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South Pole Telescope

10-meter diameter telescope located at
the South Pole in optimal conditions for
CMB observations

* Delensing in the BICEP/Keck field

High resolution:
e CMB Lensing 1.6’/1.2°/1.0" at

* Cosmological constraints from 05/150/220 GHz
primary anisotropies
TT EE

+ High-ell TT, tSZ kSZ, Low-ell BB, DES
95GHz 5.4 8.1

x SPT, axions, galaxy clusters, point 150CHz | 4.6 6.6
sources, transients, asteroids, planet g 220GHz | 16 23

SPT-3G 19/20

Frequency

Noise levels in uK-arcmin for 2 years of data
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Fields - Total: ~10()O() deg2 > 25% of the sky

SPT-3G Main 2019-2023, 2025-2026
SPT-3G Summer 2019-2023
SPT-3G Wide 2024

B SPT-3G Main SPT-3G Summer " SPT-3G Wide
—— SOQ/LSST ——  BICEP3 —— DES
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Fields- Total ~10()O() deg2 -> 25% of the sky

SPT-3G Main 2019-2023, 2025-2026
SPT-3G Summer 2019-2023
SPT-3G Wide 2024

[Prabhu et al., 2024]

B SPT-3G Main SPT-3G Summer " SPT-3G Wide
—— SOQ/LSST ——  BICEP3 ——  DES
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* Preprint is out!

» Cosmology from CMB lensing and delensed
EE power spectra using 2019-2020 SPT-3G polarization data
arXiv:2411.06000 [Fei Ge, Marius Millea, EC et al.]

* Ongoing:
* Cosmology from T'T/TE/EE power spectra using the main field (EC, W. Quan)
* QE lensing (Y. Omori)
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° Preprmt 1S out!

: . Cosmology from CMB lensmg and delensed |
EE power spectra using 2019-2020 SPT-3G polarization data
" Mm oéooo LFel Ge Marlus Mlllea EC et al ]

. ()ngomg
* Cosmology from T'T/TE/EE power spectra using the main field (EC, W. Quan)
* QE lensing (Y. Omori)
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Experiments comparison from pol-only data

Highlights ==,

s ACT

i SHOES

The ¢$ bandpowers at L>350 and EE o ttegu) (e
. ST cEiear) | Toyrman)

bandpowers at {>2000 are the most precisely

measured to date.

With signals only from CMB polarization, we are
able to achieve constraints on H, and S o0
comparable to Planck results, and are the tightest ***|
constraints from CMB polarization-only
inference.  ound

Assuming LCDM, SPT results are consistent with  °o=

Planck and ACT.

1.05} /\
Blind analysis, with a post-unblinding change
We also detects >30 effects from non-linear i __ |
eVOIUthn ln CMB lenS]ng, R R 0.11 0.12 0.022 0.024 0.026 09

H, Q.h? Quh?
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(1) Method

Marginal Unbiased Score Expansion (MUSE)

» (Millea & Seljak 2022) gj(f’¢’9|d)

* Goal: jointly reconstruct unlensed

EE and ¢¢ band powers, and
systematics parameters

* A bayesian map-level inference
effectively uses all N-point statistics
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SPT-3G CMB maps

(1) MEth()d Unlensed CMB

polarization maps g Latent variables
Marginal Unbiased Score Expansion (MUSE) ‘

* (Millea & Seljak 2022) P ( ]C, ,
 Goal: jointly reconstruct unlensed Lensing potential r
map CEE, C?? ¢
EE and ¢¢ band powers, and b °>~p Vsys

systematics parameters

* A bayesian map-level inference
effectively uses all N-point statistics
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SPT-3G CMB maps

(1) MEth()d Unlensed CMB

polarization maps g Latent variables

3" Data

| )

* (Millea & Seljak 2022) t@ ( ]C, .

