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We perform amultiprobe analysis combining cosmic microwave background (CMB) data fromPlanck and
the Atacama Cosmology Telescope (ACT), ACTCMB lensing, and large-scale structure (LSS)measurements
from theDarkEnergySpectroscopic Instrument (DESI), includingDESILegacy ImagingSurvey (LS) galaxies
and baryon acoustic oscillations (BAOs).We present the first 5 × 2 pt analysis ofACTDR6 lensing, DESI LS,
andPlanck Integrated Sachs-Wolfe (ISW).WithinΛCDM, this yields S8 ¼ σ8ðΩm=0.3Þ0.5 ¼ 0.819� 0.016,
in good agreement with primary CMB inferences and provides a sound-horizon-free Hubble constant
constraint ofH0 ¼ 70.0� 4.4 km s−1 Mpc−1. Then, combiningwithCMBprimary andBAO,we reconfirm a

CMB–BAOdiscrepancy in theΩm–
Dv
rd
plane,which is heightenedwhencombiningBAOwith the5 × 2 pt data

vector. We explore two dark-energy extensions that may reconcile this: an early-time modification, early
dark energy (EDE), and late-time dynamical dark energy (DDE) parametrized by w0wa. For CMB
primaryþ BAOþ 5 × 2 pt, we find a 3.3σ preference for DDE over ΛCDM, while EDE is modestly
favored at 2.3σ. The models address different shortcomings ofΛCDM: DDE relaxes the neutrino mass bound
(Mν < 0.17 eV vs< 0.050 eV underΛCDM),making it compatiblewith neutrino oscillation measurements,
while EDE raises the Hubble constant to H0 ¼ 70.5� 1.2 km s−1 Mpc−1, easing the discrepancy with
SH0ES.However, neithermodel resolves both issues simultaneously.Our analysis indicates that bothDDEand
EDE remain viable extensions of ΛCDM within current uncertainties and demonstrates the capacity of
combined probes to place increasingly stringent constraints on cosmological parameters.

DOI: 10.1103/w737-nk6r

I. INTRODUCTION

Multiprobe techniques are at the forefront of modern
cosmological analysis. Such analyses offer significant
advantages over single-probe measurements. These include
the ability to identify and mitigate systematic effects that do
not correlate between datasets and the breaking of param-
eter degeneracies to provide tight constraints on cosmo-
logical models. In recent years, numerous studies in this
direction have been performed, including the 3 × 2 pt
analysis of large-scale structure (LSS) galaxy surveys
combining galaxy clustering and weak lensing measure-
ments [1–3], a similar combination but exchanging cosmic
microwave background (CMB) lensing for galaxy weak

lensing [4], and comprehensive analyses combining CMB
and several LSS tracers (see, e.g., Refs. [5–9]).
Recent analysis of the second data release of the baryon

acoustic oscillation (BAO) data from the Dark Energy
Spectroscopic Instrument (DESI DR2) shows a ∼3σ
preference for an evolving dark energy equation of state
when combined with CMB data from Planck [10,11]. This
is driven by an internal ∼2σ tension between CMB and
BAO data when analyzed under ΛCDM [10]. While
dynamical dark energy (DDE) is a plausible model to
explain these data, the evidence is not yet conclusive. In
particular, several recent papers have suggested that alter-
ing prerecombination physics, for example, via an early
dark energy (EDE) component [12,13] or by a modified
recombination history [14,15], while keeping a cosmologi-
cal constant, can also partially resolve this discrepancy.
In this work, we confront these recent hints with LSS and

CMB data using a multiprobe approach. Building on the
framework introduced in Refs. [7,16] and incorporating
new datasets, we analyze, for the first time, a 5 × 2 pt LSS
combination of Atacama Cosmology Telescope (ACT)
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DR6 CMB lensing, Legacy Imaging Survey (LS) galaxy
clustering, and Planck PR3 ISW, measuring all autocorre-
lation and cross-correlation. The 2 × 2 pt subset of this data
vector, comprising the LS autocorrelations and their cross-
correlations with CMB lensing, has already been shown to
place strong constraints on the lensing amplitude S8 within
ΛCDM [17–19]. Moreover, Ref. [20] demonstrated that
this subset, when combined with type Ia supernova (SNe)
data, provides robust evidence for a DDE scenario even in
the absence of primary CMB data.
We begin by deriving ΛCDM constraints, including

deriving a sound horizon-free H0 value and assessing
goodness of fit under this model. We then combine with
primary CMB data from Planck PR4 and ACT DR6 and
DESI DR2 BAO measurements to explore two extensions
in the dark energy sector that can reconcile the mild
tensions between these data observed under ΛCDM. The
extensions represent modifications to early- and late-time
physics respectively: an early-Universe modification exem-
plified by an axionlike EDE model and a dynamical dark
energy model with a time-evolving equation of state
(denoted hereafter by DDE). In particular, we ask whether
contemporary LSS and BAO data favor an evolving wðzÞ or
an EDE component when analyzed alongside the CMB;
how these extensions affect derived parameters such as S8
and the neutrino mass sum; and what changes arise when
we confront these models with external data from Pantheon+
SNe [21] and local distance ladder H0 inferences from
SH0ES [22].We further aim to clarify the phenomenological
drivers of any improvement in fit beyond ΛCDM.
The rest of this paper is organized as follows: In Sec. II, we

introduce the datasets and measurements used in our analy-
sis. In Sec. III, we describe our analysis pipeline, including
details of the likelihoods, modeling assumptions, covariance
estimation, and inference framework. Section IVpresents the
theoretical models behind the extensions to ΛCDM under
consideration.We report our results in Sec.V, first discussing
the constraints on ΛCDM parameters from the 5 × 2 pt data
and goodness of fit. We then combined with CMB primary
and BAO data and examine the EDE and DDE dark energy
extensions and determine the model preference from the
relative goodness of fit. We also discuss these findings in the
context of additional external datasets (supernovae data and
external priors onH0 or S8). Finally, Sec. VI summarizes our
conclusions and outlines future prospects for distinguishing
early vs late-time new physics with upcoming data.

II. DATASETS

In this section, we briefly outline the datasets used in this
analysis.

A. DESI legacy imaging survey

We use the LS luminous red galaxy (LRG)
catalogue [23], drawn from the g r z imaging of the LS

DR9 [24] for the photometric clustering part of our
analysis. The images were taken with DECam on the
CTIO 4m Blanco telescope, the Bok 2.3m telescope, and
the 4mMayall telescope (MzLS), providing∼20; 000 deg2

of uniform photometry with well-characterized selection
functions and photometric redshifts. We use the “Main
LRG sample,” which covers 16; 700 deg2 on the sky, and
comprises approximately 12 million galaxies. The redshift
distributions are characterized using 2.3 million spectro-
scopic redshifts from DESI’s Survey Validation [25]. The
data are distributed in four tomographic redshift bins in the
range 0.2≲ z≲ 1.4. A detailed description of the photo-
metric selection criteria is given in Ref. [23].1

B. ACT DR6 CMB primary and lensing

For the ACT DR6 primary CMB, we use the P-ACT
combination adopted by the ACT Collaboration as
their baseline dataset. This dataset incorporates the
Planck 2018 temperature and polarization spectra, covering
the multipole ranges 30 < l < 1000 for TT (temperature)
and 30 < l < 650 for TE and EE (temperature-polariza-
tion cross-correlation and polarization auto-correlation,
respectively), combined with ACT DR6 data at high
multipoles [27]. Following the ACT Collaboration, we
also add the SRoll2 low-lEE likelihood [28]. For the
2 < l < 30 TT part of the likelihood, we use the com-
pressed likelihood from Ref. [29] which is based on the
Planck PR3 Commander-derived likelihood; the latter is
used in the official ACT analysis, while the former
was shown to produce identical constraints with reduced
computational overhead [29]. We adopt the compressed
“ACT-lite” CMB-only likelihood where foregrounds are
premarginalized. This has been shown by the ACT
Collaboration to yield cosmological parameters consistent
with the baseline MFLike likelihood (which explicitly
varies foreground parameters) while significantly reducing
the computational cost [27].
In addition, we use the gravitational-lensing convergence

maps reconstructed from the same ACTDR6 data, covering
a total sky area of approximately 9400 deg2 [30]. The
lensing pipeline applies both quadratic and iterative estima-
tors to multifrequency temperature and polarization maps
to reconstruct the CMB lensing potential. The ACT DR6
public release includes the reconstructed lensing maps,
their associated masks, and simulations of the noise
properties.2

C. Planck primary CMB anisotropies

When deriving constraints, we compare results by
exchanging between the CMB primary likelihood of

1These data are publicly available here [26].
2The ACT DR6 lensing data are available at this URL: https://

lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_
info.html.

REEVES, FERRARO, NICOLA, and REFREGIER PHYS. REV. D 113, 103512 (2026)

103512-2

https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html
https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html
https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html
https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html
https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html
https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html
https://lambda.gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html


ACT DR6 and Planck PR4. The Planck PR4 processing
(“NPIPE”) delivers improved calibration and foreground
mitigation relative to earlier releases [31]. We adopt the
HiLLiPoP version of the Planck PR4 likelihood [32]. We
use a compressed version of the likelihood described in
Appendix A, which has an order of magnitude fewer data
points and allows for faster inference while producing
identical cosmological constraints. We make the rewritten
JAX version of this likelihood (including the corresponding
compression matrix) publicly available.3

For our ISW analysis, we use the Planck PR3 temperature
maps.4 We use the Commander maps, as these are the
recommendedmaps formeasurements on large angular scales.5

D. DESI DR2 baryon acoustic oscillations

The second public release of the Dark Energy
Spectroscopic Instrument (DESI) survey provides more
than 14 million spectroscopic redshifts gathered with the
5000-fiber DESI spectrograph on the 4m Mayall Telescope
at Kitt Peak National Observatory [33]. DR2 covers
∼7500 deg2 and is split into four tracer classes—0.3 mil-
lion Bright Galaxy Survey galaxies (0.1 < z < 0.4),
2.14 million LRGs (0.4 < z < 1.1), 2.43 million emission
line galaxy (ELGs) (0.8<z<1.6), and 0.86 million quasars
(0.8 < z < 2.1)—yielding BAO measurements across
0.1 < z < 2.1 [10]. In this work, we use the public
DESI DR2 BAO likelihood, comprising 13 distance mea-
surements at seven effective redshifts spanning 0.30 ≤
zeff ≤ 2.33 [Bright galaxy survey (BGS), LRG1, LRG2,
LRG3 + ELG1, ELG2, QSO, Lyα]. The likelihood consists
of measurements of fDM=rd;Hrdg for all tracer classes
except BGS, where DV=rd is used [10].

E. Pantheon+ type Ia supernovae

When adding SNe to our data combination, we employ
the Pantheon+ compilation of 1550 spectroscopically con-
firmed SNe Ia spanning 0.001 < z < 2.26 and comprising
1701 light curves [21]. To mitigate sensitivity to host–
galaxy peculiar velocities and local bulk flows at very low
redshift, we remove the 111 SNe with z < 0.01; our
working sample therefore contains 1439 SNe (1590 light
curves) over 0.01 < z < 2.26 [21].

III. MODELING, DATA VECTOR, COVARIANCE,
AND INFERENCE PIPELINE

A. Modeling

Our modeling pipeline closely follows the framework
developed in Refs. [7,16]. For the LS LRGs, ISW cross-

correlations, andACTDR6CMB-lensing cross-correlations,
we define our own modeling choices. All other elements of
the framework—primary CMBTTTEEE, DESI BAO, CMB
lensing autocorrelation and Pantheon + distances—are
instead implemented using JAX translations of the official
publicly available likelihoods from Cobaya [34].

