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Figure 49. Comparison of baseline ΛCDM parameter posteriors, validating different approaches to compute the lensed CMB
theory — using camb (blue), CosmoPower (green), or class (orange).
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Model Section Theory Code Likelihood

Running of scalar spectral index §4.1 camb MFLike/ACT-lite

PR(k) §4.2 camb ACT-lite

Isocurvature perturbations §4.3 class MFLike

Tensor modes §4.4 camb ACT-lite

Early dark energy §5.1 class/camb/ MFLike

class emulators (Qu et al. 2024a)

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, Neff §6.1.1 camb/ MFLike/ACT-lite

camb emulators (Jense et al. 2025)

Neutrino mass,
∑

mν §6.1.1 camb/ MFLike/ACT-lite

camb emulators (Jense et al. 2025)

Neff +
∑

mν §6.1.1 camb/ ACT-lite

camb emulators (Jense et al. 2025)

Neutrino self-interactions §6.1.2 modified camb MFLike

Helium and deuterium §6.2 camb MFLike/ACT-lite

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-lite

Dark energy equation of state, w0/wa §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 ΛCDM results are presented in L25.
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B. ACT DR6 VERSUS DR4 COSMOLOGY
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Figure 50. Comparison of ΛCDM parameters (mean and 1σ
error) estimated from different ACT datasets. The DR6 con-
straints (blue) are compared with various DR4 results from both
ACT alone and ACT + WMAP, (Choi et al. 2020; Aiola et al.
2020). In all cases we are combining with a measurement of
the optical depth to reionization from Planck Sroll2. The DR6
estimates are in good agreement with the DR4 + WMAP con-
straints, which comprised the baseline result presented in Aiola
et al. (2020), but differ from the ACT-alone DR4 cosmology
at > 2.8σ, with Ωbh

2 driving most of this difference. The two
datasets can be reconciled by discarding the DR4 TE measure-
ments at ℓ < 2000, which could be impacted by beam modeling.

Here we compare results for the baseline ΛCDM

model derived in L25 from the DR6 maps with those

from DR4 presented in Choi et al. (2020); Aiola et al.

(2020). Figure 50 shows the subset of ΛCDM cosmo-

logical parameters measured by ACT for DR6 (L25)

and DR4 (Choi et al. 2020), with the latter explored

also in combination with WMAP 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 2.8σ level

if we ignore correlations between the two datasets.

This is therefore a lower limit on the difference if co-

variance were included. In particular, we find that

the DR6 measurement of Ωbh
2 shifts upwards by 3σ

compared to DR4. When ACT DR4 is combined

with large-scale modes from WMAP, which was the

nominal combination in Aiola et al. (2020), we find

that DR6 agrees with the DR4 + WMAP ΛCDM

best-fit model to within 1σ.46

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 Aiola et al. (2020) found that 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 de-

generacy direction for Ωbh
2−ns (see Fig. 14 of Aiola

et al. 2020). In comparing CMB power spectra for

DR4 and DR6, shown in Fig. 51, we find good agree-

ment in TT and EE, and note that the TE resid-

uals at ℓ < 2000 with respect to the DR6 best-fit

ΛCDM model are predominantly negative, indicat-
ing 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. Al-

though 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 impact the TE measurement. During

the DR6 beam calibration analysis, we determined

that the DR4 leakage estimation method was insensitive to low-ℓ (ℓ < 2000) leakage. Given that in DR6 we find

significant leakage at these large angular scales, we have reason to speculate that the ℓ < 2000 leakage in DR4 could

have been underestimated, both in central value and in uncertainty. A rough estimate suggests that the ∆DTE
ℓ from

underestimating the leakage has an RMS value between 2 and 4 µK2 for 350 < ℓ < 1000 and between 0.2 and 0.3 µK2

for 1000 < ℓ < 2000 — more details are given in Duivenvoorden et al. in prep. These numbers are 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

46 Comparison of EDE constraints from DR4 and DR6 can be
found in Appendix E.
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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 ΛCDM best-fit model (L25). The DR4 residuals in TE are mostly negative at ℓ < 2000, disfavoring
the DR6 ΛCDM cosmology. The bottom right panel shows the Ωbh

2 − ns parameter space, which, as shown in Aiola et al.
(2020), is very sensitive to the amplitude of the TE spectrum. Discarding the DR4 TE data at ℓ < 2000 brings the DR6 and
DR4 contours in closer agreement.

