter values,
and this becomes even more drastic as more source and
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FIG. 8. Sensitivity of our results to which data is included in
our fits, as well as the form of the priors on the galaxy bias
and IA parameters, when fitting to a noiseless data vector
without intrinsic alignments but using the pairwise IA red-
shift evolution model (MAIAR). The different colored contours
show how our results change as we include bins that have
more IA contamination. The black contours use only the
cross correlations of the first three lens bins (L012) and last
two source bins (S23), as these result in less than 10% con-
tamination assuming a fiducial value of cs = −1. The blue
contours relax this to include all bin combinations. The solid
contours use our fiducial priors on the product of bias and IA
parameters and σ8(z). The dashed contours set priors on the
bias and IA parameters without the extra σ8(z) dependence.
With our fiducial priors, our results are stable to the inclusion
of unconstraining data with large IA contamination, whereas
the dashed contours show large projection effects when this
additional data is included. We note that the improvement
in constraining power on Ωm when including extra lens and
source bins is largely due to extra information in the galaxy
density auto-power spectra.

lens bin combinations are included.6 This symmetriza-
tion by σ8 scaling thus largely removes the projection
effects observed when sampling over the bare bias and
IA parameters both in our fiducial setup and when ana-
lyzing the full set of cross correlations, as shown in the
solid contours of Figure 8. As demonstrated here, our re-
sults are sensitive to our parameterization of the bias and
IA priors, and so we report maximum likelihood points,

6 We note that the improvement in constraining power on Ωm

when including all bins with our fiducial priors is real, in the
sense that it is not due solely to projection effects, but rather
almost entirely by extra information in the galaxy-density auto
power spectra.

which are less sensitive to these effects, along with all of
our results.

2. Intrinsic Alignments and Bias Evolution

As discussed in §IIID, the physical degrees of freedom
in bias evolution sampled by the cross correlation of lens-
ing with galaxies are, to leading order, the values of the
bias parameters for each source sample at each effective
redshift, with additional contributions suppressed as long
as the lens samples are narrowly distributed in redshift.
Setting these as the free parameters of our MAIAR model
is therefore the most general and agnostic choice for both
galaxy densities and intrinsic alignments. However, par-
ticularly in the case of the latter, previous surveys have
typically selected more informative models of intrinsic
alignment evolution wherein the intrinsic alignment pa-
rameters are either constant over the whole survey, or
source-sample independent functions of redshift. In the
case of the latter the redshift dependence is usually fit
as a simple functional form like a power law with a free
amplitude and slope. Our goal in this subsection is to
test the robustness of both of these choices.
We would like to investigate a scenario in which the

IA parameters have non-trivial redshift dependence. As
a simple example, we consider a scenario in which the
“true” IA redshift evolution is given by

cis(z) = cs,0

(
1− pγ

i
E (z)

max(pγ
i
E (z))

)
(59)

where cis(z) is the linear IA amplitude for the i-th source
bin as defined in Equation 50, and cs,0 is an overall nor-
malization constant that we vary in order to modulate the
significance of the IA contamination, with other nonlin-
ear parameters set to zero. This toy model allows the IA
amplitude to be different between the peak of the source-
galaxy selection function and its tails, as we expect from
realistic galaxy samples, in this case increasing from zero
at the peak to cs,0 far away from it. We substitute these
values into our pipeline in order to generate noise-free
simulated data vectors with this IA redshift dependence.
The left and right panels of Figure 9 show the simu-

lated constraints using a source-independent linear func-
tion in redshift for the the IA parameters and using our
MAIAR prescription, respectively. The solid black con-
tours show the results in both cases when cs,0 = 0, i.e.,
there is no IA contamination. In this case both models of
IA evolution are unbiased, with the source-independent
linear model yielding significantly tighter S8 constraints.
This is expected: since all of the galaxy-lensing cross
correlations have IA contributions described by two pa-
rameters in the former model, these parameters can be
constrained by the cross-spectra where there the source
and lens galaxies are not well separated and are thus IA
dominated. When they are well constrained, the IA sim-
ply present a well-measured offset to the lensing ampli-
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tude, and indeed the S8 constraints in this case are very
similar to those in tests where IA are not marginalized
over. On the other hand, the S8 constraints in the MAIAR
case are noticeably wider. Indeed, this would be the case
even if more cross-correlation pairs were included, since
in this model the measurement of IAs in one bin does not
inform IA constraints in other bins.

However, it is important to note that the intrinsic
alignment amplitudes measured in the linear model are
those in the most intrinsic-alignment dominated source–
lens bin pairs rather than those in which the lensing dom-
inates, i.e., where our constraining power derives from.
The colored contours in Figure 9 show the constraints
from each model in cases where cs,0 ̸= 0. In the lin-
ear case we see that this results in systematic shifts in
the contours proportional to cs,0, leading to 0.43σ, 0.84σ
and 2.0σ biases in S8 for cs,0 = 1, 2, 5 respectively, well
within the realm of measured IAs in simulations. On
the other hand, the corresponding colored contours in
the right panel show significantly less variation in the S8

constraints when varying the strength of the IA contami-
nation. This is as expected since the IA amplitude in each
cross-spectrum is independent and not well-constrained.
The residual shifts shown are due to the fact that the
IA bias priors in these tests are centered at zero, while
the cross-spectra have IA amplitudes that are small (and
negative) but nonzero, such that cs,0 = 5 pushes against
the Gaussian prior.

In order to illustrate the cause of the biases in S8

caused by insufficiently flexible models of IA sample
and especially redshift dependence, Figure 10 shows con-
straints on the intrinsic alignment amplitude cs(z) for a
single source bin (i = 2) at fixed cosmology when the
“truth” is given by Equation 59. This is a useful test
since the lensing amplitude and cs(z) are exactly degen-
erate at linear order in any given cross-correlation pair,
such that we can infer the errors in S8 due to each pair
from the error in cs(z). In the MAIAR scheme, cs(z) is
most tightly constrained at the lens redshifts that overlap

most with the source distribution pγ
i
E (z), with relatively

weak constraints in the lowest redshift lens bins. This
latter observation explains why these source-lens combi-
nations are able to constrain S8, since they imply that
the impact of IAs is small in these pairs. Nonetheless,
the constraints on cs(z) are centered around its “true”
redshift evolution, as expected.

On the other hand, the black line and shaded region in
Figure 10 show the constraints on IA evolution assuming
a linear cs(z). While the constraints are again tightest

around the support of pγ
i
E (z), the rigidity of the linear

functional form means that the extrapolated constraints
on on cs(z) at low redshifts is still substantially tighter
than in the MAIAR case. In particular, the two param-
eters of the linear fit can be extremely well determined
from the IA-dominated source-lens pairs, roughly by the
value and slope of cs(z) about the central redshift. How-
ever, as this example shows, it can be quite dangerous
to extrapolate the IA amplitude in this way, leading to

inferred IA amplitudes several σ away from truth, espe-
cially since we have no a priori knowledge of the redshift
evolution of intrinsic alignments in (complicated, photo-z
selected) source galaxies.
The above examples underscore the importance of set-

ting sufficiently wide priors, with sufficient redshift flex-
ibility, for galaxy–galaxy lensing analyses: IA contam-
ination can be marginalized over as a “theoretical er-
ror”, and these errors are directly proportional to size
of intrinsic alignments allowed by the priors. Since we
(so far) can only bound the expected magnitude of IAs
through measurements of halos in N-body simulations,
the only direct method to reduce the size of these theo-
retical errors—themselves quite comparable to the size of
the statistical errors of our data—is to reduce the overlap
between lens and source samples. On the other hand, if
trends with between IA parameters and galaxy luminos-
ity or color can be measured in the future, e.g. with deep
spectroscopy, then it may be possible to use these to set
informative priors on a galaxy-formation informed model
for the redshift evolution of IA, and recover some of the
lost constraining power [50].

