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The Discovery of the CMB

A storyabout the importanceof theoretical
predictionsto interpret the data, and of
communicationin science!

1965 Arno Penziasand Robert Wilsor{Nobel in
1978), radicastronomersat Bell Labs in Crawford,
New JerseyMicrowavehornradiometerusedfor
telecommunications(through balloons).

Uniform, unexpectedsource ofnoise. Cleanedirds
nests(?!) before concludingts cosmologicabrigin.

Princeton group 60 kraway(JimPeebles,Robert
Dicke Peter Roll, and David Wilkinsprmvorking on
CMBpredictionanddetection J Peebles (Nobel in
2019)had unpublishedpre-print aboutexistenceof
the CMB. A friend, Bernaid Burke, profat MIT,saw
the pre-print andtold Penziasaboutit.

. . . . A MEASUREMENT OF EXCESS ANTENNA TEMPEEATURE
Princeton grougonfirmedPenziasand Wilson AT 4080 Mc/s

discoveryof CMB angublishedat sametime. A. A. PENZIAS

Astrophysical Journal, R.W. WiLson

Previousdetectionsin other works, but missed vol. 142, p.419121

discoverydue tomissingtheoreticalinterpretation ’
(AndrewMcKellarl940interpretingobs from COSMIC BLACK-BODY RADIATION*
W.Adamsl941;DenisselLequeuxLe Roux 1957, Le

Roux Phhesis1957). R. H. Dicke

Astrophysical Journal, p. J. E. PEEBLES

vol. 142, p.41419 P. G. RoiL
D. T, WiLKINSON



The monopole

A The CMBhasa black bodypectrumwith

averagaemperature of T=2.726).002 K
(COBE)




The most accurate measurement to date: COBI|

A Lau nch ed n 1989 Cosmic Microwave Background Spectrum from COBE
A Threeinstruments T Tcomom
150 |- # +“* ac trum ]
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A FIRA$neasurementsMather et al.
(1994, 1996)Fixten1996

Peak BBY at ~159 GHz.

Nobel to John Mather (Pl of FIRAS)
and George&smooth(Pl of DMR) in
2006

To 3>




The most accurate measurement to date: COBI|

Wavelength [cm]

A Launchedn 1989 R
A Threeinstruments I - e s
T, 10"

i  FIRASBBspectrum
[60-2880GHz],1yr L
i DMR(anisotropieg A e |
31.5,53,90GHz],4yr & o . 5 LBL-luly White Min & Souts Pole
.- C 9 B ‘ Princeton ground & balloon ]
| DIRBE IB) g Io-xeg_ g?aiogen ztxzzing rocket
[infrared] TRl N 2726 K blackbody
S BT ; oy e ek . ' A
1 10 100
Frequency [GHz]

A FIRA$neasurementsMather et al.
(1994, 1996)Fixten1996

Peak BBY at ~159 GHz.

Nobel to John Mather (Pl of FIRAS)
and George&smooth(Pl of DMR) in
2006

To 3>




The dipole

The motion of the sun
w.r.t. the CMB reference
system produces a dipole
of NT=3.36208+ 0.00099
mK (Planck 2018) (1000
times smaller than
monopole)

Corresponds to v=369.82
0.11 km/s.

Henry 1971 Lineweaver 1996

o l Corey & Wilkinson 1976
Detections shortly after E " conkinases | | 1] | S
discovery of CMB. A A S I

: 2.0 [ I

= ' COBE DMR
Velocity of Earth around P oo | Smoot 1997 y/dof = 1. |
sun 10 times smaller ~30 1965 1970 1975 1950 1965 1990 1995

km/s



Anisotropies

A At the >Klevel, CMBanisotropiegandforegrounds!
A Firstdetectedby COBE DMR in 1992.
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A noteaboutunits

i

A These maps are in units of thermodinamic temperature.

A Brightness tahermodynamic temperaturé€.,,, assuming a
black body spectrum:

dE B 2h3 |

BB,(T) = _
1) dvdQdAdt ~ ¢ exp(hv/kT) - 1

A In these units, the CMB has the same temperature at all
frequencies, while foregrounds with different emission spectra
have different thermodynamic temperatures at different
frequencies

14
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CMB maps at different frequencies
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*At 545 and 857 GHz, CMi8wveak calibratedusing
planetsratherthanthe orbital dipole, unitsnot in K,
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Intensityand polarizationin Stokegarameters

For a monochromatic plane wave:

Ex = ay cos [wot — 04 (t)] Ey = ay cos [wot — Oy (t)]

f =0~ qy
W) =0 => linear polarization

f=p/2, a,=a,=> circular polarization

100% Q 100%U 100% V

y

’ +U +V
< > <a_y> Q>0;U=0;V=0 Q=0;U>0;V=0 Q=0:U1=>0:V>0
(a) (c) (e)
y y

(2axay cos(0x — 0y)) e
(2axay sin(0x — 0y))

Q<0;U=0;V=0 Q=0,U<0,V=0 Q=0;U=0;V<0
(b) (d) (f)

A Equal holds for a monocromatic wave or, for

I? > Q2 +U? + V? => superposition of many waves, entirely polarized radiation.

P= degree of polarization
In the following, w e @lrod V (not produced in standard

QP+ U2+ V2 cosmology model.)
- ! 17
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CMBPolarizatiormaps
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FromQ and U to E and B modes

A Polarization is a headless \ / —
vector, equal to itself after a R TT " e
180deg rotation=>Q and U PN
spin 2 fields. | —

Q' +iU = ¥ + U] a0 veo oo uso
| s N\

A So Q and U depend on the RN o

reference system=> bad to — |

characterize the underlying
physics!

