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Geometry and Growth
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•Baryon acoustic 
oscillations (BAO)


•Type Ia supernovae

•Distance ladder and 

local measurements 
of H0


•Strong lensing time 
delays


•Gravitational wave 
standard sirens


•CMB

•Weak gravitational 
lensing


•Galaxy clustering 
(amplitude)


•Redshift-space 
distortions


•Galaxy clusters

•CMB (anchor)

 
Note: List is not complete, and division is not always clean.



Concordance Cosmology?

Park & Rozo 2019
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FIG. 3. Low-z, Planck, and R19 constraints in the e2–h (�8⌦
0.71
m –h) parameter subspace. We emphasize that the parameter

combination �8⌦
0.71
m is very nearly prior independent in the Low-z data set, and is associated with the lensing strength of the

low redshift Universe. The Hubble parameter constraint from the Low-z data set is driven by the same early Universe physics
that lead to the Planck counterpart, but constitutes a fully independent calibration of the sound horizon scale. The excellent
agreement between Planck and Low-z on the Hubble parameter paints a consistent picture of the sound horizon, and suggests
that reconciling these values with R19 will require modification to early Universe physics. In contrast, the e2 tension between
Planck and Low-z data sets reflect a di↵erence between the lensing strength predicted from Planck based on the early Universe
and the low redshift measurements. Reconciling these two results will therefore require altering late-time Universe physics,
likely those associated with the current accelerated phase of expansion. Put together, the results shown here point towards two
very distinct failures of the standard flat ⇤CDM paradigm.

and R19 data sets. We recover a 4.0� tension between
Planck and R19, and a 3.7� tension between the Low-z
and R19 data sets.

V. DISCUSSION

Figure 3 summarizes the di↵erent tensions identified in
our analysis. The figure shows the posterior distribution
from each of the three data sets considered here in the
e2–h (�8⌦0.71

m –h) plane. We do not showcase the first
eigenvector e1 (⌦bh

2.55) because the Low-z and Planck
results are in good agreement along this direction.

Along the h direction, both Planck and Low-z are in

tension with R19. These two measurements share a com-
mon theoretical model for the sound horizon scale rs, but
are otherwise fully independent. That is, the Low-z mea-
surement constitutes a new, completely independent cal-
ibration of the sound horizon scale. The excellent agree-
ment between the Planck and Low-z measurements of h
suggests that the evolution of the angular diameter dis-
tance in the flat ⇤CDM model is correct, though a con-
spiracy of cancelling errors at two epochs is still a possi-
bility. In absence of such a conspiracy, reconciling these
two experiments with R19 will require a modification of
the early Universe physics capable of impacting the sound
horizon scale. Recently, Aylor et al. [20] reached a similar
conclusions from an in-depth analysis of the acoustic fea-
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A Tale of Two Tensions
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FIG. 3. Low-z, Planck, and R19 constraints in the e2–h (�8⌦
0.71
m –h) parameter subspace. We emphasize that the parameter

combination �8⌦
0.71
m is very nearly prior independent in the Low-z data set, and is associated with the lensing strength of the

low redshift Universe. The Hubble parameter constraint from the Low-z data set is driven by the same early Universe physics
that lead to the Planck counterpart, but constitutes a fully independent calibration of the sound horizon scale. The excellent
agreement between Planck and Low-z on the Hubble parameter paints a consistent picture of the sound horizon, and suggests
that reconciling these values with R19 will require modification to early Universe physics. In contrast, the e2 tension between
Planck and Low-z data sets reflect a di↵erence between the lensing strength predicted from Planck based on the early Universe
and the low redshift measurements. Reconciling these two results will therefore require altering late-time Universe physics,
likely those associated with the current accelerated phase of expansion. Put together, the results shown here point towards two
very distinct failures of the standard flat ⇤CDM paradigm.

and R19 data sets. We recover a 4.0� tension between
Planck and R19, and a 3.7� tension between the Low-z
and R19 data sets.

V. DISCUSSION

Figure 3 summarizes the di↵erent tensions identified in
our analysis. The figure shows the posterior distribution
from each of the three data sets considered here in the
e2–h (�8⌦0.71

m –h) plane. We do not showcase the first
eigenvector e1 (⌦bh

2.55) because the Low-z and Planck
results are in good agreement along this direction.

Along the h direction, both Planck and Low-z are in

tension with R19. These two measurements share a com-
mon theoretical model for the sound horizon scale rs, but
are otherwise fully independent. That is, the Low-z mea-
surement constitutes a new, completely independent cal-
ibration of the sound horizon scale. The excellent agree-
ment between the Planck and Low-z measurements of h
suggests that the evolution of the angular diameter dis-
tance in the flat ⇤CDM model is correct, though a con-
spiracy of cancelling errors at two epochs is still a possi-
bility. In absence of such a conspiracy, reconciling these
two experiments with R19 will require a modification of
the early Universe physics capable of impacting the sound
horizon scale. Recently, Aylor et al. [20] reached a similar
conclusions from an in-depth analysis of the acoustic fea-
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FIG. 10. Marginalized 1D posteriors for ⌦m, when fixing
the background model to ⇤CDM (Section VI). We show the
probability distributions for DESI DR1 and DR2, as well as
the measurements from CMB, and the three SNe datasets
used throughout this paper.

Figure 9 shows the DESI+BBN result for ⌦m and
H0 relative to the SH0ES result [128]. The contours
also show how the constituent tracers of the DR2 sam-
ple at di↵erent redshifts contribute to the final con-
straint, with the degeneracy directions of the contours
changing as the best measured combination of transverse
and line-of-sight BAO changes with redshift. In ⇤CDM
the tension between the DESI+BBN and SH0ES H0 re-
sults now stands at 4.5� independent of the CMB. Note
that the DESI+BBN result does assume standard pre-
recombination physics to determine rd through eq. (2).

We have highlighted the tension between DESI and
CMB in ⇤CDM in order to provide context to the results
for extended models in the following sections. However,
given that this tension is not close to 3�, it is still valid to
combine the two datasets within the ⇤CDM model and
obtain joint constraints. In this case we find

⌦m = 0.3027 ± 0.0036,

H0 = (68.17 ± 0.28) km s�1 Mpc�1
,

)

DESI+CMB,

(21)
with a correlation coe�cient of r = �0.975.

We also allow for spatial curvature to vary in our cos-
mological fits and we do not find a significance preference
for a non-flat ⇤CDM model. Table V summarizes the
cosmological parameter results from DESI alone as well
as in combination with external datasets, in both ⇤CDM
and extended models.

Finally, as in [38], we note a mild to moderate discrep-
ancy between the recovered values of ⌦m from DESI and
SNe in the context of the ⇤CDM model. This is shown
in the marginalized posteriors in Figure 10: the discrep-
ancy is 1.7� for Pantheon+, 2.1� for Union3, and 2.9�

for DESY5, with all SNe samples preferring higher values
of ⌦m though with larger uncertainties. For ⇤CDM we
do not report joint constraints on parameters from any
combination of DESI and SNe data. However, as with
the CMB, these apparent parameter di↵erences poten-
tially indicate that DESI and at least some of the SNe
datasets cannot be consistently fit except with models
that have greater freedom in the background evolution,
as described in the next section (see also [129]).

VII. DARK ENERGY

Probing the behavior and nature of dark energy is the
primary goal of DESI. The question of perhaps greatest
interest, and the one that BAO measurements can best il-
luminate, is the value of the equation-of-state parameter
w = P/(⇢c

2), and its possible evolution with time. To ex-
amine this we will primarily use the so-called Chevallier-
Polarski-Linder (CPL) parametrization [35, 36] of eq. (9).
While this form of w(a) does not arise directly from an
underlying physical model, it is a flexible parametrization
that is capable of matching the predictions for observ-
able quantities obtained in a wide range of models that
are physically motivated [130]. The accompanying paper
[47] explores various other parametrizations of w(z), as
well as non-parametric reconstruction methods.

For certain ranges of parameters w0 and wa, the
parametrization of eq. (9) allows so-called ‘phantom’ be-
havior of dark energy, in which the equation of state
crosses to the regime w(z) < �1 [131] where the null
energy condition (NEC)—which requires that the en-
ergy density of dark energy not increase with the expan-
sion of the Universe—is violated. For single scalar-field
models of dark energy, this phantom crossing presents
severe theoretical di�culties [e.g., 132, 133]. However,
more complex models of dark energy, with multiple fields,
other dark energy internal degrees of freedom, or non-
minimal coupling, can evade these di�culties, as can
some modified gravity models, see, e.g., [134–138]. We
therefore adopt wide uniform priors on the parameters,
w0 2 U [�3, 1] and wa 2 U [�3, 2], together with imposing
the condition w0+wa < 0 to enforce early matter domina-
tion. While other justifiable choices are possible, and the
values of Bayesian quantities such as the model evidence
will always depend on the particular choice used, we con-
sider this the minimal empirical approach. Whenever
the equation of state crosses the w = �1 boundary we
use the parametrized post-Friedmann (PPF) approach
of [139, 140] to include dark energy perturbations when
calculating CMB power spectra—however, as shown be-
low, the method of accounting for dark energy perturba-
tions does not play a major role, since simply applying
an early-Universe CMB prior on (✓⇤, !b, !c) largely re-
produces the same results on w0 and wa.

Our primary measure of the statistical significance of
preference for evolving dark energy from a given data
combination is based on ��

2

MAP
between the best-fit

DESI DR2 2025
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FIG. 3. Low-z, Planck, and R19 constraints in the e2–h (�8⌦
0.71
m –h) parameter subspace. We emphasize that the parameter

combination �8⌦
0.71
m is very nearly prior independent in the Low-z data set, and is associated with the lensing strength of the

low redshift Universe. The Hubble parameter constraint from the Low-z data set is driven by the same early Universe physics
that lead to the Planck counterpart, but constitutes a fully independent calibration of the sound horizon scale. The excellent
agreement between Planck and Low-z on the Hubble parameter paints a consistent picture of the sound horizon, and suggests
that reconciling these values with R19 will require modification to early Universe physics. In contrast, the e2 tension between
Planck and Low-z data sets reflect a di↵erence between the lensing strength predicted from Planck based on the early Universe
and the low redshift measurements. Reconciling these two results will therefore require altering late-time Universe physics,
likely those associated with the current accelerated phase of expansion. Put together, the results shown here point towards two
very distinct failures of the standard flat ⇤CDM paradigm.

and R19 data sets. We recover a 4.0� tension between
Planck and R19, and a 3.7� tension between the Low-z
and R19 data sets.

V. DISCUSSION

Figure 3 summarizes the di↵erent tensions identified in
our analysis. The figure shows the posterior distribution
from each of the three data sets considered here in the
e2–h (�8⌦0.71

m –h) plane. We do not showcase the first
eigenvector e1 (⌦bh

2.55) because the Low-z and Planck
results are in good agreement along this direction.

Along the h direction, both Planck and Low-z are in

tension with R19. These two measurements share a com-
mon theoretical model for the sound horizon scale rs, but
are otherwise fully independent. That is, the Low-z mea-
surement constitutes a new, completely independent cal-
ibration of the sound horizon scale. The excellent agree-
ment between the Planck and Low-z measurements of h
suggests that the evolution of the angular diameter dis-
tance in the flat ⇤CDM model is correct, though a con-
spiracy of cancelling errors at two epochs is still a possi-
bility. In absence of such a conspiracy, reconciling these
two experiments with R19 will require a modification of
the early Universe physics capable of impacting the sound
horizon scale. Recently, Aylor et al. [20] reached a similar
conclusions from an in-depth analysis of the acoustic fea-
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Evolving Dark Energy?
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DESI DR2 (2025) 
Note: DESY5 —> DESY5-Dovekie (Popovic, DES+ 2025); 3.2  vs 4.2σ σ
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

w(a) = w0 + wa(1 − a)
Chevallier, Polarski, Linder:
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• Combining weak lensing and galaxy clustering is a 
powerful probe of cosmic structure and dark energy.


• DES has been a successful, decades-long effort to 
probe dark energy and much more.


• Results from completed DES (Year 6): 2.8  tension 
with CMB in 𝚲CDM, 2.2  (3.0 ) preference for 
evolving dark energy from DES alone (all combined).


• Rubin Observatory LSST, the Roman Space 
Telescope, and Euclid will provide unprecedented 
cosmological data sets.

σ
σ σ
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“Spectroscopic” surveys
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BAO feature



“Photometric” (imaging) surveys

lensing shear/convergence

Dark Energy Survey (DES)
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Fig: Rubin/LSST

Fig: DES



Lensing and large-scale structureMaps and masks
• Maps built on resolution Nside = 4096, then 

masked and downgraded to 2048, the analysis 
resolution 

• Joint mask for areas of insufficient depth, as in 
Jack’s analysis 

• K map is smoothed with Gaussian of FWHM = 
5.4’: required to cut off K noise from small scales 

• ‘Fake catalogues’ also built for clustering 
measurements with treecorr (as this requires 
catalogues instead of maps) 

• Catalog item created at centre of each map 
pixel 

• Weight of each object equal to pixel value 

• Same for masks, from which fake random 
catalogues are created
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Figure 6. Pixel signal-to-noise (S/N) kE/s(kE ) maps (top) and kB/s(kB) maps (bottom) constructed from the METACALIBRATION catalog for galaxies in
the redshift range of 0.2 < z < 1.3, smoothed by a Gaussian filter of sG = 30 arcminutes. s(kE ) and s(kB) are estimated by Eq. (16).

the lower noise coming from the higher number density of source
galaxies. Structures that show up in a given map are likely to also
show up in the neighbouring redshift bins, since the mass that is
contributing to the lensing in one map is likely to also lens galaxies
in neighbouring redshift bins. This is apparent in e.g. the structures
at (RA, Dec)=(35�, -48�) and (58�, -55�). Next, we compare the
E-mode maps with their B-mode counterpart in Fig. 6 and Fig. 7.
In general, the B-mode maps have lower overall amplitudes. The
mean absolute S/N of the E-mode map is ⇠1.5 times larger than
the B-mode map at this smoothing scale. For a smoothing scale of
sG =80 arcminutes, this ratio increases to ⇠ 2. There are no sig-
nificant correlations between the E- and the B-mode maps in Fig. 6
and Fig. 7: we find that the Pearson correlation coefficients10 are all
consistent with zero, as expected for maps where systematic effects
are not dominant. Comparing the four tomographic B-mode maps

10 The Pearson correlation coefficient two maps X and Y is defined as
h(X � X̄)(Y � Ȳ )i/(sX sY ), where X̄ and Ȳ are the mean pixel values for
the two maps, the hi averages over all pixels in the map, and s indicates the
standard deviation of the pixel values in each map.

in Fig. 7, there is no obvious correlation between the structures in
one map with maps of neighboring redshift bins. We find that the
Pearson correlation coefficient between the second and third (third
and fourth) redshift bins for the B-mode maps is 8 (5.5) times lower
than that for the E-mode maps. The E and B-mode maps for the
lowest redshift bin 0.2 < z < 0.43 have similar levels of S/N, which
is expected since the lensing signal at low redshift is weak and the
noise level is high.

We now examine the second and third moments of the kE
maps similar to the tests in Sec. 5.2. For direct comparison with
simulations, the measurements are done using the map with the full
redshift range 0.2 < z < 1.3 and in the region of 0� <RA< 100�.
Our results are shown in the right panels of Fig. 4, where the mean
and standard deviation of the 12 noisy simulation results are also
overlaid.

We note that we do not expect perfect agreement between the
simulation and data for several reasons: first, the detailed shape
noise incorporated in the simulations is only an approximation to
the METACALIBRATION shape noise. In particular, there is no cor-
relation of the shape noise with other galaxy properties in our sim-

MNRAS 000, 000–000 (0000)

lensing shear/convergencegalaxy density

(Weak) Gravitational Lensing 

Dark Energy Survey

DES Year 1: Elvin-Poole+ 2018; Chang+ 2018 13



Maps and masks
• Maps built on resolution Nside = 4096, then 

masked and downgraded to 2048, the analysis 
resolution 

• Joint mask for areas of insufficient depth, as in 
Jack’s analysis 

• K map is smoothed with Gaussian of FWHM = 
5.4’: required to cut off K noise from small scales 

• ‘Fake catalogues’ also built for clustering 
measurements with treecorr (as this requires 
catalogues instead of maps) 

• Catalog item created at centre of each map 
pixel 

• Weight of each object equal to pixel value 

• Same for masks, from which fake random 
catalogues are created
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Figure 6. Pixel signal-to-noise (S/N) kE/s(kE ) maps (top) and kB/s(kB) maps (bottom) constructed from the METACALIBRATION catalog for galaxies in
the redshift range of 0.2 < z < 1.3, smoothed by a Gaussian filter of sG = 30 arcminutes. s(kE ) and s(kB) are estimated by Eq. (16).

the lower noise coming from the higher number density of source
galaxies. Structures that show up in a given map are likely to also
show up in the neighbouring redshift bins, since the mass that is
contributing to the lensing in one map is likely to also lens galaxies
in neighbouring redshift bins. This is apparent in e.g. the structures
at (RA, Dec)=(35�, -48�) and (58�, -55�). Next, we compare the
E-mode maps with their B-mode counterpart in Fig. 6 and Fig. 7.
In general, the B-mode maps have lower overall amplitudes. The
mean absolute S/N of the E-mode map is ⇠1.5 times larger than
the B-mode map at this smoothing scale. For a smoothing scale of
sG =80 arcminutes, this ratio increases to ⇠ 2. There are no sig-
nificant correlations between the E- and the B-mode maps in Fig. 6
and Fig. 7: we find that the Pearson correlation coefficients10 are all
consistent with zero, as expected for maps where systematic effects
are not dominant. Comparing the four tomographic B-mode maps

10 The Pearson correlation coefficient two maps X and Y is defined as
h(X � X̄)(Y � Ȳ )i/(sX sY ), where X̄ and Ȳ are the mean pixel values for
the two maps, the hi averages over all pixels in the map, and s indicates the
standard deviation of the pixel values in each map.

in Fig. 7, there is no obvious correlation between the structures in
one map with maps of neighboring redshift bins. We find that the
Pearson correlation coefficient between the second and third (third
and fourth) redshift bins for the B-mode maps is 8 (5.5) times lower
than that for the E-mode maps. The E and B-mode maps for the
lowest redshift bin 0.2 < z < 0.43 have similar levels of S/N, which
is expected since the lensing signal at low redshift is weak and the
noise level is high.