* Goal: jointly reconstruct unlensed Lensing potential 4~ y
map CEE C??,0
EE and ¢¢ band powers, and b °>~p Vsys
systematics parameters

* A bayesian map-level inference 9p (9 | d) — dfd¢@ ( f, ¢, ) | d )

effectively uses all N-point statistics

Marginal Unbiased Score Expansion (MUSE)

Marginalizing over the latent variables can be done using a
large number of simulations of the data = MUSE approach

(fully differentiable)
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Correlation matrix of reconstructed bandpowers and systematic parameters

1.00
(1) Method
A
Marginal Unbiased Score Expansion (MUSE) 0.75
* MUSE yields a multi-variate Gaussian .0.50
approximation to the marginal
posterior -0.25
* Covariance is obtained with
differentiation and simulations 0
* Naturally includes systematic -—0.25
parameters
: g1 -—0.50
* Cosmological parameters (y) likelihood:
A - R - ~0.75
—2log P@y) = |0(y) — 0| Zyuse |0) — 0
—1.00
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* No bias on the mean bandpowers
estimated on a set of 100 mocks

(2) Validation

(a) on mock observations

larger than 3.

* The scatter of mean bandpowers
are within 10% of the statistical

uncertainty.

All means joint analysis of 9§+150+220 GHz.
Colored lines show mean bandpowers over 100 mock sims.

Gray bands show 16 and 26 error of 9§+150+220 results.
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Average bandpowers from 100 mocks
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[ [—95, PTE=27.28% (0.600) 1
- 150, PTE=82.80% (-0.950) -
| |=——220, PTE=5.30% (1.620) ]

- [=——All, PTE=99.00% (-2.330)

| [—95, PTE=5.25% (1.620) 1
- 150, PTE=4.50% (1.700) .
[ |=——220, PTE=0.48% (2.590) ]
- |=—All, PTE=24.71% (0.680)

1000 2000 3000
4
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(2) Validation

(a) on mock observations

* The product of individual
posteriors recover the input truth
of the mocks using a set of 100
mocks.

* Pipeline bias to individual
cosmological parameters has been S U NN

boundedto < 0.1c
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(2) Validation

(b) on data

* We test data consistency

by

comparing band powers from

single-frequency runs

* We find good agreement

between

frequency, before and after post-

95/150, ¢ _ 05/150, EE

@ 5t @ @———TTT—
~ 4t = 4

™ ™ n
_ | 2 r V/A /\ l _ | 2 r HV’ .‘&'Q\J\N.’u /.\ ts m "x
) 0= =AY £y X _\;Nl’"’.\f“‘ i R
o —2 7 ——Initial, PTE=17.8% (0.90)| | .~ —27 ——Initial, PTE=67.7% (-0.50)| |
@Q@ —4 Final, PTE=47.5% (0.10) | @Qw —4 Final, PTE=93.6% (-1.50) |-

10 103 1000 2000 3000
7 ¢/

5 95/220,00 . 95/220EE
> 4 i | | >\ | | |

— — e o

A Aol Al e
< 0 A\~ lh/;‘u < 0 _-dem/\ R Himms ‘\,(‘] .
N v v N \S UTIP oK S5 % &3\ i# r_
Q@ QN "¢ o uv\/' ; q° ! X
T 2T [Dinitial, PTE=80.1% (0.80)] P —2 —Initial, PTE=17.0% (1.00)|
CDQ@ —4 Final, PTE=62.5% (-0.30) |4 C”Q\e —4 Final, PTE=18.7% (0.90) |[_

(
(

2

10 10° 1000 2000 3000

. o 14
unblinding change L
. _150/220, ¢ o WOUR0EE
* Validation steps allow us to unblind =4 B e .
e - A zf\ - ,.\.  “0 \’. - i
cosmologlcal parameters He O AANAG A At s OF {ad}] f\ L *"”W‘r
o ~2 1 [Finital PTE=84.2% (-1.00) | g —2 --Ir_ntlal PTE=41.2% (0.20)||
o4 Tl PSR RO 4 L PR R0
" 102 10° - 1000 2000 3000
T, 14
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(3) Post-unblinding

After unblinding, we discovered an

additional source of uncertainty
coming from polarized beams

Before:
. By =B
After
VRV \ — RV U
’ -BP(IB pol) o -Bmain pol

Affects:

(

main

* Slope of unlensed EE band powers

* {n,w,} plane

)

Planck
14

Cc,/C

1.2

1.1

1.0

0.9

0.8

lllllllllllll ! -
.//-
e -
_—
/’ [ T
;-/.:‘_’.-.-- e

95 GHz T beam changes
150 GHz T beam changes

95 GHz P beam changes ]
150 GHz P beam changes| |

220 GHz T beam changes

220 GHz P beam changes| -

® Final baseline result Initial unblinded result
1000 2000 3000 4000
|
|
l C
|
=
I
|
- | o
|
)
® Final baseline result Initial unblinded result
[
-3 —2 -1 0) 1 2

(6) o HPlanck)/O-SPT, final
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(3) Post-unblinding

After unblinding, we discovered an
additional source of uncertainty
coming from polarized beams

Before:
. By =B,
After

’ ‘Bli,(ﬂ gol) =B

Affects:

3 parameters

lo,1]

_BV __[F

U
main

* Slope of unlensed EE band powers

* {n,w,} plane

' Fitted with

)

1.2

1.1

Planck
14

1.0

Cc,/C

0.9

0.8

=== 95 GHz T beam changes
=== 150 GHz T beam changes
=== 220 GHz T beam changes
® Final baseline result

95 GHz P beam changes ]
150 GHz P beam changes| |
220 GHz P beam changes| -
Initial unblinded result 7

1000 2000 3000

4000

® Final baseline result

Initial unblinded result

-3

—2 —1 0 1

(6) o HPlanck)/O-SPT, final

2
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5 """"""""" ST r 1 T 1 r T T T T ]
||| Planck ACDM best-fit (len.) -
[ & Planck ACDM best-fit (unl.) ]
4 1 » Planck PR3
1 ® ACTDR4

e/t ot

(4) Results: bandpowers

SPT-3G 2018
® SPTpol
- ® SPT-3G 2yr-main

(

.LCDM model fits SPT data well and in

agreement with Planck. <
This work has the tightest bandpower Eg’
=

measurement of ¢¢ at L>350 and EE at _
{>2000 to date o SO

Unlensed EE band powers

14

unl. -

3500
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Planck PR4 §
ACT DR6 ¢
SPT-3G 2yr-njai

Planck ACDM best-fit (len.)
Planck ACDM best-fit (unl.)
Planck PR3 . I
® ACTDR4 g L
SPT-3G 2018 i
® SPTpol
® SPT-3G 2yr-main (unl.)
- 6 i
3
Lo'i 4 +
2t jl
(4) Results: bandpowers b
LCDM model fits SPT data well and in 14 b
agreement with Planck. s 12}
This work has the tightest bandpower 5 10
measurement of ¢¢ at L>350 and EE at S o8 ol
>2000 to date 0.6 |

Lensing ¢»¢» band powers
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Experiments comparison from pol-only data*

(4) Results: parameters et ACTensing ochudes operatie

Planck

Pol-only e oo

* The SPT polarization-only

constraints are better than

polarization data from other =

observations.
* From polarization only signal, SP'T

data also yields a low <

at 5.40 tension with SHOES result. o

CMB France - Dec 19th, 2024 - MUSE - (4) Results 14



(4) Results: parameters
Combined with WMAP

 We see that either ACT or SPT,
when combined with WMAP for
constraints on larger angular scales,
achieve constraints on
cosmological parameters with
similar constraining power as the
constraints from Planck.

3.08}
;&” 3.06}
= 3.04f

= 3.02}

0.98}
S 0.96}

0.94¢

0.0230}
= 0.0225}

0.0220¢
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0.123}
G 0.120}

0.117¢

0.07¢
0.06¢

RS
= 0.05}

A\

\'\\
\a//

Planck
B SPT+WMAP
B ACT+WMAP

WMAP: TT+TE

[9y

r]

Planck: TT+TE+EE+0d(T&P) [Plik/PR4]
ACT:  TT+TE+EE+¢d(T&P) [DR4/DR6]

SPT:  EE+¢d(P)

rrrrrr ]
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0.04¢ <

\

®
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A
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Hy
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N
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0.120 0.125
Q h?

