Title: SPT-3G: Cosmology from CMB Lensing and Delensed EE Power Spectra Using 2019-2020 Polarization Data
Speakers: Fei Ge

Collection/Series: Advancing Field-level and Simulation-based Inference for Cosmology

Subject: Cosmology

Date: June 11, 2026 - 7:00 PM

URL: https://pirsa.org/26060011

Abstract:

| will present the cosmological analysis from the simultaneous Bayesian estimates of gravitational-lensing potential bandpowers
and unlensed cosmic microwave background (CMB) EE bandpowers directly using the polarization maps from the South Pole
Telescope (SPT) observed in 2019/20. These observations produce the deepest high-angular-resolution CMB polarization maps at
90, 150, and 220 GHz to date, making the standard Quadratic Estimation (QE) method suboptimal for lensing reconstruction. In
this analysis, we use the Marginal Unbiased Score Expansion (MUSE) method, which is an optimal map-level Bayesian inference
method for CMB lensing potential bandpowers and unlensed CMB EE bandpowers, effectively using all N-point statistics of the
CMB polarization maps. The constraints on the Hubble constant (HO) and the amplitude of structure growth (S8) from this work
are comparable to those from Planck using full-sky temperature and polarization observations, enabling a powerful test of the
LCDM model. With the lensing potential bandpowers reconstructed from the CMB polarization signal, we test the anomaly of
excess lensing power from the LCDM prediction, and detect the impact of non-linear structure evolution on CMB lensing. We also
explore the extensions of the LCDM models.
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Introduction — CMB Lensing
e CMB lensing is the deflection of the CMB photon path toward an observer by the
intervening gravitational potential. .
Observed Original
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(Credit: ESA)
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Introduction — CMB Lensing
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-  Main

Introduction — CMB Lensing Signal

—— Planck PR4 - Wide
e Widely used Quadratic Estimator is no — ACT DR6 Summer
longer optimal for lensing potential — SO-Baseline
reconstruction when the noise level of Lensing reconstruction noise: N;'**

T T T ] T

CMB observations is below ~
5uK-arcmin. ~ 10

e Bayesian inference from observed
CMB maps is a natural method to
optimally reconstruct CMB lensing
potential.

P(0]d)
Multipole L

(Prabhu et al 2024)
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Pirsa: 26060011 Page 6/34




Introduction — CMB Lensing

e |[tis a hierarchical marginalization problem to get the parameters from lensed CMB
maps directly, since the unlensed CMB and lensing potential fields need to be

Marginanzed. 7‘7(9|d) — /df d¢ P(fa ¢79|d)
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Gibbs Sampling

P(f,¢,1r,As | d)

‘ (d—AL(¢)f)*) I _&
.xLxP{_ 2C,, }pr{_ch(r)} exp{_mé(f"‘w)} 1

det C)/2 det C(r)"/? det Cy(Ay)'2  (rAy)'Y?

Algorithm 1 'P( flyd,r Ayl d) sampler

1
2
3
4
o:
6
7
8

: fori=1..n do

fi ~P(f' | i1y Agiz1, Ti-1, d)
¢i ~ P(¢' | Ag,i-1, Ti-1, fi, d)
Agi ~ P(A¢ | 751, fz’: d’;:d)

ri ~ P(r| fi, ¢, Ag,i, d)

- end for

: Initialize Ay 0 and ro anywhere within the prior range.

. Initialize fields f; and ¢; with quasi-samples.

> CG
> HMC
> Slice
> Slice

(Millea et al 2020)
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Gibbs Sampling on SPTpol Data

17% improvement on A_phi constraints compared to QE

- SPTpol 100d-deep (P) Bayesian
——— SPTpol 100d-deep (P) Bayesian, A;, free
—— SPTp#l 100d-deep (P) QE

1.6

(Millea et al 2021)
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Marginal Unbiased Score Expansion (MUSE) .. s seiax 2022

e A Bayesian method jointly estimates
o the CMB lensing potential bandpowers
o unlensed bandpowers
o systematic parameters.

e A map-level inference effectively uses all N-point statistics

EE A¢¢
{4 ’Tb ) 93'93} Unlensed CMB polarization maps

N\
P(0ld) = [ df d¢ P(f, Qia@‘d)

