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ABSTRACT: We use new cosmic microwave background (CMB) primary temperature and
polarization anisotropy measurements from the Atacama Cosmology Telescope (ACT) Data
Release 6 (DR6) to test foundational assumptions of the standard cosmological model, ACDM,
and set constraints on extensions to it. We derive constraints from the ACT DR6 power
spectra alone, as well as in combination with legacy data from the Planck mission. To
break geometric degeneracies, we include ACT and Planck CMB lensing data and baryon
acoustic oscillation data from DESI Year-1. To test the dependence of our results on
non-ACT data, we also explore combinations replacing Planck with WMAP and DESI
with BOSS, and further add supernovae measurements from Pantheon+ for models that
affect the late-time expansion history. We verify the near-scale-invariance (running of the
spectral index dns/dInk = 0.0062 £ 0.0052) and adiabaticity of the primordial perturbations.
Neutrino properties are consistent with Standard Model predictions: we find no evidence for
new light, relativistic species that are free-streaming (Neg = 2.86 £ 0.13, which combined
with astrophysical measurements of primordial helium and deuterium abundances becomes
Negg = 2.8940.11), for non-zero neutrino masses (> m, < 0.089€V at 95% CL), or for neutrino
self-interactions. We also find no evidence for self-interacting dark radiation (Njq, < 0.134),
or for early-universe variation of fundamental constants, including the fine-structure constant
(amm/amMmo = 1.0043 £ 0.0017) and the electron mass (m./meo = 1.0063 £ 0.0056). Our
data are consistent with standard big bang nucleosynthesis (we find Y}, = 0.2312 £ 0.0092),
the COBE/FIRAS-inferred CMB temperature (we find Toyp = 2.698 + 0.016 K), a dark
matter component that is collisionless and with only a small fraction allowed as axion-like
particles, a cosmological constant (w = —0.986 £+ 0.025), and the late-time growth rate
predicted by general relativity (y = 0.663 4+ 0.052). We find no statistically significant
preference for a departure from the baseline ACDM model. In fits to models invoking early
dark energy, primordial magnetic fields, or an arbitrary modified recombination history, we
find Hy = 69.9J_r(1):§, 69.1 + 0.5, or 69.6 & 1.0 km/s/Mpc, respectively; using BOSS instead of
DESI BAO data reduces the central values of these constraints by 1-1.5 km/s/Mpc while
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only slightly increasing the error bars. In general, models introduced to increase the Hubble
constant or to decrease the amplitude of density fluctuations inferred from the primary CMB
are not favored over ACDM by our data.

KEYWORDS: CMBR theory, cosmological parameters from CMBR, cosmology of theories
beyond the SM
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1 Introduction

The A cold dark matter (ACDM) cosmological model has emerged as the standard model of
cosmology over the past quarter-century, undergirded by precision measurements of the cosmic
microwave background (CMB) primary anisotropy power spectra in both temperature and
polarization [e.g., 1-8, and upcoming South Pole Telescope results|, the expansion history of
the universe as probed by baryon acoustic oscillations (BAO; [9-11]) and Type Ia supernovae
measurements (SNTa; [12-18]), the growth of structure from gravitational lensing and galaxy
clustering measurements [e.g., 19-42], and a wide array of additional probes. However, there
is strong motivation to further test the model and its underlying ingredients, particularly
given our lack of microphysical knowledge of the dark sector. The CMB is a uniquely powerful
probe of extensions to ACDM [e.g., 3, 43, 44], both because of the theoretical accuracy
with which new signals can be predicted in the CMB and because the CMB is sensitive to
weakly-coupled new physics that is often otherwise difficult to probe.

In this paper, we stress-test ACDM using a state-of-the-art CMB dataset built from
the new Atacama Cosmology Telescope (ACT) Data Release 6 (DR6) measurements of the
small-scale CMB temperature and polarization power spectra. A companion paper presents
these data and combines them with the Planck mission legacy data [45, 46] to form the most
statistically constraining CMB power spectrum dataset assembled to date [47]. To validate
constraints derived from the combination of ACT and Planck data, we also perform analyses
combining ACT with legacy data from the WMAP mission [2, 48]. To assist in parameter
degeneracy-breaking, we further add gravitational lensing measurements of the CMB from
ACT DR6 and Planck [24, 26, 49], as well as BAO distance measurements from the Dark
Energy Spectroscopic Instrument (DESI; [11, 50]) or the Baryon Oscillation Spectroscopic
Survey (BOSS; [39, 40]), and from the Pantheon+ supernovae compilation [17]. Further
low-redshift data are used in some analyses as well, where significant additional constraining
power can be gained.



We test the cosmological model via both single-parameter extensions of ACDM and
by relaxing its fundamental assumptions — for example, considering variations in the
underlying particle physics, energy densities of various components, and gravitational and
non-gravitational interactions between them. We constrain new physics operating at energy
scales ranging from the inflationary epoch to the recombination epoch to the late-time
universe, including models that have been constructed with the aim of increasing the value of
the Hubble constant or decreasing the amplitude of late-time density fluctuations inferred
from the primary CMB, as well as models motivated by more fundamental considerations in
particle physics, such as the existence of new light species in the early universe.

This work builds on — and extends — previous cosmological explorations performed
with ACT CMB power spectrum measurements [43, 51-58]. The new ACT DR6 data provide
higher sensitivity over a broad range of angular scales, allowing us to access potential signals
that would previously have been hidden in the noise. In some cases (depending on the model
extension), the ACT DR6 sensitivity is comparable to that achieved by the Planck legacy
dataset [3] and serves as a useful cross-check of the CMB response to a specific cosmological
model. In other cases, because ACT DR6 provides constraining power in a different region of
the power spectrum compared to Planck (particularly in polarization), the joint fit to both
datasets surpasses bounds from Planck alone and thus represents a new state of the art.

Figure 1 highlights new leading results from ACT DR6 combined with other datasets
on a wide range of benchmark single-parameter ACDM extensions that are studied in detail
later in this paper. This figure is not exhaustive and shows only a small fraction of the
extended models analyzed in this work. Figure 2 isolates the specific contributions from the
new ACT DR6 data to the primary CMB-derived constraints, by comparing constraints from
ACT alone, Planck alone, and their combination. It is evident that the new ACT DR6 data
have reached a level of precision competitive with that of Planck; furthermore, due to the
complementarity of the two datasets, their joint analysis yields significant gains over the
sensitivity of Planck alone, as will be explored throughout this paper.

Across all model extensions studied in this work, we find no preference for departures
from the baseline ACDM model. Accordingly, we set new limits on key fundamental physics
parameters and theoretical models that deviate from the standard scenario, such as models
featuring new particles or fields in the pre-recombination universe. Models introduced to
increase the CMB-inferred Hubble constant or to decrease the CMB-inferred amplitude of
density fluctuations are not favored by our data.

This paper is part of a suite of ACT DR6 papers, with companion papers describing
the maps [59, N25 hereafter|, and power spectra, likelihood, and baseline ACDM parameter
constraints [47, L25 hereafter]. Other papers report the power spectrum covariance matrix
estimation [60], beam measurements and modeling [61], and foreground modeling for the
power spectrum [62]. The broad set of ACT DR6 papers is summarized in N25 and also
includes noise simulations [63], CMB lensing maps and interpretation [26, 49, 64], component-
separated CMB temperature, CMB E-mode, and Compton y-maps [65], studies of millimeter
transients [66], and upcoming cluster and source catalogs.

The remainder of this paper is organized as follows. In section 2 we summarize the
main datasets used in our analysis. The theoretical framework and assumptions of our
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Figure 1. Constraints on single-parameter extensions to ACDM (vertical axis) versus key ACDM
parameters (horizontal axis) from the combination of the new ACT DR6 power spectra with Planck
legacy CMB spectra, CMB lensing from Planck and ACT, and BAO from DESI Year-1 data (purple;
labeled P-ACT-LB, as defined in section 2.5). We further add SNIa data from Pantheon+ (gold; with
label P-ACT-LBS) for models that affect the late-time expansion history. The rows span over models
varying neutrino physics (the summed mass and number of neutrinos with " m, and Neg respectively,
section 6.1), variation of the primordial scalar perturbation spectral index with scale (dns/dlnk,
section 4.1), the abundance of primordial helium (Y., section 6.2), and the dark energy equation
of state (w, section 7.2). These are shown across columns against ACDM parameters quantifying
the baryon, cold dark matter, and total matter densities (Q2,h? and Q.h? and §2,,, respectively), the
Hubble constant (Hp) in km/s/Mpc, the spectral index of primordial scalar perturbations (ns), and
the amplitude of density fluctuations (Sg). The contours show confidence levels at 68% and 95% (dark
and light shade, respectively). The dashed gray lines mark the canonical values expected for these
parameters in the standard models of cosmology and particle physics.



zm,

0.4 | + + +

03} + + +

02 + + +

0.1p . B T.._.) T ]
. .

35F + + +

Ny BNy

20 T+ +

J
o BT NI RTINS
'

Neff

dns/dink

oy B

0.20

0.0220 0.0228 0.11 0.13 60 70 0.94 0.98

Figure 2. Similar to figure 1, but highlighting the specific constraints from the ACT DR6 CMB
power spectra (light blue) compared to those from the Planck legacy CMB power spectra (orange)
and those from a joint analysis of the two datasets (P-ACT, navy blue, as defined in section 2.1),
which breaks degeneracies and tightens the constraints.

analyses are covered in section 3, along with an overview of the various computational tools
employed. Section 4—7 contain the main set of constraints on numerous extensions of the
standard cosmology, covering primordial perturbations and inflation constraints (section 4),
modifications of physics prior to and during recombination (section 5), properties of known
and hypothetical fundamental particles (section 6), and modifications of gravity or other
physics impacting cosmic evolution at late times (section 7). We discuss model consistency
and the resulting impact on cosmological parameter concordance in section 8. In section 9
we provide a brief summary, highlighting the consistency of the ACT and Planck CMB
power spectra with the standard ACDM cosmological model. A set of appendices provides
further technical details.



2 Summary of data

2.1 CMB power spectra

The ACT DR6 power spectra described in L25 are derived from maps made from five years
of observations collected during 2017-2022, using detector arrays sensitive to three frequency
bands: f090 (77 — 112 GHz), f150 (124 — 172 GHz), and {220 (182 — 277 GHz). The maps
are described in N25. The array-band combinations and the multipole ranges that pass a
comprehensive battery of null tests form the nominal DR6 dataset, comprising temperature-
temperature power spectra (TT), temperature-E mode polarization power spectra (TE),
and polarization-polarization power spectra (EE). These power spectra have white noise
levels that improve over those of Planck by roughly a factor of three in polarization and a
factor of two in temperature, with multi-frequency spectra measured over the multipole range
600 < £ < 8500 and the CMB signal extracted in the range 600 < ¢ < 6500. The spectra and
their covariance matrix are used as inputs to a multi-frequency likelihood, MFLike, and a
CMB-only (foreground-marginalized) likelihood, ACT-1ite, also described in L25.

To leverage the full multipole range accessible with the CMB for cosmological analyses,
we combine ACT with satellite data. A minimal addition used in all analyses of the ACT
primary CMB (labeled ACT throughout) is a Planck measurement of the optical depth to
reionization from the low-multipole EE power spectrum (¢ < 30) Sroll2 likelihood [67]. In
many cases we compress the information of Sroll2 into a Gaussian prior on the optical
depth, 7 = 0.0566 + 0.0058; for models that include parameters degenerate with primordial
power spectrum parameters, we use the full likelihood shape. As described in L25, we use
a baseline CMB combination, labeled P-ACT, which extends the combined dataset further
with the inclusion of Planck data on large-to-intermediate scales — at £ < 1000 in TT and
¢ < 600 in TE/EE, truncating the multipole range of the plik_lite likelihood [46] and
generating a “Planckey” likelihood. This combination is built to increase constraining power
while minimizing the overlap between the two experiments and allowing us to neglect their
covariance. In cases where it is useful to cross-check the results with a Planck-independent
CMB combination, we replace Planck with WMAP data from the final 9-year release [2, 48],
with this combination labeled W-ACT. In this case, we truncate the low-¢ WMA P polarization
likelihood, replacing it with the Planck Srol12 likelihood. We use a Python implementation
of the WMAP likelihood, pyWMAP, which retains only the data in temperature (on all scales)
and at ¢ > 23 in polarization.

2.2 CMB lensing

Incorporating CMB lensing data into our cosmological constraints provides valuable comple-
mentary information to that obtained from the primary CMB power spectra. Gravitational
lensing of the CMB probes large-scale structure across a wide range of cosmic history, with
a broad peak at z &~ 1-2 and a tail extending to high redshift.

The ACT DR6 CMB lensing release provides the most precise detection of CMB lensing
to date, with a 430 [26, 49] measurement of the lensing power spectrum. Lensing is robustly
measured across multipoles 40 < L < 763, with extensive tests confirming stability against
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systematics and foreground contamination [64]. The associated likelihood conservatively uses
only this baseline range to minimize potential systematic impacts.

The Planck PR4 dataset provides a CMB lensing measurement comparable to ACT DR6
in signal-to-noise, achieving 42¢ using the reprocessed NPIPE maps across multipole range
8 < L < 400 [24]. Combining Planck with ACT DR6 yields a state-of-the-art lensing power
spectrum, with ACT adding high-precision data on smaller scales, L > 400.

Our analysis uses a Gaussian likelihood framework to combine the ACT DR6 and
Planck PR4 bandpowers, which appropriately accounts for the small correlation between
the two datasets [26, 49]. The effective signal-to-noise ratio of the combined ACT DR6
+ Planck NPIPE lensing spectrum, accounting for their joint covariance, corresponds to
58c. Perturbative adjustments are also applied to correct for the weak dependence of the
measurements on cosmological assumptions, following methods outlined in [49, 68].!

2.3 BAO

BAO data measure the acoustic scale at ~ 150 Mpc in the clustering of galaxies in the
late-time, z < 4, universe. This feature allows one to constrain distance ratios parallel
and perpendicular to the line of sight as a function of redshift. The BAO feature along
the line-of-sight direction measures Dp(z)/rq, the inverse-ratio between the sound horizon
at the baryon drag epoch, rq, and Dy (z) = ¢/H(z); when combined with a calibration of
rq (e.g., from CMB data), this allows a measurement of the Hubble parameter at redshift
z. The BAO feature in the angular correlation function of galaxies at redshift z measures
Dys(z)/rq, the ratio between the comoving angular diameter distance and r4, which thus
allows inference of Djys(z) when combined with a calibration of ry. These quantities are
often combined to report measurements of the angle-averaged distance Dy (z)/rq, with
Dy (2) = (2Dp(2)2D(2))Y/3. This has a strong dependence on the matter density and other
parameters affecting the expansion history of the universe [see, e.g., 69-71]. Because the main
signature is generated during a phase of linear evolution of matter density perturbations,
BAO measurements have become the most common cosmological dataset used to break
geometric degeneracies in CMB analyses.

Previous analyses used a compilation of BAO data at different redshifts from multiple
surveys, such as the Baryon Oscillation Spectroscopic Survey (BOSS) [39] and the 6dF Galaxy
Redshift Survey [72]. Here, we use the recent DESI Year-1 observations of the BAO feature
in galaxy, quasar, and Lyman-a forest tracers [11, 50, 73] as our baseline BAO combination.?
This DESI dataset spans 0.1 < z < 4.2 and includes twelve total data points, of which ten
are pairs of Dy(z)/rq and Dys(z)/rg, and two are combined Dy (z)/ry measurements, one
each at the lowest and highest redshifts. To ensure that our results are not solely driven by
DESI, and in light of some 2.5¢ deviations between the DESI luminous red galaxy (LRG)
data points and previous measurements at the same redshifts, we also consider analyses
with DESI replaced by BOSS/eBOSS BAO data, including both BOSS DR12 LRGs [39]

!Although the ACT DR6 CMB lensing likelihood corrections have not been recomputed based on the
improved knowledge of ACT maps and power spectra presented in this new suite of papers, we do not expect
this to impact our results. We explicitly verify that even omitting these corrections altogether has negligible
impact on our inferred parameter constraints.

2The impact of the more recent DESI Year-3 observations is discussed in appendix G.



and eBOSS DR16 LRGs [40]. We primarily perform such analyses for models in which BAO
data have a significant impact on the parameter constraints.

2.4 SNIa

Type Ia supernovae (SNIa) are powerful probes of cosmological distances in the modern
universe (the last ten billion years). Using SNIa anchored to other cosmological distance
indicators, supernovae constrain the luminosity distance across a range of redshifts; even in
the absence of absolute calibration, SNIa precisely constrain the relative expansion history
of the universe at late times. SNIa are thus sensitive probes of the matter density and the
equation of state of dark energy, as well as the spatial curvature when analyzed in tandem
with the CMB. To maximize redshift coverage and ensure consistency of calibration of the
SNIa, surveys from different groups are combined and re-calibrated, and released with a
likelihood including systematic errors from fitting a model of supernova brightness, calibration
offsets, and telescope systematics [e.g., 14-16, 18]. Here we use the latest SNIa compilation
from Pantheon+ [17, 74], which brings together 18 samples comprising 1550 spectroscopically-
confirmed SNIa spanning 0.001 < z < 2.26. We primarily include Pantheon+ as an additional
dataset when exploring models that affect the expansion history of the late-time universe,
and do not explore other SNIa compilations.

2.5 Glossary of data combinations and other additional datasets

In this paper, we analyze the CMB primary anisotropy datasets introduced in section 2.1
alone or combined with CMB lensing from section 2.2, BAO data from section 2.3, and SNIa
data from section 2.4. We report the resulting constraints with the label conventions for
different dataset combinations summarized in table 1. We present the constraints obtained
with the most constraining data combination as our baseline results: depending on the model,
this combination is either P-ACT-LB or P-ACT-LBS. We discuss and compare these results
with those obtained from the primary CMB anisotropies — this is slightly different from
the approach taken by the Planck collaboration, which focused primarily on comparisons
between a joint CMB primary-anisotropy and lensing result versus results from the CMB
combined with large-scale-structure (LSS) probes. We justify our ability to combine these
data in section 8.1, showing that the best-fit ACDM model to P-ACT CMB data gives
excellent predictions for the low-redshift measurements, and furthermore that the ACDM
model gives an excellent joint fit to all data.

Depending on the physical signature probed by each model, additional astrophysical
and cosmological measurements (beyond CMB lensing, BAO, and SNIa data) can help to
further tighten the parameter constraints. These are folded into specific analyses as described
in each section of interest below.

As shown in 125, our baseline ACDM results confirm a discrepancy between the value
of the Hubble constant, Hy, derived from the primary CMB and some measurements of
this quantity from the local universe — see [75, 76] for relevant reviews. Specifically, the
constraint on the Hubble constant using distance ladder methods with Cepheid-calibrated
SNIa, from the SHOES collaboration, Hy = 73.17 &+ 0.86 km/s/Mpc [77, 78], is the most
precise local measurement and also the most discrepant with the CMB estimate (L25). The



Planck PlanckTT/TE/EE 4 Qrol12
ACT ACTTT/TE/EE | Grol12

P-ACT | ACTTT/TE/EE L plon ekl W/ TE/EE 4 gLon0

cut
W-ACT | ACTTT/TE/EE  WMAPTT/TE/EE 4 Sroll2
followed by
-LB when adding CMB lensing and BAO
-LS when adding CMB lensing and SNIa
-LBS when adding CMB lensing, BAO, and SNIa

Table 1. Dictionary listing the main dataset combinations analyzed in this work. Here, CMB lensing
always refers to ACT DR6+ Planck NPIPE lensing; BAO refers to the DESI Year-1 release unless
explicitly stated otherwise (e.g., “Bgoss” referring to BOSS BAO); and SNIa refers to Pantheon+.
All Planck results have been re-run to include an updated version of the Srol12 likelihood compared
to [3].

latest value obtained by the CCHP program using tip of the red giant branch stars (TRGB)
to calibrate SNIa distances is Hyp = 70.39 & 1.94 km/s/Mpc [79, 80], which is consistent with
the CMB value (and with the SHOES value), but less precise than the SHOES constraint.
Further recent results from direct measurements can be found in [76]. As a baseline choice,
we do not combine our data with local measurements of Hy. However, we discuss in detail
cases where a given model can accommodate a larger value of the Hubble constant compared
to ACDM or where there are important parameter degeneracies that impact Hy.

Similarly, as shown in L25, our baseline ACDM results confirm the value of the fluctuation-
amplitude parameter Sg = 0g1/Q, /0.3 (obtained from a combination of the amplitude of
matter fluctuations on scales of 8 b~ Mpc, og, and the total matter density, Q,,) found in
previous Planck analyses, which lies 2—-3¢0 higher than values found in some weak lensing and
galaxy clustering studies (see, e.g., [49] for a collection of recent Sg results from low-redshift
probes). We emphasize that ACT and Planck CMB lensing data show no evidence of a
low Sg value [23, 49].> As with Hy, as a baseline choice, we do not combine our data with
low-redshift measurements of Sg. This choice is also motivated by the fact that some extended
models alter the shape and/or redshift evolution of the matter power spectrum, and thus a
dedicated reanalysis of the relevant data within the context of each model would be necessary
in order to derive valid constraints. Nevertheless, for some models it is appropriate to consider
external priors on Sg from low-redshift data; where this is useful and allowed by the parameter
posteriors, we include in our analysis a prior from the joint analysis of DES and KIDS weak
lensing data, Sg = 0.797 +0.0155 [38].*

3The results from the KiDS Legacy data [81, 82], which appeared after the first version of this paper was
submitted, show full consistency between the Ss value inferred from cosmic shear and that measured from
the CMB.

“This is a symmetrized Gaussian approximation of the fixed-neutrino-mass result from table 4 of [38].



3 Analysis methodology

We obtain cosmological parameter constraints using the ACT DR6 multi-frequency or CMB-
only likelihood® coupled to Cobaya [83], which itself is coupled to the Einstein-Boltzmann
codes camb [84] or class [85, 86|, or to CosmoPower emulators of these codes [87-90], to
compute the lensed theoretical CMB power spectra at high precision, as described in ap-
pendix A. All codes exploring extended models requiring modifications to camb and class
are benchmarked against the respective camb and class baseline ACDM results. In table 4
in appendix A, we provide a summary of the theory code and likelihood that are used
for each model.

Unless explicitly mentioned otherwise, we compute all theory predictions using HyRec [91]
or CosmoRec [92] (in class and camb, respectively), rather than Recfast [93], to obtain
higher precision for recombination physics.® As a baseline choice, we compute Big Bang
Nucleosynthesis (BBN) predictions using calculations of the primordial helium abundance
from PRIMAT [94], but in section 6.2 we explore other options and discuss in detail the impact
of different helium and deuterium abundance calculations.” We also use the latest version of
HMcode [95] (rather than Halofit, [96, 97]) for modeling non-linear corrections to the matter
power spectrum, unless explicitly stated otherwise. At ACT DR6 precision, the impact of
non-linear corrections to CMB lensing are non-negligible even in the primary CMB power
spectra [98]. We adopt the dark-matter-only HMcode model for the non-linear matter power
spectrum, with no baryonic feedback corrections.® We note that HMCode is not guaranteed to
give accurate results when applied to models that alter late-time growth (e.g., models with
interactions between dark matter and dark energy in the late universe, as in section 7.3); in
such cases, we use custom alternative models or restrict to linear scales. The vast majority of
the new-physics models studied in this work alter physics in the early universe, and hence
their impact on structure formation is generally captured in a change to the linear matter
power spectrum at the onset of structure formation, which in most cases remains close to
that in ACDM. These modeling choices are validated in appendix A.

Our parameter set includes the six basic ACDM cosmological parameters: the physical
baryon and cold dark matter densities, Q,h? and Q.h?, the optical depth due to reionization,

5As shown in L25, these two likelihoods yield cosmological parameters that agree within 0.1c.

5The Recfast “fudge parameters” were tuned to provide sufficient accuracy for Planck, but are no longer
sufficient for ACT DR6 sensitivity. We test the latest versions of HyRec and CosmoRec to ensure that they
provide accurate recombination calculations when we compute the DR6 likelihood evaluation across the full
parameter space, while also cross-checking the two codes against each other. We use CosmoRec in camb and
HyRec in class because the newest CosmoRec version is not yet available within class.

"Differences in the exact helium abundance predicted by the most recent BBN codes have a negligible
impact on the CMB primary anisotropy spectra and therefore on cosmological parameters inferred from them.
We also note that PRIMAT-based BBN data were not present in class when our analyses were performed
(although they now are), so we manually imported a PRIMAT-based table from camb to use in our class
calculations. We take care to account for a small difference in the N.g value assumed in the PRIMAT BBN
table (3.044) and that assumed in the class BBN module (3.046).

8At the time this work was performed, the latest HMcode model was not yet implemented in the main
branch of class; we thank J. Lesgourgues for providing an updated version with this model implemented
(developed from class v3.2.2). As of publication, the latest HMcode model is now available in the main
public branch of class.
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7, the amplitude and spectral index of the power spectrum of primordial adiabatic scalar
perturbations, As and ng, both defined at a pivot scale k, = 0.05 Mpc™!,? and a parameter
that sets the absolute distance scale: (i) in camb, an approximation to the angular scale
of the acoustic horizon at decoupling, fyc; (ii) in class, the angular size of the sound
horizon at decoupling, 6; or (iii) the Hubble constant, Hy in km/s/Mpc (note that the exact
definition of the angular scale varies between camb and class — see, e.g., the discussion
in [88]).!° We adopt broad, flat, uninformative priors on all ACDM parameters in every
analysis in this paper (except when imposing an Srol12-informed prior on 7 in some ACT-only
fits). Priors on extended-model parameters are described in each section, and are generally
chosen to be uninformative as well. From the sampled parameters, we obtain several derived
parameters, including the rms amplitude of linear density fluctuations at z = 0 on 8 h~'Mpc
scales, og, the matter density fraction €,,, and Sg = 051/,,/0.3. For models in which
neutrino physics is not varied, we fix neutrino properties to comprise one massive and two
massless particles, with total mass > m, = 0.06 eV and effective number of neutrino species
Neg = 3.044. Following Planck and the ACT DR6 CMB lensing analyses, we assume three
massive eigenstates (zero massless) when analyzing models where the sum of the neutrino
masses is a free parameter. Additional, model-specific parameters are added to the base
ACDM set as explained in each subsection below.

Extra parameters are included in our theoretical model for astrophysical foregrounds,
passband uncertainties, calibration, and polarization efficiency factors. These parameters
are varied as described in L.25 when using the MFLike likelihood, or reduced to a minimum
set of two varying parameters for overall calibration and polarization efficiency when using
the ACT-1lite likelihood (also described in L25).

MCMC chains are run with theory predictions computed up to fmax = 9000 and with
the Gelman-Rubin convergence parameter, R — 1, reaching values ~ O(1072) and in nearly
all cases smaller than 0.01. Parameter posteriors and statistical results are obtained with
GetDist [99]. Marginalized confidence intervals (for two-tailed limits) are calculated with
the standard credible-interval approach, i.e., the interval between the two points with highest
equal marginalized probability density.