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 Fig. 51 also show that simply removing data in TE at ℓ < 2000 moves the DR4 limits into

closer agreement with DR6. Cutting TT or EE at ℓ < 2000 (Fig. 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 ℓ < 1000 region in EE where some

deviations from ΛCDM (e.g., early dark energy and self-interacting neutrinos) were moderately preferred.

This assessment has been done assuming that the underlying model is ΛCDM; we do not rule out the possibility

that the difference between DR4 and DR6 is due to the true model not being ΛCDM, as the two datasets do not fully

overlap in angular scale, with DR4 having more statistical weight at smaller angular scales than DR6.
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C. PRIMORDIAL MATTER POWER SPECTRUM COMPILATION

k ×102 [Mpc−1] e−2τPR(k) Prior Range ×109

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

11.4 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−2τPR(k) for each k bin.

The primordial power spectrum constraints pre-

sented in §4.2 are derived sampling the primordial

power over 30 bins centered on specific k wavenum-

bers, with individual flat uninformative priors as

summarized in Table 5.

The measurement across bins presented in §4.2
can be mapped onto the linear matter power spec-

trum through the matter transfer function T (k) ≡
T (k)/k2 via

Pm(k, z = 0) =
2π2

k3
PR(k)

(
T (k)

k2

)2

k4

= 2π2kPR(k)T 2(k) , (C1)

where the dimensionless primordial power is con-

verted to units of Mpc3 through the 2π2/k3 pref-

actor (note that T (k) is dimensionless). As done

in previous works, we use this relationship to show

the CMB constraints on the primordial power spec-

trum alongside those from late-time probes such as

galaxy surveys (e.g., Tegmark & Zaldarriaga 2002;

Tegmark et al. 2004; Hlozek et al. 2012; Planck Col-

laboration 2020a; Chabanier et al. 2019). Our main

results for the binned PR(k) posterior distributions

from P-ACT-LB (Fig. 6) are projected onto the lin-

ear matter power spectrum in Fig. 52. We take the

samples from our chains of the binned PR(k) anal-

ysis using P-ACT-LB and compute the linear mat-

ter power spectrum as a derived parameter in or-

der to account for the uncertainties from the cosmol-

ogy on the transfer function. From Fig. 6 we note

that P-ACT would give similar projections. We also

show the P-ACT-LB best-fit ΛCDM model for both

the linear and non-linear matter power spectrum.47

Other constraints are shown from the Dark Energy

Survey (DES) (Troxel et al. 2018), the Sloan Digital

Sky Survey (SDSS) (Reid et al. 2010), the extended

Baryon Oscillation Spectroscopic Survey (eBOSS)

(Abolfathi et al. 2018; Chabanier et al. 2019), and the

Hubble Space Telescope (HST) measurements of the

UV galaxy luminosity function (UV LF) (Sabti et al.

2022). Note that P-ACT-LB detects non-zero power

at > 95% CL up to k = 0.43 Mpc−1 whereas the

Planck-alone constraints cut off at k = 0.15 Mpc−1.

The bottom panel shows the residuals with respect to the P-ACT-LB best-fit ΛCDM linear power spectrum. At scales

k > 0.1 Mpc−1, 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 §4.1),
although this is not statistically significant.

47 We use the HMcode-2020 (Mead et al. 2021) 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 ΛCDM 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
ΛCDM 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 PR(k), presented in Fig. 6 in §4.2, is shown in purple.
The P-ACT CMB dataset dominates this measurement. Other constraints are shown from DES-Y1 cosmic shear (Troxel et al.
2018), SDSS luminous red galaxies (Reid et al. 2010), eBOSS Lyman-α forest (Abolfathi et al. 2018; Chabanier et al. 2019), and
HST measurements of the UV galaxy luminosity function (UV LF) (Sabti et al. 2022), as labeled. This plot was made based on
code from Sabti et al. (2022) and Chabanier et al. (2019). The bottom panel shows the fractional residuals with respect to the
P-ACT-LB best-fit ΛCDM linear power spectrum, with the y-axis optimized to highlight the scales more precisely measured.
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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,

βiso(k) ≡
PII(k)

PRR(k) + PII(k)
. (D2)

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

scenarios.

