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3 dichroic detector arrays for DR6: PA4, PA5 and PAG
3750 working detectors (70% yield) at 100 mK

3 broad bands: f090 (77 — 112 GHz),

f150 (124 — 172 GHz) and 220 (182 — 277 GHz)
Combined sensitivity of 6.2 pKy/s,

and 1.4’ FWHM @ 150




ACT survey: approx. 40% of the sky

ACTDR6 [ EUCLID [ HSC [ SDSS/DESI [ DES KiDS



ACT Final Data Release: Three main papers

DRAFT VERSION JANUARY 24, 2025
Typeset using [MTEX twocolumn style in AASTeX63
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First high S/N E-modes map ever made over
a large portion of the sky

ACT+Planck E



Planck + ACT temperature power spectra

| ACT
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ACT data 1) extend Planck measurement to small angular scales.

2) are very consistent with Planck data on overlapping angular scales.

3) + Planck data are fitted by a common model
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Planck + ACT E modes power spectra
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Planck + ACT TE power spectrum
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Very clean, foreground free cosmology,
1.1 % constraint on HO from TE alone
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Excellent agreement with Planck (PR3) in LCDM

ACT
Planck PR3
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The Atacama Cosmology Telescope: DR6 Power spectra, Likelihood and ACDM parameters
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The three possible solutions to the HO
measurement problem

1) SHOES constraint is affected by un-modelled systematics
(leading to artificial high HO)

2) Planck measurement is affected by un-modelled systematics
(leading to artificial low HO)

3) Need new physics beyond LCDM 7



An Hubble constant measurement
nowhere near the SHOES value
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The three possible solutions to the HO
poroblem

1) SHOES constraint is affected by un-modelled systematics
(leading to artificial high HO)

([l rw|
recatcH

3) Need new physics beyond LCDM 7



We tested a large
class of extensions,
Using CMB,

CMB lensing

and DESI DRT,
None of them

are preferred

over ACDM.

66.1 < Hy < 71.0 km/s/Mpc
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The three possible solutions to the HO
problem

1) SHOES constraint is affected by un-modelled systematics
(leading to artificial high HO)

2} Planck-measurementis-aftected-by+ 56
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3) Need new physics beyond LCDM 7

Hard to cross definitely, but P-ACT poses a challenge to the
oroposed models
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What about B modes 7

ACT

BICEP/Keck (2021)
SPTpol (2020)
POLARBEAR (2017)
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Large Aperture Telescope

Light path § ¥ v 1 ¢

R—
JEE——

\

om primary mirror in cross Dragone configuration



Large Aperture Telescope Receiver

IS = /

2.4 m in diameter, can host a total of
60 000 detectors in 13 optics tubes




Large Aperture Telescope Receiver
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2.4 m in diameter, can host a total of
060 000 detectors in 13 optics tubes

- s SPT-3G i
Recelver AAL Receiver§




LF

oTi

(installed)

MF

(instalied)
OT c1
(installed)

OT i3 OTi5

(installed) (installed) U H F

Each tube is expected to have a sensitivity comparable to ACT



Large Aperture Telescope - First Light February 2025!

24,000 + Detectors on the Sky.

* Mirrors not yet aligned/focused.

* Signal to Noise of 4000+ per detector.
* 640 detectors used the Mars map.

« CMB maps are already being made.
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oTi

(installed)

OT c1
(installed)
OTi3

(installed)

OoT i4

(installed)

The full focal plane will be populated next year (2026),
13 tubes : 60 000 detectors on the sky expected



3 Small Aperture Telescopes (2 MF + 1 UHF) installed on site
(10 k detectors each)




NNV

< 300K IR filter

<4 Window

=

SAT: very « simple »

266 mm

refractive telescopes ‘ o
“j <4— Llens?2
Why LAT + SATs ? ' -

The large aperture telescope is optimized for high resolution measurement of the

CMB small scales.

The small aperture telescopes are optimized for recovering the

large scales of the CMB with a pristine control of systematic effects

(they are very « simple » refractive telescopes, with optics cooled down at cryo

temperature)



3 more SATs are being built (2 MF (with KIDs) UK, 1 LF Japan)

Discussion for a DOE contribution to SO (following the cancellation of 54)
+ a French contribution 7




SAT maps:

— NACDM $ SO 90 x 150
S ¢ S0 90 ¢ Planck

102 :

PRELIMINARY

SO Initial Science Data
Dust not subtracted
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100 200 400 600
Multipole ?/

Plots from Susanna Azzoni
for the SO collaboration
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What are we trying to do ?