0.04  0.06
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(4) Results: Extensions

* SPT results also shows the mild
excess lensing power with respect
to Planck prediction

* Ay scales the ACDM lensing power
used to compute lensed TT/TE/EE

: PlanckT&E+BAO  §
1 +Planckdd
I \CTOO+SPTOO
J . +ACTOO

g +SPToo y
{ N +Planckdd |

ACDM + Ay, + A

1.2}

recon

spectra
See [Crai get al. 2024, * A.... Scales the ACDM lensing power
used to predict reconstructed lensing T
Green&Meyers 2024] Sower 1o 12 14|
A2pt
CMB France - Dec 19th, 2024 - MUSE - (4) Results 16



: PlanckT&E+BAO | |

(4) Results: Extensions o it

 — ACTOO

1 +SPT(I)(I) g
{ N +Planckdd }

SPT results also shows the mild
CXCESS lensing POWCT with respect * A, scales the ACDM lensing power

{O P]gnck prediction used to compute lensed TT/TE/EE

spectra { 0o | Aspt = Arecon i
] * A, Scales the ACDM lensing power — 1f0 — 12 14 ':
 We first see > 30 detection of non- used to predict reconstructed lensing | Aoy
linear structure growth in CMB POWH T
lensing, and consistent with b _ b CMB/~¢d  _ oo
& o C e Lhn Od (CL nonlin CL hn

Amod =1

3 PlanckT&E+Planckdd |

1.9+0.9

PlanckT&E+ACT oo |

1.61+£0.42

PlanckT&E+SPTo¢

DES-Y3+KIDS

1 PlanckT&E+Planckdd|
2 +ACTdd+SPToHd

0.0

©1.60+£0.39

OfStandard value | |

=

15 20 25 3.0}
ACMB
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5 PlanckT&E+BAO  § |

(4) Results: Extensions o 00

 — ACTOO

1 +SPT(I)(I) g
{ BN +Planckdd }

 SPT results also shows the mild
excess lenSing pOwer With reSpeCt tO ° A2pt Scales the ACDM ]ensing power

Planck prediction used to compute lensed TT/TE/EE |
SpeCtl‘a 0.9 _ | A2pt — Arecon 1#
: * A les the ACDM lensi — 515 174}
 We first see > 30 detection of non- recon SCales the AGDM lensing power 1.0 1.2 1.4 |
used to predict reconstructed lensing Aoy
linear structure growth in CMB power e
lensing, and consistent with A, = 1
d b — PP CMB/¢¢ el
o C R Lhn mod (CL nonlin CL 11n
* For the ACDM extension models, we | boncirse +panckos)
find no preference for significant | planckraeacroo] L9409
deviations of the standard cosmology PlanckTSE +SPTo0)| jmLt
values using Planck, ACT and SPT ettt B s |
data. ’ 0.0 . 1.0 AlCl\%le 2.0 2.5 3.0
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Cosmology from CMB TT/TE/EE
using 2019-2020 SPT-3G data

Ongoing analysis




TT/TE/EE
SPT-3G/ 19/20
* T'T/TE/EE power spectra SNR

compared to Planck and SPT-3G

* SPT-3G 2018 results:

[Balkenhol and SPT-3G
collaboration, 2023]

SNR curves
Adapted from [Prabhu et al., 2024]

Planck

=== Main 2018
Main 19/20

.....

oL 1 N~ ) ] LT
0 500 1000 1500 2000 2500 3000 3000
Multipole

4000
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TT/TE/EE

SPT-3G/ 19/20
* T'T/TE/EE power spectra SNR

compared to Planck and SPT-3G
* Wide field will bring a lot more

information

SNR curves
Adapted from [Prabhu et al., 2024]

_ ——  Planck
- e ny,
’/’—’ == = Main 19/20
~
/” lllllllllllll EXt . 4k
Y 2L N
7 e === kxt — 10k
AL RPN
.*° Ye SN
. ~,\..\.ﬁ
no1y s
oy
l ':’.| '.»“ .y
AN
L] Fal
H \
\ \-
O 1 1 1 1 \_ﬁl¥ 1 1 1
500 1000 1500 2000 2500 3000 3500 4000

