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The Atacama Cosmology Telescope
● >5x Planck resolution. ACT&SPT only high-res CMB telescopes
● Near equator at -23° lat. Access to most of the sky
● 5200 m altitude in Atacama desert
● Typical PWV 1.2 mm (about 3x south pole, 9x ridge A)
● Observed 2007-2022
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The ACT Collaboration
160 collaborators at 45 institutions

PI: Suzanne Staggs (Princeton University)
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Advanced ACT survey

● Observed 2017-2022 in 5 bands
● Combined sensitivity of 6.1 µK√s 

(mostly in f090 and f150)
● ACT DR6 coming soonish
● Deeper than Planck over 19000°²
● Median depth of 10 µK arcmin
● 10x as much statistical power as 

DR4 (prev. cosmology release)
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(a) ACT & Planck NILC CMB temperature and kinetic Sunyaev-Zel’dovich anisotropy map.

(b) ACT & Planck NILC CMB E-mode anisotropy map.

FIG. 8. Maps of two sky components across the full footprint used in this work. Within each of the CMB temperature (a) and
CMB E-mode (b) anisotropy maps we can see large-scale CMB fluctuations. The variations in the ACT depth are visible as
changes in the small scale noise in the E-mode map. Note that to aid visualization the color scale saturates. The gray scale
image in the background is Planck Commander dust map. Bright dusty star forming galaxies and clumps of galactic dust can
be seen in many of the holes of the mask, see Fig. 1.

Coulton et al. 2023
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Visualization by S. NaessACT+Planck E,B     vs.    Planck E,B



  

CMB power 
spectrum 
forecast

● Data not quite ready 

yet :( But we have a 

preliminary forecast
● Same bin size for 

Planck and DR6
● Larger bins for DR4
● Hard to see the 

error bars!

Ignores loss of S/N in component separation
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Forecast for cosmological parameters
(Hopefully the real measurements will be out soon!)

2x improvement in sensitivity to new light relic particles (Neff)

Preliminary
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FIG. 3: Best-fit ⇤CDM and EDE (n = 3) models to the ACT DR4 TT (top), TE (middle), and EE (bottom) power spectrum
data. The smaller panels show the residuals of the best-fit models with respect to the data, as well as the di↵erence between
the best-fit EDE and ⇤CDM models. The EDE �

2 improvement over ⇤CDM (c.f. Table III) is driven entirely by the seven
lowest multipole bins in the EE power spectrum. Figs. 21 and 22 in Appendix B show a further breakdown into the residuals
for the wide- and deep-patch ACT data, respectively.

ercise. As expected, ⌦bh
2 shifts upward into closer

agreement with Planck, but interestingly ns does not
shift downward, as seen when performing this exercise
in ⇤CDM (see Fig. 14 of Ref. [3]). In fact, ns in-
creases, as does S8. It thus appears that the early-
ISW-compensation signatures of the EDE model are seen

more strongly in this exercise (the results thus resemble
Planck more closely now in this regard). The fEDE pos-
terior broadens noticeably, but the central value hardly
changes: the marginalized constraint is now fEDE =
0.146+0.064

�0.090 at 68% CL, and at 95% CL the posterior
is consistent with zero, yielding an upper limit fEDE <

ACT DR4 power spectra (2018)

Does 400 < l < 700 EE show 
early dark energy (?!?)


Not seen in Planck 

Hill et al. 2022

ACT DR6 will have more EE 
weight than Planck



Gravitational Lensing



  

● Exaggerated example of lensing of 
CMB by a point mass

● More mass  more magnification⇒

● Can recover mass distribution by 
comparing power spectra in different 
areas of the map

● In practice a fancier algorithm is 
used, but principle is the same
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What does CMB lensing tell us?
Sensitive to integral of matter power spectrum over all redshifts

Probes higher redshifts than galaxy surveys, but lower than the CMB 
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Figure 3. ACT DR6 CMB lensing mass map presented in this work. The map covers 9400 deg2 or sky fraction fsky = 0.23 with a
signal-to-noise significantly greater than unity over a wide range of scales. We show the Wiener-filtered CMB lensing convergence
in an orthographic projection with bright orange corresponding to peaks of the dark-matter dominated mass distribution and
dark purple regions corresponding to voids. Dark-matter dominated structures on few-degree scales corresponding to the peak
of the lensing power spectrum can be seen by eye (see also Figure 5). The grayscale background is a Galactic dust map from
Planck (Planck Collaboration et al. 2016b); our analysis mask is designed to avoid dusty regions of the sky. The region in the
gray box is shown in Figure 4.

Figure 4. A zoom-in of a 900 deg2 region of the ACT DR6 mass map shown as the Wiener-filtered gravitational potential
(related to the convergence through r2

� = �2). The distribution of dusty galaxies constituting the CIB measured by Planck is
overlaid as contours. The overdensities in red correspond well with the bright/white mass-dominated regions of the mass map
and the underdensities in blue correspond well with the darker mass-devoid regions.

Madhavacheril et al. 2023



  

Great consistency with CIB!

Background: ACT lensing map

Contours: Planck Cosmic Infrared Background (CIB) map

High correlation because both are sensitive broad redshift range around z = 2

Madhavacheril et al. 2023
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Figure 26. Compilation of CMB lensing power spectrum measurements, with our results shown as red datapoints. The CMB
lensing power spectrum presented in this paper represents (along with Planck NPIPE, which reaches similar precision) the highest
signal-to-noise lensing spectrum measured to date.

for cosmological parameters ✓, and Cbb0 is the baseline
covariance matrix. We discussed the construction of the
covariance matrix in Section 5.11, while verification of
the Gaussianity of the lensing bandpowers can be found
in Appendix H. Further corrections to this likelihood are
applied when considering joint constraints with CMB
power spectra, as described in our companion paper,
Madhavacheril et al. (2023). These account for the de-
pendence of the normalization of the lensing bandpowers
on the true CMB power spectra and of the N1 correc-
tion on both the true CMB and lensing power spectra.
For the lensing-only constraints presented in this pa-
per, we account for uncertainty in the CMB power spec-
tra by sampling 1000 ⇤CDM CMB power spectra from
ACT DR4+Planck and propagating these through the
lensing normalization; the scatter in the normalization
leads to an additional broadening of the bandpower co-
variance matrix. For further details, see our earlier dis-
cussion in Section 5.10 and also Appendix B.

9.2. Constraints on the amplitude of structure from
lensing alone

We now consider constraints on the basic ⇤CDM pa-
rameters — cold dark matter and baryon densities, ⌦ch

2

and ⌦bh
2, the Hubble constant H0, the optical depth to

reionization ⌧ , and the amplitude and scalar spectral in-
dex of primordial fluctuations, As and ns — from our

Table 5. Priors used in the lensing-only cosmological analy-
sis of this work. Uniform priors are shown in square brackets
and Gaussian priors with mean µ and standard deviation �

are denotedN (µ,�). The priors adopted here are identical to
those used in the lensing power spectrum analysis performed
by the Planck team (Planck Collaboration et al. 2020a).

Parameter Prior

ln(1010As) [2, 4]

H0 [40, 100]

ns N (0.96, 0.02)

⌦bh
2 N (0.0223, 0.0005)

⌦ch
2 [0.005, 0.99]

⌧ 0.055

lensing measurements alone. These parameters are var-
ied with priors as summarised in Table 5; these are the
same priors assumed in the most recent Planck lens-
ing analyses (Planck Collaboration et al. 2020a; Carron
et al. 2022). Since lensing is not sensitive to the CMB
optical depth, we fix this at ⌧ = 0.055 (Planck Collab-
oration et al. 2016). We fix the total neutrino mass to
be consistent with the normal hierarchy, assuming one
massive eigenstate with a mass of 60meV.
Weak lensing observables in cosmology depend on

both the late-time amplitude of density fluctuations in
terms of �8 and the matter density ⌦m; there is an ad-

12 years of CMB lensing progress
Qu et al. 2023



ACT lensing is highly 
consistent with predicted 
lensing signal from Planck 

best-fit cosmology

Qu et al. 2023
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Figure 1. The upper panel shows in red the ACT DR6 lensing potential power spectrum bandpowers for our baseline (combined
temperature and polarization) analysis. The bandpowers within the shaded regions are excluded in our baseline analysis that
only analyzes the conservative range of lensing multipoles 40 < L < 763, although we also include scales up to Lmax = 1300,
indicated with a lighter shading, in our extended-range analysis. We find good agreement with the ⇤CDM theoretical predictions
based on either the Planck 2018 or ACT DR4 + WMAP CMB power spectra best-fit cosmology; the solid line shows the Planck
2018 prediction, which we emphasize does not arise from a fit to our data. Residuals of our measurement with respect to the
Planck prediction are shown in the lower panel of the figure. Our ACT lensing data fits a model based on a best-fit rescaling
of the Planck prediction with a lensing amplitude of Alens = 1.013 ± 0.023, and one based on a rescaling of the ACT DR4 +
WMAP prediction with Alens = 1.005± 0.023.
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larly reducing correlations between di↵erent bandpow-
ers.29 We stress that this approximate semi-analytic N0

is only used in the covariance computation and is not
employed to debias our data. Further details of the cal-
culation of the semi-analytic RDN0 bias correction are
presented in Apppendix G.