Model comparisons are performed with respect to the benchmark ACDM results presented
in L25. We determine the mazimum a posteriori (MAP) point in parameter space for each
model (note that the ACT DR6 likelihood includes informative priors on some nuisance
parameters, and thus the MAP is used, rather than the maximum-likelihood point). The
MAP for each model is then compared to the best-fit ACDM result for the relevant dataset
combination. We take care to discard contributions to the effective MAP x? value arising
from uninformative priors — the informative priors placed on nuisance parameters are always
identical, and, as noted above, their contributions to the overall y? are accounted for in the
best-fit model determination. For reference, the best-fit P-ACT ACDM model yields MAP
X?\CDM,MFLike = 2180.5 and X%CDMACT_hte = 781.9 for the full P-ACT dataset (see also L25).

9This pivot scale is the default choice in many CMB analyses, used by Planck, ACT, SPT, and other
experiments. In some cases, following e.g., WMAP, Planck, and BICEP, results are also shown for k. =
0.002 Mpc™! — when for example it is important to look at larger scales. This is explicitly mentioned in the
relevant sections.

10 f14 is expressed throughout this paper in km/s/Mpc; units are generally omitted for brevity.
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Constraints on parameters of the baseline ACDM model are presented in L25. In the
following, we report constraints on a large suite of extended cosmological models, organized
into four topical sections. In figure 3, we illustrate with a few examples how ACT data push
constraints on these models beyond what has been achieved by Planck. Some models exhibit
features on small scales (¢ 2 2000) not measured by Planck. In other cases, the integrated
sensitivity over an extended range of multipoles on small scales, and the sensitive ACT DR6
measurements of TE and EE at intermediate scales, rule out models at high significance
that would be allowed within the Planck bounds.

We also discuss how ACT DR6 improves on previous ACT releases, in particular for models
that showed a hint of a preference over ACDM in the previous ACT DR4 dataset [55, 58].
Additional comparisons with the DR4 results are shown and discussed in appendix B and
appendix E.

4 Primordial perturbations and inflation

4.1 Scale invariance of scalar perturbations

One key prediction of the simplest single-field slow-roll inflation models is an almost scale-
invariant spectrum of primordial scalar perturbations — the scalar spectral index ns being
close to, but crucially different from (and usually less than) unity (see, e.g., [100-104]).
Analyses of Planck CMB data have confirmed this prediction to high precision and shown its
robustness across models [3, 105]. The new constraints on ng from ACT DR6 are presented
and discussed in L25. Here, to test the inflation slow-roll approximation further, we take
the common approach of expanding the power-law form of the primordial power spectrum
of scalar curvature perturbations around a pivot scale k. [106]

k\ns—1 + (1/2) (dns/dInk) In(k/k+)
Pr(k) = A (1) : (4.1)
and constrain the running of the spectral index, dns/dInk — i.e., the variation of ns as

function of scale k, evaluated at k, = 0.05 Mpc~!. This is a single-parameter extension to
ACDM, varied in the range [—0.2,0.2].

This parameter was found to be consistent with zero by Planck, with
dngs/dInk = —0.0041 + 0.0067 from combining Planck CMB, lensing, and BAO data [3, 105].
With the addition of the new ACT DR6 spectra we confirm a vanishing running of the
spectral index and tighten the error bar, finding

dns/dInk = 0.0060 + 0.0055 (68%, P-ACT),
= 0.0062 £ 0.0052  (68%, P-ACT-LB). (4.2)

Lacking the measurement of the first acoustic peak, and with both parameters acting
to balance the tilt of the spectrum at small scales, ACT alone provides a looser bound
on the combined dngs/dInk — ng space compared to Planck, as shown in figure 2, giving
dns/dInk = 0.034+0.022 (68%, ACT). With the P-ACT combination, n is firmly constrained
and the error bar on the running is tightened by a~ 20%. Adding additional datasets has a
marginal impact here, with the constraints stabilizing around a vanishing running. Figure 4
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Figure 3. Models of free-streaming dark radiation (blue), axion dark matter (gold), and modified
recombination history (red) that are allowed by Planck data show differences in TT, TE, and EE
compared to the baseline ACT ACDM best-fit model (black line, 1.25), which are detectable by the new
ACT data at high significance. We show theory differences for non-standard cosmologies consistent
with existing Planck constraints relative to ACT’s ACDM model, and compared to the sensitivity of
ACT and Planck through their CMB-only bandpower errors. For free-streaming dark radiation we
consider a model allowing for an effective number of relativistic species Neg = 3.4 (see section 6.1)
(A self-interacting dark radiation model (section 6.5.1) that fits Planck with excess radiation would
look similar to the model shown here with a positive excess in Neg); for axion dark matter we take
a model with 5% of the total dark matter density in the form of an axion of mass M., = 10726 eV
(see section 6.3); for modified recombination history we show a model with a non-standard ionization
fraction between redshift z = 1000 and 1500 (see section 5.5).

shows the combined measurement of dns/dInk — ng and projections to Planck’s large scales,
at k, = 0.002 Mpc~!. In figure 5 we report the same measurements in terms of the scalar
primordial power spectrum using ACT, Planck, and P-ACT-LB. We infer P (k) (using eq. (4.1))
by post-processing the chains using the amplitude, spectral index, and running of the spectral
index of our runs, and computing the 95% two-tailed confidence interval. All three datasets
measure a similar amplitude and spectral index at the pivot scale, but the constraints from
Planck prefer a slight negative running of the spectral index (due to needing to reconcile
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Figure 4. Constraints on parameters quantifying the scale invariance of primordial scalar pertur-
bations: the scalar spectral index ns and its running dn,/dInk at k. = 0.05 Mpc™!. Projections at
larger scales (to facilitate comparisons with the Planck results) are shown with n, at k, = 0.002 Mpc ™!
computed as a derived parameter. The new ACT CMB spectra move the Planck-alone constraint
(orange) towards higher values of both ng and dn,/dInk, as shown by P-ACT (navy). The addition
of lensing and BAO data shown in P-ACT-LB (purple) only shifts n slightly, leaving the running
constraint unchanged. In all cases, we find consistency with the ACDM expectation (marked with
gray dashed lines).

constraints from large and small scales — see the discussion in [3]), indicated by the concave
shape of the mean of the constraints, while ACT and the combination P-ACT-LB mildly prefer
a slight positive running of the spectral index, changing the overall shape of Pg (k) to convex.

Our constraints on dns/dInk disfavor the moderate evidence for negative run-
ning of the spectral index seen in combined fits to Lyman-a forest and Planck data,
dng/dInk = —0.010 + 0.004 [107]. From CMB data alone (P-ACT), we exclude dn,/dInk =
—0.010 at over 3o significance.

4.2 Primordial power spectrum

In order to explore a broader range of deviations from a simple power-law primordial adiabatic
power spectrum than those captured solely by the running of the scalar spectral index, we
consider a more model-independent approach.

We reconstruct the primordial power spectrum of the scalar perturbations for wavenumber
bins centered at k = 107%,1073%,1073, 1072 and then 26 equally-spaced logarithmic bins
from 0.011 < k /Mpc~! < 0.43, where k; 41 ~ 1.16k; [following previous similar analyses in
105, 108-117]. Given the degeneracy between the primordial power and the optical depth
(often described in terms of the A; — 7 degeneracy), we sample the value of e 2" Pg(k;) for
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Figure 5. Inferred constraints on the primordial power spectrum of scalar curvature perturbations
from ACT (blue), Planck (orange), and P-ACT-LB (purple), assuming a primordial power spectrum
parameterized by an amplitude Ay, spectral index ng, and running of the spectral index dn,/dInk,
each defined at a pivot scale k, = 0.05Mpc~*. The constraints shown are the 95% CL allowed by
the parametric constraints in figure 4, with the thick line being the mean and the thin lines the 95%
limits. Each data combination is only plotted along the range of scales probed by the experiment, i.e.,
Planck is shown for 2 < ¢ < 2508, and ACT is shown with solid blue lines in the range 600 < ¢ < 6500
probed directly by DR6 and with dashed blue lines extrapolating this down to ¢ = 2 — 32 probed by
the inclusion of the Sroll2 data. The results are consistent with a vanishing running, as shown by the
P-ACT-LB ACDM best-fit (long-dashed black line).

cach " bin. We use the cubic spline interpolation method implemented within camb to
build the initial power spectrum from our binned values. For k values below our minimum-
assumed wavenumber ki, we set the amplitude of the primordial power spectrum to
Pr(k < kmin) = Pr(kmin). This approach removes the scalar spectral amplitude Ag and the
scalar index ng as sampled parameters, but adds the amplitudes within the 30 different bins
as described above, leading to 28 additional parameters/degrees of freedom in this model as
compared to ACDM. The prior ranges that we adopt for each k bin are given in table 5 in
appendix C, and we use the ACT-1ite likelihood to sample the extended parameter space.

In figure 6 we present constraints on the binned primordial power spectrum from ACT,
Planck, P-ACT, and P-ACT-LB, compared to the P-ACT-LB best-fit ACDM power law. The
constraints from P-ACT are improved over the Planck-alone measurements wherever ACT data
are included (for ¢ 2 850), with the ratio of P-ACT to Planck error bars ranging between 0.95
and 0.43 for wavenumbers between 0.063 < k& Mpc™! < 0.15 or (880 < ¢ < 2140). This range
is chosen as k = 0.063 Mpc ™! is the first wavenumber where P-ACT significantly improves
over Planck and k, = 0.15 Mpc~! is the highest wavenumber where Planck has a two-sided
marginalized posterior (rather than an upper limit). The correlations across bins can be
very high and present either between direct neighbors or between more distant bins. In
particular, we find correlations at the level of ~ 30 — 40%, with a significant increase around
k = 0.01 Mpc~! where bins 6-9 are strongly anti-correlated reaching a level of 90%, and
above k = 0.1 Mpc~! where correlations increase again to reach 50 — 60% at small scales.
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Figure 6. Binned reconstruction of the dimensionless primordial curvature power spectrum with
68% CL errors for different datasets. The new constraints are centered on the P-ACT measurement;
the ACT (P-ACT-LB) wavenumbers on the z-axis are shifted to the left (right) by 4% in order to
more easily see the values/errors for each dataset combination. Planck is plotted as shaded boxes
for comparison up to k = 0.15 Mpc ™!
limits with the posteriors filling the whole prior range. The top panel shows the reconstruction over
the full range of wavenumbers considered and highlights the improvement achieved with the addition
of the ACT data (navy versus orange). For this panel, the z-axis is scaled as k%® in order to best
show the small scales. The bottom panel zooms into the region where ACT alone (light blue) becomes

— beyond this wavenumber, Planck alone gives unconstrained

comparable and then overtakes Planck in constraining power. Adding lensing and BAO data (purple)
has minimal impact. The binned measurement is consistent with the P-ACT-LB best-fit ACDM
power-law spectrum shown in gray.

In figure 7, we illustrate the improvement in constraining power for k, = 0.15 Mpc~!.
Above that wavenumber, the Planck constraints essentially fill the assumed prior range, while
ACT constrains the amplitude of primordial power with a two-sided marginalized posterior
up to k = 0.32 Mpc~! and with a one-sided 95% CL to k = 0.43 Mpc~!. The improvements
come from the ACT sensitivity to smaller angular scales (¢ > 2500). In particular, at k., we
obtain a fractional error of 2.8% and 1.4% on e~2" Pg(k) for Planck alone and ACT alone,

respectively, and a fractional error of
(e 2" Pr(ky))
—— =12 P-ACT

e—QTPR(k*) o ( )7

=1.1% (P-ACT-LB), (4.3)

with the individual fits consistent with ACDM. Our new constraints improve the range of k
over which there are significant constraints by about a factor of three compared to Planck.

We map this measurement onto the linear matter power spectrum and compare with
other measurements in appendix C.
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Figure 7. Marginalized posterior for the power at wavenumber k, = 0.15 Mpc~!, showing the
improvement brought by ACT over Planck and the limit achieved with P-ACT-LB. The results are
consistent with the P-ACT-LB best-fit ACDM power-law model (dashed gray line). Planck cannot
constrain the model above k,, while ACT continues to measure the amplitude of primordial power
with a two-sided posterior up to k = 0.32 Mpc ™.

4.3 Isocurvature perturbations

Standard single-field inflation predicts purely adiabatic primordial perturbations, in the sense
that all perturbations arise from a single degree of freedom (the local time at which inflation
ends). This generally implies that fractional perturbations in the number density of all species
are equal on super-horizon scales (dn;/n; = 0nj/n;). In contrast, isocurvature perturbations
— characterized by variations in the relative number densities or velocities of different species
— can arise in a variety of early-universe scenarios, particularly if there are additional fields
present around the time of inflation [118-125]. Whereas current cosmological observations
are consistent with purely adiabatic perturbations, and a pure isocurvature perturbation has
been excluded since early measurements of the large-scale CMB anisotropies [126-128], it
is possible to have models with mixed adiabatic and isocurvature modes, as constrained in
previous CMB anisotropy analyses [e.g., 105, 129-133]. In this section, we place constraints
on a range of scenarios consisting of a mixture of an adiabatic mode with a single (possibly
correlated) isocurvature mode. We refer the reader to table 6 in appendix D for a detailed
compilation of the isocurvature constraints derived in this work.

There are four possible non-decaying isocurvature modes: cold dark matter density (CDI),
baryon density (BDI), neutrino density (NDI), and neutrino velocity (NVI) [134]. At linear
order, BDI and CDI modes have an indistinguishable impact on the CMB power, differing
only in amplitude; therefore, we do not analyze BDI modes directly.!! Additionally, we do
not consider NVI because it is less theoretically motivated than CDI and NDI. Consequently,
we focus on two isocurvature modes: Zgpr and Znpr-

The primordial curvature and isocurvature fluctuations are described by the curvature

power spectrum, Prr(k), the isocurvature power spectrum, Pzz(k), and their cross-power

1 Our CDI constraints can be converted to BDI constraints by applying the appropriate factors of . and
O, as discussed in [105].
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spectrum, Prz(k). Following Planck analyses of isocurvature [105, 132, 133], we assume
power-law primordial power spectra defined in terms of their amplitudes at two scales,
ki = 0.002 Mpc™! and ks = 0.1 Mpc~!, hence

In(k) — In(k2) In(k) — In(k;)
Pap(k) = exp { (W) In (P)) + (M) In (Pfj,))] (4.4)

where 7?(5? = Pu(k;) and a,b € {R,Z}. The mixed adiabatic and isocurvature models are
P p@ pl) p)
RT> "RI 15 FIT-

For computational reasons, we focus on models where the adiabatic and isocurvature

perturbations are either uncorrelated or fully (anti)-correlated, and thus 737%)2 is a derived

characterized by four new parameters:

parameter. These are the most well-motivated isocurvature scenarios. We sample the
adiabatic amplitudes 777(317)3 and P7(227)€ assuming uniform priors between [15,40] x 107! as a
replacement of the amplitude and scalar spectral index of the baseline ACDM parameter set.
For the isocurvature amplitudes, we sample PSI) and 77?1) (for models where nzz is not fixed)
assuming uniform priors between [0,100] x 107!°. We sample the amplitudes at two scales
instead of sampling a single amplitude and a spectral index to mitigate prior-volume effects

that can arise if the data have no preference for isocurvature modes [130].2

4.3.1 Uncorrelated models

We first present constraints on an uncorrelated (737({)1 = 0) mixture of adiabatic perturbations
with a single, possibly scale-invariant, CDI or NDI mode. Scale-invariant CDI perturbations
can arise if there are axions or axion-like particles present during inflation [135-141]. Axions
can also produce uncorrelated CDI with a blue spectral index [142].

For scale-invariant CDI and NDI modes, we vary PSI) and fix 73%2) = SI) The P-ACT
constraint on the amplitude of scale-invariant CDI perturbations is 10107381) < 1.1 (95% CL).
This is slightly weaker than the Planck-only bound of 101073;1) < 0.9 (95% CL), due to the
positive correlation between the adiabatic spectral index (ngx) and the CDI amplitude. For
NDI, the baseline P-ACT constraint on the isocurvature amplitude is 101077%1) < 1.8 at (95%
CL), which is 15% tighter than the Planck-only bound, 10107391) < 2.1 (95% CL). Neither of
these constraints changes appreciably between P-ACT and P-ACT-LB.

Figure 8 shows the marginalized posterior distributions for the uncorrelated CDI model

with a free spectral index. Combining ACT and Planck, we find

10"0P%) < 0.7
2 (one-tail 95%, P-ACT). (4.5)
101072 < 26

The P-ACT constraint on 77?1) is a significant improvement over the Planck-only constraint
of 10107%21) < 59. Interestingly, the P-ACT constraint on PSI) is weaker than that from

12We use class with the settings described in appendix A to compute theoretical predictions for isocurvature
models. Additionally, we set hmcode_kmax_extra=100 to address issues in the HMCode non-linear power
spectrum calculation for blue-tilted isocurvature perturbations. Despite this, the non-linear evaluation can
still fail for a small fraction (< 1%) of samples in the Planck-only uncorrelated CDI constraints with a free
spectral index. We exclude this subset of samples from our analysis, slightly affecting Planck-alone constraints
for this model. The issues with the non-linear computation do not affect any of our constraints including ACT
data, which already exclude such blue-tilted models.
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Figure 8. Constraints on the primordial isocurvature power spectrum parameters for a mixed adiabatic
and uncorrelated CDI mode with a power-law power spectrum for several dataset combinations.

Planck
mm P-ACT
B P-ACT-LB
} ; t
10} E
ﬁ&‘:
S 6 E
o
—
3 } } } } } }
2 1 i
i
S |
0 -
1 1 1 1 1 1 1 1
1 2 3 2 6 10 0 1 2 3
10p(1 10p(2
1010p(Y) 101072 N1z

Figure 9. Same as figure 8 for a primordial isocurvature power spectrum with a mixed adiabatic and
uncorrelated NDI mode.

the Planck dataset alone. This is a consequence of the anti-correlation between PSI) and

73%21), assuming a power-law spectrum. In other words, the large values of ”sz) that are
consistent with the Planck data, but not the P-ACT combination, drive the Planck-only
marginalized posterior on PSI) towards zero. The addition of CMB lensing and BAO data

does not significantly change the P-ACT constraints on this model.

Figure 9 presents the marginalized posteriors on the isocurvature amplitudes for an
uncorrelated mixture of adiabatic and NDI modes assuming a free spectral index. Combining
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ACT and Planck, we find
10°PY) < 1.6

L0 _ 61 } (one-tail 95%, P-ACT). (4.6)
7z <Y

Interestingly, although the Planck data alone showed a small, statistically insignificant peak in
the posterior at non-zero values of sz) and sz), this feature disappears when ACT DR6 data
are included. Finally, including CMB lensing and BAO data further improves the constraint
on the amplitude of NDI perturbations at k = 0.1 Mpc~! to 10107%21) < 5.4. In this case, the
improvement from CMB lensing and BAO is predominately due to the anti-correlation between
nrr and 1010739, with P-ACT-LB preferring a slightly larger value of ngr than P-ACT.
In summary, we find no evidence of uncorrelated CDI or NDI. Nevertheless, including
ACT DR6 data leads to stringent bounds on the amplitude of small-scale isocurvature

perturbations, highlighting the complementarity of large- and small-scale CMB observations.

4.3.2 Correlated models

We also present constraints on a correlated mixture of adiabatic and CDI perturbations. We
consider the situation where the adiabatic and CDI modes are fully correlated, Prz(k) =

Prr(k)Prz(k), as well as the fully anti-correlated scenario (Prz(k) = —/Prr(k)Prz(k)).
In both cases, we vary only sz) and fix 73%21) assuming nzz = nrr. While the high-
resolution ACT DR6 spectra are unlikely to significantly improve upon the Planck-only
constraints on these models as the transfer function for scale-invariant CDI perturbations is
significantly suppressed at high multipoles, we explore correlated CDI models because they
are theoretically well-motivated. For example, mixed adiabatic and CDI perturbations with
large (anti)-correlations arise in the curvaton scenario [119, 123, 125, 143, 144].

For the fully correlated model, the P-ACT dataset constrains the isocurvature amplitude to
1010P8Y) < 0.025 (95% CL). Including CMB lensing and BAO data slightly relaxes this bound
to 10107%11) < 0.031. For the fully anti-correlated model, P-ACT provides 101073%1) < 0.027,
improving modestly on the Planck-only limit (< 0.031). P-ACT-LB leads to 10°P{Y < 0.015
at 95% confidence.

Overall, we find no evidence of primordial isocurvature perturbations.

4.4 Tensor modes and constraints on inflation models

Tensor perturbations, for example in the form of primordial gravitational waves predicted by
inflation models (see, e.g., [145] for a review), add power on very large scales in the CMB
T/E angular power spectra and generate a unique large-scale B-mode polarization signal
not measured by ACT. However, the full behavior of the primordial perturbations depends
on the ratio/co-existence of tensor and scalar modes, with the latter measured by ACT
small-scale data via ng. Here, we study how the updated measurement of ng presented in
L25 affects constraints on inflation models.

The modeling of tensor perturbations is similar to that used for scalars, Pi(k) =
Ay(k/k)™, and is usually quantified by the tensor-to-scalar ratio parameter, r =
Pi(ky)/Pr(ks). Here we set n; via the inflationary consistency relation, n, = —r/8. Con-
straints on r and n,s can be directly related to the potential slow-roll parameters of inflation,
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Figure 10. Constraints on the scalar and tensor primordial power spectra at k, = 0.05 Mpc™ !,
shown in the r — ngy parameter space. The constraints on r are driven by the BK18 data, while the
constraints on ng are driven by Planck (orange), ACT (blue), or P-ACT (purple). The combined dataset
also includes CMB lensing and BAO in all cases. The various circles and solid lines in between the
gray band show predictions for different power-law potentials with the number of e-folds of inflation
50 < N < 60, while the solid black line shows the separation between convex- and concave-shaped
potentials. The Starobinsky R? model is also shown for 50-60 e-folds (dashed navy line); the P-ACT-LB
measurement of ng disfavors this model at 2 20, for 50 < N < 60.

ey and 1y, which are determined by the shape of the inflaton potential, as

_ Mp? (V,¢)2
€y = )
2 \v
1%
nv = Mp? (iﬁ(‘b) , (4.7)

where Mp; is the Planck mass, V(¢) is the inflaton potential, and V4 and V4, are its first
and second derivatives. These parameters respectively describe the steepness and curvature
of the inflaton potential, and they relate to the power spectrum parameters as

r= 166{/,
Ng — 1= 277V — 66V . (4.8)

To derive new results in the r — n, plane presented in figure 10, we vary r in the range
[0,1] and we include B-mode measurements from the BICEP and Keck telescopes at the
South Pole, which have jointly accumulated more than fifteen years of observations of CMB
polarization at degree scales. Their measurements of CMB B-modes are the most precise to
date in the field [146, BK18] and completely drive the upper limit on r, which (combined
with ng from Planck) strongly excludes monomial inflation models with convex potentials.
The inclusion of ACT data shows a preference for a slightly higher value of ng, indicated by
the purple contour shifting to the right of the orange contour in figure 10, and gives r < 0.038
(95%, P-ACT-LB-BK18). As a consequence, P-ACT can accommodate power-law inflation
models with slightly higher power-law indices than those preferred by Planck alone (assuming
50-60 e-folds of inflation), i.e., power-law models that are closer to a linear potential and
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Figure 11. Constraints on the slow-roll parameters €y and 7y,. The first parameter is driven by the
BK18 limit on the tensor-to-scalar ratio, while ny tracks the contribution to n, from ACT (blue),
Planck (orange), and P-ACT-LB (purple).

hence possess a second derivative closer to zero. On the contrary, the Starobinsky R? inflation
model [147, 148], which predicts lower values of ng for the standard range of 50-60 e-folds,"?
is more disfavored and lies on the 20 boundary of P-ACT-LB.

The constraints on the slow-roll parameters are shown in figure 11, with BK18 determining
ey and ACT adding to the constraint on 7y. The slight preference for a higher ng value
implies a value of ny closer to zero,

ny = (—95723) x 107* (68%, P-ACT-LB-BK18) , (4.9)

and thus implies a preference for a slightly less concave inflaton potential.
The inclusion of running of the spectral index of scalar perturbations does not significantly
change these results.

5 Pre- and modified-recombination physics

5.1 Early dark energy

The early dark energy (EDE) extension to ACDM introduces a new field that acts to accelerate
the expansion of the universe prior to recombination, reducing the sound horizon at last
scattering and thus increasing the CMB-inferred Hubble constant [150-152]. Here, we consider

3The number of e-folds depends on the (highly uncertain) post-inflation reheating history; see, e.g., the
discussion in section 2.4-2.5 of [149].
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an axion-like EDE model that has been widely studied in the literature, which is described
by the potential [150, 153]

V(¢) = m® f2(1 — cos(¢/f))" (5.1)

where m is the mass of the field, f is the axion decay constant, and n is a power-law
index. While n = 1 is excluded on phenomenological grounds — as the EDE would act
as an additional contribution to dark matter at late times — values of n > 2 constitute
viable models. Here, we consider as baseline the n = 3 model, as in previous literature
(e.g., [65, 154-157]), and discuss the n = 2 case below and in appendix E.

Following previous works [55, 150, 153], we adopt a phenomenological parametrization
that introduces three additional parameters beyond those in ACDM: fgpg, zc, and 6;, where

fepe = 87GpEpE(2e)/ (3H?(2¢)) (5.2)

is the maximum fractional contribution of EDE to the cosmic energy budget, which is
reached at “critical redshift” z., and the initial field displacement 6; = ¢;/f. The energy
density pppg is given by

pEDE(ze) = 30(20) + V(8(20)) )

and the field ¢ evolves by the Klein-Gordon equation (dots here denote derivatives with
respect to cosmic time)

. . dV

¢+3H¢+d—¢20. (5.4)
Initially the field is frozen due to Hubble friction. Around redshift z. when H ~ m, the
field begins to roll.

Several previous studies have constrained this model with various datasets (see, e.g., [158—
160] for reviews). [154] found that Planck alone has no preference for EDE, with fgpg < 0.087
(95% CL) and Hy = 68.3+ 1.0 (68% CL); these Planck-derived bounds were further tightened
using NPIPE data in [160, 161]. However, the ACT DR4 data showed a hint of a preference
for the EDE model over ACDM at 2-3¢ significance [55]. The combination of ACT DR4,
large-scale Planck TT, Planck CMB lensing, and BOSS BAO data yielded fgpg = 0.0917)-929
(68% CL) and Hy = 70.973:0 km/s/Mpc (68% CL) [55] (see also [157, 162-164]). However, the
statistical weight of Planck was sufficiently large compared to DR4 that this mild preference
disappeared when combining ACT DR4 with the full Planck data.

We re-evaluate here the preference for this model with the new ACT DR6 power spectra.
Note that, in general, models with a significant EDE fraction leave imprints in the CMB
power spectra on modes that are within (or entering) the horizon at redshifts around z.
While some of these imprints can be absorbed by changes in other cosmological parameters,
particularly Q.h? and ng [154], high-resolution polarization data are expected to break these
degeneracies and yield strong sensitivity to EDE, should it be present [55, 153, 164]. For
models with z. ~ z¢q, unique features are imprinted in CMB power spectra at £ ~ 400 — 800,
as well as broader imprints extending to smaller angular scales. Indeed, the mild hint of
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EDE in the ACT DR4 analysis was largely driven by a fluctuation in the EE power spectrum
at £ ~ 500 and a broad trend in the joint ACT and Planck TE power spectrum [55]. Our
analysis of the new ACT DR6 spectra is a high-precision test as to whether these features
were the first hints of a real signal, or simply a statistical fluctuation.

