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CMB observables
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Weak gravitational lensing

Primordial gravitational waves
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Current CMB power spectrum measurements

Louis+ 2025
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ACT DR6
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vs Planck frequency-combined spectra
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Comparable (and consistent) constraints from temperature and polarization and between
experiments, e.g., Planck vs WMAP+ACT

Louis+ 2025
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* Passive evolution of scalar fluctuations from early times

e Super-Hubble fluctuations
* Adiabatic:

Fraction ((AT)?)/<2500 < 2% (Planck)

e Almost scale-invariant scalar fluctuations:

ns = 0.9649 + 0.0044 (68% CL; Planck)

* No evidence for departure from power-law spectrum:

dng/dInk = —0.006 £ 0.007 (68% CL; Planck)

e Gaussian initial fluctuations:

¢ = —0.9+5.1
°d — 18447

NE = —37 £ 23
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Lensing

SPTpol (2020)
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Louis+ 2025 Cleaning of Galactic dust emission and lensing is critical for degree-scale B-mode searches
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e N=50 BN ACT-LB-BK18
®@ N=60 \ Planck-LB-BK18
\ BN P-ACT-LB-BK18 | e Constraint on r driven by BICEP/Keck
0.08 - — V($) &
V() x 23 ro.05 < 0.038  (95%; Planck+ACT+BK+lensing+BAO)
0.06 -
_ e n_pushed up 1o by lower Q _h* from DESI BAO
004 o |mplications for natural targets such as R”
| inflation with r = O(1/N?)?
* Goals for future surveys:
0.02- SO o(r) < 0.003 for r = 0
— —4 —
—__\ CMB-S4 o(r)=5x10"forr=20
0.00 l .
0.95 0.96 0.97 0.98 0.99 1.00 /
Ng Requires aggressive delensing

(see Julien Carron’s talk)

Calabrese + 2025



Timeline of improvements in tensor-to-scalar ratio

Year

SO baseline 2029
SO goal 2029
SPO 2028

SO baseline 2034
SO goal 2034
SPO++ 2034
LiteBIRD full
LiteBIRD extra
CMB-S4 2045
PICO 30%

SO baseline

ID>OD>DJCE>DD 4 4 «

PICO 60%

X All-Chile stand-alone
CMB-S4 target . configuration (not what CMB-
S4 is now proposing)

Probe-class mission concept
study
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CMB-S4 Survey of Current CMB Experiments
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Revised CMB-54 Project Plan

Assumes:

e SPO upgrades funded

SO:UK e SO and SPO operations
BA4 continue to the early 2040s

 Coordinated observing by
SO, SPO and CMB-54 of
\/ SP1-3G+ common, small deep field and

v

combined map-based analysis

3 CMB-S4 SATs
/ 3 CMB-S4 SATs + 1 CMB-S4 LAT

—

CMB-54 science requirement
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2000

Baryon density consistent with BBN abundances

Cold dark matter with negligible velocity dispersion or
Interactions

No evidence for additional relativistic particles beyond
three SM neutrino flavours:

Neg = 2.99 +0.17 (68% CL; Planck)

o ACT favours slightly less damping so lower N 4
No evidence for non-minimal neutrino masses

o Limit depends strongly on external data (e.g., BAO or
SN used to break CMB geometric degeneracy)



Particle content: effective relativistic degrees of freedom
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1 Excluded at 95% by
. Planck-LB
B P-ACT-LB
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| CMB-54 26
| (reference design)

Boson (g=1, ANes = 0.027)
Boson (g=2, ANt = 0.055)
Fermion (g=2, AN = 0.047)
Fermion (g=4, AN = 0.095)
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* Do late-time observations match LCDM predictions, calibrated on high-z CMB!?

o Hubble tension

istances from DESI

ith BAO d

o Late-time clustering

o Tension w
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Predict statistics (e.g., power spectrum) of
clustering at low z and compare with
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* Do late-time observations of match LCDM predictions, calibrated on high-z CMB!?
o Hubble tension
o Tension with BAO distances from DESI

o Late-time clustering

I T T T l
| CMB Planck TT,TE . EE+lowE —®— Aghanim et al. (2020d)
|||“| CMB Planck TT , TE EE+lowE+kk 8-  Aghanim et al. (2020d)
CMB ACT+WMAP —e— Aiola et al. (2020)
! ! ! ! !
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Ss = 08/ /0.3 —e—  Wright et al. (2025)

Persistently (until KiDS legacy!) low measurements of clustering amplitude from galaxy
lensing

Modified from Chen+ 2022



CMB lensing by LSS
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0
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|2 m
* Redshift of source plane known

S - . :
QL e Statistics of fluctuations in source plane well
- —
S understood
— Further -1% correction , ,
13 from baryons * High-z lenses and relatively large scales
E/ - Modest non-linear corrections

S - - Baryons negligible until CMB-54 era
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0.90

CMB-calibrated
LCDM prediction

0.85 Priors for lens-only:

ns = 0.96 & 0.02
0.4 < h<1.0
QnLh? = 0.0223 + 0.0005 (BBN)

< 0.80

CMB lens-only + DESI
BAO (with BBN prior)

0.75
APS - S+BAO
—— A+BAO BEB APS+BAO . LCDM struct_ulre gro.wth doYvn to.z = 0.5-5 for
P+BAO EE CMB k < 0.2Mpc™" consistent with primary CMB
0.70
0.20 0.25 0.30 0.35 0.40

0s(m/0.3)1/% = const.
Qu+ 2025
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Cross-correlation measurements with unWISE galaxies

1.25 -

1.00 -

O

~]