We now examine the second and third moments of the kE
maps similar to the tests in Sec. 5.2. For direct comparison with
simulations, the measurements are done using the map with the full
redshift range 0.2 < z < 1.3 and in the region of 0� <RA< 100�.
Our results are shown in the right panels of Fig. 4, where the mean
and standard deviation of the 12 noisy simulation results are also
overlaid.

We note that we do not expect perfect agreement between the
simulation and data for several reasons: first, the detailed shape
noise incorporated in the simulations is only an approximation to
the METACALIBRATION shape noise. In particular, there is no cor-
relation of the shape noise with other galaxy properties in our sim-
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FIG. 2. Top panels: scaled angular correlation function, ✓w(✓), of redMaGiC galaxies in the five redshift bins in the top panel of Figure 1, from
lowest (left) to highest redshift (right) [94]. The solid lines are predictions from the ⇤CDM model that provides the best fit to the combined
three two-point functions presented in this paper. Bottom panels: scaled galaxy–galaxy lensing signal, ✓�t (galaxy-shear correlation), measured
in DES Y1 in four source redshift bins induced by lens galaxies in five redMaGiC bins [93]. Columns represent different lens redshift bins
while rows represent different source redshift bins, so e.g., bin labeled 12 is the signal from the galaxies in the second source bin lensed by
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have been excluded from our cosmological analysis (see §IV).
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those in the first lens bin. The solid curves are again our best-fit ⇤CDM prediction. In all panels, shaded areas display the angular scales that
have been excluded from our cosmological analysis (see §IV).
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Fig. 4.— The reconstructed lensing map on a zenithal equal-area projection. The map has been smoothed with a Gaussian kernel with
FWHM = 2 degrees.

sources in total using the mask employed in the Planck

lensing analysis, and 2 ⇥ 107 in sources in the nominal
SPT region. We make no attempt in estimating the red-
shift distribution of the galaxies, and hence cannot make
a theoretical prediction of the cross-correlation ampli-
tude. Instead, the lensing maps reconstructed using var-
ious `min,max, (`, m) cuts, masking, and calibrations are
cross-correlated with the galaxies to probe the sensitivity
of the reconstructed lensing map to these variations.
Starting with the WISE galaxy catalogue, we first

project all the galaxies onto a HEALPix map of Nside =
2048, apply a simple binary mask (value=1 if there is
at least one galaxy in the pixel, otherwise 0), and com-
pute the mean number of galaxies hni. Using this, the
overdensity map is calculated:

� =
n � hni

hni , (24)

and the cross-spectrum is obtained by correlating this
map with the lensing map using PolSpice

44(Szapudi
et al. 2001; Chon et al. 2004).
We derive the uncertainties by cross-correlating the

WISE galaxy density map with all the 198 simulated
�̂ maps and computing the variance for each bin. This
method neglects the common sample variance between
� and the galaxies G. To assess the importance of this
term, we compare this with errors obtained using the
“block jackknife” method (where the variance is com-
puted by masking various “blocks” of the sky area used
in the analysis) with 128 equal area patches. We acquire
similar results from this method and conclude that the
original estimate is adequate.
Cross-spectra between WISE galaxy density and var-

ious CMB-derived �̂ are shown in Figure 6. The CMB
lensing maps used are: SPT+Planck, SPT-only, Planck -
only over 2500 deg2, and Planck -only over 67% of the

44 http://www2.iap.fr/users/hivon/software/PolSpice

sky. We additionally sketch a power-law of the form
pL = a(L/L0)�b, with parameters a = 2.15 ⇥ 10�8,
b = 1.35, L0 = 490, which are obtained by performing
a least-squares fit to the cross-spectrum between full-
sky Planck and WISE in the range 50 < L < 1864.
We then fit this power-law with an amplitude parame-
ter ⌘

�G = C
�G
L /pL to other cross-spectra. We obtain

best-fit amplitudes of ⌘
�G = 0.94+0.04

�0.04 for SPT+Planck,

⌘
�G = 0.93+0.04

�0.04 for SPT-only, ⌘
�G = 1.00+0.02

�0.01 for

Planck-only over ⇠ 67% of the sky, and ⌘
�G = 1.02+0.08

�0.08

for Planck-only over 2500 deg2. Similar to the Ĉ
��
L auto-

spectrum, instead of focusing the discussion on the phys-
ical interpretations of the amplitude, which is dependent
on factors such a photometric redshift uncertainties, type
of galaxies considered, and the cosmological model used,
we focus on the sensitivity of the cross-spectrum to small
variations in the reconstruction pipeline.

6.3. Cross-Correlation with CIB

We also calculate the cross-correlation between the
SPT+Planck lensing map and the 545 GHz channel from
Planck45, which traces fluctuations in the CIB. The re-
sult is shown in Figure 8, and the same measurement
made by Planck (Planck Collaboration et al. 2014) is also
presented as a reference. We observe a strong correlation
between �̂ and the 545 GHz map that is consistent with
a theoretical model constructed using a modified black
body and employing a single spectral energy distribution
model as demonstrated in (Planck Collaboration et al.
2015c).
The SPT 150 GHz map and the Planck 143 GHz map

contain some emission from the CIB, and leakage of this
signal into the lensing map will bias the cross-correlation
with the 545 GHz map. To estimate the level of this bias,
we calculate the �̂(T545, T545)⇥T545 bispectrum and scale

45 HFI_SkyMap_545_2048_R2.02_full.fitsself-calibration and improved statistics
e.g. DES Y3 2023; Krolewski+ 2021 (unWISE + Planck); Farren+ 2025 (unWISE + ACT)

SPT+Planck; Omori+ 2017
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Figure 6. Pixel signal-to-noise (S/N) kE/s(kE ) maps (top) and kB/s(kB) maps (bottom) constructed from the METACALIBRATION catalog for galaxies in
the redshift range of 0.2 < z < 1.3, smoothed by a Gaussian filter of sG = 30 arcminutes. s(kE ) and s(kB) are estimated by Eq. (16).

the lower noise coming from the higher number density of source
galaxies. Structures that show up in a given map are likely to also
show up in the neighbouring redshift bins, since the mass that is
contributing to the lensing in one map is likely to also lens galaxies
in neighbouring redshift bins. This is apparent in e.g. the structures
at (RA, Dec)=(35�, -48�) and (58�, -55�). Next, we compare the
E-mode maps with their B-mode counterpart in Fig. 6 and Fig. 7.
In general, the B-mode maps have lower overall amplitudes. The
mean absolute S/N of the E-mode map is ⇠1.5 times larger than
the B-mode map at this smoothing scale. For a smoothing scale of
sG =80 arcminutes, this ratio increases to ⇠ 2. There are no sig-
nificant correlations between the E- and the B-mode maps in Fig. 6
and Fig. 7: we find that the Pearson correlation coefficients10 are all
consistent with zero, as expected for maps where systematic effects
are not dominant. Comparing the four tomographic B-mode maps

10 The Pearson correlation coefficient two maps X and Y is defined as
h(X � X̄)(Y � Ȳ )i/(sX sY ), where X̄ and Ȳ are the mean pixel values for
the two maps, the hi averages over all pixels in the map, and s indicates the
standard deviation of the pixel values in each map.

in Fig. 7, there is no obvious correlation between the structures in
one map with maps of neighboring redshift bins. We find that the
Pearson correlation coefficient between the second and third (third
and fourth) redshift bins for the B-mode maps is 8 (5.5) times lower
than that for the E-mode maps. The E and B-mode maps for the
lowest redshift bin 0.2 < z < 0.43 have similar levels of S/N, which
is expected since the lensing signal at low redshift is weak and the
noise level is high.

We now examine the second and third moments of the kE
maps similar to the tests in Sec. 5.2. For direct comparison with
simulations, the measurements are done using the map with the full
redshift range 0.2 < z < 1.3 and in the region of 0� <RA< 100�.
Our results are shown in the right panels of Fig. 4, where the mean
and standard deviation of the 12 noisy simulation results are also
overlaid.

We note that we do not expect perfect agreement between the
simulation and data for several reasons: first, the detailed shape
noise incorporated in the simulations is only an approximation to
the METACALIBRATION shape noise. In particular, there is no cor-
relation of the shape noise with other galaxy properties in our sim-
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Maps and masks
• Maps built on resolution Nside = 4096, then 

masked and downgraded to 2048, the analysis 
resolution 

• Joint mask for areas of insufficient depth, as in 
Jack’s analysis 

• K map is smoothed with Gaussian of FWHM = 
5.4’: required to cut off K noise from small scales 

• ‘Fake catalogues’ also built for clustering 
measurements with treecorr (as this requires 
catalogues instead of maps) 

• Catalog item created at centre of each map 
pixel 

• Weight of each object equal to pixel value 

• Same for masks, from which fake random 
catalogues are created
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• ~1998: discovery of “dark energy” (Riess+, Perlmutter+).

• ~2000: first detection of cosmic shear (Van Waerbeke+, Bacon+, 

Witmann+, Kaiser+).

• 2003-2004: NOAO call for new instruments on the Blanco telescope; 

“Dark Energy Survey" submits response.

• 2005: Dark Energy Task Force solidifies consensus on approaches for 

studying dark energy and the classification into “Stages.” DOE 
establishes need for ground-based DE experiment.


• May 2008: DES Collaboration formally created.

• 2012: First light for DECam, start of Science Verification (SV) survey.

• 2013-2019: DES Survey, providing SV, Y1, Y3, Y5/6 data sets.

• ~2026: Final collaboration cosmology analyses.

Dark Energy Survey: A brief timeline
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Dark Energy Survey
• DECam (520 Mpix) on 4m Blanco 

Telescope, Cerro Tololo, Chile

• 1/8 of sky (5000 deg2) 

• 6 year mission, 525 nights, 

completed 2019. Y3 and Y6 are full 
area. Final (Y6) analyses out 
starting Jan 2026


• grizY filters (photometric redshifts)

• 300-450 million galaxies (0 < z < 2) 

Y3: 100 million with WL shapes 
Y6: 140 million with WL shapes


• Y5 SNe: 1635 Type Ia
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Vikram, Chang, Jain et al. (2015)
Chang, Vikram, Jain et al. (2015)Weak lensing mass

150 deg2

3.4 M galaxies

SV (2015)

DES Collaboration
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Chang et al. (2018)

Y1 (2018)

Weak lensing mass DES Collaboration

1,300 deg2

35 M galaxies
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Jeffrey, Gatti, Chang et al. (2021)

Y3 (2021)

Weak lensing mass DES Collaboration

4,200 deg2

100 M galaxies
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Y6 (2026)

DES CollaborationWeak lensing mass

4,400 deg2

140 M galaxies
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bold: early career scientists
blue: mid-career scientists (at 
least partially) trained in DES 3
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DES Y6 samples7
of the weak lensing shear �. We select galaxies into these bins
by using a SOM to compress their griz fluxes into a two-
dimensional grid of cells. This grid is further partitioned into
four sets of cells according to the mean redshift estimated for
each cell (see Section II E) to form roughly equipopulated bins
(see Table II).

E. Photometric redshift distributions

Estimates of the redshift distribution n
i(z) for each tomo-

graphic bin i are required to model the 3⇥2pt signal (see
Section IV A). The n(z) estimations for source bins are de-
scribed in [Y6SHEARPZ], and for lens bins in [Y6POSPZ].
Each uses a hybrid framework combining photometry infor-
mation (SOMPZ) and clustering information (WZ) [Y6WZ].

The SOMPZ process begins with photometry from the DES
deep fields [57], a sample of 1.68 million galaxies spanning
5.88 deg2 over four different fields (Figure 1). This deep data
combines (i) 10⇥ the depth of the wide-field coadded images
with (ii) extended wavelength coverage from DES u-band and
near-infrared JHK imaging provided by overlapping VIDEO
[70] or UltraVISTA [71] observations and (iii) highly accurate
redshift information, primarily from spectroscopic and multi-
band photometric data in the COSMOS field. Using the 8-
band fluxes of deep-field galaxies that are bright enough to
be detected in the wide-field survey, we construct a 2D SOM.
The redshift distribution of each cell is constrained by its as-
sociated deep-field galaxies with high-quality spectroscopy
[72–79] or many-band photo-z from COSMOS [80] or PAUS
[81, 82].

A distinct two-dimensional SOM is constructed for the
wide-field galaxies, using 4 bands (griz) instead of 8. We
want the “transfer function” giving the probability that mem-
bers of a given deep-SOM cell will be assigned to each wide-
SOM cell when observed in the DES wide-field survey. This
is measured using the synthetic-source catalog created by the
BALROG process [Y6BALROG]: each galaxy in the BALROG
catalog is a model of a true deep field galaxy that has been
added into the wide-field griz images and measured with the
wide-field pipeline. The BALROG transfer function then al-
lows mapping the redshift distributions of the deep-field SOM
cells into an n(z) estimate for the collection of wide-field
SOM cells that comprise a given source or lens galaxy bin.

The SOMPZ derivation of the n(z)s is realized many times
by sampling over uncertainties in COSMOS and PAUS pho-
tometric redshift assignments, over the uncertainties in the
relative photometric calibrations of the deep fields, and over
sample variance in the limited area of both the deep and red-
shift samples. For the source galaxies, the dominant un-
certainty contribution comes from imperfections in the red-
shift sample, primarily due to the lack of representative spec-
tra of faint galaxies. For the lens galaxies there is no sin-
gle source of uncertainty clearly dominating across all tomo-
graphic bins. As described in [Y6WZ], the SOMPZ real-
izations are importance-sampled by the likelihood that each
n(z) realization would reproduce the observed correlations
w(✓, z) against spectroscopic galaxies in several intervals of

0

2

n
(z

)

MetaDetect sources

0

2

q �
(z

)

Lensing kernel

0.0 0.5 1.0 1.5 2.0
Redshift

0

5

n
(z

)

MagLim lenses

FIG. 2. Estimated redshift distributions of the Y6 source (top) and
lens (bottom) samples. Different colors represent different tomo-
graphic bins. The middle panel shows the lensing efficiency (Equa-
tion 11) for each source bin. In each case, the solid lines and band
represent the mean and standard distribution of 100 n(z) reconstruc-
tions, drawn from the posterior of our fiducial 3 ⇥ 2pt linear bias
analysis. Note that lens bin 2 is unshaded because it is excluded
from our fiducial analysis (see Appendix A for details).

z [Y6WZ]. The correlations used in the clustering redshift
method, WZ, are limited to angular scales that are smaller
than those used in the fiducial 3 ⇥ 2pt cosmological analy-
sis. The entire process yields samples of n(z) that are drawn
from the joint SOMPZ+WZ likelihood.

Multiplicative shear calibration m is coupled with redshift
calibration through blending, and both are incorporated at
the level of the source redshift distributions. This is repre-
sented by an effective sheared redshift distribution, n

i
� :=

R
i(z) n

i(z), where the redshift dependence of the response
matrix is evaluated using image simulations [Y6IMSIM].
Since n

i
�(z) are not, in general, normalized, we introduce

multiplicative shear bias coefficients m
i =

R
n

i
�(z) dz � 1,

such that

n
i
� = (1 + m

i) n
i
�, norm(z). (2)

The new normalized effective sheared distributions can dif-
fer significantly from the original n(z) distributions with
mean-z shift for each bin: �0.013, �0.021, �0.002, �0.034
[Y6IMSIM]. In the rest of this work, we use the normalized
effective sheared source redshift distributions, but we omit the
� notation.