We sample the model parameters with uniform priors fgpge [0.001,0.5],
logig(zc)€ [3.0,4.3], and 6;€ [0.1,3.1]. We compute theoretical predictions using the
EDE model implementation in class, which itself was merged from the modified version
class_ede [154],'* as well as using CosmoPower-based emulators of the class EDE predic-
tions (described in [90]). One important detail to note is that these emulators were trained
on theory predictions computed assuming three massive neutrino species, which is different
from our baseline convention in this paper of assuming one massive neutrino. This difference
leads to very small shifts in the Hp posteriors (< 0.1 km/s/Mpc), but otherwise leaves the
parameter constraints unaffected, as we verify using full class runs. For calculations in the
n = 2 EDE model, we compute theoretical predictions using the implementation in camb, as
we find that calculations for this model are more numerically stable in camb than in class
(for some extreme n = 2 scenarios, we find that class does not run successfully). As a test
of the theory codes used for the EDE model, we verify that the X2ACT values computed for a
benchmark n = 3 EDE model with camb and class agree with one another to within 0.06,
nearly as good as the ACDM agreement for these codes (see appendix A).

Figures 12 and 13 show the marginalized posterior distributions for key parameters in the
n = 3 EDE model, for different dataset combinations. With the new ACT DRG6 spectra, we find

fepe < 0.088  (95%, ACT),
fepe < 012 (95%, P-ACT), (5.5)

and

Hy = 675702 (68%,ACT),
Hy =69.3"92  (68%,P-ACT), (5.6)

with the W-ACT case also shown in the figures to allow a Planck-independent assessment
of the EDE constraints. We find that ACT alone shows essentially no shift in Hy within
the EDE model, compared to ACDM — the hint of non-zero EDE seen in the DR4 data is
not seen in DR6 (comparisons between the DR4 and DR6 EDE constraints can be found
in appendix E). When combining with Planck, the Hp posterior shifts upward, but when
combining with WMAP, this is significantly lessened: we find Hy = 68.11'[1):2 (68%, W-ACT).
As discussed below, the improvement in quality of fit in all cases is not statistically significant.
When we also include CMB lensing and BAO data, we obtain

feDE < 0.12 (95%, P-ACT-LB)
Hy =69.979%  (68%,P-ACT-LB), (5.7)

with W-ACT-LB giving similar results. For comparison, Hy = 68.2 + 0.4 km/s/Mpc in
ACDM for P-ACT-LB (L25). We also consider substituting BOSS BAO for DESI BAO

“https://github. com/mwt5345/class_ede.
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Figure 12. Marginalized contours at 68% and 95% confidence for the EDE fraction showing (well-
known) positive correlations with Hy, Q.h?, and S for different dataset combinations (ACT in blue,
W-ACT in brown, and P-ACT in navy). The small bump in the marginalized fgpg posterior for P-ACT
is real and arises from the mild EDE improvement in x? over ACDM in this model — see table 2.

data, which yields fgpg < 0.10 (95%, P-ACT-LBgoss) and Hy = 69.279-% km/s/Mpc (68%,
P-ACT-LBgoss), slightly decreasing Hy and tightening the bound on fgpg compared to
P-ACT-LB.'" We further verify that these results are essentially unchanged with the inclusion
of SNIa data in the analysis.

We also obtain constraints for P-ACT-LB-S8,'® which includes an external prior on Sg
from the joint analysis of DES-Y3 and KiDS-1000 cosmic shear data [38], as described in
section 2.5. [154], who also placed constraints on EDE, validated that a simple Gaussian
prior on Sy is a sufficiently accurate approximation to the inclusion of a full weak lensing
likelihood in such joint analyses with CMB data (see their appendix B). The inclusion of Sg
significantly tightens the upper limit on EDE (see figure 13), as positive fgpg values increase
this parameter above its ACDM value (the late-time matter power spectrum amplitude is
increased due to increases in Q.h? and ng in the CMB fit), which is in the opposite direction
to the preference in the DES and KiDS data [154].

Switching now to the n = 2 EDE model, for ACT alone, we obtain fgpg < 0.091 (95%,
ACT) with Hy = 67.510-2 km/s/Mpc. Adding Planck yields fepg < 0.11 (95%, P-ACT) with
Hy = 69.372 km/s/Mpc. Finally, adding CMB lensing and BAO data yields fepg < 0.11

5This is consistent with the results of [90], who found that the shift in the best-fit Q,, between BOSS and
DESI BAO data led to a weaker upper limit on EDE from DESI in combination with data from Planck and

other probes.
“Note that we obtain Sg = 0.825 4 0.011 for P-ACT-LB; this Ss constraint agrees with that from [38]
at 1.50.

,25,



s W-ACT-LB
I P-ACT-LB
I P-ACT-LB-S8

‘)//
70 75 0.121 0.137 0.80 085 0.05 0.15
Ho Q.h? Sg fepe

Figure 13. Same as figure 12, tightening the limits with additional datasets (W-ACT-LB in gray,
P-ACT-LB in purple, and P-ACT-LB-S8 in blue).

Ax? | Pref. ino H(()EDE) fepe | logig 2c
ACT ~ 0.0 0.0 66.5 0.012 | 3.00
W-ACT 1.9 0.5 69.9 0.089 | 3.55
P-ACT 4.3 1.2 70.4 | 0.091 3.56
W-ACT-LB | 2.9 0.8 70.2 0.070 | 3.52
P-ACT-LB | 6.6 1.7 71.2 0.093 | 3.56

Table 2. The Ax? = X?\CDM — X&pg from the MFLike likelihood MAP points for the n = 3 EDE
model compared to ACDM for each dataset combination, and preference (in units of o) for EDE over
ACDM using the likelihood-ratio test statistic. The values for Hy, fepr, and log;, z. in the MAP
EDE model are also reported. The data show no significant preference for non-zero EDE. For ACT
alone, the MAP x? for EDE is indistinguishable from that for ACDM within our numerical precision,
indicating that adding EDE parameters does not improve the fit at all in this case.

(95%, P-ACT-LB) with Hy = 70.179-2 km/s/Mpc. These results are similar to the n = 3 case.
A full comparison between the two models is discussed in appendix E.

Some past studies (e.g., [159, 161, 165, 166]) have discussed “projection effects,” where,
in the ACDM limit (fgpg — 0), the additional EDE-specific parameters (z. and 6;) have no
impact. These can bias the Bayesian posterior for fgpg. Additionally, the exact choice of
the z. prior range can have a significant effect on the final constraints in this model, as large
values of fgpg are allowed if z. is sufficiently high that no dynamical effects are imprinted
on the CMB (i.e., the EDE is irrelevant by the recombination epoch, [157]). Finally, the
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lower bound of fgpg = 0 only allows the model fit to increase Hy or leave it unchanged,
not decrease it. Therefore, to evaluate whether the data have a meaningful preference for
the EDE model, it is useful to compare the effective x? value of the MAP EDE model to
that of the ACDM model, rather than to solely inspect the Bayesian posteriors, as was done
in [55]. To maximize the posterior, we use both Cobaya and PROSPECT, a profile likelihood
code that can also be used for accurate global optimization [167].!” We then take the global
MAP from the different minimizer runs.

Performing this exercise, we find no preference for the EDE model from the DR6 data
alone or combined with other datasets, as shown in table 2 for the n = 3 EDE model. For
ACT alone, we do not find an MAP point for the n = 3 EDE model with lower x2 than that
found for ACDM, i.e., the additional parameters of the EDE model provide no meaningful
improvement in goodness-of-fit to the ACT data within our numerical precision. The MAP
model is nearly indistinguishable from ACDM, with fgpg = 0.012 (very close to the ACDM
edge of the parameter space) and log;,z. = 3.00, the lower edge of our prior, where the
impact of EDE on the CMB is minimal. In the other cases, we note that in the EDE model
there is a narrow degeneracy direction in the parameter space, where parameters may shift
while having very similar effective x? values. Nevertheless, in none of the cases do we find
the improvement in goodness-of-fit over ACDM significant.

Using the Ayx? values, we compute the equivalent preference in ¢ using the likelihood-ratio
test as in [55].1® We find that in all cases the preference for EDE over ACDM is < 20. The
Ax? values for the n = 2 case, shown in appendix E, yield the same conclusion.

To further circumvent the problem of projection effects, some past works have used a
profile likelihood approach (see, e.g., [168, 169] for more detail). However, the Ax? values
that we find between the EDE and ACDM MAP models are insignificant; as such, we see
no evidence of preference for the EDE model in either a Bayesian or frequentist framework.
Thus, we conclude that the significant computational expense of a full profile likelihood
analysis is not justified, and is unlikely to affect the interpretation of these results.

5.2 Varying fundamental constants

The dynamics of recombination depends critically on the values of fundamental constants
during the decoupling epoch, including the fine-structure constant agy and the electron mass
me. High-precision CMB observations thus allow for constraints on possible variations of
these constants over vast scales in both distance and time (see, e.g., [170-182]). Furthermore,
models featuring fundamental constant variations are amongst the few that have had some
phenomenological success in increasing the CMB-inferred Hubble constant [170, 183-185].
However, we emphasize that these models are not physical, in the sense that the fundamental
constant variation is not driven dynamically by a new field or interaction; we simply assume
that agy or me can take a different value in the early universe than it does today, which opens
degeneracies in the CMB. Recently, [186] have found that a first-principles implementation of

TFor the posterior maximization procedure, we use the full Boltzmann code class rather than the emulators,
to obtain high numerical precision.

8Because the ACDM model is a subset of the EDE model (with fepe = 0), the sz between the best-fit
EDE and best-fit ACDM models follows a chi-squared distribution with three degrees of freedom, corresponding
to the three additional free parameters of the EDE model.
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varying-constant models can yield rather different conclusions than crude phenomenological
models, due to (for example) the impact of perturbations in the field driving the constant-
variation, as well as its contribution to the cosmic energy budget. However, for simplicity,
here we stick to a phenomenological approach in which agy; or me are simply allowed to
vary, thus testing their values at the CMB epoch as compared to today.

We use the new ACT DR6 power spectra to place updated bounds on possible variation
of agy and m, (considered individually). For simplicity, we assume that the value of apy
(or m.) undergoes an instantaneous, step-function transition well after recombination is
completed, but well before the reionization epoch (specifically, we choose z = 50 for the
redshift of this transition). The value of the constant after the transition is fixed to the
laboratory-measured value [187], while the value before the transition is taken to be a free
parameter. The relevant physical effects on the recombination dynamics are treated via the
implementation in HyRec [91], as incorporated in class (note that CosmoRec [92] includes
a similarly accurate treatment of these effects). The dominant physical effects are due to
changes in the Thomson scattering cross-section, with o oc o, ;m_ 2, and changes in the
energy levels of atomic hydrogen, with E o< afy;m.. Many additional, subtle effects arise due
to the non-equilibrium nature of cosmological recombination — see, e.g., [172, 173, 188] for a
thorough discussion. In general, variations of agy or me change the timing of recombination,
with higher values of these constants associated with earlier recombination. Thus, such
variations change the physical scales imprinted in the CMB power spectrum, including the
damping scale. The new ACT DR6 spectra allow tests of these effects in a qualitatively new
regime, deep into the damping tail in TT and across a wide range of scales in TE and EE.

As pointed out in [170], a joint variation of m. and the spatial curvature € opens up a
particularly significant degeneracy with Hy and other cosmological parameters. In principle,
such a model has sufficient freedom to accommodate an increased value of Hy while providing
a good fit to not only CMB data, but also late-time measurements of the distance-redshift
relation from BAO and SNIla data. Here, we revisit this scenario. In addition, we also consider
a model in which both agy and Qp are allowed to vary.

5.2.1 Electron mass

We parametrize a possible deviation of the electron mass from its present-day value by
introducing a free parameter me/meo, where me (mep) is the mass at z > 50 (z < 50,
including today). We adopt a flat, uninformative prior: me/meo € [0.3,1.7]. Combining
ACT and Planck, we find

me/meo = 0.856T5:05%  (68%, P-ACT), (5.8)
whereas Planck alone yields me/meo = 0.880700%. While the P-ACT result lies 2.40
below unity, we find that this is driven mostly by the Planck data: ACT alone yields

me/meo = 1.0270 1% while combining ACT with WMAP yields

Me/Meo = 0.921 +0.083  (68%, W-ACT). (5.9)
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Interpreting the P-ACT result as a statistical fluctuation, we further include CMB lensing
and DESI BAO data to obtain

me/Meo = 1.0096 £ 0.0060

(68%, P-ACT-LB). (5.10)
Hy = 69.8 + 1.1

Further adding SNIa data slightly tightens the constraints while moving them closer to
ACDM, giving m./mep = 1.0063 £ 0.0056 and Hy = 69.1 £ 1.0 (68%, P-ACT-LBS).

These bounds represent the tightest constraints to date on the value of the electron
mass at the recombination epoch, now approaching the half-percent level. Here, the BAO
data are crucial in breaking severe geometric degeneracies that arise in the primary CMB
when the electron mass is allowed to vary (see, e.g., [172] and [170] for detailed discussion).
These severe degeneracies also allow much more freedom in the Hubble constant, which
increases compared to the value found in ACDM when fitting these datasets. Nevertheless,
we emphasize again that this model is not physical: no dynamical field has been introduced
that drives the evolution of me,.

5.2.2 Electron mass and spatial curvature

[170] noted that variation of the electron mass has the unique property of allowing multiple
scales in the CMB to be preserved (in combination with other ACDM parameters changing),
including the acoustic scale and the damping scale. However, this variation will change
the late-time expansion history, which is why the inclusion of BAO data plays a key role
in the constraints above. This observation motivates further extending the model to allow
freedom to adjust the late-time distance-redshift relation. [170] considered scenarios in which
either the spatial curvature or the dark energy equation of state were allowed to vary in
addition to m.. They found spatial curvature to yield surprising success in accommodating
significant variation of m. (and hence Hp) in fits to Planck CMB and BOSS BAO data, a
result that was further validated in [184].

Here, we revisit this model with the new ACT DR6 spectra. We adopt a uniform prior
Q € [-0.6,0.6] and the same prior on m, used above. We compute theoretical predictions
using class.

We find that this two-parameter extension of ACDM is highly unconstrained in fits to
CMB data alone. We thus focus solely on joint analyses of CMB and late-time data here,
with results shown in figure 14. Our baseline dataset combination yields

Me/Me = 1.022 + 0.016
Q= —0.0031 % 0.0037 (68%, P-ACT-LB). (5.11)
Hy = 71.0+ 1.7

While neither non-standard m, or non-flat {23 are detected on their own in this fit, their
combined impact allows Hy to take on higher values, consistent with earlier results from [170,
184]. To assess the additional constraining power contributed by ACT, note that the error
bar on Hy in our P-ACT-LB analysis is roughly 20% smaller than that found for the same
model using Planck and BOSS BAO data [Hy = 69.29 + 2.11, 184]. We verify that these
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Figure 14. Constraints on a (non-physical) model with time variation of the electron mass and
non-zero spatial curvature. This model opens up significant degeneracies in the CMB (and BAO) data.
A joint fit to P-ACT-LB yields a higher value of Hy than in ACDM, but with a much larger error
bar; the same behavior is seen for W-ACT-LB, indicating that the results are not specific to Planck.
However, inclusion of SNIa data (P-ACT-LBS, green) pushes the results toward ACDM, disfavoring
this approach for increasing the cosmologically-inferred value of Hy.

results are not driven by the high CMB lensing amplitude in Planck by replacing Planck
with WMAP in the dataset combination, finding

Me/meo = 1.014+0.015
Qp = 0.0001 4 0.0042 (68%, W-ACT-LB). (5.12)
Hy = 704+ 1.7

The parameter posteriors in these fits are significantly broadened compared to those
obtained in ACDM (cf. Hy = 68.22 £ 0.36 for P-ACT-LB in L25) or ACDM+{,. For compari-
son, we find € = 0.001940.0015 for P-ACT-LB in section 7.1; this bound is weakened by more
than a factor of two in the model studied here. Although the central values of some parameters
shift compared to ACDM, the significance of the shifts is counteracted by the increased error
bars, and we find that this model does not yield a significant improvement in goodness-of-fit
over ACDM. For the MAP model obtained for P-ACT-LB (W-ACT-LB), we find Ax? = —2.4
(—1.5) with respect to ACDM, with two additional free parameters. These values correspond
to a 1.00 or 0.7¢0 preference over ACDM, respectively, neither of which is significant.

It is also worth noting that the DESI BAO data play an important role in the central
value of the Hy posterior here (and in other models studied in this work). Due to the
computational expense of running MCMC chains for this model (which is extremely slow to
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evaluate in class), we use importance-sampling with an approximate version of the BOSS
BAO likelihoods to assess how the results would shift if DESI were replaced with BOSS. We
find that the central value of the Hy posterior shifts downward by 1-1.5 km/s/Mpc, while
the electron mass and spatial curvature shift closer to their ACDM values. The error bars on
all quantities increase only slightly. Thus, we conclude that the central values of the above
parameter constraints are partially driven by the DESI BAO data.

Furthermore, we find that a joint analysis with Pantheon+ SNIa data pulls all parameters
toward their ACDM values, while tightening the error bars compared to the P-ACT-LB results:

me/Meo = 1.004 +0.013
Qr = 0.0008705032 (68%, P-ACT-LBS). (5.13)
Hy = 68.9+ 1.4

Notably, the Hy value in this fit is fully consistent with its ACDM value. From the joint
analysis of P-ACT-LBS and the insignificant improvement in quality of fit to P-ACT-LB,
we conclude that there is no evidence for a scenario with spatial curvature and a non-
standard electron mass at recombination. The possibility of obtaining a high value of Hy
from cosmological data in this model is significantly reduced by these new results.

5.2.3 Fine-structure constant

As done above for the electron mass, we parametrize possible deviation of the fine-structure
constant from its present-day value by introducing a free parameter agn/oEm, 0, Where apy
(agnm,) is the value at z > 50 (z < 50, including today). We adopt a flat, uninformative
prior: agpm/aEmo € [0.6,1.4]. Combining ACT and Planck, we find

apn /e = 1.0037 +0.0017  (68%, P-ACT), (5.14)

representing a 30% reduction in the error bar compared to that from Planck alone, which
yields agnv/agmo = 1.0005 = 0.0025 (consistent with [171]). ACT alone yields agpm/ormo =
1.0046 £ 0.0035.

Further including CMB lensing and DESI BAO data yields

apn/agy = 1.0043 + 0.0017 (68%, P-ACT-LB), (5.15)

thus fluctuating ~ 2.5¢ above unity. Inclusion of SNIa data has negligible effect on this
result. As higher agy corresponds to earlier recombination, this result also yields a moderate
increase in the Hubble constant, with Hy = 69.27 4 0.54 km/s/Mpc. Interpreting this result
as a statistical fluctuation, these bounds represent the tightest constraints to date on the value
of the fine-structure constant at the recombination epoch, approaching the per-mille level.

5.2.4 Fine-structure constant and spatial curvature

Unlike the electron mass, variation of the fine-structure constant (in combination with other
parameters) can not simultaneously preserve all of the relevant physical scales in the CMB
power spectrum; this is largely why the constraints on agy; above are tighter than those on m.
This is also why the Hubble constant cannot increase as significantly when varying agy as
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when varying m. [170]. For completeness, and to better understand the results found above for
the me+€2; model, here we consider extending the varying-agy model to also allow the spatial
curvature to vary. This allows further freedom in the late-time expansion history, allowing
wider range of parameter variations to be accommodated in fits to CMB and BAO data.

As above, we compute theoretical predictions for this model using class. We adopt an
uninformative prior Q € [—0.6,0.6], while allowing agy to vary as in our previous analysis.

As expected, we find that this two-parameter extension is far less degenerate than
the m.+£2; model studied above. Focusing for simplicity solely on the P-ACT-LB dataset
combination, we find

aEM/aEM,O = 1.0041 £ 0.0017
Q. = 0.0007 % 0.0015 (68%, P-ACT-LB). (5.16)
Hy = 69.4 £0.6

Comparing to the results above, it is evident that the constraint on agy is essentially
unchanged by the opening of the spatial curvature, which itself is also tightly constrained
near zero. Likewise, Hy hardly changes, with the analogous result for fixed spatial curvature
yielding Hy = 69.3 £ 0.5 km/s/Mpc.

Contrasting the varying-agy results with the varying-electron-mass case, we find that
the degeneracy structure of the two models is remarkably different, with the electron mass
possessing much more flexibility in accommodating a wide range of parameter space than
the fine-structure constant, consistent with [170-172].1 Nevertheless, we note again that
all of the varying-constant models studied here are not physical, but rather simply crude
phenomenological approximations. These results may be a useful guide in constructing
physical models that can achieve similar flexibility in accommodating a wide range of data.

5.3 Primordial magnetic fields

The existence of primordial magnetic fields (PMFs) is a compelling possibility. Such PMFs
could cause inhomogeneities in the baryon distribution around recombination. Thus, the PMF
model is an example of a slightly more generic scenario known as “baryon clumping” [189, 190].
Primordial magnetic fields with a blue-tilted power spectrum can naturally have kpc-scale
correlation lengths. Once the photon gas dynamically decouples from the baryon fluid on
small scales, the magnetic force causes efficient growth of baryon density perturbations to
potentially O(1) contrasts. These kpc-scale perturbations are not directly resolvable in CMB
observations, but they cause accelerated recombination due to the quadratic source term
in the equation describing the recombination rate [191]. The corresponding decrease in
the sound horizon could then partially reconcile CMB-based determinations of the Hubble
constant with local universe measurements [192]. As magnetic fields are part of the standard
model and their generation during early-universe phase transitions is conceivable, PMFs (or
baryon clumping models in general) are a well-motivated scenario to potentially increase
the CMB-inferred Hubble constant.?"

19A similar result is found for the small-scale baryon clumping scenario studied in section 5.3 — allowing

Qy to vary also has little degeneracy with the clumping parameter constraint.
2ONote that effects due to Faraday rotation [e.g., 193] are not, considered here and are expected to yield
weaker constraints on such models [194].
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Baryon clumping induces changes in the Silk damping tail in addition to the leading-order
geometric effect described above. Two counteracting effects are at play [189]: shortened
photon diffusion due to accelerated hydrogen recombination suppresses Silk damping, but
the previously accelerated helium recombination decreases the ionization fraction and thus
increases the damping. These two effects do not generally cancel, and empirically the first
one appears to be dominant [e.g., 54]. Thus, the high-resolution ACT DR6 data with good
signal-to-noise in the damping tail enable stringent constraints on baryon clumping scenarios.

Theoretical modeling of PMF-induced baryon clumping is non-trivial. We adopt a
simplified model used in earlier works [54, 192, 195-197]. The baryon density distribution
function is sampled by three zones in each of which the baryon density is taken as a constant.
Taking the zones as indexed by i = 1,2,3, each zone carries a volume fraction f; and
a baryon density A; = pp;/(pp). Volume and mass conservation imply the constraints
S fi =3 filA; = 1. For each zone, the recombination history is computed separately and
the thermal history is then taken as the volume-weighted average over the three zones. This
treatment neglects Lya photon mixing [198].

Within the three-zone model, we choose to work with the “M1” scenario of [192]: fa = 1/3,
A1 =0.1, Ay = 1. After applying the constraints described above, the model thus has only a
single free parameter, the variance b of the small-scale baryon density fluctuations

1+b=> fin}. (5.17)

Recent perturbative and simulation-based works have suggested refinements of this
simplified treatment [198, 199]. [200] recently presented constraints on primordial magnetic
fields using a simulation-informed model for the recombination history. Where comparisons
can be made between this method and our three-zone model, there is a remarkably close
agreement between the two approaches. In particular, the posteriors for Hp in [200] are
similar to results found for the three zone-model.

In the absence of a more accurate publicly available model and in order to facilitate
comparison with previous constraints, we choose to continue working with the three-zone
model. However, we stress that our constraints are to be interpreted in the context of this
model and further work will be needed to evaluate the viability of baryon clumping scenarios
more generally. Nevertheless, previous work has indicated that increasing the flexibility of
the model does not substantially alter the constraint on b or Hy [54].

Figure 15 shows our constraints on the clumping parameter and the Hubble constant,
from primary CMB data alone and in combination with CMB lensing and BAO data. We
find that the constraint on b is tightened compared to previous analyses:

b < 0.41 (95%, P-ACT),
< 0.44 (95%, P-ACT-LB). (5.18)

For comparison, the Planck primary CMB alone constrains b < 0.51, and the combination
of Planck (including CMB lensing) plus SPT-3G gives results consistent with our P-ACT
measurement [196]. If we combine all three datasets (ACT, Planck, and the public SPT-3G
data), there is only a marginal improvement on P-ACT.
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Figure 15. Constraints on the variance b of the small-scale baryon density distribution at recom-
bination from P-ACT (navy) and P-ACT-LB (purple), compared with the latest results from Planck
(including CMB lensing) combined with SPT small-scale polarization (gray dashed line). Primordial
magnetic fields would induce baryon clumping on small scales, and hence b > 0. No evidence of
clumping is seen in our analysis.

Note that the posteriors including ACT data peak at non-zero b; thus the improvement
in constraining power is larger than what is suggested by comparing the upper limits. As
quantified by the standard deviation in b, adding ACT improves upon the Planck-only
constraint by about 30%. We find no detection of baryon clumping and hence further restrict
this model’s ability to increase the CMB-inferred Hy value: we find Hy = 68.6+£0.7 km/s/Mpc
and Hyp = 69.1 £ 0.5 km/s/Mpc for P-ACT and P-ACT-LB in this model, respectively.

In contrast to the seemingly similar model with varying electron mass, we find that
the inclusion of spatial curvature as a free parameter does not appreciably change the Hy
posterior in the P-ACT-LB data combination (see section 5.2.2 for contrasting results in
the varying-electron-mass case). The non-trivial small-scale effects in the baryon clump-
ing model constrain b beyond the information contained in the geometric sound-horizon
modification.

5.4 Temperature of the CMB

Several studies [e.g., 201-203] have explored the possibility of increasing the CMB-anisotropy-
inferred value of the Hubble constant by changing the CMB monopole temperature, Tomp-
In particular, [201] highlighted a strong negative degeneracy in the Hyo-Tcyp plane when the
monopole temperature is left free in analyses of Planck data. Setting a SHOES prior on Hy
would then yield a temperature measurement 3o lower than the combined measurement of

Tems = 2.72548 4 0.00057 K [204] from COBE/FIRAS and other data.?!

#!Note that the error bar on Tcmp from [204] is sufficiently small that this value is taken as a fixed constant
in analyses of ACDM (and the extended models studied in this paper).
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Figure 16. Constraints on the CMB monopole temperature (Tcymp) and Hg. The P-ACT-LB
combination (purple) effectively breaks the degeneracy between these two parameters present in
CMB-only analyses (navy) and gives a tight measurement of both parameters, similar to that achieved

with CMB data from Planck in previous literature. The results are consistent with the ACDM case,
in which Teyp is fixed to the COBE/FIRAS value (gray dashed lines).

Obtaining a higher value of Hy via a decrease in the monopole CMB temperature is
difficult. Models with some level of post-recombination reheating can have an impact by
allowing a lower value of the monopole temperature in the early universe (e.g., [203] propose
to convert a fraction of DM into photons during the dark ages). However, although such
a process is straightforward to implement in a phenomenological way, it is hard to find
a well-grounded physical mechanism to motivate it such that the blackbody spectrum is
preserved [see, e.g., 205].