5.11.2. Covariance verification

We verify that 792 simulations are su�cient to obtain
converged results for our covariance matrix as follows.
We compute two additional estimates of the covariance
matrix from subsets containing 398 simulations each and
verify that our results are stable: even when using co-
variances obtained from only 398 simulations, we obtain
the same lensing amplitude parameter, Alens, to within
0.1�. In addition, the fact that our null-test suite passes,
and in particular the fact that our noise-only null tests
in Section 6.4.2 (containing no signal) generally pass,
provides further evidence that our covariance estimate
describes the statistics of the data well.
We verify the assumption that our bandpowers are

distributed according to a Gaussian in Appendix H.

5.11.3. Covariance matrix results and correlation between
bandpowers

The correlation matrix for our lensing power spectrum
bandpowers, obtained using a set of 792 simulations, can
be seen in Figure 7. We find that correlations between
di↵erent bandpowers are small, with o↵-diagonal corre-
lations typically below 10%.

6. NULL AND CONSISTENCY TESTS

We now summarize the set of tests we use to assess the
robustness of our lensing measurement and the quality
of the data we use. We first introduce the baseline and
extended multipole ranges used in our analysis, and de-
scribe how the null tests we have performed guided these
choices. In Section 6.2, we describe how we compute the
�
2 and probability to exceed (PTE30) to characterize

passing and failing null tests. In Section 6.3 we describe
our blinding procedure, the criteria used to determine
readiness for unblinding, and the unblinding process it-
self. We then describe in detail the map-level null tests
in Section 6.4 and bandpower-level null tests in Section
6.5. Section 6.6 provides a summary of the distribution
of the combined map- and bandpower-level null tests.
Finally, while we aim to present the most powerful null

29 Not including this semi-analytic N0 can lead to correlations of
order 20% between neighbouring bandpowers.

30 The PTE is the probability of obtaining a higher �2 than what
we actually obtain, given a distribution with the same number of
degrees of freedom.
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Figure 7. Size of the o↵-diagonal correlations for our lensing
power spectrum bandpower covariance matrix. The covari-
ance matrix is estimated from 792 simulated lensing spec-
trum measurements. The number in each lower-diagonal el-
ement of the matrix shows the correlation coe�cient between
the relevant bandpowers, expressed as a percentage, for the
bins used in our analysis range. It can be seen that the o↵-
diagonal correlations do not exceed the 15% level. The band
centers are shown along the axes of the matrix.

tests in the main text, a discussion of additional null
tests performed can be found in Appendix I.

6.1. Selection of baseline and extended multipole range

For our baseline analysis, we use the lensing mul-
tipoles 40 < L < 763 with the following non-
overlapping bin edges for Nbins = 10 bins at
[40, 66, 101, 145, 199, 264, 339, 426, 526, 638, 763]. The
baseline multipole range 40 < L < 763 was decided
prior to unblinding. This range is informed by both the
results of the null tests and the simulated foreground
estimates. The scales below L = 40 are removed due
to large fluctuations at low L observed in a small num-
ber of null tests; these scales are di�cult to measure
robustly since the simulated mean-field becomes signif-
icantly larger than the signal, although the cross-based
estimator relaxes simulation accuracy requirements on
the statistical properties of the noise. The Lmax limit is
motivated by the results of the foreground tests on sim-
ulations performed in MacCrann et al. (2023), where at
Lmax = 763 the magnitude of fractional biases in the
fit of the lensing amplitude is still less than 0.2� (0.5%)
although biases rise when including smaller scales. This
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Table 2. Summary of the bandpower-level null tests de-
scribed in Section 6.5. For each test, we show the �

2 and as-
sociated PTE values of the di↵erence bandpowers as well as
the shift in Alens, in the form �A

lens±�(�A
lens). Where not

indicated in the description of the test, the reported values
are computed with respect to the baseline MV reconstruc-
tion.

Bandpower null test �
2 (PTE) �A

lens

600 < `CMB < 2000 2.9 (0.98) �0.015± 0.023

600 < `CMB < 2500 9.6 (0.48) �0.019± 0.012

800 < `CMB < 3000 10.9 (0.37) 0.01± 0.01

1500 < `CMB < 3000 4.4 (0.93) �0.02± 0.03

40% mask 7.2 (0.71) 0.01± 0.02

Aggr. ground pick up 14.8 (0.14) 0.01± 0.01

Poor cross-linking reg. 4.1 (0.94) �0.06± 0.06

MV f090� f150 9.1 (0.52) �0.002± 0.04

TT f090� f150 16.6 (0.08) �0.05± 0.06

CIB deprojection 15.6 (0.11) �0.02± 0.02

TT shear 13.5 (0.20) 0.01± 0.05

TT�MV 11.2 (0.34) �0.004± 0.03

MVPOL�MV 6.9 (0.73) 0.06± 0.06

TT�MVPOL 7.4 (0.69) �0.06± 0.07

South�North patch 4.77 (0.91) 0.04± 0.05

Time-split 1� 2 11.4 (0.33) 0.003± 0.036

Time-split 1 8.1 (0.62) �0.04± 0.04

Time-split 2 11.2 (0.33) �0.04± 0.04

PA4 f150� PA5 f090 9.1 (0.52) 0.0± 0.1

PA4 f150� PA5 f150 7.0 (0.73) 0.1± 0.2

PA4 f150� PA6 f090 9.1 (0.52) 0.0± 0.2

PA4 f150� PA6 f150 20.1 (0.03) 0.11± 0.2

PA5 f090� PA5 f150 5.8 (0.83) 0.13± 0.2

PA5 f090� PA6 f090 9.5 (0.49) 0.02± 0.05

PA5 f090� PA6 f150 19.6 (0.08) 0.02± 0.04

PA5 f150� PA6 f090 10.4 (0.41) �0.03± 0.07

PA5 f150� PA6 f150 16.6 (0.08) 0.1± 0.2

PA6 f090� PA6 f150 17.2 (0.07) 0.07± 0.2

PWV high� low 5.0 (0.89) 0.02± 0.04

C
�̂�̂,90GHz

L
is obtained by reconstructing the data at f150

only (from the PA4 f150, PA5 f150 and PA6 f150 array-
frequencies). For the co-addition of the data we use the
same noise weights (up to normalization) as in the base-
line analysis. For the reconstruction we use the same fil-
ters used for the baseline analysis. This null test is sensi-
tive to all foreground contributions (including both bis-
pectrum and trispectrum terms). However, compared to
the map-level frequency-di↵erence null test above, this
measurement has larger errors, since the lensed CMB is
not nulled at the map level. Our results in Figure 12
show good agreement of the lensing reconstruction ob-

Figure 11. Shift in Alens for the lensing bandpower null
tests described in Table 2. These shifts are color coded as
follows: the blue labels stand for scale consistency tests, or-
ange for isotropy-related tests, green for polarization- and
frequency-combination tests, and red for instrument-related
tests. The nulled spectra are all consistent with producing
zero shift in Alens; the grey band shows the 1� errors of our
baseline lensing amplitude measurements.

tained from di↵erent frequencies. The curl is also shown
in appendix I.2.