B. Buzzard N-body simulations

In order to test our measurement and modeling codes
in a realistic setting, we use the Buzzard v2.0 suite
of simulations [75, 76]. These are a set of synthetic
galaxy catalogs populated in lightcone outputs of N -
body simulations run using Gadget-2, and initialized
using 2LPTIC, with a linear power spectrum produced
using CAMB [143]. Halos were identified using the
ROCKSTAR halo finder [148], and galaxies were assigned
using the ADDGALS method [149] fit to the subhalo abun-
dance matching models presented in [150].
DESI BGS and LRGs are selected out of the simu-

lations using color-magnitude cuts based on those used
in the DESI data, but modified slightly to match the
simulated angular number densities with those measured
during DESI science verification as described in [151].
DES-like source galaxy samples are selected to repro-
duce the redshift distributions and number densities of
the DES Y3 Metacalibration catalog. We make mea-
surements without shape noise in order to reduce the sta-
tistical errors on our simulated measurements. We must
exclude the second BGS bin from our simulated analy-
sis due to the fact that its redshift distribution signifi-
cantly overlaps with the transition between two different
simulations in our lightcones, and thus has a resulting
cross-correlation coefficient between galaxies and matter
of r ∼ 0.95 on linear scales (see [151]), which would result
in a bias to σ8 of about 5% in this bin.
We run the same measurement pipeline that is applied

to the data on these simulated galaxies, with the only dif-
ference being that systematic weights for the lens sample
and Metacalibration responses for the source sample
are set to one. Averaging over 7 quarter-sky simula-
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FIG. 9. Sensitivity of our results to non-trivial IA redshift evolution as defined in Equation 59, with different colors representing
different assumptions for cs,0 as indicated in the legend. (Left) A linear model for the redshift evolution of the IA parameters
fixed with respect to different source bins, fitted to all source–lens bin combinations. This is comparable to the assumptions
typically made when analyzing galaxy lensing data. (Right) Our pairwise IA redshift evolution model (MAIAR), that allows for
an independent set of IA parameters for each source–lens bin combination. Here we only include the first three lens bins and
last two source bins, i.e., our fiducial analysis choice. We observe that our fiducial model is significantly less biased than the
linear model, with the observe shifts due to the fact that we have chosen to use Gaussian priors on the pairwise IA amplitudes.

tions, our measurements have a resulting statistical error
that is approximately four times smaller than that of our
measurements in the data, not accounting for the lack
of shape noise in our simulations. Thus we should be
able to detect systematic errors at the < 0.25σ level of
our constraining power in the data at 1σ confidence with
these simulations.

We fit all source and lens bin combinations, exclud-
ing the second BGS bin for reasons mentioned above,
with our fiducial model and fix all IA parameters to zero
in order to further increase the precision with which we
can measure systematic biases in our model. To in-
clude BAO priors in these mock tests we simply ad-
just the central values of the BAO measurements in
the BOSS and eBOSS data to match the truth in the
Buzzard cosmology. In the case of the Lyα constraints,
the individual Lyα auto-spectrum and cross-correlations
with QSOs, the posteriors are marked by a degree of
non-Gaussianity—for simplicity we simply combine them
and move the resulting likelihoods, which are then well-
described by Gaussians, to the central values expected in
Buzzard.

The resulting constraints are shown in Figure 11. The
blue filled contours are the constraints that we obtain
fitting to the Buzzard simulations, and the black con-
straints are obtained by fitting to noiseless data gener-
ated at the best-fit parameter values taken from the blue
contours. The fact that these two contours agree nearly
perfectly is a validation that our fiducial model is unbi-

ased when fit to this suite of simulations.

In order to gauge the sensitivity of our constraints
to the assumed galaxy bias model and scale cuts, we
have also run analyses on these simulations allowing for
kmax = 0.2 − 0.4hMpc−1 for our fiducial HEFT model,
as well as a models using CLEFT and the commonly
used combination of linear bias with a nonlinear mat-
ter power spectrum. We also show HEFT results us-
ing kmax = 0.5− 0.6hMpc−1, although we do not apply
these scale cuts when analyzing data, as our IA model
likely breaks down on these scales. The results of these
variations are summarized in Figure 12. For these tests,
we again fix the intrinsic alignment contributions to our
model to zero in order to perform as precise a test as pos-
sible, although we do not include BAO here as we wish
to investigate the improvement in constraining power of
this data on Ωm as a function of kmax. We do not show
CLEFT or linear bias results for kmax > 0.4hMpc−1 as
we found that the acceptance rates in the MCMCs for
these models were low, making these analyses very ex-
pensive. Given our expectation that these models are
insufficient at these scales, we do not show these results
here.

For the kmax = 0.2hMpc−1 case, we find excellent
agreement between HEFT and CLEFT, both in terms
of the posterior means for S8 and Ωm, as well as the 1σ
errors. At these scales, we already see that assuming a
linear bias model results in approximately 15% smaller
errors on S8 than HEFT and CLEFT. This indicates that
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FIG. 10. Constraints on the IA amplitude cis(z) (blue dashed)
of the i = 2 source sample at fixed cosmology when there
is nontrivial redshift evolution of intrinsic alignments away

from the peak of the source redshift distribution pγ
i
E (z) (red).

The MAIAR scheme successfully recovers the correct redshift
evolution (blue points), with tighter constraints when there
is more lens-source overlap, implying stronger S8 constraints
when there is less overlap. Gray bands show the (1 and 2σ)
constraints on IA evolution assuming a two-parameter (linear)
model—in this case, the rigid functional form strictly limits
the explored values of cs(z) even when the source-lens overlap
is small, effectively extrapolating constraints from the peak of

pγ
i
E (z) (i.e. constraints from cross-correlating with LRG1 and

LRG2) to other redshifts to erroneous values several σ away
from the true (blue-dashed) value. This discrepancy leads to
biased S8 constraints when the cosmology is allowed to vary.

although the linear bias constraints are unbiased on this
set of simulations for kmax = 0.2hMpc−1, there are val-
ues of the nonlinear bias parameters that are within our
assumed priors that would cause detectable biases, had
it so happened that our simulations preferred those bias
values.

For kmax > 0.2hMpc−1 we find detectable biases when
assuming a linear bias model, illustrating a clear break-
down of this assumption. The HEFT and CLEFT con-
straints are very similar to the maximum scale that we
fit the CLEFT model, kmax = 0.4hMpc−1. We thus
conclude that both HEFT and CLEFT are unbiased
at this scale, and that differences between the two at
two-loop order are subdominant in our constraints at
kmax = 0.4hMpc−1. There is a shift to lower values of S8

for the HEFT model above kmax = 0.2hMpc−1, but an-
alyzing a noiseless HEFT data vector to the same scales
shows nearly identical, small shifts that must therefore
be due to projection effects. As such we infer that
the HEFT model is unbiased in these simulations to
kmax = 0.6hMpc−1.

