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We present a joint analysis of the cosmic microwave background (CMB) lensing power spectra measured
from the Data Release 6 of the Atacama Cosmology Telescope (ACT) and Planck PR4, cross-correlations
between the ACT and Planck lensing reconstruction and galaxy clustering from unWISE, and the unWISE
clustering auto-spectrum. We obtain 1.5% constraints on the matter density fluctuations at late times
parametrized by the best constrained parameter combination Sy "' = 6¢(€,,/0.3)%4 = 0.815 4 0.012. The
commonly used Sy = 65(£,,/0.3)% parameter is constrained to Sg = 0.816 4= 0.015. In combination with
baryon acoustic oscillation (BAO) measurements we find og = 0.815 £ 0.012. We also present sound-
horizon-independent estimates of the present day Hubble rate of H, = 66.4‘:33“72 km s~! Mpc~! from our large
scale structure data alone and H, = 64.3'3} kms™' Mpc~' in combination with uncalibrated supernovae
from Pantheon+. Using parametric estimates of the evolution of matter density fluctuations, we place
constraints on cosmic structure in a range of high redshifts typically inaccessible with cross-correlation
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analyses. Combining lensing cross- and autocorrelations, we derive a 3.3% constraint on the integrated
matter density fluctuations above z = 2.4, one of the tightest constraints in this redshift range and fully
consistent with a A cold dark matter (ACDM) model fit to the primary CMB from Planck. Finally, combining
with primary CMB observations and using the extended low redshift coverage of these combined datasets we
derive constraints on a variety of extensions to the ACDM model including massive neutrinos, spatial
curvature, and dark energy. We find in flat ACDM > " m, < 0.12 eV at 95% confidence using the large scale
structure data, BAO measurements from Sloan Digital Sky Survey, and primary CMB observations.

DOI: 10.1103/PhysRevD.111.083516

I. INTRODUCTION

Measurements of the matter density fluctuations at low
redshifts inform our understanding of the formation of
cosmic structure, probe the nature of dark matter and dark
energy, and constrain the masses of neutrinos. They also
provide an important test of the predictions of general
relativity. Gravitational lensing observations that are sen-
sitive to the total matter distribution, including the invisible
dark matter, have become an indispensable tool for study-
ing cosmic structure. Several lensing related techniques
have been developed to study both the weak gravitational
lensing of galaxies as well as of the cosmic microwave
background (CMB).

Over the past two decades a standard model of cosmol-
ogy has emerged primarily based on high precision
observations of the CMB. Measurements by WMAP first
established the now prevailing six parameter A cold dark
matter (ACDM) model [1,2]. It posits that the Universe is
dominated by phenomenological cold dark matter (CDM),
is spatially flat, and its expansion is driven by a cosmo-
logical constant A. These results were sharpened by
measurements made by the Planck satellite [3]. The model
also makes predictions for other cosmological observables,
which in recent years have reached increasing precision
enabling new tests of this model. Despite the ACDM
model’s overall success, some discrepancies have been
observed and several extensions have been put forward.
Here we weigh in on some of these discrepancies and
constrain extensions beyond the standard model.

One such discrepancy and a primary focus of this work is
the amplitude of matter density fluctuations typically para-
metrized in terms of oy, the root-mean-square of the linear
matter density contrast smoothed on scales of 8 A~ Mpc,
which provides the normalization of the matter power
spectrum. The shape and redshift evolution of the matter
power spectrum are predicted from the ACDM model.

In recent works [4,5] reconstructed the gravitational
lensing field over 9400 deg” from new high resolution
CMB observations by the Atacama Cosmology Telescope
(ACT). They showed percent level constraints on the
integrated matter density fluctuations over a wide range
of redshifts (z < 5) from the CMB lensing power spectrum.
The og constraints are in excellent agreement with model
extrapolations from a ACDM model fit to observations

of the primary fluctuations in the CMB as observed by
Planck [3]. Their results are also in excellent agreement
with CMB lensing measurements from Planck [6,7] and the
combination of both measurements yields improved con-
straints on cosmic structure.

Reference [8] used the ACT DR6 and Planck CMB
lensing reconstruction together with galaxies detected in
imaging data from the Wide-Field Infrared Survey Explorer
(WISE) [9] to focus on a lower redshift range, approx-
imately 0.2 < z < 1.8. Using the correlation between the
galaxy distribution in two redshift bins, which acts as a
biased tracer of the underlying matter density, and the CMB
lensing reconstruction, [8] similarly found good agreement
with the ACDM prediction for o3 and CMB lensing
autocorrelation results.

Meanwhile, several galaxy weak lensing surveys like the
Dark Energy Survey (DES) [10,11], the Kilo-Degree
Survey (KiDS) [12,13], and the Hyper Suprime-Cam
(HSC) [14-17], among others, have found a 2 — 3¢ lower
amplitude of matter density fluctuations, compared to the
prediction from Planck primary CMB assuming a standard
ACDM model. Such surveys typically probe lower red-
shifts, z < 1, than the CMB lensing work discussed above.
Similar results have also been obtained by some other
studies of CMB lensing cross-correlations with galaxy
surveys, albeit at varying levels of significance (see e.g.,
[18-29]). While the modeling assumptions and the range of
scales probed in these works vary, they are mostly sensitive
to lower redshifts than the analysis presented in [8].

This motivates a further investigation of the formation of
structure at low redshifts. We note that the og constraints
from [4,5,8] differ from the galaxy weak lensing result not
only in terms of the redshift range but also in the
scales probed. As pointed out for example by [30,31] galaxy
weak lensing draws significant information from highly
nonlinear scales, which the CMB lensing auto- and cross-
correlations are insensitive to. The observed discrepancy
(~2-30) with the ACDM prediction for og from Planck may
therefore also be explained by a suppression of the matter
power spectrum on small scales that exceeds expectations of
the baryon feedback induced suppression based on the most
recent hydrodynamical simulations [30-32].

Motivated in part by further investigation of the for-
mation of structure at low redshifts and on linear to mildly

083516-2


https://doi.org/10.1103/PhysRevD.111.083516
https://doi.org/10.1103/PhysRevD.111.083516
https://doi.org/10.1103/PhysRevD.111.083516
https://doi.org/10.1103/PhysRevD.111.083516

ATACAMA COSMOLOGY TELESCOPE: MULTIPROBE ...

PHYS. REV. D 111, 083516 (2025)

nonlinear scales, we combine the lensing autospectrum
analysis from [4] and [5] with the cross-correlation analysis
from [8]. Throughout the paper we will often refer to this
combination as “3x2pt” given that it contains three two-
point correlation functions (or rather their harmonic space
equivalent, the power spectrum). These are the autospec-
trum of the CMB lensing convergence, C§*, the cross-
correlation between galaxies and CMB lensing, C}’, and
the galaxy autocorrelation, C%’. By contrast we will often
refer to the cross-correlation analysis as “2x2pt” (C)) &
C%). In Sec. VIA1 we show constraints on cosmic
structure formation from our “3x2pt” data.

Another discrepancy, which has reached ~5¢ with recent
data, is between the present day expansion rate, para-
metrized by the Hubble constant H), inferred within the
ACDM model from the CMB [3] and a local measurement
based on Cepheid-calibrated supernovae from SHOES
[33,34]. Meanwhile results from baryon acoustic oscilla-
tion (BAO) observations have generally found results
consistent with the CMB-derived values (e.g., [35,36]).
CMB and BAO constraints are predominantly informed by
the angular size of the sound horizon scale." This fact has
motivated theoretical work to explain the tension by
invoking new physics that decreases the physical size of
the sound horizon at recombination by approximately 10%
(e.g., [37,38]). It also motivates new measurements of the
Hubble constant that are derived from a different physical
scale present in the large-scale structure, namely, the
matter-radiation equality scale (with comoving wave
number k.,) which sets the turnover in the matter power
spectrum. As pointed out in [39] such measurements can be
obtained from the CMB lensing power spectrum and other
large scale structure (LSS) tracers and we investigate the
implications of our data for the H, tension in Sec. VI A 2.

Beyond modifications to the flat ACDM model moti-
vated by these observed discrepancies other extensions are
motivated by physical considerations. Given the phenom-
enological nature of dark energy it is natural to consider
departures from the cosmological constant model which
allow an equation of state w # —1 or evolution in the dark
energy equation of state. We consider such models in
Sec. VIC3; our data unfortunately only marginally
improves on existing constraints on such models derived
from the primary CMB, BAO and supernovae.
Furthermore, observations of neutrino oscillations require
neutrinos to be massive, and while the mass splitting
between the neutrino mass eigenstates is well determined
the absolute mass scale is poorly constrained (see
e.g., [40]). In Sec. VIC1 we derive constraints on the
neutrino mass from the characteristic suppression of the

lHere, we do not make a careful distinction between the sound
horizon scale relevant for BAO (ry) and CMB (r,) observations,
although to be precise these are defined at the baryon drag epoch
and at photon decoupling, respectively.

formation of structure on scales smaller than the neutrino-
free streaming scale which can be probed with our “3x2pt”
data. It has been pointed out that those neutrino mass
constraints are model dependent, as the effect of massive
neutrinos can be mimicked also by some beyond-ACDM
models (see, e.g., [41-44]). Thus we consider massive
neutrinos in the context of extended dark energy models in
Sec. VIC4. In addition to dark energy and neutrinos, we
also revisit the assumption of spatial flatness in Sec. VIC 2
where our data provides competitive cross-checks on
constraints from the primary CMB and BAO.

Before presenting these results in Sec. VI we discuss the
data used in this analysis in Sec. III including the external
datasets we employ in our analysis (Sec. III C). In Sec. IV
we briefly describe how we obtain the covariance for the
likelihood analysis described in Sec. V. Finally, in Sec. VII
we summarize our findings and conclude with an outlook to
future work. For the convenience of the reader we also
provide an overview of the key results from this work in the
following section (Sec. II).

II. KEY RESULTS

The key results from this work are constraints on the
amplitude of matter density fluctuations at low redshift
parametrized by og. As in CMB lensing autocorrelation
analyses (e.g., [4,7]), CMB lensing cross-correlations (e.g.,
[8,20,28]), or galaxy weak lensing (e.g., [11,13,16,17]),
when using the projected large scale structure tracers only,
oy is significantly degenerate with the matter density, Q,,
(as can be seen in the left panel of Fig. 1). In our case
the parameter combination best constrained by the combi-
nation of CMB lensing autospectrum, galaxy-galaxy
clustering autopower spectra, and the cross-correlation
between CMB lensing and galaxies is approximately
05Q%4. In analogy with the commonly used parameter
Sg = 05(£,,/0.3)%3, corresponding to the parameter com-
bination best constrained by galaxy weak lensing surveys,
we therefore define the parameter S; "' = og(€,,/0.3)%4.

Using the lensing autospectra from ACT and Planck, the
respective cross-correlations with the unWISE galaxies,
and the galaxy autocorrelation (3x2pt) we constrain this
parameter combination to ~1.5%,

ST = 64(Q,/0.3)%4 = 0.815+£0.012  (3x2pt). (1)

Within the ACDM model this parameter is similarly well

constrained by primary CMB data (S3 " = 0.826 + 0.012
from the primary CMB datasets discussed in Sec. III C 1)
and the two constraints are in good agreement as can be
seen in the left panel of Fig. 1. Even though Sg differs
slightly from the best constrained combination of ¢g and
Q,, in our work we nevertheless also obtain highly
competitive constraints on this parameter combination
which can be compared, for example, to results from
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Key results from our analysis are tight constraints on the amplitude of matter density fluctuations. The left panel shows a

comparison of constraints derived from the CMB lensing autocorrelation (C}*), from the cross-correlation of CMB lensing and unWISE
galaxies together with the unWISE autocorrelation (2x2pt), and from the combination of all three two-point functions (3x2pt). As is
usual in these types of analyses the matter density fluctuations parametrized by og and the global matter density Q,, are degenerate. The

best constrained parameter combination for the 3x2pt analysis is S;prt = 04(Q,,/0.3)%* (indicated by a dash-dotted line in the left
panel). In the dashed contours on the left (3x2pt+BAQO) and in the zoom in on the right we show the combination with BAO data which
breaks the oy — Q,, degeneracy. As can be seen by comparison to contours obtained from model predictions within a ACDM model fit to
the primary CMB our results are in good agreement with CMB constraints from Planck (solid purple, unfilled lines). All constraints
shown here include lensing data from both ACT DR6 and Planck PR4.