Nevertheless, these studies have led to the realization that current CMB anisotropy data
in combination with BAO data provide, on their own, a powerful probe of the amount of
radiation in the universe.?? A single-parameter extension to the ACDM model, where Toyg is
left free, is well constrained. [201] combine Planck 2018 CMB anisotropy and lensing data with
BOSS DR12 BAO data [206] and find Toyp = 2.706 75950 K (68% CL). Updating this Planck
result including BAO from DESI, we find a slightly tighter constraint, Toyp = 2.69640.017 K.
With the addition of the new ACT DR6 spectra, we find a similar constraint

Temp = 2.698 +0.016 K (68%, P-ACT-LB). (5.19)

This 0.6% measurement of Toyp is consistent with the direct COBE/FIRAS monopole
measurement. The corresponding constraint on Hj is consistent with the result in ACDM,
as shown in figure 16.

22Note that it is important to self-consistently vary the calibration of the CMB anisotropy data in such
analyses, as explained in [201].
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5.5 Modified recombination history

In this subsection, we present a model-independent reconstruction of the cosmological
recombination history, including ACT DR6 data. Modifications to the standard recombination
history have been extensively studied, both as a powerful test of the standard cosmological
model and as a potential avenue to increase the value of the Hubble constant inferred
from CMB observations [e.g., 207-211]. To investigate such modifications, we use the
ModRec model developed in [208], which parametrizes departures in the ionization fraction,
Xe(z) = ne(2)/nu(z), from the standard recombination history, where ne(z) and ny(z) =
nu1(z) + num(z) are the number densities of free electrons and hydrogen nuclei, respectively.
While phenomenological, the flexible parametrization employed by ModRec effectively captures
a broad range of physical scenarios, including the effects of primordial magnetic fields, time-
varying electron mass, and dark matter annihilation [208], all of which are also studied
separately elsewhere in this paper.

Following [208], we parameterize departures from the standard ionization fraction
AXe(2) = Xo(2) — X2%(2) at seven control points spanning z = 533 to 1600, leaving reioniza-
tion and helium recombination unchanged. These control points are interpolated using a cubic
spline that enforces physical bounds, 0 < X (z) < X** where X** is the maximum allowed
ionization fraction. We compute all theoretical predictions using the class implementation
of ModRec, with precision parameters and settings described in appendix A. Our control
points and their priors are identical to those used in [208, 209].

We present constraints on the ModRec model using the Planck-LB and P-ACT-LB datasets
— we do not show or discuss P-ACT alone as BAO data are essential for breaking degeneracies
between the modified recombination parameters and standard cosmological parameters [208].
We show results for both DESI and BOSS BAO datasets, as the choice of BAO data impacts
the reconstructed X.(z) due to differences in the inferred values of r4Hy and €, between
BOSS and DESI measurements, assuming ACDM [209, 210].

Figure 17 shows the mean and 95% two-tailed CL constraints on the reconstructed
ionization fraction as a function of redshift. Including ACT DR6 data significantly improves
the constraints on X.(z), with a factor of two reduction in the uncertainty of the highest
redshift (2 ~ 1467) control point.?3 This improvement arises because modifications to the
ionization fraction impact the polarization and damping tail of the CMB [208, 212]. The
reconstructed recombination histories are consistent with the standard recombination scenario
(black dashed lines).?

Notably, the mean ionization fraction from the P-ACT-LBggpss reconstruction is nearly
indistinguishable from the standard recombination scenario across all redshifts analyzed, with
all sampled control points agreeing with the standard recombination history within 1o, except
for the highest redshift control point (z = 1467), where the ACT data favor a slightly higher
(1.50) ionization fraction than the standard model. This is driven by ACT’s mild preference

23The modified recombination history cosmology in figure 3 is obtained by selecting a sample from the
Planck-LB chain that has at least a 20% difference in the highest-redshift ionization fraction relative to the
standard recombination history and a Ax? < 1 compared to the chain’s best-fit cosmology.

24The standard recombination history is computed using the best-fit ACDM parameters from the P-ACT-LB
dataset. Using the best-fit parameters from other datasets considered in this work has negligible impact on
the predicted Xe(z).
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Figure 17. Reconstructed ionization fraction as a function of redshift using the ModRec model. The
shaded region shows the mean and 95% two-tailed CL. The circles indicate the mean ionization fraction
at the control points used in the reconstruction. The top (bottom) two panels use DESI (BOSS) BAO;
the orange and purple colors distinguish between using Planck-alone or P-ACT CMB data. The black
dashed line shows the evolution of the ionization fraction for the standard recombination scenario
assuming the P-ACT-LB best-fit ACDM parameters. We see no evidence of a deviation from the
standard recombination history.

for less damping compared to Planck, as a larger value of X, at high redshifts leads to a
decrease in damping [208]. This mild preference for a higher X, at high redshifts is in the
opposite direction of what is generally required by modified recombination models that aim
to increase the value of Hy inferred from the primary CMB. Finally, with respect to the MAP
ACDM model, we find Ax? = —11.6 (—8.4) for the P-ACT-LB (P-ACT-LBgoss) datasets,
for a model with seven additional free parameters. These values correspond to a preference
of 1.60 and 1.00 over ACDM, respectively, and hence are not statistically significant. We
present the full set of constraints on the control points in appendix F.

In figure 18 we present the marginalized constraints on Hy from the ModRec analysis.
Including ACT data shifts Hy closer to its ACDM value for both BAO datasets, consistent
with our findings that ACT data support the standard recombination history. We find

Hy =69.6 + 1.0 (68%, P-ACT-LB),
=68.14+ 1.1 (68%, P-ACT-LBgoss). (5.20)

For comparison, Hy = 70.1 £ 1.1 (68.6 £ 1.2) km/s/Mpc for the Planck-LB (Planck-LBgoss)
dataset combinations. Additionally, we find that the choice of BAO data can lead to a
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Figure 18. Marginalized constraints on Hy from the ModRec analysis for the P-ACT-LB (purple) and
Planck-LB (orange) datasets. The solid (dashed) lines use DEST (BOSS) BAO. The vertical gray line
denotes the best-fit ACDM value of Hy from the P-ACT-LB (DESI) dataset.

shift of ~ 1.5 km/s/Mpc in the posterior mean of Hy. These findings are consistent with
previous studies of the ModRec model [208, 209] and are representative of a more general
trend where the Hy value inferred from models that modify the (pre)-recombination era
physics depends sensitively on the BAO data.

Finally, given that [208] found that ModRec constraints on 2, including DESI BAO data
prefer a lower value than recent €2, constraints from supernova surveys, we comment on the
), constraints for the ModRec model. For P-ACT-LB (Planck-LB), we find Q,, = 0.296 £0.007
(0.295 4+ 0.007). Therefore, including ACT data has a negligible impact on the inferred
value of (,, for the ModRec model.

6 Particle astrophysics

6.1 Neutrinos

The CMB is sensitive to a cosmological background of neutrinos produced in the early universe
that contribute a significant fraction (~ 41%) of the radiation density. In the Standard
Model (SM) of particle physics, these neutrinos are expected to be three flavors of massless
active particles that interact weakly with other SM particles but, as explained below, they
are known to have non-zero masses.

6.1.1 Number and mass
The exact number of neutrinos and their total mass are two key parameters of the cosmological
model, and can point to beyond-Standard-Model (BSM) physics.

Neutrino number

The effective number of relativistic species quantifies the contribution to the radiation density
of neutrinos, or other light particles, during their relativistic phase (including during the
BBN epoch and the CMB decoupling epoch), Neg = (8/7)(11/4)*/3p, /., where p, and p.,
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are respectively the neutrino and photon energy densities. Three neutrino species undergoing
a non-instantaneous decoupling from the primordial plasma correspond to Neg = 3.044 [213—
216], accounting for energy-dependent interactions in the early universe. Numbers greater
than this value might indicate the existence of additional light particles or extra free-streaming
(dark) radiation — as postulated by many BSM theories [e.g., 217-223]. Values of Neg smaller
than 3.044 are also possible in scenarios where radiation is affected not by the existence
of extra particles but by non-standard properties of neutrinos or changes to the standard
thermal history. In low-reheating temperature scenarios, for example, the late-time entropy
production associated with the decay of a massive particle might delay the beginning of
the radiation-dominated era down to a temperature of a few MeV, thus preventing the
full thermalization of neutrinos [see, e.g., 224-233]. Entropy production occurring after
neutrino decoupling might also reduce Neg below its standard value by increasing the photon
temperature relative to neutrinos (see, e.g., [234], and also [235], for a scenario involving the
decay of an axion-like particle). A reduction of the effective number of neutrino species might
also be the signature of sterile neutrinos with strong self-interactions [236].

The CMB is able to constrain Neg because its value affects the expansion rate of the
universe, especially during the radiation-dominated phase, thereby altering the expansion
history just before recombination and the predicted abundances of primordial light ele-
ments [237-241]. At the perturbative level, Neg alters the damping tail (high-¢ region) of the
TT/TE/EE spectra, both because the change to the expansion history alters the timescale for
diffusion damping and because the free-streaming nature of the radiation damps the growth
of perturbations, with the latter also inducing a characteristic phase shift in the acoustic
peaks [237]. Combining the Planck legacy CMB with Planck CMB lensing and BOSS BAO,
the neutrino number is measured to be Neg = 2.99 +0.17 at 68% CL [3], or Neg = 3.06 £0.17
at 68% CL when we evaluate this estimate using Planck-LB. Here, and as baseline throughout
this paper, we assume a fixed total neutrino mass of 0.06 eV carried by a single massive species.

With the new ACT DR6 spectra we find Neg = 2.607035 at 68% CL, combining into

Neg = 2.734+0.14 (68%, P-ACT),
—2.86+0.13 (68%,P-ACT-LB), (6.1)

and giving
Negg < 3.08  (one-tail 95%, P-ACT-LB). (6.2)

This measurement is consistent with SM predictions for three relativistic neutrinos and the
existence of another thermalized particle (irrespective of its spin or decoupling time) lies at
the 94% confidence border, as calculated from the likelihood of having a minimal additional
contribution of 0.027 from a scalar boson (see below) beyond the expected value of 3.044,
as shown in figure 19. Higher-spin particles are disfavored at higher significance. A strong
contribution to this new limit comes from the peak of the ACT Ngg distribution shifting to
lower values compared to the Planck measurement because, as shown in figure 3, the new
ACT data prefer somewhat less damping than the Planck best-fit model.

While our constraints are consistent with the SM expectation — and the shift is not
statistically significant enough to draw strong conclusions — it is interesting to consider
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Figure 19. Constraints on the effective number of relativistic species, Nog. With the addition of
the ACT DR6 spectra (purple) the constraint is more precise than the measurement from Planck
combined with CMB lensing and BAO (orange) by ~ 25%. The constraint is consistent with the SM
expectation of Neg = 3.044 for three light active neutrinos marked by the dashed vertical line. The
purple bands show the region excluding a minimum contribution in extra radiation from another
thermalized relativistic species, finding Nog = 3.044 + 0.027 from a spin-0 boson at the 94% confidence
border (light purple), and the most stringent bound on the existence of another species, disfavoring
Negr = 3.044 + 0.095 from a spin-3/2 fermion at 99% confidence (dark purple) — see also figure 20.

physical models that could yield values of Neg < 3.044. Recalling that Neg depends on the
neutrino-to-photon energy density ratio, a simple possibility to decrease Neg is an injection
of energy into the photon-baryon plasma after neutrino decoupling, but before last scattering
(note that this would thus lead to different values for Neg at the BBN and CMB epochs).
Taking the central value of our P-ACT (P-ACT-LB) posterior, the photon energy density
would need to be increased by 12% (6%) between neutrino decoupling and last scattering.
If this energy injection takes place between redshifts 5 x 10* < z < 2 x 105, a p distortion
will be produced in the CMB monopole energy spectrum; if it takes place at lower redshifts
z < 5 x 10%, a y-type distortion will be produced. Using standard formulae for the distortion
amplitudes (e.g., [242]), the P-ACT (P-ACT-LB) energy-injection values would yield @ = 0.16
or y =0.03 (= 0.09 or y =0.02). Such large spectral distortions are strongly excluded
already by the COBE/FIRAS data [243, 244].%° Nevertheless, a low Neg value could still
be obtained via energy injection into the photon bath at 2 x 10 < z < 10, by cooling the
neutrinos via a BSM interaction, or by other, more exotic mechanisms as discussed above.

If we instead start by assuming the existence of the three SM neutrinos and add new,
specific light relic particles with mass < eV — i.e., only looking at regions of parameter space
with Neg > 3.044 — then we can set limits on the new species’ nature by exploiting the
fact that the excess in Nog that they generate depends on the spin of the particle and on
the temperature at which they decoupled from the thermal bath in the early universe, as
shown in figure 20 (with predictions from [245] for different species as adopted in previous
CMB literature, including [3, 149, 246, 247]). We do this by fitting for the positive ANqg

%The COBE/FIRAS spectral distortion bounds are sufficiently tight that only very small increases in the
photon energy density are allowed during the p and y epochs, corresponding roughly to ANeg = —0.0002 (for
both the p and y limits).
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Figure 20. Excess in the contribution to radiation, AN.g, caused by the existence of additional
relativistic species with g independent spin states s (with g = 25+ 1) as a function of the temperature
at which they decouple from the thermal bath. Particles decoupling after the QCD phase transition
are excluded by our constraints; in particular, light particles of spin 0 and 1/2 must decouple at
temperatures = 200 MeV and all light particles of spin 3/2 must decouple at temperatures 2 1 GeV.
The figure is adapted from the versions in [3] and [247] but, differently from those versions, this figure
is based on the fit of a positive excess rather than from the tail of the full N.g posterior, i.e., we assume
the existence of another species in addition to the three SM neutrinos (varying only ANeg > 0).

that such new species would contribute to Neg. We find AN.g < 0.32 at 95% CL from
ACT, which becomes

ANeg < 0.14  (95%, P-ACT),
<0.17 (95%, P-ACT-LB), (6.3)

where lensing and BAO data relax the bound by moving the overall N.g posterior to higher
values as seen previously. The same limit using Planck-LB is ANgg < 0.36 at 95% confidence.
Our P-ACT-LB combination excludes at 95% CL any light particle of spin 0 or 1/2 that
decoupled after the start of the QCD phase transition at temperatures < 200 MeV and
all light particles with spin 3/2 that decoupled at temperatures < 1 GeV. These are the
strongest constraints to date on the possible existence of light, weakly coupled particles
in the early universe.

As shown in figures 1 and 2, the region of parameter space preferred by ACT is in the
low Hy corner of the Neg — Hy correlation — we find Hy = 67.00 £ 0.91 km/s/Mpc (68%,
P-ACT-LB) when varying Neg. This is driven by ACT’s preference for values of Neg below
3.044, while values higher than the SM expectation would be necessary to increase the
expansion rate. Therefore, this model extension is no longer viable to move the CMB-inferred
Hubble constant toward the local SHOES estimate. On the contrary, the P-ACT-LB constraint
is well within the CCHP measurement of Hy. If we import this latter measurement as a
prior on Hy, we find a small pull of the central value of Neg to higher values and negligible
tightening of the error bar.
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Figure 21. Robustness tests of the ACT measurement of Neg. The P-ACT value used as a reference
and marked with the solid gray line is compared with the Planck estimate (orange), with individual
TT, TE, and EE probes within P-ACT (navy points) and with different subsets of ACT data (light blue
points). All measurements are reported with 1 and 20 uncertainties (thicker and thinner colored error
bars, respectively) and the SM prediction of Neg = 3.044 is shown with the dashed black horizontal
line. The gray bands show the expected statistical fluctuation incurred when looking only at a subset
of the data — calculated as the o difference between the full dataset and the nested subset of data
used for each point [248].

Including also a prior on Sg (as described in section 2.5) leaves the constraint essentially
unchanged. In fact, including all state-of-the-art non-CMB data has limited impact on the
precision of this measurement, which is dominated by P-ACT.

Neg is often used as a proxy parameter to explore the sensitivity of small-scale CMB data
to physics that impacts the damping tail; conclusions drawn for Neg in fact speak more broadly
about patterns in — and robustness of — results from small scales. As such, we perform a
number of tests to look at the stability of the Ne.g measurement. In figure 21, we report the
variation in the constraint when comparing our baseline ACT and P-ACT datasets with only
a subset of the data.?8 The results are stable across probes, frequencies, and combinations
with Planck. The overall constraint is dominated by the ACT TT and TE spectra.

Neutrino mass

The total mass of all neutrino species is parametrized by 3 m,. Measurements of flavor
oscillations between neutrinos have provided evidence for a non-zero mass [249, 250] and
set a lower limit on the value of >~ m,. Depending on the hierarchy (ordering) between
mass eigenstates, >, m, = 60 meV for the normal hierarchy and > m, = 100 meV for the
inverted hierarchy [e.g., 187]. The absolute value of the total mass is still unknown but,
given that massive neutrinos with masses at sub-eV scales cannot be explained with the
mass-generation mechanisms of the SM of particle physics, we already know that new physics
is at play. Cosmology and laboratory experiments are highly complementary probes of
the neutrino mass scale, being sensitive to different combinations of individual neutrino

26To allow fair comparisons across values, all these runs are performed with the ACT multi-frequency
likelihood; the ACT TE- and EE-only runs allow the polarization efficiencies to vary freely within a 20%
uniform prior.

— 42 —



NO out at 83% (62%)
10 out at 98% (88%)

N
O\

\ P-ACT-LB
N P-ACT-LBgoss

0.00 0.05 0.10 0.15 0.20 0.25 0.30
m, [eV]

Figure 22. Upper limits on the sum of the neutrino masses, Xm,,, within the ACDM model. The
gray lines mark the lower bounds coming from neutrino oscillation experiments, assuming a Normal
Ordering (NO, Xm, > 0.06 V) or Inverted Ordering (IO, ¥m, > 0.10 V), respectively, and the
colored bands show the exclusion regions coming from cosmology for each scenario. The most stringent
bound is given by P-ACT-LB (purple), with a significant contribution coming from DESI BAO. For
this data combination, and within the assumption of the ACDM model, the IO scenario is disfavored
at 98% confidence. The limits get more relaxed but still competitive when replacing DESI BAO with
BOSS/eBOSS BAO (light blue) or when using SNIa (gold).

masses and mixing parameters, and relying on different assumptions in the derivation of
the constraints [see, e.g., 251].

Neutrino mass impacts the growth of structures in the universe after the neutrinos
become non-relativistic [e.g., 252-257], suppressing growth at the level of a few percent.
This in turn affects the amplitude of density perturbations measurable in the lensing of the
CMB temperature and polarization anisotropies. Planck-LB gives " m, < 0.077¢eV at 95%
confidence [73], with a significant contribution from the CMB lensing data. With the new
ACT DRS6 spectra, assuming three massive neutrino species, we find

> m, < 0.089 eV (95%, P-ACT-LB),
< 0.088 eV (95%, W-ACT-LB). (6.4)

The addition of ACT DR6 to Planck leaves the bounds almost unchanged. However, the
neutrino mass constraints from Planck correlate with the high fluctuation of the lensing-like
smearing effect in the Planck CMB spectra (measured by the Ajens parameter, [258]) so
the ACT dataset serves here as a useful cross-check of the result. The impact of extra
lensing is mitigated in the P-ACT combination by the cut in £ that we introduce in Planck
temperature and is completely avoided in the W-ACT combination — since, as shown in
125, ACT DR6 measures Ajeys consistent with ACDM predictions. Once CMB lensing and
BAO data are included, the CMB power spectra contribution to the bound is sub-dominant
and the same across experiments. The conclusion that extra lensing-like smearing in the
power spectra is not the primary contributor to the very tight bounds on > m, was also
reached by [259], who delve into all the different pieces of data contributing to a neutrino
mass constraint (see also [260]).
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Figure 23. 2D marginalized posteriors at 68% and 95% CL highlighting different degeneracy directions
between the neutrino mass and the matter density for different cosmological probes. The BAO data
(pink) are mostly insensitive to how matter is distributed across different components and only bound
the total matter density. CMB lensing (teal) breaks this degeneracy, separating out the neutrinos
from other matter components, once the baryon density is anchored by BBN constraints. Together
with CMB anisotropies (purple), the combination of these data sets a stringent limit on the sum of
the neutrino masses.

As shown in figures 22 and 23, neutrino mass measurements from cosmology need different
datasets to come together to disentangle the effect of neutrinos on the geometry of the universe
and growth of structure from the late-time expansion effects [for a recent review see, e.g.,
261]. In particular, DESI’s constraint on the total matter fraction €2,,, through measuring the
BAO and inferring cosmic distances, plays a large role in these neutrino mass limits, as shown
in figure 23. The CMB lensing measurement then breaks the degeneracy between the total
density in matter and in neutrinos, due to the unique effect of the neutrino on suppressing
the clustering at smaller scales. The addition of ACT DR6 spectra confirms the tight limit
that [73] found with Planck. The combination of P-ACT-LB disfavors at ~ 98% confidence
the inverted ordering scenario. This conclusion holds also for an independent-of- Planck
combination, with W-ACT-LB giving very similar results.

Given the strong impact on these constraints from BAO, we explore other dataset
combinations that can help the CMB for neutrino mass constraints. We replace DESI with
BOSS BAO and obtain a bound of

> my, < 0.13 eV (95%, P-ACT-LBgoss), (6.5)

which is unchanged when replacing Planck with WMAP. We also exclude BAO completely and
instead exploit the information on the matter density coming from SNIa measurements, finding

> my, < 0.23 eV (95%, P-ACT-LS). (6.6)

In both cases, the limits become weaker and raise the likelihood of the inverted ordering (see
figure 22). The broadening of the bound in P-ACT-LS is due to the preference of a larger
value of the matter density exhibited by the supernovae measurements, as described in [261].
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Figure 24. Neutrino oscillation experiments require that the neutrino mass scale parameters live in
one of the two bands for normal ordering (NO, grey) or inverted ordering (IO, black), with the width of
the bands reflecting the lack of knowledge of the Majorana phases [262]. Cosmology helps distinguish
between the two scenarios, disfavoring at 95% CL the vertical band in purple, within the ACDM
model. The dark purple region is disfavored when including BOSS BAO data, while when using
DESI BAO data more parameter space is excluded, as shown by the light purple band. Neutrinoless
double-beta decay results at 90% CL from KamLAND-Zen [263] exclude the horizontal gold bands
(these account for the uncertainty in the calculation of the nuclear matrix elements when translating
the bounds on the xenon half life from KamLAND-Zen to a bound on the effective Majorana mass
mggp). The still viable parameter space is within the colored bands for the two neutrino mass orderings.
The new cosmology results presented here reduce the allowed parameter space compared to 0v23 by
excluding within the ACDM+5 " m, model the inverted ordering region and a large fraction of the
normal ordering region. This result however strongly depends on the use of DESI BAO data; with
BOSS BAO the limits are more relaxed.

In figure 24, we compare our P-ACT-LB bounds with constraints on the effective Majorana
mass mgg from the neutrinoless double-beta decay (0v23) experiment KamLAND-Zen [263]
(comparable constraints — not shown here — have also been obtained by the GERDA
collaboration, [264]). The viable parameter space, represented by the two colored bands for
the two neutrino mass orderings, is cut by the combination of cosmology and 0v20 results
within ACDM. Assuming that the neutrino mass mechanism leads to the 0v23 process
(which thus assumes neutrinos are Majorana particles), KamLAND-Zen is able to exclude
almost entirely the inverted ordering region. Cosmology further excludes the still-allowed
IO region and a large fraction of the normal ordering. This sets a challenging target for
next-generation 023 searches to probe the region of mgg < 18 meV (the lowest value for
the Majorana effective mass in the inverted ordering when considering measurements from
neutrino oscillation experiments, i.e., the lowest value at the bottom of the black IO band in
figure 24). However, as discussed in, e.g., [73, 265], these limits are model-dependent: for
example, extended models with time-varying dark energy will relax the bounds on neutrino
mass and bring the IO back into the allowed region. Cosmological bounds also assume that
neutrinos are long-lived particles with a Fermi-Dirac distribution function. Models that
deviate from these assumptions, such as scenarios featuring decaying neutrinos or neutrinos

— 45 —



with average momenta larger than that of a thermal distribution [e.g., 266-275], would likely
still be compatible with masses in the IO band.

The constraints on both Neg and > m, remain stable when varying both parameters
at the same time, with

Nog = 2.85+0.25

(95%, P-ACT-LB) (6.7)
> my, <0.073 eV

and little correlation in the joint parameter region.

While the constraint on Neg agrees with SM predictions, the most probable value for >~ m,,
from cosmology is currently zero, in contrast with oscillation measurements. If this difference
were to become significant with more precise data, it would imply a tension between our
constraints on neutrino properties in the early universe versus neutrino measurements in the
laboratory. Fortunately, with the increasing sensitivity of future CMB and BAO measurements,
we can hope to determine the sum of neutrino masses to 0.02-0.03 eV precision [e.g., 149,
247, 276, 277].

6.1.2 Neutrino self-interactions

Neutrino self-interactions can arise in a class of BSM models, for example in models where
Majorana neutrinos interact through a (pseudo)scalar, the Majoron ¢, related to the breaking
of lepton number and to the generation of small neutrino masses [278-280]. In a wide class
of models, the neutrino-Majoron coupling constant g, controlling the strength of neutrino
self-interactions, is proportional to m, /vr, where m, is the neutrino mass and vy, is the
scale of the new physics that breaks lepton number. In general, a signature of neutrino
self-interactions in cosmological observations might point to BSM physics. Here, we study
the CMB phenomenology related to neutrino self-interactions arising from neutrino-neutrino
scattering processes, which is mostly independent of the spin and parity properties of the
mediator. The symbol ¢ in the following will denote a generic mediator, including the
Majoron, unless otherwise stated. We consider interactions among the three active neutrinos
that do not couple different mass eigenstates, and with eigenstate-independent strength (in
other words, the matrix of couplings is proportional to the identity matrix in the mass basis).

Self-interactions affect the evolution of perturbations by making neutrinos behave, at
certain times, as a collisional fluid and not as free-streaming particles. Acoustic oscillations
will then propagate in the neutrino fluid and enhance, through gravity, the amplitude of
photon fluctuations. Collisions will also cancel the characteristic phase shift imprinted on
photon and matter perturbations by neutrino free streaming. These effects are relevant
during the radiation-dominated era, when neutrinos provide a non-negligible contribution to
the total energy density, and are imprinted at the time when perturbation modes re-enter
the horizon. The range of scales affected thus also depends on the energy dependence of
the scattering rate, which simplifies in the two limiting scenarios considered in the following:
a very light (“massless”) or very heavy mediator.

Heavy mediator

We consider first the case where the mass mg of the mediator is much larger than the neutrino
temperature at all times directly probed by CMB anisotropies [281]. In this case, the neutrino
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interaction is effectively a four-fermion vertex controlled by a dimensional coupling constant
Get = g%/ mi, i.e., the effective low-energy Lagrangian is Leg = Gegvvvv. This is analogous
to the low-energy behavior of standard weak interactions, just with Geg taking the place
of the Fermi constant Gy ~ 1.17 x 107° GeV 2. This low-energy limit does not depend on
the nature of the mediator, so the analysis here naturally encompasses both the scalar and
vector cases. The Boltzmann hierarchy for neutrino perturbations including the collision
term Leg generated by the interaction has been derived by [282].