We observe an additional 10% improvement in con-
straining power on S8 going from kmax = 0.4hMpc−1

to kmax = 0.6hMpc−1, while the HEFT model remains

unbiased at high significance. Given that we are using
CLEFT to model intrinsic alignments, which has been
shown to be accurate to k ∼ 0.4hMpc−1 [37], we choose
kmax = 0.4hMpc−1 for this analysis. Furthermore, it is
unclear that we would still see the quoted 10% gain in
constraining power had we not neglected the connected
trispectrum terms in our covariance matrix, given the
significantly nonlinear nature of these scales. We plan on
improving our covariance matrix treatment and investi-
gating HEFT modeling for intrinsic alignments similar to
[152] in upcoming analyses.
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FIG. 11. A comparison of a fit to the Buzzard data vector
(blue) using our fiducial model without marginalizing over IAs
and including a BAO prior, to a fit to a noiseless data vector
generated with our fiducial model (black). The near perfect
agreement, even in a much more constraining scenario than
the setup used in the data, demonstrates the ability of our
fiducial model to describe the Buzzard simulations at high
precision. We observe a nearly identical level of agreement
without including a BAO prior.

VI. RESULTS

We now proceed to describe the main results of this
work. Figure 13 shows the results of our fiducial 2 ×
2-point analysis. In particular we find that the BGS0,
BGS1 and LRG0 bins yield consistent constraints, and
when combined we obtain

S8 = 0.850+0.040
−0.051 (0.834)

Ωm = 0.286+0.025
−0.049 (0.294) (Fid.) (60)

σ8 = 0.878+0.089
−0.080 (0.842) .
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FIG. 12. A comparison of the constraints obtained from fitting the Buzzard simulations varying the bias model and scales
fit. In all cases, we do not marginalize over IAs, but otherwise keep the same modeling choices as used in the data, modulo
changing the bias model. The smaller panels show the improvement in constraining power measured with respect to the HEFT

model fitting to kmax = 0.2hMpc−1. We observe that both the HEFT models are unbiased up to kmax = 0.4hMpc−1, while
the linear bias model becomes biased at kmax > 0.2hMpc−1, and the error bar is significantly smaller than both HEFT and
CLEFT at kmax = 0.2hMpc−1, indicating that the model is incomplete even at these scales. We only plot the HEFT model
constraints past kmax = 0.4hMpc−1, since linear theory and CLEFT do not apply on such small scales. The HEFT constraints
are unbiased up to kmax = 0.6hMpc−1.

The best-fit model and measurements used in this fit are
shown in Figure 2. Our model has a χ2 = 27.5 for 54 data
points using 21 free parameters, not counting the IA,
magnification or source sample uncertainties since these
are prior dominated, equivalent to χ2

red = 0.86. A full
accounting of the number of degrees of freedom in our
fits requires a more sophisticated statistical framework
(e.g. [153]), that we may pursue in future work.

Of particular note is that our fiducial S8 constraint is
consistent with measurements from the primary CMB,
e.g. Planck PR4 gives S8 = 0.830 ± 0.014 [154] mak-
ing this one of the few galaxy lensing analyses that has
yielded a value of S8 that is within 1σ of the primary
CMB constraints. We perform comparisons with other
analyses in the literature below, but for now we inves-
tigate whether there is part of our model or data that
is driving this preference for higher S8 than usually re-
ported from galaxy lensing studies. A summary of these
investigations is shown in Figure 14.
As a direct check we can consider whether our con-

straints are robust to our choice of dynamical model.
Fitting to the same scales but using CLEFT—that is,
employing a fully perturbative model for all physical

quantities—we obtain

S8 = 0.841+0.038
−0.051 (0.831)

Ωm = 0.296+0.028
−0.052 (0.243) (CLEFT) (61)

σ8 = 0.854± 0.082 (0.924) ,

with a best-fit chi-squared value of χ2 = 28.1. This con-
straint is in excellent agreement with our fiducial one,
both with respect to the posterior means and errors, as
expected from our analyses on the Buzzard simulations.
We also consider what happens to our constraints

when varying the scale cuts in both modeling approaches,
e.g. when we restrict the range of scales that we fit to
kmax = 0.2hMpc−1. Figure 15 shows these variations,
with the black contours again showing our fiducial con-
straints using HEFT to fit to kmax = 0.4hMpc−1 and
the blue contours showing the CLEFT version of this
analysis. The orange and green contours show the same
analyses as black and blue respectively, but restricting
the scales modeled to kmax = 0.2hMpc−1. Our S8 con-
straints are expectedly stable to these changes, with the
main difference being that the fiducial chains result in
17% more constraining power than kmax = 0.2hMpc−1.
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FIG. 14. Summary of the one-dimensional S8 posteriors for all
of the analysis variations considered here. Blue points show
variations in the data systematics treatments, orange show
changes in bias modeling and scale cuts, and green points
show variations in IA model assumptions. See §VI for details.

The fact that our constraints are stable when moving
to larger scales, or using the fully perturbative model,
suggests that our analysis is under excellent perturbative
control: any differences in the modeling between CLEFT
and HEFT, which must exist beyond one-loop order, are
not important at the accuracy level of our data, or indeed
for the more stringent requirements of our mock tests.

We can also consider the S8 constraints from individ-
ual lens bins to check the internal consistency of the data.
As shown in Figure 16, all of our lens bins yield consis-
tent results, although BGS1 shows a ∼ 1σ preference for
higher S8 than the other two bins. The preference for
lower values of S8 in the first and third lens bin is largely
driven by projection effects that become more substantial
when fitting to individual bins. As expected, the BGS1
bin yields the tightest S8 constraints, as it has compara-
bly low IA contamination compared with BGS0 but is at
higher redshift and thus we are able to model to higher
ℓ given our scale cuts of kmax = 0.4hMpc−1, while the
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FIG. 15. Comparison of constraints varying the maximum
scale included in the analysis, as well as the galaxy bias
model employed. Our fiducial constraints using HEFT with
kmax = 0.4hMpc−1 are shown in black. A purely pertur-
bative analysis, i.e., using CLEFT rather than HEFT, but
with all other settings kept the same is shown in blue. When
using CLEFT we adopt broader counterterm priors, as de-
scribed in the text. The orange and green contours show
similar analyses using kmax = 0.2hMpc−1 with HEFT and
CLEFT respectively. Our fiducial analysis is 20% more con-
straining than fitting to kmax = 0.2hMpc−1, but otherwise
the differences that we observe are consistent with tests done
with noiseless simulations.

LRG1 bin drives our constraints on Ωm.

A. Including BAO

The line-of-sight projection in two-dimensional data
like those used in this paper washes out much of the
shape information in the three-dimensional power spec-
trum that can be used to constrain cosmological param-
eters beyond the lensing amplitude S8 such as Ωm and
H0.