To efficiently marginalize over redshift uncertainties in the
cosmological inference, we apply a mode projection approach
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DES Y6 correlation functions
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FIG. 3. Angular galaxy clustering auto-correlation function as a function of angular separation ✓ for different lens redshift bins. Upper panels
show measurements (black points) with best-fit models: ⇤CDM linear galaxy bias (black solid), ⇤CDM nonlinear bias (green dashed), and
wCDM linear bias (pink dotted). Lower panels show residuals in units of the expected standard deviation. Gray shaded regions indicate
excluded scales: lighter gray for linear bias cuts, darker gray for nonlinear bias cuts. Lens bin 2 is entirely shaded because it is excluded from
the fiducial analysis (see Appendix A). Triangle markers indicate the residuals are larger than 3�.

A. Model

The 3⇥2pt data vector used in this work concatenates
the real-space galaxy clustering w(✓), galaxy-galaxy lensing
�t(✓) and cosmic shear ⇠±(✓). All of these statistics are
Fourier transforms of their respective angular (cross-) power
spectra CAB(`) which under the full-sky prescription take the
form:

w
ij(✓) =

X

`

2` + 1

4⇡
P`(cos ✓) C

ij
�g,o�g,o

(`), (5)

�
ij
t (✓) = (1 + m

j)
X

`

2` + 1

4⇡

P
2
` (cos ✓)

`(` + 1)
C

ij
�g,oE(`), (6)

⇠
ij
± (✓) = (1 + m

i)(1 + m
j)⇥ (7)

X

`

2` + 1

4⇡

2(G+
`,2(x) ± G

�
`,2(x))

`2(` + 1)2
[Cij

EE(`) ± C
ij
BB(`)].

Here, P` and P
2
` are the Legendre and associated Legendre

polynomials of degree `, G
±
`,2 are given by Equation (4.19) in

[86], i and j indicate the tomographic redshift bins, �g,o refers
to the observed galaxy density contrast, E/B refer to the weak
lensing E/B-mode signals, and the set of m

i corresponds to
the multiplicative shear bias parameters [Y6IMSIM], which
account for biases in the shear calibration. The model is in-
tegrated over each specific angular bin range to ensure proper
comparison with measurements.

The observed angular power spectra between the observed

galaxy density contrast and the shear field are

C
ii
�g,o�g,o(`) = C

ii
�g�g(`) + C

ii
�µ�µ(`) + C

ii
�RSD�RSD

(`)

+ 2 C
ii
�g�µ(`) + 2 C

ii
�g�RSD

(`) + 2 C
ii
�RSD�µ(`),

C
ij
�g,oE(`) = C

ij
�g + C

ij
�gIE

+ C
ij
�µ + C

ij
�µIE

,

C
ij
EE(`) = C

ij
(`) + C

ij
IE

(`) + C
ji
IE

(`) + C
ij
IEIE

(`),

C
ij
BB(`) = C

ij
IBIB

(`),
(8)

where the observed galaxy density receives contributions from
lens magnification (�µ), affecting the observed number of
galaxies and modeled as described in [Y6MAG], and from
redshift-space distortions (�RSD) arising from the peculiar ve-
locities of galaxies. The shear field receives contributions
from the convergence field , including shear calibration ef-
fects, as well as from the intrinsic-alignment (IA) E/B modes
(IE/B), discussed in detail in [Y6-1X2PT], which mimic the
cosmic shear signal and are produced due to the alignment of
galaxies with their local environment.

For C
ij
�g(`) and C

ij
(`), we compute the angular power

spectra with the Limber approximation, which for a flat Uni-
verse takes the form:

C
ij
AB(`) =

Z
d�

q
i
A(�) q

j
B(�)

�2
Pm

✓
k =

` + 1/2

�
, z(�)

◆
,

(9)
where A and B represent the fields being correlated, which
in our case correspond to the galaxy overdensity field �g and
the convergence field . The function Pm(k, z) represents the
three-dimensional matter power spectrum, which we evaluate
at a given redshift z and wavenumber k. The linear matter
power spectrum is computed with CAMB [87, 88], while the
nonlinear power spectrum is based on HMCODE2020 [89].
Due to the narrow width of the lens tomography bins, the Lim-
ber approximation is not sufficient for evaluating the angular
galaxy clustering signal. Instead we carry out the non-Limber
integrals using the linear/non-linear growth split described in
[90]. The kernel or radial weight function for the galaxy over-
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FIG. 4. Galaxy-galaxy lensing correlation function �t as a function of angular separation ✓ for different lens-source bin combinations (li, sj).
Upper panels show measurements (black points) with best-fit models: ⇤CDM linear galaxy bias (black solid), ⇤CDM nonlinear bias (green
dashed), and wCDM linear bias (pink dotted). Lower panels show residuals. Gray shaded regions indicate excluded scales: lighter gray
for linear bias cuts, darker gray for nonlinear bias cuts. Lens bin 2 is entirely shaded because it is excluded from the fiducial analysis (see
Appendix A). Note that this figure does not reflect the point-mass marginalization procedure, which is applied directly to the inverse covariance
matrix during likelihood evaluation and cannot be visualized through the covariance matrix elements shown here.

density field is

q
i
�g(�) = b

i
l n

i
l(z(�))

dz

d�
, (10)

and for the convergence field, the lensing efficiency is

q
i
(�) =

3 H
2
0 ⌦m �

2 a(�)

Z �H

�
d�

0 dz

d�0
�

0 � �

�0 n
i
s(z(�0)) , (11)

where b
i
l are the linear galaxy bias coefficients, nl/s are the

normalized redshift distribution of the lens/source galaxies,
H0 is the Hubble constant, and a(�) is the scale factor for
a given comoving distance �. The lensing efficiency for the
source sample is shown in the middle panel of Figure 2.

The matter power spectrum Pm(k, z) and the distances
�(z) that appear in these equations are functions of the cos-
mological model. Our nominal ⇤CDM model has the 6 free

parameters As, ⌦m, h, ⌦b, ns and
P

m⌫ . For a given set of
parameters, we usually translate As to alternative measures of
clustering more relevant at low-redshift, replacing it with ei-
ther �8 (the RMS of linear fluctuations at scales of 8 Mpc/h)
or S8 = �8(⌦m/0.3)0.5. We also explore the wCDM model,
with an additional free parameter, the dark energy equation of
state w.

The models contain several classes of nuisance parameters.
Section II B introduced the multiplicative shear bias parame-
ters m

i
, with i 2 [1, 2, 3, 4] indexing source bins, with priors

constrained by the shear image simulations. Section II E de-
scribed the priors for the n(z) perturbative mode amplitudes
u

�
s , with � 2 [1, . . . , 7], and the 18 total lens-redshift mode
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FIG. 5. Cosmic shear correlation functions ⇠+(✓) (left panels) and ⇠�(✓) (right panels) for different source redshift bin combinations (i, j).
Upper panels show measurements (black points) with best-fit models: ⇤CDM linear galaxy bias (black solid), ⇤CDM nonlinear bias (green
dashed), and wCDM linear bias (pink dotted). Lower panels show residuals in units of the expected standard deviation. Gray shaded regions
indicate excluded scales.

amplitudes u
i,�
l (� 2 [1, 2, 3]).4 We also use magnification

coefficients ↵
i for each lens bin to model �µ, with calibration

of their priors from image simulations detailed in [Y6MAG].
The remaining nuisance parameters in our model are

required to account for uncertainties in astrophysical theory
and observing conditions, as described below.

Nonlinear power spectrum: We model the impact of non-
linear structure formation on the matter power spectrum using
HMCODE2020 [89]. A significant uncertainty here is how
much baryonic feedback, mainly from AGN, suppresses mat-
ter clustering.HMCODE2020 introduces the effect of baryons
via the sub-grid heating parameter ⇥AGN = log10(TAGN/K),
indicating the strength of the AGN. We employ angular scale

4 The full covariance among the mi and u�
s parameters derived in

[Y6IMSIM] that accounts for source blending will be available with our
ancillary data products.

cuts, to be described below, to mitigate potential biases from
this uncertainty while fixing ⇥AGN = 7.7 in our fiducial anal-
ysis (see [Y6MODEL] for more details). This value corre-
sponds to the one employed in the fiducial BAHAMAS hydro-
dynamical simulations [91]. We examine the cosmological
impact of other choices of parameters in Appendix C. We find
them to cause < 0.3� changes in the inferred cosmology.

Nonlinear galaxy bias: Our simplest model assumes lin-
ear scale-independent galaxy bias, leading to a single free bias
parameter b

i
1 for each lens bin. We also explore a more com-

plex nonlinear bias model with an additional free parameter
b
i
2 for local quadratic bias in each lens bin. For more details

see [Y6MODEL].

Point-mass marginalization: Because the tangential shear
signal �t(✓) is an integral of the mass distribution at radii 
✓, modeling uncertainty in the small-scale mass distribution
around galaxies can propagate to larger radii. We account for
this by marginalizing over a mean central point mass (PM) in
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FIG. 3. Angular galaxy clustering auto-correlation function as a function of angular separation ✓ for different lens redshift bins. Upper panels
show measurements (black points) with best-fit models: ⇤CDM linear galaxy bias (black solid), ⇤CDM nonlinear bias (green dashed), and
wCDM linear bias (pink dotted). Lower panels show residuals in units of the expected standard deviation. Gray shaded regions indicate
excluded scales: lighter gray for linear bias cuts, darker gray for nonlinear bias cuts. Lens bin 2 is entirely shaded because it is excluded from
the fiducial analysis (see Appendix A). Triangle markers indicate the residuals are larger than 3�.

A. Model

The 3⇥2pt data vector used in this work concatenates
the real-space galaxy clustering w(✓), galaxy-galaxy lensing
�t(✓) and cosmic shear ⇠±(✓). All of these statistics are
Fourier transforms of their respective angular (cross-) power
spectra CAB(`) which under the full-sky prescription take the
form:

w
ij(✓) =

X

`

2` + 1

4⇡
P`(cos ✓) C

ij
�g,o�g,o

(`), (5)

�
ij
t (✓) = (1 + m

j)
X

`

2` + 1

4⇡

P
2
` (cos ✓)

`(` + 1)
C

ij
�g,oE(`), (6)

⇠
ij
± (✓) = (1 + m

i)(1 + m
j)⇥ (7)

X

`

2` + 1

4⇡

2(G+
`,2(x) ± G

�
`,2(x))

`2(` + 1)2
[Cij

EE(`) ± C
ij
BB(`)].

Here, P` and P
2
` are the Legendre and associated Legendre

polynomials of degree `, G
±
`,2 are given by Equation (4.19) in

[86], i and j indicate the tomographic redshift bins, �g,o refers
to the observed galaxy density contrast, E/B refer to the weak
lensing E/B-mode signals, and the set of m

i corresponds to
the multiplicative shear bias parameters [Y6IMSIM], which
account for biases in the shear calibration. The model is in-
tegrated over each specific angular bin range to ensure proper
comparison with measurements.

The observed angular power spectra between the observed

galaxy density contrast and the shear field are

C
ii
�g,o�g,o(`) = C

ii
�g�g(`) + C

ii
�µ�µ(`) + C

ii
�RSD�RSD

(`)

+ 2 C
ii
�g�µ(`) + 2 C

ii
�g�RSD

(`) + 2 C
ii
�RSD�µ(`),

C
ij
�g,oE(`) = C

ij
�g + C

ij
�gIE

+ C
ij
�µ + C

ij
�µIE

,

C
ij
EE(`) = C

ij
(`) + C

ij
IE

(`) + C
ji
IE

(`) + C
ij
IEIE

(`),

C
ij
BB(`) = C

ij
IBIB

(`),
(8)

where the observed galaxy density receives contributions from
lens magnification (�µ), affecting the observed number of
galaxies and modeled as described in [Y6MAG], and from
redshift-space distortions (�RSD) arising from the peculiar ve-
locities of galaxies. The shear field receives contributions
from the convergence field , including shear calibration ef-
fects, as well as from the intrinsic-alignment (IA) E/B modes
(IE/B), discussed in detail in [Y6-1X2PT], which mimic the
cosmic shear signal and are produced due to the alignment of
galaxies with their local environment.

For C
ij
�g(`) and C

ij
(`), we compute the angular power

spectra with the Limber approximation, which for a flat Uni-
verse takes the form:

C
ij
AB(`) =

Z
d�

q
i
A(�) q

j
B(�)

�2
Pm

✓
k =

` + 1/2

�
, z(�)

◆
,

(9)
where A and B represent the fields being correlated, which
in our case correspond to the galaxy overdensity field �g and
the convergence field . The function Pm(k, z) represents the
three-dimensional matter power spectrum, which we evaluate
at a given redshift z and wavenumber k. The linear matter
power spectrum is computed with CAMB [87, 88], while the
nonlinear power spectrum is based on HMCODE2020 [89].
Due to the narrow width of the lens tomography bins, the Lim-
ber approximation is not sufficient for evaluating the angular
galaxy clustering signal. Instead we carry out the non-Limber
integrals using the linear/non-linear growth split described in
[90]. The kernel or radial weight function for the galaxy over-
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FIG. 4. Galaxy-galaxy lensing correlation function �t as a function of angular separation ✓ for different lens-source bin combinations (li, sj).
Upper panels show measurements (black points) with best-fit models: ⇤CDM linear galaxy bias (black solid), ⇤CDM nonlinear bias (green
dashed), and wCDM linear bias (pink dotted). Lower panels show residuals. Gray shaded regions indicate excluded scales: lighter gray
for linear bias cuts, darker gray for nonlinear bias cuts. Lens bin 2 is entirely shaded because it is excluded from the fiducial analysis (see
Appendix A). Note that this figure does not reflect the point-mass marginalization procedure, which is applied directly to the inverse covariance
matrix during likelihood evaluation and cannot be visualized through the covariance matrix elements shown here.

density field is

q
i
�g(�) = b

i
l n

i
l(z(�))

dz

d�
, (10)

and for the convergence field, the lensing efficiency is

q
i
(�) =

3 H
2
0 ⌦m �

2 a(�)

Z �H

�
d�

0 dz

d�0
�

0 � �

�0 n
i
s(z(�0)) , (11)

where b
i
l are the linear galaxy bias coefficients, nl/s are the

normalized redshift distribution of the lens/source galaxies,
H0 is the Hubble constant, and a(�) is the scale factor for
a given comoving distance �. The lensing efficiency for the
source sample is shown in the middle panel of Figure 2.

The matter power spectrum Pm(k, z) and the distances
�(z) that appear in these equations are functions of the cos-
mological model. Our nominal ⇤CDM model has the 6 free

parameters As, ⌦m, h, ⌦b, ns and
P

m⌫ . For a given set of
parameters, we usually translate As to alternative measures of
clustering more relevant at low-redshift, replacing it with ei-
ther �8 (the RMS of linear fluctuations at scales of 8 Mpc/h)
or S8 = �8(⌦m/0.3)0.5. We also explore the wCDM model,
with an additional free parameter, the dark energy equation of
state w.

The models contain several classes of nuisance parameters.
Section II B introduced the multiplicative shear bias parame-
ters m

i
, with i 2 [1, 2, 3, 4] indexing source bins, with priors

constrained by the shear image simulations. Section II E de-
scribed the priors for the n(z) perturbative mode amplitudes
u

�
s , with � 2 [1, . . . , 7], and the 18 total lens-redshift mode
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FIG. 5. Cosmic shear correlation functions ⇠+(✓) (left panels) and ⇠�(✓) (right panels) for different source redshift bin combinations (i, j).
Upper panels show measurements (black points) with best-fit models: ⇤CDM linear galaxy bias (black solid), ⇤CDM nonlinear bias (green
dashed), and wCDM linear bias (pink dotted). Lower panels show residuals in units of the expected standard deviation. Gray shaded regions
indicate excluded scales.

amplitudes u
i,�
l (� 2 [1, 2, 3]).4 We also use magnification

coefficients ↵
i for each lens bin to model �µ, with calibration

of their priors from image simulations detailed in [Y6MAG].
The remaining nuisance parameters in our model are

required to account for uncertainties in astrophysical theory
and observing conditions, as described below.

Nonlinear power spectrum: We model the impact of non-
linear structure formation on the matter power spectrum using
HMCODE2020 [89]. A significant uncertainty here is how
much baryonic feedback, mainly from AGN, suppresses mat-
ter clustering.HMCODE2020 introduces the effect of baryons
via the sub-grid heating parameter ⇥AGN = log10(TAGN/K),
indicating the strength of the AGN. We employ angular scale

4 The full covariance among the mi and u�
s parameters derived in

[Y6IMSIM] that accounts for source blending will be available with our
ancillary data products.

cuts, to be described below, to mitigate potential biases from
this uncertainty while fixing ⇥AGN = 7.7 in our fiducial anal-
ysis (see [Y6MODEL] for more details). This value corre-
sponds to the one employed in the fiducial BAHAMAS hydro-
dynamical simulations [91]. We examine the cosmological
impact of other choices of parameters in Appendix C. We find
them to cause < 0.3� changes in the inferred cosmology.

Nonlinear galaxy bias: Our simplest model assumes lin-
ear scale-independent galaxy bias, leading to a single free bias
parameter b

i
1 for each lens bin. We also explore a more com-

plex nonlinear bias model with an additional free parameter
b
i
2 for local quadratic bias in each lens bin. For more details

see [Y6MODEL].