In this scenario, neutrino free-streaming does not start at the time of weak decoupling,
but is instead delayed until Tt = T, gec(GF/ GEH)Q/ 3 where T}, gec ~ 1 MeV is the neutrino
decoupling temperature. Neutrino self-interactions through a heavy mediator leave an imprint
at angular scales 6§ < 0 (assuming 6 < 0cq), where O is the scale entering the horizon
at T = Ti.

Previous analyses have shown that CMB and BAO data are compatible with, and in
some cases prefer, neutrino self-interactions with Geg > G [281-292]. In fact, the posterior
for Geg has been found to be bimodal, with probability being concentrated in two distinct
regions: a moderately interacting (MIr) mode, compatible with no self-interactions, and a
strongly interacting (SIr) mode. The analysis of ACT DR4 data showed a slight preference
for neutrino self-interactions at the 2 — 3¢ level, finding Geg < 1073 MeV 2 for MIv, and
Geg ~ 10712 MeV 2 for SIv [58].

We start by considering a one-parameter extension of ACDM, including Geg as an
extra parameter and keeping fixed Y m, = 0.06eV and Neg = 3.044. To check if the
bimodal behavior persists with the ACT DR6 spectra, we split the parameter space in
two regions, Geg < 1072 MeV 2 (MIv) and Geg > 1072 MeV 2 (SIv), and perform separate
MCMC runs with flat priors on logy, (Geﬁ‘ MeV2>: -8 <logy (Geg MeVZ) < —2 (MlIr) and

—2 <log, (Geg MeVQ) < 0 (SIv). The logarithmic prior allows us to explore a wide range
of values of Geg, spanning several orders of magnitude.

In the MIv region, the P-ACT and P-ACT-LB combinations are compatible with Geg = 0,
but show a mild preference for log; (Geff MeVQ) ~ —3. In contrast, in the SIv region, the
posteriors for the same dataset combinations peak at the lower edge of the prior range, i.e., at
logyg (Geg MeVz) = —2.0. We show the two posteriors in figure 25. Since we are performing
separate parameter estimation runs for MIrv and Slv, we cannot use the distributions to
assess the relative probability of the two scenarios. Instead we compare the effective x? of
MAP models in the two regions to that of the ACDM model, as reported in table 3. We
find that the SIr model is never preferred over ACDM. The MIv model yields basically no
improvement to the goodness-of-fit for the ACT DR6 data alone with respect to ACDM, while
it gives marginal improvement for P-ACT and P-ACT-LB. Specifically, we find AxZ;, = 2.9
(P-ACT) and Ax3y, = 3.1 (P-ACT-LB), corresponding respectively to a mild 1.70 and 1.8¢
preference over ACDM, as computed using the likelihood-ratio test.

Since Ge = 0 is compatible with the data, the posterior for the MIv scenario ideally
extends with non-zero probability down to log;, (GeffMeV2> — —o00. The posterior is there-
fore ill-defined with a diverging integrated probability. This prevents the computation of
meaningful Bayesian credible intervals. Previous analyses chose to arbitrarily cut the distri-
bution at some lower bound and reported credible intervals depending on this choice. Here,
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Figure 25. Posterior distribution of the neutrino self-interaction effective coupling constant, G.g,
for various datasets within the ACDM + Geg model (solid lines) and the more extended case of
ACDM + Gog + Nogt + > m,, (dashed line). The posterior is presented in two distinct regions of
parameter space, corresponding to the MIrv and SIr modes, each independently normalized due
to separate sampling. Analysis of the MAP models in the two regions shows that neutrino self-
interactions are not preferred over ACDM (corresponding to Geg = 0), for any dataset combination.
In the ACDM + Gog model, for P-ACT-LB we find the MIv at 1.80 and no peak for SIv; a similar
behavior is also found for the more extended model. Minimal smoothing is applied to the plot to
preserve the features of the distribution.

| ACT | P-ACT | P-ACT-LB

Ax3y, | =02 29 3.1
Axd, | =32 | —10.6 -7.3
oM | — 1.7 1.8
OSlv — — —

Table 3. Ax2 = X?&CDM — X?\CDM-s—GeH from the MAP points of the MIv and SIv regions for different
data combinations. When self-interacting neutrino models yield an improvement of the fit over ACDM
we also report the preference for the model in units of . We find no statistically significant preference
for neutrino self-interactions.

we take a different approach; once the information about the position of the peaks has been
acquired from the runs with a logarithmic prior, the proposal density of the MCMC can
be correspondingly tuned and we repeat the runs using a uniform prior on Ggﬁ, namely
0< Ggﬁ < (1072 MeV_Q)Q, ensuring a proper posterior. We choose a uniform prior on Ggﬁ
rather than on Geg because the former amounts to a uniform prior on the scattering rate
I oc G%. Adopting this strategy, we find

Gegr (MIv) < 7.9 x 1073 MeV 2 (95%, P-ACT-LB). (6.8)

We repeat the analysis for a model in which only one of the three neutrino families
is self-interacting. In this case, we find that both P-ACT and P-ACT-LB yield a posterior
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with a well-defined peak in the SI region; in particular, log;g (Geff MeV2) = —1.331021 (68%
P-ACT-LB). The posterior in the MI region is instead qualitatively similar to the one found in
the scenario with three interacting neutrinos. Both these single interacting-neutrino models
are however not significantly preferred over ACDM, with Ax3;, = —1.2 and Ax%;, = —5.5
(P-ACT-LB), corresponding respectively to a 1.16 (MIr) and 2.30 (SIv) preference over ACDM.

We further consider a 9-parameter extended model with three interacting neutrinos in
which, in addition to the base ACDM parameters and Gg, also Neg and > m,, are allowed
to vary. As in [58], Neg is used to rescale the neutrino temperature. We find results similar to
those for the ACDM+Geg model with three interacting neutrinos (see figure 25). In particular,
we do not find a peak in the posterior in the SI region, in contrast to the mild preference for
such a model seen in the analysis of the ACT DR4 data [58]. The mild hint of SIv in the DR4
analysis was largely driven by a high fluctuation in the EE power spectrum at intermediate
scales, 700 < ¢ < 1000, which is no longer present in the DR6 spectra (see appendix B).

To summarize, we find that limits on interacting neutrino models are sensitive to the
underlying assumptions used to describe the broader physics in the neutrino sector. However,

neutrino self-interactions are not detected in any scenario that we consider and not preferred
over ACDM.

This lack of evidence also limits the ability of this model to increase the value of the Hubble
constant. For example, a heavy mediator in the MIv scenario gives Hy = 68.2+0.4 km/s/Mpc
(ACDM+Gegr) and Hy = 67.5+ 1.0 km/s/Mpc (ACDM+Geg + Neg + > m,,) using P-ACT-LB.
In general, we find no significant shift compared to ACDM for the ACDM+Gog model. In the
extended case of ACDM+Geg+ Negg+Y_ my, the Hy distribution shifts lower by ~ 1 km/s/Mpc
and has a twice larger uncertainty. This is driven by the Neg — Hy correlation and by ACT’s
preference for Neg < 3.044 found in ACDM+Ngg (see section 6.1.1), which persists in this
model. In the SIr scenario, we find instead Hy = 69.0 + 0.4 km/s/Mpc (ACDM+Geg) and
Hy =67.0£0.9 km/s/Mpc (ACDM+Geg + Neg + > my) for P-ACT-LB. The ~ 1 km/s/Mpc
upward shift in Hy in the ACDM+Geg model is induced by the positive correlation between
Ger and 0. In the ACDM+Gegr + Nog + > my, model, this effect is countered by a lower
value of Neg, resulting in a lower value of Hy with respect to the corresponding MIv scenario.

Laboratory searches, especially double-3 decay experiments and observations of meson
and lepton decays, severely constrain the coupling of neutrinos with a new light boson [293].
Taken at face value, the values of Geg in the SIv region, as well as those corresponding to
the MIv peak, are excluded by these searches as shown in figure 26, unless the new scalar
couples almost exclusively to 7 neutrinos.

Light mediator

In this scenario the mediator mass is much smaller than the average neutrino momentum at
all times of interest and the scattering rate I' oc ¢*T, so that the ratio between the scattering
and Hubble rates increases with time. Neutrinos will then start free streaming at weak
decoupling as usual, and become collisional again at later times [283, 299, 300]. The effects
of collisions are confined to scales between 0.1, the scale entering the horizon when neutrinos
stop free streaming at late times, and 6.y. These correspond to intermediate angular scales
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Figure 26. Cosmological and laboratory limits on neutrino couplings with a new scalar ¢. The
purple band with hatches in the upper left corner corresponds to the region excluded by P-ACT-LB
accounting for both MI and SI neutrinos. The other overlaid color bands are excluded by particle
physics and BBN limits. The shaded blue region refers to scalars coupling to electron neutrinos and
is excluded by neutrinoless double 3 decay searches [264, 294-296] and measurements of the ratio
Br(K* — etv.)/Br(KT — ptv,) (297, 298]. The orange shaded region is excluded by laboratory
constraints on the decay K — putv,¢ [187] that apply to scalars coupling to 4 neutrinos. The green
shaded region is excluded by laboratory constraints on the decay 7= — ¢f v v,-¢ [297], applying to
scalars coupling to 7 neutrinos. The red-shaded region is excluded by BBN constraints on Neg [293].
Together, cosmology and laboratory measurements allow the parameter space remaining in the right
bottom corner (in white).

in the CMB power spectra (larger scales compared to those affected by a heavy mediator)
and so we expect less contribution to this limit from ACT DRS6.

We write the thermally averaged cross section (ov) = £g*/T? = gi;/T?, where the
coefficient & depends on the details of the interaction, including the nature of the mediator.
We consider a one-parameter extension of ACDM, varying g2 with a flat prior. As in the
heavy mediator case, this is equivalent to a flat prior on the neutrino interaction rate I oc g*.
We follow the approach of [299, 300] where the collision term is approximated using the
thermally-averaged scattering rate in the relaxation time approximation. From Planck CMB
data, we find g4 < 1.5 x 10727 at 95% CL. The new ACT DR6 spectra alone give a limit
about three times weaker, with ggﬁ < 5.2x107%7 at 95% CL. Combining the two datasets
gives a ~ 20% improvement on Planck alone, with

gle <1.2x 10727 (95%, P-ACT),
<1.3x107%" (95%, P-ACT-LB), (6.9)

or |ger| < 1.1 x 1077,

Neutrino couplings with a light scalar can be constrained from 0v23 experiments and
from supernovae explosions. These constraints are expressed in terms of the couplings gns
in the basis of the eigenstates of the weak interaction, with «, 5 =e, u, 7, as opposed to
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Figure 27. Constraints on the effective neutrino self-coupling, g2, in the light mediator limit from
multiple data combinations. The hatched area is excluded by a luminosity argument applied to
SN1987A [301]. The shaded gray region shows the 68% and 95% credible intervals for ng in the ACDM
model (L25). The degeneracy with n, stems from the fact that large gos increases power at scales
typically larger than the pivot scale k, = 0.05 Mpc ™', while increasing the slope of the primordial
spectrum reduces the power at those scales. The inclusion of ACT shifts the contours to larger values
of ng, consistent with what is reported in section 4.1, and mildly tightens the bounds on geg compared
to Planck alone.

the mass basis used in our analysis. The two bases are related through the neutrino mixing
matrix. Currently, EXO-200 provides the most stringent laboratory limits on the electron
neutrino-Majoron coupling: |gee| < (0.4 — 0.9) x 1075 [295], where the range expresses the
uncertainty due to nuclear matrix elements. Supernova data can also be used to constrain
neutrino-Majoron couplings. In particular, scalar emission might overly shorten the observed
neutrino signal from SN1987A. This luminosity argument excludes the range of couplings
3x 1077 < |gag| <2 x 1075 [301]. In most of the neutrino parameter space allowed by
oscillation experiments, max (|gog)| ~ geg and P-ACT yields the strongest constraints on
neutrino interactions with a light (pseudo)scalar. In figure 27, we show the posterior
distribution for géﬂ for various data combinations, and compare with the limit from the
luminosity argument. In the same figure we also show the mild correlation between geg and
the scalar spectral index ng, which we interpret as the result of the additional power at
intermediate scales (i.e., on the left of the pivot scale k) for geg > 0.

6.2 Helium and deuterium abundances

Light elements formed in the early universe during BBN, with abundances depending on
the baryon-to-photon density ratio, n, = ny/n., and the number of relativistic degrees of
freedom, Neg. Throughout this section we assume no leptonic asymmetry in the electron
neutrino sector, i.e., a vanishing chemical potential of electron neutrinos. Given the photon
temperature today [204], n, can be related to the physical baryon density wy, = Qh2.
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To compute primordial abundances of light elements as a function of Q,h? and N.g we
can use various computational codes, each built upon different underlying assumptions. In
this paper we make use of the PRIMAT [94] and PRyMordial [302] codes in three configurations:

(a) PRIMAT_2021: this is the default BBN computation used in camb version 1.5, but
it was not present in the public version of class at the time our analyses were
performed.?” We use PRIMAT as the baseline BBN code in all analyses presented
in this paper. It implements tabulated reaction rates based on theoretical ab-initio
calculations (see [94] and references therein for details) and assumes a neutron lifetime
value v = (879.4 £ 0.6) s, i.e., the average provided in PDG 2020 [262];

(b) PRIMAT_2024: uses the same rates as PRIMAT_2021, with an updated value of 7y =
(878.4 £ 0.5) s from PDG 2024 [187];

(c) PRyMordial: uses a modified version of the NACRE II database [303] for the thermonu-
clear rates (see [302] and references therein for details) and the same value of the
neutron lifetime used by PRIMAT_2024, i.e., 7y = (878.4 £ 0.5) s.

These different BBN calculations return the same cosmological parameters and only affect
the prediction of BBN abundances, so a distinction and detailed discussion is only required in
this section. We focus on BBN predictions for the primordial helium abundance, expressed as
the nucleon number density fraction, Y, = nye/np — rather than the mass fraction parameter
YHe normally used in CMB calculations — and the primordial deuterium abundance, D/H =
D/H|, x 10°. Astrophysical determinations of the helium abundance are primarily derived
from observations of low-metallicity extragalactic HII regions, whereas deuterium abundances
are measured from high-redshift quasar absorption systems. The latest determinations are
summarized in PDG 2024 which also provides average estimates for both elements,?® namely
Y, = 0.245 £ 0.003 [305-311] and D/H = 2.547 £ 0.029 [312-316]. We do not discuss here
abundances of other light elements, such as tritium, *He, and 7Li; these elements are more
uncertain in both their determination and their interpretation [187, 317, 318].

6.2.1 Abundances assuming standard BBN

Fixing the radiation density to its standard value (N.g = 3.044), the baryon density in
the baseline ACDM model can be directly related to the helium fraction. L25 shows that
with the new ACT data the baryon density is measured to 0.5% uncertainty; for the three

2"We manually import PRIMAT-based tables from camb to use in class, as described in section 3. As of
writing, PRIMAT has recently been included in the public version of class.

Z8Section 24.3 of [187] details the averaging procedure. The PDG 2024 average helium abundance does not
incorporate the recent measurements from the EMPRESS survey performed on the Subaru telescope [304],
which indicate a helium abundance, Y, = 0.2370 £ 0.0034, ~ 2.40 lower than the PDG value.
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configurations listed above, this leads to?’

(a) Y, = 0.24727

+0.000046 (0.000131)
(b) Y, = 0.24707

+0.000046 (0.000118)
(c) Y, = 0.24691

+0.000049 (0.000153)

(68%, P-ACT-LB), (6.10)

where the first set of errors reflect only the uncertainty on Q,h? and the second in parentheses
includes the theoretical BBN uncertainty added in quadrature. The shift between (a) and (b)
is mainly driven by the different value adopted for the neutron lifetime, while the shift between
(b) and (c) reflects the different treatment of the reaction rates and nuclear cross-sections
between PRIMAT and PRyMordial; see [319] for an exhaustive comparison. However, all these
shifts are within the theoretical errors provided by the different codes, and encompassed
by the PDG average of the observational bounds, which shows an order of magnitude larger
error bar; see the upper panel of figure 28.

We find that relaxing the assumptions on the radiation density by varying N.g weakens
the constraints on the helium fraction, substantially absorbing all the discrepancies between
different BBN codes:

(a) Y, = 0.2448 + 0.0019
(b) Y, = 0.2446 + 0.0018 (68%, P-ACT-LB). (6.11)
(c) Y, = 0.2445 + 0.0018

Here the error is dominated by the uncertainty on Q,h? and Neg, and the shift with respect to
the Nog = 3.044 case is driven by the shift of Qyh? between ACDM and ACDM+N.g models.

Following the same approach, we can predict the deuterium abundance under the
assumption of standard BBN. In the baseline ACDM model the baryon density translates into

(a) D/H = 2.415 + 0.019 (0.036)
(b) D/H = 2.413 4 0.019 (0.033) (68%, P-ACT-LB). (6.12)
(¢) D/H = 2.480 + 0.020 (0.104)

For deuterium, the neutron lifetime value has a negligible impact [320] and the shift is
substantially caused by differences between PRIMAT and PRyMordial calculations, and mainly
driven by the different choices made for the reaction rates. Theoretical errors also reflect the
different choices made in the marginalization procedure by PRIMAT and PRyMordial — see
again [319] for an exhaustive comparison. When compared to direct measurements of the
deuterium abundance, estimations based on PRIMAT exhibit a mild tension, ranging between
2 and 3o0. In contrast, the inferred values obtained using the PRyMordial computation are
consistent with the PDG average, regardless of whether theoretical uncertainties are included;
see the lower panel of figure 28.

2Note that Y}, is only logarithmically sensitive to the baryon density, which leads to the small error bars here.
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Figure 28. Comparison of the constraints at 68% confidence on the baryon density Q,h? from Planck
(orange), P-ACT (navy), and P-ACT-LB (purple), versus the measured primordial helium fraction Y,
(top panel) and deuterium fraction D/H (bottom panel). The green bands show the 1o predicted
relations between the parameters according to PRIMAT 2021 (filled) and PRyMordial (empty dashed).
The gray bands are the average 68% confidence levels of the astrophysical measurements of these
fractions, according to PDG 2024 [187].

In the ACDM+ N.g model, the scenario remains unchanged, with all constraints being
shifted downward due to the higher baryon abundance found in this model

(a) D/H = 2.384 + 0.029 (0.042)
(b) D/H = 2.383 4 0.029 (0.040) (68%, P-ACT-LB). (6.13)
(¢) D/H = 2.455 + 0.028 (0.099)

Again, the deuterium abundance inferred assuming PRyMordial is consistent with astrophys-
ical measurements while both PRIMAT-based estimates are in mild tension (~ 30).

Given these results, we combine direct deuterium measurements, accounting for both
observational and theoretical uncertainties, with the posterior distribution of (Qyh?, Neg)
only under the assumption of PRyMordial BBN calculations. This approach yields joint
CMB+BBN predictions. After marginalizing over Q,h?, we obtain

Neg = 2.87+0.13  (68%, P-ACT-LB-D). (6.14)

The uncertainty on Neg remains substantially unchanged compared to the limit from P-
ACT-LB (section 6.1), as the theoretical error on deuterium dominates. The mean of the
distribution is shifted towards slightly higher values, driven by the higher astrophysical
measurement of the deuterium abundance as shown in figure 29.

We also expand this to include helium. In this case, the total uncertainty is dominated
by the astrophysical measurement, which is only 50% larger than the CMB determination
(see eq. (6.11)). Combining the CMB data with the PDG averages we get

Neg =2.89+0.11 (68%, P-ACT-LB-D-He), (6.15)

which represents the tightest limit on Neg to date.
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Figure 29. Constraints on the plane Neg—D/H (upper panel) and Y,-D/H (lower panel) from
P-ACT-LB assuming PRIMAT 2021 as BBN consistency (purple), P-ACT-LB assuming PRyMordial
(filled black), and P-ACT-LB-D-He again assuming PRyMordial (dashed empty black). The green bands
show predicted relations between the parameters according to PRIMAT 2021 (filled) and PRyMordial
(empty dashed), assuming 1o error on Q,h? from P-ACT-LB in the ACDM model. The gray bands
show the PDG averages with 68% and 95% errors obtained combining in quadrature the observational
error and the PRyMordial theoretical error.

By assuming the PDG averages for helium and deuterium abundances and employing
PRyMordial as the BBN calculator, we can also derive a pure BBN constraint on Neg, finding
Negg = 2.93 +0.21 (68%, D-He) after marginalizing over n,. This estimate shows that the
number of neutrinos at BBN and at the CMB recombination epoch are in very good agreement.

6.2.2 Model-independent bounds on the helium fraction

Instead of deriving the primordial helium abundance from BBN codes using constraints on
(h?, Negg), we can measure it directly with the CMB. Variations in Yy, alter the density of
free electrons between helium and hydrogen recombination, thereby affecting the damping
tail of the CMB anisotropies. By sampling the ACDM+ Yy, model and converting the helium
mass fraction into the helium nucleon fraction, we find

Y, = 0.2312 + 0.0092  (68%, P-ACT-LB), (6.16)
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Figure 30. Constraints on the helium abundance, Y., and number of effective neutrino species, Neg,
with both parameters varying freely, for different data combinations. The horizontal bands are the
PDG average of observational bounds with 68% and 95% errors. The green curves show the predicted
relations between the parameters according to PRIMAT and PRyMordial, assuming the best-fit of
P-ACT-LB, and the dashed black line marks the SM prediction of Neg = 3.044.

in good agreement with the astrophysical helium abundance measurements. Since both the
helium abundance and the number of relativistic degrees of freedom influence the CMB
damping tail, allowing both to vary simultaneously leads to weaker constraints

Y, =0.227 £ 0.014

} (68%, P-ACT-LB). (6.17)
Neg = 3.14£0.25
This is still consistent with direct helium abundance measurements and with the expected
number of neutrinos, but with larger errors. The relatively low values of Y), in this case
have the same origin as the low value of Neg in the ACDM+ Nqg model, since lower values
of both of these parameters reduce the damping, which is preferred by the ACT data. The
joint constraints in the Neg — Yy plane are shown in figure 30, where the anti-correlation
between these two parameters is clearly evident.

Considering the PDG collection of helium abundance measurements as an external dataset,
it is possible to sample the ACDM+Ng+Yxe model imposing a prior on Y),, which leads to

Y, = 0.2444 4 0.0029

(68%, P-ACT-LB-He), (6.18)
Neg = 2.86 +0.14

where the degeneracy between Neg and Y is efficiently broken by helium measurements
(see figure 30) and the retrieved Neg constraint is consistent with the one obtained in the
ACDM+ Negg model.
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6.3 Axion-like particles

We constrain contributions to the total dark-sector content from ultralight axion-like particles
(with masses between 10728 < m,, /eV < 10724). This ultralight pseudo-scalar dark matter
model is well-motivated by high-energy physics, as axions can generically arise from a variety
of broken symmetries or compactified extra dimensions, the so-called “axiverse” [321, 322].
These ultralight axions suppress structure formation below their de Broglie wavelength,
which manifests on astrophysical scales. The axion Jeans scale Aj, below which structure
is smoothed out, depends on the axion mass: Ay x m;xl/ 2 [321-329]. The dynamics of the

axion are described through the Klein-Gordon equation

av
"9 / 277 _
¢" +2HP +a 0

Here ¢ is the axion field, with ¢g indicating its homogeneous component, and primes denote

0. (6.19)

derivatives with respect to conformal time. In the simplest case with a quadratic axion
potential, this simplifies to

¢" +2H¢ + a*m> b =0, (6.20)

where H = a//a = aH is the conformal Hubble parameter, which acts as a friction term in
the oscillator equation governing the axion dynamics. When the Hubble term drops (as the
universe cools) to near the axion mass max ~ 3H (aesc), the axion field begins to coherently
oscillate, and begins to behave as a dark matter component (with pay o< a™3), whereas it
behaves as a frozen-in “dark-energy-like” component at earlier times. This links the axion
mass directly to its observational impact on the CMB and large-scale structure clustering.
We solve for the relic axion density by solving the field equations given that

_ 1 ¢6 2 mZx 2 agse
Qax = l (a) + qbo] —= (6.21)

)
2 2 . Pcrit

where pcrit is the critical density at z = 0. We model the effects of axions via the axionCAMB
Boltzmann solver,? which has been used in several previous analyses of the impacts of axions
on the CMB and LSS [e.g., 325, 328, 330, 331]. There have been several improvements in the
full Boltzmann solution [e.g., 332] that are particularly relevant in extreme ranges of parameter
space that we do not consider here. We leave a full comparison between codes for future work.

In order to correctly model the power on small scales [and to not introduce spurious
signals of axion physics, see 333, 334], we use a modified halo model including mixed dark
matter [335]. The computational cost of both the halo model code and axionCAMB requires
using an emulator for efficient computation. We employ the axionEmu emulator,?! which
is based on a modified version of CosmoPower.

We present our constraints on the allowed fraction of the dark matter density that is
comprised of axions in figure 31. For the lightest axion species ma, < 10728 eV (not studied

~

here, but see, e.g., [325]) this represents a limit on how axions can constitute the dark energy.

3%https://github.com/dgrinl/axionCAMB.
3https://github.com /keirkwame/axionEmu.
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Figure 31. Constraints on the axion fraction using P-ACT (navy) compared to Planck alone (orange).
Combining ACT with Planck significantly improves the constraints on the axion fraction compared
to Planck alone for the axion mass of m., = 10726eV. For lighter masses the axion starts to roll
in its potential at later times, leading to changes on scales where Planck has the majority of the
constraining power.

For the mayx 2 10727 €V axions that we consider here, constraints on the axion fraction reflect

a disentangling of axion effects from standard cold dark matter in large-scale clustering.
Using the primary CMB spectra from Planck alone or P-ACT, we find

Max = 10726 eV -
Qax/(Qax + Q) < 0.070  (95%, Planck)
< 0.052  (95%, P-ACT). (6.22)

The upper limits for max = 10727 ¢V are comparable between Planck and P-ACT at 4.5%,
while P-ACT reduces the allowed fraction of axion-like dark matter to roughly 5% (95% CL)
for the mass may = 10726 eV. For masses lighter than m., < 10726, the axion starts to roll
in its potential at later times, leading to changes in the primary CMB spectra on scales
where Planck is most constraining. Some of the improvement in the constraints comes from
the degeneracy between the axion density and the scalar spectral index. As the preferred
value of ny slightly increases between Planck and P-ACT, the limits on the axion density
also tighten. The impact of increased sensitivity in the temperature and polarization power
spectra is more pronounced for the CMB lensing deflection power spectrum, particularly for
Max > 1072 eV. A full presentation of axion constraints including the ACT DR6 lensing
power spectrum, and detailed modeling of the nonlinear clustering that impacts the lensing
deflection on small scales, will be provided in a future paper [336].

6.4 Dark matter

Many compelling dark matter (DM) models can be tested with cosmological probes, including
scenarios where DM interacts with baryons or annihilates into photons as described in this
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section, and scenarios where DM interacts with dark radiation (section 6.5) or with dark
energy (section 7.3).