DES, KiDS and HSC [11,13,17]. Using again both ACT
and Planck CMB lensing autospectra, the cross-correla-
tions with unWISE, and the unWISE auto-spectrum we
find

Sg =0.816 £ 0.015 (3x2pt). (2)
While our value of Sg falls between the typical values
preferred by galaxy weak lensing analyses and those
predicted from ACDM fits to the CMB, it is not in
statistically significant tension with either of those datasets
(~1lo and ~1.5-2.5¢ relative to primary CMB and various
galaxy weak lensing measurements, respectively).

BAO observations measure the angular size of the
baryon oscillation feature in the distribution of galaxies;
the background evolution can be constrained from the
evolution of the BAO feature across redshift, providing a
sensitive probe of Q,. However, such a measurement is
partially degenerate with H,, which can be alleviated by
calibrating of the BAO standard ruler through a big bang
nucleosythesis (BBN) prior on the baryon density. We
break the og — Q,, degeneracy in our analysis by adding
BAO data, primarily from the Baryon Oscillation
Spectroscopic Survey (BOSS), to our analysis and we
obtain

oy = 0.815+0.012 (3x2pt + BAO),

(3)

also a ~1.5% measurement. This value is again in good
agreement with model predictions derived from ACDM fits

to primary CMB data (63 = 0.8107 & 0.0064; the poste-
riors are shown in the o3 — €, plane in the right panel
of Fig. 1).

Following the approach suggested in [39] we use our
CMB lensing and cross-correlation data to place constraints
on the Hubble constant which arise exclusively from the
measurement of the angular size of the matter-radiation
equality scale imprinted in the turnover of the matter power
spectrum. These constraints are independent of the sound
horizon scale, knowledge of which is crucial for inferring
the Hubble constant from the baryon oscillation feature
either in the primary CMB or through BAO observations.
We find

Hy = 66.5737 kms™ Mpc™'  (3x2pt) (4)
from CMB lensing, cross-correlation, and galaxy autocor-
relation data alone (using both ACT and Planck). When
additionally including uncalibrated supernovae from the
Pantheon+ dataset [45] to further break the degeneracy
between H, and Q,, we obtain

Hy = 64373 kms™' Mpc™"  (3x2pt+ SN).  (5)
This represents a ~20% improvement over the constraint
presented in [5] from the lensing autospectrum alone. Our
results are consistent with the value of H preferred by
BAO and primary CMB data (at the ~1¢ level), but in
tension (~3.60) with local measurements of H, from
SHOES [34]. This is consistent with the results found
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using similar methods on three-dimensional galaxy cluster-
ing data (see e.g., [46—48]).

Posteriors for the key ACDM parameters (H, Q,,, o3,
and S3"*") probed in our analysis are shown in Fig. 3. We
show posteriors for the 3x2pt analysis jointly using ACT
and Planck lensing data, as well as each lensing dataset
separately.

Furthermore, we explore a model-agnostic parametriza-
tion of the growth of perturbations. Using the combination
of lensing auto- and cross-correlations together with
BAO we find tight (<4%) constraints on og(z) in three
redshift bins z = 0-1.15, z = 1.15-2.4, and z > 2.4. Our
reconstruction of og(z) is in good agreement with pre-
dictions within a ACDM model fit to the primary CMB
from Planck.

In going beyond the standard ACDM model we explore
various extensions, including nonminimum mass neutrinos,
evolving dark energy and curvature. We find constraints on
the neutrino mass sum from the combination of our 3x2pt
data with BAO and primary CMB data from Planck
consistent with results from analyses using only the lensing
autospectrum. When including both ACT and Planck
lensing auto- and cross-spectra we constrain the sum of
the neutrinos to

> m, <0.124eV at 95% confidence
(3x2pt + CMB + BAO). (6)

These constraints are degraded when also considering a time

varying dark energy equation of state but by additionally

including uncalibrated supernovae from Pantheon+ we

still obtain a constraint of > m, < 0.231 eV (95% CL).
We constrain the curvature of the Universe to

—0.011 < Q, < 0.004 at
(3x2pt + CMB) (7)

95% confidence

from the primary CMB and our data alone (without BAO),
about 20% tighter than previous results from the primary
CMB and the CMB lensing autospectrum only [5].

We make our data and likelihood publicly available
enabling the community to perform further investigation
into models not explored in this work (see Appendix A for
details).

III. DATA

In this section we briefly describe the datasets we use in
our analysis as well as several external likelihoods we
include to break degeneracies and probe both the ACDM
model as well as potential extensions with all avail-
able data.

A. CMB lensing power spectrum

Throughout we adopt the CMB lensing power spectrum
measurements from ACT DR6 [4,5] and Planck PR4 [7].

The ACT DR6 lensing reconstruction covers 9400 deg?
of the sky and is signal dominated on lensing scales of
L < 150. This reconstruction is based on CMB measure-
ments made between 2017 and 2021 (relying only
on the night-time data) at ~90 and ~150 GHz and uses
CMB scales 600 < £ < 3000. The use of cross-correlation
based estimators reduces the sensitivity to the modeling of
the instrumental noise [49], and profile hardening is
employed to mitigate against extragalactic foregrounds
[50-52]. Since the CMB lensing signal is reconstructed
using quadratic estimators the power spectrum of the
reconstruction is a four-point function containing several
biases which need to be subtracted using simulations. 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 nonzero even in the
absence of lensing. The debiasing is discussed in detail
in [4]. Since some of the bias corrections as well as the
normalization of the lensing estimator depend weakly on
cosmology we implement corrections capturing the
dependency of the lensing normalization and bias sub-
traction on cosmological parameters (see Appendix B for
details). The CMB lensing power spectrum from [4] is
determined at 2.3% precision, corresponding to a meas-
urement signal-to-noise ratio of 43c.

Potential sources of systematic biases have been inves-
tigated in detail in [4,50] and were found to be comfortably
subdominant to statistical uncertainties.

The Planck PR4 lensing analysis [7] reconstructs lensing
with CMB angular scales from 100 < ¢ < 2048 using the
quadratic estimator. This analysis is based on the reproc-
essed PR4 NPIPE maps that incorporated around 8% more
data compared to the 2018 Planck PR3 release. It also
includes pipeline improvements such as optimal (aniso-
tropic) filtering of the input CMB fields resulting in an
increase of the overall signal-to-noise ratio by around 20%
compared to Planck PR3 [6] and a detection of the lensing
power spectrum at 426.

The C%* bandpowers for ACT DR6 and Planck PR4 are
shown in the lower panels of Fig. 2.

B. CMB lensing-galaxy cross-correlations
and galaxy-galaxy autocorrelation

We include measurements of the cross-correlation
between CMB lensing (from ACT DR6 and Planck
PR4) and galaxies from the unWISE catalog, along with
the autocorrelation of the unWISE galaxies (from [8]).
These measurements are shown in the upper two panels
of Fig. 2.

The unWISE galaxy catalogue is constructed from
three band imaging by the Wide-Field Infrared Survey
Explorer (WISE) survey [9], including four years of the
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4
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FIG. 2. 'We show here all bandpowers which enter our joint 3x2pt analysis using ACT DR6 and Planck PR4 CMB lensing data. From
top to bottom the three panels show the galaxy-galaxy autospectra for the Blue and Green samples of unWISE galaxies measured on the
ACT (left) and Planck lensing footprints, the galaxy-CMB lensing cross-correlations, and the CMB lensing autocorrelations. We
measure C% independently on the ACT and Planck areas to ensure that the galaxy selection, which can vary over the survey footprint, is
consistent with the corresponding corss-correlation. The correlation between the spectra is self-consistently included in the covariance.
Alongside the bandpowers we show the best fitting spectra obtained from a joint fit of all datasets shown here and the BAO data
described in Sec. III C2. We find an excellent fit to the data and estimate the probability to exceed (PTE) at 0.7 (see Sec. VI A 4).

post-hibernation NEOWISE phase [53,54]. We employ
two color selected galaxy samples which we refer to as
Blue and Green, with broad redshift distributions centred at
z~0.6 and 1.1. These samples are extensively described
in [55,56]. To obtain redshift distributions for these samples
of galaxies we employ the method of clustering redshifts
estimated from cross-correlations with spectroscopic sam-
ples from the Sloan Digital Sky Survey (SDSS) (see [8,55]
for further details).

The mode-decoupled C% and C’ for each of the two
galaxy samples with the ACT and Planck lensing recon-
structions are measured using NaMaster [57]. As discussed
in [8] these spectra are corrected for various observational
effects, including galaxy survey systematics and misnorm-
alization of the lensing estimator. We apply a minimum
scale cut of £, =100 in C¥ and ¢, =50 in C}
motivated by our null tests in [8] to guard against residual

contamination from large scale systematics. The small-
scale cut of £, =400 in both C}Y and C¥ has been
verified on simulations and shown to allow for unbiased
recovery of cosmological parameters.

As with the lensing power spectrum measurements, [8]
undertook an extensive evaluation of potential systematic
biases using different versions of the lensing reconstruc-
tions and analysis masks, as well as realistic simulations of
the contamination due to extragalactic foregrounds. They
did not find any evidence for statistically significant biases.

C. External likelihoods

We also combine our results with external datasets from
observations of the primary CMB temperature and polari-
zation anisotropies, baryon acoustic oscillations, and unca-
librated supernovae.
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1. Primary CMB

We jointly analyze our data with measurements of the
temperature and polarization power spectra of the primary
CMB as observed by the Planck satellite. In keeping with
[5] we adopt the analysis of the Planck PR4 maps based on
the CamSpec likelihood for the small scale (£ > 30) tempera-
ture and polarization power spectra [58]. Additionally, we
include the Planck PR3 likelihood for the large scale
temperature power spectrum [59]. Finally, to include
information from Planck’s large-scale polarization data
that constrains the optical depth to reionization we use
the likelihood estimated in [60] from the SRoll2 maps.

2. Baryon acoustic oscillations

Furthermore, we add observations of the BAO feature.
We use a combination of BAO measurements based on the
clustering of galaxies with samples spanning redshifts
up to z~1, including 6dFGS [61], SDSS DR7 Main
Galaxy Sample [62], BOSS DRI12 Luminous Red
Galaxies (LRGs) [63], and eBOSS DR16 LRGs [63]. In
contrast to earlier work on the ACT DR6 CMB lensing
auto-spectrum [5], we additionally include the higher-
redshift Emission Line Galaxies (ELGs) [64], Lyman-a
forest [65], and quasar samples [35] from eBOSS DR16.

As described above BAO data probes the distance-
redshift relation in the late universe, providing information
on the expansion rate and matter density.

As this work was nearing completion the Year-1 BAO
results from the Dark Energy Spectroscopic Instrument
(DESI) [66] were released [36,67,68]. These provide
improved BAO measurements tightening constraints on
the cosmic expansion history. We do not reanalyze all our
results with the DESI BAO, but because [36] showed that
this data favours tight limits on the neutrino mass, we
address our neutrino mass constraints also with the recent
DESI BAO likelihood (see Sec. VIC 1). Given the con-
sistency and similar constraining power on €,, from DESI
Y1 and earlier BAO datasets in the context of flat ACDM
we do not expect the choice of BAO likelihoods to impact
our constraints on structure formation.

3. Uncalibrated supernovae

Finally, we present some constraints which additionally
employ “uncalibrated” measurements of the relationship
between the apparent brightness of type IA supernovae and
their redshifts from the Pantheon+ dataset [45]. Here,
“uncalibrated” refers to the fact that the absolute magni-
tudes of the supernovae have not been calibrated, e.g., with
Cepheid variables or the tip-of-the-red-giant-branch
(TRGB) technique, such that only information from the
relative (not absolute) distance-redshift relation is included.
Supernovae observations probe the distance-redshift rela-
tion (although, in the uncalibrated case, only up to an
overall amplitude) and thereby provide information on the

expansion rate as a function of redshift. The addition of this
data thus provides matter density information independ-
ently of the primary CMB and BAO, which enables
estimates of the Hubble constant independent of the sound
horizon scale as proposed in [39]. Uncalibrated supernovae
also constrain potential dark energy evolution and break
degeneracies between evolving dark energy and neutrino
mass when considering multiple extensions to the baseline
ACDM model jointly.