Point-mass marginalization: Because the tangential shear
signal �t(✓) is an integral of the mass distribution at radii 
✓, modeling uncertainty in the small-scale mass distribution
around galaxies can propagate to larger radii. We account for
this by marginalizing over a mean central point mass (PM) in
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TABLE III. Fiducial values and priors for the cosmological, astro-
physical, and calibration parameters. Parameters are sampled using
either flat priors, denoted by [min, max], or Gaussian priors, fol-
lowing the notation N (µ, �2) for a normal distribution with mean
µ and variance �2. The priors on the calibration parameters of the
source galaxy samples, namely the multiplicative shear bias m and
the source redshift distribution modes, are correlated, see Sec. IV A.
The width of their Gaussian priors is determined by the covariance
matrix of the parameters.

Parameter Prior

Cosmology
⌦m [0.1, 0.6]
As ⇥ 109 [0.5, 5]
h [0.58, 0.8]
⌦b [0.03, 0.07]
ns [0.93, 1.00]
w [-2, -1/3]
m⌫ [eV] [0.06, 0.6]

Intrinsic alignment
A1 [-1, 3]
A2 [-3, 3]
⌘1 N (0.0, 3.0) 2 [�5, 5]
⌘2 N (0.0, 3.0) 2 [�5, 5]
bTA 1, fixed
z0 0.3, fixed

Lens galaxy bias
bi1(i 2 [1, 6]) [0.8, 3]
bi2(i 2 [1, 6]) [-3, 3]

Lens magnification
↵1 N (1.58, 0.04)
↵2 N (1.38, 0.11)
↵3 N (2.04, 0.08)
↵4 N (2.21, 0.08)
↵5 N (2.45, 0.14)
↵6 N (2.42, 0.13)

Lens n(z) modes
ui,�
l (i 2 [1, ..., 6], � 2 [1, 2, 3]) N (0, 1) 2 [�3, 3]

Source n(z) modes
u�
s (� 2 [1, ..., 7]) N (0, 1) 2 [�3, 3]

Shear calibration
m1 N (�0.0034, 0.0058)
m2 N (0.0065, 0.0066)
m3 N (0.0159, 0.0059)
m4 N (0.0017, 0.0122)

External CMB data
ACMB (ACT & Planck) N (1.0, 0.0025) 2 [0.9, 1.1]
Tcal (SPT-3G) N (1.0, 0.0036) 2 [0.8, 1.2]
PACT (ACT) [0.9, 1.1]
Ecal (SPT-3G) [0.8, 1.2]

combining independent probes without rerunning chains for
the full joint likelihood. The normalizing flow is implemented
in the tensiometer package [106, 108].

E. Goodness of fit and internal consistency

We assess the ability of our model to fit the data using two
approaches: a posterior predictive distribution (PPD) metric
that quantifies the internal consistency of measurements; and
point estimates of the goodness of fit for the maximum a pos-
teriori (MAP) parameters.

The PPD is the probability distribution for realizations of a
set of test observables Dt conditioned on a measurement of a
(potentially different) set of observables, Dobs

c . Given model
parameters p and an estimate of the posterior P (p|Dobs

c ),

P (Dt|Dobs
c ) =

Z
P (Dt|Dobs

c ,p) P (p|Dobs
c ) dp. (13)

Comparing an actual measurement Dobs
t to the PPD assesses

the consistency of measurements Dt and Dc under the as-
sumed model. We can compress a high-dimensional PPD dis-
tribution to a single summary statistic giving the fraction of
Dt with lower PPD than the observed Dobs

t :

�PPD =

Z

P (Dt|Dobs
c

)<P (Dobs
t

|Dobs
c

)
P (Dt|Dobs

c ) dDt. (14)

Small values of �PPD indicate a lack of consistency, while
values close to one signify over-fitting. If Dt = Dc, or if the
test observables are a subset of Dc, this serves as an assess-
ment of the goodness of fit. We can also evaluate the PPD for
cases where Dt and Dc are disjoint but correlated sets of ob-
servables in order to assess the internal consistency between
those measurements.

For Y6, PPDs are estimated using Gaussian mixture mod-
els. The Y6 PPD methods and their improvements over Y3
methods [109] are detailed in [Y6PPD].

Another statistic used to gauge goodness of fit is the value
of �

2 at the best-fit parameter values. The standard way to
compute this would be �

2 = �2 ln Lmax, evaluated at the
parameter values maximizing the likelihood given in Equa-
tion 4. In this work, we employ a slightly different defini-
tion that incorporates agreement with Gaussian priors as part
of our goodness-of-fit assessment, following [110]. If the
posterior for data D at a location p in parameter space is
P (p|D) / L(D|p)⇡G(p)⇡F(p), where ⇡G is the product
of all Gaussian priors and ⇡F ⌘

Q
i(�✓i)�1 is the product of

all flat priors (where �✓ is the prior width for each parameter
i), then we define �

2 = �2 ln [L⇡G]max. Since the same pa-
rameters that maximize the posterior will also maximize the
product L⇡G, we can simply evaluate this from the MAP by
subtracting the contribution from ⇡F .

If PMAP is the value of the posterior associated with the
MAP parameters, we thus compute

�
2 = �2 ln PMAP � 2

X

i

ln �✓i. (15)
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TABLE III. Fiducial values and priors for the cosmological, astro-
physical, and calibration parameters. Parameters are sampled using
either flat priors, denoted by [min, max], or Gaussian priors, fol-
lowing the notation N (µ, �2) for a normal distribution with mean
µ and variance �2. The priors on the calibration parameters of the
source galaxy samples, namely the multiplicative shear bias m and
the source redshift distribution modes, are correlated, see Sec. IV A.
The width of their Gaussian priors is determined by the covariance
matrix of the parameters.

Parameter Prior

Cosmology
⌦m [0.1, 0.6]
As ⇥ 109 [0.5, 5]
h [0.58, 0.8]
⌦b [0.03, 0.07]
ns [0.93, 1.00]
w [-2, -1/3]
m⌫ [eV] [0.06, 0.6]

Intrinsic alignment
A1 [-1, 3]
A2 [-3, 3]
⌘1 N (0.0, 3.0) 2 [�5, 5]
⌘2 N (0.0, 3.0) 2 [�5, 5]
bTA 1, fixed
z0 0.3, fixed

Lens galaxy bias
bi1(i 2 [1, 6]) [0.8, 3]
bi2(i 2 [1, 6]) [-3, 3]

Lens magnification
↵1 N (1.58, 0.04)
↵2 N (1.38, 0.11)
↵3 N (2.04, 0.08)
↵4 N (2.21, 0.08)
↵5 N (2.45, 0.14)
↵6 N (2.42, 0.13)

Lens n(z) modes
ui,�
l (i 2 [1, ..., 6], � 2 [1, 2, 3]) N (0, 1) 2 [�3, 3]

Source n(z) modes
u�
s (� 2 [1, ..., 7]) N (0, 1) 2 [�3, 3]

Shear calibration
m1 N (�0.0034, 0.0058)
m2 N (0.0065, 0.0066)
m3 N (0.0159, 0.0059)
m4 N (0.0017, 0.0122)

External CMB data
ACMB (ACT & Planck) N (1.0, 0.0025) 2 [0.9, 1.1]
Tcal (SPT-3G) N (1.0, 0.0036) 2 [0.8, 1.2]
PACT (ACT) [0.9, 1.1]
Ecal (SPT-3G) [0.8, 1.2]

combining independent probes without rerunning chains for
the full joint likelihood. The normalizing flow is implemented
in the tensiometer package [106, 108].

E. Goodness of fit and internal consistency

We assess the ability of our model to fit the data using two
approaches: a posterior predictive distribution (PPD) metric
that quantifies the internal consistency of measurements; and
point estimates of the goodness of fit for the maximum a pos-
teriori (MAP) parameters.

The PPD is the probability distribution for realizations of a
set of test observables Dt conditioned on a measurement of a
(potentially different) set of observables, Dobs

c . Given model
parameters p and an estimate of the posterior P (p|Dobs

c ),

P (Dt|Dobs
c ) =

Z
P (Dt|Dobs

c ,p) P (p|Dobs
c ) dp. (13)

Comparing an actual measurement Dobs
t to the PPD assesses

the consistency of measurements Dt and Dc under the as-
sumed model. We can compress a high-dimensional PPD dis-
tribution to a single summary statistic giving the fraction of
Dt with lower PPD than the observed Dobs

t :

�PPD =

Z

P (Dt|Dobs
c

)<P (Dobs
t

|Dobs
c

)
P (Dt|Dobs

c ) dDt. (14)

Small values of �PPD indicate a lack of consistency, while
values close to one signify over-fitting. If Dt = Dc, or if the
test observables are a subset of Dc, this serves as an assess-
ment of the goodness of fit. We can also evaluate the PPD for
cases where Dt and Dc are disjoint but correlated sets of ob-
servables in order to assess the internal consistency between
those measurements.

For Y6, PPDs are estimated using Gaussian mixture mod-
els. The Y6 PPD methods and their improvements over Y3
methods [109] are detailed in [Y6PPD].

Another statistic used to gauge goodness of fit is the value
of �

2 at the best-fit parameter values. The standard way to
compute this would be �

2 = �2 ln Lmax, evaluated at the
parameter values maximizing the likelihood given in Equa-
tion 4. In this work, we employ a slightly different defini-
tion that incorporates agreement with Gaussian priors as part
of our goodness-of-fit assessment, following [110]. If the
posterior for data D at a location p in parameter space is
P (p|D) / L(D|p)⇡G(p)⇡F(p), where ⇡G is the product
of all Gaussian priors and ⇡F ⌘

Q
i(�✓i)�1 is the product of

all flat priors (where �✓ is the prior width for each parameter
i), then we define �

2 = �2 ln [L⇡G]max. Since the same pa-
rameters that maximize the posterior will also maximize the
product L⇡G, we can simply evaluate this from the MAP by
subtracting the contribution from ⇡F .

If PMAP is the value of the posterior associated with the
MAP parameters, we thus compute

�
2 = �2 ln PMAP � 2

X

i

ln �✓i. (15)
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Parameter Fiducial Prior

Cosmology
⌦m 0.31 [0.1, 0.6]
As ⇥ 109 1.831 [0.5, 5]
S8 0.77 -
�8 0.76 -
h 0.69 [0.58, 0.8]
⌦b 0.051 [0.03, 0.07]
ns 0.965 [0.93, 1.00]
w -1 [-2, -1/3]
m⌫ [eV] 0.077 [0.06, 0.6]

Intrinsic alignment
z0 0.3 -
A1 0.13 [-1, 3]
A2 -0.2 [-3, 3]
⌘1 2.0 N (0.0, 3.0) 2 [�5, 5]
⌘2 2.0 N (0.0, 3.0) 2 [�5, 5]
bTA 1.0 fixed

Lens galaxy bias
b1
i (i 2 [1, 6]) {1.54, 1.81, 1.85, 1.76, 1.93, 1.90} [0.8, 3]

b2
i (i 2 [1, 6]) {0.28, 0.50, 0.53, 0.46, 0.59, 0.57} [-3, 3]

Baryonic feedback
log10 TAGN 7.7 fixed

Lens magnification
↵1 1.58 N (1.58, 0.04)
↵2 1.38 N (1.38, 0.11)
↵3 2.04 N (2.04, 0.08)
↵4 2.21 N (2.21, 0.08)
↵5 2.45 N (2.45, 0.14)
↵6 2.42 N (2.42, 0.13)

Lens n(z) modes
ul

i,m (i 2 [1, ..., 6], m 2 [1, ..., 3]) 0 N (0, 1) 2 [�3, 3]

Source n(z) modes
us

m (m 2 [1, ..., 7]) 0 N (0, �2) 2 [�3, 3]

Shear calibration
mi (i 2 [1, ..., 4]) {�3.40, 6.46, 15.94, 1.70}⇥ 10�3 N (µ, �2) 2 [�1, 1]

TABLE III. Fiducial values and priors for the cosmological, astrophysical, and calibration parameters. Parameters are sampled
using either flat priors, denoted by [min, max], or Gaussian priors, following the notation N (µ, �2) for a normal distribution
with mean µ and variance �2. The priors on the calibration parameters of the source galaxy samples—namely the multiplicative
shear bias m and the source redshift distribution modes—are correlated. The width of their Gaussian priors is determined by
the covariance matrix of the parameters (see Section IV C).

dinal improves upon its previous iteration by imple-
menting an updated sub-halo abundance matching model
for galaxy–halo assignment [113, 114], as well as a novel
method for assigning galaxy colors. As a result, it serves
as a valuable validation tool, accurately reproducing the
observed properties of DES galaxy samples.

VI. SCALE CUTS

In this section we describe the procedure to define scale
cuts that mitigate the impact of poor modeling due to an
incomplete description of theoretical systematics at small

scales, such as baryonic feedback, the non-linear matter
power spectrum, and galaxy bias.

A. Procedure

To derive a set of scale cuts for our joint-probe anal-
ysis, we follow an iterative procedure that builds upon
that of the Year 3 analysis [9]. We first generate two
mock 3⇥2pt data vectors designed to bracket the uncer-
tainty in modeling the non-linear matter power spectrum,
motivated in Sec. III A: (1) a gravity–only scenario using
Eemu, and (2) a high-feedback scenario (Bahamas-8.0).
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FIG. 6. Marginalized constraints in ⌦m, �8, and S8 ⌘ �8

p
⌦m/0.3 in the ⇤CDM analysis of cosmic shear (⇠+, orange), galaxy clustering

plus galaxy-galaxy lensing (w(✓) + �t, green), and their combination (3 ⇥ 2pt, pink). Additionally, we show the result from the nonlinear
galaxy bias (3 ⇥ 2pt NL Bias, dashed grey line) and the CMB (solid blue). Depicted contours represent the 68% and 95% credible levels.

these results are robust to many variations of the analysis
choices. In Appendix D, we break down the relative contri-
butions to the uncertainties from different sources by fixing
the nuisance parameters and looking at the resulting change
in the cosmological constraints.

The DES Y6 3⇥2pt constraints are compared to previous
DES 3⇥2pt results in Figure 7. The Y1 constraint is from
[36] and the Y3 constraint from [37]. We do not attempt to ho-
mogenize the analysis choices here between the three results,
as there has been significant evolution of both the data sam-
ples and the modeling approach since Y1. Overall, we see a
sustained gain in constraining power from Y1 to Y3 to Y6. Ta-
ble IV shows FoM�8,⌦m gains as 1085 ! 2068 ! 3907. The
three sets of contours are consistent, with Y1 having slightly
lower ⌦m central value.

2. Nonlinear galaxy bias

We also analyze our 3⇥2pt data vector assuming a nonlin-
ear galaxy bias model, going to smaller scales with the 2⇥2pt
data vector while allowing for one additional free parameter
per lens bin as well as two additional bias parameters fixed by
a relationship to the linear bias [Y6MODEL]. The constraints
are shown as dashed lines in Figure 6. We find

S8 = 0.789+0.011
�0.011 (0.788),

⌦m = 0.325+0.021
�0.025 (0.330),

�8 = 0.759+0.032
�0.034 (0.752). (22)
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FIG. 7. S8 and ⌦m constraints in ⇤CDM from DES Y6 3⇥2pt com-
pared to the combined primary CMB constraints. We also include
the results from the DES Y3 3⇥2pt analysis, in which we compared
with the primary Planck 2018 constraints, also overlaid in the figure.
When comparing with Planck only, the difference in the S8 � ⌦m

plane is reduced from 1.9� (Y3) to 1.4� (Y6). This difference in-
creases to 2.2� in Y6 when comparing to the combined CMB likeli-
hood. We also overlay the published DES Y1 3⇥2pt constraints.
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galaxy bias (3 ⇥ 2pt NL Bias, dashed grey line) and the CMB (solid blue). Depicted contours represent the 68% and 95% credible levels.

these results are robust to many variations of the analysis
choices. In Appendix D, we break down the relative contri-
butions to the uncertainties from different sources by fixing
the nuisance parameters and looking at the resulting change
in the cosmological constraints.

The DES Y6 3⇥2pt constraints are compared to previous
DES 3⇥2pt results in Figure 7. The Y1 constraint is from
[36] and the Y3 constraint from [37]. We do not attempt to ho-
mogenize the analysis choices here between the three results,
as there has been significant evolution of both the data sam-
ples and the modeling approach since Y1. Overall, we see a
sustained gain in constraining power from Y1 to Y3 to Y6. Ta-
ble IV shows FoM�8,⌦m gains as 1085 ! 2068 ! 3907. The
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FIG. 10. ⇤CDM (left) and wCDM (right) constraints for DES Y6 3⇥2pt combined with other low redshift external probes. The primary CMB
constraints are shown in blue, and combining DES Y6 3⇥2pt, external low-redshift probes and the CMB gives the orange contours.