Flat sky approximation:

) ) ) E@®) = [ d*0w(0)Q.(0+6)
A A solution is to characterize /

polarization not by the
characteristics in a point, but

a non-local average

@att er napamtine n d

sky. See more details in back-up slides and in
Zaldarriaga astro-ph/0106174

= / d20w(0)[Q(0 + 6) cos (21)) — U (8 + 6) sin (29)]
B(O) = / 420w ()U, (6 + 6)

— / 226(8)[Q(6 + 8) sin (20) + U (0 + 6) cos (20)]
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CMBexperimentsveryincomplete list)

. Satellites
e i 0 5 COBHDMR Smoot et al992
r T e Bennett et al. 1996)
To o T s & 2 6 WMAP(Wilkinson Microwave
Her .mj v"‘".‘:wj Anisotropy Probe: Bennett et &2003
COBE o W';l;; - ';’l:n:c- - 2013

Ox¢

Planck(Planck R013, 2015, 2013

Balloons
Boomerangand Maxima: first peak.2001
Many many others

g"l“th Ground
% DASI second and third peak 2001, CMB
polarization 2002

Many many many others!
Atacama y y y

List of CMB experiments:
https://lambda.gsfc.nasa.gov/product/expt/



https://lambda.gsfc.nasa.gov/product/expt/
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CMB experiments (very incomplete lis
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ol wwa 2013
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South  Ground

DASI] second and third peak 2001, CMB
polarization 2002

Many many many others!

- = desert List of CMB experiments:
" Chile https://lambda.gsfc.nasa.gov/product/expt/
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Ground, (Ballons), Satellites

Satellites Ground
Advantages Disadvantages
Full sky observations; partial sky observations;
no atmosphere, large frequency span; atmosphere limits observation
in L2 Earth and sun aligned and windows;
opposite to obs direction so low ground-pick up.

contamination; stable temperature

Disadvantages

Slow to deploy Advantages

small dish, limited resolution (Planck Faster to deploy

MPpYS TQ NBaz2f dzi A 2 ybighei disim pighDeikdlution (e.g. SPT
limited life span (determined by MAYS 9dmQ NBazf dzi A 2
cooling gas/positioning fuel); unlimited life span;

harsh space environment, e.g. cosmic

rays,; instruments must survive the much less cosmic rays;

launch;

inaccessible for reparations/after

launch problems. accessible for reparations/calibration.

Balloons partial sky, less atmosphere, less ground pick up, medium to deploy, small dis
lived, inaccessible for reparation, but payload can be recovered



Frequency coverage

Foregrounds vs CMB Atmospheric

30 @ 70 100 143 217 353 545 857 1

transmission window:
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Observations from dry, elevated locations
such as South Pole and Atacama desert o1
balloons or satellite

Component separation requires many
frequency bands
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2The angular power spectrum

b  The anisotropies are distributed as a gaussian random
field, so all information is contained in its mean and
variance.

b Variance is two point correlation function in real space.
Physics correlates temperature in different directions of
the sky at ~1deg. Universe is isotropic, the correlation
depends only on angular separation, not on the
orientation.

b Physical processes put a band limit (limit to the small
scale power of the CMB) so useful to decompose it into
a complete set of harmonic coefficients.

b Two point correlation in harmonic space is angular
power spectrum . Isotropy makes each multipole
independent from each other.
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/| £ Qa s 5 f-goiat cdrrgfaion fuRcton H

A We can relate the angular power spectrum to th@@nt
correlation function in real space using the Legendre
polynomials and the addition theorem:

. 2W+1_ . .
D Vi (0) Yo () = = —Py(f; - ;)

20+ 1 A
(0,0,) = Zg: ——CiP(i; )
A Because ot I1sotropy, the twpoint correlation function
depends only on the angular separation in the skpot on
the orientation of the separation.
ACKS 5fQa NB 2dzad 0KS O2y N
variance per logarithmic interval in |

20 + 1 AENEﬁlIle 2

47 Ce * v ?}TCE

(©(0)O(N))rrar2 = AL

. 29
SeeWdzt leGuwei& mornind



P . VG-

1000

Credit: W. Hu

Each of these maps are drawn from gaussian distributions with 0 mean and
variance given by the Cl in the corresponding pink band. There is an infinite number

of possible realizations.
30



'y SAUAYIFUO2N F2
(Aim @) = 011 O C.

A We only observe one universe=> average ove
many realizations of the universe not possible

A Because of isotropy, all the-modesa,,, with
the samd are drawn from a gaussian with the
same theoretical CAn estimator of s then:

A l »
C, = A A
= 2T 2

mn

Seewdzt le&ufetis morning At eaChI, 2|+1 mmOﬁeS



Sample Variance

A The expected value is <CI>=Cl &= > Gntim

A Since we only have 2I+1 samples 2+ 14

for each |, there is amtrinsic uncertainty

0ce _ {(Co—Co)(Co—Cp))  (CiCy) — C?

C? C? C? For a gaussian field,
> 01 Qa GKS

1 .
- a: Q,, Q% Q) — 1 that any Npoint (N
(2¢ + 1)2C? <Z, tmQem Qs Gy ) even) statistics can be
) s 0 written as a function
— NI S - — of the 2point
(2 +1)? Z,( " ) 20+1  correlation function.

Useful relations in the
backup slides.

32
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Temperatureand polarizationpower spectra
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“e> Frommapsto parameters

R4

P
Y

We want to measure parameters (cosmological+others) from
maps. We want to evaluate the posterior distribution of the

parameters given the data d, P(d).

5000 - ’ 'll

4000 [ |1

T K|
g




Bayes theorem
A To relate the posterior of the parameters
given the data to the probability of the data
given the parameters (the likelihood), use
Bayes:

P(d,0)=P(d|0)P(0)=P(0|d)P(d)

= P(0]d) =3 Q)Pw\
T P(d)

Posterior Prior

Likelihood

So, what is the likelihood for CMB data?