100 sigma detection of the B modes power spectrum

—— Gravitationnal lensing ¢+ ACT DR6 (2025)
---- Primordial GW (r=0.03) ¢ BICEP/Keck (2021)
---- Anisotropic biref. (A =107%) SPTpol (2020)
¢ SO (SAT, no delensing) ¢ POLARBEAR (2017)
¢ SO (LAT)
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Target o(r) =1—2 x 1073 after a 10 year survey



A very deep E mode measurement over 40% of the sky
50

—— CMB E-modes signal
—— Planck noise [achieved]
10- A —— ACT noise [achieved]
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0.10

e N=50 ACT-LB-BK18
® N=60 Planck-LB-BK18
P-ACT-LB-BK18
0.08 - V($) « ¢
V() x ¢p2/°
0.06 -
-
0.04 -
0.02 -
[
0.00 l . — ’
0.95 0.96 0.97 0.98 0.99 1.00

Improvement of a factor 2 in ns and a factor 3 in Neff
uncertainties with respect to current CMB data



A wealth of cross correlation with large scale structure survey
(Due to the unigue location of SO)

Simons Observatory
LAT Survey

o SZ effect:

— Large-scale velocity reconstruction with the kinematic Sunyaev-Zel'dovich effect
and DESI LRGs (McCarthy et al., 2024)

e Lensing:
— Backlighting extended gas halos around luminous red galaxies: kinematic Sunyaev-
— High-redshift measurement of structure growth from the cross-correlation of Zel’dovich effect from DESI Y1 x ACT (Guachalla et al., 2025)
aia quasars & ‘MB lensing fr ACT D : Planck PR4 (Villagr: , . )
Quaia quasars and C ensing from AC R6 and Planck PR4 (Villagra — Measurements of the Thermal Sunyaev-Zel’dovich Effect with ACT and DESI
et al., 2025) : : .
Luminous Red Galaxies (Liu et al., 2025)

— Structure growth measurements from the cross-correlation of DESI Legacy Imag- . . . _ ,

ing galaxies and CMB lensing from ACT DR6 and Planck PR4 (Qu et al., 2024) - Ey1denc§ for large baryom.c feedback z.lt low .and intermediate redshifts from

Multi-orob 1 th LWISE ralaxi d ACT DR6 CMB lensine (F kinematic Sunyaev-Zel’dovich observations with ACT and DESI photometric
— Multi-probe cosmology with un galaxies an ensing (Far- galaxies (Hadzhiyska et al., 2025)

ren et al., 2025)

— Cosmological constraints from the cross-correlation of DESI Luminous Red Galax-
ies with CMB lensing from Planck PR4 and ACT DR6 (Sailer et al., 2025)

— Structure formation over cosmic time with a measurement of the cross-correlation
of CMB Lensing and DESI Luminous Red Galaxies (Kim et al., 2024)

— DR6 Gravitational Lensing and SDSS BOSS cross-correlation measurement and
constraints on gravity with the EG statistic (Wenzl et al., 2025)

— Cosmology from cross-correlations of unWISE galaxies and ACT DR6 CMB lens-
ing (Farren et al., 2024)



Reconstruct the growth of structure as a function of redshitt

a(os(2))/8(2)

0.04

-0.04 +

B SO Baseline + LSST gold; fuy = 0.4

0 SO Goal + LSST gold
0 SO Goal + LSST optimistic
— sky — 0.1

2 3 4 5 6

Relative uncertainties on
sigma8 as a function of z
of order few %




Understand how baryons behaves in galaxies

K
o4 1.6
0 1.4
—2.5
1.2
@ 265 0 1.0
_2.7 0.8
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ACT+DESI ~2.8 0
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Conclusions

-The Simons Observatory has started collecting data, and the initial results
look very promising!

-Major upgrades to the Large Aperture Telescope are planned for next year,
and three additional Small Aperture Telescopes are currently under
construction. Discussions with the DOE are also underway (+ possible French
contribution).

-The CMB remains a unigue window into physics at the

highest energy scales, through parameters such as r, ns and Netft, and is
crucial to interpreting any hints of new physics emerging at low redshift.

-Strong and growing synergies with large-scale structure surveys
from lensing and SZ effect.



In many cases we combine SO forecasts with DESI
and LSST. For LSST we consider an overlap area of
fsky = 0.4 and two possible galaxy samples. First is the
‘gold’ sample, which has galaxies with a dust-corrected
¢ < 24.5 magnitude cut after three years of LSST ob-

servations. This corresponds to 29.4 galaxies arcmin™?
and n(z) « z2 exp[—(z/0.27)%92] following LSST Science
Collaboration (2009) and Chang et al. (2013). Second,
we consider a more optimistic LSST galaxy sample with
dust-corrected i < 27 and a S/N > 5 cut with ten years
of LSST observation, following Gorecki et al. (2014). In
that sample we include a possible sample of Lyman-break

galaxies at z=4-7, identified using the dropout technique
(see Dunlop 2012 for a review), with a number density
estimated by extrapolating recent Hyper Suprime-Cam
(HSC) results (Ono et al. 2018, Harikane et al. 2017, fol-
lowing Schmittfull and Seljak 2018).

For DESI we include projected measurements of the
baryon acoustic oscillation (BAO) scale, by imposing a
prior on s/ Dy at multiple redshifts, as described in Levi
et al. (2013). Here, 5 is the sound horizon at decoupling
and Dy is the volume distance. We consider the DESI
Luminous Red Galaxy (LRG) catalog as providing the
target galaxies for the SZ studies described in Sec. 7. In
these forecasts we assume an overlap area of 9000 square
degrees between SO and DESI (fsky, = 0.23).