IV. 3 x2PT COVARIANCE

As in [8], we use a simulation derived covariance for the
CMB lensing and lensing cross-correlation measurements.
Our simulation suite consists of 400 CMB lensing simu-
lations for ACT DR6 and 480 simulations for Planck PR4.
Reference [8] described how to obtain Gaussian realiza-
tions of the galaxy field that exhibit the correct correlations
with lensing reconstruction simulations from [4] for ACT
and [7] for Planck. They also detailed the analytic estimates
for the cross-covariance between different galaxy samples
and the simulations used to estimate the covariance
between ACT and Planck cross-correlations, which are
obtained by running the ACT lensing reconstruction pipe-
line on Planck simulations. For this work we additionally
adopt the bias subtracted CMB lensing auto-power spectra
measured on the same simulations to estimate the cross-
covariance between the cross-correlation and autocorrela-
tion measurements.

To generate the simulations and compute the analytic
covariance we adopt the same fiducial cosmology used in
the ACT lensing simulations which is based on a ACDM
model fit to Planck 2015 temperature and polarization data
with an updated 7 prior as in [69]. To closely match the
observed galaxy-galaxy and galaxy-CMB lensing spectrum
we fit the bias (and other nuisance) parameters of the
galaxy clustering model to the observed spectra in a manner
blind to cosmology as described in [8].

We find significant correlations of up to 50%—60%
between the ACT lensing autospectrum and the cross-
correlations with the ACT lensing map and slightly smaller
(40%) between the respective Planck spectra. Correlations
between C%’ and lensing autospectra and between cross- and
autospectra from ACT and Planck respectively (or vice
versa) are small ($20%). ACT and Planck largely use
nonoverlapping CMB scales to reconstruct the CMB lensing
signal. Therefore this cross-covariance primarily arises from
the signal contribution due to the partial sky overlap and a
significant reduction of correlations is expected compared to
the correlations between cross- and autospectra using the
same lensing reconstructions.

As in [4,5,8] we apply a Hartlap correction to the
covariance to correct for the fact that the inverse covariance
estimate from a finite number of simulations is not
unbiased. This correction inflates the covariance by
~10% for the analysis including only ACT or Planck

083516-7



GERRIT S. FARREN et al.

PHYS. REV. D 111, 083516 (2025)

lensing reconstructions and ~20% for the joint analysis. We
note that this is a conservative estimate of the Hartlap
correction, since it is based on the number of CMB lensing
simulations and neglects the fact that the galaxy simula-
tions are only partially correlated with those simulations
and therefore the effective number of independent simu-
lations is larger.

Furthermore, when analyzing the low redshift data only
(i.e., not in combination with primary CMB data) we
propagate uncertainties in the lensing estimator normali-
zation due to the uncertainty in the CMB two-point
functions into additional contributions to the covariance
as described in [4,8] for the cross- and autospectra,
respectively. When combining with primary CMB data,
we explicitly correct for errors in the normalization and
reconstruction bias subtraction as described in Appendix B.

V. COSMOLOGICAL ANALYSIS

We obtain cosmological constraints by constructing a
Gaussian likelihood

ACY ACY
—2InL oY | ACY | Col | ACY (8)
S N ALK

where the Aé’lgf , AC’IZg , and ACS* are the residuals between
our observed galaxy-galaxy, galaxy-CMB lensing, and
CMB lensing-CMB lensing spectra, %7, C}?, and C%",
and the respective binned and band window convolved
theory spectra, C}?, C}?, and C§*. The covariance C has the
form

99—99 99—Kg 9g—KK
Cbb/ Cbb! Cbb/
_ 99—KI\NT Kg—Kg Kg—KK
Cbb’ - (Cbh’ ) Chh’ Chh’ (9)
99—KK\T Kg—KKN\T KK—KK
(Cbb’ ) (Cbb’ ) Cbb’

where CJ7%, C,7™, and C}5,™ are the galaxy autospec-
trum covariance, the galaxy-CMB lensing cross-spectrum
covariance, and the cross-covariance between them. C}7,"™
and CZ%,_KK are the cross-covariance between the galaxy-
galaxy and galaxy-CMB lensing spectra on one hand and
the lensing autospectrum on the other hand. Finally, C}} "
is the CMB lensing power spectrum covariance. These are
estimated from simulations as described above in Sec. IV.
When combining the lensing power spectrum and cross-
spectrum likelihood with that for the CMB anisotropy
power spectra, we ignore the covariance between the
measured lensing and anisotropy spectra, as these are
negligible for DR6 noise sensitivities [70,71].

We infer cosmological parameters via Markov

Chain Monte Carlo (MCMC) methods performing

Metropolis-Hastings sampling using the Cobaya” code [72].
We consider MCMC chains to be converged if the Gelman-
Rubin statistic [73,74] satisfies R — 1 < 0.01 for the cos-
mological parameters of interest.

We use a hybrid perturbation theory expansion to second
order to model the galaxy auto- and cross-spectra up to
k~0.3 hMpc' (see Farren et al. [8] for details). We
impose conservative priors on lensing magnification, shot
noise, and the parameters of the bias expansion (second
order and shear bias) based on simulations. [8] showed that
these results are insensitive to these prior choices, higher
order corrections contribute at most at the few percent level
to the signal, and even neglecting all higher order terms
leads to only minor shifts in inferred parameters (< 10).
We also marginalize over uncertainties in the redshift
distribution of unWISE galaxies (see Farren er al. [8] for
details). The CMB lensing power spectrum is modeled
using the nonlinear matter power spectrum from HALOFIT
(see Qu et al. [4] for details).

A. Priors

In our baseline analysis we consider a spatially flat,
ACDM universe with massive neutrinos of the minimum
mass allowed in the normal hierarchy (3 m, = 0.06 eV).
When analyzing only low redshift data (i.e., when not
including observations of the primary CMB) our analysis is
insensitive to the optical depth to reionization, 7, and we
thus fix it to the mean value obtained in [3]. For the
remaining five cosmological parameters we adopt the priors
from [5] sampling the logarithm of the scalar perturbation
amplitude, log(10'°A,), the primordial spectral tilt, n, the
physical density in baryons and cold dark matter, Q,4* and
Q.h?, and the angular size of the sound horizon at
recombination, 6y;c. We place flat priors on all parameters
except the baryon density and the primordial spectral tilt,
which are only weakly constrained by our observations. We
choose a prior motivated by BBN measurements of
deuterium abundance from [75] for Q,h* (see Table I).
As pointed out in [5] the primordial spectral tilt and the
amplitude of fluctuations are somewhat degenerate given
only a measurement of the projected lensing auto- or cross-
spectra. We conservatively adopt a prior centred on but also
about five times broader than the n, constraint obtained
from Planck measurements of the CMB anisotropy power
spectra in the ACDM model [3], and two times broader
than constraints obtained there from various extensions of
ACDM. To avoid exploring unphysical parts of parameter
space we furthermore limit the range over which H, may
vary to between 40 and 100 km s~! Mpc~!. This limitation
is relevant for some of the CMB lensing autospectrum-only
runs we perform for comparison; all other analyses do not
allow for such a wide range of H|, values.

2https ://github.com/CobayaSampler/cobaya
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TABLE I. Parameters and priors used in this work. N (u, 6)
indicates a Gaussian prior with mean x and variance 2. Uniform
priors are indicated by square brackets. For the priors adopted on
the galaxy nuisance parameters we refer the reader to [8]. The
bold headlines separate the priors on different types of models.

ACDM cosmological parameters

Parameter Baseline priors Comb. with CMB 2pt

ln(IOIOAS) [1.61, 4.0] [1.61, 4.0]

ng N(0.96,0.02) [0.8, 1.2]

Q.h? [0.005, 0.99] [0.005, 0.99]

Q,h? N (0.0223,0.00036) [0.005, 0.1]

1000yc [0.5, 10] [0.5, 10]

T fixed (0.0561) [0.01, 0.11]

Beyond ACDM cosmological parameters
Fiducial value Prior

vACDM

> m, [eV] 0.06 [0.0, 5.0]

wCDM

w -1 [-3.0,0.0]

wow,CDM

W -1 [-3.0,0.0]

w, 0.0 [-3.0,3.0]
wo +w, <0

kACDM

Q 0.0 [-0.3,0.3]

We note that these prior choices differ somewhat from
those adopted in [8], where the baryon density and the
spectral tilt were fixed to the Planck best-fit values.
Furthermore, this previous work fixed the parameter
combination Q,, 43, which within ACDM is closely related
to Oyic [76], to the Planck best-fit value.

When combining our low redshift datasets with primary
CMB observations discussed in Sec. III C 1 we remove the
informative priors on /4% and n; and additionally also
sample the optical depth to reionziation with a uniform
prior. When exploring beyond-ACDM extensions we adopt
the same priors as in [77]. All priors are summarized in
Table L.

We adopt the priors on the nuisance parameters of the
galaxy bias model from [8]. This includes uniform,
uninformative priors on the linear-order bias, a conservative
Gaussian prior on the shot noise of 60% around the Poisson
expectation, and a 10% Gaussian prior on the lensing
magnification parameter centred on estimates obtained by
computing the impact of small perturbations to the
observed fluxes on the galaxy selection. The detailed
procedure for setting the priors on the higher order bias
parameters, which are informed by the difference between
different numerical simulations is described in [8].
Furthermore, priors on the redshift marginalization param-
eters are derived from clustering redshift measurements and
their uncertainties (as also described in [8]).

VI. CONSTRAINTS ON COSMOLOGY

In the following section we present our constraints on
cosmological parameters obtained from jointly analyzing
the ACT and Planck lensing auto- and cross-spectra
together with the autocorrelation of the unWISE galaxies
and in some cases external data as discussed in Sec. III C.
We begin by outlining our findings in the context of a flat
ACDM model before discussing potential extensions
beyond this model including nonminimum mass neutrinos,
dark energy with equation of state w # —1, and spatial
curvature.

A. Constraints on flat ACDM

In the context of a flat ACDM cosmology the weak
lensing and galaxy clustering is primarily sensitive to the
amplitude of matter density fluctuations in the late uni-
verse. Different probes derive their information from
different scales and redshifts, providing complementary
information on the evolution of matter density perturba-
tions. As discussed in [8] the lensing cross-correlations
primarily derive their information from linear and moder-
ately nonlinear scales 0.05 hMpc~! <k <0.3 hMpc~!
and redshifts z ~0.2-1.6. By contrast the lensing auto-
spectrum is sensitive to a large range of redshifts between
approximately 0.5 and 5 and is dominated by linear scales
[k <0.15 hMpc~!; [4,5,78]]. With the combination of
these two datasets we can thus probe a wide range of
redshifts from z ~ 0.2 to 5 while focusing mostly on linear
and mildly nonlinear scales.

These results can be compared for example to recent
results from galaxy weak lensing surveys (see e.g.,
[11,13,17]). These are largely sensitive to smaller scales,
but partially overlap with the lower end of the redshift range
probed here [30,31]. As described above, such surveys
have consistently found a somewhat smaller amplitude of
matter density fluctuations than expected within the flat
ACDM model fit to the primary CMB data from Planck.

In addition to constraints on matter density fluctuations,
our data are also sensitive to the Universe’s expansion
which sets the distances to the observed structures. Features
in the distribution of matter of known physical size can be
used to constrain the distance to the observed structures
independently of redshift estimates and therefore provide
the opportunity to constrain the present day expansion rate
of the Universe, H,. Two such scales are imprinted onto the
matter density field in the early universe: The sound
horizon scale, the distance a sound wave may travel in
the early universe prior to recombination (up to z ~ 1100),
and the matter-radiation equality scale, related to the size of
the horizon when the matter and radiation densities become
equal (z ~3500).

Our data are not directly sensitive to the former, as it
manifests through oscillations in the power spectrum which
are largely smoothed out due to the projection over a wide
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range of redshifts. However, the expansion rate can be
estimated from the sound horizon feature using BAO
observation from spectroscopic galaxy surveys (see e.g.,
those discussed in Sec. III C 2). Such measurements suffer
from significant degeneracies between H, and the global
matter density Q,,. Our data, in which Q,, and H, have a
different degeneracy direction, can therefore serve to
improve BAO derived H, estimates.

On the other hand, our data is directly sensitive to the
latter scale which is related to the turnover of the matter
power spectrum. It was pointed out in [39] that CMB
lensing data could therefore be used to obtain constraints on
the expansion rate independent of the sound horizon scale.
This scale has been the target of several modifications to the
ACDM model which aim to resolve the tension between
CMB derived H| estimates (which also depend on the
sound horizon) and local measurements using the distance
ladder (e.g., [33]). This measurement equally suffers from
the Hy — Q,, degeneracy, but the direction of the degen-
eracy varies with redshift and with the scales probed.
Combining lensing auto- and cross-spectrum information
thus partially alleviates this degeneracy, allowing us to
derive a constraint on H, from our CMB lensing and galaxy
clustering data alone. However, the degeneracy is more
effectively broken by the addition of uncalibrated super-
novae data.