Model and dataset 1010P
(1)
II 1010P

(2)
II 100β

(1)
iso 100β

(2)
iso nII

Uncorrelated: (nII=1)

CDI: Planck < 0.9 < 0.9 < 3.7 < 4.2 1

CDI: P-ACT < 1.1 < 1.1 < 4.4 < 4.9 1

CDI: P-ACT-LB < 1.1 < 1.1 < 4.7 < 5.1 1

NDI: Planck < 2.1 < 2.1 < 8.5 < 9.4 1

NDI: P-ACT < 1.8 < 1.8 < 7.4 < 8.1 1

NDI: P-ACT-LB < 1.8 < 1.8 < 7.4 < 8.1 1

Uncorrelated: (free nII)

CDI: Planck < 0.5 < 59 < 2.0 41+34
−41 2.4+1.1

−1.2

CDI: P-ACT < 0.7 < 26 < 3.1 < 55 2.0+1.1
−1.0

CDI: P-ACT-LB < 0.7 < 26 < 3.1 < 55 2.0+1.1
−0.9

NDI: Planck < 1.5 4.1+3.8
−4.1 < 6.3 16+13

−14 1.5+0.6
−0.7

NDI: P-ACT < 1.6 < 6.1 < 6.7 < 23 1.6+0.8
−1.0

NDI: P-ACT-LB < 1.7 < 5.5 < 6.9 < 21 1.5± 0.9

Fully correlated: (nII = nRR)

CDI: Planck < 0.028 < 0.025 < 0.12 < 0.12 0.970± 0.010

CDI: P-ACT < 0.025 < 0.023 < 0.11 < 0.11 0.975+0.009
−0.010

CDI: P-ACT-LB < 0.031 < 0.029 < 0.14 < 0.14 0.977+0.007
−0.010

Fully anti-correlated: (nII = nRR)

CDI: Planck < 0.031 < 0.026 < 0.13 < 0.13 0.960± 0.010

CDI: P-ACT < 0.027 < 0.023 < 0.11 < 0.11 0.967+0.008
−0.010

CDI: P-ACT-LB < 0.015 < 0.014 < 0.06 < 0.06 0.972+0.007
−0.010

Table 6. Constraints on isocurvature perturbations for the models and dataset combinations considered in §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 Planck Collaboration 2020e).
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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 DR4

(Hill et al. 2022) to those obtained here from ACT DR6, as shown in Fig. 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 ℓmax = 650, and P-ACT-
LBBOSS versus the combination of ACT DR4 with Planck 2018 TT data (ℓmax = 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 DR4 is no longer present in the more-sensitive DR6 dataset (see also

Appendix B). However, we also see a narrow degeneracy direction in the parameter posteriors (e.g., in the fEDE–Ωch
2

panel) that is difficult to probe. Future experiments, such as the Simons Observatory and CMB-S4, will be needed to

fully break this degeneracy and robustly detect or exclude pre-recombination EDE (see, e.g., Kou & Lewis 2025).

∆χ2 Pref. (in σ) H
(EDE)
0 fEDE log10 zc

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 3.4 1.0 70.1 0.059 3.49

Table 7. The ∆χ2 = χ2
ΛCDM − χ2

EDE from the multifrequency likelihood MAP points for the n = 2 EDE model as compared
to those found for ΛCDM for each dataset combination, and preference (in units of σ) for EDE using the likelihood-ratio test
statistic. The MAP estimates for H0, fEDE, and log10 zc in the EDE model are also shown. As with the n = 3 model, the data
show no significant preference for non-zero EDE.