1. Theoretical predictions

To produce theoretical predictions for the LSS tracers
(CMB lensing, galaxy clustering, ISW) in this pipeline, we
employ the FKEM [35] beyond Limber algorithm as imple-
mented in CCL v3.1 [36] (see also Ref. [37] for a recent JAX-
based beyond Limber implementation). This computes the
full 3D angular power spectrum projection integral,

CXY
l ¼

Z
∞

0

dχ
Z

∞

0

dχ0WXðχÞWYðχ0Þ

×
Z

∞

0

2

π
k2dkPðk; χ; χ0ÞjlðkχÞjlðkχ0Þ; ð1Þ

where Pðk; χ; χ0Þ is the unequal time matter power spec-
trum, jl is the spherical bessel function, χ is the comoving
distance, and WX=Y are window functions specific to the
probes in the pipeline. We use this full computation for
multipoles l < 60. For l ≥ 60, we set up CCL to transition
to the standard Limber approximation [38],

CXY
l ¼

Z
dχ
χ2

P

�
k ¼ lþ 1

2

χ
; χ

�
WXðχÞWYðχÞ: ð2Þ

Wechose the transition atl ¼ 60 based onFig. 4 of Ref. [17]
where the Limber approximation is shown to be inaccurate
at >1% for l≲ 60 for LS LRG autocorrelations.
For the LS projected galaxy overdensity, we adopt a

linear galaxy bias bi fit independently in each of the four
tomographic bins, include magnification using the standard
magnification kernel with a free number-count slope
parameter si per bin, and add a constant projected shot-
noise term with one free parameter per bin, following
Ref. [17]. We adapt the CCL code to enable the use of the
AxiCLASS [39] backend Boltzmann solver with the appro-
priate parameter settings in order to make theoretical
predictions for the EDE model.
For the CMB primary, we compute TT, TE, and EE

spectra with CLASS [40] (or AxiCLASS [39] in the case of
EDE) using the precision settings detailed in Appendix A
of Ref. [41]. The precision settings are required to ensure
unbiased constraints when using the high-lACT DR6
CMB primary likelihood. DESI BAO and Pantheon + SN
distances and sound horizon predictions are produced from
the same CLASS evaluation.

2. Scale cuts

The scale cuts used in this analysis are summarized in
Table I. For galaxy clustering—both in autocorrelations

3https://github.com/alexander-reeves/jax-loglike.
4We do not expect any significant change to our results upon

exchangingwith the PR4NPIPE temperaturemap, as the large-scale
temperature signal is essentially unchanged in this reprocessing [31].

5Available at thePlanckLegacyArchive, https://pla.esac.esa.int/.
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and crosscorrelations—we restrict to scales where a linear-
bias description is adequate. Concretely, in each redshift
bin, we set lmax by mapping angular to three-dimensional
modes with the Limber approximation. We then require
k < 0.1h Mpc−1, ensuring the analysis remains safely
within the linear regime, where the difference between
the linear and nonlinear matter power spectrum is ≲1.5%
(we estimate this using CLASS [40] in the best-fit Planck
ΛCDM cosmology). The minimum multipole is conserva-
tively fixed to lmin ¼ 30 for galaxy autocorrelations to
mitigate the impact of large-scale redshift-space
distortions [42] and to suppress box-size effects in the
simulation-based covariance matrix.
For ACT DR6 CMB lensing, we analyze the autospec-

trum over the extended range 40 ≤ L ≤ 1300, which the
collaboration deemed reliable after unblinding, following a
simulation-based reevaluation of potential foreground-
induced biases [43,44]. Finally, for each cross-correlation
we adopt the more conservative of the two scale cuts
defined by the probes entering the cross-spectrum, except
for ISW cross-correlations where we use lmin ¼ 20 to
enhance the signal-to-noise ratio, which peaks on larger
scales. We checked that the recovered ISW covariance
matrix matches an analytic estimate within 5% on the
diagonals, showing that we are not significantly affected by
box-size effects.

3. Neural-network emulators

As in our previous work [7,16], we employ JAX-based
neural-network emulators to produce rapid theoretical
predictions at each sampled point in parameter space.
We draw 106 points in a Latin hypercube in the

cosmological parameter space and train dense feed-forward
networks to emulate the outputs of our theoretical pre-
dictions module (see Sec. III A 1). The pipeline mirrors
Ref. [7], with only a single change for the EDE runs where
we replace baseline CLASS with AxiCLASS.
Each neural network emulator is a multilayer perceptron

with four hidden layers and 512 units per layer, using the
custom activation function,

fðx⃗Þ ¼ ðγ⃗ þ ð1þ expð−β⃗ · x⃗ÞÞ−1ð1 − γ⃗ÞÞ · x⃗; ð3Þ

where fðx⃗Þ is the activation function that describes how the
input vector x⃗ is mapped to the output vector in each layer
and β⃗ and γ⃗ are trainable parameters following the approach
in Ref. [45]. We produce separate emulators for CTT

l , CTE
l ,

CEE
l , CκCMBκCMB

l , BAO sound horizon-distance ratios, and
SNe distances. For the remaining LSS probes, we train a
single joint emulator whose target is the concatenated
vector of all binned LSS spectra. The networks are trained
using TensorFlow [46]. We subsequently translate the weights
and biases to the JAX ecosystem using Flax [47].

B. Data vector

1. Mask deconvolution

In this pipeline, we deal with projected maps of both
simulations and observational data, which have a survey
mask that generally couples modes together. The survey
mask introduces mode coupling between multipoles. We
can relate the ensemble-averaged cut-sky power spectrum
hC̃XY

l i to the full-sky spectrum Cl through a mode coupling
matrix Mll0 ,

hC̃XY
l i ¼

X
l0

Mll0Cl0 : ð4Þ

Recovery of the full-sky Cl from cut-sky data by inverting
the coupling matrix is generally not possible due to
information loss from partial sky coverage. To make
progress, we employ the MASTER algorithm [48], imple-
mented in NaMaster [49], which approximates the true
angular power spectrum as a piecewise constant over
multipole bins. This approximation enables inversion of
the binned mode coupling matrix, providing unbiased
estimates of the full-sky bandpowers. To address pixeliza-
tion effects, we use the window function obtained from
HEALPY’s pixwin function as an effective “beam” in the
NaMaster NmtField object for each map.6

TABLE I. Multipole ranges and binning for LSS autocorrela-
tions and cross-correlations..

Spectrum l range No. of bins

LSS autocorrelations
δg1δg1 30–185 5
δg2δg2 30–215 5
δg3δg3 30–235 5
δg4δg4 30–245 5
κCMBκCMB 40–1300 18

LSS cross-correlations
δg1κCMB 40–185 5
δg2κCMB 40–215 5
δg3κCMB 40–235 5
δg4κCMB 40–245 5
δg1T 20–90 4
δg2T 20–90 4
δg3T 20–90 4
δg4T 20–90 4
κCMBT 40–90 4

6This pixelization correction approach is applicable at high
l=NSIDE only when the source density is sufficiently high (see
Appendix A of Ref. [50]). Alternative methods that circumvent
pixelization entirely and thereby avoid these issues are discussed
in Refs. [51,52].
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2. Measuring the data vector

To produce the 5 × 2 pt data vector, we follow Ref. [7],
starting from galaxy maps for the LS LRGs, the ACT DR6
lensing convergencemap, and thePlanckPR3Commander-
derived temperature map. Each of the maps are produced at
HEALPix NSIDE ¼ 2048 with the respective survey masks
applied. We then use NaMaster to compute mask-deconvolved
bandpowers following the procedure outlined in Sec. III B 1.
For CMB lensing autocorrelations, we instead make use of
the officialACTDR6 lensingbandpowers insteadof deriving
our own data vector directly from the convergence map. For
the ACT DR6 lensing cross-correlations, we apply a
Monte Carlo normalization correction following the pro-
cedure outlined inAppendix F.Ourmeasured data vector can
be seen in Fig. 1.

C. Covariance matrix

We build the low-z covariance from 2000 mock map-
level realizations based on 200 independent N-body light
cones. Each light cone is generated with PKDGRAV3 [53] in
the Planck 2018 fiducial cosmology (Table II) with a
boxsize of LBOX ¼ 2250 Mpc=h and 20803 particles.

The resulting light cones are postprocessed with the
publicly available UFalcon software7 [16,54] to generate
correlated galaxy density, ISW and CMB lensing signal
maps at NSIDE ¼ 2048.
We add noise realizations separately for each probe. For

DESI galaxies, the noise is added as a Poisson draw of
random positions inside the DESI mask. For the ISWmaps,
we add FFP10 end-to-end simulations containing both
CMB signal and noise components to the ISW signal maps
following Ref. [16]. While this adds an additional ISW
signal component to the simulated maps, this is entirely
subdominant to the other contributions, so it has a negli-
gible impact. This method was shown to produce cova-
riances that agree well (within 5% on the diagonals) with
analytically derived Gaussian ISW covariance matrices in
Ref. [16]. For CMB lensing, we create noise-only maps
from the public ACT DR6 simulations by subtracting the
input signal alms from the full simulated alms and
converting the residuals to HEALPix maps at NSIDE ¼
2048with the alm2map routine from HEALPY. Treating the

FIG. 1. The measured 5 × 2 pt data vector with corresponding simulation-based error bars. We show also the best-fit prediction for
these spectra under ΛCDM.

7https://cosmology.ethz.ch/research/software-lab/UFalcon.html.
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noise as additive in this way is accurate to better than 3.5%
in the noise power spectrum [5], which is adequate for
covariance estimation.
We apply the respective survey masks to each simulation

before we measure pseudo-Cls following the same pro-
cedure outlined in Sec. III B 1. The covariance matrix is
then estimated from the ensemble of the 2000 pseudo-Cl
mock realizations of the data vector. When inverting this
matrix for parameter inference, we correct for finite-sample
bias with the Hartlap factor [56]. Finally, we replace the
simulated ACT lensing autocovariance block with the
covariance matrix supplied by the ACT Collaboration
while retaining the simulation-derived cross-covariance
blocks (i.e., the hCκCMBκCMB

l CXY
l i parts where X, Y represent

two other probes in the pipeline).
We checked that the resulting covariance matrix is well

converged by varying the number of simulations used and
computing the mean relative difference of the diagonals of
the matrix. We find that after ∼1500 realizations the relative
differences are ≲1% implying sufficient convergence for
cosmological analysis. We also checked that the simula-
tion-based covariance agrees within 10% along the diago-
nal with an independent analytical calculation for the same
matrix and produces nearly identical constraints (see
Appendix D).

D. Likelihood

In our joint analyses, we form the sum the likelihood
contributions from the CMB primary, BAO, SNe, and the
combined 5 × 2 pt LSS data vector, under the assumption
that interprobe cross-covariances are negligible. For the
CMB primary likelihoods, this approximation is justified
because the cross-correlation with LSS tracers is small
compared to the dominant primary CMB power spectra [57]
(this statement may require reexamination for future high-
precision surveys [58,59]). For the BAO–LSS cross-covari-
ance, we test this approximation explicitly in Appendix B
and find that the BAO information content in the LSS data
vector is negligible compared to the information content of
the reconstructed BAO likelihood.
When combining CMB lensing with primary CMB

power spectra, we follow Ref. [4] and forward model
the linear response of the lensing reconstruction to the

measured primary spectra, updating to first order the
estimator normalization and reconstruction biases (e.g.,
Nð0Þ, Nð1Þ). This is required for a consistent analysis, as
these quantities necessarily depend on the given CMB
primary realization. When the primary CMB power spectra
are not included, we adopt a CMB-marginalized covariance
matrix for the CMB lensing autospectrum. In this setup,
uncertainties in the CMB two-point functions are propa-
gated as an additional contribution to the covariance.