Throughout the paper we will retain two significant fig-
ures in many of our forecast errors to enable comparison
of different experimental configurations. In the summary
table we restrict errors to one significant figure.



Data Combinations

We make use of several external datasets and combinations.

Planck | Planck™/T5/EE 4 Sroll2
ACT | ACTTT/TE/EE 4 Groll2
P-ACT | ACTTY/TE/EE | plopck T/TE/EE L grol12
W-ACT | ACTTY/TE/EE 4 \WWMAPTT/TE/EE 4 Srol12
followed by
-LB when adding CMB lensing and BAO
-LS when adding CMB lensing and SNIa

-LBS when adding CMB lensing, BAO, and SNIa

Sroll2 uses low-E data from Planck

P-ACT uses Planck cut at 1000/600/600, with full ACT and Sroll2
CMB Lensing is from ACT DR6 and Planck PR4

BAO measurements from DESI Y1 as baseline, BOSS/eBOSS BAO
data are used as cross-check in some cases

Type la Supernovae from Pantheon+
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BEYOND LCDM
modadels



Exploration of extended cosmological
models

P-ACT-LB
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Exploration of extended cosmoloaical
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Primordial perturbations and

inflation
0.10
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A lens

model prediction. The PR3 analysis found Aje,s > 1 at
the almost 3o level (Planck Collaboration 2020d), with
Ajens = 1.180 & 0.065. Analyses of the NPIPE data,
using larger fractions of sky, found lower departures
of only 1.70 for the CamSpec likelihood, with Ajens =
1.095+0.056 (Rosenberg et al. 2022), or 0.75¢ using the
Hillipop likelihood, with Ajens = 1.039 £ 0.052. (Tris-
tram et al. 2024). No excess lensing was observed in the
ACT DRA4 data, with Ajens = 1.01 = 0.11 (Aiola et al.
2020).

the ACT power spectrum data:

Alens —_ 1.007 :i: 0.057 (ACT)
=1.081012  (ACT-TT)

=1.2412-25 (ACT-TE)

=0.891029 (ACT-EE)

Alens = 1.043 +0.049 (W-ACT),

of Ajens With the matter density. In the Planck PR3

data an oscillatory residual for T'T in the range 1000 <
¢ < 2000 was identified as driving the preference for the
enhanced lensing; we do not see evidence for this in the

ACT data. For P-ACT we find Ajeps

= 1.081 £ 0.043

which is consistent with e.g., Rosenberg et al. (2022).
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Bl P-ACT
Bl P-ACT-LB

i Planck(w lens)
+SPT [Galli+22]

02 - 04 06 67 68 69 70 71
b Ho

Figure 15. Constraints on the variance b of the small-scale
baryon density distribution at recombination from P-ACT
(navy) and P-ACT-LB (purple), compared with the latest re-
sults from Planck (including CMB lensing) combined with
SPT small-scale polarization (gray dashed line). Primor-
dial magnetic fields would induce baryon clumping on small
scales, and hence b > 0. No evidence of clumping is seen in
our analysis.
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Varying mg +
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Particle cosmology

No evidence for new light, relativistic species

Free-streaming:

Noq= 2.86 + 0.13 (68%, P-ACT-LB)
Neff= 2.89

I+

0.11 (68%, P-ACT-LB-BBN)

Spin-0 boson out at 94%
Spin-3/2 fermion out at 99%

P-ACT-LB

3.4 3.6

in the acoustic peaks (Bashinsky & Seljak 2004). Com-
bining the Planck legacy CMB with Planck CMB lens-
ing and BOSS BAO, the neutrino number is measured
to be Neg = 2.99 + 0.17 at 68% CL (Planck Collabora-
tion 2020c), or Neg = 3.06 £ 0.17 at 68% CL when we
evaluate this estimate using Planck-LB.

With the new ACT DR6 spectra we find Neg =
2.601054 at 68% CL, combining into

Nog=2.73+0.14 (68%,P-ACT),
—=2.86+0.13 (68%,P-ACT-LB),  (30)
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Particle cosmology

Planck
Bl P-ACT
B P-ACT-LB

S
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d
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66 68 70 T2 0.2 04 0.6
H, Nigr

Figure 34. Constraints on the number of strongly self-
interacting dark relativistic species, Niar. The addition of
ACT DRS6 spectra improves the constraint from Planck by
more than a factor of three (navy versus orange) and notably
disfavors values of Hp 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 neverthe-
less further tightens the Hy posterior. These are the tightest
bounds on SIDR obtained to date.
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Pre- and modified
recombination physics

No evidence for an early dark energy (EDE)

component:

A mild hint (2-30) of EDE was seen in ACT DR4 (Hill+2022);
the new ACT DR6 spectra show that this was a statistical

fluctuation.
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70 75 0.121 0.137 0.80 85 0.05 0.15
Ho Qch? Sg fepe
Ax? | Pref. in o HéEDE) fepe | log,g ze
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® = xicpMm — Xapg from the MFLike like-
lihood 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 Ho, fepe, and log,, 2c in the
MAP EDE model are also reported. The data show no sig-
nificant 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.