7 While this does not significantly affect our ability to
constrain S8, we can slightly tighten our constraints and

7 While we note that there is still some information, particularly in
Cgg

ℓ (see e.g. Figure 17), in order to be conservative in our model-
ing choices our fiducial analysis setup is not optimized to extract
this information since (a) we only use the auto-spectrum of the
lens galaxies within the DES footprint to ensure sample homo-
geneity, thus reducing the area over which Cgg

ℓ is measured and
(b) we do not include Cgg

ℓ from lenses where the cross-spectrum
is IA-dominated to avoid sampling over an excessive number of
free parameters. We have made these choices considering that
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FIG. 16. Comparison of constraints from individual lens
bins (colored contours) and the fiducial combined constraints
(black contours). It is apparent that the second BGS bin (or-
ange, labeled l1) is the most constraining bin on S8, while the
first LRG bin (green, labeled l2) drives our Ωm constraining
power. Both of these finding are consistent with tests we have
performed on noiseless simulated data.

avoid sampling ruled-out cosmological parameter space
by including additional large-scale structure data. To
avoid including additional amplitude information we in-
clude constraints on the expansion history from baryon
acoustic oscillations (BAO) as measured in the Sloan Dig-
ital Sky Survey—specifically, we use the BAO data mea-
sured in the LRGs from BOSS (DR12) [155] and LRGs,
QSOs and Lyα in eBOSS (DR16) [156]. These data were
deemed sufficiently statistically independent to be com-
bined in ref. [156] and together (when combined with
a BBN prior on ωb) significantly constrain the available
parameter space in Ωm and H0.
The orange contour in Figure 13 shows the cosmologi-

cal constraints from our data when combined with these
BAO data, which yield

S8 = 0.840+0.038
−0.045 (0.843)

Ωm = 0.300+0.012
−0.015 (0.295) (w. BAO) (62)

σ8 = 0.840± 0.044 (0.850) .

The BAO allow us to break the σ8-Ωm degeneracy to
measure σ8 and, in addition, since the degeneracy is not

their effect on S8 is minimal and that the constraints on other
cosmological parameters from these data alone are not competi-
tive.
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FIG. 17. Comparison of constraints varying the IA model pa-
rameterization employed in our analysis. The black contours
show our fiducial analysis, allowing one set of IA parameters
per cross-spectrum, and restricting the source–lens bin com-
binations used to only those with relatively small potential IA
contamination, as described in §VA1. The blue, orange and
green contours show analyses analyzing all source and lens
bin combinations assuming that the IA parameters evolve
linearly in redshift. The blue contours assume our fiducial
second order EFT IA model and one linear function cO(z) for
each source bin. The orange contours assume the same linear
function cO(z) for all source bins, while the green contours as-
sume the same but use the nonlinear alignment (NLA) model.
These more restrictive IA models result in 35%, 46% and 59%
more constraining power respectively, but make strong as-
sumptions about the redshift and scale dependence of the IA
signal beyond the evidence provided by current IA measure-
ments. Until better IA measurements from the data or IA
simulations are available, we favor the constraints provided
by our fiducial model and quote these for the duration of this
work.

perfect, slightly tighten the S8 constraint by 9%. The
resulting constraints are also in excellent agreement with
the cosmological constraints from the Planck CMB data,
which is not surprising since the BAO and lensing con-
straints are independently consistent with them.

B. Dependence on IA Parametrization and Priors

Given the novelty of the fiducial IA model that we ap-
ply in this analysis, we now present how our constraints
change when making IA assumptions more in line with
those used in previous galaxy lensing analyses. Figure
17 shows these variations, where the black contours again
represent our fiducial constraints that use our EFT model
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FIG. 18. The width of our constraint on S8 as a function of
the width of the cs prior in each cross-correlation pair ∆cs.
The trend is roughly fit assuming that the theoretical IA er-
ror adds to the width of the constraint in quadrature, with
the theoretical error overtaking the sample variance around
∆cs = 8.

for IA, keeping operators up to second order, and allow-
ing for one set of IA parameters per source–lens bin pair
(i.e., our MAIAR parameterization). The blue, orange and
green contours fit to all bin combinations with varying
levels of IA model complexity. The blue contours make
the same assumptions as our fiducial analysis, except
there we use a linear spline model for the redshift evolu-
tion of the IA parameters, allowing for one linear func-
tion ciO(z) per source bin. The orange contours make the
additional assumption that the linear IA functions ciO(z)
are shared between source bins, i.e., ciO(z) = c0O(z) for all
i. Finally, the green contours show an analysis assuming
the nonlinear alignment (NLA) model, although we use
the one-loop prediction for Pδ,sij (k) rather than the fully
nonlinear prediction sometimes used when applying the
NLA model. These models all yield S8 posterior means
that are consistent with each other, but result in sig-
nificantly different levels of constraining power. Indeed,
adopting the two-parameter NLA model artificially im-
proves our constraining power by 63% over our fiducial
results. The majority of the improvement comes from
constraining the redshift evolution of the IA parameters
to be linear, even when allowing separate linear functions
per source bin. Doing so improves our S8 constraining
power by 36%. Further restricting to one linear function,
cO(z), for all source bins shrinks our S8 errors by 51%
from our fiducial model.

As a further comparison to IA models used in the liter-
ature, we conducted an analysis using a Lagrangian ver-
sion of the common tidal alignment and tidal torquing
model (TATT), where we set αs and ct to zero while
assuming a linear redshift evolution of the other IA pa-
rameters. Given the additional terms generated by the
advection of shapes in LPT, this is not entirely equiva-
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lent to the standard TATT model, but it is reasonably
close with the same number of degrees of freedom. The
resulting constraint shown in Figure 14 is very similar
to using our full IA model while assuming linear redshift
evolution.

We can also explore the dependence of our constraints
on the width of our IA priors, i.e., the extent to which
the S8 constraint is weakened by conservative assump-
tions about the ranges that IA parameters can assume
for weak-lensing source samples. Figure 18 shows our S8

constraint as a function of the prior width ∆cs, where we
also scale the nonlinear IA parameter priors by an equal
factor for consistency. The theoretical error induced on
our measurement by unknown IA bias parameters adds
to the S8 posterior width roughly in quadrature

σ2 = σ2
0

(
1 +

( σcs

σcs,0

)2)
, (63)

becoming dominant at σcs,0 = 8. This number is large,
even relative to (conservative) expectations from simu-
lations, because we have purposefully picked only those
bins where the IA contamination is small in our fiducial
setup. Had we chosen to utilize all the cross-correlation
pairs in our measurements, the IA-free error σ0 would
be reduced, but σcs,0 would decrease, making the total
constraint relatively unchanged for reasonable choices of
prior width as we saw in Figure 8.

C. Fixed-Cosmology IA Measurement

As we have seen, allowing wide IA-parameter priors
substantially degrade our ability to constrain the matter
clustering amplitude S8. The flip side of this observation
is that our measurements allow us to tomographically
constrain the intrinsic alignments of each source sample
cs(z) at the lens redshifts. We show these constraints,
where the cosmology is fixed to the mean Planck PR4 cos-
mology, and we analyze all source and lens bin combina-
tions, in Figure 19. Since our aim is now to measure cs(z)
we widen the priors on cijs toN (0, 10) so as to not bias the
resulting constraints. Intrinsic alignments, or deviations
from the Planck prediction for lensing amplitudes, are de-
tected to be nonzero at more than 2σ in several bins and,
importantly, also deviate by similar amounts for a given
lens sample redshift. The tightest constraints come from
lens-source pairs with substantial redshift overlap, such
that the signal becomes IA dominated and, conversely,
the pairs we have opted to include in our fiducial analy-
sis show rather weak constraints, with σ(cs) wider than
our fiducial priors in many cases. This indicates that
the statistical error in the lensing cross-correlation am-

plitude C
δgγE

ℓ is not subdominant to the theoretical error
in these bins. Our IA constraining power also degrades
slightly when going to higher redshift, as uncertainties in
the magnification contributions to these spectra become
a confounding factor.