E. Inference and minimization

The priors used in this analysis are presented in Table III.
For cosmological parameters, we generally employ wide
flat priors. For the galaxy nuisance parameters, we follow
the prescription in Ref. [17] in placing uniform priors on
the galaxy bias and Gaussian priors based on the measured
values from Ref. [23] on the shot noise and magnification-
slope parameters. Following the recent DESI DR2 EDE
analysis of Ref. [12], we adopt a Gaussian prior on log10 ac
centered at the scale factor near matter-radiation equality.
This choice reduces prior volume in low-likelihood regions
corresponding to EDE transitions that occur much later or
much earlier than equality [60,61]. Our baseline results
without placing the Gaussian prior on log10 ac are shown in
Appendix E, where we find that using a flat prior makes a
negligible difference to our conclusions.
We use the EMCEE package [62] for performing cosmo-

logical inference.We leverage JAX’s natural vectorizationvia
vmap and GPU acceleration to greatly accelerate our
inference. Running on a single NVIDIA A100 Tensor
Core GPU allows for converged chains in under four hours
for every analysis setup explored in this work with most
taking under 30 minutes (see also Ref. [63] for a similar
approach). We deem ourMarkov ChainMonte Carlo chains
to be converged by verifying that the autocorrelation time
τ [62] stabilized and that eachwalker satisfiedNsteps > 100τ
for all parameters.
To find the best-fit parameters and χ2min values, we first

use a simulated annealing approach [64–66]. That is, we
first sample the full posterior with EMCEE, then whiten the
parameter space by rescaling each direction by its posterior
standard deviation. Twelve starting points are drawn from a
small Gaussian ball (0.1σ in every dimension) around the
posterior mode. From each starting point, we launch a
simulated-annealing chain whose acceptance probability at
an effective temperature T is

Paccðθ → θ0Þ ¼ min

�
1; exp

�
−
ΔE
T

��
; ð5Þ

where ΔE ¼ Eðθ0Þ − EðθÞ and E ¼ − lnL. The temper-
ature is lowered in four linear steps from T ¼ 0.75 to T ¼
0.01 and run a maximum of 2.5 × 104 steps at each rung,
transitioning to the next rung when this limit is reached or
earlier if the best fit does not improve in a window of 200

TABLE II. Fiducial Cosmological parameters used in simu-
lations for the covariance matrix. This matches the best-fit
parameters from Planck 2018 [55].

Parameter Value

Ωm 0.315
As 2.1 × 10−9

ns 0.9649
Ωb 0.0493
H0 (Km=s=Mpc) 67.3
Mν (eV) 0.06
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steps. After the annealing ladder is finished, the best
candidate from each chain is further optimized using
Adam [67], a first-order gradient-based stochastic opti-
mizer, which is implemented in the OPTAX package in
JAX [68]. We checked that the typical spread between the
minimum χ2 of the 12 different starting points is σðχ2minÞ ≲
0.2 in each case.

F. Assessing model preference using Wilks’ theorem

Following the methodology of recent DESI analyses
(see, e.g., Ref. [10]), we assess model preference between
ΛCDM and extensions using Wilks’ theorem. Two models
are said to be nested when the simpler model is obtained as
a special case of the extended one for specific parameter
values. In our case, taking fEDE → 0 and ðw0; waÞ →
ð−1; 0Þ for the EDE and DDE models, respectively,
recovers the ΛCDM predictions. Wilks’ theorem [69] states
that, under the assumptions of large sample size, regularity
of posteriors, and that the simpler (nested) model is the true
underlying model, the test statistic

Δχ2 ¼ −2 ln
�
LΛCDM

Lext

�
ð6Þ

asymptotically follows a chi-squared distribution with
degrees of freedom equal to the difference in the number
of free parameters between the two models. We can then
assess model preference for the extended model by quan-
tifying how unlikely it would be to observe the measured
decrease in χ2 if ΛCDM were the true underlying model.

IV. THEORY MODELS

In this work, we explore two extensions of the dark energy
sector that can help to reconcile CMB and BAO data.

A. EDE

The simplest EDE model comprises an ultralight scalar
field displaced from the minimum of its corresponding
potential. The field is initially frozen by Hubble friction,
leading to an enhanced expansion rate in the prerecombina-
tion Universe. Once the Hubble rate drops below it effective

TABLE III. Parameters varied in the analysis and associated priors. Unless stated otherwise, priors are flat and
uninformative. CMB-foreground nuisance parameters in the ACT DR6 and HiLLiPoP likelihoods are not listed;
for those we follow, the respective collaboration prescriptions. Shot-noise and magnification-slope priors follow
[17] as described in the text.

Parameter Description Prior/fixed value

Base ΛCDM
ωc Physical cold dark matter density Uð0.08; 0.20Þ
ωb Physical baryon density Uð0.01875; 0.02625Þ
lnð1010AsÞ Primordial amplitude Uð2.5; 3.5Þ
ns Scalar spectral index Uð0.84; 1.10Þ
h Hubble parameter Uð0.4; 1.0Þ

LSS nuisance (galaxy/baryonic)
bg;i ði ¼ 1..4Þ Linear galaxy bias per bin Uð0.1; 5.0Þ

SN2DðziÞ Projected shot noise (per bin)

Bin 1: N ð4.07; 1.22Þ
Bin 2: N ð2.25; 0.675Þ
Bin 3: N ð2.05; 0.615Þ
Bin 4: N ð2.25; 0.675Þ

sμðziÞ Number-count (magnification) slope (per bin)

Bin 1: N ð0.972; 0.0972Þ
Bin 2: N ð1.044; 0.1044Þ
Bin 3: N ð0.974; 0.0974Þ
Bin 4: N ð0.988; 0.0988Þ

log10 TAGN Baryonic feedback amplitude Uð7.1; 8.5Þ
Extended cosmology

log10 ac EDE critical scale factor N ð−3.531; 0.10Þb
fEDEðacÞ EDE fraction at ac Uð0; 0.8Þ
θi Initial field displacement Uð0.1; πÞ
w0 DE equation of state (EoS) (today) Uð−3.0; 0.5Þ
wa Time variation of DE EoS Uð−3.0; 2.0Þ
Mν ¼

P
mν Sum of neutrino masses Uð0; 1.5Þ eVa

aWhen not varied, the sum of neutrino masses is fixed to Mν ¼ 0.06 eV.
bGaussian prior on log10 ac as described in the text (see also Ref. [12]).
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mass, the field rolls down the potential and oscillates around
its minimum. The canonical EDE model features a pseudo-
scalar (axionlike) field with the following potential:

VðϕÞ ¼ m2f2
�
1 − cos

�
ϕ

f

��
n
; ð7Þ

where m and f are the mass and decay constant of the EDE
field.8 With this choice of potential, once the field becomes
dynamical, it decays as a fluid with an effective equation of
state hwϕi ¼ ðn − 1Þ=ðnþ 1Þ. Throughout this work, we fix
n ¼ 3, which has been shown to produce a cosmologically
viable model [39,76]. This choice means the energy density
will dilute at a rate, ρEDE ∝ ð1þ zÞ4.5, that is faster than
matter, meaning the effect of EDE is localized in time to the
period just prior to recombination.
The particle physics parametrization m and f can be

traded for the phenomenological parameters fEDE and ac: at
scale factor ac, EDE’s fractional contribution to the energy
density, fEDE, is maximal. The physics of our EDEmodel is
then governed by four parameters: fEDE, ac, n, and the
initial misalignment angle θi ¼ ϕi=f, with ϕi the initial
field value. Increasing fEDE raises the early-Universe
expansion rate HðzÞ and thereby reduces the characteristic
sound horizon scales [both the BAO ruler at the drag epoch,
rdrag, and the sound horizon at recombination, rsðz�Þ]. The
CMB very precisely measures the acoustic angular scale,

θ� ≡ rsðz�Þ
DAðz�Þ

; ð8Þ

where DAðz�Þ is the angular diameter distance to the
surface of last scattering. Consequently, if rsðz�Þ decreases,
maintaining the observed θ� requires a smaller DAðz�Þ,
which in turn drives a higher inferredH0 (for fixed physical
densities). We adopt the EDE model implementation in the
modified CLASS [40] code AxiCLASS

9 [39,76] for deriving
the numerical results reported here.

B. Dynamical dark energy

We consider a dynamical dark energy model with the
Chevallier–Polarski–Linder (CPL) form [77,78],

wðaÞ ¼ w0 þ wað1 − aÞ; ð9Þ

where w0 is the present-day equation of state, and wa
describes its linear redshift evolution. Theoretically, CPL
can be thought of as a first-order expansion about a ¼ 1
that provides a controlled, accurate approximation to broad
classes of smooth quintessence dynamics near the present
epoch: for canonical scalar fields with either thawing or
freezing evolution, the late-time distance and linear-growth

histories over 0≲ z≲ 2 are well captured by the CPL
parametrization [78]. This is further motivated by the limits
of current data; a recent DESI DR2 extended analysis,
which analyzed nonparametric reconstructions (such as
binning and Gaussian processes) for the evolution of wðzÞ,
found consistent behavior between methods and concluded
that the two-parameter w0wa description captures the
dominant late-time evolution constrained by these
data [11].

V. RESULTS

A. ΛCDM
We display the ΛCDM constraints of our 5 × 2 pt LSS

data combination in Fig. 2. From the 5 × 2-point data
vector alone, we obtain

S8 ≡ σ8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωm=0.3

p
¼ 0.819� 0.016; ð10Þ

which is in excellent agreement with both the Planck PR4
HiLLiPoP value, S8 ¼ 0.819� 0.014 [32], and the ACT
DR6 P-ACT value, S8 ¼ 0.830� 0.014 [27]. Our measure-
ment also agrees with the latest KiDS-Legacy weak-lensing
result, S8 ¼ 0.815� 0.012 [79], as well as with a recent
multiprobe (3 × 2 pt) analysis combining Planck and ACT
DR6 lensing with unWISE galaxies, which found
S8 ¼ 0.816� 0.015 [4]. Our result is also consistent (within
1σ) with a recent DESI-DR1 joint 3D clustering + LS
galaxy × CMB-lensing analysis which finds S8 ¼
0.808� 0.017 [80].
We further compare our results to several recent analyses

using the 2 × 2 pt subset of our data vector (CMB-lensing ×
galaxy and galaxy auto), which excludes the ACTautospec-
trum.Reference [17] reportsS8 ¼ 0.790þ0.024

−0.027 from theACT-
only cross and S8 ¼ 0.775þ0.019

−0.022 when combining ACTwith
Planck lensing (see also the companion paper Ref. [19] who
also find a lower amplitude of fluctuations compared toCMB
primary inferences). Reference [18], using a DESI LS
catalogue that was not calibrated using DESI Spectra
from [81], finds S8 ¼ 0.772� 0.040 for ACT-only lensing
and 0.765� 0.032 for ACT + Planck lensing. In
AppendixC, we show that the 2 × 2 pt subset of our pipeline
yields fully consistent constraints with the publicly available
chains from Ref. [17]. The multiprobe constraints therefore
yield a slightly higher S8 inference at the ∼1–1.5σ level
compared to the 2 × 2 pt analysis, especially when the latter
are derived with the ACT + Planck lensing map. This is
consistent with the general finding that theACTDR6 lensing
autopower-spectrum analysis favors an S8 close to the
primary-CMB prediction (the ACT Collaboration finds
S8 ¼ 0.840� 0.028 when combining ACT DR6 lensing
with BAO measurements from SDSS and 6dF [82]), so
including it alongside galaxy clustering lifts the central value
of the joint S8 relative to the 2 × 2 pt constraint.