Neutrinos

We find no evidence for non-zero neutrino

MasSsSes.
>m, < 0.082 eV (95%, P-ACT-LB)
>m, < 0.083 eV (95%, W-ACT-LB)

with significant contribution from DESI BAO
2m,<0.13eV (95%, P-ACT-LBgoss)

1.5
B CMB lensing+Qph?
DESI BAO+Qph?
Bl P-ACT

Bl P-ACT-LB

>m, [eV]
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B ACT Bl P-ACT-LB = PRIMAT

Particle astrophysics ST -

We also find the abundances of primordial elements to
be consistent with standard BBN. 025 1

PDG (2024)

YHe

0.20 A

We find dark matter to follow the standard CDM
paradigm, with no evidence for scattering with Nett
baryons, self-annihilation, contribution from axion-like
particles, or scattering off a dark radiation component.
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Late-time physics: dark

energy
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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.

From primary CMB data, we find no evidence for
non-standard dark energy; hints of non-standard
evolution are driven by low-redshift data and
consistent with previous analyses of DESI and SNla

data.

P-ACT-LBS consistent with A at 2.20
[P-LBS (in)consistent with A at 2.50
(DESI+2024)]

wo = —0.837 £ 0.061

68%, P-ACT-LBS
we = —0.66+027 } (687% )
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Late-time physics: modified
growth

We also see no evidence of modified growth, e.g., f(a) = Q) (a)
due to beyond-GR gravity (modulo two slightly
outlying fog measurements at very low redshifts). V= 0.663+0.052 }
(68%, P-ACT-LB)
Sg = 0.799 + 0.012
0.71 s ACDM W-ACT 68% CL
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Modified recombination control point
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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 (§; = 0).



DRO gata set test



We have done around 2000 null tests on the data, we
checked that the results do not depends on

array bands
weather conditions
scan elevation

sky location

time of observation
detectors positions

Array-bands test PWV null test: <0.7 mm vs >0.7 mm
35 =3 n tests: 356, min: 0.2 %, max: 100.0 % =3 n tests: 99, min: 0.3 %, max: 99.0 %

—
w

0
0 20 40 60 80 100 20 40 60 80
Probability to exceed (%) Probability to exceed (%)
Elevation null test: 40 degree vs 45 degree vs 47 degree Isotropy null test: North/South
[ n tests: 519, min: 0.0 %, max: 99.8 % = n tests: 90, min: 0.7 %, max: 99.6 %

12

0 20 40 60 80 100 0 20 40 60 80 100
Probability to exceed (%) Probability to exceed (%)
Time null test: (pre Feb 2019) vs (post Feb 2019) Detectors null test: In vs Out

= n tests: 99, min: 2.1 %, max: 98.1 % 121 =3 n tests: 99, min: 0.6 %, max: 99.5 %

0 20 40 60 80 100 0 20 40 60 80 100

Probability to exceed (%) Probability to exceed (%)
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(U(CV + noise + X)/U(CV + noise) __ 1)

1%‘:

Figure 4. Relative contributions of additional error terms compared to cosmic variance and noise.
orr are shown in the top panel for 90 GHz (left) and 150 GHz (right).
and non-Gaussian radio sources are important on small scales. The contribution from unclustered CIB non-Gaussianity is
smaller than 0.1% and not visible in the figure. The middle panel shows the contributions to org, where uncertainties in the
measurement of the leakage beam are a significant source of uncertainty on large scales. The bottom panel highlights that these
uncertainties only mildly affect ogg, reaching up to 15% at £ = 800. In addition to increasing errors, the additional covariance
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contributions also result in nonzero off-diagonal correlations.
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Figure 14. Cosmological parameter distributions estimated from TT, TE or EE from ACT (top) and P-ACT (bottom),
including the optical depth prior. Black dashed contours correspond to the distributions estimated from TT, TE, and EE
simultaneously, again for ACT (top) and P-ACT (bottom). A prior on the ACT polarization efficiencies, derived from the joint
T+E fit, is imposed for the ACT (top) results. For ACT, the TE data provide the tightest constraints on the baryon density,
cold dark matter density and the Hubble constant, while the T'T data best measure the spectral index. The EE-only constraints
are now competitive with those from TT and TE. There is less foreground contamination in the TE and EE spectra than TT;
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Figure 13. 1D marginalized 68% confidence levels (CL)
on cosmological parameters estimated from subsets of the
ACT DR6 dataset. The baryon and CDM densities are best
measured by the TE spectrum, and the spectral index by
the TT spectrum. The different arrays and frequencies give
consistent results. All the results shown here use the same
optical depth prior. The shaded band shows the 68% and
95% CL on the baseline ACT results.
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Breakdown of goodness-of-fit
for P-ACT