6.5.3. Consistency with CIB-deprojection analysis

The companion paper MacCrann et al. (2023) finds
that a CIB-deprojected version of the analysis shows
similar performance to our baseline analysis in mit-
igating foreground biases to a negligible level with-
out incurring a large signal-to-noise penalty. We,
therefore, perform a consistency check between this
alternative, multifrequency-based foreground mitiga-
tion method and the geometry-based profile hardening
method that is our baseline.
MacCrann et al. (2023) describe the production of

CIB-deprojected temperature maps by performing a
harmonic-space constrained internal linear combination
(hILC) of the DR6 coadded temperature map and
the high-frequency data from Planck at 353GHz and
545GHz. The high-frequency Planck channels are cho-
sen because the CIB is much brighter and the pri-
mary CMB information is subdominant at high frequen-
cies; these high-frequency maps are hence valuable fore-
ground monitors that can be used while still keeping

Passing over 100 
null tests for lensing 

power spectra

Qu et al. 2023
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Figure 27. Posterior samples in �8–H0–⌦m space from our
lensing-only likelihood, with the projection into 2D spaces
shown with light grey points. As expected, our constraints
form a degeneracy “line” in this parameter space. The H0

units are km s�1 Mpc�1.

ditional dependence on the Hubble parameter H0. In
Figure 27 we show the CMB-lensing-only constraints de-
rived from our spectrum measurement; these follow, as
in previous lensing analyses, a narrow line in the space
spanned by �8–H0–⌦m. In our companion paper Mad-
havacheril et al. (2023), we argue that this line-shaped
posterior arises because CMB lensing on large and small
scales constrains two di↵erent combinations of �8–H0–
⌦m. These two constraint planes intersect in a con-
straint “line”, which explains the form of the posterior
seen in the figure. The DR6 lensing data provides the
following constraint on this 3-dimensional �8–H0–⌦m

parameter space:

�8

0.8

⇣⌦m

0.3

⌘0.23⇣⌦mh
2

0.13

⌘�0.32

= 0.9938 ± 0.0197 (46)

This line-like degeneracy projects into constraints
within a narrow region in the �8–⌦m plane, as shown
in Figure 2. The best-constrained direction corresponds
approximately to a determination of �8⌦0.25

m
. Constrain-

ing this parameter combination with our data, we obtain

�8⌦
0.25

m
= 0.606 ± 0.016. (47)

This translates to a constraint on the CMB-lensing-
equivalent of the usual S8 parameter, which we define

as

S
CMBL

8
⌘ �8

⇣⌦m

0.3

⌘0.25

, (48)

of

S
CMBL

8
= 0.818 ± 0.022 (0.830 ± 0.020). (49)

In the constraint shown above, the result for the baseline
analysis is shown first, followed by the constraint from
the extended range of scales in parentheses. These can
be compared with the value expected from Planck CMB
power spectrum measurements assuming a ⇤CDM cos-
mology. Extrapolating the Planck CMB anisotropy
measurements to low redshifts yields a value of SCMBL

8
=

0.823 ± 0.011. This is entirely consistent with our di-
rect ACT DR6 lensing measurement of this parame-
ter. As in the case of Alens, this agreement is not
limited to comparisons with Planck ; similar levels of
agreement are achieved with ACT DR4 + WMAP CMB
power spectrum measurements, which give a constraint
of SCMBL

8
= 0.828±0.020. Our measurement is also con-

sistent with the direct SCMBL

8
result from NPIPE lensing,

S
CMBL

8
= 0.809± 0.022. This consistency of SCMBL

8
be-

tween extrapolations from CMB power spectra, which
probe primarily z ⇠ 1100, and direct measurements with
CMB lensing at lower redshifts z ⇠ 0.5–5 can be seen in
Figure 28.
Our constraint on S

CMBL

8
is robust to the details of

our analysis choices and datasets. In Figure 29, we
present the marginalized posteriors of SCMBL

8
obtained

using di↵erent variations of our analysis. Since levels
of extragalactic foregrounds are significantly lower in
polarization than in temperature, the consistency be-
tween our baseline analysis and the analyses using tem-
perature data and polarization data alone suggests that
foreground contamination is under control. While our
baseline analysis incorporates the modeling of non-linear
scales using the non-linear matter power spectrum pre-
scription of Mead et al. (2016), we also present con-
straints that use linear theory only. The consistency of
this result with our baseline shows that we are mainly
sensitive to linear scales. Finally, we present constraints
using our pre-unblinding method of inpainting clusters
instead of masking, as discussed in Section 6.3.1. This
method only results in a shift of 0.15� in S

CMBL

8
.

In Figure 30 we also show constraints on S
CMBL

8

(and ⌦m) with the sum of neutrino masses freed and
marginalized over, instead of being fixed at the mini-
mum allowed mass set by the normal hierarchy, 60meV.

Lensing-only constraint 
is along a line in space 
of sigma-8, Omega_m, 

and H_0

Qu et al. 2023
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be compared with the value expected from Planck CMB
power spectrum measurements assuming a ⇤CDM cos-
mology. Extrapolating the Planck CMB anisotropy
measurements to low redshifts yields a value of SCMBL

8
=

0.823 ± 0.011. This is entirely consistent with our di-
rect ACT DR6 lensing measurement of this parame-
ter. As in the case of Alens, this agreement is not
limited to comparisons with Planck ; similar levels of
agreement are achieved with ACT DR4 + WMAP CMB
power spectrum measurements, which give a constraint
of SCMBL

8
= 0.828±0.020. Our measurement is also con-

sistent with the direct SCMBL

8
result from NPIPE lensing,

S
CMBL

8
= 0.809± 0.022. This consistency of SCMBL

8
be-

tween extrapolations from CMB power spectra, which
probe primarily z ⇠ 1100, and direct measurements with
CMB lensing at lower redshifts z ⇠ 0.5–5 can be seen in
Figure 28.
Our constraint on S

CMBL

8
is robust to the details of

our analysis choices and datasets. In Figure 29, we
present the marginalized posteriors of SCMBL

8
obtained

using di↵erent variations of our analysis. Since levels
of extragalactic foregrounds are significantly lower in
polarization than in temperature, the consistency be-
tween our baseline analysis and the analyses using tem-
perature data and polarization data alone suggests that
foreground contamination is under control. While our
baseline analysis incorporates the modeling of non-linear
scales using the non-linear matter power spectrum pre-
scription of Mead et al. (2016), we also present con-
straints that use linear theory only. The consistency of
this result with our baseline shows that we are mainly
sensitive to linear scales. Finally, we present constraints
using our pre-unblinding method of inpainting clusters
instead of masking, as discussed in Section 6.3.1. This
method only results in a shift of 0.15� in S

CMBL

8
.

In Figure 30 we also show constraints on S
CMBL

8

(and ⌦m) with the sum of neutrino masses freed and
marginalized over, instead of being fixed at the mini-
mum allowed mass set by the normal hierarchy, 60meV.
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Figure 6. (a) Left: The ACT lensing measurement of the amplitude of matter fluctuations �8. For each data set, we show
68% and 95% confidence limits. Lensing measurements also depend on H0 and ⌦m; we break this degeneracy by including BAO
data. The ACT lensing measurement agrees well with the Planck lensing measurement as well as the inference of �8 from Planck
CMB anisotropies assuming ⇤CDM, a mainly early-universe measurement. (b) Right: Comparison of �8 measurements between
ACT CMB lensing and a consistent re-analysis of galaxy weak lensing (cosmic shear) data sets. The latter also are degenerate
with other parameters (more severely; see Appendix D); we show an example for the DES survey with and without BAO data.

Table 2. Marginalized constraints on cosmological parameters in a consistent analysis of various weak lensing data-sets shown
alongside CMB anisotropy (two-point) constraints. Throughout this work, we report the mean of the marginalized posterior
and the 68% confidence limit, unless otherwise mentioned.