8For examples of other EDE(like) models, see Refs. [70–75].
9https://github.com/PoulinV/AxiCLASS.
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Note for the above results and Fig. 2, we fix the
poorly constrained baryon density and spectral tilt to their
respective Planck best-fit values [55] (ns ¼ 0.9649 and
ωb ¼ 0.02236). If we instead allowωb and ns to vary with a
flat prior from Table III, we find a slightly broader
constraint of S8 ¼ 0.827� 0.020. Adding the DESI
BAO likelihood, keeping ns and ωb fixed as before,
sharpens the constraints by providing a strong constraint
on Ωm and hence breaking degeneracy, yielding

σ8 ¼ 0.832� 0.010; ð11Þ

Ωm ¼ 0.295� 0.005: ð12Þ
Overall, these results demonstrate the power of combining
CMB lensing with LSS tracers to produce competitive
cosmological constraints without recourse to primary-CMB
anisotropies. The results suggest that the (mostly linear)

scales and redshifts probed by our analysis do not exhibit
the “lensing is low” trend seen in some previous galaxy
weak lensing cross-correlation studies [1–3,83].

1. Sound horizon-free H0

With our 5 × 2 pt dataset alone, we are able to weakly
constrain the Hubble parameter (see Fig. 3)

H0 ¼ 70.0� 4.0 km s−1Mpc−1: ð13Þ
This broad constraint is consistent within 1σ with both the
value ofH0 preferred by CMB primary inferences and local
measurements of H0 from SH0ES [22]. We note that this
constraint is found assuming a fixed ns ¼ 0.9649 and
ωb ¼ 0.02236, when instead allowing ωb to vary within
a wide flat prior from Table III and imposing a conservative
ns prior centered on, but ten times broader than, the Planck
constraint [55] (ns ∼N ð0.9649; 0.04Þ), we find a slightly
broader constraint of

H0 ¼ 70.0� 4.4 km s−1Mpc−1: ð14Þ
This determination is free of sound horizon information as
BAO features are washed out when integrating over the
projected kernels.10 The constraint comes instead from
projecting the matter-radiation equality scale keq at

FIG. 2. Contours for ΛCDM model with LSS data. Green
contours: 5 × 2 pt refers to the combination of ACT DR6 lensing,
LS LRGs clustering and Planck ISW. Blue contours: same
5 × 2 pt combination as before with added DESI DR2 BAO
data. Note for the constraints shown here, we fix ns ¼ 0.9649,
and ωb ¼ 0.02236.

TABLE IV. Goodness of fit for ΛCDM. We show the reduced
χ2 and corresponding probability-to-exceed (PTE) values for the
baseline 5 × 2 pt data vector and for the combination with DESI
DR2 BAO. In both cases, the fit is statistically acceptable, with
PTE values in the expected range.

Dataset ndata χ2red PTE

5 × 2 pt 78 0.98 0.36
5 × 2 pt + DESI DR2 BAO 91 0.96 0.44
P-ACTa þ5 × 2 pt + DESI DR2 BAO 481 1.0112 0.36

aP-ACT here is without additional l < 30TT=EE Planck
likelihoods as these are non-Gaussian as described in the text.

FIG. 3. Sound horizon free H0 measurements. The 5 × 2 pt +
SNe contour combines the Pantheon+ SNe dataset with our LSS
data combination.AGaussian prior is placedon the spectral tilt, and
ωb is varied in a flat uniform prior as described in the text.

10See Appendix B for a detailed investigation into
the (negligible) residual BAO information in the 5 × 2 pt
combination.
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different redshifts [84]. Consistent with this picture, we find
ourH0 constraint to be insensitive to the prior placed onωb:
fixing ωb ¼ 0.02236 leaves theH0 results unchanged. This
indicates the information is coming from keq and distances
and not rs, which depends strongly on ωb. We can further
combine with Pantheon+ SNe data to break some of the
Ωm − h residual degeneracy, yielding

H0 ¼ 66.2� 3.1 km s−1Mpc−1: ð15Þ

These results serve as a cross-check of H0 constraints from
CMB and BAO data, which rely on the rs

11 calibration
scale. This also has implications for models that aim to
resolve the Hubble tension by reducing the sound horizon
rs as this constraint will be unaffected by such mechanisms.
However, with our current data, the precision is not yet
sufficient to make decisive claims, as our constraints are
compatible with both the CMB-based determinations ofH0

and the SH0ES results within ∼2σ. Forecasts and other
contemporary measurements suggest that upcoming gal-
axy-survey and CMB-lensing analyses will substantially
tighten such rs-independent constraints and hence will be
able to decisively weigh in on the Hubble tension [85–87].

B. Goodness of fit

We analyze the goodness of fit of the LSS dataset under
the assumption of ΛCDM. We compute the Bayesian
probability to exceed (PTE) in ΛCDM using the posterior

predictive distribution. This quantifies how extreme the
observed data are compared to synthetic datasets generated
from the posterior [88,89], providing a test of how well the
ΛCDM model fits our datasets. For Gaussian likelihoods,
this is computed as [17]

PTE ¼
Z

dθ
�
1 −

γðNd
2
; χ

2ðθÞ
2
Þ

ΓðNd
2
Þ

�
PðθÞ; ð16Þ

whereNd is the number of data points, PðθÞ is the posterior,
and γ and Γ are the incomplete and complete Gamma
functions, respectively. This formula is only valid for
Gaussian likelihoods so when assessing the goodness of
fit of combinations with CMB data, we always remove the
low-l Planck based TT=EE likelihoods. We show the
results for the 5 × 2 pt combination in Table IV, finding
reasonable values for both the 5 × 2 pt analysis alone and
with the addition of BAO data. When adding the ACT DR6
P-ACT likelihood, we do not find much change in the
Bayesian PTE, suggesting that the combined data can be
well fit in the ΛCDM model.12

C. Extensions meet LSS

The constraints for the two extended dark energy models
are collected in Table Vand displayed in Fig. 4. The novelty
of our analysis lies in the inclusion of the 5 × 2 pt LSS data
vector; relative to the already well-studied CMB + BAO
baseline, this extra information strengthens the preference

TABLE V. Summary of cosmological constraints and model preferences. We report marginalized 68% confidence level (CL)
constraints onH0,Ωm, S8, and, where applicable, ðw0; waÞ for DDE and fEDE for EDE. Δχ2 and nσ quantify the improvement relative to
the corresponding ΛCDM fit using Wilks’ theorem. Three center dots indicate parameters not defined for a given model. CMB + BAO
entries exclude CMB lensing; the 5 × 2 pt rows add LRG × κCMB, κCMBκCMB, and ISW. We report both the 95% confidence intervals
and the mean �σ for the EDE constraints.

Model Dataset
H0

[km s−1 Mpc−1] Ωm S8 w0 wa fEDE Δχ2 nσ

ΛCDM ACT DR6 + BAO 68.5�0.3 0.300�0.004 0.808�0.008 ��� ��� ��� ��� ���
ACT DR6 + BAO + 5 × 2 pt 68.3�0.3 0.303�0.003 0.820�0.007 ��� ��� ��� ��� ���
Planck PR4 + BAO 68.3�0.3 0.300�0.004 0.805�0.009 ��� ��� ��� ��� ���
Planck PR4 + BAO + 5 × 2 pt 68.2�0.3 0.303�0.004 0.817�0.007 ��� ��� ��� ��� ���

DDE ACT DR6 + BAO 63.9�1.9 0.350�0.021 0.849�0.023 −0.44�0.22 −1.70�0.60 ��� 8.9 2.3
ACT DR6 + BAO + 5 × 2 pt 63.6�1.8 0.351�0.021 0.854�0.011 −0.40�0.20 −1.84�0.56 ��� 14.6 3.3
Planck PR4 + BAO 64.0�2.0 0.346�0.022 0.840�0.015 −0.49�0.22 −1.50�0.63 ��� 6.8 1.8
Planck PR4 + BAO + 5 × 2 pt 63.4�1.8 0.360�0.021 0.851�0.011 −0.40�0.20 −1.80�0.55 ��� 13.5 3.0

EDE ACT DR6 + BAO 70.5�1.2 0.299�0.004 0.827�0.013 ��� ��� <0.14 (95% CL) (0.069� 0.041) 8.7 1.8
ACT DR6 + BAO + 5 × 2 pt 70.1�1.0 0.300�0.004 0.830�0.010 ��� ��� <0.12 (95% CL) (0.057� 0.033) 11.4 2.3
Planck PR4 + BAO 69.5�0.8 0.299�0.004 0.813�0.011 ��� ��� <0.09 (95% CL) (0.037� 0.027) 4.1 0.7
Planck PR4 + BAO + 5 × 2 pt 69.6�0.8 0.300�0.004 0.826�0.009 ��� ��� <0.09 (95% CL) (0.041� 0.026) 6.7 1.4

11Throughout this discussion, we do not carefully distinguish
between the sound-horizon scales used in BAO and CMB
analyses, denoted rd and rs, respectively. Strictly speaking, rs
refers to the sound horizon at photon decoupling, while rd is
defined as the sound horizon at the end of the baryon drag epoch,
which occurs slightly after photon decoupling.

12Note that we do not show the goodness of fit with Planck
PR4 HiLLiPoP. This is very low when fit to the Planck PR4
HiLLiPoP likelihood alone, as described in detail in
Refs. [7,32]. Hence, in combination with BAO and 5 × 2 pt,
this remains very small, and as such it is difficult to interpret if
combining the datasets leads to a significantly worse fit.
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for extensions beyond ΛCDM. For DDE, adding 5 × 2 pt
to P-ACT + BAO raises the improvement in the global fit
with respect to ΛCDM from Δχ2 ¼ 8.9 (nσ ¼ 2.3) to
Δχ2 ¼ 14.3 (nσ ¼ 3.2), while for the equivalent combina-
tions for HiLLiPoP the gain is from Δχ2 ¼ 6.8 (1.8σ) to
Δχ2 ¼ 13.47 (3.0σ). For the combination with P-ACT, this
represents the highest SNe-independent preference for
DDE found to date, slightly higher than the 3.1σ found
by Ref. [10] for the combination of Planck PR4 (CamSpec
version) and DESI DR2 BAO. The inclusion of the 5 × 2 pt
likelihood also increases the preference for EDE relative to
CMB + BAO alone, albeit more modestly than for DDE.
For P-ACT + BAO the EDE improvement rises from
Δχ2 ¼ 8.7 (1.8σ) to 11.4 (2.3σ) when 5 × 2 pt is added; for
HiLLiPoP + BAO it grows from 4.1 (0.7σ) to 6.7 (1.4σ).
The mechanisms underlying these statistical improve-

ments can be understood through examination of Fig. 5,
which projects posteriors for various datasets onto the
Ωm–Dv=rd plane at two redshifts where DESI makes BAO
measurements (z ¼ 0.295 and z ¼ 0.934). Within the
ΛCDM framework, the figure demonstrates an offset
between CMB-derived constraints (Planck PR4, ACT

DR6) and BAO + LSS measurements, manifesting as a
∼2σ discrepancy in the inferred matter density and a
smaller shift in the preferred value of Dv

rs
13 when combining

SPT-3G, Planck, and ACT data [91]). The 5 × 2 pt LSS
data vector (green contours in Fig. 5) functions as an
independent probe that tightens constraints around the
BAO-preferred region, thereby amplifying the statistical
preference for extended models that can reconcile this
discrepancy. The DDE model (middle panel) operates by
freeing the dark energy equation of state, which primarily
modifies Dv while leaving rd unchanged, enabling the
model to reconcile CMB and BAO constraints through
altered expansion history. The colored points show samples
from the posterior and demonstrate that models further
from a cosmological constant (with w0 > −1, wa < 0)
bring the CMB inference close to the preferred values
from BAO + LSS data. The EDE model (right panel) can
partially resolve this discrepancy through a geometric

FIG. 4. Posterior constraints in extended dark–energy models. Shown are posteriors for DDE and EDE from CMB, BAO, and LSS
combinations. Vertical shaded bands show local H0 constraints, the latest from CCHP (H0 ¼ 70.4� 1.9 km s−1 Mpc−1) [90], and
SH0ES (H0 ¼ 73.04� 1.04 km s−1 Mpc−1) [22]. Dashed lines at ðw0; waÞ ¼ ð−1; 0Þ indicate the ΛCDM cosmological constant limit.