TT:

e ACT: 566.05/601
e Planck: 89.05/114
TE:

e ACT: 651.77/644
e Planck: 67.82/69
EE:

e ACT: 392.19/406
e Planck: 68.93/69
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ACT Planck W-ACT P-ACT P-ACT-LB

Parameter

Sampled

10%0yc ... .. .. 104.056 +0.031 ... 104.088+£0.031 ... 104.066 +0.029 ... 104.073£0.025 ... 104.086 +0.025 ...
10°0h" . 2.259 £0.017 ..... 2.237+0.015 ..... 2.263 £0.012 ..... 2.250 £0.011 ..... 2.256+0.011 .....
10%2Q.h% ...... 12.38+0.21 ....... 12.00+£0.14 ....... 1220+ 0.18 ....... 11934012 ....... 11.794£0.09 .......
log(10'°A;) .. 3.053+0.013 ..... 3.05410:012 ... 3.05710-019 ....... 3.056 +0.013 ..... 3.0607001%5 .......
e 0.9666 £ 0.0077 ... 0.9651+0.0044 ... 0.9660 £ 0.0046 ... 0.9709 +0.0038 ... 0.9743£0.0034 ...
%) S0 a0 o BO0Io R, % s E RGO 603 0 Rr ot
Derived

H, [km/s/Mpc] 66.11 +£0.79 ....... 67.31£0.61 ....... 66.78 £0.68 ....... 67.62+£0.50 ....... 68.22+0.36 .......
Qe [F)]........ 33.7+13 ......... 31.58£0.85 ....... 326+1.1......... 3116 £0.71 ....... 30.32+0.48 .......
Qy [%)..oe.. . SATE012 4.937 £0.070 ..... 5.075 £ 0.098 ..... 4.920£0.063 ..... 4.8474+0.044 .....
2.0% .. 283+12 ......... 26.50 £ 0.78 ....... 27.37+£0.96 ....... 26.10£0.65 ....... 25.34 £ 0.44 .......
Q% 66.3+13 ......... 68.41+0.85 ....... 67.4+1.1 ......... 68.83+£0.71 ....... 69.67+0.48 .......
102Q,,,h% ... .. 1470 £0.21....... 14.31+0.13....... 14.53+£0.18....... 14.25+0.12....... 14.11 £ 0.08........
ng—1 [%]..... -3.34+0.77 ...... -349+044 ...... —3.40+0.46 ...... -291+0.38 ...... —257+034 ......
o8 0.8263 £ 0.0074 ... 0.8151+0.0066 ... 0.8221+0.0070 ... 0.8149+0.0063 ... 0.81260.0046 ...
S 0.875+0.023 ..... 0.836 £ 0.016 ..... 0.857 £0.020 ..... 0.830 £ 0.014 ..... 0.8169 = 0.0087 ...
Age [Gyt]..... 13.801 £0.023 .... 13.800+0.024 .... 13.788+£0.019 .... 13.789+£0.018 .... 13.772+0.015 ....
1000, .. 104.075+£0.031 ... 104.109 +0.031 ... 104.085+0.029 ... 104.094 +0.025 ... 104.107 +0.025 ...
1050 2459.50 £0.71 .... 2458.55+0.64 .... 2459.66+0.51 .... 2459.10+0.48 .... 2459.37+0.46 ....
107 ........ 6.185 £ 0.046 .. .... 6.124+£0.041...... 6.196 £ 0.033 ...... 6.159 +£0.030 .. .... 6.177+0.029 ......
Zodla o TBBIORY i 815 00 e E R 8.23+0.59 ........ Byt
Trec MpC]..... 593.6+3.1 ........ 599.5+2.0 ........ 596.2+£26 ........ 600.4+18 ........ 6024+1.3 ........
o 1089.96 £0.30 .... 1089.92+0.29 .... 1089.75+0.24 .... 1089.68+£0.21 .... 1089.47+0.18 ....
s MpC]..... 143.324+0.54 ..... 144.43+0.31 ..... 143.74 £ 045 ..... 144.53+£0.29 ..... 144.85+0.22 .....
AL O 1060.72+£0.39 .... 1059.94+0.29 .... 1060.67 £0.28 .... 1060.17+0.23 .... 1060.21+0.23 ....
ra [Mpc]....... 145.88 + 0.56 ..... 147.09 +£0.30 ..... 146.30 £ 0.46 ..... 147.14+£0.29 ..... 147.45+0.23 .....
—2InC e 192971 ...l 996.82. . il 393493 ........... 2180.49 ........... 216,705 i e
x;,[mke ....... 1600 9L(I66L) s o 1592.20 (1651) ..... 1597.72 (1651) ..... 1598.13 (1651) .. ...
XPlanck—hight = ++++erereerensns BO316(618) a . 99151252y i 201.02(952)......
Nkl Lo 93.45(28) i o 22.46(28) ......... DITL28)
X§VM P R S R A i O S 01702(1946) o . it el i wa e
XEMBlons ©+@++ ++:eotesssnnntan Sl L 19.63(19) .........
Xkt man - e chni i L e 15.48(12) .........