36



Map-basedLikelihood

A CMBmaps(m) havegaussiarfluctuations
with zeromeanand pixeispacecovariance
matrix M.

1 [
L(Cp) = P(m|Cp) = M7 exp (—Em M m)

m= data vector containing the pixels of the map. M=S(* )+N=pixel covariance matrix, where S is the
two-point correlation function that depends on
cosmological parameters

A In practice thisisonly usedat large
scaledow resolutions Inversionand
determinantof covmatis unfeasiblefor maps
with  O(10) pixels.

37



~ The fultsky likelihood of the C

- A Insteadof usingthe maps we cancompresghe information in the
estimator ofl, from the maps and usehat asour « data».

A For anidealnoiselesdull-skyexperiment temperature alone.

A 1 0
sz—m Z |@em|”.

A The sum of thesquareof /\=2I+1ﬂr]igr_rr%al N(O,1)variables
(a/sgrt(Q)) (with Gthe theoreticalG) hasa .~ distribution, i.e.:

V=2

m=—1_

aa’m

N

C,=YC,/(28+1)— T distribution with v=2¢ +1 d.o.f.

=(28+1)C,/C,— y* distribution with v=2€ +1 d.o.f.

2 2
Var(C,)= 2C) _2C)" emic Variance
% 20+1

A See Percival and Brown 20086. 38



~ The fulisky likelihood of the C

AIf we have polarization as well, this formalism
extends to give & distribution for:

e
Xe=| e
CEe

AForn-§ k= DIl dzaaAly RAA&L
limit theorem), with covariance:

y=1

— | 207°C™® CTCPE + (CF)? 2CECF"

ACFE?  20TECFE T 2(CFRY

39
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Lifeis more complicatecX

A Maskingthe sky; noise beamsinvalidatesthe
analyticcalculationof the likelihood

A PseudeCl inpresenceof skycut:

&gm — /dHAT(n)W(H)}@%(H)} Hivon 2002

- Zaﬂ’m’/dnn’m’(n)w(n)n?n(n)
£'m/

— Z Agrm! Kﬁml’m’ [W]?
o'm/
A 3, arestill gaussianbut not independentsince
they all dependon the sum o &\&1,1aNd&y, .,
arecorrelated N



A 'S A a TYZ2NS TR

A Masking the sky, noise, beams invalidates the
analytic calculation of the likelihood

¢
~ 1 N o
O — M
é,gm — Z af’m’KEml”m’ [W]

/'m’

The pseudo Cl are now the sum of the square of gaussians
with different variances. Not distributed like a Wishart!

41



The Gaussian approximation

A For large degrees dfeedomA=2I+1, the
distribution of the 1, tendsto agaussian
distribution (centrallimit theorem).

—In L(C|C(6)) = % [C‘ _ C(@)]T c-! [6 -~ C(e)] + const

/ \ G covariancematrix
(can beestimatedwith afixedfiducial

data  Model (that depends on the St Ofparameters
parameters we want to determine)

It worksonly at hightl (largedof). Usedin
Planck, ACT, SPT. 2



) M‘."
~  What goes In the likelihood:
A 1 ~ T _1 ~
- In L(C|CH)==|C-COH)| C'|C-CO)]|+ const
Power spectrum estimation from the maps at ~ Model includes: 0
different frequencies A the theoretical CMB power spectrum
& = (€ o0 € e €l han €011 depending on a cosmological model
CEE = (€5 100 Cleran Cibain Clnan €F €56 o1y A the contribution from foregrounds

A Instrumental and systematic effects such
as calibration, beams, etcé

ATE TE TE TE FTE AT E TE
Ch= (e1iﬂlxltll' E-“ms-uu' E‘I(I)x!l?' C 143x1430 CI-HJ-eEI'.I"' {’ZLTMEIT} :

Covariance matrix, estimated on simulations and/or

L-."."J']' t-]']'I:'E' C—J’]’]‘J“:’

C = L-EFTF {-.‘.J.'FH E-‘H.‘.F.F:'

(CTETT TEEE ~TETE
(000 s Do) st o 10000 OO | o RO o DNy o (043 o LKD) D00 DOORs 21T 207 (D00 LOG) (145 21T
(04E s D) 00 DONK | (D3 Do (NdE o LAE)| (143 = DAEp= (21T 207) | (043 LA3) = (145 21T

CTTTT =

(207 o 20T o (100 DO | (201720 20T)oc (043 o LAE)| 1T 2ATpu 20T 20T (21T 21T oe (145 21T

(R4 0T 1000w DOAKS | f B3  ZAThoe (R4 R} (143 20Tk 20T 2IT) |'.-1=r_‘l'|:-él’~nll'-



> Exploring the likelihood to infer
cosmological parameters

—In L(C|C(6)) = % [ (9)] [é - C(e)] + const

Since the dependence of the Cl on parameters
IS nontlinear and norrivial, we need Monte
Carlo Markov Chains to explore the likelihood
to map the posterior distribution of
parameters.

44



\or The O0CDM model

Standard model of cosmology: General relativity to describe gravity, standard model of particles
for particle interactions, cosmological constant for dark energy and cold dark matter.