13See also the recent South Pole Telescope (SPT)-3G D1
analysis, which finds a 2.8σ discrepancy in the Ωm-hrd plane.
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mechanism. EDE reduces the sound horizon scale rs at
recombination; to maintain a good fit to the observed CMB
acoustic peaks necessitates an increase in the Hubble
parameter H0. This elevated H0 produces a fractional
decrease in the angular diameter distance Dv to BAO
positions that exceeds the fractional decrease in rd itself.
Consequently, models with higher EDE fractions (as shown
in the brighter scatter points) systematically shift the CMB-
preferred region in theΩm–Dv=rd plane laterally toward the
BAO measurements, as visible in the rightmost panel where
EDE contours extend toward the BAO-preferred parameter
space. Both extended models also modify the CMB-inferred
Ωm allowing for lower inferred values compared to ΛCDM
which further lowers the discrepancy between BAO and
CMB constraints. The purple shaded regions in Fig. 5
represent the Ωm constraint from Pantheon+ SNe when fit
in the respectivemodels. InΛCDMandEDE, these data tend
to prefer a higher Ωm than the 5 × 2 pt + BAO contours,
while the constraint is significantly broadened and shifted to
lower values in DDE. We revisit the implications of this for
model preference in the next section.
Our constraint for the combination with ACT DR6 data

of fEDE < 0.12 exactly matches the corresponding con-
straint derived by the ACT Collaboration for the combi-
nation with DESI Y1 BAO and ACT DR6 lensing [41].
However, as in the DDE scenario, the inclusion of the
5 × 2 pt dataset strengthens the preference for the EDE
extension over ΛCDM to a higher significance than
previously found in analyses of combinations of data with

ACT DR6 primary data14 when not including additional
SH0ES H0 priors (which we explore later). Specifically,
while previous combinations of ACT DR6 primary data
with CMB lensing and BAO measurements found
Δχ2 ∼ 6–7 [13,41] in favor of EDE, our analysis incorpo-
rating the 5 × 2 pt LSS data yields Δχ2 ¼ 11.4. We note
that a recent SPT-3G analysis also found a mild preference
for EDE when combining SPT-3G,15 Planck, and ACT-
DR6 primary data with DESI BAO data [94], finding
Δχ2 ¼ 10.8 with respect to ΛCDM fit to the same
combination of data, which is marginally lower than the
Δχ2 ¼ 11.4 we find for our baseline combination with
P-ACT.
The EDE fits consistently push the Hubble constant to

H0 ≃ 70 km s−1Mpc−1, moving in the direction of the local
distance ladder determination by SH0ES (H0 ¼ 73.04�
1.04 km s−1 Mpc−1 [22]) and thereby reducing the tension
relative to ΛCDM to ∼2σ, and the results are consistent
with the Carnegie=Chicago Hubble Program (CCHP) value
(H0 ¼ 70.4� 1.9 km s−1Mpc−1) [90] of the Hubble

FIG. 5. Constraints in the Ωm–
Dv
rd

plane for different individual datasets in each of the three models analyzed in this work. The ACT
DR6 constraints here are without lensing autocorrelation data which is instead included in the 5 × 2 data combination.

14We note that our results display a lower preference for the EDE
scenario compared to combinations of data with the older ACT
DR4 likelihood. This can be traced to a fluctuation in the EE power
spectrum of ACT DR4 around l ∼ 500 and a broad feature in the
TE spectrum of Planck and ACT DR4 both of which could be
slightly better fit in the EDE scenario compared to ΛCDM [92].

15See also Ref. [93] who found a mild preference for EDE
when not including the full Planck data in an earlier release of
SPT data.
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constant. By contrast, for DDE, we see a shift in the central
value of H0 to lower values, although the size of the
contour is significantly broadened so the 1D Gaussian
tension with SH0ES remains around the ΛCDM value of
∼4.5σ. We revisit this point of difference in reconciling the
late-time distance ladder H0 measurements in the next
section.
For the DDE model, the results are remarkably robust to

the choice of CMB primary likelihood used with P-ACT
preferring only a slightly larger deviation from ΛCDM
when analyzed under Wilks’ theorem, and the contours are
almost indistinguishable in Fig. 4. However, the preference
for EDE is clearly larger in the ACT DR6 combinations
than in those based on Planck PR4, and this is also reflected
in the contours, which display a larger preference for
nonzero fEDE. These results mirror those in Ref. [13],
who analyzed the CMB + DESI DR2 combination and
found that ACT DR6 allows a broader range of nonzero
fEDE than Planck PR4.16 At the level of this shift in model
preference (1.4σ for HiLLiPoP combinations vs 2.3σ for
P-ACT), this may be simply due to statistical fluctuations
or a hint of a small systematic offset between the two CMB
experiments; we do not further investigate this in this work.
We also note that Ref. [96] showed that the updated Planck
PR4 likelihoods place tighter limits on fEDE compared to
the older Planck PR3 likelihoods.
The results in this section demonstrate the impact of

including our novel 5 × 2 pt LSS data vector when ana-
lyzing dark energy model extensions. As we have under-
stood through examining Fig. 5, this generally bolsters the
preference for models that can help to resolve CMB-BAO
discrepancies present in ΛCDM. In the following sections,
we further examine these extended models, first in the
context of a free neutrino mass and then with several
external datasets.

D. Neutrino masses

1. Neutrino masses in ΛCDM
Massive neutrinos free stream while relativistic and,

upon becoming nonrelativistic, impede the growth of
cosmic structure, imprinting a percent-level scale-depen-
dent suppression in the matter power spectrum and a
corresponding reduction in the CMB lensing amplitude
[97–99]. Neutrinos also importantly affect the expansion
rate at late times in a mass-dependent manner by contrib-
uting to the energy density during matter domination once
they have become nonrelativistic. These physical effects
allow low-redshift structure probes and CMB lensing to
tighten bounds on Mν beyond what primary CMB anisot-
ropies alone can provide. In Fig. 6, we show constraints
when allowing for a free neutrino mass in the ΛCDM

scenario. This plot demonstrates the significant additional
constraining power on neutrino mass coming from the
addition of our new 5 × 2 pt LSS data vector. We find an
upper limit ofMν < 0.050 eVfor the combination ofCMB+
BAO + 5 × 2 pt with P-ACT and Mν < 0.056 eV for the
equivalent combination with HiLLiPoP instead. These
results are markedly more stringent than the upper limit
found by the ACT Collaboration of Mν < 0.089 eV found
with the combination of P-ACT + CMB lensing + DESI Y1
BAO, and the baseline results from DESI, who find
Mν < 0.0774 eV when combining DESI DR2 BAO with
HiLLiPoP [10,41]. Our result is, however, slightly less
stringent than the recent SPT-3G D1Mν < 0.048 eV found
when combining Planck PR4, ACT DR6 and SPT-3G data
with DESI DR2 BAO.
There is ongoing debate in the literature regarding the

compatibility of cosmological neutrino mass constraints
with limits from neutrino oscillations, which require Mν ≥
0.06 eV under normal ordering (or Mν ≥ 0.11 eV in the
inverted ordering scenario). Under the baseline ΛCDM
framework, several recent analyses combining CMB and
BAO have found posteriors that peak at negative values of
Mν when analytically extending the neutrino mass range to
allow for (unphysical) negative values [100–102]. Given
the more stringent upper limits we find with our baseline
combination of data under ΛCDM, this tension is increased
relative to the CMB + BAO analyses; we find the normal
and inverted ordering scenarios (NO and IO) are ruled out
at and 97.64% and 99.99%, respectively, for the baseline
combination with P-ACT and 96.07% and 99.93% for the
combination with HiLLiPoP. These results, therefore,

FIG. 6. Neutrino mass constraints in ΛCDM for CMB + BAO
compared with CMB + BAO + 5 × 2 pt. The lower limits implied
by the normal ordering (NO) and inverted ordering (IO) are
shown in the gray vertical bands in order from left to right.

16Note that this analysis used the CamSpec version of the Planck
PR4 likelihood [95].
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strongly motivate further exploring this apparent tension
with neutrino oscillation measurements.
One possible origin is data/likelihood systematics that

bias parameter estimates. For example, Refs. [103,104]
showed that a systematically low reionization optical depth,
τ, inference would bias neutrino masses to low values.
Furthermore, using Planck PR3 and, to a lesser degree, the
CamSpec implementation for Planck PR4, there is a prefer-
ence for excess acoustic-peak smoothing, often captured by
an effective AL > 1, which can artificially strengthen
neutrino-mass limits [16,105]. By contrast, the
HiLLiPoP PR4 likelihood used here shows no such
preference for AL > 1 when analyzed alone,17 and in our
P-ACT combination, the preference for AL > 1 is miti-
gated by cutting the Planck PR3 temperature power
spectrum at l ¼ 1000. Furthermore, it was demonstrated
in Ref. [16] that the consistent addition of multiprobe LSS
data to CMB data enabled systematics-robust neutrino
mass constraints even in the presence of a peak-smearing
systematic effect. Therefore, we expect these results are not
significantly impacted by anomalously high peak smearing.
Alternatively, the issue may be model related. Several
recent studies demonstrate that extending beyond ΛCDM,
for example by allowing for a dynamical dark energy
component, can relax neutrino-mass upper limits and help
to reconcile the cosmological posteriors with oscillation
priors [7,107–110]. We explore this possibility for the two
extensions discussed in this work in the forthcoming
section.