6.4.1 DM-baryon interactions

Dark matter models beyond the standard paradigm of cold, collisionless DM (CDM) include
scenarios in which DM interacts with baryons [337-340]. As done in previous ACT analy-
ses [57], we consider the specific case in which DM elastically scatters with protons [341, 342]
through a contact interaction. These models were previously explored using both linear
cosmology [57, 341-352] and near-field cosmology [339, 353-355]. In a DM-baryon scattering
scenario, the two corresponding cosmological fluids exchange heat and momentum, leading to
collisional damping of small-scale perturbations in the early universe. The strength of the
interaction is quantified with the momentum-transfer cross-section oy = 0g(v/c)”, where v
is the relative particle velocity (sourced primarily by thermal velocities at the redshifts of
interest), n is the power-law index determined by the interaction theory, and the cross-section
normalization og is a free parameter of the model.

We consider models with n = —4, 0, and 2 and fix the DM particle mass to m, = 1MeV.
We choose a sub-proton mass because direct detection experiments probe values of m,
greater than 1 GeV, and constraints from Neg exclude thermal-relic DM with masses lower
than ~ 1MeV [56, 356]. The choice of m, = 1MeV allows us to explore the extreme
end of what direct detection does not reach. We then choose to explore the set of n
values that correspond to the most salient DM-baryon scattering models: millicharged DM
(n = —4), a velocity-independent and spin-independent contact interaction (n = 0), and DM
with a velocity-dependent contact interaction (n = 2) [345]. We use a modified version of
class [341, 346] that incorporates the effect of DM-baryon scattering in the linear-theory
Einstein-Boltzmann equations. We assume a broad, flat, positive prior on oy for each value
of n. Each interaction model is thus a single-parameter extension of ACDM, for a given
n and DM particle mass.

We present constraints corresponding to the three interaction scenarios in figure 32. For
n = —4, we find that ACT data do not improve on Planck constraints, giving og(n = —4) <
6.1 x 10742 ecm? (95%, P-ACT); similarly, the addition of CMB lensing and BAO data has
a negligible impact on the constraint. This is because the n = —4 model produces a scale-
independent suppression at high ¢, and the high-multipole measurements from ACT do not
add significantly to the signal-to-noise for this scenario. On the other hand, the n = 0 model
produces a strong ¢-dependent power suppression in both temperature and polarization [e.g.,
357], and thus ACT alone has comparable constraining power to Planck, leading to an upper
bound of og(n = 0) < 1.7 x 10726 ecm? (95%, ACT). A combined analysis of ACT and Planck
data leads to a factor of two improvement in the upper bounds,

oo(n =0) < 9.9 x 10727 cm? (95%, P-ACT),
< 8.5 x 10727 ecm? (95%, P-ACT-LB). (6.23)

For n =2, ACT only marginally improves on Planck constraints, giving og(n = 2) < 1.5 x
102! cm? (95%, P-ACT). The addition of CMB lensing and BAO data again has a minimal
impact, giving og(n = 2) < 1.2 x 10721 em? (95%, P-ACT-LB). As ACT data are particularly
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Figure 32. Constraints on the normalization of the momentum-transfer cross-section oy for DM-
proton elastic scattering are shown as 1D marginalized posterior probability distributions for three
models: n = —4 (top), n = 0 (middle), and n = 2 (bottom). In the top and bottom cases, the addition
of ACT does not alter the constraint from Planck (compare navy and orange lines). In the case of
n =0, ACT data (light blue) have similar constraining power to Planck, leading to a factor of two
improvement in the upper bound when the two data sets are analyzed jointly. In all cases, the addition
of lensing and BAO data only marginally affects the bounds.

sensitive to power suppression on small scales, the difference in constraining power for n = 0
and n = 2 stems from the baryon-loading-like effect occurring in the n = 2 model, which leads
to an enhancement of power at intermediate multipoles, rather than a strong suppression
seen in the n = 0 case [346].

The limits presented here are the tightest bounds on DM-baryon interactions obtained to
date from linear cosmology. In particular, these bounds are consistent with and comparable
to the results of joint analyses of Planck, BOSS, and DES data [357, 358]. Meanwhile, the
bounds obtained from highly nonlinear systems, such as the Milky Way satellite galaxy
population, are stronger for all models that produce strong scale-dependent suppression
(in this case, n = 0,2), as they lead to a notable decrement of small halos in the late
universe [353, 354, 359]. However, the non-linear modeling required for satellite analyses
does not yet allow the exploration of the full cosmological parameter space, and the bounds
obtained from near-field cosmology are thus not an apples-to-apples comparison to the present
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results. Moreover, mixed DM with a subcomponent interacting through velocity-independent
(n = 0) scattering was also found to yield a lower value of Ss, by suppressing the linear
matter power spectrum on semi-nonlinear scales [357, 358]. The ACT DR6 analysis results
presented here are consistent with the preferred parameter space of interacting DM that
reduces Sg by a non-negligible amount, for the case where all DM interacts with protons.
However, models that are most interesting in this context feature mixed DM and dedicated
analyses of these scenarios are left for future work.

6.4.2 DM annihilation

If DM annihilates into Standard Model particles, energy released by the annihilation process
is injected into the photon-baryon plasma around the time of recombination. This energy
injection affects the CMB by altering the ionization history so as to broaden the width of
the last-scattering surface and introducing a unique signature in matter clustering. The
main observational signatures in the CMB power spectra are: (i) damping of high-¢ power in
both temperature and polarization; (ii) enhancement of the polarization power spectrum at
£ < 4005 (iii) shifts of the low-£ acoustic peaks in polarization (e.g., [360-362]). The high-¢
signature is degenerate with other parameters that alter the damping tail, such as ng; thus,
most of the constraining power beyond Planck for this model is anticipated to come from
large-scale polarization measurements. Because of this, we do not expect major improvements
in the constraints for this model from ACT DR6, given the scales probed by our data.
We follow earlier literature [361, 363] and constrain the annihilation parameter

Pann = feff <UU> (6.24)

My

where m,, is the DM particle mass, (ov) is the thermally-averaged annihilation cross-section,
and fo is the fraction of the energy due to annihilation that is injected into the plasma [3]. The
transferred energy fraction f(z) is indeed redshift-dependent, but this redshift dependence only
weakly impacts the CMB and can thus be approximated by a constant fraction f(z) ~ fog [364,
365]. Thus, fes corresponds to the energy transferred to the plasma around the redshifts at
which the CMB is most sensitive to DM annihilation (z &~ 500 — 600) [363]. We assume that
this energy from DM annihilation is transferred to the plasma immediately, known as the
“on-the-spot approximation” [3]. We set a broad, flat prior on pan, € [0,1072° cm?3/s/GeV]
and use the implementation of this model in the current standard version of class.

The results of this analysis are summarized in figure 33. We find no evidence of DM
annihilation from the new ACT DR6 spectra, with pau, < 1.4 x 10727 cm3/s/GeV (95%, ACT).
When combining with Planck, we find that the joint upper limit does not improve upon
the Planck-only constraint of pan, < 3.9 x 10728 cm?/s/GeV (95%),3? but this is primarily
due to the peak of the posterior for p,n, shifting slightly away from zero, as can be seen
in figure 33. The joint constraint gives pann < 4.1 x 1072% cm?/s/GeV (95%, P-ACT). The
addition of CMB lensing and BAO data helps to tighten the constraints and pushes the

32We find a slightly weaker bound for Planck alone than that in eq. (89a) of [3]; this may be due to a slight
shift of the central value arising from our use of Srol12 for the low-¢ EE data, which is particularly important
in constraining this model.
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Figure 33. Constraints on DM annihilation (see eq. (6.24)). The posterior peak shifts slightly away
from zero when combining ACT and Planck data, leading to a slightly weaker upper limit than that
from Planck alone. Including CMB lensing and DESI BAO data pushes the peak back to zero and
yields an upper bound slightly tighter than that found with Planck.

peak of the posterior back to zero, yielding pann < 3.6 x 1072 c¢cm?/s/GeV (95%, P-ACT-LB).
Further addition of SNIa data does not tighten this limit. While the ACT DR6 data do not
significantly improve constraints on p,,, beyond those from Planck, future improvements
from large-scale CMB polarization data are expected (see, e.g., [361, 362]).

6.5 Interacting dark radiation
6.5.1 Self-interacting DR

A wide range of dark radiation (DR) models have been constructed, beyond the simple
free-streaming case parameterized by Neg [e.g., 366-375]. These models generically involve
self-interactions amongst the DR, interactions between the DR and (a subset of) the DM,
or combinations thereof, potentially with non-trivial time-dependence (e.g., due to the
temperature of the DR-DM sector falling below the mass of a massive mediator particle).
As a first step toward investigating these scenarios, we consider a simple model of (strongly)
self-interacting DR (SIDR), for example due to a new gauge interaction in the dark sector.
At the background level, this model is identical to Neg, with a free parameter Njq, > 0
describing the number of additional relativistic species (and hence the additional DR energy
density). However, the SIDR and free-streaming DR models differ at the perturbative level:
the SIDR forms a perfect relativistic fluid with w = 1/3 = ¢2, with interactions sufficiently
strong that no anisotropic stress (or higher-order Boltzmann moments) can be supported.
Thus, the perturbative dynamics are characterized fully by the continuity and Euler equations.
Unlike free-streaming DR, SIDR can cluster on small scales, thus reducing the impact of
Silk damping on the high-¢ power spectra (at fixed DR energy density). In addition, SIDR
generates a smaller phase shift in the power spectra. Thus, CMB fits to the SIDR model
can accommodate larger amounts of DR than the free-streaming DR model, which can thus
allow higher values of Hy [e.g., 184, 370, 376].
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Figure 34. Constraints on the number of strongly self-interacting dark relativistic species, Nijg;. The
addition of ACT DR6 spectra improves the constraint from Planck by more than a factor of three
(navy versus orange) and notably disfavors values of Hy above 70 km/s/Mpc that are allowed by
Planck alone. Inclusion of CMB lensing and DESI BAO data (purple) slightly weakens the SIDR
upper limit due to small shifts in the best-fit model parameters, but nevertheless further tightens the
Hy posterior. These are the tightest bounds on SIDR obtained to date.

We consider a simple SIDR model parameterized solely by Njqy, with Njgr > 0. We
assume no interactions between the SIDR and the DM. We use the implementation of
this model in class®® and we adopt a flat, uninformative prior Nig, € [0,6]. We assume
that the SM neutrino sector consists of one massive state carrying 0.06 eV and two massless
states, with N.g = 3.044.

Constraints on this model are presented in figure 34. From the ACT DR6 primary
CMB power spectra alone, we find

Nigr < 0.339 (95%, ACT)
Hy = 66.85705"  (68%, ACT). (6.25)

Including Planck primary CMB power spectra, we obtain

Nigr < 0.114 (95%, P-ACT)
Hy = 68.007085  (68%, P-ACT). (6.26)

The joint P-ACT constraint represents more than a factor-of-three improvement over the
constraint from Planck alone, for which we find Njq; < 0.379 at 95% confidence. The origin
of this tight constraint is the lack of preference for excess high-¢ damping in the DR6 power
spectra; since SIDR can only increase damping (due to the physical bound Njg, > 0), its

33We set idm_dr_tight_coupling_trigger_tau_c_over_tau_h = 0.005 and
idm_dr_tight_coupling_trigger_tau_c_over_tau_k = 0.008 to ensure high accuracy, identical to
the values we use for the analogous class accuracy parameters in the SM sector (see appendix A).
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existence is thus disfavored by the data. From the primary CMB, we thus see no evidence
of additional SIDR species, extending our results for the free-streaming DR case (Neg) to
a very different physical regime.

Including additional low-redshift datasets does not significantly tighten the bound on
Nigr, but further tightens the error bar on Hg and other cosmological parameters. From
the combination of ACT and Planck CMB spectra, ACT and Planck CMB lensing, and
DESI BAO, we obtain

Nigr < 0.134 (95%, P-ACT-LB)
Hy = 68.597030 (68%, P-ACT-LB). (6.27)

The upper limit on Njq, weakens slightly compared to that found for P-ACT above, due to
small shifts in the best-fit parameter values. Further including SNIa data in the analysis
yields negligible changes to these constraints.

The MAP SIDR model found for P-ACT, as well as that found for P-ACT-LB, yields
negligible improvement in the quality of fit over ACDM — in fact, we find that the MAP
SIDR model lies at the ACDM limit of the parameter space in both cases, i.e., with Njq, = 0,
indicating no preference for this model extension. We emphasize again that this lack of
preference arises from the lack of excess damping seen at high-¢ in ACT: because SIDR
can only increase damping over that in ACDM, the model cannot accommodate decreased
damping (unlike Neg, which can do so via a value of Neg < 3.044).

These are the tightest bounds on SIDR presented to date. The ability of this model
to increase the value of Hy inferred from cosmological data is strongly limited by these
observations, with the new ACT DR6 spectra playing a crucial role in significantly tightening
the constraints compared to those from Planck.

6.5.2 Interacting DR-DM

A wide range of dark sector models have been considered in the literature, featuring various
types of interactions between dark radiation and dark matter species [e.g., 367-369]. As
a first step in probing this space of models, here we consider the fiducial scenario studied
in [373], in which an SIDR fluid (identical to that studied above) interacts with all of the
DM via an interaction with a momentum transfer rate I'(a) = Fgmmima_2 between the DM
and the DR [377]. Microphysically, such an interaction can be realized in dark-sector models
featuring non-Abelian gauge bosons (hence the “nadm” subscript) that mediate interactions
between Dirac fermion DM particles [367, 369]. In this particular model, I' has a redshift (or
temperature) dependence that matches that of the Hubble rate during radiation domination
— see [367] for an explicit calculation of the momentum transfer rate in the “nadm” model. As
a consequence, the interaction between the DR and the DM is relevant while modes covering
a broad range of scales enter the horizon (essentially during all of radiation domination),
which leads to a roughly scale-invariant suppression of power for such modes. This makes the
model a promising candidate to decrease the CMB-inferred value of Sg [367, 373]. The SIDR
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Figure 35. Constraints on the IDR-IDM model. Here the interaction strength I'gp nadm is given in
1/Mpec. The inclusion of ACT DR6 spectra (navy) significantly improves the constraints from Planck
alone (orange). Inclusion of CMB lensing and DEST BAO data (purple) slightly weakens the Niq,
upper limit due to small shifts in the best-fit model parameters, but further tightens the constraint on
I'o nadm- The notation Nig, (IDM) indicates that the IDR in the model constrained here is interacting
with the DM, unlike that in figure 34.

abundance (set by Njq,) determines the scale where power is suppressed, while the interaction
strength I'g naam determines the amount of suppression [367].34

We use the implementation of this interacting DR — interacting DM (IDR-IDM) model
in class [369, 378]. The model contains two additional free parameters beyond those of
base ACDM: Njq, (as in the SIDR model above) and I'g nadm- We adopt the same priors and
model assumptions as for the SIDR scenario for all common parameters, while for I'g nadm,
we adopt an uninformative, uniform prior I'g nadm/ (Mpc™1) € [0.0,5.0 x 1077].

We find no preference for the IDR-IDM scenario in the ACT DR6 spectra. Constraints
on this model are shown in figure 35. Joint analysis of ACT and Planck yields

Nigr < 0.0977

[0 nadm < 4.45 x 1077 Mpc ! } (95%, P-ACT). (6.28)

This is a significant improvement over analogous results from Planck alone, for which we find
Nigr < 0.367 at 95% CL and no bound on I'g nadm (at 95% CL). We find negligible reduction
in Sg in the P-ACT fit to the IDR-IDM model, with Sg = 0.81415:032 at 68% CL. Inclusion
of CMB lensing and DESI BAO data in the combined dataset yields:

Nigr < 0.135

. < 409 % 10-7 Mpe-! } (95%, P-ACT-LB). (6.29)
0,nadm .

The bound on Sy tightens considerably compared to P-ACT, with Sg = 0.80875-0035 at 68%
CL, further limiting this model’s ability to yield low values of this parameter.

34Note that the IDR-IDM interaction studied here is not relevant in the late universe, and thus late-time
growth is not affected; modifications to structure formation are captured by the change in the linear matter
power spectrum.
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Figure 36. Curvature can be measured from the CMB alone due to lensing effects in the primary
CMB; the new ACT DRG6 spectra are consistent with a flat universe (dashed line) both alone and in
combination with Planck, as described in L25 and as shown by the navy contour. The P-ACT-LB
combination (purple) tightens the constraint around zero curvature, further breaking the degeneracy
with the matter density and improving on Planck-LB (orange).

We note that Bayesian constraints on the IDR-IDM model can suffer from volume effects,
since I'g naam becomes degenerate in the Nijq; — 0 limit. We thus confirm that the best-fit
IDR-IDM model to P-ACT or P-ACT-LB does not yield a significantly better fit to these
data than ACDM. In fact, as found for SIDR, we find that the MAP model in the IDR-IDM
scenario for both P-ACT and P-ACT-LB is indistinguishable from ACDM within our numerical
precision. Overall, we see no evidence of extended dark-sector physics in this analysis.

7 Gravity and late-time physics

7.1 Geometry: spatial curvature

In the inflationary scenario, at the end of inflation the universe is predicted to emerge in a
state very close to spatially flat [379, 380]. This hypothesis is tested empirically by allowing
the curvature density parameter, €5, which is fixed to zero in the baseline ACDM model, to
be a free parameter. As discussed in 125, the new ACT DR6 power spectra alone prefer a flat
geometry, breaking degeneracies via lensing effects in the power spectra; in a joint fit with
Planck, ACT DR6 moves the Planck contours toward vanishing curvature. When adding BAO
and CMB lensing data to the primary CMB, the degeneracy with the matter density is more
effectively broken, as shown in figure 36, and the constraints tighten significantly, yielding

Qp = 0.0019 £ 0.0015  (68%, P-ACT-LB), (7.1)

similar to € = 0.0022 £ 0.0015 (68%, Planck-LB). These limits derived from the combination
of CMB and low-redshift data tightly constrain the universe’s spatial geometry, and are
fully consistent with spatial flatness.
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This result can be converted into a new limit on the present-day radius of spatial curvature
of the universe, Ry, = c¢/Ho/\/(|Qtos — 1]) where Qo is the total cosmic energy density, such
that Qp = 1 — Q4. With P-ACT-LB we find at 95% confidence Ry > 105 Gpc or equivalently
Ry > 343 billion light-years for a closed universe (ot > 1 or Q < 0) and Ry, > 66 Gpc or
Ry > 215 billion light-years for an open universe (Qor < 1 or Q5 > 0).

7.2 Late-time dark energy

Within the ACDM model, the dark energy density is constant over time, described by a
cosmological constant A with an equation of state w = —1 at all times. A common way of
exploring the dark energy component is to relax the assumption on its equation of state,
considering a time evolution of the pressure-density ratio P/p = w(a) with [381, 382]*

w(a) = wo + we(1 — a). (7.2)

This is equivalent to a cosmological constant A when setting today’s value of the equation of
state to wy = —1 and its time dependence to w, = 0. This expansion can then be used for
explorations varying either only wg or both wy and w,, as we do below. Opening these degrees
of freedom in the dark energy component causes strong degeneracies between parameters
when using only CMB data and therefore we mostly report results for combinations with
CMB lensing and external probes of the expansion history, including both BAO and SNIa. In
particular, as shown in [73] in fits to models with additional degrees of freedom in the dark
energy equation of state, SNIa are essential to break degeneracies with Hy and the matter
density. We do not expect significant improvements from the new ACT power spectra for
late-time dark energy, but we report constraints here given interest in this model following
the DESI Year-1 results.

When w = wy is free to vary as a single-parameter extension to ACDM (without time

dependence — w, = 0 — and imposing a flat prior wo€ [—3,1]),3¢ we obtain the contours
shown in figure 1 for P-ACT-LB. Adding also SNIa data, we find

wo = —0.986 & 0.025 (68%, P-ACT-LBS), (7.3)

in good agreement with the ACDM expectation, and with the same error bar as previous
measurements using CMB from Planck (wy = —0.997 £ 0.025, [73]).

When we expand the model further, with both wy and w, varying (with a flat prior
we € [-3,2]), we find

wo = —0.837 £ 0.061

o — 0.ea02T } (68%, P-ACT-LBS), (7.4)
a — —Y-UY_0.24

with marginalized posteriors shown in figure 37. We see a moderate preference for the
wow,CDM model over ACDM, similar to what was reported in [73] using CMB data from

358ee, e.g., [383] for consideration of time-evolving dark energy beyond the (wo,w,) parametrization.
36To get theory predictions for this model we use camb with the Parametrized Post-Friedmann approach [384]
to compute dark energy perturbations (dark_energy_model=DarkEnergyPPF).
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Figure 37. Constraints on the dark energy equation of state parameters, varying both today’s value,
wp, and its time variation, w,. Similar to other studies, we find that DESI drives a preference for
time-varying dark energy (compared to the dashed ACDM line), which is relaxed when considering
BOSS BAO instead (green contours). The CMB contribution to this measurement is sub-dominant,
apart from breaking parameter degeneracies, with Planck, W-ACT, and P-ACT giving similar results.

Planck (wo = —0.827 + 0.063, w, = —0.757022).37 This result is driven partially by the
DESI data and partially by the SNIa data. Substituting the BAO dataset with BOSS BAO,
the posteriors are consistent with the cosmological constant scenario. The specific CMB
dataset used for this analysis has essentially no impact: Planck alone, P-ACT, or W-ACT
yield similar results.

With the combined P-ACT-LBS dataset, we find a well-constrained value of Hy = 67.73 £
0.68 km/s/Mpc and Hy = 68.02 £ 0.72 km/s/Mpc for the wy and wy — w, extensions,
respectively. Similarly to [73], we also find that SNIa reduce by a factor of ~ 2 the uncertainty
on Hy and shift the mean to lower values by ~ 3 km/s/Mpc (see figure 1).

7.3 Interacting DE-DM

An extension of ACDM with kinetic interactions between the DM and DE fluids was initially
considered in [385]. This model introduces a coupling constant, I'pypg, describing pure
momentum transfer between the DM and DE. This coupling leaves the homogeneous
background cosmological evolution unchanged, but alters the dark sector perturbation
evolution equations as follows [385]:

Spn = —0pm + 3¢, (7.5)
2

0pg = — [(1 +w) + 9% (1 - wz)] Opg + 3(1 + w)¢' — 3H (1 — w)dpE, (7.6)

37Quantitatively, comparing the MAP wow,CDM and ACDM models, we find Ax? = —7.0 (2.20) for
P-ACT-LBS, while [73] find Ax? =-8.7 (2.50) for Planck-LBS.
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where w is the DE equation of state, 6 = p/p—1 is the energy density contrast, § = V-v is the
velocity divergence, Af = pg — Opwn, H is the conformal Hubble factor (H = aH), ¢ is the
Newtonian gravitational potential, and ’ denotes differentiation with respect to conformal time.

This type of interaction leads to slower structure growth, and this idea was revisited
in [386-388] as a potential way to reduce the value of Sg inferred from CMB and LSS data.
The coupling strength needed to appreciably reduce Sg is around I'pypgr/(Hope) ~ 1 (where
pe is the critical density). While previous work assumed linear theory, [389] developed a
halo-model approach to characterize the behavior of DM with non-zero I'pypg on semi-linear
scales. This model is an adapted version of HMcode (still assuming dark matter only) and
accounts for changes in halo formation resulting from DE-DM interactions using modified
fitting functions for the critical and virial overdensities. A combination of CMB lensing from
ACT DR6 and Planck, BAO from SDSS/BOSS, and CMB primary anisotropy measurements
from Planck constrains the contribution of I'pyipr/Hope < 2.76 at the 95% CL using this
prescription [389].

Here, we enlarge the dataset to include the new ACT DR6 primary CMB power spectra,
and we replace the BAO likelihood with that of DESL.?® We study two configurations for
this model. We first fix the dark energy equation of state to three different values of
w € {—0.999, —0.975, —0.95}, allowing I'pympr to vary (the model is thus a two-parameter
extension of ACDM with only one additional degree of freedom). We avoid w = —1 due to a
divergence that arises in eq. (7.8) in this case. We then also jointly sample both parameters,
but we find that Metropolis-Hastings sampling performs poorly when varying both w and
I'bmpe. This occurs because w can take a very wide range of values when I'pypg goes to
0.3 We adopt a flat prior I'pypgr/(Hope) € [1078,50]. We compute theoretical predictions
for this scenario using the modified version of class from [389].4

We show the parameter posterior distributions for a subset of the runs in figure 38.
Given the large degeneracies present in this model when using only CMB data, we focus
on results for the data combinations P-ACT-LB and P-ACT-LBS. For fixed values of w, we
find that the limit on I'pypg/(Hope) gets tighter moving away from the w = —1 boundary:
I'pvpe/ (Hope)w=—0.999 < 3.10, Fpympre/(Hope)w=—0.975 < 1.64, and I'pyvpr/ (Hope)w=—0.95 <
1.64 (all at 95% CL from P-ACT-LB). Similarly, the Sg limit gets tighter, with the low-end tail
of the distribution being more excluded (see figure 38). When varying w and I'pypr/(Hope)

38We note here that the interacting DE-DM model is the only case in this paper for which we use the
extended setting for the ACT DR6 + Planck CMB lensing data. To constrain I'pyvpr, we make use of the full
CMB lensing likelihood up to L = 1250 [26, 49].

39Tn this case, due to the computational expense in this model, we stop the chains at a Gelman-Rubin
statistic of R — 1 < 0.05; thus, slight variations in the final bounds are expected.

“Onttps://github.com/fmccarthy/Class_DMDE.
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Figure 38. Constraints on the strength of the DM-DE interaction rate for the data combinations
P-ACT-LB and P-ACT-LBS, for varying equation of state (filled contours) and two fixed values of w
(empty contours and black lines). The preferred parameters are in agreement with the ACDM values
of w = —1 and I'pypg = 0 (no coupling between DM and DE).

simultaneously, we find

FDMDE/(HOPC) <1.9 (95%, P—ACT—LB)7
Sg = 0.78179:04 (68%, P-ACT-LB), (7.9)

and when including SNIa data from Pantheon-+

FDMDE/(HO,OC) <21 (95%, P—ACT—LBS),
Sg = 0.78070:03 (68%, P-ACT-LBS). (7.10)

We also perform the same analyses with BOSS BAO data used in place of DESI, finding
similar constraints on Sg (with error bars 10-30% larger) and somewhat weaker bounds
on I'pypg (roughly 20-50% larger upper limits). We see no preference for this model over
ACDM for any dataset combination considered here, with the best-fit model lying at the
I'pyvpe = 0 edge of the parameter space (note that there are no projection effects in the
Bayesian posteriors in the cases where we fix w to specific values). The inclusion of the ACT
DR6 and DESI data tightens the upper limit on I'pyipg by 33% compared to the bounds
from [389] when varying both w and I'pypg using the P-ACT-LB dataset. The improvement
in constraining power comes mainly from using the DESI BAO dataset instead of BOSS and
the improved bounds on 2, from the primary CMB in ACT DR6. The addition of SNIa
data from Pantheon+ does not improve our bounds.
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As observed in previous work, the coupling between the DM and DE leads to reduced
values of Sg, significantly broadening the marginalized posterior for this parameter. When
—w approaches unity, the effects of the coupling are delayed to lower redshifts. This makes
CMB lensing, which is sensitive to redshifts around z ~ 1 — 2, less constraining for this
model. For this reason, we find a more extended posterior for I'pypr/(Hope) when w is
near —1, as shown in figure 38. In general, we find that this model allows values of Sg from
P-ACT-LB that are consistent with values found in galaxy weak lensing surveys, but we
caution that a joint analysis with such datasets would require a full model for the nonlinear
matter power spectrum in this scenario.