Dataset Ωch
2 Ωbh

2 ln 1010As ns H0 τ fEDE

ACT

n = 2 0.1272+0.0026
−0.0040 0.02259± 0.00020 3.061± 0.015 0.962+0.020

−0.012 67.5+0.9
−1.5 0.0574± 0.0056 < 0.091

n = 3 0.1265+0.0024
−0.0036 0.02260± 0.00020 3.058± 0.015 0.964+0.022

−0.014 67.5+0.9
−1.7 0.0571± 0.0057 < 0.088

P-ACT

n = 2 0.1256+0.0033
−0.0055 0.02264+0.00015

−0.00018 3.066± 0.015 0.9767± 0.0059 69.3+1.0
−1.5 0.0607+0.0056

−0.0067 < 0.11

n = 3 0.1251+0.0031
−0.0055 0.02267+0.00017

−0.00019 3.065± 0.015 0.9785+0.0063
−0.0079 69.3+0.9

−1.5 0.0599+0.0055
−0.0066 < 0.12

P-ACT-LB

n = 2 0.1243+0.0030
−0.0053 0.02269+0.00014

−0.00017 3.070+0.012
−0.014 0.9796+0.0048

−0.0055 70.1+0.9
−1.5 0.0634+0.0057

−0.0068 < 0.11

n = 3 0.1233+0.0025
−0.0052 0.02270+0.00015

−0.00018 3.065+0.011
−0.013 0.9809+0.0061

−0.0075 69.9+0.8
−1.5 0.0619+0.0056

−0.0066 < 0.12

W-ACT-LB

n = 2 0.1241+0.0024
−0.0056 0.02272± 0.00018 3.067+0.012

−0.014 0.9755± 0.0061 69.8+0.8
−1.6 0.0630+0.0057

−0.0066 < 0.12

n = 3 0.1233+0.0019
−0.0050 0.02273± 0.00019 3.064+0.011

−0.013 0.9766+0.0059
−0.0080 69.8+0.7

−1.7 0.0614+0.0056
−0.0066 < 0.12

P-ACT-LBBOSS

n = 2 0.1246+0.0027
−0.0050 0.02264+0.00015

−0.00017 3.065+0.011
−0.013 0.9769+0.0047

−0.0054 69.4+0.8
−1.4 0.0609+0.0054

−0.0064 < 0.11

n = 3 0.1233+0.0021
−0.0045 0.02265+0.00015

−0.00018 3.061+0.011
−0.012 0.9777+0.0053

−0.0071 69.2+0.7
−1.3 0.0600+0.0052

−0.0063 < 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 fEDE, which is given as a 95% upper bound.
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Figure 53. Comparison of constraints from ACT (top left), P-ACT (top right), P-ACT-LB (middle left), W-ACT-LB (middle
right), and P-ACT-LBBOSS (bottom) for EDE models with n = 2 (blue) and n = 3 (red).
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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-LBBOSS

(bottom) from the DR4 (blue) and DR6 (brown) data. The mild hint of non-zero EDE in DR4 (Hill et al. 2022) 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).
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F. ADDITIONAL CONSTRAINTS ON MODIFIED RECOMBINATION
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Figure 55. Marginalized parameter posteriors for the control points varied in the ModRec scenario analyzed in §5.5. The bottom
(top) panels use DESI (BOSS) BAO. The dotted gray lines indicate the standard recombination scenario (q̃i = 0).

Figure 55 shows the marginalized parameter posteriors for the control points48 varied in the ModRec scenario studied

in §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-LBBOSS

(orange) and P-ACT-LBBOSS (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 (q̃i=0; dotted gray lines) within 2σ across all control points analyzed in the ModRec model.

Note that the control points in neighboring redshift bins can be highly correlated.

48 See Lynch et al. (2024b) for the definition of q̃i.
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G. IMPACT OF DESI DR2 BAO AND OPTICAL DEPTH MEASUREMENTS.

G.1. DESI DR2

DESI Collaboration (2025c,d) presented new BAO measurements from three years of observations — DESI DR2,

labeled as BDR2 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 Fig. 56, we revisit the consistency of DESI BAO with the best-fit