1. Constraints on structure growth

Within the ACDM model the parameter combination
best constrained by the combination of CMB lensing
auto-spectrum data and our cross-correlation measure-
ments is what we have defined as Sy = o4(Q,,/0.3)%4.
With lensing data from ACT alone (ACT DR6
C* + ACT DR6 x unWISE C}Y + unWISE C¥) we con-
strain this parameter combination to ~1.8%,°

S =0.819+£0.015 (ACT +unWISE). (10)

This can be compared to results using Planck PR4 lensing
data only

ST~ 0.803 +0.015 (Planck +unWISE),  (11)

a1.9% constraint. The combination of ACT and Planck data
tightens these constraints by a factor of ~1.25 to

3Here and for the remainder of the section, we will label the
3x2pt analyses using the ACT DR6 or Planck PR4 CMB lensing
datasets (or their combination) as ACT + unWISE or Planck +
unWISE (ACT + Planck + unWISE) respectively. In the sub-
sequent sections where we only consider the joint 3x2pt dataset
using ACT and Planck CMB lensing data we will simply refer to
these as “3x2pt.” Meanwhile, we label the primary CMB from
Planck PR4 simply as “CMB.”

SgPP=0.815+0.012 (ACT+ Planck-+unWISE). (12)

For comparison the best constrained parameter in the
lensing-only analysis is SgMBL = 6¢(€,,/0.3)%% while the
cross-correlation analysis with unWISE using C}Y and C%/
best constrains Sy = 03(L,,/0.3)%4. These parameters are
constrained to 2.2% and 1.7% from those analyses respec-
tively (using ACT and Planck data jointly in both cases) and
improvements on these parameters by moving to the 3x2pt
analysis are small.

For better comparability with galaxy weak lensing
surveys, which commonly report the parameter combina-
tion Sy = 05(LQ,,/0.3)%3, we also present constraints on
this parameter. We find the following constraints

Sy = 0.820 £ 0.021 (ACT + unWISE), (13)

Sg = 0.806 + 0.018 (Planck +unWISE), and (14)

Sg = 0.816 £ 0.015 (ACT + Planck +unWISE). (15)

We show the constraints from our 3x2pt analysis using
ACT, Planck or ACT + Planck comparison with primary
CMB constraints from Planck in Fig. 3.

To directly constrain og we need to break the degeneracy
with Q,,. We have two ways of doing this: either by adding
BAO data which provide constraints primarily in the
Q,, — H, parameter space or by adding uncalibrated super-
novae which constrain Q,,. With BAO we find

og = 0.815£0.013

(ACT + unWISE + BAO), (16)

o3 = 0.806 £0.013
(Planck + unWISE +BAO), and  (17)

oz = 0.8154+0.012
(ACT + Planck + unWISE + BAO)  (18)

compared to

g = 0.796 % 0.020
(ACT + unWISE + SN), (19)

o5 = 0.780 & 0.019
(Planck +unWISE + SN), and  (20)

oy = 0.794 £ 0.016
(ACT + Planck +unWISE + SN)  (21)

with supernovae data.
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FIG. 3.

Posteriors on key parameters from our 3x2pt analysis without external datasets compared to parameter posteriors from a flat

ACDM model fit to the primary CMB from Planck. Our results on the amplitude of structure and the Hubble rate are in good agreement
with the primary CMB from Planck PR4 (shown as a dashed grey contour) and we constrain the former independently to the same

precision.

Our constraints in combination with BAO are primarily
limited by lack of knowledge of n;. As noted above we
adopted a conservative prior of o(n;) =0.02 which is
about five times wider than the constraint from Planck
[, = 0.9649 £ 0.0044; [3]]. We investigate instead adopt-
ing a more aggressive prior of ¢(n;) = 0.01 corresponding
approximately to the largest 1o posterior found for various
beyond-ACDM extensions examined by Planck [3]. This
tightens the constraints on oy

oy = 0.815+0.012
(ACT + unWISE + BAO), (22)

og = 0.805 £ 0.012
(Planck +unWISE + BAO), and  (23)

og = 0.814 £0.010
(ACT + Planck + unWISE + BAO).  (24)

As we can see the constraints from ACT and Planck data
alone, while affected by the n, prior, are less sensitive to
this choice than the combination of both, which is increas-
ingly limited by our conservative prior and improved by
~20% when tightening the prior on ny.

Given the agreement with primary CMB predictions
reported in [4,5,8] we do not expect strong disagreement
with Planck constraints from the primary CMB. Indeed,
our lensing constraints are consistent with the primary
CMB datasets discussed in Sec. III C 1. From the primary
CMB we have §3*"' =0.826+0.012 (S5 = 0.830 + 0.014,
o3 = 0.8107 £ 0.0064) about 0.60 (0.75, 0.36 or 16 com-
paring to the analyses with BAO or SN respectively) away
from the joint result reported above.

We also combine our data with the primary CMB to
further break degeneracies. We find even tighter constraints
on og of

oy = 0.8124 £ 0.0048
(ACT + unWISE + CMB), (25)
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og = 0.8105 £ 0.0047
(Planck +unWISE + CMB), and  (26)

og = 0.8127 £ 0.0044
(ACT + Planck +unWISE + CMB).  (27)

This constraint represents a ~30% improvement over the
constraint from Planck primary CMB data alone, demon-
strating that with precise knowledge of the scalar spectral
index, the matter density and other cosmological param-
eters our data provide a powerful probe of matter density
fluctuations. We also note, however, that this result only
represents a marginal, ~2.5% improvement over the
combination of Planck primary CMB data with the ACT
and Planck lensing autospectra. This is not entirely
unexpected given that within the ACDM model low red-
shift structure formation is constrained tightly by the
lensing autospectrum alone.

2. Constraints on Hubble expansion

As discussed above our data can be used in two ways to
shed light on the expansion rate of the Universe, Hy,. Firstly,
when combining our data with BAO to break the degen-
eracy between H, and Q,, we find

Hy, = 67.534+0.80 kms~! Mpc~!
(ACT + unWISE + BAO + BBN),  (28)

Hy, = 67.244+0.78 kms~! Mpc~!
(Planck + unWISE + BAO + BBN), and  (29)

H, = 67.3540.78 kms~! Mpc™!
(ACT + Planck +unWISE + BAO + BBN). (30)

We note that these constraints depend sensitively
on the BBN prior on the baryon density discussed in
Sec. VA which is crucial in determining the sound
horizon size. These results are consistent with results from
the primary CMB (H, = 67.32 £0.51 kms~! Mpc~!
from the Planck primary CMB), approximately 20% tighter
than results from BOSS BAO alone (Hy,=67.33+
0.98 kms~! Mpc~' when including the BBN prior used
in this work as well; Alam et al. [35]), and comparable to
the constraint from the newer DESI BAO measurements
(Hy = 68.53 +0.80 kms~! Mpc™' when calibrating the
sound horizon ruler with BBN information; DESI
Collaboration et al. [36]).

Secondly, we can use the fact that, as discussed above,
our data are not directly sensitive to the sound horizon to
place independent constraints on the Hubble rate through
measurements of the matter-radiation equality scale. From
the 3x2pt data alone we find

Hy = 684122 kms™ Mpc™!
(ACT + unWISE), (31)

Hy = 65477 kms™ Mpc™!
(Planck + unWISE), and (32)

Hy = 66.5732 kms™ Mpc™!
(ACT + Planck + unWISE). (33)

When combining our data with uncalibrated supernovae to
further break the H, — Q,, degeneracy we obtain

Hy = 64.8135 kms™ Mpc™!
(ACT + unWISE + SN), (34)

Hy = 63.5137 kms™' Mpc™!
(Planck +unWISE + SN), and  (35)

Hy = 64.373, kms™ Mpc™!
(ACT + Planck + unWISE + SN).  (36)

The posteriors on H and degeneracies with ,, are shown
in Fig. 4.

3. Comparison of ACDM constraints
with external analyses

As discussed in Sec. II our constraints on the amplitude
of matter density fluctuations are in excellent agreement
with model predictions from a flat ACDM model (with
minimum neutrino mass, »_ m, = 0.06 V) fit to the
primary CMB from Planck (see Sec. III C 1 for a detailed
description of the datasets used). In Figs. 5 and 6 we show
these comparisons graphically and additionally show a
comparison with independent primary CMB observations
from the combination of WMAP and ACT [79] (shown in
magenta in Figs. 5 and 6).

We also provide comparisons to a wider set of other large
scale structure probes. We include results from CMB lensing
autospectrum analyses, galaxy weak lensing surveys (DES,
KiDS and HSC), other cross-correlations with CMB lensing
from ACT, SPT, and Planck, and from the three dimensional
clustering of galaxies from BOSS and eBOSS. We sub-
sequently briefly introduce the datasets we employ:

(i) CMBL: These are constraints from the analysis of
the autospectrum of CMB lensing reconstructions
(shown in green in Figs. 5 and 6). These results are
mostly sensitive to linear scales at z = 1-2 but with
a broad tail to higher redshifts. CMB lensing
primarily constrains the parameter combination
6sQ%2 In addition to the two CMB lensing
autospectra which also enter our analysis, Planck
PR4 [7], ACT DR6 [4,5], we also compare to the
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FIG. 4. With 3x2pt data we are able to constrain the Hubble
constant H, to approximately 5% based on the matter-radiation
equality scale without external data due to slightly different
degeneracy directions in the cross- and autocorrelations. By
adding uncalibrated supernovae data we further break the H, —
Q,, degeneracy and improve constraints to about 3.5% showing a
~3.60 tension with H measurements from the Cepheid-calibrated
distance ladder from SHOES (shown as a grey band; [34]).

independent analysis from SPT-3G [80]. To make
fair comparisons we combine the CMB lensing
measurements with BAO information which breaks
the degeneracy between og and €,,.

(il) CMBLX: We also compare our results with cross-
correlations between CMB lensing and galaxy
surveys (using only the galaxy-CMB lensing cross-
correlation and the galaxy-galaxy autocorrelation;
2x2pt). These are shown in red in Figs. 5 and 6. We
use results from [28] and [29] which analyzed the
cross-correlation between DESI LRG targets
and the ACT DR6 lensing reconstruction.
Reference [29] also presents a reanalysis of the DESI
LRGs’ cross-correlation with Planck PR4 updating
the results from [22]. We also include work cross-
correlating DES-Y3 galaxy shear (y) and galaxy
densities (6,) with a joint SPT and Planck lensing
reconstruction based on a much smaller survey
footprint than considered here [25]. The joint lensing
reconstruction from SPT-SZ and Planck is presented
in [81]. A cross-correlation between DES-Y3 clus-
tering (6,) and ACT DR4 lensing [27] based on the
lensing reconstruction from [82] is also included.
While all aforementioned analyses use photometric
galaxy samples in their cross-correlations, the final
cross-correlation study included in our comparisons,

| CMBL 3x2pt: (ACT DR6 + Planck PR4 Lensing)
& unWISE

- CMBL 3x2pt: ACT DR6 Lensing & unWISE

F CMBL 3x2pt: Planck PR4 Lensing & unWISE

F CMBL: ACT DR6 + Planck PR4 Lensing + BAO (a)
F CMBL: ACT DR6 Lensing + BAO (a)

- CMBL: Planck PR4 Lensing + BAO (a)

I CMBL: SPT-3G Lensing + BAO

| CMBLX: (ACT DR6 + Planck PR4 Lensing)
x unWISE (a), (b)

| CMBLX: (ACT DR6 + Planck PR4 Lensing)
x DESI LRGs

F CMBLX: DES-Y3 (6,+y) X SPT+Planck Lensing
I CMBLX: DES-Y3 (6,) x ACT DR4 Lensing

IF CMBLX: Planck PR3 Lensing x BOSS

I GL 3x2pt: DES-Y3

I GL 3x2pt: KiDS-1000 (incl. 3D clustering)

I GL 3x2pt: HSC-Y3 (small scales)

I GL 3x2pt: HSC-Y3 (linear scales)

I GL 2x2pt: DESI x DES-Y3

- CMB: Planck CMB aniso.
I CMB: ACT DR4 + WMAP CMB aniso.
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FIG. 5. Here we compare an extensive set of measurements of
Sg to our results shown in the shaded box at the top of the figure.
We include measurements from CMB lensing in combination
with BAO (in green; though only the SPT-3G result is indepen-
dent from our 3x2pt analysis), from cross-correlations between
CMB lensing and galaxy surveys (in red; again some of these
measurements are included in our 3x2pt analysis), from 3x2pt
analyses of galaxy weak lensing (in blue), from the three
dimensional clustering for spectroscopic galaxy surveys (in
gold), and predictions from the primary CMB (in magenta).
Our results are in good agreement with CMB lensing analyses, as
well as with the predictions from the primary CMB. While we
favor a slightly larger amplitude of matter density fluctuations
than most galaxy weak lensing analyses and many of the CMB
lensing cross-correlations we compare to, we do not find any
strongly significant discrepancies. This also holds for the Sy
inferred from the three dimensional clustering of spectroscopic
galaxies. (a) Denotes datasets included in our 3x2pt analysis.
(b) Note that these are not identical to the results presented in [8]
as we have reanalyzed them with the priors used in this work. The
difference in mean Sy is, however, less than 0.1¢ with identical
uncertainties.