2. Extensions meet neutrino masses

In Fig. 7 and Table VI, we compare how extending the
baseline νΛCDM model to either DDE or EDE modifies
the posterior of the summed neutrino mass,Mν, when fit to
our full data combination. Allowing a dynamical dark
energy sector relaxes the upper limit on Mν and shifts the
posterior peak to Mν > 0, yielding Mν < 0.171 eV for
combinations with P-ACT and Mν < 0.164 eV for the
corresponding constraints with HiLLiPoP. This result
agrees well with previous studies of neutrino masses in
this model; for example, DESI finds Mν < 0.177 eV when
combining DR2 BAO with Planck PR4 (CamSpec) repre-
senting a significant broadening of the constraint in
ΛCDM. By contrast, introducing EDE in our analysis
produces only a small shift of the Mν posterior toward
larger values: the posterior still peaks at Mν ¼ 0 eV, and
the 95% upper limits are only marginally broader than the
ΛCDM counterparts, ruling out NO/IO at 83.3%=98.4%
for the baseline combination with P-ACT. This limited
impact of EDE on Mν is in line with the few studies that
vary EDE and Mν jointly: Ref. [111] finds an upper limit

Mν < 0.096 eV (95% CL) when fitting EDE with Planck
PR4 CMB, ACT DR6 and Planck PR4 CMB lensing, and
DESI Y1 BAO, while Ref. [112] showed earlier that freeing
Mν does not appreciably increase the allowed EDE fraction
once BAO distances are included.
The different behavior with respect to neutrino mass

constraints can be traced to parameter degeneracies when
fitting the extended models to the full combination of data.
Increasing the EDE fraction (fEDE) demands a compensat-
ing rise in the cold-dark-matter density (ωcdm) to maintain
theCMB fit [39]. As shown inRef. [112], this strongly limits
the extent to which the value ofMν can be raised in models
with fEDE > 0, as the effect of the increased dark matter
density on the BAO scale is similar to that of raising Mν,
which behaves like dark matter once it becomes non-
relativistic, meaning there is not more room to raise Mν

FIG. 7. Neutrino mass constraints for CMB + 5 × 2 pt + BAO
for the three models explored in this work. The lower limits
implied by the normal ordering (NO) and inverted ordering (IO)
are shown in the graey vertical bands in order from left to right.

TABLE VI. Constraints onMν for combinations of CMB, BAO
and 5 × 2 pt. For most models, we quote the 95% CL upper limit
(“<”). For the DDE, we report the posterior mean and 1σ error
and also show the corresponding 95% upper limit in parentheses.

Dataset + model Mν [eV]

ACT DR6 + BAO + 5 × 2 pt (ΛCDM) <0.050
Planck PR4 + BAO + 5 × 2 pt (ΛCDM) <0.056
ACT DR6 + BAO + 5 × 2 pt (EDE) <0.088
Planck PR4 + BAO + 5 × 2 pt (EDE) <0.094
ACT DR6 + BAO + 5 × 2 pt (DDE) 0.081� 0.052

(95% CL: <0.171)
Planck PR4 + BAO + 5 × 2 pt (DDE) 0.074� 0.049

(95% CL: <0.164)

17See, however, Ref. [106] which finds mild evidence of
excess lensing when combining several datasets including
HiLLiPoP.
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while maintaining a good fit to BAO data. In the DDE case,
however, departures from a cosmological-constant equation
of state affect the BAO distances in amanner that is opposite
in sign to raising Mν, so the combined posterior allows for
larger values ofMν. This is demonstrated in Fig. 8, where for
model parameters further from the ΛCDM limit, a higher
inferredMν is preferred by the data to maintain a good fit to
BAO distance ratios. Correspondingly, the constraints in the
w0wa plane are degraded when allowing for a free neu-
trino mass.
These results suggest that even in light of the new

5 × 2 pt data vector, dynamical dark energy can offer a
viable solution to resolve the apparent tension between
oscillation measurements and cosmological neutrino mass
constraints under ΛCDM, while EDE only marginally
improves the situation. This is a clear point of difference
between the models and adds some supporting evidence
for DDE while at the same time not completely ruling
out EDE. In the next section, we confront the extended
models with several external data sets to assess their
compatibility.

E. Adding external datasets

In this section, we explore the early and late-time dark
energy modifications in the context of other external
datasets. Here, we ask if the fit of these models to the
CMB, BAO and 5 × 2 pt data is consistent with external
data, namely, supernovae data from Pantheon+ and an
external H0 prior from SH0ES [22] (see Figs. 9 and 10).

F. Adding Pantheon+ SNe (uncalibrated)

Supernova distances tighten the late-time expansion
constraint by providing a measure of the shape of HðzÞ

in the low-redshift Universe (until z ¼ 2.26 for Pantheon+).
This significantly improves the constraining power in the
w0wa plane by adding additional expansion rate constraints
at late times, essentially giving a relatively strong constraint

FIG. 8. Scatter plot of neutrino mass values in the w0wa plane
for the P-ACT + 5 × 2 pt + BAO chain. The ΛCDM limit is
denoted at the crossing of the two grey dashed lines.

FIG. 9. Contours for the DDE model using the baseline and
selected external data. Black: baseline; blue: baseline + Pantheon+
(uncalibrated SNe); red: Pantheon+ supernovae alone.

FIG. 10. Contours for the EDE model using the baseline and
selected external data. Black: baseline; blue: baseline + Pantheon+
(uncalibrated SNe); red: baseline + SH0ES H0 prior; yellow
baseline + KiDS-Legacy S8 prior.
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on w0 while wa is weakly constrained (see the red contour
in Fig. 9). When adding these data to the baseline
combination, the posterior becomes significantly tighter
and is pulled toward w0 ¼ −1. We measure, via Wilks’
theorem, a reduced preference over ΛCDM of 2.5σ for
combinations with ACT DR6 and 2.1σ for HiLLiPoP
(See Table VII). Inspecting Fig. 9, we can understand
this as there is a mild (∼1σ) tension between the SNe
alone constraints in the w0wa plane where the SNe data
generally restrict the dark energy equation of state today to
be closer to w0 ¼ −1 than the central value of the baseline
constraint. We note that the DESI Collaboration also find a
small reduction in the preference for DDE when analyzing
the combination of CMB, BAO, and Pantheon+ data
compared to the CMB + BAO preference.18 This also
has implications for the neutrino mass constraint in DDE
when adding SNe to the data combination; we find a tighter
neutrino mass upper limit of Mν < 0.11 eV, and the
posterior now peaks at Mν ¼ 0 eV when allowing a free
neutrino mass. This is due to the fact that the addition of
SNe limits the departure from a cosmological constant in
the w0wa plane, and as per Fig. 8, this means there is less
scope for higher neutrino mass inferences. Nonetheless,
this constraint still remains more compatible with oscil-
lation measurements than the ΛCDM and EDE baseline
constraints.
For the EDE model, adding Pantheon+ very slightly

reduces the preference for the EDE scenario and tightens
the upper limit to fEDE < 0.10 (95% CL); this can be
understood by the fact that Pantheon+ prefers a higher Ωm
compared to the 5 × 2 pt and BAO combination.
Examining Fig. 5, we can see that the EDE model, when
fit to CMB data alone, prefers a lower Ωm as fEDE is
increased; hence, including data that prefer a larger Ωm

limits the extent to which fEDE can be raised while
maintaining a good global fit to the datasets. The EDE
model does not affect late-time dynamics, and hence, the
Ωm constraint from Pantheon+ alone is essentially
unchanged in the EDE model (the same is not true
for DDE).

G. Compatibility with SH0ES

In this section, we discuss the compatibility of the two
extended dark energy models with the SH0ES local distance
ladder measurement (H0 ¼ 73.04� 1.04 km s−1Mpc−1

[22]). For DDE, our baseline constraints yield H0 ¼
63.6� 1.8 km s−1 Mpc−1 (P-ACT) and H0 ¼ 63.4�
1.8 km s−1Mpc−1 (HiLLiPoP), corresponding to 4.54σ
and 4.64σ1D Gaussian tensions. As seen in Fig. 9, the
degeneracy directions imply that moving farther into the
DESI BAO + CMB–preferred region with w0 > −1 and
wa < 0 drives the inferred H0 even lower, worsening
the disagreement with SH0ES (see also Refs. [115,116]).
It should be noted that the Gaussian tension in the base-
line ΛCDM model is around the same level as seen for
DDE, but this is because the error bar of the H0 inference is
greatly enlarged compared toΛCDMwhich compensates for
the lower central value. This model, hence, does not
necessarily worsen this problem from a Bayesian con-
straint point of view, yet the best-fit model has a more
discrepant value. Given the level of discrepancy, we do not
additionally combine with a SH0ES prior on H0 when
fitting to the DDE model. Overall, the DDE model can-
not effectively reconcile late-time local distance ladder
measurements with the inferred H0 from CMB, BAO, and
LSS data.
The story is different for EDE, which was originally

designed to help resolve this tension. Because EDE’s fit to
our baseline combination is only mildly inconsistent with
SH0ES (Gaussian tensions of 2.0σ and 2.6σ for P-ACT and
HiLLiPoP, respectively), we do analyze the situation
when adding a SH0ES prior to our baseline dataset.
Incorporating this prior shifts the posterior toward
higher H0 (closer to SH0ES) and yields a well-constrained
fEDE ¼ 0.11� 0.02. Relative to the corresponding ΛCDM
fit, EDE is then favored at 4.5σ for the P-ACT combination
and at 4.0σ for the HiLLiPoP combination. Thus, EDE
can reconcile the local distance-ladder determination of H0

TABLE VII. Preferences for DDE and EDE with external
datasets. Entries show best-fit Δχ2 ≡ χ2ΛCDM − χ2model and the
Gaussian-equivalent significance nσ for the baseline CMB +
BAO + 5 × 2 pt combination (first row in each block) and after
additionally including each external dataset (subsequent rows).

Planck PR4 ACT DR6

Model Dataset Δχ2 nσ Δχ2 nσ

DDE
Baseline 13.5 3.0 14.6 3.3
+ SNe 8.3 2.2 9.5 2.5

EDE

Baseline 6.7 1.4 11.4 2.3
+ SNe 6.6 1.4 10.3 2.1
+ KiDS Legacy prior 6.3 1.3 10.0 2.0
+ SH0ES prior 23.6 4.0 28.3 4.5

TABLE VIII. EDE constraints from ACT DR6 with external
datasets. Entries follow the rule: if the detection significance is
below 2σ, report a one-tailed 95% upper limit; otherwise report
the mean �1σ. Baseline is ACT DR6 + BAO + 5 × 2 pt.

Dataset fEDE

Baseline (P-ACT + BAO + 5 × 2 pt) fEDE < 0.12 (95% CL)
+ SNe fEDE < 0.10 (95% CL)
+ KiDS-Legacy prior fEDE < 0.12 (95% CL)
+ SH0ES prior fEDE ¼ 0.11� 0.02

18Note the DESI team explored two other supernovae datasets
(Union3 [113] and DES Y5 SNe [114]), both of which show a
slightly stronger preference for a DDE scenario in combination
with CMB and BAO data; we expect to see a similar trend if we
substituted the Pantheon+ dataset for either one of these.
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with the global dataset without compromising the overall
quality of fit; we find a Bayesian PTE ¼ 0.472 when
adding the SH0ES prior in the EDE scenario compared to
0.476 for the baseline combination.

H. Adding a KiDS-Legacy prior for EDE

To understand the effect of adding weak lensing data to
the full data combination when analyzing the EDE model,
we include a Gaussian S8 ¼ 0.815� 0.012 prior based on
the latest KiDS-Legacy results.19 As this updated likelihood
was not made publicly available at the time of completing
this work, this provides a useful estimate of the level of
parameter shift expected when including this dataset. In
EDE scenarios, increasing fEDE generally raises the
inferred S8 when fitting CMB data [117,118].
Reference [117] showed that this exacerbates the “S8
tension’,’ disfavoring EDE when analyzing this model
with a joint weak-lensing prior from KiDS-1000, DES-
Y3, and HSC-Y1. Reexamining this with a prior based on
the latest KiDS-Legacy result, we find that the EDE
preference remains stable—ACT: Δχ2 ¼ 10.3 (nσ ¼ 2.5),
Planck: Δχ2 ¼ 6.9 (nσ ¼ 1.9)—and the 95% CL upper
limit on fEDE is unchanged. This result would suggest that
the latest weak lensing data, which show a significantly
lower S8 tension, do not provide a sufficiently strong limit
on fEDE to decisively rule out this model (see Table VIII).
For DDE, we cannot simply place a Gaussian prior

on S8, as the S8 constraint from the KiDS-Legacy data
alone will be significantly changed in the DDE scenario.