Data �8 S8 ⌦m H0

(km s�1 Mpc�1)

Planck CMB aniso. (PR4 TT+TE+EE) + SRoll2 low-` EE 0.811± 0.006 0.830± 0.014 0.314± 0.007 67.3± 0.5

Planck CMB aniso. (+Alens marg.) 0.806± 0.007 0.817± 0.016 0.308± 0.008 67.8± 0.6

ACT CMB Lensing + BAO 0.820± 0.015 0.840± 0.028 0.315± 0.016 68.2± 1.1

ACT+Planck Lensing + BAO 0.815± 0.013 0.830± 0.023 0.312± 0.014 68.1± 1.0

ACT+Planck Lensing (extended) + BAO 0.820± 0.013 0.841± 0.022 0.316± 0.013 68.3± 1.0

KiDS-1000 galaxy lensing + BAO 0.732± 0.049 0.757± 0.025 0.323± 0.034 68.9± 2.0

DES-Y3 galaxy lensing + BAO 0.751± 0.035 0.773± 0.025 0.319± 0.025 68.7± 1.5

HSC-Y3 galaxy lensing (Fourier) + BAO 0.719± 0.054 0.766± 0.029 0.344± 0.038 70.2± 2.3

HSC-Y3 galaxy lensing (Real) + BAO 0.752± 0.045 0.760± 0.030 0.308± 0.024 68.0± 1.5

2020d). The NPIPE lensing analysis (Carron et al.
2022) reconstructs lensing with CMB angular scales
from 100  `  2048 using the quadratic estimator.
Apart from incorporating around 8% more data com-
pared to the 2018 Planck PR3 release, pipeline improve-
ments were incorporated, including improved filtering
of the reconstructed lensing field and of the input CMB
fields (by taking into account the cross-correlation be-
tween temperature and E-polarization, as well as ac-
counting for noise inhomogeneities; Maniyar et al. 2021).
These raise the overall signal-to-noise ratio by around
20% compared to Planck PR3 (Planck Collaboration
et al. 2020a). Figure 5 shows a comparison of noise
power between the Planck PR3 lensing map and the

Planck NPIPE lensing map.4 The NPIPE mass map cov-
ers 65% of the total sky area in comparison to the ACT
map which covers 23%, but the ACT map described in
Section 2 has a noise power that is at least two times
lower, as seen in the same Figure.
Since the NPIPE and ACT DR6 measurements only

overlap over part of the sky, probe di↵erent angular
scales, and have di↵erent noise and instrument-related
systematics, they provide nearly independent lensing
measurements. Thus, apart from comparing the two
measurements, the consistency in terms of lensing am-

4 The NPIPE noise curve was provided by Julien Carron; private
communication.

CMB lensing + BAO gives 
sigma-8 consistent with Planck 
cosmology, higher than optical 
weak lensing values

Madhavacheril et al. 2023
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Figure 9. A comparison of S8 = �8(⌦m/0.3)0.5 across multiple probes. We emphasize that the constraints in blue may not
be analyzed with consistent choices and priors but are values reported in the literature. Our CMB lensing measurements have
relatively higher constraining power for SCMBL

8 = �8(⌦m/0.3)0.25 and, in combination with BAO, for �8; we refer the reader to
Figure 7.

CMB lensing cross-correlation with DESI LRGs
(White et al. 2022), and a Planck CMB lensing
cross-correlation with the unWISE galaxy sample
(Krolewski et al. 2021). Interestingly, these con-
straints are lower than those from the Planck CMB
anisotropies and our CMB lensing measurement
despite also involving CMB lensing mass maps.

We find the general trend of CMB lensing measure-
ments of large-scale structure (probing relatively higher
redshifts and more linear scales) agreeing with the early-
universe extrapolation from the CMB anisotropies. In
contrast, there is a general trend of galaxy weak lensing
probes finding lower inferences of structure growth.

4. COSMOLOGICAL CONSTRAINTS ON
EXPANSION, REIONIZATION, AND

⇤CDM EXTENSIONS

We now consider other parameters of interest both
within ⇤CDM and in extended models.

4.1. Hubble constant

Our DR6 CMB lensing measurements also provide
independent constraints on the Hubble constant. The
first method by which our lensing results can contribute
to expansion-rate measurements is via the combination
with galaxy BAO data. As seen in Figure 10, if we
consider galaxy BAO observations without CMB lens-
ing (but with a BBN prior on the baryon density, which
contributes to calibrating the BAO scale via the sound

Figure 10. Hubble constant measurements with ACT CMB
lensing. The red unfilled contours show a constraint that
only utilizesH0 information from the matter-radiation equal-
ity scale in contrast with indirect measurements that typ-
ically use the sound horizon scale. The addition of ACT
lensing significantly improves the constraint from the com-
bination of galaxy-only BAO and BBN (blue unfilled; us-
ing the BAO sample discussed in Section 3.1), as can be
seen in the red filled contours. The ACT lensing measure-
ments are consistent with the low expansion rate inferred
from Planck CMB anisotropies. They are in tension with
the Cepheid-calibrated direct inference (Riess et al. 2022)
and are consistent with the TRGB-calibrated direct infer-
ence (Freedman et al. 2019), whose 68% c.l. bands are shown
in orange.

Madhavacheril et al. 2023
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horizon rd, the constraints on H0 are still quite weak
(empty blue contours); this is due to an extended de-
generacy direction between H0 and ⌦m. However, the
CMB lensing power spectrum constraints exhibit a de-
generacy direction between H0 and ⌦m that is nearly
orthogonal to the BAO constraints. Therefore, the com-
bination of rd-calibrated galaxy BAO and CMB lensing
allows degeneracies to be broken, and tight constraints
to be placed on the Hubble constant, as shown in Fig-
ures 10 and 11. In particular, from the combination of
ACT CMB lensing, galaxy BAO, and a BBN prior, we
obtain the constraint:

H0 = 68.3± 1.1 km s�1 Mpc�1
. (6)

Similarly, using the combination of ACT and Planck
CMB lensing together with BAO and a BBN prior, we
obtain

H0 = 68.1± 1.0 km s�1 Mpc�1
. (7)

Both constraints are consistent with ⇤CDM-based Hub-
ble constant inferences from the CMB and large-scale
structure, and with the TRGB-calibrated local dis-
tance ladder measurements from Freedman et al. (2019),
but are in approximately 3.4� tension with the lo-
cal distance-ladder measurements from SH0ES of H0 =
73.04± 1.04 km s�1 Mpc�1 (Riess et al. 2022).
We expect the above constraints to be primarily de-

rived from the angular and redshift separation sub-
tended by the BAO scale11, which is set by the comoving
sound horizon at the baryon drag epoch, rd (Eisenstein
& Hu 1998). The majority of current CMB and LSS
constraints that are in tension with local measurements
from SH0ES derive from this sound horizon scale12. This
fact has motivated theoretical work to explain the ten-
sion by invoking new physics that decreases the phys-
ical size of the sound horizon at recombination by ap-
proximately 10% (e.g., Aylor et al. 2019; Knox & Mil-
lea 2020). This situation motivates new measurements
of the Hubble constant that are derived from a di↵er-
ent physical scale present in the large-scale structure,
namely, the matter-radiation equality redshift and scale
(with comoving wave-number keq) which sets the turn-
over in the matter power spectrum.

11 While we have not proven this, it has been shown that if data
sets that calibrate the BAO scale (such as BBN) are included,
the BAO feature has most constraining power and dominates
the large-scale structure (LSS) inference of the Hubble constant
(Philcox et al. 2022).

12 Here, we do not make a careful distinction between the sound
horizon scale relevant for LSS (rd) and CMB (rs) observations,
although to be precise these are defined at the baryon drag epoch
and at photon decoupling, respectively.

Figure 11. Marginalized posteriors for the Hubble con-
stant from ACT lensing (red). We show constraints both
from the combination with BBN and BAO (which depends
on the sound horizon rs) and on a combination with BBN
Pantheon+ supernovae (no rs dependence). We also various
CMB anisotropy measurements that are primarily an early-
universe extrapolation (green), and direct inferences of the
Hubble constant (orange) from the local universe.