Table 5. Marginalized constraints on the ACDM sampled and derived parameters from the ACT data (including the Planck
Sroll2 large-scale EE data to constrain the optical depth), and its combination with WMAP (W-ACT), £ < 1000 Planck data
(P-ACT), and CMB lensing from ACT and Planck and BAO data from DESI Y1 (P-ACT-LB). Parameter definitions are given
in Appendix G.1. The goodness of fit of the best-fitting model, with maxium posterior probability, is reported for the different
datasets along with the total maximum a posteriori (MAP) value that includes contributions from the Sroll2 likelihood and
informative priors. Numbers in parentheses indicate the number of data points used in the respective x? calculations. For
comparison, constraints are shown from the Planck PR3 (Planck Collaboration 2020d) TT/TE/EE data that we rerun with the
Sroll2 large-scale polarization data for consistency. Parameter constraints using the Planck NPIPE maps in Rosenberg et al.
(2022) and Tristram et al. (2024) are typically 10-20% tighter, with comparable errors to our P-ACT combination.
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Measuring A0
from the CMB



Measuring the Hubble constant using the CMB

The angular size of the sound horizon is given as the ratio of the
physical size of the sound horizon and the diameter angular distance
of the last scattering surface
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Measuring the Hubble constant using the CMB

The angular size of the sound horizon is given as the ratio of the
physical size of the sound horizon and the diameter angular distance
of the last scattering surface

©dt > dz
— * * *— ——Cgq t) = S
9* TS/DA Ts A a(t)c ( ) . H(Z)C (Z)
7“: Is fully determined by the cs(2) = c - !
cosmological parameters 3|1+ 3p;) /405 (1 + 2)7]

we have m r
e have measured 3H2(2)

G

= [Praa(1 +2)* + (o) + pepon) (1 + 2)°]

high z
We know 7, and 0. this gives us D%

2 dz 3H2(2)
0 H(Z) 8rG

D% =c = [(/)2 + pépm) (1 + 2)° + PA]

low z

Which gives us /)A\:

Once /A known, we get H



PR3 and PR4



Comparison with Planck PR4
(NPIPE)

ACT HiLLiPoP PR4 (2.50)
plik PR3 (1.60) CamSpec PR4 (2.60)
0.0230}
< 0.0225}
c
0.0220}
64 65 66 67 68 69 0.95 0.96 0.97 0.98 0.99 0.12 0.13
HO ns Qchz
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HILLIPOP/NPIPE, curvature

0.2 0.3 0.4 0.5 0.6

4

G

0.02 -

0.014 °

0.00 -

—0.01 -

—0.02 1

—0.03 A

—0.04 -

025 8530 05 040 045 050
On

Pantheon+ SNe (uncalib.) B P-ACT

B DESI Y1 BAO
HE ACT
B Planck

B HiLLiPoP PR4
B CamSpec PR4



ACT and Planck on the same patch of the sky
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ACT and Planck on the same patch of the sky
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ACT and Planck on the same patch of the sky
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Comparison with Planck PR4
(NPIPE)

P-ACT
Planck PR4 (Camspec)

66 67 68 69 0.0220 0.0225 0.117 0.120 0.123 096 097 008



Birefringence
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Pre- and modified recombination physics:
DR4 vs. DR6 EDE constraints
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Independent

constraints from
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Polar efficiencies
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Figure 38. Marginalised posterior distributions of sampled parameters from EE, including the polarization efficiency for
PA6 f150. We show constraints from ACT only (including the Sroll2 data to measure optical depth, light blue), P-ACT (dark
blue) and ACT when using calibration and polarization efficiency priors from a full TT/TE/EE run (gray).
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lelescopes

The ACT is an off-axis Gregorian telescope. This off-axis configuration is
beneficial to minimize artifacts in the point spread function. The telescope
reflectors consist of a six-metre (236 in) primary mirror and a two-metre (79 in)
secondary mirror. Both mirrors are composed of segments, consisting of 71
(primary) and 11 (secondary) aluminum panels. These panels follow the shape
of an ellipsoid of revolution and are carefully aligned to form a joint surface.

Telescope |[edit]

98



Figure 2.2: (Top): The full MF1 array showing high-density pixels. (Bottom left):
The MF1 array partially zoomed at a corner to show a few pixels, and bond pads.
(Bottom right): The MF1 array zoomed to show details of individual pixels including
the OMT, CPW to microstrip (MS) transition, stub filters, hybrid tee, and the TES
islands. The AdvACT detector arrays were fabricated by Shannon Duff at NIST.
Base photos courtesy of Shannon Duff,
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How does model change HO

Early dark energy : new field that accelerates the expansion prior to recombination,
reduces sound horizon.

V(¢) = m*f*(1 - cos(¢/f))", (10)

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., Hill et al. 2020; Ivanov et al.