[23], jointly models the three-dimensional clustering
of the spectroscopic BOSS galaxies and their cross-
correlation with Planck.

(iii) GL: From galaxy weak lensing surveys we include
constraints from “3x2pt” analyses, combining
measurements of galaxy clustering, galaxy shear,
and their cross-correlation (shown in blue in Figs. 5
and 6). For DES we adopt the results obtained
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| CMBL 3x2pt: (ACT DR6 + Planck PR4 Lensing)
& unWISE + BAO (a)

| CMBL 3x2pt: ACT DR6 Lensing
& unWISE + BAO (a)

| CMBL 3x2pt: Planck PR4 Lensing
& unWISE + BAO (a)

[F CMBL: ACT DR6 + Planck PR4 Lensing + BAO

I CMBL: ACT DR6 Lensing + BAO

- CMBL: Planck PR4 Lensing + BAO

I CMBL: SPT-3G Lensing + BAO

| CMBLX: (ACT DR6 + Planck PR4 Lensing)
x unWISE + BAO (a), (b)

| CMBLX: (ACT DR6 + Planck PR4 Lensing)
x DESI LRGs + BAO

- CMBLX: Planck PR3 Lensing x BOSS
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FIG. 6. Similarly to Fig. 5 we also compare a set of measure-
ments of og. We again include measurements from CMB lensing
in combination with BAO (in green; though only the SPT-3G
result is independent from our 3x2pt analysis), from cross-
correlations between CMB lensing and galaxy surveys
(+BAO) (in red; again some of these measurements are included
in our 3x2pt analysis), from 3x2pt analyses of galaxy weak
lensing also in combination with BAO (in blue), from the three
dimensional clustering for spectroscopic galaxy surveys (in
gold), and predictions from the primary CMB (in magenta).
As in the case of Sg we find good agreement with CMB lensing
analyses, as well as with the predictions from the primary CMB.
The agreement with other large scale structure tracers is broadly
similar to the Sg parameter; we favor a slightly larger value of oy
but only at moderate significance (~1-2.5¢). (a) Denotes datasets
included in our 3x2pt analysis. (b) Note that these are not
identical to the results presented in [8] as we have reanalyzed
them with the priors and BAO datasets used in this work. In oy the
shift is slightly larger than in Sg (0.50) and we find a slightly
larger uncertainty (by about 20%).

in [11] when fixing the neutrino mass. For KiDS we
show results presented in [13]. We note that in contrast
to the DES analysis the KiDS results are obtained from
the combination of projected galaxy shear and galaxy-
galaxy lensing measurements with a measurement of
the three-dimensional clustering of galaxies in the
spectroscopic BOSS and 2dFLenS surveys. Therefore,
the KiDS analysis already contains the BAO informa-
tion. For HSC we adopt a set of results based on
measurements of the galaxy shear, galaxy-galaxy
lensing, and galaxy clustering from [15]. We show
results for an analysis using a linear bias model [17]
and from an analysis using a halo model based
emulator which includes nonlinear scales [16].

In addition to these “3x2pt” analyses we also
include one ‘“2x2pt” analysis which excludes the
galaxy shear autocorrelation and uses galaxy positions
from DESI and galaxy shear measurements from DES.
This analysis, presented in [83], demonstrates the first
self-consistent treatment of galaxy-galaxy lensing
within Lagrangian perturbation theory and employs
a substantially more flexible model for intrinsic align-
ments (IA) than usually applied in these type of
analyses.

(iv) GC: Finally, we compare our results with constraints
from the three dimensional clustering of galaxies as
measured by BOSS and eBOSS (shown in gold in
Figs. 5 and 6). We include the analysis of BAO and
redshift space distortions from [35]. Furthermore, we
include an independent analysis based on the effec-
tive theory of large scale structure that fits the “full
shape” of the power spectrum and bispectrum mea-
sured in redshift space [84]. Similar, previous analy-
ses found compatible results (see e.g., [85—87]).

Comparisons for the Sg and og parameters are shown in
Figs. 5 and 6. We also show comparisons in the og-Q,,
plane for a few selected external datasets in Fig. 7.
Generally we find good agreement with the CMB lensing
results, although we note only the estimate from SPT-3G is
not already included in our 3x2pt analysis. When compar-
ing to the four different galaxy weak lensing 3x2pt analyses
we find that these generally favor a lower value of Sy at
moderate significance between ~1¢ and 2.36. However, the
2x2pt galaxy lensing analysis presented in [83] which
applies a more general treatment of IA finds a larger values
of Sg, consistent with the value preferred by Planck and our
results. Meanwhile, a lower amplitude is also found in other
CMB lensing cross-correlations we compare our results to.
From the DESI LRG targets we find a ~1.60 lower value of
Sg using CMB lensing data from ACT DR6 and Planck
PR4 (0.9¢ and 1.90 for ACT DR6 and Planck PR4 alone,
respectively). Using DES galaxies and cosmic shear
together with the SPT + Planck lensing reconstruction
also yields a ~2.4¢ lower value for Sg, while the discrep-
ancy with the cross-correlation between DES and ACT
DRA4 is slightly less significant (1.4¢). The results from the
cross-correlation  of  spectroscopic  galaxies  from
BOSS with Planck PR3 lensing also yields a value of Sg
that is 2.7¢ lower than our inference. Meanwhile the
disagreement with galaxy clustering is less significant
(0.6 — 1.00).

Where available we also consider results that directly
constrain og either by combining with BAO or because they
include the BAO information as part of a three dimensional
clustering analysis and compare these to our analysis with
BAO. We broadly find similar levels of agreement/discrep-
ancy as for Sg except in the case of the “full-shape” galaxy
clustering analysis which finds a value of og about 2.3¢
lower than our results.
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FIG. 7. Within the 6g-Q,, plane one can see that our results
show no significant tension with any one galaxy weak lensing
survey. The 3x2pt contour in black shows significant overlap with
the contours from DES, KiDS and HSC (blue tones). There is also
overlap with the posterior from the cross-correlation between
ACT DR6 and Planck PR4 CMB lensing reconstructions and
DESI LRG targets (in red).

We conclude that while our results are in good agreement
with primary CMB and CMB lensing results, there are some
moderate discrepancies with other large scale structure tracers
from galaxy weak lensing surveys and (mostly lower redshift)
CMB lensing cross-correlations. However, as we can see in
Fig. 7, the posteriors for several of these datasets have
significant overlap with our results in the og3—,, plane.
The projection onto Sg slightly exaggerates the level of
disagreement. At current levels of precision the various
datasets are in broad agreement and we are unable to
conclusively rule out statistical fluctuations as the source
of the observed discrepancies.

Furthermore, we also compare our constraints on the
Hubble constant to a range of external measurements (see
Fig. 8). This includes model dependent measurements
based on the apparent size of the sound horizon such as
those from the primary CMB [3,79] and BAO [35], as well
as measurements based on the matter-radiation equality
scale from [5] and [47]. Finally, we compare to several local
measurements of H,, including the TDCOSMO strong-
lensing time-delay measurement with marginalization over
lens profiles [88], an alternative TDCOSMO measurement
with different lens-mass assumptions [88], the Cepheid-
calibrated SHOES supernovae measurement [34], the
TRGB-calibrated supernovae measurement [89],4 and

*We note that a more recent TRGB-calibrated measurement
using data from the James Web Space Telescope finds similar
values of H, but with slightly larger uncertainties due to a smaller
sample size [90].

] I CMB: Planck CMB aniso.
o 4! g [ CMB: ACT DR4 + WMAP CMB aniso.
o L
)
o L
™ = | CMBL 3x2pt: (ACT DR6 + Planck PR4 Lensing)
& unWISE + BAO
° | CMBL 3x2pt: (ACT DR6 + Planck PR4 Lensing)
& unWISE
PY .. | CMBL 3x2pt: (ACT DR6 + Planck PR4 Lensing)
= | &unWISE + SN
—e— = [ CMBL: ACT DR6 + Planck PR4 Lensing + SN (a)
° | CMBLX: (ACT DR6 + Planck PR4 Lensing)
X unWISE + SN (a)
: L
60 70
Hy
FIG. 8. Comparison with various estimates of the Hubble

constant. We include measurements dependent on the sound
horizon (on light purple background) from the primary CMB
(in magenta), the three dimensional clustering of galaxies (in gold),
and our own work in combination with BAO (first black data
point). On a light blue background we contrast these measurements
with several sound horizon independent measurements from this
work (in black), from the analysis of the CMB lensing power
spectrum (in green; note that these are included in the 3x2pt results
from this work), from the CMB lensing cross-correlation analysis
(in red; this measurement is also part of our 3x2pt analysis), and
from the clustering of BOSS galaxies with explicit marginalization
over the sound horizon scale. Finally, on a light orange background
we show several results from local measurements of H( using
Cepheid-, TRGB-, or JAGB-calibrated supernovae, and two
strong-lensing time-delay measurements using different lensing
mass profiles. (a) Denotes datasets included in our 3x2pt analysis.

recent results employing calibration based on observation
of asymptotic giant branch stars in the J band (JAGB; [91]).

We find good agreement with other equality scale based
measurements. The constraint from the 3x2pt data alone is
in excellent agreement with sound horizon based measure-
ments while the measurements including the supernovae
dataset yield values about 1.36 lower than the value
inferred from the CMB, but in no statistically significant
tension. At the same time the combination of 3x2pt data
and supernovae is in ~3.60 tension with local measure-
ments of H, from the Cepheid-calibrated supernovae
(SHOES). We find no significant tension with TRGB- or
JAGB-calibrated supernovae measurements (~1.7¢ and
~0.80, respectively); the change is driven in part by larger
uncertainties but also due to a lower central value of H,,
inferred with these methods.

4. Goodness of fit in the context of ACDM

We now turn to quantifying the goodness of fit provided
by our model described above and a ACDM cosmology to
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the observed spectra. For simplicity we restrict ourselves
for this purpose to our fiducial 3x2pt analysis using both
ACT and Planck CMB lensing data with and without the
addition of the degeneracy-breaking BAO data. In total our
dataset consists of 71 bandpowers (six for each C%
measured on the ACT and Planck lensing footprints, seven
for each C}’, and 10 and nine bandpowers for the ACT and
Planck C%, respectively). In addition to that we employ a
total of 15 BAO measurements.

The contribution of the model parameters to the effective
degrees of freedom is less straightforward to estimate. Our
model has a total of 41 free parameters, but only for seven
of these do we employ flat, uninformative priors. This
includes the amplitude of scalar perturbations, In(101°A),
the dark matter density parameter, Q_ 42, the angular size of
the sound horizon at recombination, @y, as well as the
linear order galaxy bias parameters. For the remaining
parameters we adopt informative priors as described in
Sec. VA. Since these parameters are to varying degrees
informed by both the prior and the data it is not appropriate
to include them as free parameters (and correspondingly
reduce the number of degrees of freedom) even when the >
contribution from the prior is included in the total y*. To
estimate the appropriate effective number of prior degrees
of freedom we fit a y? distribution to the observed prior y?
values in our analysis chains. We find that in the analysis
with (without) BAO data the priors contribute 28.7 (29.0)
effective degrees of freedom. So the effective number of
free parameters should be taken to be 12.3 (12.0).

