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Abstract:

Weak gravitational lensing of the CMB has been established as a robust and powerful observable for precision cosmology. By
mapping the matter distribution, it provides a clean window to measure structure growth and key cosmological parameters such
as the neutrino mass. In this talk, | will present the major improvements to the Atacama Cosmology Telescope lensing
measurement following the latest public data release (DR6). In particular, | will discuss both the inclusion of DR6 data collected
during the day (which has never before been used in any lensing analysis) and the prospect of accessing wider sky areas thanks
to Galactic foreground mitigation strategies. These improvements will dramatically increase the forecasted power of CMB
lensing measurements with the Simons Observatory.
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COSMIC MICROWAVE BACKGROUND (CMB): SCIENCE CASES
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NEW PHYSICS FROM THE CMB

Calabrese+2025 (ACT Collaboration)

———= NO excluded at 87% (65%)

Tests of new physics, to compare against ACDM

predictions:

- Measurement of expansion rate (H,)

- Measurement of growth of
perturbations (oy)

Camphuis+2025

SPT-3G D1

ACT DR6

SPT+ACT

Planck

CMB-SPA
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NEW PHYSICS FROM THE CMB

- CMB + BAO

Tests of new physics, to compare against ACDM

predictions:

- Measurement of expansion rate (H,)

- Measurement of growth of
perturbations (og)

Camphuis+2025
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ACT DR6 |
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NEW PHYSICS FROM THE CMB

Tests of new physics, to compare against ACDM

predictions:
. 1000 [ Primary CMB - .
- Measurement of expansion rate (H,) - Credit: Frank J. Qu
- Measurement of growth of i
perturbations (og) CMB lensing Ly-a
" AN
1]
galaxies Galaxy lensing
[ S— S e
10~# 10+ 162

Lucy Reading-lkkanda / Simons Foundation

Pirsa: 25120027

k[Mpc~1]

Page 6/33




CERRO TOCO, LLANO CHAJNANTOR, ATACAMA DESERT, CHILE 5
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M 5200m altitude
PWV ~1.2mm
Low latitude (-23°)
Excellent site for CMB observations

SIMONS

OBSERVATORY
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THE ATACAMA COSMOLOGY TELESCOPE

» 6-metre primary mirror: requirement for
arcminute resolution

» Data Release 6: observations at 90, 150
and 220 GHz

" ACT+Planck T
O R:f090,G:f150,8:f220

Galaxy clustergy

Image credits: Debra Kellner (top). Mark Devlin (bottom)
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ACT POWER SPECTRA OVER 10,000 deg* 9

best-fit lensed CMB
Planck

0 500 1000 1500 2000 2500 3000 3500 4000
£

ACT Collaboration
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MEASURING CMB LENSING 10

Translation invariance unlensed CMB map:

(T T*A—-L)) =0

Lucy Reading-lkkanda / Simons Foundation

Lensing: re-mapping CMB according to deflection

P ?M%J fieldd = V¢

3 T(A)=T(A+d) ~T(A)+d VT (A)+...

B o

. -
-~ -

o
v 1
Lensing breaks translation invariance, introducing
new correlations

Matter density

field (projected
along line of sight)

(T T* (1 - L)) x ¢ (L)

Irene Abril-Cabezas, Cambridge UK
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MEASURING CMB LENSING 1

Lensing changes the CMB statistics,
correlating formerly independent modes

(T T*(1 - L)) x ¢ (L)

Frank Qu (&<
Cambridge

Lucy Reading-lkkanda / Simons Foundation

Matter density

— Stanford | N .
( field (projected — tanford K04
along line of sight) B _

Use this to reconstruct ¢ (L):

¢ (L) ~ [d21 T T*1A-L)

. . e e ACT Collaboration
Irene Abril-Cabezas, Cambrldge UK Ou+24 Madhavacherll+24 MacCrann+24
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UNIFIED AND CONSISTENT STRUCTURE GROWTH

MEASUREMENTS
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THIS TALK: BEYOND DRé LENSING. . .

| lead the inclusion of daytime data (2511.10620) & cosmological analysis (in prep.)
for final ACT lensing release

14

le—-7

o Expected improvements for the final
| Signal ACT lensi lysi
ol e Current noise CT lensing analysis
YN 0| -1 [ Additional seasons
%3" Lo i { “T" | * Inclusion of daytime data (1.A-C 2025b)
= 0.8
% 2 | \ % Optimal filtering
Y] S—— T % Map-level combination with Planck
Improved noise| |
" P % Improved sky-cuts (I.A-C 2025a)
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Irene Abril-Cabezas, Cambridge UK
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THE ATACAMA COSMOLOGY TELESCOPE: DAYTIME DATA

» Data taken during the
day (11:00 - 23:00 UTC)
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ESTIMATING THE BEAM (A.K.A. RESPONSE OF THE TELESCOPE TO DIFFERENT SCALES) 16

() Small scales: estimated from point sources — stack on 20 X 10 deg” tiles
» Large scales: calibrate against night CMB power spectrum

1 » Fit functional forms to the CMB+source beam

ACT Collaboration

» This beam is the relative beam between night and day (ideally 1, but
not in practice due to e.g. different weather)

O so-lenspipe

o Iso-lensing-scripts

Irene Abril-Cabezas, Cambridge UK
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WE MAPPED DARK MATTER DURING THE DAY 17

» Correspondence between CMB lensing map and the CIB!