Observed LMB maps Lensing potential (¢) map
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Marginal Unbiased Score Expansion (MUSE) .. s seiax 2022

e Marginal Score Function

d
3;(0,x) = 0 logP(x|6)

e EXxpansion around the joint maximum a posterior (MAP) point

Si(a,d) — S?AAP(Q, d) ) d(;_hlog/sz exp B(z = ﬁg@)THg,d(z = ﬁg,d) +

| i .
sMAP(9 ) = 51@3( f,é.,0|d)

0

f,¢ = argmaxP(f, ¢,0|d)
fo

e Unbiased Score Equation

<8i(9’ m)>:1:~73’(:v|9) =8
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Marginal Unbiased Score Expansion (MUSE) .. s seiax 2022

e MUSE equations to get bandpower estimate

sMAP(§ ) — <S?/IAP (@,d’)> ﬁ
d’~P(d’|0)

d

do;

sy™AP(0,d) = ——logP(f, ¢, 0|d)

0

f,é = argmaxP(f, ¢, 6|d)
f.¢

1
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Marginal Unbiased Score Expansion (MUSE) .. s seiax 2022

e MUSE equations to get bandpower estimate

(3

>d’~’P((i’[é)
AP(& d) = %mgp(f, ¢, 6|d)

0

Simulated CMB Maps
Observed CMB Maps/ s @ | : . .
Mock CMB Maps " F10 = ‘f“‘g;;ﬂ;aﬂ’(ﬂ ¢,0|d) via the simulation model

AP (0,0) = (4% (0,

12
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e MUSE

o Maps out the distribution by
regenerating it for simulated
data and searching for

H 0 agreement

o Can analytically Taylor
expand this procedure to get
uncertainty / covariance

S~
}

“Latent” parameter

k Some parameter of interest (Slide Credit: Marius Millea at APS 2024)
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Marginal Unbiased Score Expansion (MUSE) .. s seiax 2022

MUSE equations to get bandpower estimate

0,d) = <s§_‘4AP (é,d’)

d'~P(d'|0)

a .
—logp(f._ b, 0|d)

f, o = argmaxP(f, ¢, 6|d)

N

Accurate simulation
model is the key to get
unbiased bandpower
estimates from MUSE.
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Marginal Unbiased Score Expansion (MUSE) .. s seiax 2022

e MUSE equations to get covariance estimate

vosg = H'J PH+ X1

prior

_ MAP MAP
Jij = cov( (6,d), 57 (6, d))dwp(dlé)

d
H«i' MAP 9 d
77 de; [< ( )>d~73(d|9)] 00
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3 bands: . 95, 150, 220 GHz.
~.Resolution: 1.6, 1.2, 1.0 armin

'CMB_-S4_ depths-on ~3.5% of the full sky
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MUSE on SPT-3G
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MUSE on SPT-3G

f e N(Oa Cf (AbEE))

¢ ~ N(0,C, (43%))
uvi — Ileourier ' Mtrough : Mpix : (PWF : TFV 5 R(wgol) A:;a?i B(IB‘H: gol) ’ H“(¢) ’ f T 68?: ) ta = E%i ’ tluj')
= 2108 P(7,6,01d) = /171 +41C5 9+ (@ ~ ) (€) )@~ ) ~ 2108 ()

where — 2log P(¢) = HMpixv%sH /1078
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Validation Test — bandpowers on mocks

e No bias on the mean bandpowers estimated on a set of 100 mocks larger than 30.
e The scatter of mean bandpowers are within 10% of the statistical uncertainty.
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14
*All means joint analysis of 95+150+220 GHz.

*Colored lines show mean bandpowers over 100 mock sims.
*Gray bands show 10 and 20 error of 95+150+220 results. 20
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Correlation matrix

1.00
Ags
| 0.75
e The correlation between A¢¢$ and
other parameters are almost 00

negligible, and the lensing Ay, e H -
reconstruction is robust.

i _0

e Unlensed EE bandpowers are A | F—0.25
correlated with system parameters. 5
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Validation Test — LCDM cosmology on mock

InA, T
T = s T T T

e The product of individual :
posteriors recover the input 2
truth of the mocks using a set of
100 mocks.

e Pipeline bias to individual
cosmological parameters has
been bounded to <0.10.