Over the past two years, several measurements of the
Hubble constant that rely on the matter-radiation equal-
ity information and are independent of the sound hori-
zon scale have been performed, giving results that are
consistent with values ofH0 derived from the sound hori-
zon scale (e.g., Baxter & Sherwin 2021; Philcox et al.
2022). Here, we repeat the analysis method used in Bax-
ter & Sherwin (2021) and applied to Planck data to ob-
tain sound-horizon-independent H0 measurements from
both ACT and Planck CMB lensing data and their com-
bination. In particular, we combine CMB lensing power
spectra – which are sensitive to the matter-radiation
equality scale and hence, in angular projection, ⌦0.6

m h

– with uncalibrated supernovae from Pantheon+ (Brout
et al. 2022), which independently constrain ⌦m through
the shape of the redshift-apparent brightness relation.
This combination, along with suitable prior choices as
in Baxter & Sherwin (2021), allows us to constrain H0.
For the following rs-independent constraints that ex-
clude BAO, we sample in H0 instead of 100✓MC and
impose a prior of ⌦m = 0.334 ± 0.018 corresponding to
the Pantheon+ (Brout et al. 2022) measurement. With

Madhavacheril et al. 2023
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Figure 12. Marginalized posterior probability densities for
the sum of neutrino masses from ACT CMB lensing. The
vertical lines show the corresponding 95% confidence lim-
its. All constraints here include BAO data, primary CMB
anisotropy data, and optical depth information from Planck
polarization in addition to CMB lensing. For our baseline
constraints, we use CMB anisotropy data from Planck, but
we also show in the red dotted curve the constraint obtained
when using ACT DR4+WMAP for the CMB anisotropies.
With ACT, the posterior is peaked at significantly higher
neutrino masses. The minimal sum of masses expected from
oscillation experiments in a normal hierarchy and inverted
hierarchy are shown as solid gray and dotted gray vertical
lines, respectively.

anisotropies. Since massive neutrinos suppress the mat-
ter power spectrum, and since the CMB lensing power
spectrum is a line-of-sight projected integral over this
power spectrum, CMB lensing is an excellent probe of
massive neutrinos.16

We combine our ACT lensing measurement with BAO
and CMB anisotropies to obtain constraints on

P
m⌫ in

a seven-parameter model (see Table 1)17. The lensing
measurement together with BAO provides a handle on
the amplitude of matter fluctuations at late times and
the CMB anisotropies provide an anchor in the early uni-
verse that measures primordial fluctuations. The sum
of neutrino masses can then be inferred through relative
suppression in the matter power at late times; we show
our results in Figure 12. Our baseline constraint uses
ACT lensing with Planck CMB anisotropies (and opti-
cal depth information from the SRoll2 re-analysis of the

16 This suppression is however degenerate with the physical matter
density ⌦mh2 and hence it is crucial to incorporate BAO data
that helps break this degeneracy (Pan & Knox 2015).

17 Following the arguments in Lesgourgues & Pastor (2006) and Di
Valentino et al. (2018), we consider a degenerate combination of
three equally massive neutrinos when varying

P
m⌫ .

Planck data; see Pagano et al. 2020 and Appendix B):
X

m⌫ < 0.12 eV; 95% c.l. (10)

This can be compared to the constraint we obtain with
Planck NPIPE lensing of

P
m⌫ < 0.14 eV; 95% c.l..

Combining the ACT and Planck lensing measurements,
we have X

m⌫ < 0.12 eV; 95% c.l. (11)

The combination of ACT and Planck lensing gives a sim-
ilar bound to ACT alone despite improving the Fisher
information; this is likely due to the lower value of
�8 preferred by the combination. We also note that
analyses that use Planck PR3 CMB anisotropy data,
including Planck PR3 lensing (Planck Collaboration
et al. 2020a,c) and eBOSS galaxy clustering (Alam
et al. 2021), obtain a similar constraint of

P
m⌫ <

0.12 eV; 95% c.l.. At face value this suggests that
adding ACT lensing does not bring new information.
However, we note that variations in the Planck CMB
anisotropy data have an impact on this upper limit. In
particular, Planck PR3 CMB power spectra prefer a high
fluctuation in the lensing peak smearing, which tends to
lead to a preference for lower neutrino masses and a
tighter bound that does not need to be commensurate
with the Fisher information in the data set. This e↵ect is
reduced with the Planck PR4 anisotropies (Planck PR4
CMB + BAO alone yields

P
m⌫ < 0.16 eV; 95% c.l.)

used here and as a net result, even though we use
more data, we recover a similar bound. We also obtain
an alternative constraint that swaps the Planck CMB
anisotropies with measurements from WMAP and ACT
DR4. In this case, the posterior peak shifts to higher
values and the bound weakens to

X
m⌫ < 0.17 eV; 95% c.l. (12)

The constraint on the optical depth to reionization is
an important input in these inferences since the suppres-
sion of matter power is obtained relative to the measured
early-universe fluctuations which are screened (and sup-
pressed) by the reionization epoch (Zaldarriaga 1997).
As noted above, our baseline constraints use an updated
analysis of low-` Planck polarization data from SRoll2,
but we also obtain a constraint on

P
m⌫ using a much

more conservative Gaussian prior on the optical depth
of ⌧ = 0.06± 0.01:

X
m⌫ < 0.14 eV; 95% c.l. (13)

4.3. Curvature and dark-energy density

Spatial flatness of the universe is a key prediction
of the inflationary paradigm underpinning the stan-
dard model of cosmology. There has been a sugges-
tion that the Planck CMB anisotropies prefer a closed
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Figure 13. Constraints on spatial curvature and the dark-
energy density from ACT lensing in a ⇤CDM+⌦k model.
The dotted contours show constraints in this plane from
CMB anisotropies from ACT DR4 or Planck; these su↵er
from a geometric degeneracy that is weakly broken with the
lensing information in the smearing of the CMB acoustic
peaks. Including the full lensing information from our ACT
lensing power spectrum significantly reduces this degeneracy
and provides: (a) consistency with zero spatial curvature;
and (b) a high-significance detection of a dark-energy com-
ponent from the CMB alone. Addition of BAO data signifi-
cantly tightens the constraint around zero spatial curvature.

universe (with curvature parameter ⌦k < 0, where
⌦k = 1 � ⌦m � ⌦⇤), driven entirely by the moderately
high lensing-like peak smearing in Planck measurements
of the CMB anisotropies (Di Valentino et al. 2020). It
should be noted that this preference for negative cur-
vature weakens in the recent Planck NPIPE re-analysis
of CMB anisotropies (Rosenberg et al. 2022). An inde-
pendent measurement from ACT DR4+WMAP (Aiola
et al. 2020; Choi et al. 2020) is consistent with zero spa-
tial curvature. The combination of BAO and primary
CMB data also strongly favors a flat universe.
Nevertheless, we revisit these constraints using CMB

data alone. The primary CMB anisotropies alone do
not constrain curvature due to a “geometric degeneracy”
(Peebles & Ratra 1988; Efstathiou & Bond 1999) that is
broken with the addition of lensing information (Stom-
por & Efstathiou 1999). Since the ACT and Planck lens-
ing measurements are consistent with the flat ⇤CDM
prediction, we expect a zero curvature preference to re-
turn when including the full lensing information in the
mass map, as also seen with Planck data in Planck Col-
laboration et al. (2020a). We therefore perform infer-
ence runs in a ⇤CDM+⌦k extension.
We show our results in Figure 13 in the ⌦⇤–⌦k plane.

The addition of ACT+Planck lensing data to Planck

CMB anisotropies gives

�0.016 < ⌦k < 0.002 95% c.l., (14)

and replacing the CMB anisotropies with those from
WMAP+ACT DR4 gives

�0.015 < ⌦k < 0.012 95% c.l. (15)

Both are consistent with spatial flatness. We note that
the above constraints only use CMB data and can be
equivalently seen as constraining the energy density due
to a cosmological constant. For example, as done in
Sherwin et al. (2011), we have from CMB data alone,
and limiting to ACT lensing alone with WMAP + ACT
DR4 CMB anisotropies

⌦⇤ = 0.68± 0.01. (16)

with the accompanying curvature constraint of
�0.017 < ⌦k < 0.012 (95% c.l.). While the combi-
nation of CMB lensing and CMB anisotropies provides
constraints consistent with spatial flatness, we note that
combining BAO and CMB anisotropies provides a much
tighter constraint. For example, with galaxy BAO and
Planck CMB anisotropies, the curvature density is con-
strained to �0.003 < ⌦k < 0.004 95% c.l. (see Figure
13). This is not improved significantly with further
combination with CMB lensing, but the consistency
with flatness from the combination of CMB anisotropy
and CMB lensing provides an important cross-check.

4.4. Reionization

In the above analyses, we have used low-` Planck po-
larization data to break a degeneracy of the late-time
matter fluctuation amplitude with the optical depth to
reionization ⌧ . This degeneracy arises from the fact that
in order to probe e↵ects that change the late-time mat-
ter fluctuation amplitude, one must measure and ex-
trapolate from the primordial fluctuations (with am-
plitude As) encoded in the CMB anisotropies. These
anisotropies are, however, screened and suppressed dur-
ing the reionization epoch; the power spectra scale as
A

2
se

�2⌧ on intermediate and small angular scales. The
low-` CMB polarization ‘reionization bump’ provides
the required independent information on the optical
depth ⌧ to break this degeneracy.
Measuring polarization at low-` (on large angular

scales) is, however, challenging due to a variety of in-
strumental and astrophysical systematic e↵ects. It is
therefore interesting to turn the question around and ask
whether we can infer the optical depth independently
from low-` polarization by comparing the CMB lensing-
inferred late-time matter fluctuation amplitude with the

CMB lensing + CMB 
primary constrains 

geometry
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(a) ACT & Planck NILC Compton-y map.