Fondamental constant

(specifically, we choose z = 50 for the redshift of this transition).

these effects). The dominant physical effects are due to
changes in the Thomson scattering cross-section, with
or x odym.2, and changes in the energy levels of
atomic hydrogen, with E o aZ,;m.. Many additional,
subtle effects arise due to the non-equilibrium nature of
cosmological recombination — see, e.g., Hart & Chluba
(2018); Chluba & Ali-Haimoud (2016); Planck Collab-
oration (2015) for a thorough discussion. In general,
variations of agy or m. change the timing of recom-
bination, with higher values of these constants associ-
ated 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.
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The dynamics of recombination depends critically on the values of fundamental constants during the decoupling epoch, including the fine-structure constant and the electron mass,
we assume that the value of these parameters undergoes an instantaneous, step-function transition well after recombination is completed, but well before the reionization epoch




How does model change HO

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 re-
combination. Thus, the PMF model is an example
of a slightly more generic scenario known as “baryon
clumping” (Jedamzik & Abel 2013; Jedamzik & Saveliev
2019). Primordial magnetic fields with a blue-tilted
power spectrum can naturally have kpc-scale correla-
tion lengths. Once the photon gas dynamically decou-
ples from the baryon fluid on small scales, the magnetic
force causes efficient growth of baryon density pertur-
bations to potentially O(1) contrasts. These kpc-scale
perturbations are not directly resolvable in CMB obser-
vations, but they cause accelerated recombination due to

the quadratic source term in the equation describing the
recombination rate (Peebles 1968). The corresponding
decrease in the sound horizon could then partially recon-
cile CMB-based determinations of the Hubble constant
with local universe measurements (Jedamzik & Pogosian
2020). As magnetic fields are part of the standard model
and their generation during early-universe phase transi-
tions is conceivable, PMF's (or baryon clumping models
in general) are a well-motivated scenario to potentially
increase the CMB-inferred Hubble constant.'”
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How does model change HO

CMB temperature

Several studies (e.g., Ivanov et al. 2020a; Wen et al.
2021; Hill & Bolliet 2023) have explored the possibility
of increasing the CMB-anisotropy-inferred value of the
Hubble constant by changing the CMB monopole tem-
perature, Tomp. In particular, Ivanov et al. (2020a)
highlighted a strong negative degeneracy in the Hj-
Tcvp 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
30 lower than the combined measurement of Tocuyg =
2.72548 +0.00057 K (Fixsen 2009) from COBE/FIRAS
and other data.'®

Obtaining a higher value of Hj via a decrease in the
monopole CMB temperature is difficult. Models with
some level of post-recombination reheating can have an
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impact by allowing a lower value of the monopole tem-
perature in the early universe (e.g., Hill & Bolliet 2023
propose to convert a fraction of DM into photons dur-
ing 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 mecha-
nism to motivate it such that the blackbody spectrum
is preserved (see, e.g., Chluba 2014).

Nevertheless, these studies have led to the realization
that current CMB anisotropy data in combination with
BAQO 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 Tomp
is left free, is well constrained. Ivanov et al. (2020a) com-
bine Planck 2018 CMB anisotropy and lensing data with
BOSS DR12 BAO data (eBOSS Collaboration 2018)
and find Tomp = 2.70670 050 K (68% CL). Updating
this Planck result including BAO from DESI, we find
a slightly tighter constraint, Tocms = 2.696 + 0.017 K.
With the addition of the new ACT DR6 spectra, we find
a similar constraint

Tomp = 2.698 + 0.016 K (68%, P-ACT-LB).  (28)
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Neutrino number

The CMB is able to constrain N.g because its value
affects the expansion rate of the universe, especially dur-
ing the radiation-dominated phase, thereby altering the
expansion history just before recombination and the pre-
dicted abundances of primordial light elements (Bashin-
sky & Seljak 2004; Hou et al. 2013; Abazajian et al.
2015; Pan et al. 2016; Baumann et al. 2016a). At the
perturbative level, N.g 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 na-
ture of the radiation damps the growth of perturbations,
with the latter also inducing a characteristic phase shift
in the acoustic peaks (Bashinsky & Seljak 2004). Com-
bining the Planck legacy CMB with Planck CMB lens-
ing and BOSS BAQO, the neutrino number is measured
to be Neg = 2.99 + 0.17 at 68% CL (Planck Collabora-
tion 2020c), or Neg = 3.06 £ 0.17 at 68% CL when we
evaluate this estimate using Planck-LB.

With the new ACT DR6 spectra we find Neg =
2.6010:55 at 68% CL, combining into

Nog=2.73+£0.14 (68%, P-ACT),
=2.86+0.13 (68%,P-ACT-LB),  (30)
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Neutrino self-interactions: heavy mediator

We consider first the case where the mass my of the
mediator is much larger than the neutrino temperature
at all times directly probed by CMB anisotropies (Cyr-
Racine & Sigurdson 2014). In this case, the neutrino
interaction is effectively a four-fermion vertex controlled
by a dimensional coupling constant G.g = g° /mi, ie.,
the effective low-energy Lagrangian is Leg = Gegviv.
This is analogous to the low-energy behavior of standard
weak interactions, just with Geg taking the place of the
Fermi constant Gg ~ 1.17 x 1075 GeV~2. This low-
energy limit does not depend on the nature of the me-
diator, so the analysis here naturally encompasses both
the scalar and vector cases. The Boltzmann hierarchy
for neutrino perturbations including the collision term
Les generated by the interaction has been derived by
Kreisch et al. (2020).