DES Y3 3⇥2pt with eBOSS BAO and RSD, Pantheon SN and
CMB constraints from Planck 2018. The subsequent upgrades
in each of the physical probes together contribute to this gain.
Interestingly, this combination also results in S8 shifting lower
by about 0.6� compared to our result in Y3. Given that the
CMB constraints shifted to higher S8 values from Planck to
the joint Planck+ACT+SPT combination that is used in this
work, this suggests that the low-redshift constraints now have
substantially greater impact on the joint constraints.

Since we are considering a flat universe, a constraint on
⌦m translates directly into a constraint on the dark-energy
density parameter, giving ⌦⇤ = 0.698+0.003

�0.003 and ⌦⇤h
2 =

0.326+0.004
�0.004. In physical units this translates to ⇢⇤ =

6.120+0.075
�0.069 ⇥ 10�30 g/cm3. The value of the cosmological

constant itself is ⇤ = 8⇡G⇢⇤ = 1.027+0.013
�0.012 ⇥ 10�35 s�2 or

in distance units ⇤/c
2 = 1.14+0.014

�0.028 ⇥ 10�56 cm�2.
In wCDM we show the best constraining combination in

the right panel of Figure 10 for the w � ⌦m plane. We find:

w = �0.981+0.021
�0.022,

⌦m = 0.305+0.004
�0.005, (26)

a 2% constraint on w that is consistent with the cosmological
constant (w = �1).

C. Comparison of lensing probes

In this section we compare our 3⇥2pt results with results
from other Stage-III lensing analyses: the Kilo-Degree Sur-
vey [KiDS, 38] and the Hyper Suprime-Cam Subaru Strate-
gic Program [HCS-SSP, 40]. A quantitative evaluation of the
consistency of the three Stage-III results is not straightforward
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FIG. 11. Comparison of S8 � ⌦m for the main Stage-III lensing
surveys. Here we select the results from each survey that is most
comparable to either our 3⇥2pt or cosmic shear analysis. For KiDS,
we show the KiDS-Legacy cosmic shear constraints [7] (green). For
HSC, we show the 3⇥2pt constaints from [45] (orange).
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FIG. 9. Combination of all the DES cosmological probes in the ⇤CDM (left panel) and wCDM (right panel) models. We show marginalized
constraints on parameters from large-scale structure and weak lensing (3⇥2pt; pink), type Ia supernovae combined with BAO (black dot-
ted/gray), galaxy cluster clustering and number counts combined with 3⇥2pt (brown). The combination of DES Y6 3⇥2pt, Clusters, SNe Ia,
and BAO is shown in orange (All DES). Blue contours correspond to CMB constraints from Planck, ACT and SPT combined. The combination
of DES probes is consistent with CMB at the 2.8� level in ⇤CDM and 2.5� in wCDM in full parameter space.

One important note is that in [126], the galaxy samples
used in the 3⇥2pt block were the same as those used
for cross-correlation with clusters. This means that sev-
eral shared nuisance parameters, in particular the mass-
observable relation, can be self-calibrated. Here, how-
ever, the Y3 source and lens samples are different from
the Y6 ones. This means that the combination does not
invoke self-calibration. In addition, to be conservative,
we only use the part of the data vector in [126] that does
not overlap with the Y6 3⇥2pt data vector.8 Both of
these factors result in less constraining power gain when
combining with clusters compared to what is shown in
[126], but we nevertheless found that there is an im-
pact from including the cluster information (⇠ 16%
tighter ⌦m constrain). In addition, we assume the corre-
lation of the Y6 3 ⇥ 2pt and the Y3 cluster likelihood is
small (the later being dominated by shape/shot noise)
and we use normalising flows to combine them (see
Section IV D).

In an upcoming paper [48], we will present a com-
plete self-calibrating analysis that updates the cross-
correlations between the Y3 cluster sample and the Y6
lens and source samples.

8 Specifically, the cluster (CL) likelihood we use to combine with Y6 3 ⇥
2pt includes Y3 h�c�gi, h�c�ti and number counts (N), and ignores Y3
clustering h�g�gi.

In the left panel of Figure 9, we show the individual and
combined constraints for ⇤CDM from the four DES probes:
DES Y6 3⇥2pt, DES BAO, DES SN and DES CL. We find

S8 = 0.794+0.009
�0.012,

⌦m = 0.322+0.012
�0.011,

�8 = 0.766+0.017
�0.022. (24)

Combining the four probes results in a 1.3% constraint on
S8, which is comparable in precision to the constraint from
the primary CMB. The FoM�8,⌦m of the four DES probes
and primary CMB are also very similar, 8721 and 8994, re-
spectively. We note that these are the first cosmological con-
straints combining all four dark energy probes from a single
experiment, an important milestone for Stage-III dark energy
experiments. Comparing between the different probes, we see
that S8 is primarily constrained by 3⇥2pt, SN+BAO places
a strong constraint on ⌦m, and clusters contribute to a small
shift and tightening in the ⌦m direction. The addition of the
other probes to 3 ⇥ 2pt pulls the ⌦b constraint against the
lower prior edge. All four probes appear fully consistent in
this parameter space, and we confirm this fact quantitatively
in Table VI, where different combinations of DES probes are
always consistent to within . 2�.

Comparing the four DES probes and the CMB constraints,
we see that in the S8 � ⌦m plane the 2� contours overlap.
Quantitatively, we find a 2.8� parameter differences in the full
parameter space between the combination of all DES probes
and the CMB. Compared to the case with only 3⇥2pt in Sec-
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because of the numerous differences in model choices, scale
cuts, and analysis techniques, and multiple results from each
collaboration. We plot here results that are representative of
each collaboration’s constraints on structure growth.

For KiDS, the most recent 3⇥2pt results come from [39],
where the lensing data from the 1000 degree2 KiDs sur-
vey were combined with spectroscopic data from BOSS and
2dFlens to form the 3⇥2pt data vector. Since then, KiDS
made significant updates to their shear catalog, resulting in the
KiDS-Legacy cosmic shear results [7]. Given the update, we
show the KiDS-Legacy cosmic shear constraints in Figure 11
(green), and compare it to both the DES Y6 3⇥2pt and the
cosmic shear results (pink solid and open, respectively). We
find that the constraining powers of KiDS-Legacy and DES
Y6 from cosmic shear are similar, and the constraints are con-
sistent: S8 = 0.815+0.016

�0.021 (KiDS) and S8 = 0.783+0.019
�0.015

(DES). DES 3⇥2pt provides tighter constraints primarily in
the ⌦m direction but also in S8. It is also interesting to ob-
serve from Figure 11 that the degeneracy direction in this pa-
rameter plane is similar, as expected from the similar redshift
range of the shear catalogs.

For HSC Y3, three versions of the 3⇥2pt analysis were
carried out. All of them use the SDSS DR11 spectroscopic
galaxies as the lens sample, as opposed to DES’s photomet-
ric lenses. In [43] (referred to as the large-scale analysis),
the authors computed the matter power spectrum using a stan-
dard Boltzmann code (similar to DES’s use of CAMB), but
employed a halo model to describe both nonlinear structure
formation and galaxy bias-contrasting with DES Y6’s pertur-
bative bias models combined with conservative scale cuts to
avoid halo-model systematics. In [44], an emulator trained
on simulations was used to model smaller scales, yielding
tighter constraints in ⌦m. However, the latest analysis of
[45] is most similar to this work in three key respects: it em-
ploys tomographic binning of the source sample (rather than
a single redshift bin), applies conservative scale cuts deter-
mined by theory uncertainties (similar to [Y6MODEL]), and
uses simple perturbative bias models without relying on halo
model predictions for small-scale clustering. We show their
constraint in Figure 11 in orange. Due to the smaller survey
area (416 deg2), HSC Y3 constraints are substantially wider,
S8 = 0.804+0.051

�0.051. They are also consistent with the DES re-
sults. We note that in Figure 11 we plot directly the published
chains from each survey, instead of a matched re-analysis of
their data. We leave a more detailed comparison with unified
analysis choices [e.g. 139–142] for future investigation.

In summary, the final DES 3 ⇥ 2pt and cosmic shear analy-
ses yield cosmological constraints in the S8 � ⌦m plane that
are consistent with the latest results from the other Stage-III
weak-lensing surveys. Overall, the marginalized posteriors in
this parameter space from all the weak lensing surveys are also
consistent with the CMB, though the inferred S8 from lensing
remains systematically slightly lower than that inferred from
CMB measurements. KiDS-Legacy finds the highest S8 val-
ues, while DES 3 ⇥ 2pt gives the tightest S8 constraint with
the highest significance of deviation from CMB, but still be-
low 3�.
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FIG. 12. Marginalized constraints on the total amount of matter ⌦m

in the ⇤CDM model from different DES probes and their combi-
nation, compared to CMB and DESI BAO. “DES all” includes Y6
3⇥2pt, SN, BAO, and Clusters. We obtain excellent agreement be-
tween “DES all” and CMB.

D. Constraints on the total amount of matter

The possibility of dynamical dark energy (DDE) has at-
tracted considerable attention following recent measurements,
with several studies attributing this preference to underlying
⌦m tensions between probes [e.g. 143]. Initial hints of ten-
sion within ⇤CDM emerged from the combination of DES
SN with BOSS BAO [12], which showed significant ⌦m dis-
agreement. The DESI DR1 [13] and DR2 BAO measurements
[137], when combined with type Ia supernovae data and CMB
constraints, strengthened this evidence, yielding indications
for DDE within the w0–waCDM framework at the ⇠ 3� level.
These analyses found SN measurements yielded higher ⌦m

values than CMB, which in turn yielded higher values than
BAO. The recent recalibration of DES SN [116] finds a ⇠1�

lower ⌦m value, though still higher than BAO predictions.
In Figure 12, we compare the marginalized ⌦m constraints

inferred from DES probes – including 3⇥2pt, SN, BAO and
CL – and assess their level of agreement with DESI BAO and
CMB constraints. Our DES 3 ⇥ 2pt, SN and CL results are
in excellent agreement with the CMB, while DES BAO+✓?

yields a lower result.9 All combined and without the ✓? prior,
the DES probes find very good agreement with the CMB and
are at 1.7� difference from DESI BAO. A more rigorous and

9 For the DES BAO only case, we apply the ✓? prior to obtain an ⌦m con-
straint. ✓? is the angular scale of the acoustic peak, which isolates the
geometric/background information from the CMB. We incorporate this via
a Gaussian likelihood taken from the Planck 2018 temperature and polar-
ization data [1], with 100✓? = 1.04109 ± 0.00030 .
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1. First constraints on  using multiple probes from one experiment w0 − wa

Preliminary

w = − 0.84 ± 0.10
wa = − 0.42+0.64

−0.53
(2.2σ)

All DES: BAO + SN + 3x2pt  (except Cluster)

Completely independent from potential DESI 
systematics.
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2. Can we still detect  without CMB early time anchoring? w0 − wa

▸ Strong constraining power of 3x2pt enables us to put 
tight constraints on the late time universe

w = − 0.838+0.057
−0.069

wa = − 0.55+0.35
−0.27

(2.3σ)

All DES (BAO + SN + 3x2pt) + DESI BAO

PreliminaryPreliminary
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3. Can we still detect  without SN? w0 − wa

▸ Strong constraining power of 3x2pt enables to put 
tight constraints without SN and CMB 

w = − 0.613+0.250
−0.0684

wa = − 1.146+0.414
−0.652

(1.7σ)

3x2pt + DESI BAO

Preliminary
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five-year supernova survey, combined with approximately 200160

SNe from historical low-redshift samples [56–59]. In this161

work, we use DES-Dovekie [5], a reanalysis of the original162

DES SNe data with updated photometric cross-calibration.163

While the results obtained before and after recalibration are164

consistent with each other, when combined with the primary165

CMB [8–10] and the BAO measurements from DESI Data Re-166

lease 2 [DR2, 23], the recalibrated sample yields a reduced167

significance for dynamical dark energy (3.2�) compared to168

the original DES-SN5YR dataset (4.2�) [5]. Other SNe cata-169

logues, namely Pantheon+ and Union3.1, also lead to similar170

dynamical dark energy significances (of 3.2� and 3.4�, re-171

spectively) after recent reanalyses [7], when combined with172

DESI DR2 BAO and CMB (Planck, ACT, SPT, and CMB173

lensing), which differs from our CMB combination in the in-174

clusion of CMB lensing.175

Baryon Acoustic Oscillations176

DES measured the baryon acoustic oscillation feature from177

the clustering of ⇠16 million red and bright galaxies over178

4,273 deg2 in six tomographic bins in the redshift range 0.6 <179

z < 1.2, at an effective redshift of ze↵ = 0.851 [22]. The180

combined measurement of angular-diameter distance to sound181

horizon scale of DM (ze↵)/rd = 19.51 ± 0.41 represents a182

2.1% constraint, the tightest BAO measurement from a photo-183

metric survey to date. Since the DES footprint overlaps with184

DESI by ⇠1,000 deg2, a separate analysis excluding this over-185

lap region yields DM (ze↵)/rd = 19.74 ± 0.60 [60], which186

we use when combining with DESI BAO to avoid double-187

counting information. When used without DESI BAO, the188

full DES BAO dataset is employed. Hereafter, we refer to189

the combination of DESI BAO and DES BAO (excluding the190

overlap region) simply as BAO.191

External Data192

To further constrain a dynamic dark energy, we also com-193

bine DES data with state-of-the-art measurements from other194

experiments.195

We use DESI DR2 BAO. The DESI data consists of ratios196

of distances, either parallel or transverse to the line-of-sight,197

to the sound horizon at the baryon drag epoch, rd. These dis-198

tances are measured from the two-point correlation function199

of several tracers of the matter distribution, including galax-200

ies, quasars and the Lyman-↵ forest. The tracers’ effective201

redshifts cover the range 0.295 < z < 2.330.202

Additionally, we consider CMB temperature and polar-203

ization (TT, EE and TE) anisotropy power spectra from the204

Planck collaboration Public Release 3 (PR3) [8], the Atacama205

Cosmology Telescope DR6 [9], and South Pole Telescope206

SPT-3G DR1 [10]. These datasets are combined as described207

in Ref. [Y6-3⇥2PT], and the combination has been previ-208

ously considered in Ref. [10]. We use Planck power spectra209
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All DES + DESI BAO

All DES + DESI BAO + CMB

FIG. 1. Constraints on the w0waCDM parameters from DES 3⇥2pt
data (light blue), from DES 3⇥2pt data and DESI BAO (dotted),
from all DES probes (3⇥2pt + SN + DES BAO; red filled), from all
DES probes combined with DESI BAO (3⇥2pt + SN + DES BAO
+ DESI BAO; blue filled), from all datasets considered in this work
combined (3⇥2pt + SN + BAO + CMB; black solid).The dashed
crosshair marks the cosmological constant values (w0 = �1, wa =
0). The hatched region is excluded by the prior w0 + wa < 0. All
contours show 68% and 95% credible regions.

up to multipoles `TT < 1000 for the TT spectra and `TE,EE <210

600 for the TE and EE spectra, using the Planck-lite likeli-211

hood. The lowest multipoles 2 < `EE < 30 are accounted for212

using the SIMALL likelihood and are necessary to constrain213

the optical depth to recombination ⌧ . The ACT power spectra214

cover the multipole range 600 < ` < 6500, while the SPT-3G215

power spectra cover the range 400 < `TT < 3000 for TT,216

and 400 < `TE,EE < 4000 for TE and EE. We do not in-217

clude CMB lensing since a proper combination would require218

modeling the cross-covariance with the 3⇥2pt probe.219

Lastly, before combining datasets, we verify the consis-220

tency amongst their parameter constraints is within  3�.221

This is the same criterion adopted in Ref. [Y6-3⇥2PT] for222

⇤CDM and wCDM.223

RESULTS224

Dark Energy225

In this section, we present constraints on the w0 � wa pa-226

rameter space. Unless otherwise stated, all parameter con-227

straints are quoted as the posterior mean in each parameter228

with the 68% credible level (C.L.) of posterior volume around229

Preliminary
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A2 in the TATT model, the marginalized constraint on A1 is
weaker here but consistent with small positive values. Free-
ing bTA raises the best-fit A1 to around ⇠ 1 and reduces the
bimodality in A2, as we can see in the top panel of Figure 10.
At higher redshift, the IA parameters are not well constrained
and are consistent with no linear alignment, A1 = 0. Un-
der the assumption that any evolution follows a power law,
the fiducial models are consistent with a redshift-independent
A1 (although this may be in part due to the size of the error
bars at high z). In the more flexible case (NLA per bin) the
data point towards a gradual reduction in amplitude at high-
z, which would be consistent with the expected qualitative
trend from changes in population (i.e. the increasing preva-
lence of fainter bluer galaxies; see, for example, [153]). We
note, however, the trend is weak, and the flexibility in redshift
is not needed to describe the data in a statistical sense; if we
compare NLA-1 and NLA per bin we find a Bayes ratio of
ZNLA�1/ZNLAper bin = 14, preferring a flat, non-evolving
A1. We note that under all of these different models, the in-
ferred S8 is stable to ⇠ 0.5�, again suggesting that our power
law approximation is sufficient for current datasets.