ΛCDM 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

ΛCDM solution is a good fit to all the datasets. In the same figure, we also compare the w0/wa constraints presented

in §7.2 with the contours obtained swapping in DESI DR2 for DESI Year-1. We find that the preference for the

w0/wa model over ΛCDM remains moderate, at the 2.4σ level with or without supernovae, i.e., for P-ACT-LBDR2S
and P-ACT-LBDR2. These results are consistent with what was derived in Garcia-Quintero et al. (2025). 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, Rosenberg et al. 2022) because the value of the matter fraction measured by P-ACT
is slightly lower than the value measured by Planck alone: Ωm = 0.3116±0.0071 for P-ACT and Ωm = 0.3158±0.0085

for Planck (L25) or Ωm = 0.3140± 0.0076 for Planck NPIPE (Rosenberg et al. 2022), and thus lies closer to the DESI

constraint in ΛCDM.
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Figure 56. Left : DESI DR2 BAO measurements combined in seven total data points and compared with CMB ΛCDM
predictions (from Planck in orange and P-ACT in navy) and with the joint P-ACT-LBDR2 fit (light purple), as in Fig. 40. The
P-ACT ΛCDM 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 ΛCDM remains
moderate, shifting from 2.2σ (one year of DESI BAO) to 2.4σ (three years of DESI BAO). Relaxing the measurement of the
optical depth using a wider prior on τ does not impact these limits: a shift in the central value of τ (as for example measured in
the extreme case of removing low-ℓ polarization data, shown in the green contours) is needed to move the constraints to within
2σ of ΛCDM.

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 §5.5. This example is particularly useful

due to the sensitivity of the modified recombination constraints to the choice of BAO dataset (see Fig. 17). Figure 57

shows the marginalized parameter posteriors for the ModRec control points with DESI DR2 data (dark blue). The P-
ACT-LBDR2 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 H0 for the ModRec analysis with DESI DR2 data. With the
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Figure 57. Marginalized parameter posteriors for the control points varied in the ModRec scenario analyzed in §5.5 (as in
Fig. 55) including DESI DR2 BAO (blue). The dotted gray lines indicate the standard recombination scenario (q̃i = 0).
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Figure 58. Constraints on the Hubble constant from the ModRec analysis as in Fig. 18, highlighting the impact of DESI DR2.
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Figure 59. Constraints in the r − ns plane (left, as in Fig. 10) and on the curvature and matter densities (right, same as
Fig. 36), with the addition of the combination P-ACT-LBDR2 using DESI DR2 shown in green.

addition of DESI DR2, we find H0 = 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).

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 Neff is only marginally improved with the

newer DESI data and the central value shifts towards the standard model predictions, yielding Neff = 2.92 ± 0.12

(68%, P-ACT-LBDR2). The right panel of Fig. 59 shows that the measurement of ns = 0.9752± 0.0030 obtained with

P-ACT-LBDR2 (see L25) tightens the contours in the r − ns 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 Fig. 59,

yielding Ωk = 0.0018± 0.0011 (68%, P-ACT-LBDR2), in agreement with ΛCDM at 1.6σ.

G.2. Optical Depth

Recent works (e.g., Loverde & Weiner 2024; Allali et al. 2025; Sailer et al. 2025; Jhaveri et al. 2025), have shown that

the contribution to tight limits on the neutrino mass sum and the evidence for evolving dark energy stemming from

the matter density fraction measured by DESI BAO can be reduced by relaxing the constraint on the optical depth, τ .
We show the impact of τ on our P-ACT-LB results by doubling the Sroll2 uncertainty on τ and using a Gaussian prior

of τ = 0.057± 0.012. This positions τ in between the most stringent limit from Sroll2 and the recent measurement

from CLASS (Li et al. 2025). We find that a more uncertain measurement of τ at this level has no impact on the

w0/wa constraints. To reduce further the evidence for evolving dark energy, the central value of the prior needs to shift

towards higher values of τ ≈ 0.07 — this is consistent with the fact that the value of τ preferred by the combination

P-ACT-LBDR2 (τ = 0.0643+0.0055
−0.0067, L25) is higher compared to the central value of the Sroll2 measurement. We show

this in Fig. 56 by removing Sroll2 information altogether and measuring τ from lensing effects in the power spectra,

which break the As–τ degeneracy. The w0/wa limits become broader and move closer to consistency with ΛCDM, at

the 2σ level for P-ACT-LBDR2S, and measure τ = 0.081± 0.016.

Given the well-known degeneracy between neutrino mass and the power spectrum amplitude, which in turn correlates

with τ , the neutrino mass limit is also expected to become more relaxed when considering a more uncertain τ . We

find that a wider prior has minimal impact, yielding
∑

mν < 0.10 eV at 95% confidence for P-ACT-LB, which becomes∑
mν < 0.19 eV excluding Sroll2 completely.