In future work, it would be interesting to consistently
combine our analysis with weak lensing data, including all
cross-correlations. It was demonstrated in Ref. [7] that the
addition of KiDS-1000 data to the combination of CMB
and BAO data reduced the preference for the dynamical
dark energy scenario. This is because models far from a
cosmological constant, when fit to CMB and BAO data,
prefer a higher S8 value than in ΛCDM (see Fig. 11) and
hence tend to worsen the discrepancy with the lower S8 ¼
0.777� 0.017 value measured in KiDS-1000 [119]. We
expect the most recent KiDS-Legacy data to be more
compatible with the dynamical dark energy scenario, given
its preference for an increased S8.

VI. DISCUSSION AND CONCLUSIONS

In this work, we analyzed a multiprobe 5 × 2 pt combi-
nation of ACT DR6 CMB lensing, LS LRGs, and Planck
ISW for the first time. The 5 × 2 pt data vector is well
described by a ΛCDM model with the computed Bayesian
PTE ¼ 0.36. In ΛCDM, we derived a constraint on the
lensing amplitude of S8 ¼ 0.819� 0.016. We also found a
sound-horizon-free value of H0¼70.0�4.4kms−1Mpc−1

from the 5 × 2 pt data vector alone and H0 ¼ 66.2�
3.1 km s−1Mpc−1 when additionally including Pantheon+
SNe data. These values agree very well with CMB deter-
minations of these parameters from Planck PR4 and ACT
DR6. In particular, we do not observe the “lensing is low”
trend for the combination of LSS data used here, suggesting
that if the hints for low S8 seen in some previous galaxyweak
lensing analyses are confirmed to be physical in nature, the
new physics required to explain these data resides in scales
and redshifts not probed by our 5 × 2 pt combination.
Despite the fact that ΛCDM fits the 5 × 2 pt LSS,

BAO, and CMB data individually very well (see, e.g.,
Refs. [10,27,32] and our PTE values in Table IV), when put
together, we see a mild preference for extended models.
This can be traced to a (∼2σ) discrepancy between the
posteriors under ΛCDM for the CMB and 5 × 2 pt + BAO
combination, which we exemplify in the Ωm–

Dv
rd

plane
(Fig. 5). We investigated two dark energy extensions that
can help reconcile this discrepancy: an early-Universe
component prior to recombination (EDE) and a late-time
dynamical equation of state (DDE). To assess the robust-
ness of our results, we employed two complementary CMB
primary likelihoods: Planck PR4 (HiLLiPoP) and ACT
DR6 (P-ACT). In our baseline CMB + 5 × 2 pt + BAO
combinations, the dynamical model is preferred over
ΛCDM at 3.3σ (combination with P-ACT) and 3.0σ
(combination with HiLLiPoP), whereas EDE yielded a
milder preference of 2.3σ (combination with P-ACT) and
1.4σ (combination with HiLLiPoP). We demonstrated
that adding our new 5 × 2 pt LSS data vector beyondCMB+
BAO provides a stronger preference for extended dark
energy in all cases; by ≃1σ for DDE and by ≃0.5σ for

FIG. 11. Scatter plot of S8 values in the w0wa plane for the
P-ACT + 5 × 2 pt + BAO chain. Models far from a cosmological
constant (crossing point of grey lines) prefer higher S8 values.

19We note Ref. [117] validated that placing a Gaussian prior on
S8 is a very good approximation to including the full weak
lensing dataset when analyzing EDE with CMB, BAO, and
lensing data (see their Appendix B).
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EDE, which we traced back to an enhanced tension in the
Ωm–

Dv
rd

plane.
To further investigate the dark energy extensions, we

examined their impact on neutrino mass constraints, which
exhibit tension with oscillation measurements within
ΛCDM [100,101]. The inclusion of the 5 × 2 pt data vector
to CMB + BAO tightened the upper limit onMν in ΛCDM,
worsening the apparent tension with oscillation data. We
found the normal (inverted) hierarchy scenario to be ruled
out at 97.64% (99.99%) when combining with P-ACT
with an upper limit ofMν < 0.050 eV (95% CL). The EDE
scenario provides only marginal relief, with the 95% upper
limit relaxed to ≲0.09 eV and the posterior still peaking at
Mν ¼ 0 eV. By contrast, the DDE model significantly
relaxes the neutrino mass bound to Mν ≲ 0.17 eV, with
the posterior peaking at Mν > 0 eV for both CMB like-
lihoods. This relaxation occurred due to a degeneracy
between dynamical dark energy and neutrino mass effects
on BAO distances at late times, as illustrated in Fig. 8,
where models with w0 < −1; wa < 0 allow for higher
neutrino masses. At face value, these findings strengthen
the case for a DDE scenario over EDE and ΛCDM, as in
this model we can effectively reconcile neutrino constraints
with oscillation data. The degeneracy between dynamical
dark energy and neutrino mass, however, remains a
fundamental limitation of achieving precise neutrino mass
measurements in the DDE scenario with current data.
We then considered adding several external datasets and

priors to our baseline combination of data. First, we
combined with SNe data from Pantheon+, finding that in
both cases the preference for departures from ΛCDM is
slightly decreased. In the case of EDE, this can be under-
stood as the Pantheon+ supernovae prefer a relatively high
value of Ωm ¼ 0.334� 0.018 [21], which is unchanged
when analyzed under an EDE model, and this is incom-
patible with the high-fEDE scenario, which prefers a
slightly lower Ωm when fit to CMB data alone. The shift
is, however, not significant enough to rule out the EDE
scenario; for the combination with ACT DR6 P-ACT, we
find an upper limit of fEDE < 0.10, compared to fEDE <
0.12 for the baseline data combination. The addition of
Pantheon+ has a relatively bigger impact on the DDE
model, where the contours in the w0wa plane are signifi-
cantly tightened compared to our baseline combination and
the model preferences are decreased from 3.3σ (3.0σ) to
2.5σ (2.2σ) for the combination of data with ACT DR6
(Planck PR4). This is due to the relatively strong constraint
on w0 provided by the Pantheon+ SNe data, which prefers a
value close to w0 ¼ −1 and hence limits the allowed
departure from a cosmological constant in the combined
constraints. This also has implications for the neutrino mass
constraint in this model; this is tightened toMν < 0.11 eV.
While this remains more compatible with oscillation
measurements than the baseline ΛCDM and EDE con-
straints, the posterior in this scenario peaks again at

Mν ¼ 0 eV. It would be interesting, in future work, to
compare these findings when including other supernova
datasets such as Union3 [113] and DES-Y5 [114].
Next, we assessed the compatibility of the two extended

dark energy models with the SH0ES local distance ladder
(H0 ¼ 73.04� 1.04 km s−1Mpc−1 [22]) measurement.
Here, we see a more stark distinction between the models;
when fit to the baseline combination of data, EDE brings
theH0 tension with SH0ES to≲2.5σ. Including the SH0ES
measurement as a prior on H0 when fitting to the baseline
dataset, we find a constraint of fEDE ¼ 0.11� 0.02 which
peaks significantly away from fEDE ¼ 0. The EDE scenario
is favored at ∼4σ over the ΛCDM fit to the same data (also
including the SH0ES prior), and the Bayesian PTE of the fit
including the SH0ES prior is not changed compared to the
baseline. These results demonstrate that EDE can do what it
was originally designed for: help to resolve the Hubble
tension while maintaining a good global fit to data. We also
showed that including an S8 prior based on KiDS-Legacy
measurements [79] does not alter the model preference for
EDE, in contrast to previous studies using an S8 prior based
on the older KiDS-1000 dataset, DES-Y3, and HSC-Y1,
which find this significantly reduces model preference (see,
e.g., Ref. [117]). For DDE, our baseline Hubble constant
constraints yield H0 ¼ 63.6� 1.8 km s−1Mpc−1 (P-ACT)
and H0 ¼ 63.4� 1.8 km s−1 Mpc−1 (HiLLiPoP), corre-
sponding to 4.54σ and 4.64σ1D Gaussian tensions. The
degeneracy directions imply that moving farther into the
DESI BAO + CMB–preferred region with w0 > −1 and
wa < 0 drives the inferred H0 even lower, worsening the
disagreement with SH0ES. In short, the DDE model cannot
effectively reconcile late-time local distance ladder mea-
surements with the inferred H0 from CMB, BAO and
LSS data.
In summary, both the DDE and EDE extensions remain

potentially viable explanations for the small discrepancies
in current cosmological data, in the sense that neither model
can be definitely ruled out with current data. However,
neither model provides a compelling solution to all con-
temporary issues found when confronting ΛCDM with
data. The DDE model generally yields an improved global
fit to our baseline data and can reconcile the lower limit on
Mν from neutrino oscillation data, but it cannot address the
high H0 measurements from the late Universe. The EDE
model offers a compelling (if partial) resolution to the
Hubble tension, but its statistical preference over ΛCDM is
not as strong, and neutrino mass constraints remain in some
tension with oscillation data. A plethora of other model
extensions exist that have the potential to resolve one or
more of the mild discrepancies observed in the ΛCDM
framework (see Ref. [120] for a recent review); it would be
interesting to explore a subset of these in a future
study. Another promising avenue is exploring model-
independent reconstructions to elucidate where in redshift
deviations from the expected evolution under ΛCDM may
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occur and using this to inform model building (see, e.g.,
Refs. [121–125] for a nonexhaustive list of recent works
employing this approach with DESI BAO data in combi-
nation with other datasets).
Looking ahead, upcoming observations will be pivotal in

discriminating between ΛCDM and its contenders. On the
CMB side, new high-resolution measurements from the
next generation of experiments, such as the Simons
Observatory, will provide independent cross-checks of
the mild preference for EDE seen in ACT data. In parallel,
forthcoming large-scale structure surveys (e.g., DESI Year
5, Euclid [126], and the Rubin Observatory’s LSST [127])
will dramatically sharpen measurements of the low-z
expansion history and structure growth. In addition,
improved supernova samples and gravitational lensing
time-delay measurements will further pin down the late-
Universe expansion rate. Together, these advances will
either bolster the case for new physics—if the moderate
hints reported here grow with more data—or else they will
tighten the constraints enough to definitively reaffirm
ΛCDM by ruling out its proposed alternatives. In either
event, multiprobe techniques, capitalizing on the synergy of
CMB, galaxy, and lensing surveys, will continue to be a
powerful approach for testing the foundations of
cosmology.
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APPENDIX A: COMPRESSED HiLLiPoP
LIKELIHOOD

To compress the HiLLiPoP likelihood, we bin the full
high-l likelihood (which has Nd ¼ 29; 758 data points
corresponding to a concatenation of unbinned TTTEEE

spectra for several frequency channels) into N ¼ 1573
bandpowers. Specifically, we adopt a simple-minded bin-
ning scheme of

Δl ¼

8>>><
>>>:

5; 30 ≤ l < 100;

10; 100 ≤ l < 500;

20; 500 ≤ l < 1000;

50; 1000 ≤ l ≤ 2500;

ðA1Þ

and we additionally weight each mode entering the bins
with a cosmic variance weighting of wl ¼ lðlþ 1Þ. This
reduces the data-vector size by a factor of ∼19 (from
29, 758 to 1573 points), and we checked that the posteriors
obtained in the ΛCDM, EDE, and DDE model are identical
to the uncompressed posteriors (see Fig. 12 for the DDE
comparison) as might be expected as cosmological param-
eters typically induce smooth changes to the associated
CMB power spectra. This compression is useful as it speeds
up the analysis by a factor of ∼1.8 by reducing the memory
overhead of evaluating one likelihood and thereby reducing
memory latency when running inference on GPUs. We
make the JAX version of the HiLLiPoP likelihood and the
corresponding binning matrix for this compression publicly
available at footnote 3.