In order to illustrate the differences of these tomo-
graphic measurements of IA with the two-parameter
source-independent IA parameterizations common in the
literature we also perform a fixed-cosmology fit to a
model that assumes a linear redshift evolution for the IA
parameters (Eqn. 52). The results are shown in the black
shaded regions—since all IA amplitudes are forced to be
the same at a given redshift in this model the constraints
are driven by the most tightly-constrained bins, which as
noted above do not always have the same implied cluster-
ing amplitudes as the lensing-dominated bins constrain-
ing S8. For example, for the cross-correlations between
LRG0 and the first two source bins, whose shapes we omit
in our fiducial analysis, prefer IA amplitudes closer to
zero than the last two. Even the more tightly constrained
bins, such as BGS0xS0 and BGS0xS1, differ by several σ in
their preferred value of cs. Taking into account the co-
variance between the individual bins, the pairwise IA pos-
teriors in Figure 19 deviate from the source-independent
2-parameter model in black by χ2 = 29.0, with nonzero
linear IA amplitudes being detected at χ2 = 34.8.
It is worth noting that since these differences exist at

the same redshift they cannot be due to a mismatch with
the true and assumed cosmologies. However, if we as-
sume that IAs can only be anti-aligned with the tidal
field, the fact that several bins prefer a positive IA sig-
nal, rather than the negative radial alignment signal pre-
dicted by simulations, may be taken as evidence that
either S8 is higher than Planck, as our cosmology fits in-
dicate, or the presence of a systematic or statistical fluc-
tuation. Indeed, from Equation 58 we can see that an ex-
act physical degeneracy exists between the lensing kernel
ampltiude wκj (zeff) and the IA bias paramter A1(zeff)—
if, for example, the amplitude of the lensing kernel were
altered due to uncertainties in the DES photo-z’s be-
yond those reported by the collaboration, such changes in
wκj (zeff) would be reflected in our fixed-cosmology fits as
source-dependent shifts in the IA amplitude. Since this
exact degeneracy with photo-z’s also exists with S8 itself
when we vary cosmological parameters, it is a fundamen-
tal premise of galaxy-galaxing lensing analyses like this
one that photometric redshifts are well-understood from
the outset.

VII. CONCLUSIONS

The cross correlations of the projected densities and
shapes of galaxies, as measured in imaging surveys, di-
rectly probe the clustering of matter on cosmological
scales, providing a precision test of the growth of struc-
ture in the standard model of cosmology. In this work
we present measurements of these cross correlations us-
ing the target imaging samples for the DESI BGS and
LRG samples and the Metacalibration galaxy shape
catalog derived from the first three years of the Dark
Energy Survey. In addition to having comparable signal-
to-noise to other state-of-the-art galaxy–galaxy lensing
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FIG. 19. Tomographic constraints on the intrinsic alignment
amplitude of each source sample. The black line and shaded
bands show the mean and 1- and 2 sigma regions when fitting
cs(z) independently of source sample in the linear model.

measurements, the spectroscopic calibration of the DESI
samples means that our measurements do not suffer from
the photometric uncertainties typical of imaging surveys.
Firstly, these samples have well measured and extremely
small contamination from stars and systematic variations
in galaxy photometry. Additionally, due to the accu-
rate photometric redshift estimates available for these
samples derived from the abundant spectroscopy that
has been gathered for them, each lens sample can be
well-localized along the line of sight. This second prop-
erty makes our measurements particularly amenable to
perturbative models, which use the separation of spatial
scales to construct effective theories of structure forma-
tion that are non-local in time: the fixed line-of-sight dis-
tance translates angular scales to fixed physical ones, en-
abling us to robustly distinguish between large and small
scales, and the unknown time evolution of the effective-
theory parameters is restricted by fitting in well-localized
redshift bins.

We present the “2 × 2-point” cosmological analysis of
these data using perturbation theory techniques, yield-
ing a constraint on the matter clustering amplitude S8 =
0.850+0.040

−0.051. For the first time, we include a full ac-
counting of nonlinear contributions to the intrinsic align-
ments of galaxies to one-loop order in the effective the-
ory using the Lagrangian formalism recently developed
in ref. [37]. This enables us to consistently model the
matter density, galaxy densities, and galaxy shapes at
each lens redshift on equal footing from first principles
within the formalism of Lagrangian perturbation theory.
In addition, we augment the LPT predictions for matter
and galaxy clustering using hybrid effective field theory
(HEFT) by combining the predictions of Lagrangian bias
with non-linear dark matter displacements from N-body
simulations using the Aemulus ν emulators [28] for the
first time, along with [9]. We test our modeling pipeline

on mock data constructed from the Buzzard simulations
[75, 76], finding that both allow us to place unbiased
constraints on cosmological parameters including S8 out
to angular scales corresponding to kmax = 0.4 hMpc−1,
substantially beyond the range of validity for linear the-
ory, and improving upon the S8 constraint of an anal-
ysis using kmax = 0.2 hMpc−1 by 20%. This is com-
parable to the improvement found in the first applica-
tion of a linear Taylor series HEFT model to data in
[157], although a thorough comparison with that anal-
ysis is beyond the scope of this work. Since the two-
dimensional data mostly constrain the lensing amplitude,
we also obtain constraints combining our measurements
with baryon-acoustic oscillation data, finding a small im-
provement in S8 = 0.838+0.038

−0.045.

Our S8 constraints in both cases are in excellent agree-
ment with those inferred from the primary cosmic mi-
crowave background ([7, 154, 158] and auto power spec-
trum of CMB lensing ([11]), within the ΛCDM model.
This is in contrast to many works in the literature which
have found lower lensing amplitudes than predicted by
the CMB at 1−2σ level, as shown in Figure 20 [4, 9, 159–
162], though our error bars are somewhat wider, and as-
sumptions somewhat more conservative, than many of
these constraints.

One particularly relevant exception is the 2 × 2-point
analysis of ref. [68], who conduct a similar analysis as
we do but using the DES Maglim sample for their lenses.
Their fiducial analysis, using only linear bias and model-
ing to a minimum scale of 8 and 6 h−1 Mpc for clus-
tering and galaxy–galaxy lensing respectively, infers a
lower value of S8 than ours by approximately 1.5σ, but
an analysis of the same data using a nonlinear bias model
[69, 117], infers a value of S8 that is ∼ 0.5σ higher than
the DES linear bias analysis. Furthermore, an analy-
sis using the DES nonlinear bias model and fitting to 4
h−1 Mpc infers a very similar value of S8 to this work,
with differences in constraining power due to our use of
the more conservative intrinsic-alignments (IA) scheme
(Fig. 21).