Scalar spectral index

Scalar Amplitude primordial spectru
6000 v " y . 6000
5000 | 104 In(10%s) 5000k 6 parameters:
L 4000} ; % 4000}
3 3000} : 2 3000¢ b Initial conditons A ,ng
& 2000 & 2000} Acoustic scale of sound
1“"2' m"g' horizon &

2 10 50 500 1Fbo15'nazdm25m 2 10 50 500 1Fba15'nazdmzam Rei onization U
soogingular scale of sound hori so00 —201iCAl depth to reionizatign Dar k Mat't ezr _cha el
soool 9 8000l Baryon dehsity

= 4000 ¢ ; Eh 4000
A 3000F - 3 3000F . ]
& 2000} \/\’\_ ; & 2000} Assumptions : »
1000 | — N _ 1000k b Adiabatic initial conditions
2 10 50 500 1000 1500 2000 2500 . .
¢ b 1 massive neutrino
6000 T LoR T aom ot 6000 0.06eV.
5f:«:ﬂrl-/\/\bh : 5000F [ Tanh reioni zat:.
T 4000} : 7 4000}
A 3000F - 2 3000f
& 20000 1 - &5 2000F
1nn-g--~,_f/ H“""\.\__ : mn-g- | l ~_
2 10 50 500 1':(}00 1500 2000 2500 2 10 5 1Pﬂﬂ 1500 2000 2500

The CMB is a laboratory to constrain cosmology and fundamental physics 45
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[ The Planck satellite

N

3" generation full sky satellites (COBE, WMAP)
Launched in 2009, operated till 2013.

2 Instruments, 9 frequencies to disentangle CMB
from foregrounds
LFI :
b 22radiometers at 30, 44, 70 Ghz.
HFI :

A 50 bolometers (32 polarized) at 100, 143, 217
353, 545, 857 Ghz.
A 30 -353 Ghz polarized.

1st release 2013 : Nominal mission ,15.5 months, Temperature only (large scale
polarization from WMAP).

2nd release 2015 : Full mission , 29 months for HFI, 48 months for LFI, Temperature +
Polarization, large scale pol. from LFI.

3nd release 2018 (PR3) : Full mission, improved polarization, low/high -1 from HFI.
Better control of systematics specially in pol., still systematics limited.

Post PR3: new maps PR4 (LFI+HFI map  -making, improved low -ell in polarization); new
likelihoods and parameters from PR4; new maps Sroll2 (better low -ell polarization); several new
estimation of opt. depth to reionization.

No substantially new result compared to PR3. 47



P’lanck 2018 powezrpectra
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«Baseline [ CDMresults

g 2 O 1 8 (Temperature+polarization+CMBnsing

Mean [%0]

q ,h? Baryon density 0.02237| 0.00015 0.7
g .h? DM density 0.1200 0.0012 1
1 0 Oacbustic scale 1.04092, 0.00031 0.03
_ Reion. Optical depth 0.0544{ 0.0073 13
INn(A, 1010) Power

Spectrum amplitude 3.044 0.014 0.7
N. Scalarspectralindex, 0.9649] 0.0042 0.4
Hy,  Hubble 67.36 0.54 0.8
0, Matterdensity 0.3153] 0.0073 2.3
" g Matter perturbation

amplitude 0.8111 0.0060 0.7

Planck 2018 results. VI. Cosmological parameters (SG co

-correponding author)

A

Most of parameters
determined at (sub  -)
percent level!

Best determined
parameter is the
angular scale of sound
horizon ¢ t o O.

_ low and tight,
reionization at z~7.

ngis 8 away from
scale invariance (even

In extended models,
always >3 )

Best (indirect) 0.8%
determination of the
Hubble constantto
date.
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The Hubble tension

The Hubble tensions is the difference in the expansion rate of the universe today as mea
from Supernovae |A calibrated with Cepheids and from the CMB and other early universe
probes. Since the early universe measurements depend on a cosmological model, it coul
indicate the need of a change in the model, and tthesdiscovery of new physics.

78|
jak .
A= o ow pa® s . \ 5. 70 tensi
_ Ca\'-.‘ﬂ - [ C C.‘?'—P A ¢ E_.;'_i.'i 3
?E - *Lp' & IE,B:"a'E ?‘3 iy 3550:3‘5 '\\J.E'Le'l: 'e'.l'a E?Gﬁﬁaﬁw
Supernovae |IA

o T4t 1 [ ] i
3 | } I +cepheid
S5 SHOES
o
£ Ho,= 73.29 +0.90
o 1
= 70t SHOES|  SHOES Il SHOES Il SHOES IV SHOESW  SHOESVI  SHOES VIl SHOES VIl This work ] km/s/Mpc.
o (2008) (2011} {2016) (2018) (2019) {2021)  (2022a)  (2022b)  (2023)
L Pre-SHOES

68f | (2009 i CMB (also BAO)

|l . Planck 2018
66} Planck Planck Note: garlier and Ilater results are fl:orrslgted 1
2013 2018 ue to over dapping, accumu ate ata
(2013 (2018) H, =67.36 + 0.54

Murakami+ 2023 km/s/Mpc.
Breuval+ 2024
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_The Importance of robustness of result

A Alarge impacton the field (tens of thousands of citations)

A Responsibility to provide the community robust results. ~ Dterence between CMB_ -only,

frequency power spectra in units of

A Many Tests: error bars in 2015 and 2018
I Redundancyof the data is key in order to be able to do —— 2015
consistency tests at power spectrum or cosmological —— 2018
parameters level fronsubsets of the datai.e. _ . . )
A from different frequency channels, which also 3 4 PTE = 29.89% ;

corresponds to different detectors.
A from different map cuts (half mission, versus

£ob---

EE 143 x 143
o

detector sets) AL !
A from TT, TE or EE (model dependent). \ ,'v
I Tested the consistency between a large number of —3 “ . i-
different analysis choicesn cosmologicgbarameters
(model dependent). 500 1000 1500
i Compared differenainalysis pipelineswhich was EE 100 x 217

essential to improve the robustness of the final producta the second Planck 2015 release,

. . . . test failed f larization data. culprit
i Endto-end simulationsalso allowed us to validate the . incomectod systomatics.

pipeline.
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Beyond Planck

A Planckresultshad atremendousimpact
on cosmology Theyconfirmedthe LCDM
model. Theywere checkedwith many

Angular scale

consistencyests. 50 v J 02 01 o5
A Planckopenednew mysteriessuchasthe 0y s ""'m ﬁ"’%

Hubbletension that we will explorewith | pranck

upcomingand futureexperiments |

1 ' ACTPal - -1, "
. . ; o :

A Thereisstill averylargeamountof | wceraen RO A ‘;“\ﬁﬂf}_

information in CMB to b&incovered I o=y I r L

Upcomingexperimentshavetwo main E 3 bl

goals: L et 1IN

i atlargescaledn polarization to
detectprimordialgravitational
wavesand measurereionization

I At smallangularscalesn
polarization to testcosmological
models and theropertiesof the
energycontentof the universe

DJF [uk?]