We also include a selection of direct IA measurements in
Figure 10 (colored points; GAMA+SDSS [151], PAUS [152],
eBOSS [88], and DESI [89]). While the comparison of un-
certainties is useful, we should be careful not to over-interpret
here: the direct IA measurements use specific galaxy popula-
tions (e.g., LRG, BGS, ELG), which do not resemble our Y6
METADETECTION sample and typically have larger IA am-
plitude. Note also that the composition of the DES sample
will change with z, and we do not explicitly model IA lu-
minosity dependence. Thus, any evolution detected will nat-
urally combine population effects with any inherent change
in IA strength, and we should not expect agreement either
in the amplitude A1 or in its trend with redshift. The mea-
surements to which we compare are derived from both blue
and red galaxies, with red galaxies consistently demonstrat-
ing stronger alignments. Our IA amplitude is comparatively
small, consistent with the fact that our DES Y6 sample has
a high blue fraction and is fainter on average then direct IA
samples.

Understanding the IA of galaxies as a function of their
galaxy properties is paramount for progress ahead of next-
generation lensing surveys. Specifically, this task includes
making direct IA measurements for galaxy populations in
which they are currently lacking, but which contribute to lens-
ing samples (magnitude limited, blue, and high redshift) [e.g.
88–90, 151], as well as testing the need for additional model
complexity to fit these direct measurements [e.g. 42, 43, 154].
In addition, given the constraining power of current and fu-
ture cosmic shear data, it is interesting to investigate and ex-
ploit the IA parameter constraints when splitting the sample
by galaxy properties [113, 146, 155, 156].

B. The shape of the matter power spectrum

In this section, we constrain the suppression of the matter
power spectrum and reconstruct the total matter power spec-
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FIG. 11. Marginalized constraints in the suppression of the mat-
ter power spectrum (reconstructed with and without small-scale data
shown as filled orange and unfilled red boxes, respectively), rela-
tive to a gravity-only power spectrum. They are compared to four
different hydrodynamical simulations (BAHAMAS �Theat = 8.0,
SIMBA, MTNG740, and FLAMINGO. We also show our fiducial
HMCODE2020 ⇥AGN = 7.7 model (see Section IV C), plotted in
solid blue.

trum from our DES Y6 cosmic shear data, which is sensitive
to scales extending into the non-linear regime, where galaxy
formation processes and non-standard physics may imprint
signatures [161]. This allows us to assess deviations of the
DES Y6 data relative to a fixed dark-mater only ⇤CDM cos-
mology. We also compare our constraints to those from other
cosmological probes as a function of scale, following [157].

We follow the methodology of [162], built upon [163] and
similar to [164], to reconstruct the non-linear matter power
spectrum. To do this, we first vary the shape of the non-
linear matter power spectrum assuming a fixed Planck 2018
cosmology (and therefore a fixed expansion history). We bin
the spectrum in N wavenumber bins of log(k), extending over
scales k = 10�2 � 101, such that

Pm(k, z)

P
Gravity

m, Planck(k, z)
= C(ki) , i = [1, N ] (21)

where P
Gravity

m, Planck(k, z) is the power spectrum from HM-
Code2020 at a fixed Planck cosmology [128] with no feed-
back prescription, Pm(k, z) is the true matter power spectrum
and C(ki) are the ratios of observed to gravity-only matter
power spectra in each of the N bins, centred on ki. These scal-
ing coefficients for each bin are introduced as free parameters
in the analysis, rather than the standard cosmological param-
eters. The result is a constraint on the total amplitude of the
fractional suppression of the non-linear matter power spec-
trum in each wavenumber bin. Our treatment assumes this
quantity is constant with redshift. By fixing the cosmology,
the redshift evolution of the suppression is assumed to be de-
scribed by a Planck ⇤CDM model. For future surveys, more
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FIG. 9. Left: Fiducial NLA and TATT analyses compared with other IA variants (solid black: NLA per bin, dashed-dot pink: NLA with
bTA 2 [�2, 2] and dashed green: TATT with bTA 2 [�2, 2]). Right: Fiducial NLA analysis with and without scale cuts (orange and black
respectively) compared with analyses varying baryonic feedback modeling parameters ⇥AGN (solid green), and Amod (dashed-dotted pink) -
a parametric model for capturing power suppression.

model, with the IA parameters that are small, but sig-
nificantly non-zero15.

• Under the assumption of NLA, allowing for a redshift
dependence is disfavored. The evidence decreases, and
there is no appreciable improvement in �

2; ⌘1 is consis-
tent with zero, and the implied A1(z) does not show a
significant trend with redshift, which will be discussed
more later in Section VIII A. Allowing additional flexi-
bility either by reparametrizing the assumed evolution
to a linear function of z or by varying an indepen-
dent amplitude per redshift bin, does not significantly
change this picture, although in the latter case we see
some hints of non-zero evolution; see Section VIII A.
The same holds in our fiducial TATT variant: fixing
⌘1 = ⌘2 = 0 improves the evidence by a factor of ⇠ 2.
This is not universally true, however. We consider the
TA model, which is an extension to NLA where the bTA

parameter is allowed to deviate from 0. For both the
TA model and TATT with bTA = 0, we see significant
increases in evidence when adding redshift power-law
parameters.

• A fixed density weighting contribution with bTA = 1
is substantially disfavored compared to either assuming
bTA = 0 or varying the parameter. The choice to fix
bTA = 1 is the primary cause of the above noted pref-
erence for our fiducial NLA variant over fiducial TATT,
with the data strongly preferring some variants of TATT
over NLA once deviation from bTA = 1 is allowed (see
Table IV). Consequently, the best-fit bTA is relatively

15 Note that this is different from Y3, where zero IA was weakly favored by
the data [23].

well constrained at bTA = �0.73+0.21
�0.25 for the TA-3

model.

• Varying bTA brings NLA and TATT into better agree-
ment: in both cases, this results in a lower value of
S8 = 0.782 and higher values of ⌦m. We show the
S8-⌦m constraints in the left panel of Figure 9, com-
pared to our fiducial constraints. The data prefer these
models with free bTA (the TA model).

• We check the degeneracy of the IA model parameters
with redshift mode parameters uj within the two fidu-
cial and two data-preferred bTA free models and find
that they do not show evidence for absorbing the red-
shift calibration errors.

In summary, as described in Section IV B, before unblind-
ing we defined two fiducial IA models, variants of NLA and
TATT. Between these models, the fiducial NLA was preferred
by the Y6 data. However, the model favored overall by the
Y6 data is a 3-parameter version of the model with an align-
ment amplitude with redshift dependence and varying bTA:
A1 ⇠ [�1, 3], ⌘1 ⇠ N (0.0, 3.0), bTA ⇠ [�2, 2]. Our IA
model constraints bear further investigation. The IA param-
eters may reflect a combination of a real underlying signal,
absorption of residual systematics (such as photo-z errors),
and compensation for model misspecification (e.g., imposing
a power-law redshift evolution). In Section VIII we investi-
gate the constraints on the IA model parameters and discuss
strategies for model selection in future weak lensing analyses.

2. Baryon feedback

To mitigate baryonic feedback effects, our fiducial model
implements both scale cuts and a fixed feedback prescrip-
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Figure 1. Top: Snapshot of the MBII simulation in a slice of thickness 2h�1Mpc at redshift z = 0.06. The bluish-white colored region
represents the density of the dark matter distribution and the red lines show the direction of the major axis of ellipse for the projected
shape defined by the stellar component. Bottom Left: Dark matter (shown in gray) and stellar matter (shown in red) distribution in the
most massive group at z = 0.06 of mass 7.2 ⇥ 1014h�1M�. The blue and red ellipses show the projected shapes of dark matter and
stellar matter of subhalos respectively. Bottom Middle: Dark matter and stellar matter distribution in a group of mass 3.8⇥1012h�1M�.
Bottom Right: Dark matter and stellar matter distribution in a group of mass 1.1⇥ 1012h�1M�.

Iij =

P
n mnxnixnjP

n mn
, (1)

where mn represents the mass of the nth particle and
xni, xnj represent the position coordinates of the nth parti-
cle with 0 6 i, j 6 2 for 3D and 0 6 i, j 6 1 for 2D. It is to be
noted that in this simulation, all particles of the given type
(either dark matter or star particle) have the same mass.
Hence the mass of a particle has no e↵ect on the inertia ten-
sor. The inertia tensor can also be defined by weighting the

positions of particles by their luminosity instead of mass.
Schneider et al. (2012) used the definition of reduced iner-
tia tensor and investigated the radial dependance of halo
shapes in the N -body simulation by considering only parti-
cles within a given fraction of the virial radius. In this paper,
we are only concerned with the standard unweighted inertia
tensor definition for determining shapes and defer investiga-
tion of other definitions for a future study.

Consider the 3D case. Let the eigenvectors of the iner-
tia tensor be êa, êb, êc and the corresponding eigenvalues be
�a,�b,�c, where �a > �b > �c. The eigenvectors represent
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tion using HMCODE2020, at a moderate feedback strength
of ⇥AGN = 7.7. In the right panel of Figure 9, and Rows 25
and 26 of Figure 8, we demonstrate the impact of marginal-
izing over this baryon feedback model parameter, while re-
taining our scale cuts, on our cosmological constraints. We
vary this parameter in the range (⇥AGN 2 [7.2, 9.0]), where
the prior choice on ⇥AGN is largely motivated by [108] to al-
low for strong feedback scenarios. For the NLA case, the S8

posterior, shown in green, is consistent within 0.4� with the
fiducial result (S8 = 0.807+0.017

�0.019), with the posterior allow-
ing for higher values of S8 with degraded precision. A similar
behavior is seen for TATT (see Table VI in Appendix B).

In addition, while there exists other ways to model small
scales (e.g. [24, 108, 113, 115, 147–150]), we constrain the
non-linear power suppression through the phenomenological
Amod model [105, 106]. We choose this approach as the
model is not calibrated to any specific simulation, and so is
agnostic to the source of the suppression, shown in pink in
Figure 9. The power spectrum is modulated according to the
formula

Pm(k, z) = P
L

m
(k, z)+Amod[PNL

m
(k, z)�P

L

m
(k, z)] . (20)

We vary this parameter in the range (Amod 2 [0.5, 1.5]),
where the prior choice is motivated by [106]. This result is
also consistent within 0.3� (S8 = 0.806+0.021

�0.025), again with
the posterior allowing for higher values of S8 and with further
degraded constraints.

Overall, we find that our scale cuts are effectively remov-
ing the parts of the measurement that are sensitive to the non-
linear effects. In Section VIII B we analyze the DES Y6 mea-
surements without scale cuts to constrain the suppression of
the matter power spectrum.

VIII. INTRINSIC ALIGNMENT & MATTER POWER
SPECTRUM CONSTRAINTS

In Section VII, we demonstrated that our fiducial con-
straints are robust to astrophysical and observational sys-
tematic effects to within 1�. In this section we discuss
the constraints on the intrinsic alignment parameters (Sec-
tion VIII A), and the matter power spectrum, including bary-
onic feedback (Section VIII B) from our cosmic shear data.

A. Intrinsic alignment model parameters

Figure 10 shows the constrained IA amplitudes, A1, A2 and
bTA at our chosen pivot redshift z = 0.3 (top panel) and as a
function of redshift (bottom panel). We show the results using
both NLA (orange) and TATT (purple), both of which assume
a power-law redshift dependence. We also show analyses us-
ing NLA with a non-parametric free amplitude per redshift bin
(NLA per bin, black) and NLA without redshift dependence
(NLA-1, shaded grey). The picture here is largely consistent
across models – at low redshift, where IA is well constrained,
the data prefer a positive linear amplitude at A1 ⇠ 0.5 for
our fiducial models. Due to the degeneracy between A1 and
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FIG. 10. Top: Posteriors of intrinsic alignment parameters obtained
from the two fiducial analyses (NLA and TATT, orange and purple)
and those varying bTA (green and brown). The two sets of con-
tours are 68% and 95% confidence levels. Bottom: Effective in-
trinsic alignment amplitude A1 as a function of redshift. The four
redshifts shown for DES Y6 NLA per-bin constraints represent the
means of our four redshift bins (shown in Figure 1). For the NLA
and TATT cases, which assume a power law, we use a pivot redshift
at z0 = 0.3. We additionally show a selection of published direct IA
measurements using spectroscopic data from: GAMA+SDSS [151],
PAUS [152], eBOSS [88], and DESI [89]. Note that the samples for
the direct measurements are qualitatively different from those used
for lensing in terms of galaxy populations.
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trinsic alignment amplitude A1 as a function of redshift. The four
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and TATT cases, which assume a power law, we use a pivot redshift
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The “next generation” is now

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Dark Energy Survey

Kilo Degree Survey

Hyper Suprime Cam

Euclid

Vera Rubin Observatory

Roman Space Tel.
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Vera C. Rubin Observatory
• Legacy Survey of Space and Time 

(LSST)

• LSSTCam (3.2 Gpix) on 8.4m 

telescope, Cerro Pachón, Chile

• ~1/2 of sky (18-25k deg2)

• 10 year dedicated survey 

(2026-2036)

• 20 billion galaxies

• 8 science collaborations. 

“Dark Energy” (DESC) also 
includes dark matter, gravity, 
inflation, neutrinos, …

53~10 deg2 field-of-view
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Figure G2: The forecast dark energy constraints at Y1 (top left) and Y10 (top right; bottom) from
each probe individually and the joint forecast including Stage III priors. For consistency, the same axes
are used on the Y1 and the top Y10 plot, while the bottom Y10 plot is zoomed in further. Note that the
supernova contours appear to be tilted clockwise with respect to typical forecasts shown in the literature,
because most papers include a Stage III prior when generating the contour for SN. 68% confidence
intervals are shown in all cases; the plotted quantities �w0 and �wa are the difference between w0 and
wa and their fiducial values of -1 and 0. The contours in this figure for individual probes do not include
Stage III priors, so they should only be compared with the individual probe FoM values in Table 6.1 that
have no Stage III prior included.
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Forecast: LSST DESC SRD (2018)



It is happening!

• Data taking started in 2025. “First Look” event June 2025.

• Some amazing images. 2100 new asteroids in 7 nights.

• Commissioning complete, now in Early Science Operations. 

LSST to begin soon. We will first analyze “Data Preview 2.” 55



Roman Space Telescope
• Nancy Grace Roman: NASA’s first 

Chief of Astronomy

• 2.4m mirror (same as Hubble)

• Field of view ~100x larger than 

Hubble

• Amazing image quality over 

unprecedented area of the sky

• Will do imaging, spectroscopy, and 

coronagraph

• Launch ~August 30, 2026! (Ahead 

of schedule and under budget)
56



Roman Space Telescope
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• High-latitiude wide-area survey (HLWAS)

• Wide, medium, deep, and ultra-deep tiers

• Wide (~2700 deg2, single band) + deep (~2400 deg2, 

multi-band + grism spectroscopy) combine for ~600 
million galaxy shapes (>4x DES)


• Enabling multi-probe cosmology with excellent control of 
systematics



Roman, STScI



Roman - Nov 2025

Credit: A. Choi



Roman - April 15, 2026
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• Combining weak lensing and galaxy clustering is a 
powerful probe of cosmic structure and dark energy.


• DES has been a successful, decades-long effort to 
probe dark energy and much more.


• Results from completed DES (Year 6): 2.8  tension 
with CMB in 𝚲CDM, 2.2  (3.0 ) preference for 
evolving dark energy from DES alone (all combined).


• Rubin Observatory LSST, the Roman Space 
Telescope, and Euclid will provide unprecedented 
cosmological data sets.

σ
σ σ
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Thank you!
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S8

Y6 3 ⇥ 2pt �CDM

3 ⇥ 2pt NLA

IA: TATT5 (+bTA)

Galaxy bias: non-linear

Feedback: �AGN = 7.3 � 8.3

Magnification: Uninformed

Redshift calibration: Shift (�z) + Stretch

Redshift calibration: No WZ

Sampler: Polychord

Lens bin 2 included

Low-z only

High-z only
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�m

0.7 0.8
�8

FIG. 16. Constraints on S8, ⌦m and �8 in ⇤CDM from the fiducial 3⇥2pt results, compared to a number of robustness tests performed
in Section C. All constraints are shown as marginalized 1� constraints. From top to bottom we show our tests for astrophysical effects (IA,
galaxy bias, baryonic feedback, magnification), different sampling approaches (changing samplers, different approaches to sample redshift
uncertainty), and including/excluding part of the data vector (including lens bin 2, splitting the data by redshift).

1�. This highlights the strong sensitivity of S8 to red-
shift calibration [such sensitivity is evident in the KiDS
legacy results, e.g. Figures G1 and I1; 7], and under-
scores the need for accurate, precise, and redundant
redshift-calibration methods.