We find a minimum total y> of 66.8 (55.0) when
including (not including) the BAO data and therefore
obtain a probability to exceed of 0.70 (0.63). Hence the
best-fitting model provides an excellent fit to the data.

Finally, we can compute the Bayesian equivalent
of the best-fit PTE defined as the probability that a
random realization of the data, ([l ) drawn from the posterior
has a larger average x> than the observed realization (d)
[92].5 Since our likelihood is Gaussian it can be
shown that, given the model parameters, €, the PTE =
Prob(y2(0.d) > y*(0.d)|d) can be computed as (see
e.g., [29])

PTE— / do{l—r(Nld / z)y(%/z(g’d)ﬂp(a|d) (37)

where N, is the number of data degrees of freedom and
P(0|d) is the posterior on the model parameters given the
observed data. We find PTE = 0.68 (0.62) when including
(not including) the BAO data and similarly conclude that
the data is well described by a ACDM model.

>Such a measure may be defined for any other test statistic, but
we adopt y? for simplicity and computational ease.

B. Reconstructing the growth of perturbations

In addition to measuring the growth of structure within the
ACDM model through constraints on a single parameter,
Sy or oy, we are able to derive information on the
evolution of structures over time by leveraging the different
redshift sensitivity of the cross-correlations with the two
unWISE samples and the CMB lensing autocorrelation. In
Fig. 9 we show the constraints from the two cross-correla-
tions and the CMB lensing autocorrelation, each analyzed
jointly with BAO. The redshift kernels shown at the bottom
of the top panel give an indication of the redshift sensitivity
of the samples given by the fractional contribution to the
signal-to-noise, dlogSNR/dz. The computation of
dlog SNR/dz includes an approximate marginalization over
galaxy nuisance parameters, achieved by linearizing the
model for C% and C}’ in small fluctuations around the best-
fit linear bias and shot noise and propagating the uncertainty
in these parameters to the covariance matrix.

We adopt the median of the redshift sensitivity kernel to
represent the effective redshift of each of the three
measurements and compute og(z) as og(z = 0)D(z), where
D(z) is the linear growth function which is primarily
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FIG. 9. Our constraints on the formation of structure with
redshift, og(z), are in excellent agreement with predictions from a
ACDM model fit to the primary CMB from Planck (shown as a
grey band). We show here the constraints from the CMB lensing
cross-correlations with both unWISE samples, blue and green,
alongside the constraint from the lensing autocorrelation (in
purple). In each case we show the joint constraint using ACT and
Planck CMB lensing data. The faint kernels shown at the bottom
of the top panel indicate the redshift sensitivity of the three
samples given by dlog SNR/dz. The SNR computation includes
approximate marginalization over the linear order galaxy bias and
the shot noise as described in the body of the paper.
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TABLE IL

We report og(z) at the median redshifts of the three samples used in this work, the cross-correlations between CMB lensing

and the unWISE blue and green samples and the CMB lensing autocorrelation. The median redshift is computed by estimating the
fractional contribution to the signal from a given redshift, dlog SNR/dz. To obtain a faithful representation of the origin of the
cosmological information content of the measurements we include approximate marginalization over the galaxy nuisance parameters in
the dlog SNR/dz computation. As can be seen in Fig. 9 the constraints from all three samples arise from a broad range of redshifts and

have significant overlap.

03(z=0) Q, ZMed GS(ZMed)
unWISE Blue x ACT + Planck CMB lensing qug + C’}g 0.797 £+ 0.024 0.317 £0.014 0.9 0.500 + 0.017
unWISE Green x ACT + Planck CMB lensing CZg + C’}g 0.824 +£0.019 0.291 £0.010 1.6 0.403 +£0.011
ACT + Planck CMB lensing ¥ 0.812 £ 0.013 0.303 £0.011 3.5 0.229 + 0.004

dependent on Q,,. These results are also summarized in
Table II. We find excellent agreement with the growth of
structures predicted by the ACDM model fit to the primary
CMB from Planck (grey band in Fig. 9).

However, as can be easily seen from Fig. 9, the three
samples have significant redshift overlap. In particular, while
the median redshift of the measurement from the lensing
autospectrum is Zyeq = 3.5 it receives significant contribu-
tions from lower redshifts where we also have information
from the cross-correlation measurements. To optimally
combine the available information we explore a
reconstruction of the growth of (linear) perturbations with
redshift through a parametric form of og(z) which we
constrain jointly with all three samples taking into account
their overlap. With this method we are able to use the cross-
correlation measurements to constrain the low redshift
contribution to the lensing auto-spectrum and extract infor-
mation on the integrated growth of structure at high redshifts,
above the two galaxy samples (z 2, 2.4). Due to the broad
redshift kernels of our datasets we cannot constrain the
growth of perturbations with arbitrary resolution. Instead we
adopt the following simple parametrization similar to [77]:
We rescale the linear power spectrum as follows

Pv(k,z) = PR (k. 2)A(2)

lin lin
Ay 0<Lz<z
= PiM (k)0 Ap z1 <2<z, (38)
Ay =z

where PP (k,z) is the linear matter power spectrum

computed by CAMB at a given cosmology and Aj, Aj,
and A, are free parameters. The redshift bins, z; = 1.15 and
7, = 2.4, are motivated by the redshift origin of the signal
for the two cross-correlation measurements and are chosen
to separate the two samples as optimally as possible. A is
primarily constrained by the blue sample of unWISE
galaxies, while the green sample is primarily sensitive to
A;. The lensing autocorrelation receives contributions from a
wide range of redshifts, but in combination with the two
cross-correlation measurements allows us to constrain the
amplitude at high redshift, A,.

We marginalize over A; with uniform priors in the range
0 to 2. The parameters of interest are then 6g+/A;. Since our
model depends on the nonlinear HMCode matter power
spectrum (see [4,8] for detailed descriptions of the models
used to fit the lensing auto- and cross-correlations, respec-
tively) we take

Prov - (koz) = PR (k,z) + Pan (k. z) — PP (k. z)
= Pi™(k,2)[A(z) = 1] + PP (k.z). (39)

lin non-lin

The nonlinear contributions to the HMCode matter power
spectrum have a nontrivial dependence on the amplitude of
linear fluctuations. In our parametrization og on its own (in
contrast to its product with \/A;) is only constrained by the
size of the nonlinear terms. This approach effectively
allows us to marginalize over the size of these nonlinear
contributions.’

Figure 10 shows the results of this analysis in the form of
the posteriors on 6g+/A; for the 3x2pt, 2x2pt and lensing-
only datasets. In each case we combine with BAO data
(described in Sec. III C 2) to break the degeneracy between
og and Q,,. We find good consistency with the amplitude of
fluctuations predicted by a ACDM fit to the primary CMB
in each of the three bins.

We can also use these results to reconstruct og(z) which
we show in Fig. 11. We show the 1o confidence intervals
from our inference chains on the combination \/A;64(z =
0)D(z) within the relevant bins. We do not separately
constrain the shape of D(z) within each bin, but rather
assume a single D(z) across all bins with its shape
determined primarily by Q,,. Within each bin we compute
the median redshift of the joint signal as we did above for
the individual measurements. The parameter constraints are
summarized in Table III.

The representative constraints at the median signal
redshift can be compared to results from the literature
for example from the cross-correlation of CMB lensing

®We note that the nonlinear contributions constrain g to
0.856 £ 0.055 for the 3x2pt analysis with BAO, consistent with
our fiducial analysis but with a more than 4.5 times larger
uncertainty.
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FIG. 10. By rescaling the linear matter power spectrum in three redshift bins 0 < z < 1.15, 1.15 < z < 2.4, and 2.4 < 7 we obtain
constraints on the growth of perturbations with redshift independent of any beyond-ACDM model. We show here the combination of g
and the square root of the rescaling parameter in the three redshift bins along with the constraints on €,,, for our 3x2pt analysis, the 2x2pt
analysis and the lensing autospectrum only. In each case we combine with BAO and we compare to the oy predicted from the primary
CMB. The amplitude of fluctuations in each of the bins is strongly degenerate when using only Cf*. By adding the lower redshift cross-
correlation measurements we break these degeneracies and constrain g+/A; to better than 4% in each of the bins. See also Fig. 11 for a

reconstruction of 6g(z) from these constraints.

with DESI LRGs [29] or the Quaia quasar catalog [93]. Our
results are broadly consistent with these external recon-
structions across the entire redshift range. At low redshifts
(z £ 1) we achieve similar precision (~4%) to constraints
presented in [29] but cannot match the redshift resolution of
the DESI samples. In the redshift range 1 <z <2.5 our
results represent some of tightest constraints on the
amplitude of matter density fluctuations; tighter than results
in a similar redshift range from [93] by a factor of about 4.
The main power of our method, however, is the ability to
place constraints on structure formation at higher redshifts,
typically inaccessible with cross-correlation analysis. The
median signal redshift within our highest redshift bin is
ZMed = .6, significantly higher than the highest redshift
constraint available from cross-correlation with Quaia
(z =2.7). In this high redshift range we obtain a ~4%
constraint on the amplitude of matter density fluctuations,

consistent with predictions based on a ACDM fit to the
primary CMB from Planck.

As one can see in Fig. 10 some residual correlations
remain between the redshift bins. We find that bins 1 and 2
are about 37% correlated while bins 2 and 3 are 45%
correlated. The correlation between bins 1 and 3 is
about 24%.

When using only the lensing auto- and cross-correlations
as well as the unWISE autocorrelation, but without BAO,
og\/A; is degenerate with Q,,, as expected. In each of the
three bins we therefore determine the best constrained
Sg-equivalent combination for our 3x2pt data alone. Using
all lensing data from ACT and Planck we find

051/ A¢(R,,/0.3)066 =
0'8\/_

= 0.784 £ 0.035, (40)

,,/0.3)049 = 0.839 £0.042, and (41)
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FIG. 11. Using our freely scaled (linear) perturbations we can reconstruct og(z) across a wide range of redshifts. We show here the 1o

uncertainty bands on this reconstruction using the 3x2pt data with BAO and, for comparison, 3(z) as predicted from a fit to the primary
CMB. Note that we only constrain an overall amplitude in each of the three bins, but not the shape of the og(z) within the bin. Within
each bin we highlight our constraints at the median signal redshift (blue, green and purple data points) which can be compared to other
reconstructions of the growth of structure with redshift for example from the cross-correlation of CMB lensing with DEST LRGs [29] or

the Quaia quasar catalog [93].

05\/A2(9Q,/0.3)%3% = 0.783 £0.033.  (42)

We can see that, as expected, the lower redshift results are
more degenerate with €,,.

C. Constraints on beyond ACDM cosmologies

We explore several extensions beyond the standard flat
ACDM cosmology with minimum mass neutrinos.
Generally we combine our data for this purpose with
primary CMB observations. We also add BAO and super-
novae data in some cases. Unless otherwise noted the
constraints reported in the following sections consider the
3x2pt dataset using both ACT and Planck lensing data. We

TABLE III.  We summarize here constraints on the amplitude of
linear matter density fluctuations as a function of redshift from
our 3x2pt analysis using ACT and Planck CMB lensing data in
combination with BAO. Alongside the inferred constraint on
cg+/A; at z = 0. We also provide a constraint at an representative,
median redshift for each bin. To compute this we again consider
the nuisance-marginalized fractional SNR contributions as a
function of redshift.

o3(z=0)VAi  Zmea 3(2mea) VAi
z<1.15 0.793 + 0.032 0.9 0.517 £0.021
1.15<z<24 0.8477005¢ 1.7 0.397 £0.018
24<z 0.788 + 0.027 5.6 0.154 £+ 0.005

summarize the constraints on the beyond ACDM param-
eters in Table IV.

1. vYACDM

Observations of neutrino flavor oscillations require that
neutrinos have nonvanishing mass. Since any mechanism
to give neutrinos mass requires physics beyond the standard
model, this has significant implications for our under-
standing of fundamental physics. However, oscillation
experiments only constrain the difference between the
squared masses of the three mass eigenstates, A,m?> =
m?} — m3 and |A3;m?| where |Az;m?| > Aj,m?, but not the
absolute mass scale. Current constraints dictate that the sum
of the neutrino masses Y m,, is at least 0.058 eV in what is
known as the normal hierarchy (A;,m? > 0; two of the
masses are significantly smaller than the third) or at least
about 0.1 eV in the inverted hierarchy (Ay,m? < 0; two of
the masses are significantly larger than the third).