Greyscale: CMB lensing map (overdensities in white, voids in black)
CIB as seen by Planck (545GHz) overlaid (overdensities in red, underdensities in blue)

28
Irene Abril-Cabezas, Cambridge UK
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THIS SOUNDS SCARY. .. HOW DID YOU MANAGE TO DO IT? 18

» Challenging: Sun’s heat distorts ACT telescope mirror,
causing pointing offsets and beam deformations

Beam time-dependence transfers into position-

..... ‘ e dependence when map-making. But:
: ‘. - » Effect averaged down by multiple observations
» Does not look like lensing
‘ - : | ’ " » Variation smooth: only small L (largest lenses)
ey, | affected

Emily Storer, PhD thesis
Irene Abril-Cabezas, Cambridge UK
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BLACKBOARD (1) 19

» A bit more intuition into quadratic estimators (large-lens limit)

» Lensing: C(¢) — C(af’) [stretching/squeezing power spectrum]

Irene Abril-Cabezas, Cambridge UK Credits: Planck Collaboration/ESA
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BLACKBOARD (li) 20

» Beam mis-modelling: () Ky
[predict wrong ratio of power
® L] L] L] L L ]
from different scales]
>
§ | 4 ACT ORS lening dts i
:;SE‘: t ] I e Vo e R
24:25 T i '
10! 10? 10°

Credits: Naess+25 (ACT), Planck Collaboration/ESA. Qu+24, Madhavacheril+24, MacCrann+24
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BEYOND DR6 LENSING: COSMOLOGY WITH DAYTIME DATA 21

More than 100 map-level and band power-level null tests passed

EXTREMELY POWERFUL!
x10~7 (day — night) map-level null

—— 1% fiducial lensing signal
¢ PTE=097

How we compute errorbars for map-level nulls:

1. Take CMB realisation, add noise + beam +

calibration, etc. (for night and for day) s _
@) ,_
2. Map-level difference the resulting maps = "
~ 0_0
3. Run maps through lensing reconstruction |
pipeline
This nulls the CMB signal = no cosmic variance B '?1 162
contribution to the error = very tight error bars L

Irene Abril-Cabezas, Cambridge UK
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BEYOND DR6 LENSING: COSMOLOGY WITH DAYTIME DATA

><10 (day nlght) map-level null

More than 100 map-level and band 1.0
| —+— 1% fiducial lensmg mgna.l
power-level null tests passed | { PTE=097
. . . . . $3 Lol
PTE distributions consistent with uniform & |
::q | E : ; sl 1
00b ¢ ¢ 44 ¢TI
Curl - t I ,
8 : .
—0.5 .
" 10! 102
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Irene Abril-Cabezas, Cambridge UK k
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BEYOND DR6 LENSING: COSMOLOGY WITH DAYTIME DATA 23

First demonstration that ACT %10~
daytime lensing is a possibility j T
Ay, = 1.045 +0.063
og = 0.826 = 0.027 (+ DESI DR2)

~ ACT DRS nighttime [
(Qu+24) |

@
Per-mode reconstruction noise fsq
N
i o
—
~

=== Daydeep === Daywide Night

—— P-ACT ACDM prediction

$ ACT DR6 daytime data _____
(SNR 170)

0 102 108
L

Irene Abril-Cabezas, Cambridge UK
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THIS TALK:

BEYOND DR6 LENSING. . . 2%

| lead the inclusion of daytime data (2511.10620) & cosmological analysis (in prep.)

le—-7

for final ACT lensing release

Signal

LA(L +1)2C¥/2n
o o g
[=)] o] o

o
'S

-------

o
[N}

o
=)

Expected improvements for the final
ACT lensing analysis

Current noise

------ e e Additional seasons
[ ~ e Inclusion of daytime data (I.A-C 2025b)

" \ % Optimal filtering
gl ¥ Map-level combination with Planck

% Improved sky-cuts (I.A-C 2025a)
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Multipole L (1/angular scale)

Irene Abril-Cabezas, Cambridge UK
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THE O(MILLIMETRE) SKY