APPENDIX B: TO WHAT EXTENT ARE WE
DOUBLE-COUNTING BAO INFORMATION?

We perform the same analysis presented in Appendix A
of Ref. [7] using these updated data to assess the validity of
the assumption that we can combine the LSS and BAO

FIG. 12. Compressed HiLLiPoP vs original for combination
of Planck PR4 + BAO data in the DDE model.
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information at the likelihood level while ignoring their
cross-correlation. We begin by defining a wiggle–no-
wiggle split of the linear matter power spectrum following
Refs. [129–131], using an approximate analytic expression
for the “wiggly” component,

PwðPnw; k; αÞ ≈ APnwðkÞ sin
�
klBAO

α

�
× exp½−k2ðΣ2

NL þ Σ2
SilkÞ�; ðB1Þ

where Pnw is the smooth (no-wiggle) power spectrum,
A ≈ 0.05 is an overall amplitude rescaling, lBAO ≈
105h−1 Mpc, ΣNL ≈ 3h−1 Mpc, ΣSilk ≈ 5h−1 Mpc, and α
is the isotropic Alcock–Paczynski parameter. We obtain
Pnw by performing a “wiggly–non-wiggly split” via the
discrete spectral analysis method of Refs. [130,131]. This
method identifies and removes BAO-induced features in
the Fourier transform of lnðkPðkÞÞ, replacing them with a
smooth spline before inverse-transforming back to k space.
This functional form accurately (to within 5%) reproduces
the BAO residual in our fiducial (Planck 2018) cosmology,
providing a suitable order-of-magnitude model of the BAO
signal.
Next, to examine the sensitivity of our framework to the

BAO scale, we construct a JAX-based theoretical calculation
that combines the smooth component Pnwðk; zÞ with its
“wiggly” counterpart Pw in each DESI DR2 BAO redshift
bin. Assuming linear theory (which is accurate for an order-
of-magnitude assessment of the cross-covariance), we write

Ptotðk; zÞ ¼ Pnwðk; 0ÞD2ðzÞ
þ Pw½Pnwðk; 0ÞD2ðzÞ; k; αðzÞ�; ðB2Þ

where DðzÞ is the linear growth factor. We then project
Ptotðk; zÞ into angular power spectra Cl via a Limber
integral, using each probe’s window function. In this way,
we can systematically vary αðzÞ and assess the extent to

which BAO wiggles affect our 5 × 2 pt observables. Since
we vary αðzÞ uniformly across each DESI redshift bin
without including detailed selection effects, our Fisher
estimates should be regarded as an upper limit on the
BAO information available to the 5 × 2 pt observables. In
practice, survey window functions and nonuniform redshift
weighting would further dilute this sensitivity.
We can derive the Fisher information matrix following:

F ¼
�
∂T⃗
∂αi

�
T
C−1
ij

�
∂T⃗
∂αj

�
; ðB3Þ

where T⃗ðα⃗Þ is the theory prediction for the 5 × 2 pt data
vector, which depends on the αiso parameters. We make use
of JAX’s automatic differentiation feature to accurately
compute these derivatives. The inverse of F (the precision
matrix) provides an estimate of how sensitively our
5 × 2 pt data constrain each α parameter. We present the
one-dimensional Gaussian distributions representing this
constraining power in Fig. 13. Comparing these constraints
with the DESI DR2 BAO uncertainties from Table IV of
Ref. [10], we find that the 5 × 2 pt data vector is at least
four times weaker (i.e., it yields parameter uncertainties
about four times larger) than the DESI DR2 BAO results in
constraining the α parameters. The BAO-scale parameter
for the LRG1 sample is the most tightly constrained by the
5 × 2 pt data for the LRG3 + ELG1 DESI bin, which
overlaps with the fourth and third tomographic bins of the
LS LRGs. We do not display the other BAO bins, as the
constraining power from the LSS data vector is found to be
negligible due to the limited overlap in redshift with the
LS LRGS.
Overall, this back-of-the-envelope calculation, which

likely overestimates the sensitivity of projected LSS probes
due to the simplification of uniformly varying αðzÞ across
the redshift bins associated with the DR2 BAO data,
demonstrates that the BAO information content in our

FIG. 13. Theoretical BAO information content in LSS data. The BAO information content is compared for the three redshift bins that
are most tightly constrained by the LSS data. For all other DESI DR2 BAO redshift bins, the LSS data provide essentially no BAO
information.
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joint analysis comes almost exclusively from the DESI
DR2 BAO sample. This justifies our assumption of ignor-
ing the cross-covariance between the BAO and 5 × 2 pt
data vectors.

APPENDIX C: COMPARISON WITH SAILER
ET AL.

In Fig. 14, we compare our ΛCDM 2 × 2 pt (i.e. LS
LRGs autocorrelation and the cross-correlation with ACT
DR6 lensing) constraints to those of Sailer et al. in
Ref. [17], where we adopt the same setup fixing
ωb ¼ 0.02236, ns ¼ 0.9649, Ωmh3 ¼ 0.09633 as
Ref. [17] (this differs from the setup used in the main text
and is employed here only for this test). The two analyses
differ in several substantive ways. First, our covariance is
simulation based, constructed from forward-modeled mock
maps, whereas Ref. [17] uses an analytic approach to
estimate the covariance. Second, we include the lowest-
redshift LRG bin in our linear bias analysis, while Ref. [17]
excludes it. Third, for theory modeling, we use linear
galaxy bias and use HMCODE-2020 for the nonlinear matter
power spectrum, whereas the fiducial constraints of
Ref. [17] employ a hybrid effective field theory (HEFT)
approach. Finally, our beyond-Limber modeling allows us
to access larger angular scales (lower l) with slightly
different scale cuts, while Ref. [17] adopts more
conservative large-scale cuts, though on the other hand
in their HEFT setup they extend to smaller angular scales
than we do. Despite these differences in approach, the
posteriors closely agree across parameters comparing the
fiducial setup of Ref. [17] and the constraints from this

pipeline (Fig. 13), demonstrating that the LRG × κCMB
ΛCDM constraints are robust to these analysis choices. The
constraints are tighter than those for the linear theory case
of Ref. [17], mostly due to our inclusion of the lowest
redshift bin in the analysis.

APPENDIX D: COVARIANCE COMPARISON
WITH NaMaster

To further validate our simulation-based covariance
matrix, we compare the square root of the diagonal
elements of our covariance matrix for our LSS dataset
against an independent analytic calculation using NaMaster

[49], which employs a Gaussian approximation to compute
the covariance while accounting for the effects of mode-
coupling due to the presence of a mask. We show the ratio
of the diagonal elements in Fig. 15. We also run our LSS
5 × 2 pt analysis with this analytic covariance and compare
the results to using our simulation based approach and find
entirely consistent constraints (see Fig. 16).

APPENDIX E: EDE PARAMETER PRIORS

In this work, we adopted a Gaussian prior log10 ac ∼
N ð−3.531; 0.10Þ following Ref. [12] to reduce prior
volume effects when fEDE → 0, where log10 ac becomes
effectively unconstrained (see, e.g., Refs. [132,133] for a
discussion of prior volume effects in EDE model con-
straints). As a robustness check (Fig. 17), we repeat the
analysis with a flat prior on log10 ac and observe a mild
shift of the marginalized contours toward fEDE ¼ 0, con-
sistent with what was found for a similar test in Ref. [60].
The upper limits on fEDE are essentially unchanged: for
Planck PR4 + DESI/ACT BAO, we find fEDE < 0.089

FIG. 14. Comparison of ΛCDM results to Ref. [17].

FIG. 15. Ratio of the marginal uncertainties (σanalytic=σsim)
comparing our NaMaster-based analytical LSS covariance to the
simulation-derived version. The κκ block is omitted here, as we
use the official covariance from ACT DR6 for this block as
explained in the main text.
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(95% CL), and with a flat prior fEDE < 0.090; for ACT
DR6 + DESI/ACT BAO, we obtain fEDE < 0.112
(95% CL), and with a flat prior fEDE < 0.126. The use
of the Gaussian prior also does not affect our model
comparison results, which are based on best-fit χ2 values.
We conclude that adopting this prior has a negligible
impact on our results and leaves our overall conclusions
regarding EDE unchanged.

APPENDIX F: CMB LENSING CROSS-
CORRELATION NOMALIZATION CORRECTION

When CMB lensing maps are reconstructed from
masked and anisotropically filtered CMB data, the resulting
quadratic estimator acquires a spurious normalization that
depends on the geometry of the mask. This effect is
important for lensing cross-correlation analysis, where
the normalization differs from that of the autospectrum
and, if uncorrected, can bias cosmological parameter
inference [134]. To correct for this, we follow Ref. [17]
and compute a Monte Carlo (MC) normalization factor,
defined as

ðMCÞL ¼
P

l;i;mWLlfMκCMB dκCMB
iglmfMgκiCMBg�lmP

l;i;mWLlfMκCMBκiCMBglmfMgκiCMBg�lm
; ðF1Þ

where MκCMB and Mg are the CMB lensing and galaxy
masks, dκCMB

i is the reconstructed convergence from the ith
simulation, κiCMB is the corresponding input convergence,
and WLl denotes the bandpower window function. The
operator fABglm ≡ R

d2n̂Y�
lmðn̂ÞAðn̂ÞBðn̂Þ represents the

masked spherical harmonic transform. In practice, we
evaluate Eq. (F1) using the Nsim ¼ 480 official ACT
DR6 simulations, applying the same ACT lensing mask
MκCMB and DESI LRG mask Mg as used in the data.
Averaging across simulations yields a multiplicative cor-
rection factor that we apply to the DESI LRG–CMB
lensing cross-spectra. We do not compute this correction
for the κCMBT ISW cross-correlation, since the sky overlap
of the Planck PR3 and ACT DR6 lensing masks is nearly
identical, and the resulting correction is expected to be
negligible.

APPENDIX G: EMULATOR VALIDATION

In this appendix, we validate the accuracy of the neural
network emulators for both the w0wa and early dark energy
(EDE) models, including a free neutrino mass sum in both
cases. We evaluate the emulators on an independent test set
of N ¼ 10, 000 parameter points randomly drawn within
the priors shown in Table III and compare their predictions
to exact Boltzmann solver calculations.
To assess the impact on parameter inference, the absolute

residuals are normalized by the 1σ error bars estimated
from the square root of the diagonal elements of the
covariances adopted in our likelihoods: ACT DR6

FIG. 17. Comparison of baseline constraints for the EDE model
with a flat prior on log10 ac.

FIG. 16. Comparison of cosmological parameter posteriors
from the 5 × 2 pt analysis using simulation-based (blue) versus
analytical (orange) covariance matrices. The high degree of
overlap between the contours demonstrates that the independent
methods of deriving the covariances agree to the level that there is
negligible difference in the resultant cosmological parameter
contours.
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(P-ACT) for the CMB, our simulation-based covariance for
LSS probes, and DESI DR2 for BAOs.
Figures 18 and 19 show the resulting fractional errors.

For both models, the emulated theory falls within 0.1σ of

the exact calculation for 95% of the test samples across all
observables. This high level of precision guarantees that
emulator errors are negligible and the resulting cosmologi-
cal posterior contours remain unbiased.
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