Multipole
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A7

C On Cl“SiO“S Forecasts - SPT T&E + ¢p¢

Summary of results
* Using MUSE method for optimal inference,

—— Planck (T&E-+pp)
—— MUSE (EE+pp)

we obtained the most precise measurement 00- -
of p¢h at L > 350 and EE at £ > 2000 from L i
. . S 0.099- I
SPT-3G polarization maps e j‘ (
0.020 s A\
* The SPT constraints using polarization 0130
signal are comparable to Planck at H, and 3 @
(0.120
Sg, confirming the existing tensions Nt R R
- "‘."J"‘ '|'l|l|"
* Assuming ACDM, SPT results are consistent 7 ;‘ |'. |
: . : | [
with Planck and ACT, passing a powerful 0.9° | I
. ‘ /) NN
teSt Of the Standard COsmOlOglca«l mOdel — ('jl._') - TI(I).(;Q(A) A ()(;22 A (i.(;le T A().IIQA — A(].lIJJTA A A().TQA - Al.l(]A -
H, Qb2 0.h2 n,

SPT T&E+pp centered on MUSE EE+pp
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Additional slides




(1) Method

Marginal Unbiased Score Expansion (MUSE)

Simulation model:

f~ NOCH AL
B ~ N (O.C A

n” ~ {n81gnﬂ1ps}

d" = rM]fourier ' Mtrough ' Mpix ' (l WE - TF -

+¢ Q Q+€”’ t6+n”)

(Wpol) AC&] )

3(f P - G -

L) - f

CMB France - Dec 19th, 2024 - Additional slides



(1) Method

Marginal Unbiased Score Expansion (MUSE)
Posterior model:
f~ HOCHM AL

B ~ N (O.C" (A

//ty,i — rM]fourier ' rM]trough ' rM]pix ) (”:DW[F TF - R(Wgol) Acyai [ (ﬂnaﬁ ol) H—(¢) f+ 661 té + le lm)
~ N (", C)

= —2log P(f.¢.0|d) = fIC;'f+ ¢'Clp+ Y (@° — u¥) (CY7(d" — pu*) — 2log P(h)

where — 2log P(¢) = ||[M V2||/107°
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(1) Method
Marginal Unbiased Score Expansion (MUSE) gj (9 I d ) — dfd¢@ ( ]C, ¢9 9 | d )

* (Millea & Seljak 2022)

* Marginal score evaluated at the
maximum a posteriori (MAP)

Solving this equation gives the marginal posterior mean

sMAP(9, d) = <S}\4AP(9, d) Yoo

d
sMAP(9, d) = — log P(5(d, 0),0 | d)
72(d, 0) = argmax L(z,0 | d)

<

Accurate simulation model is the key to get
unbiased bandpower estimates from MUSE.

CMB France - Dec 19th, 2024 - Additional slides 26


https://arxiv.org/abs/2112.09354

Credit: Fei Ge & Marius Millea

-l

(1) Method

Marginal Unbiased Score Expansion (MUSE)

* (Millea & Seljak 2022)

* Marginal score evaluated at the

maximum a posteriori (MAP) * | signal
¢ - === Planck PR4

.- ACT DR6
3 —— SPT-3G 19/20 P

d ) | .
Sl-M A0, d) = 0. log #(2(d, 0),0|d) || } —— CMB-S4 (wide)

l ‘ LEEl A v v PAn==S s == NAav § —=Tsv sl Ay v v U LR B A el M
‘ 10! 107 103

2(d, 0) = argmax P(z,0| d) i :

Accurate simulation model is the key to get
unbiased bandpower estimates from MUSE.
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https://indico.cmb-s4.org/event/63/contributions/1718/attachments/1309/3497/CMBS4_2024Summer_MUSE.pdf

(1) Method

Marginal Unbiased Score Expansion (MUSE) 21:/[1U8E —H ' J1H+>]

prior

* (Millea & Seljak 2022 — ) ) )
(Millea & Seljak 2022) J: = COV(SZ-MAP(Q, d), 5" (6, d))drv@(d\ 0)