Direct detection experiments like KATRIN (see recent
results in [94-96]) have placed upper limits on the effective
electron antineutrino mass, m, < 0.45 eV at 90% confi-
dence, from tritium beta decay observations. However, the
most stringent limits on the sum of the neutrino masses are
derived from cosmological observations. After neutrinos
become nonrelativistic they cluster similarly to CDM on
scales above the neutrino free streaming length, but on
smaller scales they suppress the growth of perturbations
due to their large velocity dispersion. Meanwhile the
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TABLEIV. Summary of beyond ACDM parameter constraints. When providing two sided constraints we provide the 68% confidence
intervals. For the neutrino mass we report a 95% upper limit as in the body of the paper. We did not perform the joint analysis of our
3x2pt data, CMB, BAO and SN for the kKACDM cosmology as the analysis including nonvanishing curvature is computationally
expensive and SN data are not expected to improve constraints on €. We compare our constraints to those from external datasets only:

the CMB alone and a combination of CMB, BAO, and SN.

3x2pt 3x2pt Ext. only: Ext. only:
3x2pt+ CMB  +CMB +BAO +CMB + BAO + SN CMB +CMB + BAO + SN

ACDM + Y m, Y m,eV] <0.219 <0.123 <0.137 <0.373 <0.163
wCDM w -1.53503) -1.02610 0% —0.982 + 0.025 —1.4870,7 —0.979 + 0.026

wo —1.2403 —0.56 + 0.24 —0.881 + 0.059 -1.23304 —0.888 + 0.062
wow,CDM Wq - 117508 —-0.40103 : -0.407057

Wy —-1.5740% —1.011250% —0.980 + 0.026 -1.5297% —0.976 + 0.028
k ACDM 10%Q, —0.30105 0.00 £0.17 —2.07413 0.00+0.16

neutrino energy density also contributes to the Universe’s
background expansion. The scale dependence of the
suppression effect is only poorly constrained by current
generation data like ours, but we are sensitive to the overall
suppression of the formation of structure.

For this purpose we combine our lensing auto- and cross-
spectrum information which probes the matter power
spectrum at late times, after neutrinos have become non-
relativistic, with primary CMB data which provides infor-
mation on the early time matter power spectrum before
suppression due to massive neutrinos can manifest. We
furthermore also add BAO information to probe the back-
ground expansion and break degeneracies, for example
with the total matter density. It should be noted that the
amplitude of the primordial power spectrum extracted from
the small scale CMB power spectrum is completely
degenerate with the optical depth to reionization, 7. It is
thus important to include the large scale CMB polarization
data from the SRoll2 analysis discussed in Sec. III C 1.

We extend the flat ACDM model by a single free
parameter, »  m,, corresponding to the sum of the neutrino
masses.” Using ACT and Planck lensing and cross-
correlation data we find an upper limit on the sum of
the neutrino masses of

> m, <0124 eV at 95%econfidence
(3x2pt + CMB + BAO). (43)

This represents a small improvement over the constraint
reported in [5] (O m, < 0.13 eV;95% CL) based on the
lensing power spectrum only. However, the difference is
driven by the additional, higher redshift, BAO likelihoods
used in this work which favor a lower value of €,,. When
reanalyzing the lensing autospectrum with these likelihoods
we find > m, < 0.123 eV;95% CL (see also Fig. 12).

"As in [5] we follow [97,98] and consider a degenerate
combination of three equally massive neutrinos.

This is expected since CMB lensing probes a combination
of the matter density fluctuations and the total matter density
which enters through the lensing kernel. As previously
discussed, the best constrained parameter combination (for
the CMB lensing auto-spectrum, as well as for our 3x2pt
analysis) is of the form 63€2},, so that a lower value for ©,,
increases og, compatible with less neutrino-induced struc-
ture suppression and thus a lower neutrino mass.

The lack of improvement from the 3x2pt analysis over
autospectrum only constraints is also not unexpected given
that we find a slightly smaller amplitude of matter density
fluctuations in the combined analysis of lensing auto- and
cross-correlation data than from the autocorrelation alone,
compatible with slightly more suppression due to massive
neutrinos and therefore a larger neutrino mass. On idealized
mock observations we show that, assuming minimum mass

3x2pt Ym, <0.124 eV
2x2pt Ym, <0.152 eV
= Ym, <0.123 eV

min. normal

1 0.2 0.3
>my, [eV]

0.0

FIG. 12. Using the combination of our low redshift lensing data
with primary CMB anisotropies and BAO we constrain the sum
of the neutrino masses to > m, < 0.124 eV at 95% confidence
using lensing data from ACT and Planck. For comparison we
show here also the constraints arising from using only the lensing
autospectrum or only the cross-correlations.
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normal hierarchy neutrinos, the 3x2pt analysis leads to a
marginally (~5%) tighter upper limit on the neutrino mass
sum than the C% -only analysis.

When including supernovae observations in addition to
BAO and primary CMB, the data favors a slightly larger
matter density. This results in a lower inference for og (see
also results in Sec. VI A 1) and compatibility with larger
neutrino-induced power suppression. Hence the posterior
on Y m, is shifted to larger values which leads to a small
degradation in the one sided constraint to

> m,<0.137eV at 95%CL
(3x2pt + CMB + BAO + SN).  (44)

When replacing our baseline BAO likelihoods from
6dFGS, SDSS, BOSS, and eBOSS with the new DESI
BAO likelihood we find significantly tighter constraints on
the neutrino mass. From the 3x2pt data with primary CMB
and DESI BAO from the first year of data we obtain

Zmu <0.082eV at 95% confidence
(3x2pt + CMB + DESIBAO). (45)

This represents only a very marginal improvement over
constraints from the lensing autospectrum only (> m, <
0.083 eV at 95% confidence from C%¥* + CMB + DESI
BAO using the ACT DR6 and Planck PR4 lensing
power spectra).” The 3x2pt results formally disfavour the
minimum mass allowed in the inverted hierarchy
(miny,, [> m,] = 0.1 eV) atabout 98% confidence. We note
that the significantly tighter constraint is again at least in part
explained by the DESI preference for a slightly lower value of
Q,,, leading to a larger value of oy at fixed lensing amplitude,
requiring less suppression due to neutrinos.

Within the context of ACDM + > m,, the amplitude of
late-time fluctuations is consistent with our findings for
ACDM in Sec. VI A 1. For our fiducial analysis including
3x2pt data alongside primary CMB and BAO we find

oy = 08167005

Sg = 0.828 £0.009

(3x2pt +CMB + BAO; ACDM + ) _ my> . (46)

2. Nonflat ACDM

Within the standard model of cosmology, the Universe is
predicted to be spatially flat as a consequence of inflation.

¥Note that this is a slightly weaker constraint than presented
in [36] for two reasons. Firstly, we use the CamSpec Planck PR4
likelihood as our default high-# CMB likelihood, and secondly,
the older version of the ACT lensing likelihood used in that work
effectively deactivated the lensing norm corrections discussed in
Appendix B.

However, primary CMB data from Planck has at times
shown a preference for a closed universe with the curvature
parameter, Q; <0 [99-101]. Since the primary CMB
anisotropies alone do not constrain curvature due to a
“geometric degeneracy” [102,103] this preference is driven
entirely by the lensing-induced peak smearing in Planck
measurements of the CMB anisotropies which has been
shown to be somewhat larger than expected from the
measured lensing power spectrum (see e.g., [3,104]).
This preference is not present in independent analyses
of CMB anisotropy measurements from ACT + WMAP
[79,105] and also disappears in combination with BAO.
When combining CMB lensing and unWISE cross-
correlation data with primary CMB anisotropies we also
no longer observe a preference for a closed universe. We find

—-0.011 <, <0.004 at 95% confidence
(3x2pt + CMB) (47)

using both ACT and Planck lensing data. We show these
constraints in the ; — Q, plane compared to an analysis of
primary CMB anisotropies only as well as the combination
of primary CMB anisotropies and BAO in Fig. 13. While this
constraint represents a significant improvement over the
constraint from CMB lensing alone [5] the combination
of primary CMB anisotropies and BAO provides a tighter
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FIG. 13. Using a combination of our low redshift lensing data

with primary CMB anisotropies we place tight constraints on
spatial curvature, showing good consistency with a spatially flat
universe. We compare our results to curvature constraints from
the primary CMB only, which show a weak preference for a
closed universe. When combining primary CMB observations
with BAO this preference also disappears and one obtains tight
constraints on £, centred on zero.
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constraint (—0.003 < €; < 0.003 at 95% confidence).
Despite the fact that the combination of BAO, lensing auto-
and cross-spectrum data, and primary CMB does not
improve on the constraints from BAO and primary CMB
only, our result still represents a valuable cross-check on the
BAO derived constraints.

3. Extended dark energy models

In this work we consider two extended dark energy
scenarios. In the standard ACDM framework dark energy is
assumed to be a cosmological constant, A, equivalent to a
cosmological fluid with equation of state w = —1. First, we
consider allowing w to take on values different from —1 but
remain constant in time. Our data alone is only very weakly
sensitive to w and the effect is largely degenerate with other
parameters. However, when combining the 3x2pt dataset
with the primary CMB from Planck we find

w=—-1.53702" (3x2pt + CMB) (48)

with large uncertainties but consistent with w = —1 at ~2¢.
This is not competitive with the constraint obtained
using all external datasets considered in this work
(CMB + BAO + SN) which yields w = —0.979 +£ 0.026.
Adding the 3x2pt data improves constraints only very
marginally by ~4% to

w=-0.982+0.024 (3x2pt+ CMB + BAO + SN).

(49)
Without supernovae data we find

w=—1.0277090  (3x2pt + CMB + BAO) (50)
compared to w = —1.02210:033 from CMB and BAO with-
out our 3x2pt data (a ~7% improvement). These constraints
are shown in Fig. 14.

We also consider a phenomenological parameterization
of an evolving dark energy equation of state. As in [77]
we adopt the Chevallier-Polarski-Linder (CPL) model
[106,107]

w(a) =wy + (1 — a)w, (51)

where a = 1/(1 + z) is the scale factor and both w, and w,
are free parameters. This commonly considered paramet-
rization has been shown to provide a good fit to several
physically motivated dark energy models [107].

Our constraints on w and w, are shown in Fig. 15. When
using only 3x2pt data and the primary CMB w, and w, are
so significantly degenerate that we are unable to provide
meaningful constraints. However, in combination with
BAO and SN we find

0.35
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. Ve f
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= CMB+BAO+SN T
B 3x2pt+CMB
3x2pt+CMB+BAO
B 3x2pt+CMB+BAO+SN

0.20 T T T
-1.3 -1.2 -1.1 -1.0 -0.9
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w

FIG. 14. Figure shows constraints on the dark energy equation
of state, w, and the matter density, €2,,, in a wCDM model. While
combining just our 3x2pt dataset with primary CMB data is not
competitive with CMB + BAO + SN constraints, adding the
3x2pt data to the latter achieves a marginal, 4%, improvement in
constraining power (w = —0.982 £ 0.025).

wo = —0.881 £ 0.060

(3x2pt + CMB + BAO + SN)
w, = —0.43705 }

(52)

only a very minor ~5% and ~9% improvement on w, and
w,, respectively, over constraints from CMB, BAO, and SN
alone. Removing the supernovae data yields

wy = —0.56 £ 0.24

W, = 127+ 0.6 }(3x2pt + CMB + BAO)  (53)
not improving significantly on constraints from the external
data alone (by about 4% and 3%, respectively).

To alleviate some of the significant degeneracy between
wq and w, evident from the left panel in Fig. 15 we also
determine the “pivot” redshifts, z,,, at which we obtain the
best constraints on w(a) for various data combinations.
Following [77] we estimate z,, by considering the margin-
alized parameter covariance, defining

CWO w,
s 54
CWu Wq ( )

a, =1+
effectively obtaining the best constrained linear combina-
tion of wy and w, which guarantees that w, is uncorrelated
with w, = w(a,). The model can then be reparametrized as
w(a) =w, + (a, — a)w,. We find z, = 0.44, 0.55, and
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FIG. 15. In the left panel we show constraints on dynamical dark energy parametrized by w(a) = wy + (1 — a)w,. The grey shaded

region is excluded by the wy + w, < 0 prior which ensures accelerated expansion. We find that our data marginally improves constraints
on these parameters. Similarly to [77] we determine the redshift at which we obtain the best constraints on the dark energy equation of
state within the CPL model. We find this redshift to be z,, = 0.44 for the combination of CMB and 3x2pt data, z, = 0.55 when adding
BAO, and z,, = 0.29 when further adding SN data. This should be compared to z,, = 0.28 from the external data alone (z,, = 0.54 from
CMB + BAO only). In the right panel we show the constraints on w), and w,. By construction w, is nondegenerate with w,, and so we
are able to derive meaningful constraints in this parametrization even for 3x2pt + CMB alone. Note that the pivot redshift and therefore
the interpretation of w,, varies between the different data combinations.