The large shift observed between the DES linear and
nonlinear bias results underscores the importance of a
proper treatment of nonlinear galaxy bias. The source of
the additional shift to higher S8 when analyzing smaller
scales in the DES analysis is not readily apparent, and a
full investigation of this is beyond the scope of this work.
We note that there is also an observed ∼ 0.5σ shift to
lower S8 when analyzing even larger scales than the fidu-
cial linear bias analysis (see Figure 12 of [68]), lending
some evidence to an explanation involving residual an-
gular systematics on large scales in the Maglim sample,
however we have not investigated the statistical signif-
icance of this shift. In this scenario, analyzing smaller
scales with the nonlinear bias model may downweight
these residual systematics, leading to the observed shift.
It is also possible that the nonlinear bias model used in
the DES analysis and that used in our analysis, which
were validated on the same set of simulations as used
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FIG. 20. A comparison of our S8 constraints with a number of results in the literature. Blue points denote constraints from the
primary CMB, while orange show CMB lensing auto-spectrum constraints. Green, red, purple and brown points show cosmic
shear, 3× 2-point, CMB-galaxy lensing and galaxy–galaxy lensing constraints respectively. Our results with and without BAO
are shown at the bottom in black. See §VII for more discussion.

here [76], are insufficiently flexible to fit the data leading
to shifts to higher S8 when analyzing smaller scales, al-
though this possibility is less likely given the stability of
our constraints when varying our scale cuts as shown in
Figure 15.
We also note that our S8 constraints derive fundamen-

tally from large scales, as marginalizing over nonlinear
bias and counterterms effectively dilutes the clustering
and lensing information at high k. Many references have
suggested that the low S8 measured by weak lensing sur-
veys can be alleviated by invoking baryonic or beyond-
ΛCDM physics at small scales [15, 163–166]—these sce-
narios cannot be easily ruled out by perturbative analyses
such as ours, where these effects are absorbed into the
counterterms (b∇2x, b∇2m), although the fact that our
weak constraints on these effective-theory parameters,
particularly in HEFT, are not in any tension with the
input priors suggests that any small scale suppression of
power in the data should be “small” at k < 0.4hMpc−1.
On the other hand, our S8 constraints should be quite de-
generate with large-scale suppressions of power, for ex-
ample due to neutrinos or ultralight axions [167], and
a bound on these effects can be inferred from our con-
sistency with Planck ΛCDM. While our constraints are
slightly weaker than many other weak-lensing results re-
ported in the literature, their reliance on first-principles
calculations and fundamental symmetries makes possible
inferences about exotic physical scenarios rather robust,
making it a priority to understand and hopefully reduce
the sources of theoretical error in a rigorous way.

Indeed, the leading source of error, both statistical and
theoretical, in our analysis setup is the uncertain contri-
bution of galaxy intrinsic alignments to the GGL signal.
At leading order, a change in the linear shape bias, cs,
and a change in the matter clustering amplitude, S8, con-
tribute equally to any given density-shape cross correla-

tion, with the only difference being that S8 changes cross-
spectra coherently across redshifts, while the IA ampli-
tude of each source sample at each lens redshift is an
independent degree of freedom (Eqn 58). In our fiducial
analysis we attempt to mitigate this degeneracy with a
combined strategy of (a) putting priors on the size of the
IA amplitude based conservatively on measurements of
halos in simulations, which are known to be enhanced
relative to galaxies and (b) deriving our constraints from
pairs of lens and source samples with maximal redshift
separation—specifically cross correlating the three low-
est redshift lens samples with the two highest redshift
source samples—such that the IA contamination is fur-
ther suppressed by the overlap integral between their red-
shift distributions. Simultaneously, we put the shapes of
galaxies on the same, consistent footing with their den-
sities by allowing the equivalent degrees of freedom for
each independent sample and redshift required of a—in
this case spin 2—biased tracer at one-loop in perturba-
tion theory. We show that, when all these degrees of
freedom are properly accounted for in our maximally ag-
nostic IA redshift dependence (MAIAR) prescription, the
subset of data used in our fiducial setup returns essen-
tially identical constraints to the full set, because IA con-
taminated measurements now have their proper theory
error accounted for (§VA1).

Our modeling, as described above, is robust against
the redshift evolution of intrinsic alignments, as well as
variations between source bins, and we demonstrate this
by injecting a number-density dependent IA signal into
mock data. On the other hand, conventional modeling
choices which describe IAs through a source-sample in-
dependent two-parameter power law in redshift yield bi-
ased constraints with tightened error bars by deriving
their IA constraints from the most IA-dominated data
points. If we were to adopt these conventional choices
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FIG. 21. Comparison of the constraints derived in this
work to those of [68], using the Maglim lens sample and the
Metacalibration source sample. The black contours here
show our fiducial results, while the blue and orange contours
show the linear and nonlinear bias constraints from [68], al-
though note that these constraints also use different minimum
scales as described in §VII. Of particular note is that our
fiducial constraints agree quite well with the nonlinear bias
constraints derived using the Maglim sample, although the
latter use a very different nonlinear bias model. These con-
straints should be very correlated, given that they share the
same source catalog and sky area, so this finding is reassuring.
Furthermore, when we restrict to a similar IA treatment, as-
suming a single linear function of redshift for each IA param-
eter (green), we obtain similar uncertainties on S8, although
the analysis presented here is slightly more constraining likely
due to our inclusion of higher redshift lens bins.

in our analysis, our constraints would artificially im-
prove to S8 = 0.848+0.028

−0.033, a 51% improvement. Fur-
ther restricting to the NLA model in addition to using
the more conventional redshift evolution model results in
S8 = 0.836+0.026

−0.031, a 63% improvement over our fiducial
analysis. Conversely, by fixing the cosmological param-
eters in our fits to their Planck best fits, we can place
tomographic constraints on the IA parameters of the
DES source galaxies, particularly in the IA dominated
bins we drop in our fiducial analysis. Such an analysis
shows that the source-independent two-parameter model
is strongly disfavored by the data, which show variations
in the cross-spectrum amplitudes across sources at the
same lens redshift that cannot be due to deviations from
the Planck predictions for growth alone.

The methods introduced in this paper have immedi-
ate implications for future surveys and GGL analyses.
On the data side, the careful selection of galaxy lens

and source samples that can be well-localized and sep-
arated in redshift, e.g. through spectroscopic calibra-
tion of redshift distributions as we have done here, will
be critical. Alternatively, the impact of the IA signal
could be mitigated by placing priors based on direct mea-
surements. Importantly, these measurements will have
to probe the same effective redshifts and samples from
which the lensing constraints are derived, rather than the
IA dominated cross correlations from which past lensing
surveys have tended to constrain their more restrictive IA
models. One promising avenue is to measure the three-
dimensional clustering of galaxy shapes through spec-
troscopic surveys—these measurements have recently at-
tracted renewed interested as probes of fundamental
physics in their own right [42, 127, 128, 168, 169].Without
the significant expenditure of resources, particularly in
the form of wide field spectroscopy, IAs will continue to
be a dominant source of uncertainty in galaxy lensing
analyses.

On the modeling side, our work can be directly ex-
tended to include the clustering of the lens galaxies in
redshift space. Including these three-dimensional data
will allow us to break degeneracies in our constraints
by accessing cosmological information in the shape of
the linear power spectrum, and improve clustering con-
straints through redshift-space distortions. Indeed, the
Lagrangian effective theory models used in this work have
been extensively used to analyze spectroscopic clustering
[20, 118, 170] and can be straightforwardly and consis-
tently combined with the analysis in this work with min-
imal new free parameters. In addition, comparing mea-
surements of the matter clustering amplitude in lensing
and peculiar velocities will allow us to test the predictions
of general relativity and study the effect of anisotropic
selection bias, which are a major “known unknown” in
spectroscopic galaxy samples [27, 171–173].