NB:only full skyobservationdrom satellites
haveaccess twverylargescaleqI~2).

W78 + VP 2m

2 150 500 1000 2000 %? 4000



The quest for primordial gravitational waves
Current best constraints from experiments at the South Pole

10° : . .
DASI (2005)  Boomerang (2006) 7. T —v
CAPMAP (2008) R A
. [ QUAD(2009) QUIET (2012) M a2
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_ " BK18 (2021)
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107 @D 'T‘ ™, _ ]
w‘?‘ﬁk o —  * r=0.03 Polarbear (2017)
&« (&,f,i ’ N SPTpol (2019)
Nt ST " r=0.0—, ACTPol (2020)
1']_4 , N \ -, !
10' 10° 10
Multipole

Best constraints on BB from

0.20F — Lensing B-modes
‘ SPT-3G 95 GHz

— ' BICEP,Keck 05 GHz
X 015+ PoLareear 150 GHz
2 ACTpol 150 GHz
E
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2
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-
=
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Multipole £

FIG. 7. Ground-based B-mode measurement landscape.
Data are from SPTpel [32], ACT [28], PoLarsear [1], and
BICEP /Keck [4].

Second best constraint

BICEP/Keck (BK collaboration 202123”‘ SPI3G
BICEP/Keck

ebrowski+ 2025)
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Best CMB highesolutionexperiments

ACT:

A a 6mtelescopeobservingirom Atacamaat 98,
150, 220Ghz.

Recentlyhadlast datarelease, ACT DR6.

A

A Observedl6000squaredegreesonly 10000
usedfor cosmology

A

Recentlysubstitutedby Simon€bservatory
which hadfirst lightthisyear.

SP13G:

A a 10mtelescopeobservingrom the Amudsen
Scott statiomat the South Pole.

A Recentlyhadrelease ofesults SPT3G D1,
basedon 1500squaredegrees.

A Alreadyobservedatotal of 10000square
degreesanalysign progress.
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' The South Pole Telescope

b SPT is a 10m telescope at the South Pole. It is observing with its third generation camera, SPT -3G,
with ~16,000 detectors at 95, 150, and 220 GHz at high resolution (~1 arcmin).

b Ithas observed 25% of the sky:
2 Main Winter Field 1500 deg 2 (5yrs done, 2yr TBD)
Coadded noise ~17X better than Planck

3 fields 2650 deg 2 (4yrs done),
coadded noise 4X better than Planck

3 Wide field 6000deg 2 (1yr)
coadded noise 33X better than Planck.

B SPT-3G Main 7 SPT-3G Summer SPT-3G Wide
== SO/LSST BICEP3 == DES

b Many scientific goals:
2 Cosmological constraints from CMB primary anisotropies and CMB lensing
2 Delensing of the BICEP/Keck field to improve constraints on tensor to scalar ratio r.
2 High-ell TT foregrounds (including kSZ), Cross -correlations with other surveys, High -Z
gal axies, Clusters of galaxies, Transients etcé

*Planck 2018 had 74, 36,53 1 Karcmin , coadded 27.6 1 karcmin ) over ~80%  sky,

ACT-DR6 has 157 karcmin over 40% of sky Pr ab h3Ceetal 2024



. Published power spectrum SPT -3G
results from Main field

Results based onthe observations ofthe small but deep Main field
observed during the Austral winter.

b 4 months of observations ARSP-BG 201 &sed only half of A
the focal plane [published in 2021 -2023]: W SPT-GMain 7 SPT-3G Summer W SPT-3G Wide

== SOLSST BICEP3 -- DES
& Analysis of TEEE (Dutcher ,..SG+ 2021, Balkenhol ,...SG+
2021)

2 Analysis of TTTEEE (Balkenhol ,..SG+ 2023)

b 2 years of observations i S P-BG2 year Main field 0. Based
on ~16 months of observations with the full focal plane .

& Cosmology from CMB lensing and delensed EE power from
polarization with MUSE (Ge., Millea,...SG+ 2024)

2 Constraints on Inflationary Gravitational Waves from large
scale BB (Zebrowski ,...SG+ 2025)

2 SPT-3G D1: CMB temperature and polarization power
spectra and cosmology from 2019 and 2020  observations
of the SPT -3G Main field (Camphuis ,...SG+ 2025)




SPT-3G D1: CMB temperature and polarization power spectra and cosmology from
2019 and 2020 observations of the SPT-3G Main field
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ANew Dataset: SPT

b SPT-3G D1: observations taken
in the 2019 & 2020 austral
winter seasons (March to
November) on the SPT
field

-3G Main

3z Much larger than the 2018
dataset (~2x detectors,
~4x observing time)

z Small, deep survey
complementing Planck and
ACT

Deepest CMB maps at
arcminute resolution for
TT/TE/EE measurements

Planck PR3 numbers based on Planck 2018 results IV
ACT DR6 numbers from Naess et al., 2025

B SPT-3G Main (this work)
M Planck galactic mask

SPT-3G Summer
~—— ACT DR6

B SPT-3G Wide

Observed &= Coadded
sky fraction = noise level
[%0] [ K-arcmin]
Planck 100 35
PR3
ACT DR6 @ 45 (25 for 10
cosmology)
SPT-3G 4 3.3
D1
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CMB angular power spectra
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Complementary CMB experiments