All Authors and Affiliations

Erminia Calabrese,1, ∗ J. Colin Hill,2, 3, † Hidde T. Jense,1 Adrien La Posta,4 Irene Abril-Cabezas,5, 6

Graeme E. Addison,7 Peter A. R. Ade,1 Simone Aiola,3, 8 Tommy Alford,9 David Alonso,4

Mandana Amiri,10 Rui An,11 Zachary Atkins,8 Jason E. Austermann,12 Eleonora Barbavara,13

Nicola Barbieri,14, 15 Nicholas Battaglia,16, 17 Elia Stefano Battistelli,13 James A. Beall,12

Rachel Bean,16 Ali Beheshti,18 Benjamin Beringue,17 Tanay Bhandarkar,19 Emily Biermann,20

Boris Bolliet,21, 6 J Richard Bond,22 Valentina Capalbo,13 Felipe Carrero,23 Shi-Fan Chen,24

Grace Chesmore,9 Hsiao-mei Cho,25, 12 Steve K. Choi,26 Susan E. Clark,27, 28 Nicholas F. Cothard,29

Kevin Coughlin,9 William Coulton,6, 5 Devin Crichton,30 Kevin T. Crowley,31 Omar Darwish,32

Mark J. Devlin,19 Simon Dicker,19 Cody J. Duell,33 Shannon M. Duff,12 Adriaan J. Duivenvoorden,34

Jo Dunkley,8, 35 Rolando Dunner,23 Carmen Embil Villagra,5, 6 Max Fankhanel,36 Gerrit S. Farren,37, 38

Simone Ferraro,37, 39, 38 Allen Foster,8 Rodrigo Freundt,16 Brittany Fuzia,40 Patricio A. Gallardo,9, 19

Xavier Garrido,41 Martina Gerbino,15 Serena Giardiello,1 Ajay Gill,42 Jahmour Givans,35

Vera Gluscevic,11 Samuel Goldstein,2 Joseph E. Golec,9 Yulin Gong,16 Yilun Guan,43 Mark Halpern,10

Ian Harrison,1 Matthew Hasselfield,3 Adam He,11 Erin Healy,9, 8 Shawn Henderson,25

Brandon Hensley,44 Carlos Herv́ıas-Caimapo,23 Gene C. Hilton,12 Matt Hilton,45, 46 Adam D. Hincks,47, 48
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Massimiliano Lattanzi,15 Eunseong Lee,19 Yaqiong Li,33 Zack Li,39, 38 Michele Limon,19

Martine Lokken,57 Thibaut Louis,41 Marius Lungu,9 Niall MacCrann,5, 6 Amanda MacInnis,58

Mathew S. Madhavacheril,19 Diego Maldonado,36 Felipe Maldonado,40 Maya Mallaby-Kay,49

Gabriela A. Marques,59, 60 Joshiwa van Marrewijk,61 Fiona McCarthy,5, 6 Jeff McMahon,60, 49, 9, 62

Yogesh Mehta,54 Felipe Menanteau,63, 64 Kavilan Moodley,46 Thomas W. Morris,53, 65

Tony Mroczkowski,66 Sigurd Naess,67 Toshiya Namikawa,5, 6, 68 Federico Nati,69 Simran K. Nerval,47, 43

Laura Newburgh,53 Andrina Nicola,70 Michael D. Niemack,33, 16 Michael R. Nolta,22

John Orlowski-Scherer,19 Luca Pagano,14, 15, 71 Lyman A. Page,8 Shivam Pandey,2 Bruce Partridge,72

Karen Perez Sarmiento,19 Heather Prince,51 Roberto Puddu,23 Frank J. Qu,27, 28, 6 Damien C. Ragavan,45

Bernardita Ried Guachalla,27, 28 Keir K. Rogers,73, 43 Felipe Rojas,23 Tai Sakuma,8 Emmanuel Schaan,25, 28

Benjamin L. Schmitt,19 Neelima Sehgal,58 Shabbir Shaikh,54 Blake D. Sherwin,5, 6 Carlos Sierra,9
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