7.4 Modified gravity

The growth rate of large-scale structure f(a) = dIn D(a)/dIna, where D(a) is the linear
growth factor and a is the scale factor, can be accurately approximated in the matter- or
dark energy-dominated eras as

f(a) = 0, (a), (7.11)

where v is the growth index, which takes a canonical value of 0.55 in general relativity
(GR) with a flat ACDM cosmology [390-392]. This simple model with values of 7 differing
from 0.55 is part of a broader class of modified gravity theories, which generically predict
modifications to the growth of structure. Various studies have considered and constrained
different prescriptions for the growth and geometry [e.g., 393-412]. Some studies have found
evidence for suppression of the growth of structure, while others have not. One of the most
sensitive datasets for such theories is the combination fog(z) (the product of f(z) and og(2))
which is constrained by various redshift-space distortion (RSD) and peculiar velocity surveys.
RSD surveys measure the growth rate of structure via the imprint of peculiar velocities on
the quadrupole of redshift-space galaxy clustering measurements [e.g., 413-416]. Surveys of
the peculiar velocities of individual galaxies can be performed at low-to-moderate redshifts,
when an estimate of the absolute distance to each galaxy is available (e.g., from Cepheid,
TRGB, or SNIa observations), thus allowing the cosmological contribution to the observed
redshift to be isolated from the peculiar-velocity contribution [e.g., 12, 417-420]. CMB data
also contribute constraining power via lensing effects [e.g., 421].

A recent analysis by [422] found moderate evidence of a potential deviation from the GR
prediction for 7. They considered measurements of peculiar velocities from [423], [424], [425],
and [426], and measurements of RSD from [427], [428], [429], [430], [431], [40], and [432].
Combining these with data from Planck, they found evidence for suppression of the growth
of structure at 3.7¢ significance, with v = 0.639f8:8%§. This suppression both significantly
reduced Sg and eliminated Planck’s (mild) preference for positive spatial curvature.

Here, we study the impact of including the new ACT DR6 spectra on these results,
following the approach of [422]. Since eq. (7.11) is only valid for sub-horizon perturbations, this
approach leaves the unlensed primary CMB perturbations unchanged, but modifies the CMB
lensing potential and other late-time observables self-consistently. We use all measurements
considered by [422] to form a fog likelihood, consisting of a simple Gaussian likelihood for
each survey’s constraint on fog. DEST also recently released fog measurements [433] which we
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Figure 39. Constraints on a modified growth of structure model in which the growth index = is
allowed to vary, for different dataset combinations (P-ACT-LB in purple, P-ACT-LB-fog in light blue,
and W-ACT-LBgoss-fos in navy). The addition of fos measurements effectively breaks degeneracies
between v and other parameters, but moves the constraint away from the GR prediction of v = 0.55
(marked by the gray dashed line) at > 30. The consistency between P-ACT-LB-fog and W-ACT-
LBgoss-fog indicates that the « result is not driven strongly by the preference for high Ajens in Planck,
or by DESI BAO.

do not include here to facilitate comparison with [422], but we discuss them in section 8.1. In
combination with ACT and other datasets, we use the fog likelihood to constrain the growth
index v as a single-parameter extension to ACDM, varied with a uniform prior v € [0,2]. To
perform the theoretical calculations, we use the modified version of camb released by [422].4!

With the new DR6 spectra, we find the growth index to be v = 0.560 &+ 0.110, with
Sg = 0.872 +0.042 (68%, ACT). Combining with Planck, these limits tighten significantly,
yielding v = 0.688 4+ 0.071 and Sg = 0.812 £+ 0.017 (68%, P-ACT). Further adding CMB
lensing and DESI BAO data, we obtain

v = 0.663 £ 0.052

} (68%, P-ACT-LB). (7.12)
Ss =0.799 + 0.012

This value of v lies 2.20 above the GR prediction, but is nevertheless consistent with it
(as shown in figure 39). When replacing the DESI BAO data with BOSS BAO data, we
obtain v = 0.635 £+ 0.053 and Sg = 0.812 £ 0.013 (68%, P-ACT-LBgoss), which is consistent
with the P-ACT-LB result but moves closer to the GR expectation. Including now the fog

“https://github. com/MinhMPA/CAMB_GammaPrime_Growth.
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measurements, we obtain?*?

v = 0.630 £ 0.023

(68%, P-ACT-LB-fog). (7.13)
Sg = 0.8050 = 0.0081

Replacing DESI BAO data with BOSS has minimal impact, giving v = 0.634 + 0.024 and
Sg = 0.8121 £ 0.0084 (68%, P-ACT-LBgpss-fog). The central values of « in these constraints
deviate from GR at 3.50. The data driving this result are those from RSD and peculiar
velocity surveys, but the central values are consistent with those found in our analyses
without these data.

Note that values of v > 0.55 can improve concordance between CMB-derived and LSS-
derived constraints on Sg, compared to those in ACDM. For example, our P-ACT result in the
modified-growth model (Sg = 0.812+0.017) is lower than that in ACDM (Sg = 0.830 £0.014,
L25). We do not run constraints using non-CMB data on their own, but [422] find that the
combination of fog, DES-Y1 3x2-point, and pre-DEST BAO data yields Sg = 0.784709{7
in this model. This agrees with the P-ACT Sg result at 1.20, whereas in ACDM, the same
comparison is discrepant at 3.00. The moderate tension is reduced in the modified-growth
model both by ~ 1o shifts in the central Sg values and small increases in the error bars.

The effects of varying v on the lensed CMB power spectrum are similar to those from the
phenomenological lensing amplitude parameter, Ajeps [422], for which Planck has a moderate
preference for a value Ajes > 1 [3]. To assess whether it is the Planck Ajens behavior driving
the evidence for a high growth index, we swap in WMAP for Planck data. For the CMB-only
combination, we find v = 0.621 4 0.087 and Ss = 0.840 + 0.028 (68%, W-ACT). Adding CMB
lensing, BOSS BAO, and the fog data yields

v = 0.628 £ 0.022

Sg = 0.8122 4 0.0091 } (68%, W-ACT-LBgoss-fos), (7.14)
8 — U. .

still finding a 3.50 deviation from the GR value of «. This shows that the current evidence
for a non-standard growth index is not driven by Planck’s preference for a high CMB lensing
amplitude or by DESI BAO data. The precision on this result is driven strongly by the fog
data. We discuss in more detail how this fog dataset compares with ACDM in section 8.1.
Any preference for this model appears to be largely driven by the fog data (in fact, by
just two of these data points) rather than the ACT data or other CMB data, as discussed
further in section 8.1.

8 Consistency with low-redshift data and impact on cosmological
concordance

8.1 ACDM consistency with low-redshift observations

Given our findings that no model is significantly preferred over ACDM, we confirm the
consistency of our baseline ACDM model (described in L25) with the main low-redshift

42We note that when including fos measurements, for the BOSS likelihood we use a likelihood that
combines BAO and RSD data from BOSS DR12 and eBOSS DR16, as described in [40]. When we refer to
P-ACT-LBgoss-fos or W-ACT-LBgoss-fos, this is the BOSS likelihood that is used.
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Figure 40. The ACT DR6 and Planck NPIPE CMB lensing power spectra (top panel) and the DESI
BAO distance-redshift relation (bottom panel) are compared to ACDM predictions from primary
CMB anisotropy data (Planck in orange and P-ACT in navy). The joint P-ACT-LB ACDM best-fit
model is shown in purple. For CMB lensing, we show only the bandpowers used in the baseline
likelihood described in section 2.2. The DESI dataset is described in section 2.3 and includes twelve
total data points; of these twelve points, five pairs of Dy (z)/rq and Dys(2)/rq are combined into five
different Dy (z)/rq measurements leading to a total of seven data points in this figure. The PTEs are
calculated approximating the number of degrees of freedom to be equal to the number of data points
and without propagating uncertainties in theory predictions.

datasets used here in combination with P-ACT. The agreement between the predictions
of the best-fit P-ACT ACDM model and direct measurements of the CMB lensing power
spectrum, BAO distances, and SNla distances provides a powerful consistency test of the
cosmological model and justifies our joint inclusion of these datasets in ACDM and extended
model fits.

— 74 —



_ —— P-ACT-S fit -
3 451 —— P.ACT prediction A
3 Planck prediction
3 40 Pantheon+
o e
= A
o o
= 35 y
] VIJ%A"‘H"
8 304|
0.50 A ‘ '
_ 0.25- H“
©
3 |
2 0.00 ‘
Q
o
—0.25 A (N
~0.50 ‘
1073 1072 107! 10°
Redshift (2)

Figure 41. The SNIa Hubble diagram, showing the distance modulus p as a function of redshift for
the Pantheon+ compilation. The full SNIa sample is compared with the CMB anisotropy best-fit
ACDM model predictions (from either Planck or P-ACT), and with the joint P-ACT CMB plus SNIa
ACDM best-fit (P-ACT-S in black). The distance modulus has been calibrated relative to each ACDM
best-fit cosmology (rather than using SHOES, as done in [74]).

In figure 40, we show predictions for the two main datasets we combine with: ACT
DR6+ Planck NPIPE CMB lensing and DESI BAO. We find that the P-ACT ACDM best-fit
model predicts these observations well, and slightly improves the agreement with the DESI
data, compared to that seen for the ACDM model determined by Planck alone. The same
figure also shows the combined P-ACT-LB ACDM fit to all datasets, including residuals and
the probability to exceed (PTE) for CMB lensing and BAO.** We find here and in L25 that
the jointly-derived ACDM model is a good fit to all datasets. The residuals and best-fit PTE
for Planck and ACT primary CMB power spectra are discussed in L25.

Figure 41 shows the equivalent comparison for the Pantheon+ SNIa compilation. We
show the usual Hubble diagram of the distance modulus (corrected apparent magnitude) of all
SNIa in the compilation as a function of redshift, and compare it with ACDM predictions from
the CMB and the joint best-fit model. Differently from [74], we do not normalize the distance
modulus using the SHOES calibration. Instead, we separately obtain and correct for the
absolute magnitude calibration from the Planck and P-ACT cosmology. The fit of the joint P-
ACT-S dataset marginalizes over this calibration while sampling the cosmological parameters.
We find that all ACDM solutions are in good agreement with the whole sample, recovering
maximume-likelihood values similar to those reported in the Pantheon+ public chains.

Figure 42 shows the data used in the fog likelihood from section 7.4, compared with
the theoretical predictions in ACDM for fog(z) from the 68% CL constraints for P-ACT
and W-ACT (L25). It appears that the hint of deviation from ACDM found in section 7.4
is driven by low-z points in the fog dataset that have small error bars and lie below the

“3The three models give very similar PTEs for CMB lensing — 34.7%, 35.3%, 35.3% for Planck, P-ACT,
and P-ACT-LB, respectively — which round to the same number when reporting only two significant figures.
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Figure 42. Measurements of fog used in our likelihood analysis of the modified gravity model
(section 7.4) with lo error bars (gray). The navy band shows the theoretically-predicted fog(z)
with the 68% confidence interval for the best-fit ACDM cosmology to P-ACT, with the brown band
representing the same for W-ACT. We also show fog measurements from DEST [433] in green, but
note that these are not used in our fog likelihood analysis and are only shown for comparison.

CMB expectation for fog(z). To assess the difference between the CMB-predicted fog(z)
and the data points from RSD and peculiar velocity surveys, we compute the x? between
them, finding x? = 28.0 with respect to the P-ACT prediction and y? = 37.3 with respect to
the W-ACT prediction, both for 20 degrees of freedom, indicating some discordance (note,
however, that these y? values do not propagate the theoretical uncertainty on the CMB
predictions). These x? values decrease significantly if we omit two of the low-z peculiar
velocity data points that have the lowest fog values. These points are at redshifts z = 0.025
(from [425], with fog = 0.357 £0.071) and z = 0.035 (from [426] with fog = 0.338 £ 0.027).
Omitting these points, we find x? = 14.4 for the P-ACT prediction and x? = 19.1 for W-ACT,
both for 18 degrees of freedom, illustrating no tension. Because of the significant x? reduction
that results from removing the lowest two redshift points, we conclude that deviations from
ACDM when including fog data in section 7.4 are largely driven by those points. In theory,
one could redo the analysis omitting those points from the likelihood. However, we do not
perform this exercise here since it is not the ACT DR6 data driving these deviations.

Figure 42 also shows recent fog measurements from DESI [433], though these points are
not used in our joint likelihood analysis. Assuming a diagonal covariance matrix, we find
that the DESI measurements have y? = 4.0 with respect to the P-ACT ACDM prediction
and x? = 4.2 with respect to the W-ACT ACDM prediction, both for 6 degrees of freedom.
Thus, the DESI RSD data are in good agreement with ACDM, further suggesting that the
two outlying fog points at very low-z are not indicative of new physics.

8.2 Cosmological concordance

Many of the models studied in this paper impact the value of the Hubble constant inferred
from the primary CMB power spectra, and the precision of the Hy measurement changes
because of parameter degeneracies in these scenarios. In some cases, such as in models with
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Figure 43. Inferred measurements of the Hubble constant across classes of models from P-ACT
primary CMB combined with low-redshift data. Each box captures the range of Hy allowed by
all models explored in this paper within that class (section 4-section 7) — drawing from the 68%
limits obtained with the most stringent data combination for that model, P-ACT-LB or P-ACT-LBS
depending on the model (see also figure 44) — and marks shifts and broadening with respect to
the 68% CL estimate in ACDM from P-ACT-LB (purple bar, L25). All estimates are statistically
consistent with the CCHP measurement (68% CL from [80], gold band), but no class of extensions
fully meets the bounds from SHOES (68% CL from [78], gray band). See also [76] for additional direct
Hy measurements.

variations in the particle physics content and/or particle interactions, the degeneracies are
due to changes in the ingredients of the universe affecting the expansion history at early
times. In other cases, for example for the early dark energy model, the physics prior to or at
recombination is changed significantly to reduce the sound horizon and this increases the
Hubble constant at the expense of additional degrees of freedom in the cosmological model
correlating with Hy. While no robust detection of any of these extended models has been
made in previous CMB or LSS data, some of these models have previously had non-negligible
success in shifting the CMB-derived Hy value toward the local distance ladder estimate from
SHOES. In this work, we have shown that this is generally no longer the case when including
the new ACT data. ACT DR6 contributes to limiting the allowed region of parameter space
to 66.1 < Hyp < 71.0 km/s/Mpc within all of the models studied here. This range is calculated
as the minimum and maximum value at 68% CL of all the P-ACT-LB and P-ACT-LBS
results (whichever yields higher precision) from all models explored in this work; the neutrino
self-interaction result from section 6.1.2 sets the lower end of the allowed range and the early
dark energy result from section 5.1 sets the upper end. This range of values is in agreement
with the CCHP measurement [80], but lies below the latest SHOES measurement [78].
These results are summarized in figure 43. Figure 44 provides more details on the full
suite of Hy constraints for the three classes of models that have a non-negligible impact on
Hy. Figure 45 breaks this result further down into the specific behavior of Hy versus key
model parameters in many extended models of interest, and shows that both the CMB-only
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Figure 44. The three classes of models shown in figure 43 that have an impact on the inferred value
of Hy — changes in early-time physics before or at recombination (teal), new particle astrophysics
(olive green), and new physics impacting the late-time expansion of the universe (dark red) — are
broken down here into the constraints for specific models within each class. Solid (dashed) bars are
constraints at 68% confidence derived from P-ACT-LB (P-ACT-LBS).

dataset, P-ACT, and its combination with CMB lensing and BAO, P-ACT-LB, are inconsistent
with the SHOES estimate. Because of correlations with the inferred value of the total matter
density Q,,,** BAO data play an important role in determining the central value of Hy in
many extended models. Notably, as shown in many of the analyses in section 5—section 7,
using BOSS BAO instead of DESI data reduces the central value of Hy by 1-1.5 km/s/Mpc —
hence moving constraints in the opposite direction of SHOES — while only slightly increasing
the error bars. Upcoming DESI data will be instrumental in further clarifying this situation.

From a more model-independent perspective, the consistency of the inferred physical
matter density Q,,h? from Planck and ACT (as well as their combination; L25) within
ACDM provides a strong indication that the ACDM model accurately describes physics just
prior to recombination. As noted in [183], the shape of the radiation-driving envelope in
the CMB power spectra is directly tied to the physics operating around matter-radiation
equality. If new physics were present at this epoch, a generic expectation is that ACDM-based
inferences of Q,,h? should exhibit deviations when inferred on different angular scale ranges,
due to different scales probing H(z) at different times via radiation driving. We see no such
evidence of such deviations in Q,,h? (L25), thus providing a strong validation of the physics
of ACDM in this important redshift range.

We also find that models that alter the growth of structure are not preferred by our
data. In particular, we do not find evidence in any extended model for a significant shift in

“Note that the primary CMB most directly constrains a degenerate combination of Q,, and Hy, roughly
Q. k3, with the exact value of the exponent depending on the range of angular scales measured, due to the
different physical effects at play [e.g., 434, 435].
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Figure 45. Constraints at 68% and 95% confidence on Hj in select extended models from P-ACT
(navy) and P-ACT-LB (purple), with the vertical bands indicating the 20 limits for the latter data
combination within ACDM. Degeneracies with extended-model parameters do not move the P-ACT
or P-ACT-LB limits into agreement with the SHOES constraints (20 region from [78] shown as a gray
band), but the constraints are in agreement with the CCHP measurement (20 region from [80] shown
as a gold band). Note that the MIr model shown in the second panel also includes varying Neg
and > m,.
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Figure 46. Constraints at 68% and 95% confidence on Sy in select extended models from P-ACT
(navy) and P-ACT-LB (purple) compared to the DES-Y3+KiDS cosmic shear limit (20 region from
the ACDM case with fixed neutrino mass from [38] shown as a gold band). The P-ACT-LB ACDM
constraint (20 purple vertical band) is already in statistical agreement with DES-Y3+KiDS (see L25).
Degeneracies with extended-model parameters do not generally move the P-ACT-LB central values to
even lower Sg values at the center of the DES-Y3+KiDS posterior.
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the CMB-inferred Sg value toward lower late-universe estimates, for example from cosmic
shear surveys, as summarized in figure 46. Our results generally lie on the upper end of the
limits from DES+KiDS [38], although it is important to note that the Sg value in ACDM
is already consistent between P-ACT-LB and this result.*> Also in this case the matter
density inferred via DESI BAO will contribute to the location of the maximum-likelihood
point. For all models tested, using BOSS instead of DESI BAO data yields qualitatively
similar conclusions. In addition, it is important to note that the inference of Sg itself from
galaxy weak lensing or other late-time data will generally change in the presence of the new
physics shown in these models (e.g., non-GR values of v or non-zero I'pypg), and thus one
should take the comparison shown here with a grain of salt. For a high-precision comparison,
constraints from late-time data should be self-consistently derived in these extended models,
which we leave to future, dedicated analyses.

9 Summary

In this paper, we have used a state-of-the-art CMB primary anisotropy dataset built from
new ACT DR6 power spectra combined with large-scale data from the Planck satellite to
set constraints on a large suite of extended cosmological models, both testing foundational
assumptions made in the standard ACDM model and constraining more complex scenarios.
We show that the new ACT DR6 data have reached a level of precision competitive with
that of Planck for the primary CMB contribution to the constraints, and because of the
complementarity of the two datasets — particularly at £ > 2000 in TT and on essentially
all scales measured by ACT in TE and EE — their joint analysis yields significant gains
over the sensitivity of Planck alone. We further include ACT and Planck CMB lensing data,
BAO data from DESI and SNIa from Pantheon+ to obtain the tightest limits to date on
many fundamental physics parameters and cosmological models. To validate the results, we
also explore combinations replacing Planck with WMAP large-scale CMB data, and DESI
with BAO data from BOSS.

Key takeaways from this work include:

o We test predictions for the early-universe inflationary epoch, verifying the near-scale-
invariance and adiabaticity of the primordial scalar perturbations, and restricting the
parameter space for inflation models;

e We tightly bound the presence of early dark energy, or primordial magnetic fields
that would impact the pre-recombination period, as well as variations in fundamental
constants or in the monopole temperature of the CMB or the standard recombination
history;

e We measure the properties of neutrinos and find no evidence for new light, relativistic
species that are free-streaming, no evidence for non-zero neutrino masses, and no
evidence for neutrino self-interactions. We also set limits on primordial helium and

*>The more recent KiDS Legacy measurement, Ss = 0.81570 019 shifts to even higher values and is almost

perfectly centered on the P-ACT-LB result.
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deuterium abundances that are consistent with standard BBN predictions and with
astrophysical measurements;

o Dark matter is consistent with the standard collisionless CDM assumption, with no
evidence for annihilation or interactions with baryons. We also limit the contribution
to DM from ultralight axion-like particles to be no more than 5% at axion masses of
10~26 eV,

e We find no evidence for interactions in the dark sector, either within a single dark
radiation component, between dark radiation and dark matter components, or between
dark matter and dark energy;

o Dark energy and late-time gravity generally behave as expected in the standard model
(w = —1 and v = 0.55), although we find a moderate hint for time-evolving dark energy
with P-ACT-LBS, consistent with (and driven by the BAO and SNIa data from) [73].
Upcoming BAO and SNIa data are expected to clarify the robustness of this hint.

Assessing the preference for each extended model over ACDM via the marginalized
posterior for the extended-model parameter (in the case of 1D extensions) or via comparison
of the MAP model to that in ACDM (in the case of multi-parameter extensions), we find
that no extended model is preferred over ACDM. This conclusion includes a wide range of
extended models constructed with the aim of increasing the value of the Hubble constant or
decreasing the amplitude of density fluctuations inferred from the primary CMB. With these
results providing stringent tests in new observational regimes, the footing of the standard
model of cosmology is further solidified.

This work paves the way for further, higher-precision tests of the cosmological model in the
coming decade with even more sensitive CMB polarization data, including that expected from
the Simons Observatory [247, 277], CMB-5S4 [149, 436], LiteBIRD [437], and other experiments.
The noise levels of these surveys will push nearly an order of magnitude below those of ACT
DR6 over the next 10-15 years, enabling precise searches for new physics, including not only
the models studied in this work, but also new scenarios yet to be constructed.

Shortly after the appearance of this paper, new BAO measurements from three years of
DESI observations and corresponding cosmological interpretation were presented in [438, 439].
In appendix G, we present updated ACDM consistency and evolving dark energy constraints
from this new dataset, finding results similar to those presented in the main text with DESI
Year-1 observations and consistent with those reported in [440]. We also present updated
constraints on a subset of the extended models studied earlier in the paper. In addition, we
show that relaxing the constraint on the optical depth leads to slightly reduced evidence
for wg/w, and more relaxed bounds on the neutrino mass.
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the uncertainty in the theory calculations is well below the statistical error bars of the DR6
power spectra on all scales. In particular, some of the settings defined for the Planck baseline
analyses require revision to give unbiased results with our new small-scale measurements, as
pointed out in, e.g., [55, 98]. For this work, we revise precision parameters for the calculation
of the lensed CMB spectra, as well as baseline choices for non-linear modeling of the matter
power spectrum, effects of baryonic feedback in the non-linear matter power spectrum model,
recombination calculations, and the choice of BBN calculations (the latter is described in
detail in section 6.2). We obtain the baseline settings summarized in section 3 and reported
in figures 47 and 48 below.

To assess robustness of the theory specifications with respect to the data, we consider
both cosmological parameter posteriors using different assumptions and single likelihood
evaluations to study the impact on the x? of a reference best-fit model. In general, we find
that parameter posteriors are unbiased, but x? values can vary across the parameter space,
for both ACDM and extended models. We summarize the results of these investigations here:

o Numerical accuracy settings. Accuracy parameters for the calculations of the lensed
CMB theory power spectra were studied in previous works and validated for sensitivity
levels beyond that of ACT DR6 [see, e.g., 88, 89].

e Recombination. For recombination modeling, we compare the (previously-used-as-
default) RecFast code with the alternative HyRec and CosmoRec codes, both of which
can be manually installed within camb. When evaluating the DR6 CMB-only like-
lihood ACT-lite at the best-fit ACDM point from L25, we find AX%{ecfast—HyRec =
0.37 and AXE.cfust—Cosmorec = 0-49, and with HyRec and CosmoRec agreeing within
AXQHyReC_CosmOReC = 0.12. Moving away from the best-fit point, the differences increase
and vary across parameter space, with RecFast calculations compared to either HyRec
or CosmoRec reaching Ax? ~ O(100). Looking at the contributions to this difference
across multipoles, we find that it mostly comes from TT at ¢ ~ 2000. No significant
difference in parameter posteriors is found. Given that Recfast relies on fudge factors
optimized for the Planck sensitivity but not beyond, and given that CosmoRec and
HyRec have been proven to be consistent for precise calculations of hydrogen recombi-
nation — with CosmoRec implementing also more complex helium recombination [443]
— we choose to use CosmoRec as our baseline for use with camb. Since CosmoRec is not
available with class, we use HyRec for models using this code.

o Non-linear matter power spectrum. Previous CMB analyses [e.g., 3, 6] used Halofit or
the 2016 version of HMcode to compute the non-linear matter power spectrum, which is
necessary for modeling CMB lensing. Here, we switch to the updated 2020 version of
HMcode. We adopt the dark-matter-only model with the default parameters. At the
ACDM best-fit point, we find AX2Haloﬁt—HMcode202O = 0.09.

o Baryonic feedback in non-linear modeling. To assess the impact of parameters describing
baryonic feedback in HMcode, we run calculations with dark-matter-only versus dark-
matter-plus-baryons, with the default settings for baryonic feedback. At the ACDM
best-fit point, this gives AX2DM—DM+b = 0.20. We also test the impact of the strength of
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camb:

extra_args:
kmax: 10
k_per_logint: 130
nonlinear: true
lens_potential_accuracy: 8
lens_margin: 2050
lAccuracyBoost: 1.2
min_1_logl_sampling: 6000
DoLateRadTruncation: false
recombination_model: CosmoRec

Figure 47. Baseline settings used for camb theory calculations, updating the default assumptions of
camb v1.5. Note that halofit_version=mead2020 and BBN consistency from PRIMAT 2021 are
already default settings in this camb version.

baryonic feedback, comparing our baseline with DM+baryons and with baryons having
HMcode_logT_AGN=8.0 (rather than 7.8), thus corresponding to a stronger feedback
model with larger suppression of the small-scale matter power spectrum at late times.
This gives AX2DM7DM +bit = 0.39. For future analyses with Simons Observatory and
CMB-S4 data, this effect will likely need to be accounted for in the modeling (as found
in [98]).

Figures 47 and 48 give code snippets from our Cobaya yaml files summarizing the
baseline analysis settings. These configurations give results within Ax2,.1 c1ass ~ O(1072).
Figure 49 shows validation across Einstein-Boltzmann codes for our baseline ACDM parameter
constraints, including camb, class, and CosmoPower-based emulators; similar agreement is
found also for extended models that are accessible in the three codes. In table 4 we list
all the models explored in this work and enumerate the theory and likelihood codes used
for each analysis.