The modeling in this paper can also be extended to
the auto-correlation of galaxy shapes, utilizing the ef-
fective theory of galaxy shapes in order to extract the
matter clustering information in cosmic shear, although
modeling connected trispectrum terms may be impor-
tant for this extension if considering smaller surveys than
DES Y3. Unlike the GGL signal modeled in this paper,
the auto-correlation is not well-localized in redshift, such
that the MAIAR prescription used in this work will not
be sufficient. However, in this case the redshift depen-
dence can be treated using the spline formalism described
in Section IIID, where the number free parameters are
determined by the correlation length of bias parameters
across redshift (i.e., the separation scale of the spline ba-
sis functions), and the values of the spline coefficients
can be tomographically constrained by the GGL signal
as we have done here. This analysis can also be extended
to include cross correlations of galaxy shapes with CMB
lensing, whose kernels likewise span a broad range of red-
shift. Since the constraining power of these setups will
likely be dependent on the redshift correlations assumed,
it will be critical to study the robustness of the resulting
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constraints varying the spline spacing. Conversely, such
an analysis will be an important stress test of current
cosmic shear constraints. We intend to return to this
topic in the near future.

DATA AVAILABILITY

Data from the plots in this paper are available on
at https://zenodo.org/records/12642934 as part of
DESI’s Data Management Plan. We intend to make
our likelihood code, measurement pipeline and fiducial
data vectors publicly available at https://github.com/
j-dr/DESIxDES upon publication.
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zeff (Full) zeff (DES) σ(z) (Full) σ(z) (DES) fstar (Full) fstar (DES)
BGS0 0.228 0.229 (0.33%) 0.0591 0.0597 (0.952%) 0.00495 0.00278 (-43.8%)
BGS1 0.362 0.363 (0.345%) 0.0603 0.0621 (2.88%) 0.0025 0.00216 (-13.8%)
LRG0 0.47 0.469 (-0.222%) 0.0632 0.0636 (0.677%) 0.00141 0.000634 (-55.1%)
LRG1 0.628 0.626 (-0.311%) 0.0734 0.0715 (-2.48%) 0.00156 0.000602 (-61.3%)
LRG2 0.791 0.794 (0.371%) 0.0781 0.0766 (-1.91%) 0.00194 0.00146 (-24.5%)
LRG3 0.924 0.932 (0.82%) 0.0956 0.0913 (-4.48%) 0.00376 0.00218 (-41.9%)

TABLE IV. Redshift distribution summary statistics and stellar contamination fractions for our lens samples measured over
the full DESI Y1 footprint, and over the overlap area between DESI Y1 and DES Y3 footprints.
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FIG. 22. Overdensity trends with relevant potential system-
atics for the two BGS photometric bins used in this work.
The solid lines use maps without weights, while the dashed
lines include weights to correct for the observed trends, as-
suming a linear trend between the systematic and observed
galaxy density.
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FIG. 23. Difference between BGS auto-power spectra with
and without applying linear systematic weights.

band used in the BGS sample selection, as well as stellar
density as measured using GAIA. The blue line shows
these trends for the first BGS bin, while the orange line
shows the same for the second. In general, we see that
these correlations are quite small in the regime where
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FIG. 24. Comparison of the redshift distributions measured
using the full Iron data set (solid) and only the overlap region
with the DES Y3 footprint (dashed) for our all of our lens
bins. The differences in the mean and standard deviation of
the redshift distributions for these two footprints as well as
differences in stellar contamination are listed in Table IV.

there are appreciable numbers of galaxies, as shown by
the blue histograms. We fit a linear function to these
trends, and use this to construct weights to remove them.
The correlations between weighted galaxy number den-
sities and these fields are shown by dashed lines. We
note that there is very little change when applying these
weights.
In order to investigate the impact of the systematic

weights that we have constructed, we examine the differ-

ence in C
δg,δg
ℓ measured with and without these system-

atic weights. Figure 23 shows this difference, compared

to the statistical error on C
δg,δg
ℓ given by our fiducial co-

variance matrix. We see that any shift that is derived
from applying weights for the BGS sample is well within
these errors, and as such we have chosen to not apply sys-
tematics weights for this sample, since it is well known
that such weights can potentially remove cosmological
power, and there is no evidence that they are correcting
for any detectable systematic trends in our data for this
sample.
An additional concern that one might have about our

analysis is that the redshift distributions that we use in
our analysis are computed over the overlap region be-
tween DES Y3 and DESI Y1, which comprises just of
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the 4143 sq. degrees used in our analysis. While the area
used to measure our redshift distributions is large enough
to have negligible statistical error, it is possible that the
average n(z) over the full footprint differs from the n(z)
measured over the overlap region due to varying survey
conditions. In order to set a reasonable upper bound on
this variation, we compare the n(z) estimated for each of
the samples used in this work measured over the overlap
region between DESI Y1 and DES Y3 to that measured
over the full DESI Y1 area. The BGS and LRG selections
in the NGC of the DESI footprint use photometry from
the Bok and Mayall telescopes, rather than DeCAM, and
as such the n(z)’s could potentially differ significantly be-
tween the NGC and the overlap region if the selections
were particularly sensitive to variations in photometry.

These two sets of n(z)s are shown in Figure 24, and dif-
ferences in these samples are further summarized in Table
IV. In general we see measure statistically significant, but
small shifts in the mean and widths of the redshift dis-
tributions of our lenses. The largest shifts are observed

in the last LRG bin, which is unsurprising given that it
is comprised of the faintest galaxies, whose selection will
be most influenced by changes in photometry. We propa-
gate these differences to cosmology as shown in Figure 14
for our fiducial lens bins, i.e., the BGS bins and first LRG
bin and find these differences to be entirely negligible in
terms of constraining power. As such, we conclude that
this systematic is negligible at the constraining power
of this analysis, although this and related concerns will
need to be revisited should we combine these measure-
ments with anisotropic power spectra of these samples
measured with DESI spectroscopy.

Appendix B: Fitting All Source and Lens Bin
Combinations

For the results that fit all source and lens bin com-
binations, we use a covariance that takes as input the
best fit of our fiducial model analyzing all of these bin
combinations. This best-fit model is shown in Figure 25.
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A. Grado, J. Harnois-Déraps, E. Helmich, R. Herbon-
net, N. Irisarri, T. Kitching, D. Klaes, F. La Barbera,
N. Napolitano, M. Radovich, P. Schneider, C. Sifón,
G. Sikkema, P. Simon, A. Tudorica, E. Valentijn,
G. Verdoes Kleijn, and L. van Waerbeke, Gravitational
lensing analysis of the Kilo-Degree Survey, MNRAS
454, 3500 (2015), arXiv:1507.00738 [astro-ph.CO].