0.29 when combining the 3x2pt data with CMB,

CMB + BAO, and CMB + BAO + SN, respectively. For W = —1.005500%  (+BAO;z, = 0.55), and (56)
comparison the pivot redshift for the external datasets alone
(CMB +BAO + SN) is z, =0.28 (or z, =0.54 for W, =—0976+0.028 (+SN;z, =0.29). (57)

CMB + BAO). The equation of state at the pivot redshift

is constrained to . .
These represent small improvements over constraints

from the external datasets alone of about 11%, 8%, and

0.28 . —
wp = —1.5615  (3x2pt+ CMB;z, = 044),  (55) 79 over CMB, CMB + BAO, and CMB + BAO + SN,

TABLE V. Characteristic suppression of structure due to neutrino free streaming can be mimicked by extended dark energy models.
Here we compare neutrino mass constraints in flat wCDM + > m, and wow,CDM + > m, to the ones found for flat ACDM in Sec. VI
C 1. When allowing w to vary but not evolve in time we find tightened constraints when considering supernovae data due to a slight
preference for w > —1 leading to slower structure growth and therefore tighter bounds on the allowable structure suppression due to
neutrinos. In a wyw,CDM cosmology our neutrino mass constraints are significantly degraded.

> m,[eV]95% CL w/wg W,
ACDM + 3" m, 3x2pt + CMB + BAO <0.124
+SN <0.137
+w 3x2pt + CMB + BAO <0.189 -1.033700%
+SN <0.123 —-0.977 £ 0.026
+wo + W, 3x2pt + CMB + BAO <0.273 —0.531026 -1.46 £0.71"
+SN <0.231 —0.87270:08 -0.50105¢

Constraint affected by prior range.
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respectively, in line with the improvements we saw for the
wCDM model.

We show the two-dimensional posterior in the w,-w,
plane in the right panel of Fig. 15. We can see that
all our constraints are consistent with (w,,w,) = (=1,0)
within ~20. However, at present the constraining
power is insufficient to further shed light on recent hints
at deviations from the cosmological constant model
with our data similarly consistent with the values preferred
by the combination of DESI BAO data and supe-
movae [wy = —0.827 £ 0.063 and w, = —0.757)32 from
CMB + DESIBAO + Pantheon + SN; [36]].

4. Massive neutrinos in the context
of dynamical dark energy

As has been pointed out several times, the characteristic
effect of massive neutrinos on the Universe’s background
evolution and the suppression of structure formation due to
neutrino-free streaming can be mimicked by beyond-
ACDM extensions (see e.g., [41-44]). In part because the
scale dependence of the neutrino effect is only poorly
constrained with current data, the effect is difficult to
distinguish from other nonstandard physics. Here we
consider neutrino mass constraints in the presence of a
modified dark energy equation of state.” We derive con-
straints on Y m,, both in the two-parameter extension,
wCDM + > m,, as well as in the case of evolving dark
energy, wow,CDM + > m,. Our constraints are summa-
rized in Table V. Additionally, we show the 1D marginalized
posteriors on the sum of the neutrino masses in Fig. 16.

As expected, we generally see a degradation of con-
straints in extended dark energy models. One exception
occurs when allowing w to vary while including super-
novae in the analysis. The supernovae dataset provides tight
constraints on w with a slight preference for w > —1. When
w > —1 structures grow more slowly and our data are
consequently compatible with less suppression due to
neutrinos. Within the wCDM + > m, cosmology our
neutrino mass constraint is thus tightened to

Zm,/ <0.123 eV at 95%CL
(3x2pt + CMB + BAO + SN)  (58)

compared to Y m, < 0.137 eV from the same data in a
ACDM + > m, model. In the presence of evolving dark
energy we find

Zmb <0231eV at 95%CL
(3x2pt + CMB + BAO + SN).  (59)

°For constraints on massive neutrinos in a wider range of
extended models from the CMB lensing power spectrum alone
see [108].

= ACDM +Ym, 3x2pt+CMB+BAO
— W = = 3x2pt+CMB+BAO+SN
— W + W,

FIG. 16. Neutrino mass constraints from large scale structure
tracers are sensitive to the cosmological model. In particular the
suppression of structure due to neutrino-free streaming is
degenerate with the impact of modified dark energy. Here we
show the one-dimensional marginalized posterior on Y m,
within the wCDM + > m, and wyw,CDM + >_ m, models.
Due to fluctuations in the preferred central value the one sided
constraint on Y m,, within the wCDM model is tighter than in the
minimally extended ACDM model when including supernovae
O_om, <0.123 eV vs. > m, < 0.137 eV, respectively). When
considering the wow,CDM model with neutrinos we find
significantly degraded constraints (> m, < 0.231 eV when in-
cluding BAO and SN).

VII. CONCLUSION

We have presented cosmological constraints from the
joint analysis of the CMB lensing autocorrelation, the
cross-correlation between CMB lensing and galaxy data,
and the galaxy autocorrelation using CMB lensing data
from ACT DR6 and Planck PR4 together with galaxy data
from unWISE.

Building on previous separate analyses of these datasets
we provide tight constraints on the amplitude of matter
density fluctuations in the redshift range z ~ 0.2-5. Within
the ACDM model we constrain the relevant parameter

S = 64(Q,,/0.3)4 to 1.5% and in combination with
BAO we obtain similarly tight constraints on oyg.
Our constraints are in excellent agreement with model
predictions from ACDM fits to the primary CMB. At the
same time our results are not in any statistically significant
tension with other LSS probes despite favoring a
slightly larger amplitude of matter density fluctuations.
Nevertheless, our findings suggest that if the “Sg tension” is
indicative of new or so far neglected physics rather than
systematic effects, the effect has to be confined either to
very low redshifts (probably below z ~ 0.5) where our data
are less sensitive or small scales (k 2 0.3 h/Mpc) which our
data equally does not probe well.

In addition, we constrained the Hubble constant inde-
pendently of the sound horizon to 3.5%. Our constraints are
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in excellent agreement with constraints from observations
of the primary CMB and BAO. While our current uncer-
tainties are too large to provide conclusive evidence, these
results raise further questions about the viability of mod-
ifications to the sound horizon to resolve the Hubble
tension.

We derive constraints on the amplitude of matter density
fluctuations as a function of redshift. When the amplitude
of low redshift structure is constrained by the cross-
correlation data, the lensing autospectrum provides con-
straints on high redshift structures. We find one of the
tightest constraints to date (~3.3%) on the integrated matter
density fluctuations above z ~ 2.4. The reconstructed og(z)
is in excellent agreement with predictions from the primary
CMB within the standard ACDM model.

Using the 3x2pt data we also revisited constraints on the
neutrino mass sum previously presented only from the
CMB lensing autospectrum. Despite the larger information
content we do not tighten existing upper limits. This is
because we obtain a slightly smaller amplitude of matter
density fluctuations in the joint analysis than in the lensing
autospectrum analysis, consistent with larger neutrino
induced structure suppression and therefore larger neutrino
masses. This analysis nevertheless represents a valuable
step toward detection of massive neutrinos with future
cross- and autocorrelation analyses.

We also investigate, for the first time with this data, a
series of beyond-ACDM models including spatial curva-
ture and extended dark energy models. We show that our
data marginally tightens some of the existing constraints
and provides competitive cross-checks on others. We also
make our data and likelihood publicly available enabling
the community to perform further investigation into
models not explored in this work (see Appendix A for
details).

This work represents the first 3x2pt analysis with the
new ACT DR6 lensing reconstruction. Such analyses,
combining all possible auto- and cross-correlations
between a galaxy sample and the lensing reconstruction,
have become the standard in the galaxy weak lensing field.
We showed the excellent constraining power of this
analysis approach also for CMB lensing data. Similar
analyses using future CMB lensing data for example from
Simons Observatory [SO; [109]] and CMB-S4 [110], and
galaxy samples from future surveys such as Euclid [111]
and eventually the Vera C. Rubin Observatory’s Legacy
Survey of Space and Time [112] will provide further
improved constraints on cosmological parameters and
contribute to improving our understanding of the cosmos.
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APPENDIX A: EXPLANATION OF PROVIDED
DATA

The Markov Chain Monte Carlo runs from this paper
and [8] are available through the National Energy Research
Scientific Computing (NERSC) Center Science Gateway,
here.'’

Alongside this publication we also distribute various data
products and software relevant to this work. The likelihood,
bandpowers, covariances and various auxiliary data prod-
ucts required to perform the analysis presented here will be
made available upon publication. The likelihood can then
be found here'' and all required data products [119]
will be available through the NERSC Science Gateway
above and LAMBDA.'> We caution that, because of signifi-
cant correlations, this likelihood should not be combined
with any other CMB lensing or CMB lensing cross-
correlation likelihoods, like those from [5] or [7].
Instead the likelihood provided here can be used to include
the autocorrelation measurements in a self consistent
manner.

APPENDIX B: LIKELIHOOD CORRECTIONS

The CMB lensing reconstruction is obtained using
quadratic estimators which depend on two powers of the
observed CMB fields. The normalization of the estimator
and the bias corrections which are required for the lensing
power spectrum depend in principle on the underlying
CMB power spectra and the lensing convergence
power spectrum. In practice we compute the normalization
and bias corrections given a fiducial choice of

lOhttps://portal.nersc.gov/project/act/act_x_unWlSE_xcorr
+3x2pt

! ]https:// github.com/ACTCollaboration/unWISExLens_lklh

12https://lambda. gsfc.nasa.gov/product/act/actadv_dr6_
lensing_xunwise_info.html

spectra.13 While the CMB power spectrum is well con-
strained by Planck, some residual uncertainty remains that
must be propagated to our likelihood analysis.

Let us denote a set of cosmological parameters as # and
the assumed fiducial cosmology as 6,. As discussed in
more detail in [4] the unnormalized lensing reconstruction
is sensitive to the product of the lensing convergence field,
k. (@), and the lensing response function, R;(6). The
latter is computed within the fiducial cosmology. When
comparing theory to observations we have to account for
this fact in the lensing auto- and cross-spectra as

-1

WWF%$W%LM (B1)
—1 2

C;K,ObS(a) — %C’Z{(a) — Ni (00) + Ni (0) (Bz)

Here we have also included the N!-bias in the lensing
power spectrum which we compute from simulations and
which depends on the fiducial CMB power spectra as well
as the lensing power spectrum present in the simulations
(see [4] for more details on the N!-bias).

Fully calculating the above for each point in the sampled
parameter space is unfeasible, and hence we follow the
approach of [6,120,121] and forward model the linearized
corrections to the theory spectrum due to the parameter
deviations from the fiducial cosmology. Given the excellent
constraints on the CMB power spectra any deviations from
the fiducial spectrum, CSMB(6),), are expected to be small
justifying this expansion. The spectra to be compared to the
observed data spectra are thus given by

C*™(0) ~ " (B)[1 - M7 [CSMP(9) — CSMP(9,)]]. and
(B3)

CI"(0) ~ CI(6) — 2M{[CEMP(9) — C5MP(6,)]CY (60)

dNi CMB CMB
+ s (G20 (0) = CMP(6))]

dCC

dN!
+ - [CF5(8) = C(6y)] (B4)
dc*

where M] = dIln R} /dCGMB|, is the linearized normali-
zation-correction matrix.

For joint constraints with CMB anisotropy spectra, we
correct the normalization and N'-bias subtraction at each
point in parameter space according to Egs. (B3) and (B4).
For cosmology runs that do not include information from
the primary CMB, we propagate the uncertainty in the

“The ACT lensing reconstruction adopts fiducial spectra from
a ACDM model fit to Planck 2015 TTTEEE data with an updated
7 prior as in [69].
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lensing normalization due to possible fluctuations in the
CMB power spectrum into an additional contribution to the
covariance. Specifically, we obtain 1000 posterior samples
from the ACT DR4 + Planck primary CMB chains and

propagate these to the covariance matrix as described in
Appendix B of [4] and Sec. 6.1 of [8]. This step is done
consistently to both the ACT and Planck parts of the
covariance matrix.
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