(9]
1

g

n

o
1

0.25 -

0.00 -

Blue (z=0.6) Green (z=1.1)

o 106
[$)
z=1.1
1.25 -
1.00 -
¥ 0.75-
< 0.50--
{5 0.25 - \
S
X 0.00 |
= 0 2

)

Jo(CXY

ACKY

Farren+ 2024



Planck+ACT x X DESI
BGS+LRGs (Sailer+ 2025)

Planck+ACT x X UNWISE
(Farren+ 2023)

Planck x X Quaia quasars
(Piccirilli+ 2024)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
redshift 2

LCDM structure growth down to z ~ 0.2—1.6 for k < 0.2 Mpc~! consistent with primary CMB

Sailer+ 2025



= S
2 S -
oY O
(= B
= —
= 19 \ <
\
Energetic \ 8 -
electron “ |_c|7 y — 2 X 10_4
S \
| o (kgT, = 10keV, 7 = 0.01)
\
/ ~\ Comptonized S ! ' ' ' : 8| ' ' I I I I I
ohoton 20 50 100 200 500 0 50 100 150 200 250 300 350 400
Hot plasma - Frequency v [GHZ] Frequency v [GHZ]
re’
Al, = ylI, e — 1) x coth(xz/2) — 4] ATcovs = yTowms |x coth(x/2) — 4
kBTe _ hV ° ° °
Yy = 5 NeoT dl T= 9T Scattering — independent of redshift
M eC BL CMB

Mroczkowski+ 2019
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+ ACT DR5 (13,211 deg?)

+ SPT-SZ (2500 deg?)
SPT-ECS (2770 deg?)
SPTpol (94 deg?)

PSZ2 (all sky)
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* Well-understood selection (SZ S/N ¢g) almost mass-limited to high z

e Limiting issue: relating SZ observable to mass — lensing mass calibration, ideally for full cluster
sample

Hilton 202 |



e 5200 deg” of Southern sky
e 1005 clusters with z > 0.25 and S/N g > 5
e 3600 deg? overlap with DES

 DES weak lensing for 688 clusters at

z < 0.95

e HST weak lensing for 39 clusters with
0.6 <z<1.7

Bocquet+ 2024

SPT-ECS

N W SP 'pol 500d

Bleem+ 2020
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0.7 1

SPT(SZ+pol) clusters
+(DES Y3 + HST) WL

ACT DR6 lensing
DES Y3 3x2pt
Planck18

BAO

10

0.2

0.3 0.4
Qm

Age of the Universe [Gyr]

13.3 9.0 6.5 4.9 3.9 3.2

Planck1l8 TT,TE,EE+|lowE
DESI LRG x Planck lensing

DES Y3 3x2pt + SR
SPT cluster abundance

0.0 0.5 1.0 1.5 2.0
redshift z

LCDM structure growth down to z ~ 0.3 consistent with primary CMB

Bocquet+ 2024



- Suppression required
S 0.90 to fit DES+Planck
E jointly

3
= (.85
8 2 =0
Dy 080 DES Amod
3 KiDS Amod
N5 0.75 . C-OWLS T}n8.7
—+— C-OWLS T},64¢8.5
070F —— BAHAMAS Tt 7.6

BAHAMAS T},eat8.0

k |h/Mpc|

* Small-scale power suppression (more-extreme baryon feedback?)

* Systematics in modelling of intrinsic alignments (e.g., McCullough+ 2024) Preston+ 2023



Comoving distance [Mpc/h] at 2
0.5 1.0 1.5 2.0 2.5 3.0

Credit: Sudeep Das
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= (Gas traces dark matter
{  Main DR9 + DR10 all z bins
=== TNG300-1 (low feedback)
—= = [llustris-1 (high feedback)
101
1 2 3 4 O 6
R |arcmin]

Txsz/Tcms = Tvr/c  Velocity-weighted stacks of ACT CMB temperature on DESI LRGs
Hadzhiyska+ 2024; see also Guachalla+ 2025



Key primary-CMB targets:
* Primordial gravitational waves from degree-scale B-modes

* Particle content, e.g., V.4, from wide and deep E-mode observations

Secondary-anisotropy targets:
* Neutrino mass from CMB lensing and/or tSZ-selected galaxy clusters
e Structure growth from lensing and/or tSZ

* Reionization from large-angle E-mode polarization (optical depth) and from kSZ (morphology and
duration)

* Constraints on galaxy evolution and baryon feedback from SZ
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Neutrino masses

1.5 I
BN CMB lensing+Qph? »  NO excluded at 87% (65%)
1 DESI BAO+Qyh? w10 excluded at 99% (90%)
B P-ACT
BN P-ACT-LB Higher € from supernovae
1.0 -
< P-ACT
A (e)BOSS BAO P-ACT-LB
3 P-ACT-LBgoss
N P-ACT-LS
0.5 1
00 a J T
0.2 0.3 o 0.4 0.5 0.00 0.05 0.10 0.15 0.20 0.25 0.30
K >m, [eV]

DESI BAO (favouring lower €2 )

Calabrese+ 2025
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— Planck CMB aniso.
— ACT CMB lensing
Planck CMB lensing + BAO

Bl ACT CMB lensing + BAO ns = 0.96 &= 0.02

| . ' | 0.4 < h<1.0
CMB-calibrated LCDM prediction
. . QnLh? = 0.0223 + 0.0005 (BBN)

Priors for lens-only:
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CMB lens-only + BAO |
(with Egﬁloﬂ,; ,' ; ! | LCDM structure growth down to z = 0.5-5 for
.' .' ' :' k < 0.2Mpc~! consistent with primary CMB

0-7 | 1 I
0.2 0.3 0.4 0.5

os(Qm /0.3)Y/% = const.
Madhavacheril+ 2024