The third set of tests look at how including/excluding part
of the data vector changes the results

• Including lens bin 2: We discussed in detail the moti-
vation and investigation associated with the removal of
lens bin 2 in Appendix A. Here we check the impact
of including lens bin 2 back in the data vector (ignor-
ing the internal inconsistency). We find that with lens
bin 2, we have S8 = 0.787+0.012

�0.012, ⌦m = 0.344+0.023
�0.026,

�8 = 0.737+0.031
�0.035. The FoM�8,⌦m is slightly higher at

4286 due to the additional statistical power, but the con-
straints are effectively unchanged (the S8 constraints
shift by 0.12�). This result is reassuring, and suggests
that if there is some unknown systematic effect that is
causing lens bin 2 to be inconsistent with the rest of the
data vector, the effect of that systematic effect is not
coupled with our main cosmology results.

• High-z/Low-z: We split the data into halves of high and
low redshift. The low-z half consists of the 3⇥2pt data
vector formed by source bin 1 and 2 and lens bin 1 and
3, while the high-z half contains the remaining bins.
We find that the high-z subset of the data gives S8 =
0.785+0.014

�0.014 and a FoM�8,⌦m of 2793, while the low-
z subset gives S8 = 0.777+0.030

�0.029 and a FoM�8,⌦m of
1154. Both subsets shift to slightly lower S8 values,
but all within 0.5�. The high-z subset dominates the
constraining power both due to the higher lensing signal
and the fact that we have removed lens bin 2.

Appendix D: Limiting uncertainties in DES Y6 3⇥2pt
constraints

The cosmological constraints from the DES Y6 3⇥2 pt
analysis are shaped not only by the statistical power of the
data but by the treatment of systematic uncertainties that af-
fect both the modeling and the calibration of the observables.
This appendix provides estimates of how different systematic
effects contribute to the Y6 3⇥2 pt constraining power. As
summarized in Section IV A, we treat these systematic uncer-
tainties through a combination of parametric modeling of sys-
tematic effects and data/scale cuts, which exclude measure-
ments affected by systematics not included in the Y6 model.
The latter are used to effectively mitigate several effects in the
non-linear regime, as accurate models for these effects are on-
going research projects. Scale cuts, however, come at the cost
of removing a substantial fraction of the signal-to-noise ratio
from the data vector.

Impact of small-scale systematics: As detailed in Sec-
tion IV C and [Y6MODEL, Y6-1X2PT], key uncertainties in
interpreting data points below the scale cuts are baryonic feed-
back effects on the matter power spectrum, IA in the non-
perturbative regime, non-linear galaxy bias, and non-linear
matter clustering.

For the cosmic shear data vector, our imposed scale cuts re-
duce the SNR from 83 to 43, and for galaxy clustering (linear
bias, without lens bin 2) our scale cuts reduce the SNR from
233 to 86.

Furthermore, point mass marginalization mitigates the non-
local effect of the 1-halo term in galaxy-galaxy lensing above
the scale cut. The combination of the scale cuts and point
mass marginalization reduce the data vector S/N from 143 to
39 for galaxy-galaxy lensing (without lens bin 2), and from
302 to 95 for the fiducial (TATT, linear galaxy bias, no lens bin

Model testing and systematics
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Matter Power Spectrum
22

FIG. 12. Full matter power spectrum constraints from DES Y6 power spectrum reconstruction technique using fiducial analysis choices. We
compare to results from the literature: Planck 2018 TT, EE and lensing spectra �� [157], constraints from the BAO analysis from SDSS in red
[158] and the Lyman-↵ forest constraints from the eBOSS analysis in grey [159, 160]. The constraints contain linear modes consistent with
those from CMB and BAO measurements of the matter power spectrum, and extend into the non-linear regime. The solid and dashed lines
show the linear and dark-matter only (DMO) non-linear power spectrum predictions from HMCODE2020 assuming the DES Y6 cosmic shear
best-fit cosmology (NLA).

complex models could be introduced to capture the specific
redshift dependence of the suppression at the same time as
assessing the scale dependence of the suppression.

We first study the suppression of the matter power spectrum
relative to the dark matter-only power spectrum (Equation 21)
computed from HMCODE2020 with Planck 2018 cosmology.
This is shown in Figure 11. A suppression could arise due to
baryon feedback [98], new physics, such as massive neutrinos,
warm dark matter or axions [e.g. 165–167], or unknown sys-
tematics. The reconstruction approach that we employ using
weak lensing data is agnostic to the source of the suppression.
Reconstructing the shape of the power spectrum in a model-
independent way may provide clues to the physics responsible
[168].

The orange constraints in Figure 11 are obtained using the
fiducial analysis choices with the NLA IA model. Also shown
in red are constraints obtained from analyzing the cosmic
shear measurements without the scale cuts, including small
angular scales (2.50

< ✓ < 2500). We overlay a selec-
tion of suppressed power spectra from cosmological hydro-
dynamical simulations (BAHAMAS-8: [96], SIMBA: [99],
MTNG740: [101] and FLAMINGO: [102]). We note that
although we compare with predictions from the hydrodynamic
simulations at z = 0 where results are readily available, our
results are not constrained by data at z = 0, but rather by the
lensing field at higher redshift. The power suppression ob-
tained with DES Y6 data is consistent with the BAHAMAS-
8 simulation, which was used as the upper limit feedback
strength to define the scale cuts used in this analysis (see Sec-

tion IV C).
Although the bulk of this suppression is likely due to bary-

onic feedback, which motivates this comparison, we note that
this reconstruction is sensitive to any physics that alters the
underlying power spectrum as well as other effects that impact
the lensing measurement, including mis-modelled astrophys-
ical effects, higher-order lensing, or systematics not removed
from the data. In Appendix A, we demonstrate that the small-
scale data vector is robust to a mis-modelled PSF and does
not contain significant B-mode contamination, providing con-
fidence that the measurement is reliable on these scales. Sim-
ulated tests in [162] demonstrated that, at the current level of
constraining power, it is unlikely that mis-modelled IA would
account for the bulk of the 10-20% suppression amplitude, al-
though we note that a fully non-linear IA model on these small
scales could contribute more than NLA or TATT.

Next, in order to achieve a reconstructed matter power spec-
trum that does not assume a set of cosmological parameters,
we perform the same analysis that implements Equation 21,
but varying cosmological parameters in the gravity-only spec-
trum, rather than remaining fixed to a Planck cosmology. We
then multiply these constraints by the best-fit DES Y6 non-
linear dark-matter only matter power spectrum predicted by
HMCODE2020 to report a constraint on the full matter power
spectrum from DES Y6 data. We maintain the fiducial analy-
sis choices and scale cuts, opting for the NLA IA model. This
result is shown in Figure 12, with constraints on the full matter
power spectrum reported at z = 0. The solid and dashed lines
show the dark-matter only predictions from HMCODE2020
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We test the case where we ignore the contribution of
redshift-dependent blending to the multiplicative bias m (“No
blending correction”; Row 19). To do this, we use image sim-
ulations where the known constant shear is applied across all
redshifts. For this analysis, we turn off the correlation be-
tween m and u. Our result indicates that our m calibration
from image simulations, where we model the coupling be-
tween shear and redshifts, has little impact on overall cos-
mology for the statistical power of our data. Nonetheless, we
expect this correction to be more critical for future surveys as
the blending fraction increases with deeper surveys.

We also test the impact of inflating the width of the m dis-
tribution prior from 1 to 3�, as if the uncertainty was sub-
stantially underestimated (“m calib. with 3� prior”; Row 20).
As is the case with redshift uncertainty, though TATT shows
a larger shift than NLA, we also check that the shift in 2D
(S8, ⌦m) plane is less than 0.5� and conclude this shift is due
to projecting the posterior onto S8. Inflating the uncertainty
degrades the cosmological precision, but the posterior is con-
sistent with the fiducial result, demonstrating that the analysis
is robust to this additional freedom.

C. Astrophysical systematics

1. Intrinsic alignments

In Section VI, we presented results using two fiducial IA
models: NLA and TATT. These posteriors differ by 0.6�,
with TATT preferring lower values of S8. In Table IV, we
report ��

2
/�dof13 (difference in the best-fit per unit dif-

ference in degrees of freedom) and the Bayes ratio R =
Zmodel 1/Zmodel 2 (Z: Bayesian evidence) to quantify the
preference and fit to the data between model choices14. When
comparing the fiducial variants of NLA and TATT, we find a
Bayes ratio of R = ZNLA/ZTATT = 16.9 ± 0.2; according
to the Jeffrey’s scale [145] this constitutes a “strong" pref-
erence for the NLA model. The difference in the best-fit is
��

2
/�dof = 2.1. One caveat to the evidence ratio is that it

depends on the width of the priors assigned to the parameters
introduced in more complex models. The prior bounds placed
on A2 and ⌘2, for example, are not strongly specified by any
theory, and if they were each to be tightened or loosened by
a factor

p
2, then the evidence ratio for the fiducial TATT vs

NLA comparison would change by a factor of 2. This caveat
also applies to the evidence for other variant IA models dis-
cussed below.

13 For practical reasons, the model comparison in this section uses the NAU-
TILUS best �2 for each model. Note that these �2 estimates have some
noise, though this is smaller than that on the associated parameter values.

14 To facilitate comparison in Table IV and the discussion in Section VII C 1
we unify the scale cuts to those validated with NLA. These remove
(slightly) more angular scales than the TATT cuts and should be robust for
all more complex models than NLA. We confirm that this change does not
significantly change either the mean or size of the TATT contours shown in
Figure 3.

IA Model bTA ��2/�dof p�val. R S8

None 0 0/0 0.06 1 0.792+0.013
�0.013

NLA-1 (A1) 0 3.8/0.3 0.07 71 0.799+0.014
�0.014

NLA⇤ (A1, ⌘1) 0 3.5/0.6 0.07 41 0.798+0.014
�0.015

TA (A1, ⌘1) 1 0.24/0.7 0.05 1 0.802+0.014
�0.014

TA no z (A1, bTA) [-2,2] 11.9/0.7 0.13 143 0.788+0.014
�0.015

TA-3 (A1, ⌘1, bTA) [-2,2] 13.9/1.9 0.15 232 0.782+0.014
�0.015

TATT-3 (A1, A2, ⌘1) 1 6.6/1.2 0.08 3 0.789+0.017
�0.016

TATT no z (A1, A2) 1 5.0/1.1 0.08 4 0.792+0.015
�0.015

TATT no z (A1, A2) 0 11.9/0.9 0.13 95 0.787+0.015
�0.015

TATT⇤ 1 5.3/1.5 0.07 2 0.786+0.018
�0.018

TATT 0 14.0/1.5 0.14 114 0.779+0.016
�0.016

TATT + bTA [-2,2] 15.4/2.7 0.14 104 0.782+0.016
�0.016

NLA per bin 0 5.0/2.1 0.07 5 0.790+0.015
�0.017

NLA linear z 0 4.0/0.9 0.07 31 0.795+0.016
�0.014

TATT linear z 1 6.0/1.6 0.08 2 0.773+0.023
�0.018

TABLE IV. A summary of IA complexity tests presented Section
VIII A. A * next to the IA model name represents our fiducial model
choices. All analyses were run using the NLA scale cuts, which
use fewer scales than the TATT ones. In each case we show (left
to right) the value of bTA assumed in the model; the reductions in
the best �2 and effective degrees of freedom (both relative to the no
IA case �2/dof=300.6/263.2); the associated p�value; the Bayesian
evidence ratio with respect to the no IA case R; the marginalized
mean value S8 ±1� confidence intervals. Note that the models in
the upper section are nested sub-spaces of TATT, whereas the lower
three are reparametrisations.

We also consider a number of alternative IA models to test
the robustness of our result. We note that our fiducial vari-
ants of the NLA and TATT models make particular assump-
tions which can impact the resulting IA and cosmological con-
straints. Table IV lists these model variations, as well as the
preference of each model relative to the ‘no IA’ case (in terms
of ��

2
/�dof , p-value and Bayesian evidence ratio R), and

the resulting S8 constraint. We have two forms of model vari-
ants here. In the upper half of Table IV, we alter the flexibility
of the TATT model by increasing and decreasing the num-
ber of free parameters assumed, including the bTA parameter,
which we have fixed in our fiducial analyses. In the lower
half, we consider different forms of redshift evolution in the
IA parameters beyond the power law form in Equations 13 -
14. ‘NLA per bin’ allows for one free IA amplitude per source
tomographic bin; ‘NLA/TATT linear z’ assumes a linear red-
shift evolution of the NLA/TATT parameters in the form z,
a1,2(z) / A1,2 +�1,2(z�z0) (where �1,2 are free parameters
that replace ⌘1,2 in Equations 13 and 14). The S8 �⌦m poste-
riors for a subset of these variants that add model complexity
are shown in the left panel of Figure 9, and they are also sum-
marized in Rows 22-24 of Figure 8. Overall, we find that the
DES Y6 constraint can vary at the ⇠1� level in S8�⌦m plane,
depending on the IA model choice, consistent with previous
findings [e.g 20–23, 25, 91, 146].

When considering the preferences of the data with respect
to these different IA models, there is no simple trend with
model complexity, but we have a number of interesting obser-
vations.

• The data have a clear preference for a non-zero IA
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FIG. 13. Constraints on the sum of neutrino mass coming from the
DES Y6 3⇥2pt and combination with other low- and high-redshift
external probes. We note that all chains presented here contain a top-
hat prior of

P
m⌫ 2 [0.06 � 0.6] eV.

complete comparison of geometric vs. growth probes will be
explored in the forthcoming paper [11].

E. Neutrino mass

Figure 13 shows the marginalized constraints on the sum
of neutrino masses

P
m⌫ and the matter density ⌦m in flat

⇤CDM, from our fiducial 3⇥2pt, CMB, 3⇥2pt+Ext. Low-
z and 3⇥2pt+All Ext. As in Y3 [37], the 3 ⇥ 2pt analysis
alone does not provide a meaningful constraint on

P
m⌫ , and

the marginalized posterior remains bounded by the adopted
prior range of 0.06-0.6 eV. Our measurement of ⌦m peaks
in a region that is consistent with the CMB value, unlike the
BAO case where ⌦m is significantly lower than the CMB (Fig-
ure 12). This lower preference for ⌦m drives the joint neutrino
constraints (orange contour in Figure 13) toward the lower
boundary [144, 145], due to the degeneracy between ⌦m andP

m⌫ .
The CMB (as defined in Section VII) alone yields an upper

limit of
P

m⌫ < 0.24 eV (95% CL), while the inclusion of
DES 3 ⇥ 2pt slightly tightens this constraint to

P
m⌫ < 0.22

eV. When combining DES 3 ⇥ 2pt with the external low-
redshift (Ext Low-z) probes, we obtain an upper bound ofP

m⌫ < 0.47 eV. When we further combine this with the
CMB, we find

P
m⌫ < 0.14 eV, with an improvement due

to the different ⌦m–
P

m⌫ degeneracies of high-z and low-
z probes (cf. Figure 13). This upper limit is noticeably
weaker than the one reported by the DESI Collaboration us-
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FIG. 14. Marginalized constraints on the Hubble parameter h and
the total amount of matter ⌦m in the ⇤CDM model compared to
local measurements of h. The “BAO” label denotes the combination
of DESI DR2 BAO and DES BAO measurements, with overlapping
regions removed from the DES dataset.

ing DESI DR2 combined with the CMB (without lensing),P
m⌫ < 0.067 eV [95% CL, 137]. The main reason is that

we adopt physical priors that include the lower bound of 0.06
eV imposed by neutrino oscillation experiments [146], instead
of the commonly used minimal mass of zero. Yet, the trend
in our combined result remains consistent with external con-
straints, as the posterior in the ⇤CDM framework consistently
peaks at the lower prior boundary [144, 145].

All the marginalized neutrino constraints in ⇤CDM are re-
ported in Table IV.

F. Constraints on Hubble parameter

Next we consider the Hubble parameter evaluated at the
present time, H0 = 100h km s�1 Mpc�1, motivated by sig-
nificant tensions observed between different measurements.

Multiple direct local measurements prefer a higher value of
the expansion rate than that inferred from the primary CMB,
most prominently the h = 0.7304±0.0104 constraint from the
SH0ES team [147] based on an astronomical distance ladder
using Cepheid variables, and h = 0.704 ± 0.019 [148] using
the Tip of the Red Giant Branch (TRGB) method [148].

In the ⇤CDM model, some of these local measurements
stand in contrast to constraints from the CMB by Planck +
ACT + SPT, which prefer h = 0.667+0.009

�0.006, a 4.6� tension in
the 1D h projection compared to the SH0ES result, while con-
sistent at 1.6� with the TRGB result. This value comes from
reanalyzing the relevant likelihood with our priors, including
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FIG. 9. Combination of all the DES cosmological probes in the ⇤CDM (left panel) and wCDM (right panel) models. We show marginalized
constraints on parameters from large-scale structure and weak lensing (3⇥2pt; pink), type Ia supernovae combined with BAO (black dot-
ted/gray), galaxy cluster clustering and number counts combined with 3⇥2pt (brown). The combination of DES Y6 3⇥2pt, Clusters, SNe Ia,
and BAO is shown in orange (All DES). Blue contours correspond to CMB constraints from Planck, ACT and SPT combined. The combination
of DES probes is consistent with CMB at the 2.8� level in ⇤CDM and 2.5� in wCDM in full parameter space.