B ACT DR6 versus DR4 cosmology

Here we compare results for the baseline ACDM model derived in L25 from the DR6 maps
with those from DR4 presented in [6, 43]. Figure 50 shows the subset of ACDM cosmological
parameters measured by ACT for DR6 (L25) and DR4 [6], with the latter explored also in
combination with WMA P and for different subsets of the data. Considering the 4-dimensional
space of these parameters, we find that the DR6 and DR4 ACT-alone parameters differ at
the 2.8¢ level if we ignore correlations between the two datasets. This is therefore a lower
limit on the difference if covariance were included. In particular, we find that the DR6
measurement of A2 shifts upwards by 30 compared to DR4. When ACT DR4 is combined
with large-scale modes from WMAP, which was the nominal combination in [43], we find
that DR6 agrees with the DR4 + WMAP ACDM best-fit model to within 1¢.4

In terms of understanding the difference between the cosmology preferred by ACT-alone
for DR4 and the best-fit model for DR6 (or DR4 + WMAP), we note that [43] found that

46 Comparison of EDE constraints from DR4 and DR6 can be found in appendix E.
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classy:

extra_args:
N_ncdm: 1
m_ncdm: 0.06
N_ur: 2.0308
T_cmb: 2.7255
YHe: BBN
non_linear: hmcode
hmcode_version: 2020’

recombination: HyRec

lensing: ’yes’
output: 1C1l,tCl,pCl,mPk
modes: s

1_max_scalars: 9500

delta_1_max: 1800

P_k_max_h/Mpc: 100.

1 _logstep: 1.025

1l _linstep: 20

perturbations_sampling_stepsize: 0.05

1l _switch_limber: 30.

hyper_sampling_flat: 32.

1_max_g: 40

1_max_ur: 35

1_max_pol_g: 60

ur_fluid_approximation: 2
ur_fluid_trigger_tau_over_tau_k: 130.
radiation_streaming_approximation: 2
radiation_streaming_trigger_tau_over_tau_k: 240.
hyper_flat_approximation_nu: 7000.
transfer_neglect_delta_k_S_t0: 0.17
transfer_neglect_delta_k_S_t1: 0.05
transfer_neglect_delta_k_S_t2: 0.17
transfer_neglect_delta_k_S_e: 0.17
accurate_lensing: 1
start_small_k_at_tau_c_over_tau_h: 0.0004
start_large_k_at_tau_h_over_tau_k: 0.05
tight_coupling_trigger_tau_c_over_tau_h: 0.005
tight_coupling_trigger_tau_c_over_tau_k: 0.008
start_sources_at_tau_c_over_tau_h: 0.006

1l _max_ncdm: 30

tol_ncdm_synchronous: 1.e-6

Figure 48. Baseline settings used for class theory calculations, updating the default assumptions
of the public class version. In this work, we use a version of the code that has been updated to
implement the latest HMcode-2020 model for the non-linear power spectrum, provided by J. Lesgourgues
(developed from class v3.2.2).
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Figure 49. Comparison of baseline ACDM parameter posteriors, validating different approaches to
compute the lensed CMB theory — using camb (blue), CosmoPower (green), or class (orange).

an artificial 5% re-calibration of TE compared to TT (dividing the DR4 TE bandpowers
by 1.05) would bring the ACT-alone DR4 parameters into better agreement with DR4
+ WMAP or Planck. This re-calibration had the effect of moving parameters along the
degeneracy direction for Q,h% — ng (see figure 14 of [43]). In comparing CMB power spectra
for DR4 and DR6, shown in figure 51, we find good agreement in TT and EE, and note
that the TE residuals at £ < 2000 with respect to the DR6 best-fit ACDM model are
predominantly negative, indicating less power in the DR4 spectra compared to DR6. The
DR6 TE spectra are more consistent with the model preferred by DR4 + WMAP and
Planck. Although we have not re-analyzed the DR4 data at this stage, we speculate that
our improved modeling of temperature-to-polarization leakage between DR4 and DR6 could

— 88 —



Model Section Theory Code Likelihood
Running of scalar spectral index 4.1 camb MFLike/ACT-1lite
Pr (k) 4.2 camb ACT-lite
Isocurvature perturbations 4.3 class MFLike
Tensor modes 4.4 camb ACT-1lite
Early dark energy 5.1 class/camb/ MFLike
class emulators [90]
Varying electron mass 5.2.1 class MFLike
Varying electron mass and curvature 5.2.2 class MFLike
Varying fine-structure constant 5.2.3 class MFLike
Varying fine-structure constant and curvature 5.2.4 class MFLike
Primordial magnetic fields 5.3 modified class MFLike
CMB temperature 5.4 class MFLike
Modified recombination history 5.5 modified class MFLike
Neutrino number, Neg 6.1.1 camb/ MFLike/ACT-lite
camb emulators [89]
Neutrino mass, Y. m, 6.1.1 camb/ MFLike/ACT-lite
camb emulators [89]
Neg +>-my, 6.1.1 camb/ ACT-lite
camb emulators [89]
Neutrino self-interactions 6.1.2 modified camb MFLike
Helium and deuterium 6.2 camb MFLike/ACT-1lite
Axion-like particles 6.3 modified camb/ ACT-lite
camb emulators
DM-baryon interactions 6.4.1 modified class MFLike
DM annihilation 6.4.2 class MFLike
Self-interacting DR 6.5.1 class MFLike
Interacting DR-DM 6.5.2 class MFLike
Spatial curvature 7.1 camb MFLike/ACT-lite
Dark energy equation of state, w 7.2 camb MFLike/ACT-1lite
Dark energy equation of state, wg/w, 7.2 camb MFLike
Interacting DE-DM 7.3 modified class MFLike
Modified gravity 7.4 modified camb MFLike

Table 4. Summary of models explored in this paper. For each case, we list the Einstein-Boltzmann
code and likelihood that are used for each model, noting when chains have been run with more than
one code (for robustness tests and reproducibility). The likelihood codes and the baseline ACDM
results are presented in L25.

impact the TE measurement. During the DR6 beam calibration analysis, we determined
that the DR4 leakage estimation method was insensitive to low-¢ (¢ < 2000) leakage. Given
that in DR6 we find significant leakage at these large angular scales, we have reason to
speculate that the £ < 2000 leakage in DR4 could have been underestimated, both in central
value and in uncertainty. A rough estimate suggests that the ADEE from underestimating
the leakage has an RMS value between 2 and 4 pK? for 350 < ¢ < 1000 and between 0.2
and 0.3 uK? for 1000 < ¢ < 2000 — more details are given in [61]. These numbers are
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Figure 50. Comparison of ACDM parameters (mean and lo error) estimated from different ACT
datasets. The DR6 constraints (blue) are compared with various DR4 results from both ACT alone
and ACT + WMAP, [6, 43]. In all cases we are combining with a measurement of the optical depth to
reionization from Planck Sro112. The DR6 estimates are in good agreement with the DR4 + WMAP
constraints, which comprised the baseline result presented in [43], but differ from the ACT-alone DR4
cosmology at > 2.8¢, with ,h? driving most of this difference. The two datasets can be reconciled
by discarding the DR4 TE measurements at ¢ < 2000, which could be impacted by beam modeling.

estimated from the difference between the nominal DR6 leakage estimate and an estimate
made using the DR4 leakage estimation method. Other factors that might have contributed
to a difference in TE between DR6 and DR4 are improvements in the map-making procedure
(see N25): in DR6 we have not subtracted an estimate of the pickup (due to the ground
and potential other sources) during map-making and we have upgraded to a pointing matrix
that uses bilinear interpolation instead of nearest-neighbor interpolation. Although it is
not understood how these two changes could influence the TE spectrum, it has not been
verified that these upgrades would leave the DR4 TE spectrum unchanged. Figure 50 and
the bottom right panel of figure 51 also show that simply removing data in TE at £ < 2000
moves the DR4 limits into closer agreement with DR6. Cutting TT or EE at ¢ < 2000
(figure 50) does not yield the same agreement, expanding parameter degeneracies in different
directions. This exploration of TT and EE subsets also tests other aspects noted in the
DR4 analyses, including the impact of the DR4 lack of power in TT and the ¢ < 1000
region in EE where some deviations from ACDM (e.g., early dark energy and self-interacting
neutrinos) were moderately preferred.
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Figure 51. Comparison of the DR6 and DR4 CMB power spectra (TT in top left, EE in top right,
and TE in bottom left) with respect to the DR6 ACDM best-fit model (L25). The DRA4 residuals in
TE are mostly negative at ¢ < 2000, disfavoring the DR6 ACDM cosmology. The bottom right panel
shows the Q,h? — ng parameter space, which, as shown in [43], is very sensitive to the amplitude of
the TE spectrum. Discarding the DR4 TE data at ¢ < 2000 brings the DR6 and DR4 contours in
closer agreement.

This assessment has been done assuming that the underlying model is ACDM; we do
not rule out the possibility that the difference between DR4 and DR6 is due to the true
model not being ACDM, as the two datasets do not fully overlap in angular scale, with DR4
having more statistical weight at smaller angular scales than DR6.

C Primordial matter power spectrum compilation

The primordial power spectrum constraints presented in section 4.2 are derived sampling
the primordial power over 30 bins centered on specific k wavenumbers, with individual flat
uninformative priors as summarized in table 5.

The measurement across bins presented in section 4.2 can be mapped onto the linear
matter power spectrum through the matter transfer function 7 (k) = T'(k)/k? via

2 2
Pk, z=0) = %Pn(k) (Tk(;f)) I

= 2%k Pr (k)T (k), (C.1)
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k x10? [Mpc~!] | e72"Pr(k) Prior Range x10°
0.01 0.00 - 15.0
0.03 0.10 - 10.0
0.10 0.30 — 9.00
0.32 0.50 — 8.00
1.06 1.40 - 2.60
1.23 1.40 — 2.40
1.43 1.40 — 2.40
1.66 1.60 — 3.30
1.92 1.60 — 2.30
2.23 1.60 — 2.20
2.59 1.60 — 2.20
3.00 1.60 — 2.20
3.48 1.68 —2.14
4.03 1.75 - 2.06
4.68 1.50 - 2.10
5.42 1.50 — 2.10
6.29 1.80 — 2.05
7.29 1.70 — 2.00
8.45 1.75 - 2.00
9.81 1.76 — 1.95
114 1.70 — 2.00
13.2 1.70 - 1.93
15.3 1.65 — 2.00
17.7 1.51 - 2.12
20.6 1.32 - 2.30
23.8 1.04 - 2.55
27.7 0-4.26
32.1 0-10.7
37.2 0-20.0
43.1 0 - 8.46

Table 5. Central-bin wavenumber and prior ranges used for sampling e =27 Pg (k) for each k bin.

where the dimensionless primordial power is converted to units of Mpc? through the 272 /&3
prefactor (note that T'(k) is dimensionless). As done in previous works, we use this relationship
to show the CMB constraints on the primordial power spectrum alongside those from late-time
probes such as galaxy surveys [e.g., 19, 45, 110, 227, 444]. Our main results for the binned
Pr (k) posterior distributions from P-ACT-LB (figure 6) are projected onto the linear matter
power spectrum in figure 52. We take the samples from our chains of the binned Pr (k) analysis
using P-ACT-LB and compute the linear matter power spectrum as a derived parameter in
order to account for the uncertainties from the cosmology on the transfer function. From
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figure 6 we note that P-ACT would give similar projections. We also show the P-ACT-LB
best-fit ACDM model for both the linear and non-linear matter power spectrum.*” Other
constraints are shown from the Dark Energy Survey (DES) [445], the Sloan Digital Sky Survey
(SDSS) [446], the extended Baryon Oscillation Spectroscopic Survey (eBOSS) [444, 447], and
the Hubble Space Telescope (HST) measurements of the UV galaxy luminosity function (UV
LF) [448]. Note that P-ACT-LB detects non-zero power at > 95% CL up to k = 0.43 Mpc ™!
whereas the Planck-alone constraints cut off at k = 0.15 Mpc~!. The bottom panel shows
the residuals with respect to the P-ACT-LB best-fit ACDM linear power spectrum. At scales
k > 0.1 Mpc—!, neighboring bins are more than 50% correlated. The fact that the highest k
bins have mostly positive residuals is precisely why we find a slightly positive best-fit value for
the running of the spectral index (in section 4.1), although this is not statistically significant.

D Additional constraints on isocurvature

Table 6 presents the constraints on isocurvature models. In addition to the constraints on the
amplitude of the primordial isocurvature power spectrum at two scales, we present constraints
on the isocurvature power spectrum spectral index and the primordial isocurvature fraction,

_ Prz(k)
Biso(k) = Prr(k) + Prz(k)

(D.1)

Overall, we find no evidence of isocurvature perturbations and impose stringent constraints
on a range of isocurvature scenarios.

E Additional constraints on early dark energy models

Here we compare the constraints for EDE models with n = 3 (our baseline) and n = 2.
Figure 53 shows the marginalized posterior comparisons for various dataset combinations,
and table 8 provides the numerical constraints. As for n = 3, we find no evidence of n = 2
EDE. The n = 3 model is analyzed using CosmoPower-based emulators of class, whereas
the n = 2 model is run using camb due to instability of class for this model. Note that
both class and camb solve the full perturbed Klein-Gordon equation for the EDE model
(in camb via the EarlyQuintessence module). As a validation, we check that the two codes
yield very similar constraints for the n = 3 model.

To facilitate comparisons with earlier work, we also compare constraints on the n = 3
EDE model from ACT DRA4 [55] to those obtained here from ACT DR6, as shown in figure 54.
We show results for ACT alone (DR6 versus DR4), P-ACT versus the combination of ACT
DR4 with Planck 2018 TT data up to £ = 650, and P-ACT-LBgpss versus the combination
of ACT DR4 with Planck 2018 TT data ({imax = 650), Planck 2018 CMB lensing data, and
BAO data from BOSS (and pre-BOSS surveys). We consider results using BOSS BAO data
here to ease the DR4-DR6 comparison. Significant portions of parameter space allowed by
the DR4 data are excluded by the DR6 data, and the moderate hint of non-zero EDE in
DRA4 is no longer present in the more-sensitive DR6 dataset (see also appendix B). However,

4TWe use the HMcode-2020 [95] dark-matter-only model of the non-linear power spectrum.
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Figure 52. Constraints on the linear matter power spectrum. The P-ACT-LB best-fit ACDM linear
matter power spectrum prediction is shown as a solid gray line; the dashed gray line shows the
non-linear power spectrum computed from this best-fit ACDM model using HMcode. The extrapolation
shown here includes propagation of the cosmological parameter uncertainties on the transfer function.
Our P-ACT-LB reconstruction of the binned linear Pg(k), presented in figure 6 in section 4.2, is shown
in purple. The P-ACT CMB dataset dominates this measurement. Other constraints are shown from
DES-Y1 cosmic shear [445], SDSS luminous red galaxies [446], e BOSS Lyman-« forest [444, 447],
and HST measurements of the UV galaxy luminosity function (UV LF) [448], as labeled. This plot
was made based on code from [448] and [444]. The bottom panel shows the fractional residuals with
respect to the P-ACT-LB best-fit ACDM linear power spectrum, with the y-axis optimized to highlight
the scales more precisely measured.

we also see a narrow degeneracy direction in the parameter posteriors (e.g., in the fpprp—
Q.h? panel) that is difficult to probe. Future experiments, such as the Simons Observatory
and CMB-54, will be needed to fully break this degeneracy and robustly detect or exclude
pre-recombination EDE (see, e.g., [449]).

F Additional constraints on modified recombination

Figure 55 shows the marginalized parameter posteriors for the control points*® varied in the
ModRec scenario studied in section 5.5. The lower triangle plot, shown with solid contours,
compares the constraints from Planck-LB (orange) and P-ACT-LB (purple). The upper triangle
plot, shown with dashed contours, compares the constraints from Planck-LBgpss (orange) and

48See [208] for the definition of §;.
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Model and dataset 100p% 10022 1008Y) 10082 nrz

iso iso

Uncorrelated: (nzz=1)

CDI: Planck < 0.9 < 0.9 < 3.7 <4.2 1
CDI: P-ACT <11 <11 <44 <49 1
CDI: P-ACT-LB <11 <11 <4.7 <5.1 1
NDI: Planck <21 <21 <85 <94 1
NDI: P-ACT <18 <18 <74 <81 1
NDI: P-ACT-LB <18 <18 <74 <81 1
Uncorrelated: (free nzz)
CDI: Planck <05 < 59 <20 473 2.4111
CDI: P-ACT <0.7 <26 <3.1 <55 2.0014
CDI: P-ACT-LB <07 <26 <31 <55 2.0%54
NDI: Planck <15 41138 <63 16413 15755
NDI: P-ACT <1.6 <6.1 <6.7 <23 16798
NDI: P-ACT-LB <17 <55 <6.9 <21 1.5+ 0.9
Fully correlated: (n;r =ngr)
CDI: Planck <0.028 <0025 <012 <012 0970 +0.010
CDI: P-ACT <0025 <0023 <0.11 <011  0.975700%
CDI: P-ACT-LB <0.031 <002 <014 <014  0.9775907
Fully anti-correlated: (nzz =ngr)
CDI: Planck <0031 <002 <013 <013 0.960+0.010
CDI: P-ACT <0.027 <0023 <011 <011  0.967739%
CDI: P-ACT-LB <0.015 <0014 <0.06 <0.06 09727357

Table 6. Constraints on isocurvature perturbations for the models and dataset combinations
considered in section 4.3. We report the one-tailed 95% upper bound for parameters that are not
detected; otherwise, we report the two-tailed 95% CL (chosen to facilitate comparison with results
from table 14 of [105]).

Ax? | Pref. (in o) HéEDE) fepe | logqg 2c
ACT 1.4 0.4 66.4 0.032 3.04
P-ACT 3.6 1.0 69.0 0.046 3.52
P-ACT-LB | 5.5 1.5 70.3 0.064 3.50
W-ACT-LB | 34 1.0 70.1 0.059 3.49

Table 7. The Ax? = x3 cpu — XEpg from the multifrequency likelihood MAP points for the n = 2
EDE model as compared to those found for ACDM for each dataset combination, and preference (in
units of o) for EDE using the likelihood-ratio test statistic. The MAP estimates for Hy, fepg, and
log,( 2. in the EDE model are also shown. As with the n = 3 model, the data show no significant
preference for non-zero EDE.
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Dataset Qchz Qbh2 In 1010145 Ng H() T fEDE
ACT

n=2 0.12721500%  0.02259 + 0.00020 3.061 £0.015  0.96270:025  67.57%2  0.0574 £0.0056 < 0.091

n=3 0.1265139924  0.02260 +0.00020 3.058 £0.015  0.96475:922  67.57%9  0.0571 £0.0057 < 0.088
P-ACT

n=2 0.1256+99033  0.02264109%015 3,066 +0.015 0.9767 +0.0059 69.3*1%  0.06079%¢ < o0.11

n=3 0.1251+99031  0.02267+090017 30654+ 0.015  0.97853999%  69.3*09  0.05997390% < 0.12
P-ACT-LB

n=2 0.124370:0030  0.02269700001  3.0705012  0.9796159588  70.1%92  0.06347505%%0 < 0.11

n=3 0.1233%0%025  0.022701030013  3.065T001,  0.9809759%%L  69.919%  0.0619T599%¢ < 0.12
W-ACT-LB

n=2 0.124175:9024 0.02272 4+ 0.00018  3.067T5012  0.9755 +0.0061  69.8+9%  0.063075:9%7 < 0.12

n=3 0.123370:005  0.02273+£0.00019  3.06475515  0.976675:50%  69.819T  0.0614750058 < 0.12
P-ACT-LBgoss

n=2 0.1246100027  0.022641090012  3.065T001L  0.9769F30347T  69.47%%  0.0609799%% < 0.11

n=3 0.123370:002L  0.0226510:0001%  3.061E501 0.9777E50%8  69.2497  0.060075:9%2 < 0.10

Table 8. Constraints on EDE for n = 2 and n = 3 models, for various dataset combinations. All
numbers are reported as 68% confidence intervals, except fgpg, which is given as a 95% upper bound.

P-ACT-LBgoss (purple). Including ACT data significantly improves the constraints on the
control points, yielding stringent bounds on the cosmological recombination history, which
we find to be consistent with the standard recombination scenario (¢;=0; dotted gray lines)
within 20 across all control points analyzed in the ModRec model. Note that the control
points in neighboring redshift bins can be highly correlated.

G Impact of DESI DR2 BAO and optical depth measurements

G.1 DESI DR2

[438, 439] presented new BAO measurements from three years of observations — DESI DR2,
labeled as Bpgro hereafter — improving the size of the data sample and parameter sensitivity
over the dataset from Year-1 exploited in the main text of this paper. In figure 56, we revisit
the consistency of DESI BAO with the best-fit ACDM model from Planck and from P-ACT. We
find that the P-ACT best-fit model continues to provide an accurate prediction (in fact, even
more accurate than for the DESI Year-1 dataset) for these new BAO data and that the joint
ACDM solution is a good fit to all the datasets. In the same figure, we also compare the wq/w,
constraints presented in section 7.2 with the contours obtained swapping in DESI DR2 for
DESI Year-1. We find that the preference for the wg/w, model over ACDM remains moderate,
at the 2.40 level with or without supernovae, i.e., for P-ACT-LBpgr2S and P-ACT-LBpgrs.
These results are consistent with what was derived in [440]. The evidence for evolving dark
energy is reduced with P-ACT compared to combinations of DESI with other CMB likelihoods
(i.e., CMB spectra from Planck NPIPE, [4]) because the value of the matter fraction measured
by P-ACT is slightly lower than the value measured by Planck alone: 2, = 0.3116 + 0.0071
for P-ACT and €, = 0.3158 4+ 0.0085 for Planck (L25) or Q,, = 0.3140 £+ 0.0076 for Planck
NPIPE [4], and thus lies closer to the DESI constraint in ACDM.
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Figure 54. Comparison of constraints on the n = 3 EDE model from ACT (top left), P-ACT (top
right), and P-ACT-LBgoss (bottom) from the DR4 (blue) and DR6 (brown) data. The mild hint of
non-zero EDE in DR4 [55] is not seen in the more-sensitive DR6 dataset. Beyond the significantly
increased sensitivity, the DR6 dataset also benefits from improved map-making and systematic
modeling compared to DR4, resulting in better-understood beams, transfer functions, and leakage
corrections (see appendix B for further discussion and details).

As an example of the impact of DESI DR2 data on an extended model with new
recombination-era physics, here we present updated results for the modified recombination
scenario studied in section 5.5. This example is particularly useful due to the sensitivity
of the modified recombination constraints to the choice of BAO dataset (see figure 17).
Figure 57 shows the marginalized parameter posteriors for the ModRec control points with
DESI DR2 data (dark blue). The P-ACT-LBpga constraints are consistent with the P-ACT-LB
constraints, as well as the standard recombination scenario. Relative to the DESI Year-1
analysis, the DR2 data yield approximately 10-15% tighter constraints on the control points.
Figure 58 shows the marginalized posterior on Hy for the ModRec analysis with DESI DR2
data. With the addition of DESI DR2, we find Hy = 69.5 + 0.7 (68%, P-ACT-LB) which is
significantly tighter than the P-ACT-LB constraint (69.6 £+ 1.0 km/s/Mpc).
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Figure 55. Marginalized parameter posteriors for the control points varied in the ModRec scenario
analyzed in section 5.5. The bottom (top) panels use DEST (BOSS) BAO. The dotted gray lines
indicate the standard recombination scenario (g; = 0).

The impact of DESI DR2 on most single parameter extensions studied in this paper is
minimal. We report here only three cases that exhibit shifts worth noting. The measurement
of Neg is only marginally improved with the newer DESI data and the central value shifts
towards the standard model predictions, yielding Neg = 2.92 £+ 0.12 (68%, P-ACT-LBpRa2).
The right panel of figure 59 shows that the measurement of ny = 0.9752 4+ 0.0030 obtained
with P-ACT-LBpgra (see L25) tightens the contours in the r — ny plane, reducing further the
parameter space allowed for Starobinsky-like inflation models (assuming 50-60 e-folds of
inflation). A tighter measurement of the matter fraction shrinks the uncertainty on — and
reduces correlations with — spatial curvature as shown in the left panel of figure 59, yielding
Q = 0.0018 + 0.0011 (68%, P-ACT-LBpgr2), in agreement with ACDM at 1.60.

G.2 Optical depth

Recent works (e.g., [261, 450-452]), have shown that the contribution to tight limits on the
neutrino mass sum and the evidence for evolving dark energy stemming from the matter
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Figure 56. Left: DESI DR2 BAO measurements combined in seven total data points and compared
with CMB ACDM predictions (from Planck in orange and P-ACT in navy) and with the joint P-ACT-
LBpra fit (light purple), as in figure 40. The P-ACT ACDM best-fit model continues to provide good
predictions for the DESI DR2 data. Right: Comparison of evolving dark energy constraints using
one (empty dark purple) or three years (filled light purple) of DESI BAO data, in combination with
Planck, ACT, CMB lensing, and SNIa data (P-ACT-LBS). The evidence for evolving dark energy over
ACDM remains moderate, shifting from 2.20 (one year of DESI BAO) to 2.40 (three years of DESI
BAO). Relaxing the measurement of the optical depth using a wider prior on 7 does not impact these
limits: a shift in the central value of 7 (as for example measured in the extreme case of removing
low-¢ polarization data, shown in the green contours) is needed to move the constraints to within 20
of ACDM.

density fraction measured by DESI BAO can be reduced by relaxing the constraint on the
optical depth, 7. We show the impact of 7 on our P-ACT-LB results by doubling the Srol12
uncertainty on 7 and using a Gaussian prior of 7 = 0.057 £0.012. This positions 7 in between
the most stringent limit from Srol112 and the recent measurement from CLASS [453]. We
find that a more uncertain measurement of 7 at this level has no impact on the wy/w,
constraints. To reduce further the evidence for evolving dark energy, the central value of
the prior needs to shift towards higher values of 7 &~ 0.07 — this is consistent with the fact
that the value of 7 preferred by the combination P-ACT-LBpra (7 = 0.064375:0052, 1.25) is
higher compared to the central value of the Sro112 measurement. We show this in figure 56
by removing Sroll2 information altogether and measuring 7 from lensing effects in the
power spectra, which break the As;—r degeneracy. The wg/w, limits become broader and
move closer to consistency with ACDM, at the 20 level for P-ACT-LBpgrsS, and measure
7 = 0.081 £+ 0.016.

Given the well-known degeneracy between neutrino mass and the power spectrum
amplitude, which in turn correlates with 7, the neutrino mass limit is also expected to
become more relaxed when considering a more uncertain 7. We find that a wider prior has
minimal impact, yielding > m, < 0.10eV at 95% confidence for P-ACT-LB, which becomes
> m, < 0.19eV excluding Sroll2 completely.
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Figure 57. Marginalized parameter posteriors for the control points varied in the ModRec scenario
analyzed in section 5.5 (as in figure 55) including DEST DR2 BAO (blue). The dotted gray lines
indicate the standard recombination scenario (g; = 0).
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Figure 58. Constraints on the Hubble constant from the ModRec analysis as in figure 18, highlighting
the impact of DESI DR2.
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Figure 59. Constraints in the r — ng plane (left, as in figure 10) and on the curvature and matter
densities (right, same as figure 36), with the addition of the combination P-ACT-LBpgrs using DESI
DR2 shown in green.
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