- ) *Colored lines show individual marginal posterior.
(*With Capse.jl emulator for speed) *Gray shaded area shows the product of the individual posterior.??
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Pi

Results — bandpowers
e L CDM model fits SPT data well and in agreement with Planck.
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Results — bandpowers
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Results — HO*

WMAP+ACT+SPT¢

6.20 » Planck+ACT+SPTr
Planck+ACT}

Planck+SPT¢

Planckf

ACT|

5.40 » SPTt

*Assuming LCDM model
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WMAP: TT+TE+EE [Oyr]

Planck: TT+TE+EE+¢¢(T&P) [Plik/PR4]
ACT: TT+TE+EE+¢¢(T&P) [DR6/DR6]
SPT; EE+¢¢(P) [2yr-main]

67.16 +0.41
e
67.3+0.4 SHOES
67.50 +0.44
be—i
67.28 +0.42
——
67.4+0.5
Foe
66.46 +0.63
—_—
66.81 +0.81
e |

66 68 70 72 74
Hy [km/s/Mpc]

27
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Results — HO*

WMAP: TT+TE+EE
Planck: TT+TE+EE+¢¢(T&P) [Plik/PR4]
ACT: TT+TE+EE+¢¢(T&P) [DR6/DR6]

[Oyr]

SPT: EE+¢¢(P) [2yr-main]
WMAP+ACT+SPT eyl
6.20 . Planck+ACT+SPT Bl SHOES
Hy = 66.66 + 0.60kms—! Mpc~! for SPT-3G D1,
Hy, = 66.59 + 0.46 kms~! Mpc~?! for SPT+ACT,
Hy =67.24 +0.35kms~ ' Mpc~! for CMB-SPA.
ACT} F——"
5.40 . sprp pELEL | | |
66 68 70 72 74

Hy [km/s/Mpc]

*Assuming LCDM model
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Results — S8*
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WMAP: TT+TE+EE [9yr]
Planck: TT+TE+EE+¢d(T&P) [Plik/PR4]
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Results — amplitude of nonlinear structure growth

ot ACMB
CL C’L lm mod (CL ,nonlin CYL lln)

e Our results yields 3o detection of non-linear structure growth in CMB lensing
e The A_mod from CMB lensing is consistent with 1 within 1.50.

: 23414
PlanckT&E+Planckdf i
: 1.940.9
PlanckT&E+ACT o | : .
IBE
B i 1.61+042
PlanckT&E+SPTod | - o i
i i
PlanckT&E+Planckdd| ﬂ ic 160+039
+ACTod+SPTo . o ix | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
ACMB
mod 29

*DES-Y3+KiDS is from Preston et al 2023
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Results — amplitude of nonlinear structure growth
e |[f the solution to S8 tension is due to unknown physics of non-linear structure
growth, our result suggests it to happen at a later time or at smaller scales.
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Results — excess lensing power

e SPT result shows the mild excess lensing power relative to LCDM prediction
when using Planck Plik PR3 likelihood.
ACDM + Ath. ot Arecon

PlanckT&E+BAO

121 /'/ +Planckod
g B\ CToo+SPTOO

B +-ACTo0
N +SPTod
B +Planckod

e A 2ptscales the LCDM lensing
'‘power used to compute lensed
TT/TE/EE spectra
e A recon scales the LCDM lensing
power used to predict
reconstructed lensing power *'
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Results — excess lensing power

e Mild excess lensing power relative to LCDM prediction persists with updated
primary CMB and BAO data.

ACDM + Agpt_ + Arecon

Planckdd+ACTod+SPTdd
B +P-ACT T&E

B +PlanckT&E+BAO*
 +P-ACT T&E+DESI2

e A 2ptscales the LCDM lensing
power used to compute lensed
TT/TE/EE spectra

e A recon scales the LCDM lensing
power used to predict
reconstructed lensing power

32
*BAO refers to data before DESI| DR2.
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Summary

e We performed, for the first time, a joint analysis of the CMB lensing
potential and unelsned CMB EE power spectrum using MUSE.

e MUSE is a map-level inference method, capable of inferring parameters
from observed CMB maps directly.

e As a demonstration, future high resolution CMB observations can benefit
from the SBI and FLI method.
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