Observed Coadded — Planck — SPT-3G D1
sky fraction = noise level ACT DR6
[%6] [ K-arcmin] 10.0 T T T T
>
<
Planck PR3 100 35 &
2
ACT DR6 45 10 Hao
O
SPT-3G D1 4 3.3

CFE [(op/AL)

SPT-3G D1 is the tightest band
power measurement: ) 1 ] "

- I'n TE at a in| [22%%,'4%00] 2%
- I'n EE at & in|l [1800, 400 0 PMultipole £,




http://ascl.net/1102.026
http://doi.org/10.1088/1475-7516/2011/07/034

leellhood Foreground and nuisance http://doi.org/10.21105/astr0.2306.06347
model improved over SPT- oy ora/1 0 45a0 A 250313183
3G 2018

t CAMB O
More details in -

the paper ! [‘
CLASS

_ lnﬁ(é‘Cmodel(Q))
% [éb model(g)] - [é qumdel(e)]

Semi-analytical

Ca n d I \ ; covariance matrix from
Camphuis, é

2023

Differentiable and robust python JAX -
likelihood code Balkenhol,...SG et al. 2024


http://ascl.net/1102.026
http://doi.org/10.1088/1475-7516/2011/07/034
http://doi.org/10.1088/1475-7516/2011/07/034
http://doi.org/10.1088/1475-7516/2011/07/034
http://doi.org/10.21105/astro.2305.06347
http://doi.org/10.1093/mnras/stac064
http://doi.org/10.48550/arXiv.2503.13183
https://arxiv.org/abs/2204.13721
https://arxiv.org/abs/2204.13721
http://doi.org/10.1103/PhysRevD.108.023510
http://doi.org/10.1103/PhysRevD.108.023510
http://doi.org/10.1103/PhysRevD.108.023510

Analysis validation

b

Validation of the pipeline is done blind , without looking at obtained
cosmological parameters or comparing to previous experiments . We allow
changes after unblinding , but report all ofthe changes ina transparent way.

Validation tests include:

Null tests at the map level, where we splitthe datain two according to

some criterion (Sun, moon, azimuth, year, scan direction, detector wafers)
and then take the difference between the two maps.

Differences at the power spectrum level between different spectra at
different frequencies, to check that the CMB signal is the same.

Differences at the cosmological parameter level from different frequency
channels , assuming LCDM.

Check that the pipeline is unbiased on simulations .
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Data Sets

O«

O«

O«

O«

(@]

SPT-3G D1:
3 D1 = Observations of the Main field in 2019-2020.

3 Thiswork,i.e.SPT-3 G Main fi el d T &{pdswersifeom aeet+l [SAT-U
3G], 2024.

Planck: Planck 2018 (PR3) [high-a T & E -a+ TIHehwk Collaboration et al., 2018) +
PR4 00 -pdowersdCarron etal, 2022).

SPT+ACT: SPT-3G D1 + ACT DR6 T&E (Louis etal [ACT]. 2025) + ACT DR®6
powers (Madhavacheril et al [ACT]., 2023; Qu et al [ACT]. 2023).

CMB-SPA: SPT-3G D1 + P-ACT(Louis et al [ACT]. 2025).

T..iv prior: for all the data sets above, we use a prior from Planck PR4 (Akrami et al
[Planck], 2020) on t,,= 0.051 + 0.006

* T&E = TT/TE/EE band-powers. 64


https://arxiv.org/abs/2411.06000
https://arxiv.org/abs/2411.06000
https://arxiv.org/abs/2411.06000
https://arxiv.org/abs/2411.06000
https://arxiv.org/abs/2411.06000
https://arxiv.org/abs/1807.06205
https://arxiv.org/abs/1807.06205
https://arxiv.org/abs/1807.06205
https://arxiv.org/abs/2206.07773
https://arxiv.org/abs/2206.07773
https://arxiv.org/abs/2206.07773
https://arxiv.org/abs/2503.14452
https://arxiv.org/abs/2503.14452
https://arxiv.org/abs/2503.14452
https://arxiv.org/abs/2304.05203
https://arxiv.org/abs/2304.05203
https://arxiv.org/abs/2304.05203
https://arxiv.org/abs/2304.05202
https://arxiv.org/abs/2304.05202
https://arxiv.org/abs/2304.05202
https://arxiv.org/abs/2503.14452
https://arxiv.org/abs/2007.04997
https://arxiv.org/abs/2007.04997
https://arxiv.org/abs/2007.04997

Precil se

Constr a

s CDM: Mo s t
Ho .
/\ B CMB-SPA
- =T | SPT+ACT
— SPT-3G D1
) —— Planck
i N
T
A m
w} AN
182 b - .

Ha

Ho= 67.24 + 0.35 km/s/Mpc (CMB-SPA)

Ho= 67.41 = 0.49 km/s/Mpc (Planck)

O«

O«

O«

With just 4% of the sky, SPT-3 G 0
constraints on Hya n dg aré
comparable to Planck (within 25%)
or ACT.

Our data agree very well with
sCDM predictions

CMB SPT+ACT finally reach
Pl anckds precisi
parameters)!

CMB-SPA yields the most precise
determination of
from a single probe.

All three experiments agree with
each other withi
science is very robust!




s CDM: Hubbl e Tension with

SPT-3G D1

!

Three independent and
complementary experiments SPT+ACT} o
confirm the Hubble tension.