[2] T. M. C. Abbott, F. B. Abdalla, A. Alarcon, J. Aleksić,
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Hincks, R. Hložek, S.-P. P. Ho, Z. B. Huber, J. Hub-
mayr, K. M. Huffenberger, J. P. Hughes, K. Irwin,
G. Isopi, H. T. Jense, B. Keller, J. Kim, K. Knowles,
B. J. Koopman, A. Kosowsky, D. Kramer, A. Ku-
siak, A. La Posta, A. Lague, V. Lakey, E. Lee, Z. Li,
M. Limon, M. Lokken, T. Louis, M. Lungu, A. MacIn-
nis, D. Maldonado, F. Maldonado, M. Mallaby-Kay,
G. A. Marques, J. McMahon, Y. Mehta, F. Menanteau,
K. Moodley, T. W. Morris, T. Mroczkowski, S. Naess,
T. Namikawa, F. Nati, L. Newburgh, A. Nicola, M. D.
Niemack, M. R. Nolta, J. Orlowski-Scherer, L. A.
Page, S. Pandey, B. Partridge, H. Prince, R. Puddu,
F. Radiconi, N. Robertson, F. Rojas, T. Sakuma,
M. Salatino, E. Schaan, B. L. Schmitt, N. Sehgal,
S. Shaikh, C. Sierra, J. Sievers, C. Sifón, S. Simon,
R. Sonka, D. N. Spergel, S. T. Staggs, E. Storer, E. R.
Switzer, N. Tampier, R. Thornton, H. Trac, J. Treu,
C. Tucker, J. Ullom, L. R. Vale, A. Van Engelen, J. Van
Lanen, J. van Marrewijk, C. Vargas, E. M. Vavagiakis,
K. Wagoner, Y. Wang, L. Wenzl, E. J. Wollack, Z. Xu,
F. Zago, and K. Zheng, The Atacama Cosmology Tele-
scope: DR6 Gravitational Lensing Map and Cosmologi-
cal Parameters, ApJ 962, 113 (2024), arXiv:2304.05203
[astro-ph.CO].

[12] G. S. Farren, A. Krolewski, N. MacCrann, S. Ferraro,
I. Abril-Cabezas, R. An, Z. Atkins, N. Battaglia, J. R.
Bond, E. Calabrese, S. K. Choi, O. Darwish, M. J.
Devlin, A. J. Duivenvoorden, J. Dunkley, J. C. Hill,
M. Hilton, K. M. Huffenberger, J. Kim, T. Louis, M. S.
Madhavacheril, G. A. Marques, J. McMahon, K. Mood-
ley, L. A. Page, B. Partridge, F. J. Qu, E. Schaan,
N. Sehgal, B. D. Sherwin, C. Sifón, S. T. Staggs,
A. Van Engelen, C. Vargas, L. Wenzl, M. White, and
E. J. Wollack, The Atacama Cosmology Telescope: Cos-
mology from Cross-correlations of unWISE Galaxies
and ACT DR6 CMB Lensing, ApJ 966, 157 (2024),
arXiv:2309.05659 [astro-ph.CO].

https://doi.org/10.1103/PhysRevD.106.083520
https://doi.org/10.1103/PhysRevD.106.083520
https://arxiv.org/abs/2111.02419
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://arxiv.org/abs/1807.06209
https://doi.org/10.1088/1475-7516/2022/02/007
https://arxiv.org/abs/2111.09898
https://doi.org/10.1088/1475-7516/2022/09/039
https://arxiv.org/abs/2206.07773
https://doi.org/10.3847/1538-4357/acff5f
https://arxiv.org/abs/2304.05203
https://arxiv.org/abs/2304.05203
https://doi.org/10.3847/1538-4357/ad31a5
https://arxiv.org/abs/2309.05659


40

[13] A. Leauthaud, S. Saito, S. Hilbert, A. Barreira, S. More,
M. White, S. Alam, P. Behroozi, K. Bundy, J. Coupon,
T. Erben, C. Heymans, H. Hildebrandt, R. Mandel-
baum, L. Miller, B. Moraes, M. E. S. Pereira, S. A.
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N. Metcalfe, A. Muñoz-Gutiérrez, J. Najita, K. Napier,
G. Narayan, J. A. Newman, J. Nie, B. Nord, D. J.
Norman, K. A. G. Olsen, A. Paat, N. Palanque-
Delabrouille, X. Peng, C. L. Poppett, M. R. Poremba,
A. Prakash, D. Rabinowitz, A. Raichoor, M. Rezaie,
A. N. Robertson, N. A. Roe, A. J. Ross, N. P. Ross,
G. Rudnick, S. Safonova, A. Saha, F. J. Sánchez,
E. Savary, H. Schweiker, A. Scott, H.-J. Seo, H. Shan,
D. R. Silva, Z. Slepian, C. Soto, D. Sprayberry,
R. Staten, C. M. Stillman, R. J. Stupak, D. L. Sum-
mers, S. Sien Tie, H. Tirado, M. Vargas-Magaña, A. K.
Vivas, R. H. Wechsler, D. Williams, J. Yang, Q. Yang,
T. Yapici, D. Zaritsky, A. Zenteno, K. Zhang, T. Zhang,

https://doi.org/10.48550/arXiv.2406.12675
https://arxiv.org/abs/2406.12675
https://doi.org/10.48550/arXiv.2209.03585
https://doi.org/10.48550/arXiv.2209.03585
https://arxiv.org/abs/2209.03585
https://arxiv.org/abs/2209.03585
https://doi.org/10.3847/1538-4357/ab042c
https://doi.org/10.3847/1538-4357/ab042c
https://arxiv.org/abs/0805.2366
https://arxiv.org/abs/1110.3193
https://doi.org/10.48550/arXiv.1901.02401
https://arxiv.org/abs/1901.02401
https://doi.org/10.1103/PhysRevD.105.123520
https://doi.org/10.1103/PhysRevD.105.123520
https://arxiv.org/abs/2105.13547


46

R. Zhou, and Z. Zhou, Overview of the DESI Legacy
Imaging Surveys, AJ 157, 168 (2019), arXiv:1804.08657
[astro-ph.IM].

[78] E. L. Wright, P. R. M. Eisenhardt, A. K. Mainzer, M. E.
Ressler, R. M. Cutri, T. Jarrett, J. D. Kirkpatrick,
D. Padgett, R. S. McMillan, M. Skrutskie, S. A. Stan-
ford, M. Cohen, R. G. Walker, J. C. Mather, D. Lei-
sawitz, I. Gautier, Thomas N., I. McLean, D. Ben-
ford, C. J. Lonsdale, A. Blain, B. Mendez, W. R. Irace,
V. Duval, F. Liu, D. Royer, I. Heinrichsen, J. Howard,
M. Shannon, M. Kendall, A. L. Walsh, M. Larsen, J. G.
Cardon, S. Schick, M. Schwalm, M. Abid, B. Fabin-
sky, L. Naes, and C.-W. Tsai, The Wide-field In-
frared Survey Explorer (WISE): Mission Description
and Initial On-orbit Performance, AJ 140, 1868 (2010),
arXiv:1008.0031 [astro-ph.IM].

[79] J. Moustakas, D. Lang, A. Dey, S. Juneau, A. Meisner,
A. D. Myers, E. F. Schlafly, D. J. Schlegel, F. Valdes,
B. A. Weaver, and R. Zhou, Siena Galaxy Atlas 2020,
ApJS 269, 3 (2023), arXiv:2307.04888 [astro-ph.GA].

[80] D. J. Schlegel, D. P. Finkbeiner, and M. Davis, Maps
of Dust Infrared Emission for Use in Estimation of
Reddening and Cosmic Microwave Background Radi-
ation Foregrounds, ApJ 500, 525 (1998), arXiv:astro-
ph/9710327 [astro-ph].
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