26
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DUST EMISSION CANNOT BE MODELLED AS GAUSSIAN RANDOM FIELD 27

Planck 353 GHz

Foregrounds must be accounted for in any
CMB analysis

» Requirement: family of full-sky dust
emission maps with enough resolution

» Difficulty: no data on small scales

1 Solution 1: small scales filled as Gaussian random field

™ Solution 2: simulations including non-Gaussianities on small scales

PySM (PanEx+25), Vansyngel+17, Martinez-Solaeche+18, DUSTFILAMENTS

(Hervias-Caimapo+22)
Irene Abril-Cabezas, Cambridge
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WHY CMB LENSING PEOPLE CARE ABOUT NON-GAUSSIANITIES 28

Key observable: Lensing power spectrum | g e T
(d) ~ (TTTT)
Dust non-Gaussianity (4-point function) F o
mimics signal that lensing estimators are or R T, crili 2
designed to measure o 2
What if we didn't
have to be scared
anymore???
L";U 12.0 9.0 (’}.0 3.0 0 -(;0 -(;O -9.0 -1.20 -1:")0
R.A. [deg]

Irene Abril-Cabezas, Cambridge UK
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CURRENT AND FUTURE MITIGATION STRATEGIES

30
[arXiv: 2505.03737]
Mitigations already in place S e TS
Tem peratu re —— ACT + Planck 60% === ACT + Planck 710% ==+ ACT + Planck 80%
reconstruction on ACT: 00 CHy 150 Gy

» Bias @150GHz is
~100 times bigger
than @90GHz

» Bias increases with
sky fraction

This level would
generate an 0.50
bias to the lensing
power spectrum
amplitude

Pirsa: 25120027
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CURRENT AND FUTURE MITIGATION STRATEGIES

30
[arXiv: 2505.03737]
Mitigations already in place T e ——
Temperature —_— A D] anel 1Y% - A Planek 70% =cee- ACT + Planck 80%
. 1> Things we've been thinking about:
reconstructia

Z
new profiles for bias hardening, needled ILC (w/ Sam Goldstein),
» Bias @150 Galactic bias estimation and subtraction, iterative lensing

-----

» Bias increases with

Sky fI’aCtion 101 162 103 101 162 \ 103
L L
This level would
» A bit more work will be needed for Simons generate an 0.50
bias to the lensing
Observatory, but we have the tools!

power spectrum
amplitude
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CMB COSMOLOGY WITH SIMONS OBSERVATORY IN THE NEXT DECADE 31

SO Generated Transient Triggers

LAT Science:
Early Universe
Relic particles
Neutrino Mass

Galaxy Evolution

Blazars
Galactic Science

Planet 9
Transient Sources 7 Opuics

ACT/SPT J Rubin Observatory

Advanced SO Project (NSF)

LAT Construction — 7 Optics Tubes Phase 1 Operations Phase 2 Operations

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

SO Collaboration
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CRUCIAL: DAYTIME DATA + GALACTIC FOREGROUND MITIGATION 32

» Harnessing the whole power of CMB lensing with Simons
Observatory

X
180 - Increase i
multipole 11 &
range )
160 - %
o

- =10 &
N )
140 - v
Include daytime L 0.9 &

-~ Increase sky =
area S
Vs

0.8

600 < £ <3000  fy, =037  100<£7<3500
Joy =027 100 < £, < 5000
P
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CMB COSMOLOGY WITH SIMONS OBSERVATORY IN THE NEXT DECADE 33

SAT Science:
Early Universe
B-Modes
Gravitational
Waves

SO Generated Transient Triggers

LAT Science:
Early Universe
Relic particles
Neutrino Mass

Galaxy Evolution

Blazars
Galactic Science y e
Planet 9 Obsef\la‘t\o !
Transient Sources 7 Opuicss e

ACT/SPT I Rubin Observatory
Advanced SO Project (NSF)

LAT Construction — 7 Optics Tubes Phase 1 Operations Phase 2 Operations

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

SO Collaboration
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SMALL APERTURE TELESCOPES (SATS) %

SAT Science:
Early Universe

B-Modes
Gravitational
Waves

0.10 .
e« N=50 o= BN ACT-LB-BK1S ‘:?)
e 1 o hondesBx® 1= » New way of measuring r
| A O
008 N — V@ S [Namikawa, Abril-Cabezas, Sherwin 2025, arXiv:2502.20741]
s — V(g)x¢p?? )
| 13 o . .
0.06 1 N et . » Impact of Galactic non-Gaussian foregrounds
~ N S on primordial gravitational wave measurements
0.04 1 = [Abril-Cabezas et al. 2024, arXiv:2309.09978]
el » De-lensing / iterative reconstructions
(BCBOI—G+ [Hertig et al. (incl. Abril-Cabezas) 2024, arXiv:2405.01621]
| o(‘
0.00 N - %
0.95 0.96 0.97 0.98 0.99 1.00

Ns
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SUMMARY 35

» Atacama Cosmology Telescope. CMB lensing with daytime data:

Forecast total signal SNR above 60
First demonstration of precision cosmology with daytime data

» Additional improvements from Galactic foreground mitigation strategies

» CMB lensing as a robust probe for precision cosmology: neutrino mass,
structure growth measurements
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