* Marginal score evaluated at the

maximum a posteriori (MAP) d .
H; = 0. <SiMAP(‘9» d)>d~9»(d\e)
J

d
sMAP(9, d) = — log P(5(d, 0),0 | d)
72(d, 0) = argmax L(z,0 | d)

<

—21log (0| d) = (0 — 0)' (Spusp) '@ —0) + C
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Maximum a posteriori (MAP) maps from g95+150+220 GHz data at the MUSE estimate of

theory and systematics parameters, 6.
MAPs correspond to a filtering of the data which maximizes signal relative to noise (akin to
a linear Wiener filter, but in the case of the MAP «, a non linear filter).

- 0.10

0.05

0.00

unitless]

—0.05

- —0.10
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SPT ACDM 10
Planck ACDM 1o | |
® SPT-3G 2yr-main| 1

(4) Results: bandpowers
LCDM model fits SPT data well and

in agreement with Planck. =
Eg
Unlensed EE band powers ~ 02 f

500 1000 1500 2000 2500 3000 3500
14
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II
5 . _
2
(4) Results: bandpowers
LCDM model fits SPT data well and 0
in agreement with Planck. i
J o
Lensing band powers =
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Results- H,,

Assuming ACDM

WMAP+ACT+SPT¢
Planck+ACT+SPTr
Planck+ACT}
Planck+SPTry
Planckp

ACT}

SPTt

WMAP: TT+TE [9yr]
Planck: TT+TE+EE+dd(T&P) [Plik/PR4]
ACT:  TT+TE+EE+¢d(T&P) [DR4/DR6]
SPT:  EE+d¢(P) [2yr-main]

67.18 -

-0.45

——

67.33

+ (.37 SHOES

—c—]

67.40

+ (.42

—c—]

67.28 +0.42

——

67.4

1 0.9
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66.75 £ 0

M2

—

66.81 £0.81

—
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WMAP: TT+TE 9yr]

) Planck: TT+TE+EE+od(T&P) [Plik/PR4]
Results \ 3 ACT:  TT+TE+EE+0d(T&P) [DR4/DR6]
Assuming ACDM SPT:  EE+dd(P) 2yr-main]

+0.04
HSC Y3 32 g
KIDS-1000r+ 0766 _0.014
SES ¥3 300l 0.776 + 0.017 N
WMAP+ACT+SPTr¢ 0 8386 I_._IO—(_)Oéll
Planck+ACT+SPT} O 83|__Z)__0.|1
Planck+ACT} ——
0.8363 +=0.0097
Planck+SPTy} —e—
ool 0.830 +0.012
ATl 0.855 + 0.018
0.850+0.017
SPT it}

0.725 0.750 0.775 0.800 0.825 0.850 0.875
38:08\/Qm/0°3
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Results

Amplitude of nonlinear structure growth

* If 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.

Wavenumber, k [Mpc ]

: I I I I LI L L B | I |' I I LI L L B |
- SPT-3G 2yr-main EE+¢¢(P) sensitivity to:
I Total lensing power
Non-linear contribution
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SNR curves

= Adapted from [Prabhu et al., 2024]
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Summer fields

Led by F. Guidi

* Summer fields will add large scale

information

 Particularly useful for ACDM
extensions

SNR curves

Adapted from [Prabhu et al., 2024]
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Summer fields

Led by F. Guidi
SPT-3G 2018 -
* Summer fields will add large scale
information SPT-3G Summer 19/20 -
Forecasts

 Particularly useful for ACDM
extensions
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Adding in more data

Full § years survey on the main field

SNR curves
Adapted from [Prabhu et al., 2024]
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[Prabhu et al., 2024]

Main (green) + Summer (yellow) + Wide (red) > Orangeline

Full SPT-3G forecasts

SNR curves
Adapted from [Prabhu et al., 2024]
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Full SPT-3G forecasts

[Prabhu et al., 2024]

Main (green) + Summer (yellow) + Wide (red) & Orange line > m,, | 0 =0.0559
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