FIG. 9. A map of Compton-y across the full footprint used in this work. We can clearly see many galaxy clusters. As in Fig. 8,
to aid visualization the color scale saturates and the gray scale background image is the Planck Commander dust map.

due to their absence in the ACT maps, and so are par-
tially removed. For applications that are driven by the
smallest scales, such as cluster stacking investigations,
the e↵ect of this filtering is minimal as the filter only re-
moves large scale modes. Thus, for studies on these scales
the filtering can likely be safely ignored. However, for ap-
plications that require modes with ` . 1500 this e↵ect is
non-trivial and extends beyond the power spectrum in a
complex and anisotropic manner.

To avoid having to model this complex, anisotropic ef-
fect in future analyses we attempt to correct for it at the
map level. This is done by infilling the filtered modes
using the Planck observations. Specifically, we generate
two versions of the component-separated maps: one that
uses the complete data set (map A) and another that
only uses Planck data (map B). We then filter map A
with a filter with the same form as the initial filtering,
Eq. 1, but with the filtering parameters increased (kx is
doubled whilst kcentraly is increased to 1450). We then
apply the inverse of the Fourier space filter to map B to
isolate the removed modes. Finally we add these isolated
modes to the filtered version of map A to obtain a cor-
rected map. The purpose of refiltering with an enlarged
filter size is twofold: 1) to ensure we better remove resid-
ual scan-synchronous pickup; and 2) to provide a well
defined set of filtered modes. The ILC does not remove
all the filtered modes from the Planck data set so the

output, uncorrected maps have a complicated e↵ective
filtering. Applying the larger filter simplifies the e↵ec-
tive filter. Even without the correction described here,
such a filter would likely still be needed to ensure that
the e↵ective filter is well characterized. In Fig. 7 we see
that this procedure corrects the leading order e↵ect of
the Fourier space filtering. Note that the Fourier-space
filter only e↵ects modes with ` & 450 as below this only
Planck data is used, for which Fourier-space filtering is
not needed. This method has a cost: the modes added
back into the map typically have larger noise than the
other modes. This is because they are obtained from
Planck maps that have lower resolution and higher noise.
Whilst these maps thus have anisotropic noise, this is a
small e↵ect and can be ignored for most applications.
We again note that the filtering used in this work is less
aggressive than that used in other ACT analyses, e.g.,
Refs. [68] and [80], and thus the maps will contain some
residual scan-synchronous pickup. For cross-correlations
this is unimportant, however for analyses using only these
maps, such as CMB-lensing reconstruction or primordial
non-Gaussianity searches, tests should be performed to
see whether this residual impacts the results. If needed,
the output ILC maps can be filtered again to remove any
residual contamination, with the cost of also removing
some signal modes.

Fig. 7 demonstrates that with our k-space correction

Coulton et al. 2023



  

Galaxy clusters appear as dark spots in CMB map below 230 GHz

Intensity map
R:f090,G:f150,B:f220 Compton y map

DES optical image
(zoom)

Detect by looking for negative point sources in the CMB map
(or positive point sources in the y map)



  

←

Cluster catalog

DR5 SZ cluster catalog from Hilton et al. (2021) (>4000 confirmed SNR>4 clusters)

Preliminary number for DR6 catalog: 6800 SNR>4 clusters!
Comparison: Planck has 1203 confirmed clusters



  

tSZ gives almost redshift-independent selection function
Very different from optical surveys like DES!



  

Need to calibrate tSZ-mass relationship to do cosmology with 
clusters. Solution: Cluster lensing!

Stack of lensing maps from 3958 
clusters. 15σ detection!

Preliminary! Eunsong Lee at al. (in prep)



Simons Observatory 



LAT Power 
Generation

Simons Observatory site, Cerro Toco, 2023



Technical Status (Mechanical Structure)

LAT mechanical 
structure installed and 

tested in Chile

5

The LAT meets all of its 
pointing and scanning 
specifications!

Simons Observatory Large Aperture Telescope mechanical structure 
on site, 2023



6

1

2

3

1. Lifting the LATR into the receiver cabin (IS1)

2. LATR receiver installed on the co-rotator in IS1

3. Replacing the Dilution Refrigerator INSIDE the LAT
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Wessel (Germany)

Hövelmann
SO Site (Chile)

Wessel (Germany)

Remove
Cradles

Ship to 
H

övelm
ann

Ship to Chile



WBS 1.4, SAT - Highlights & Milestones

9

● SAT MF-1 – Deployment → Commissioning
○ First Light - October 2023 ✅

● SAT MF-2 – Getting on sky
○ Arrival in Chile - October 2023 ✅

● SAT UHF – Ship, integrate, observe
○ Shipping to Chile - November 2023 SAT MF-2 focal 

plane with all 7 
UFMs mounted.

SO Small-Aperture Telescope 
focal plane (at site, Nov. 2023)



Simons Observatory

Large Aperture Telescope: 6-meter primary mirror

Each optics tube contains 3 detector arrays

6 optics tubes in 2024

Space for 13 optics tubes

Up to 65,000 total bolometer detectors  (ACT: around 4000 detectors)

Small Aperture Telescopes: 1-meter primary lens

Each telescope contains 7 detector arrays

3 telescopes in 2024

Plans for 6: 2 UK, 1 Japan

Rotating half-wave plates for polarization modulation



SO LAT aims to make maps over 1/3 of the sky with arcminute 
resolution, blackbody sensitivity 5 muK arcmin, 6 frequency bands 

(ACT: 11 muK arcmin)

SO SATs aim to establish tensor amplitude r < 0.003 at 95% CL. Will 
compete with BICEP3. Litebird satellite: aims for r < 0.001 after 2030

Ade et al. JCAP 02, 056 (2019) for science projections

Hensley et al. ApJ 929, 166 (2022) for galactic science



CMB-S4 is a main recommendation of the US P5 report last week: 
likely to be a major DOE-funded project over the next decade

S4 will be roughly SO x 3. Aims for 1 muK-arcmin sensitivity maps, 
r limits at 0.001
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Figure 5. The ACT DR6 CMB lensing power spectrum measurement, from Qu et al. (2023). The bandpowers of the two-point
statistics of the DR6 mass map are shown as red data points. The black solid curve shows the prediction for this signal in the
⇤CDM model based on the measurement of the primary CMB anisotropies by the Planck satellite; i.e., this prediction is not
a fit to the ACT data. The prediction and our measurement (presented in detail in the companion paper, Qu et al. 2023) are
in excellent agreement, showing the success of the ⇤CDM model in propagating a measurement of the radiation anisotropies
at age of the universe t ' 375, 000 years (z ' 1100) to the matter fluctuations at t ' 1 � 9 billion years (z ' 0.5 � 5). The
dotted, dashed, and dot-dashed curves show the noise power spectra (i.e., the variance of the reconstruction noise per mode)
in the mass maps produced by Planck PR3 (Planck Collaboration et al. 2020a), Planck NPIPE (Carron et al. 2022), and this
work, respectively. The ACT mass map is signal-dominated out to L ' 150, providing a high-fidelity view of the dark-matter-
dominated mass distribution. The dark gray regions are not included in our analysis and the light gray region is included in
our “extended” analyses. The top axis shows the comoving wave-number k = L/�(zp) at the peak redshift of the CMB lensing
kernel zp = 2.

foregrounds from the Websky extragalactic foreground
simulations (Stein et al. 2020).
Lensing power spectrum: To obtain cosmological

information from the mass map, we compute its power
spectrum or two-point function. Since the mass map is
constructed through a quadratic estimator, and hence,
has two powers of the CMB maps, the power spectrum is
e↵ectively a four-point measurement in the CMB map.
This four-point measurement requires subtraction of a
number of biases in order to isolate the component due
to gravitational lensing. The largest of these biases is
the Gaussian disconnected bias, which depends on the
two-point power spectrum of the observed CMB maps
and is thus non-zero even in the absence of lensing. As
discussed in detail in Qu et al. (2023), the use of a cross-
correlation-based estimator (Madhavacheril et al. 2020a)
adds significantly to the robustness of our measurement
since the large Gaussian disconnected bias we subtract
(see, e.g., Hanson et al. 2011) using simulations does
not depend on the details of ACT instrumental noise.
This novel estimator also significantly reduces the com-

putational burden in performing null tests (which have
no Gaussian disconnected bias from the CMB signal in
the standard estimator), since the expensive simulation-
based Gaussian bias subtraction can be skipped alto-
gether.
The CMB lensing power spectrum from Qu et al.