In this scenario, neutrino free-streaming does not start
at the time of weak decoupling, but is instead delayed
until Ty, = T}, gec(Gr/Geg)??, where T, gee ~ 1MeV
is the neutrino decoupling temperature. Neutrino self-
interactions through a heavy mediator leave an imprint
at angular scales § < 0g (assuming 0g < 0oq), 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, neu-
trino self-interactions with Geg > Gp (Cyr-Racine &
Sigurdson 2014; Archidiacono & Hannestad 2014; Lan-
caster et al. 2017; Oldengott et al. 2017; Park et al. 2019;
Kreisch et al. 2020; Barenboim et al. 2019; Brinckmann
et al. 2021; Das & Ghosh 2021; Mazumdar et al. 2022;
Roy Choudhury et al. 2021; Poudou et al. 2025). In
fact, the posterior for Geg has been found to be bimodal,
with probability being concentrated in two distinct re-
gions: a moderately interacting (MIr) mode, compati-
ble 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 — 30 level, finding Geg < 1073 MeV ™2 for My, and
Gt ~ 1071 MeV ™ for SIv (Kreisch et al. 2024).

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

Axhn, | =02 29 3.1
Axé, | —3.2 | —106 -7.3
OMIv - 1.7 1.8
JSlv = = =

Table 3. Ax® = xicpum _X?\CDI\H(:m from the MAP points
of the MIr 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 pref-
erence for neutrino self-interactions.

We start by considering a one-parameter exten-
sion of ACDM, including Geg as an extra param-
eter and keeping fixed Y m, =0.06eV and Ny =
3.044. To check if the bimodal behavior persists
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Neutrino self-interactions: light mediator

In this scenario the mediator mass is much smaller than
the average neutrino momentum at all times of inter-
est and the scattering rate I' < ¢gT, 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 (Archidiacono & Hannestad 2014; Forastieri
et al. 2015, 2019). 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
feq- These correspond to intermediate angular scales
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 DRE6.

From Planck CMB data, we find gl < 1.5 x 10727 at
95% CL. The new ACT DR6 spectra alone give a limit
about three times weaker, with g4 < 5.2 x 10727 at
95% CL. Combining the two datasets gives a ~ 20%
improvement on Planck alone, with

gz <1.2x 10727 (95%,P-ACT),
<1.3x 107" (95%,P-ACT-LB), (38)

or |geg| < 1.1 x 1077,
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Interacting DR-DM

2 Planck
Bl P-ACT
Bl P-ACT-LB

0.0 0.2 0.4 0.6
Niga: (IDM)

Figure 35. Constraints on the IDR-IDM model. Here the
interaction strength I'p nagm is given in 1/Mpc. The inclu-
sion of ACT DR6 spectra (navy) significantly improves the
constraints from Planck alone (orange). Inclusion of CMB
lensing and DESI BAO data (purple) slightly weakens the
Niqr upper limit due to small shifts in the best-fit model
parameters, but further tightens the constraint on I'o nadm.
The notation N4, (IDM) indicates that the IDR in the model
constrained here is interacting with the DM, unlike that in
Fig. 34.
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Self-interacting dark radiation

A wide range of dark radiation (DR) models have
been constructed, beyond the simple free-streaming case
parameterized by Ng (e.g., Jeong & Takahashi 2013;
Buen-Abad et al. 2015; Cyr-Racine et al. 2016; Lesgour-
gues et al. 2016; Aloni et al. 2022; Joseph et al. 2023;
Buen-Abad et al. 2023; Rubira et al. 2023; Schoneberg
et al. 2023; Zhou & Weiner 2024). These models gener-
ically involve self-interactions amongst the DR, inter-
actions 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 media-
tor 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 N g, with a free parameter
Nigr > 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 rela-
tivistic fluid with w = 1/3 = ¢?, with interactions suffi-
ciently strong that no anisotropic stress (or higher-order
Boltzmann moments) can be supported. Thus, the per-
turbative dynamics are characterized fully by the con-
tinuity and Euler equations. Unlike free-streaming DR,
SIDR can cluster on small scales, thus reducing the im-
pact of Silk damping on the high-f 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 Hj (e.g., Aloni et al. 2022;
Schoneberg et al. 2022; Allali et al. 2024).

0 Planck
Bl P-ACT
Bl P-ACT-LB

1 1

1

66 68 70

Hy

72

0.2 0.4 0.6

]Vidr

Figure 34. Constraints on the number of strongly self-
interacting dark relativistic species, Niar. 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 Ho 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 neverthe-
less further tightens the Hy posterior. These are the tightest

bounds on SIDR obtained to date.
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