Planck F e

CMB-SPA | e SHOES

66 63 70 72 74

Hubble Tension at 6 . Zr@m SPT-
3G alone.
Hy = 66.66 + 0.60 km/s/Mpc

O«

Breuval et al. [SHOES],2024

O«

SPT+ACT and CMB-SPA are at
6 . 8and 6 . 4dnsion, respectively.
Ho = 73.17 £ 0.86 km/s/Mpc


https://arxiv.org/abs/2404.08038
https://arxiv.org/abs/2404.08038
https://arxiv.org/abs/2404.08038

sCDM: Clwustering of Matter

0.95
CMB-SPA ¢¢ SPT-3G D1 alone, with only 4% of
0.90 DES 3x2pf the sky, Cg @lmasttas veell n|
. SPT cluster as Planck .
oss b CMB-SPA T&E
g SPT-3G D1
0.80 b 0 A variety of probes, spanning a wide
range of epochs, are now consistent
0.75 F with each other (including the latest
5.2 " : v KiDS-legacy cosmic shear results,
Q KIiDS collaboration, 2025).
R
0 Ug =0.8137 +0.0038
> CMB-SPA
Qm = 0.3166 £ 0.0051 y

*SPT cluster = Constraints from SPT identified
abundance of clusters (Bocquet et al.[SPT.DES], 2024).



https://arxiv.org/abs/2503.19441
https://arxiv.org/abs/2412.07765
https://arxiv.org/abs/2412.07765
https://arxiv.org/abs/2412.07765

sCDM Extensions

0 The addition of SPT+ACT to Planckr educes t he uplpye30%:)! i mi

Z < 0.25 eV (95% C.L.) (Planck)
£ n<0.18 eV (95% C.L.) (CMB-SPA)

This shows again the constraining power of SPT+ACT.
0 We also explored extensions with N.¢, Yp and modified recombination.

Ny = 2.86 £ 0.19 (Planck)
Ngyr = 2.81 £ 0.12 (CMB-SPA)

We do not find any statistically significant deviations
from s CDM,.




A new CMB-BAO tension?
Evaluating the Consistencyof CMB vs DESI i

0 ACT and SPT+ACT above consistency threshold
0 Planck data regularise combined results, CMB-SPA consistent with DESI
0 Given borderline differences, joint analyses to be performed with caution

(.36
® SPT-3G D1 vs. DESI: 250 ]
0.34 - . ® ACT DR6 vs. DESI:  3.10 x
{ { E $ SPT+ACT vs. DESI: 3.70 &
50327 y ° ¢ & Planck vs. DESI: 200 %
1 QP 2m -
o0 — & CMB-SPA vs. DESI:  2.8¢
0,28 - .
95.0 97.5 100,10 102.5 CI'\ Qq_b b‘di 4,_\5" -.-g-h
hrq [Mpc] i:,:_r:: ST oY @
L£or oK &



Constraints from CMB and

Differences between CMB and DESI can be
accommodatedby2 -3 0 devi ati ons

Model Class Preference over
sCDM
Rescaling of lensing in 3.140
CMB
Light relics <1.510
Modified recombination 2. 040
Spatial curvature 2. 50
Spatial curvature and 2. 140

electron mass

Co

Neutrino mass 2. 8

Co

Dynamical dark energy 3.2

from s CDM.

CMB-SPA |

0.88 + 0.48




Constraints from CMB and

0 Withcurrentdata,no definitive evidence for
3 Evidence i s -levelder at e, 310
3 So far no detection by individual probe

3 Statistical fluctuation or systematic origin not ruled out

> More data needed for a stronger judgement (CMB, BAO, others)



Upcoming SPT-3G results

e 201 _————— T Planck
= — Main 19/20
Very soon: Lensing update = N e Ext — dk
& Same observations as in today's results =107 e
® «« from temperature+pol &r | =0T, qua\d\raf-l'(lz"“l I%t i
Soon: Summer
0 Ext-4K = Summer + Main (first 2 years) =
Y 3 times more sky thah
o0 TT,TE,EE >
0 ¢« « ‘“:
J_‘l‘:

In progress: Wide
0 Ext-10K = Wide + Summer + Main
Y 7 times more sky thangijgh today'ys resul ts

o TT,TE, EE - nortop s
0O « « o A v
S e BNA H”li f;"":‘ I:f\l. f{‘:‘ ,
— 7] |
W b
Cosmology forecasts: Prabhu et al. [SPT-3G], 2024 = \K Y \.'«-.\_
Future: 0 N : ' : ' :
0 Main and Summer full depth s 1 TN
® SPT-3G+ camera starting in 2029 84 ;”'“\\
< R
=1 N"bﬁ.
- o

0 -'_J'.J[] ]{“Jlflll] 1500 20000 2500 3000 3500 4000
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https://arxiv.org/abs/2403.17925
https://arxiv.org/abs/2403.17925
https://arxiv.org/abs/2403.17925

Prospects

Soon:

0 SP13G

0 Simons Observatory (SO)
~2028

Current’upcoming<

4

0 SPT3G+ and its combination with
BICEP/Keck, South Pole Observatory (SPO)
0 Advanced SO
~2035+
O Litebird Future<

Very recent news of the termination of the S4

project from USA funding agenci€hange of

strategy towards funding upgrades on existing

experiments and their combinations, still very

stronqg support to CMB science.



More detallsabout CMB STATISTICS



A CMB anisotropies are expected to be distributed as a
gaussian random field

A We cannot theoretically predict the value of the
temperature in the pixels, but only predict their
statistical properties.

=300 -200 -100 0 100 200 300

A A gaussian usuivuuuii b"Ki”uuy chianavterized byiean
and varianceAll higher odd moments are 0, even
moments can be written in terms of the variance
02A01Qa UKSZ2NbYou
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Spherical harmonics

We can decompose the temperature maps in spherical harmonics.