(2023) is determined at 2.3% precision, correspond-
ing to a measurement signal-to-noise ratio of 43�. To
our knowledge, this measurement is competitive with
any other weak lensing measurement, with precision
comparable to that from Planck (Carron et al. 2022)
and with complementary information on smaller scales
L > 400. In Qu et al. (2023), we verify our measure-
ments with an extensive suite of O(100) map-level and
power-spectrum-level null tests and find no evidence of
systematic biases in our measurement. These tests in-
clude splitting the data by multipole ranges, detector
array, frequency band, and inclusion of polarization, as
well as variation of regions of the sky masked.
Our analysis followed a blinding policy where no com-

parisons with previous measurements or theory predic-
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on the unit sphere.) The curl ⌦ is expected to be zero
at leading order and therefore negligible at ACT DR6
reconstruction noise levels (although a small curl com-
ponent induced by post-Born and higher-order e↵ects
may be detectable in future surveys; Pratten & Lewis
2016). However, systematic e↵ects do not necessarily
respect a pure gradient-like symmetry and hence could
induce a non-zero curl-like signal. An estimate of this
curl field can thus provide a convenient diagnostic for
systematic errors that can mimic lensing. Furthermore,
curl reconstruction also provides an excellent test of our
simulations, our pipeline, and our covariance estimation.
We obtain a reconstruction of this curl field in the

same manner as described in Section 5.8.1, by taking lin-
ear combinations of the spin-1 spherical harmonic trans-
form of the deflection field. The bias estimation steps
are then repeated in the same way as for the lensing esti-
mator. The result for this null test is shown in Figure 8
for the MV coadded result, which is the curl equivalent
of our baseline lensing spectrum. This test has a PTE
of 0.37, in good agreement with null. We also show curl
null test results for the temperature-only (TT) version
of our estimator in Figure 8.
The consistency of our curl measurement with zero

provides further evidence of the robustness of our lens-
ing measurement. Intriguingly, the curl null test was not
passed for the TT estimator in Planck, and instead (de-
spite valiant e↵orts to explain it) a 4.1� deviation32 from
zero has remained, located in the range 264 < L < 901
Planck Collaboration et al. (2020a); see Figure 8. Our
result provides further evidence that this non-zero curl
is not physical in origin.
For completeness, we also compute curl tests associ-

ated with all other null tests described in the subse-
quent sections; we summarise the results and figures in
Appendix I. These results also show that there is no ev-
idence of curl modes found even in subsets of our data.

6.4.2. Noise-only null tests: Individual array-frequency
split di↵erences

We can test our pipeline, verify our covariance ma-
trices, and assess the modelling of the noise for each
array-frequency by di↵erencing splits mi of the data
with equal weighting, and hence cancelling the signal,
to form null maps X

i,null = mi � mi+4. (There are
various combinations from which this null map could be
formed; we choose to di↵erence split i and split i + 4,
where i 2 {0, 1, 2, 3}.) The resulting four signal-nulled
maps are passed through the cross-correlation-based es-

32 Note that the significance falls to 2.9� after accounting for “look-
elsewhere” e↵ects.

Figure 8. Power spectrum of the reconstructed curl mode
of the lensing deflection field. Since the cosmological lensing
field is irrotational, a measurement of the curl component
can serve as a valuable null test for several systematic er-
rors. Results of this curl null test are shown for our baseline,
coadded dataset for the MV estimator (red) and TT esti-
mator (black). Neither show any evidence for systematic
contamination, with a PTE with respect to zero of 0.37 and
0.75, respectively. This can be contrasted with the Planck
NPIPE TT curl bandpowers shown in blue, which exhibit a
significant deviation from zero in the range 264  L  901.
Our results provide further evidence that the negative curl
power seen in the Planck TT reconstruction is not a real
cosmological signal.

timator. We perform lensing reconstruction on these
null maps with isotropic filtering. The power spectra
used in this filter are obtained by averaging the power
spectra of 80 simulations of lensed CMB with noise re-
alizations consistent with the inverse-variance-weighted
noise of the eight splits. For these tests we thus use the
filter appropriate to the coadded noise of the individ-
ual array-frequency instead of the baseline coadd filter,
since otherwise the high noise in the individual array-
frequencies leads to less sensitive null tests. Only the
coadd noise null test discussed in Appendix I.0.1 uses
the baseline weights. The normalization is computed
with the same filters and applied to the resulting null
spectrum. Because we are using the cross-correlation-
based estimator and the signal is assumed absent, we
do not need to estimate the mean-field, or the RDN0
and N1 biases (which should all be zero); therefore, the
simulations are used solely to estimate the covariance
matrix. The summary results for this category of tests,
written in terms of the sum of the �

2 for all the array-
frequencies, are shown in Figure 18 of Section 6.6. These
tests show no evidence of a discrepancy between di↵erent

ACT lensing curl 
consistent with zero

Qu et al. 2023
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splits of the data map; this fact also confirms that our
noise simulations provide accurate estimates of the co-
variance matrix. An additional noise-only null test can
be obtained by coadding all the individual noise-only
null maps; this stringent null test is shown in Appendix
I.

6.4.3. Map-level frequency-di↵erence test

We prepare frequency-di↵erenced null maps by sub-
tracting the beam-deconvolved f150 split maps from
the f090 split maps. The resulting di↵erence maps are
passed into the lensing reconstruction pipeline with the
filters, normalization, and bias-hardening procedure the
same as used for the baseline reconstruction, which com-
bines f150 and f090. This filter choice weights di↵erent
scales in the null maps in the same way as for our base-
line lensing measurement, which ensures that null-test
results can be directly compared with our baseline lens-
ing results. The null lensing power spectrum C

null

L
is

given schematically by
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This measurement is a rigorous test for our mitiga-
tion of foregrounds: the e↵ect of foregrounds such as
CIB and tSZ is expected to be quite di↵erent in these
two frequency channels (with f090 more sensitive to tSZ
and less to CIB) so we do not expect full cancellation of
foregrounds in the di↵erence maps. In particular, this
null test targets the residual foreground-only trispec-
trum of the lensing maps; we compare our results with
the levels expected from simulations in MacCrann et al.
(2023). In addition, this map-level null test is also sen-
sitive to beam-related di↵erences between the two fre-
quency channels.
As shown in Figure 9, these null tests are consistent

with zero, with PTEs of 0.61 and 0.67 for MV and TT
respectively; no evidence for un-mitigated foreground
contamination is found.

6.4.4. Frequency-nulled map ⇥ �̂
MV

To perform an additional, similarly powerful, test of
foregrounds, we cross-correlate the null reconstruction
from the frequency-di↵erence maps, obtained as in the
previous null test, with the baseline reconstruction �̂

MV;
i.e., schematically, we compute:

C
null

L
=

D
QE(T 90

� T
150

, T
90

� T
150) ⇥ �̂

MV

E
. (40)

Figure 9. Lensing null tests based on frequency di↵er-
ences, which are a valuable diagnostic for insu�cient fore-
ground bias mitigation as well as for instrument systematics.
The light-blue and green points show a lensing power spec-
trum measurement from a f090� f150 di↵erence map, for TT
and MV, respectively. Yellow and blue points show a cross-
correlation of the null lensing map, made from the f090�f150
di↵erence maps, with the baseline lensing map, for TT and
MV, respectively. These two type of null tests are sensitive
to di↵erent foreground bias terms. All tests are consistent
with zero and thus provide no evidence for any foreground
bias (or other systematic bias) in our measurement.

This measurement is sensitive mainly to the fore-
ground bispectrum33 involving two powers of foreground
residuals and one power of the true convergence field.
To a lesser extent, given the small residual foreground
biases remaining in �̂

MV, the test is also sensitive to a
foreground trispectrum contribution. The null test re-
sults in Figure 9 show good consistency with zero with
a passing PTE of 0.61 and 0.93 for MV and TT, respec-
tively.
Since the foreground bias probed by this test is the

dominant one on large scales, the consistency of this test
with null is a particularly powerful test of foreground
mitigation in our analysis.