One important note is that in [126], the galaxy samples
used in the 3⇥2pt block were the same as those used
for cross-correlation with clusters. This means that sev-
eral shared nuisance parameters, in particular the mass-
observable relation, can be self-calibrated. Here, how-
ever, the Y3 source and lens samples are different from
the Y6 ones. This means that the combination does not
invoke self-calibration. In addition, to be conservative,
we only use the part of the data vector in [126] that does
not overlap with the Y6 3⇥2pt data vector.8 Both of
these factors result in less constraining power gain when
combining with clusters compared to what is shown in
[126], but we nevertheless found that there is an im-
pact from including the cluster information (⇠ 16%
tighter ⌦m constrain). In addition, we assume the corre-
lation of the Y6 3 ⇥ 2pt and the Y3 cluster likelihood is
small (the later being dominated by shape/shot noise)
and we use normalising flows to combine them (see
Section IV D).

In an upcoming paper [48], we will present a com-
plete self-calibrating analysis that updates the cross-
correlations between the Y3 cluster sample and the Y6
lens and source samples.

8 Specifically, the cluster (CL) likelihood we use to combine with Y6 3 ⇥
2pt includes Y3 h�c�gi, h�c�ti and number counts (N), and ignores Y3
clustering h�g�gi.

In the left panel of Figure 9, we show the individual and
combined constraints for ⇤CDM from the four DES probes:
DES Y6 3⇥2pt, DES BAO, DES SN and DES CL. We find

S8 = 0.794+0.009
�0.012,

⌦m = 0.322+0.012
�0.011,

�8 = 0.766+0.017
�0.022. (24)

Combining the four probes results in a 1.3% constraint on
S8, which is comparable in precision to the constraint from
the primary CMB. The FoM�8,⌦m of the four DES probes
and primary CMB are also very similar, 8721 and 8994, re-
spectively. We note that these are the first cosmological con-
straints combining all four dark energy probes from a single
experiment, an important milestone for Stage-III dark energy
experiments. Comparing between the different probes, we see
that S8 is primarily constrained by 3⇥2pt, SN+BAO places
a strong constraint on ⌦m, and clusters contribute to a small
shift and tightening in the ⌦m direction. The addition of the
other probes to 3 ⇥ 2pt pulls the ⌦b constraint against the
lower prior edge. All four probes appear fully consistent in
this parameter space, and we confirm this fact quantitatively
in Table VI, where different combinations of DES probes are
always consistent to within . 2�.

Comparing the four DES probes and the CMB constraints,
we see that in the S8 � ⌦m plane the 2� contours overlap.
Quantitatively, we find a 2.8� parameter differences in the full
parameter space between the combination of all DES probes
and the CMB. Compared to the case with only 3⇥2pt in Sec-
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FIG. 10. ⇤CDM (left) and wCDM (right) constraints for DES Y6 3⇥2pt combined with other low redshift external probes. The primary CMB
constraints are shown in blue, and combining DES Y6 3⇥2pt, external low-redshift probes and the CMB gives the orange contours.

DES Y3 3⇥2pt with eBOSS BAO and RSD, Pantheon SN and
CMB constraints from Planck 2018. The subsequent upgrades
in each of the physical probes together contribute to this gain.
Interestingly, this combination also results in S8 shifting lower
by about 0.6� compared to our result in Y3. Given that the
CMB constraints shifted to higher S8 values from Planck to
the joint Planck+ACT+SPT combination that is used in this
work, this suggests that the low-redshift constraints now have
substantially greater impact on the joint constraints.

Since we are considering a flat universe, a constraint on
⌦m translates directly into a constraint on the dark-energy
density parameter, giving ⌦⇤ = 0.698+0.003

�0.003 and ⌦⇤h
2 =

0.326+0.004
�0.004. In physical units this translates to ⇢⇤ =

6.120+0.075
�0.069 ⇥ 10�30 g/cm3. The value of the cosmological

constant itself is ⇤ = 8⇡G⇢⇤ = 1.027+0.013
�0.012 ⇥ 10�35 s�2 or

in distance units ⇤/c
2 = 1.14+0.014

�0.028 ⇥ 10�56 cm�2.
In wCDM we show the best constraining combination in

the right panel of Figure 10 for the w � ⌦m plane. We find:

w = �0.981+0.021
�0.022,

⌦m = 0.305+0.004
�0.005, (26)

a 2% constraint on w that is consistent with the cosmological
constant (w = �1).

C. Comparison of lensing probes

In this section we compare our 3⇥2pt results with results
from other Stage-III lensing analyses: the Kilo-Degree Sur-
vey [KiDS, 38] and the Hyper Suprime-Cam Subaru Strate-
gic Program [HCS-SSP, 40]. A quantitative evaluation of the
consistency of the three Stage-III results is not straightforward
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FIG. 11. Comparison of S8 � ⌦m for the main Stage-III lensing
surveys. Here we select the results from each survey that is most
comparable to either our 3⇥2pt or cosmic shear analysis. For KiDS,
we show the KiDS-Legacy cosmic shear constraints [7] (green). For
HSC, we show the 3⇥2pt constaints from [45] (orange).
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FIG. 1. DES footprint in equatorial coordinates. The ⇠ 5000 deg2 wide-field survey footprint is shown as a black outline, with overplotted
convergence map using the Wiener filter reconstruction method [49]. The white circles, scaled to approximately one full DECam field-of-view,
show the supernovae field locations. Other current and planned surveys are shown as well. The South Pole Telescope footprint includes the
SPTpol and SPT-SZ surveys described in [50].

II. THE DARK ENERGY SURVEY YEAR 6 DATA
PRODUCTS

A. Y6 Gold Catalog

DES was allocated 760 distinct full- or half-nights of ob-
servations between 2013 August 15 and 2019 January 9 [51]
to use the Dark Energy Camera (DECam; [52, 53]), a 570-
megapixel camera with a 3 deg2 field-of-view installed at the
prime focus of the 4-meter Víctor M. Blanco Telescope at
Cerro Tololo Inter-American Observatory (CTIO) in Chile.
The DES wide-field survey observed in five broad bands,
grizY , spanning 400 nm . � . 1060 nm. The final DES
data release, DES Data Release 2 (DES DR2; [54]), includes
76,217 DECam exposures from the wide-field survey in the
grizY bands that passed baseline survey quality criteria. The
image reduction, detrending, and processing for DES DR2
were performed using the DES Data Management system at
NCSA [55], with the configuration described in [54].

DES DR2 is used to produce the DES Y6 Gold data collec-
tion, which serves as the basis for most cosmological analy-
ses with the DES wide-field survey data [Y6GOLD]. Y6 Gold
augments DES DR2 with value-added information including
survey systematics maps, improved multi-epoch photometry,
and catalog quality flags. The DES Y6 Gold catalog contains
669 million objects spanning 4,923 deg2 of the sky with a me-
dian coadd depth of i = 23.8 mag, defined as the magnitude
corresponding to a S/N = 10 in 1.95 arcsec diameter aper-
tures [54]. Each galaxy in the Y6 Gold sample is assigned

a photometric redshift estimate, zDNF, via the Directional
Neighbourhood Fitting (DNF; [56]) method. The cosmol-
ogy analyses also make use of deeper catalogs by assembling
coadded images from exposures in the DES supernovae (SN)
fields [57], which were then used to seed synthetic source in-
jection studies using the BALROG software [18, 58, 59]. Fig-
ure 1 shows the sky footprint of the DES wide survey and the
locations of the DES deep fields (DES SN/COSMOS).

B. Source galaxies

The DES Y6 shear catalog [Y6SHEAR] is constructed by
applying METADETECTION [60] to cell-based coadded im-
ages (e.g., [61]). The principle of METADETECTION is to pro-
duce five shear catalogs for each coadd cell (of size 200⇥200
pixels): one from the unsheared image and two with pos-
itive and negative synthetic shears applied to the image in
each of the spin-2 axes; ±e1, ±e2. A nominal shear esti-
mator is applied to each variant image; the variation of the
measurement under synthetic shear is used to calculate the re-
sponse factor hRi of the nominal estimator to � in each tomo-
graphic bin. Due to detecting objects on cell-based coadds,
the METADETECTION catalog does not map onto the Gold
catalog. We make similar quality selections as when con-
structing the Gold catalog, however, to ensure the quality
of photometric redshifts (see Section 3.1 in [Y6SHEARPZ]),
and to make a common selection of regions between lens
and source samples [see Y6MASK, Y6SHEAR]. This leaves

DES Footprint
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Y3 re-analysis: 
Improved baryonic treatment and AI acceleration14

FIG. 9. (Color online, real analysis) The results of our baseline 6⇥2pt analysis with Q1 informed by the Ȳb observation in [57]
(dotted-dashed-filled, purple) compared to results without Q1 prior: cosmic shear (solid-unfilled, red), 3 ⇥ 2pt (dashed-filled,
golden), c3⇥ 2pt (solid-unfilled, green), and 6⇥ 2pt (dotted-dashed-filled, blue). We show the posterior probability in the ⌦m,
S8, and Q1 and find the subsets of the data vector in good agreement. We show the prediction of Q1 from baryon mass fraction
observed in [57] as the gray band.

C. Including primary CMB and geometric probes

Similar to X24, we also consider two sets of external
cosmological priors:

1. P1: Planck PR3+ACT DR6 Primary CMB TT-
TEEE Power Spectra [i.e. the P-ACT likelihood in
15]. We are particularly interested in assessing the
tension between our 6⇥2pt result and the primary
CMB result. We note that the P-ACT likelihood
has a derived S8 = 0.830± 0.014.

2. P2: DESI DR2 BAO and Big Bang Nucleosynthe-
sis (BBN) [132]. We are interested in this prior
as it is geometrical and provides complementary
constraints on the expansion history of the Uni-
verse. We use the full sample BAO, including the
Bright Galaxy Sample, three Luminous Red Galax-
ies samples, two Emission Line Galaxies samples,
the QSO sample, and the Ly↵ forest sample. The

BBN prior is from [133, 134] and tightly constrain
⌦bh

2 = 0.02218 ± 0.00055. Combining the DESI
DR2 BAO and BBN leads to ⌦m = 0.2977±0.0086
and H0 = 68.51± 0.58. Supernovae Ia (SNe Ia) re-
sults show 1.7� 2.9� inconsistency in ⌦m with the
DESI DR2 BAO+BBN in ⇤CDM, and we do not
include them in P2.

We compare the two external priors with our baseline
result (6⇥ 2pt with Ȳb prior) in the left panel of Fig. 10,
as well as the joint DES Y3 and Planck/SPT 6 ⇥ 2pt
analysis [4]. [4] is di↵erent from our analysis in IA mod-
eling, baryonic feedback mitigation, data vector scale cut,
CMB lensing convergence map, covariance modeling, etc.
Fig. 10 shows that we obtain lower ⌦m and higher S8, but
overall, the consistency is good within 0.68�2D in ⌦m-S8.
We find good consistency between our baseline result

and both P1 and P2 external priors. In particular, the
1D S8 marginalized results from our baseline analysis and
P-ACT are consistent at 1.35�. We evaluate the tension

J. Xu+ 2025, arXiv:2510.25596
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galaxy biasing

galaxy intrinsic alignments: e.g. TATT model, EFT of IA

– 3 –

PGI(k) ∼ −C1Pδδ(k) (31)

PII(k) ∼ C2
1Pδδ(k) (32)

PGI(k, z) ∼ −A(z, L)Pδδ(k, z) (33)

PII(k, z) ∼ A2(z, L)Pδδ(k, z) (34)

δg = b1δ + b2δ
2 + · · · (35)

γI = C1s+ C2s
2 + · · · (36)

δg = b1δ + b2δ
2 + bss

2 + · · · (37)

γI = C1s+ C2(s× s) + Cδ(δs) + · · · (38)

δg = b1δ + b2δ
2 + bss

2 + bvv
2
s + · · · (39)

γI = C1s+ C2(s× s) + Cδ(δs) + · · · (40)

δg = b1δ + b2δ
2 + bss

2 + · · · (41)

γI
ij = C1sij + C2(sikskj) + Cδ(δsij) + · · · (42)

γI
ij = C1sij + C2(sikskj) + Cδ(δsij) + Cttij + · · · (43)

(44)

〈δg|δg〉 (45)

〈δg|γ〉 (46)

〈γ|γ〉 (47)

〈δg|δg〉 ∼ wgg (48)

〈δg|γ+〉 ∼ wg+ (GI) (49)

〈γ+|γ+〉 ∼ w++ (II) (50)

(51)

– 5 –

P0E|0E(k) =

∫

d3q1
(2π)3

[(

3− 14µ2
q + 19µ4

q

8

)

Plin(q1) [Plin(q2)− 2Plin(q1)]

+

(

8αµq(3µ2
q − 1) + 4(−1 + 3µ2

q) + α2(3− 14µ2
q + 19µ4

q)

8(1 + α2 − 2αµq)

)

Plin(q1)Plin(q2)

]

P0B|0B(k) =

∫

d3q1
(2π)3

[

(

2µ2
q(1− µ2

q)
)

Plin(q1)

(

Plin(q2)− 2Plin(q1)

)

+

(

2αµq(µq − 1)(1− αµq)

k2 + q2 − 2kqµq

)

Plin(q1)Plin(q2)

]

δg(x) = bδm(x)

δg(x) = F [δm(x), δm(y), ...]

δg(x) = F [δm(x)] ≈ b1δm(x) + b2δ
2
m(x) + · · ·

δg(x) = b1δm(x) + b2δ
2
m(x) + bss

2(x) + · · ·

vbc, δbc, θbc (64)

γI
ij(x) =C1sij(x) + C2sik(x)skj(x)+

C1δδ(x)sij(x) + C2δδ(x)sik(x)skj(x) + · · ·

F (k) =

∫

d3q1

(2π)3
Plin(q1)Plin(q2)K(q1,q2) (65)

Plin, PNL (66)

PII(k, z), PGI(k, z) (67)
∫

d3k (P × P ) (68)

→ A(k), B(k), . . . (69)

Ci, z, L, fred, . . . (70)

• EPT: JB, Vlah, Seljak 15; Schmidt, Chisari, Dvorkin 15; JB, MacCrann, Troxel, Fang 19; 
Schmitz, Hirata, JB, Krause 19; Akitsu+ 23


• EFT: Vlah, Chisari, Schmidt 20, 21; Bakx+ 23

• (Hybrid) Lagrangian: Maion, Angulo+ 24; Chen & Kokron 24

• Halo model: Schneider, Bridle 2010; Fortuna+ 21
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Y6 results vs CMB

factor of ~2 more constraining power than Y3
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FIG. 6. Marginalized constraints in ⌦m, �8, and S8 ⌘ �8

p
⌦m/0.3 in the ⇤CDM analysis of cosmic shear (⇠+, orange), galaxy clustering

plus galaxy-galaxy lensing (w(✓) + �t, green), and their combination (3 ⇥ 2pt, pink). Additionally, we show the result from the nonlinear
galaxy bias (3 ⇥ 2pt NL Bias, dashed grey line) and the CMB (solid blue). Depicted contours represent the 68% and 95% credible levels.

these results are robust to many variations of the analysis
choices. In Appendix D, we break down the relative contri-
butions to the uncertainties from different sources by fixing
the nuisance parameters and looking at the resulting change
in the cosmological constraints.

The DES Y6 3⇥2pt constraints are compared to previous
DES 3⇥2pt results in Figure 7. The Y1 constraint is from
[36] and the Y3 constraint from [37]. We do not attempt to ho-
mogenize the analysis choices here between the three results,
as there has been significant evolution of both the data sam-
ples and the modeling approach since Y1. Overall, we see a
sustained gain in constraining power from Y1 to Y3 to Y6. Ta-
ble IV shows FoM�8,⌦m gains as 1085 ! 2068 ! 3907. The
three sets of contours are consistent, with Y1 having slightly
lower ⌦m central value.

2. Nonlinear galaxy bias

We also analyze our 3⇥2pt data vector assuming a nonlin-
ear galaxy bias model, going to smaller scales with the 2⇥2pt
data vector while allowing for one additional free parameter
per lens bin as well as two additional bias parameters fixed by
a relationship to the linear bias [Y6MODEL]. The constraints
are shown as dashed lines in Figure 6. We find

S8 = 0.789+0.011
�0.011 (0.788),

⌦m = 0.325+0.021
�0.025 (0.330),

�8 = 0.759+0.032
�0.034 (0.752). (22)
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FIG. 7. S8 and ⌦m constraints in ⇤CDM from DES Y6 3⇥2pt com-
pared to the combined primary CMB constraints. We also include
the results from the DES Y3 3⇥2pt analysis, in which we compared
with the primary Planck 2018 constraints, also overlaid in the figure.
When comparing with Planck only, the difference in the S8 � ⌦m

plane is reduced from 1.9� (Y3) to 1.4� (Y6). This difference in-
creases to 2.2� in Y6 when comparing to the combined CMB likeli-
hood. We also overlay the published DES Y1 3⇥2pt constraints.
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