6.4.5. Array-frequency di↵erences

We test for consistency between the data obtained
from the di↵erent instrument array-frequencies by tak-
ing di↵erences between single array-frequency maps.
Since we have five array-frequencies we obtain 10 pos-
sible combinations of such null maps. We pass these
signal-nulled maps through the pipeline and use a filter

33 See MacCrann et al. (2023) for an explanation of the foreground
bispectrum and trispectrum terms.

ACT lensing 
frequency nulls 

consistent with zero
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Figure 1. The main result from this work is a constraint on the amplitude of low redshift structure captured by the parameter
S8 ⌘ �8(⌦m/0.3)0.5 (left). We obtain S8 = 0.810 ± 0.015 using the combination of cross-correlation measurements of the
unWISE galaxies with ACT DR6 and Planck PR4 lensing reconstructions. Combining with baryon acoustic oscillations (BAO),
which constrain ⌦m, we obtain constraints on �8 of �8 = 0.813 ± 0.015 (right). Our results show no significant tension with
values inferred from the primary CMB from Planck.

of the spectroscopy lies. These tracers span the full red-
shift range of the unWISE samples.

We update the unWISE cross-correlation redshifts
first measured in Krolewski et al. (2019) to include
additional data. We use the Southern Galactic Cap
(SGC) footprints for all tracers, due to the better over-
lap with the mostly-southern ACT footprint. We replace
the eBOSS DR14 quasars with the final eBOSS DR16
quasars (Ross et al. 2020), leading to a significant in-
crease in the area (1178 to 4752 deg2) and number of
quasars used (54708 to 343708). Finally, we also use the
eBOSS DR16 LRGs (Ross et al. 2020). We do not use
the eBOSS DR16 emission line galaxies (ELGs), due to
the significantly smaller area compared to the LRGs or
quasars (1120 deg2 vs. 4202 deg2 for LRG and 4808 deg2

for quasars) and potential systematics in the ELG auto-
correlation needed to measure the ELGs’ spectroscopic
bias. These additions significantly improve the cross-
correlation redshifts at z ⇠ 0.7–2, the redshift range
where most of the unWISE galaxies lie. In Appendix K
we describe the spectroscopic samples used and their rel-
evant properties (linear and magnification biases), then
discuss the impact of the additional data used.

Conveniently, cross-correlation redshifts are sensitive
to the product of the galaxy bias and the number den-
sity, b(z)dN/dz, that appears in the dominant terms
in our model (Section 8.1). The conversion from the
measured correlation function to b(z)dN/dz leads to a
dependence on a fiducial cosmology, although we note
that there is no dependence on the amplitude of the
power spectrum because we require that b(z)dN/dz is
normalised to integrate to unity. The residual cosmol-

ogy dependence is quite minor, and the correction is de-
scribed in detail in Appendix C.1 (updating the heuristic
correction presented in Krolewski et al. 2021). Although
the spectra we measure primarily depend on b(z)dN/dz,
the lensing magnification and some higher-order galaxy
bias terms also depend on dN/dz, which we measure
by cross-matching unWISE galaxies to deep photomet-
ric redshifts from the COSMOS2015 catalogue (Laigle
et al. 2016). This redshift distribution is consistent with
the cross-correlation b(z)dN/dz assuming a simple halo
occupation distribution (HOD), consistent with the un-
WISE number density, to determine the bias evolution
b(z). From the COSMOS cross-match, we find no ev-
idence for unWISE galaxies to lie at z > 1.7 (2.5) for
Blue (Green) and therefore set the smoothed redshift
distribution to zero above these high redshift thresholds.

The cross-correlation estimates of b(z)dN/dz are
shown in the top panel in Fig. 2. We normalise the
cross-correlation redshift estimates (for more details see
Sec. 8.1). We also show in the lower panel the cross-
match dN/dz from COSMOS2015.

3.1.3. Removing unWISE correlations with stellar density
and WISE depth

In addition to cosmological fluctuations, the observed
galaxy number densities are determined by foregrounds
such as Galactic dust and stars, as well as survey depth
and other imaging properties. Both foregrounds and
imaging properties a↵ect the galaxy selection. The
power spectra of these contaminants are generally red;
if uncorrected they therefore add significant power to
the galaxy auto-correlation at low `. The standard ap-
proach for galaxy surveys is to create a set of weights

Ferren et al. 2023



  

Both ACT and Planck CMB lensing
agree with CMB anisotropies

σ8 S8

ACT lensing (z~2): σ8 = 0.819 ± 0.015
ACT+Planck lensing (z~2): σ8 = 0.815 ± 0.013

Planck CMB aniso (z≈1000): σ8 = 0.811 ± 0.006

No sign of the low σ8 (or equivalently S8) seen 
in galaxy lensing! Problem with non-linear 
scales?
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Figure 6. (a) Left: The ACT lensing measurement of the amplitude of matter fluctuations �8. For each data set, we show
68% and 95% confidence limits. Lensing measurements also depend on H0 and ⌦m; we break this degeneracy by including BAO
data. The ACT lensing measurement agrees well with the Planck lensing measurement as well as the inference of �8 from Planck
CMB anisotropies assuming ⇤CDM, a mainly early-universe measurement. (b) Right: Comparison of �8 measurements between
ACT CMB lensing and a consistent re-analysis of galaxy weak lensing (cosmic shear) data sets. The latter also are degenerate
with other parameters (more severely; see Appendix D); we show an example for the DES survey with and without BAO data.

Table 2. Marginalized constraints on cosmological parameters in a consistent analysis of various weak lensing data-sets shown
alongside CMB anisotropy (two-point) constraints. Throughout this work, we report the mean of the marginalized posterior
and the 68% confidence limit, unless otherwise mentioned.

Data �8 S8 ⌦m H0

(km s�1 Mpc�1)

Planck CMB aniso. (PR4 TT+TE+EE) + SRoll2 low-` EE 0.811± 0.006 0.830± 0.014 0.314± 0.007 67.3± 0.5

Planck CMB aniso. (+Alens marg.) 0.806± 0.007 0.817± 0.016 0.308± 0.008 67.8± 0.6

ACT CMB Lensing + BAO 0.820± 0.015 0.840± 0.028 0.315± 0.016 68.2± 1.1

ACT+Planck Lensing + BAO 0.815± 0.013 0.830± 0.023 0.312± 0.014 68.1± 1.0

ACT+Planck Lensing (extended) + BAO 0.820± 0.013 0.841± 0.022 0.316± 0.013 68.3± 1.0

KiDS-1000 galaxy lensing + BAO 0.732± 0.049 0.757± 0.025 0.323± 0.034 68.9± 2.0

DES-Y3 galaxy lensing + BAO 0.751± 0.035 0.773± 0.025 0.319± 0.025 68.7± 1.5

HSC-Y3 galaxy lensing (Fourier) + BAO 0.719± 0.054 0.766± 0.029 0.344± 0.038 70.2± 2.3

HSC-Y3 galaxy lensing (Real) + BAO 0.752± 0.045 0.760± 0.030 0.308± 0.024 68.0± 1.5

2020d). The NPIPE lensing analysis (Carron et al.
2022) reconstructs lensing with CMB angular scales
from 100  `  2048 using the quadratic estimator.
Apart from incorporating around 8% more data com-
pared to the 2018 Planck PR3 release, pipeline improve-
ments were incorporated, including improved filtering
of the reconstructed lensing field and of the input CMB
fields (by taking into account the cross-correlation be-
tween temperature and E-polarization, as well as ac-
counting for noise inhomogeneities; Maniyar et al. 2021).
These raise the overall signal-to-noise ratio by around
20% compared to Planck PR3 (Planck Collaboration
et al. 2020a). Figure 5 shows a comparison of noise
power between the Planck PR3 lensing map and the

Planck NPIPE lensing map.4 The NPIPE mass map cov-
ers 65% of the total sky area in comparison to the ACT
map which covers 23%, but the ACT map described in
Section 2 has a noise power that is at least two times
lower, as seen in the same Figure.
Since the NPIPE and ACT DR6 measurements only

overlap over part of the sky, probe di↵erent angular
scales, and have di↵erent noise and instrument-related
systematics, they provide nearly independent lensing
measurements. Thus, apart from comparing the two
measurements, the consistency in terms of lensing am-

4 The NPIPE noise curve was provided by Julien Carron; private
communication.

Madhavacheril et al. 2023