SH are &orto-normal basis of functions on the sphefEhey are the
eigenfunctions of the angular part of the Laplace operator in spherical
coordinates. VY = —[I(l + 1)]Y"

_Al mx [ m’ [~ {20‘
[ Y @)Y @) = G -0

Z ym £ ‘“‘/
fm

o I

7MY, (') = 0(¢p — ¢')d(cosh — cosh') ., OeeLe
- @CeO®
A Complex. Conjugatic Y — (—1)Y =~ QOOOOE
= ¢

A Characterizedhe degree (multipole) and the ordem.
A/~ /' With the' angular separation in the sky.

A For eacl/, -/ <=m <#. Thereare 2|+1 mamodes for each. [For a real field, as the
CMB intensity, there are (21+1)/2 independent modes becaysead,=(-1)"a_

A The projection on the rmodes depends on the reference system.
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Decomposition in spherical harmonics

A Decompose the fractional temperature variation in spherical
harmonics

AT A~ -5 A m
AT, % )= O, 1) = Y Opn(E )Y, (n)}
LT / / {m \

Conformal time (us, F'ON} — f dt/ﬂl

Position in the sky (us ,x=0)

Line of sight

Also often called g in the literature

A Applying the orthogonality of spherical harmonics:

Opm(X,1m) = f din©(#, X,m)Y,, (1)
Q

A In the simplest models of inflatio,(5;) is agaussian random
field. Then,,,, arestatistically independenandrandomly
distributed, each described by gaussian distribution.
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A To characterize the statistical properties of a gaussian randor
field, we can calculate the mean and the variance of the field.
For the CMB, the mean of the anisotropies is zero (by
definition). The variance can be calculated either as the 2

point correlation function in real space, or equivalently, as the
angular power spectrum in harmonic space

< G)fm >= () < G)fm@f’m’ >= 5{1’{”5;?1:11’Ct"

A <> areensemble averages over many realizations of the sky

A Because oifsotropy, ., with samel and different m are
extracted from gaussian distribution with the same variance C
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A We can relate the angular power spectrum to th@@nt
correlation function in real space using the Legendre
polynomials and the addition theorem:

. 26+1_ . .
D Vi (00)Yem(ny) = = Py(f; - ;)

20 + 1 ..
(0:0;) = ZE: ——CePy(hy - 1ay)
A Because of Isotropy, the twpoint correlation function
depends only on the angular separation in the skpot on

the orientation of the separation.

Dodelson
I etal 2004

| P
2 10 50 500 IlﬂDl} 1600 2000 2500
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1 OO0

Each of these maps are extracted from gaussian distributions with 0 mean and
variance given by the Cl in the corresponding pink band. There is an infinite number

of possible realizations.
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< ®fm >= () < ®{m®f’m’ >= 5f€’6r??;n’cf

A We only observe one universe=> average not
possible.

A Because of isotropy, all the-modesg,,,, with
the same have the same theoretical .GAn

estimator of Cis then:

A |
C, = ®,0,
4 2F + 1 Z 4 tm

m
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Cosmic Variance

A The expected value is <CI>=Cl A 1 .
C E ®,,0
YRS POR

A Since we only have 2l+1 samples m
for each |, there is amtrinsic uncertainty

6 {(Co—C)(Co—Cr))  (CiCy) — C2

C? C? C? For a gaussian field,
> 01 Qa GKS

_ /| <Z 0! 0,,0% 0 — 1 that any Npoint (N

(2¢ + 1)2C? even) statistics can be
written as a function

1 2 .
— NI S - — of the 2point
(2 +1)? mzm,( " ) 20+1  correlation function
Ua: 2 2
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More detalls about earlier
detections of the CMB



Earlierdetections?

SEANCE DU 17 JGTRTES

Nowwelies observations du rayon
longweur d"onde 33 cm. Note de MM Jean Faosgem Doosse, Jawss Leguees

‘
et Emen Le Moux, présentée par M. André Danjon

A 1940 Andrew McKellar
observed excited rotational
states of CN molecules in
Interstellar absorption lines. In
thermal equilibrium at T~2.3K
(see also W. Adams 1941) e

A 1955 Emile Le Roux: SUrVey at | sic v S
< chc(Nnn cay Radio e X o el
Observatory). Neaisotropic BT e LR R
background at 32K (Denisse, e eI S

En résumd, oo 4 trois dquations dossant T, :

Lequeux, Le Roux 1957, Le i s s ooy i

as)

Roux PhD thesis 1957). e 7 e

Ea fait, on devrsit $duire, dn plusieurs fquations de o genre,
les coelliclents l/h.]r, 1 1ot T, Mais b bonne cobdrence des va-
Jeurs oblemees pour T mootoe qor los valeurs prises powr oes cosflicients
S0l COrrecies avec wine Doone sppr 54 oo Sumioma il le CoufTicient
1/% on obtiendrait dus valeurs ndgitives pour Ty, quelien que soient len v -
lewrs prises pour p' ot p' qui interviesnest de fagom SUM rente dans bes )
dquaticns pricéddenies, be conllicient ¢ inlervessst sotamanent &e lagon
eppotte dans let Soux dernitres dquations, Do mime, was sugmentition de

1/k de quelgues pour cent donnerait des valeurs de T, incebdrwntes, Eafin,
wo coellicient de réNection Su 90l non pul doomerait T, €O,

B et Qifficile de ddtarminer erreur sur celte valeur de To bas

whe pur 14 cobirence de Ailldrentes mescres, Nous pensons Que Ierrewr ab-
soler Sl fire de Pordes de 27 K, en presest

Reproduction in F. Melchiorri,Y. Rephaeli lectures in Varenna




More detalls about
polarization



Stokes parameters

For a monochromatic plane wave:

Ex = ay cos [wot — 04 (t)] Ey = ay cos [wot — Oy (t)]

(of)+(af)
(a2)—(a3)

(2axay cos(0x — 0y))
(2axay sin(0x — 0y))

A

P>Q+U°+V? w4
A

_VQ2P+UZ+ V2
B I

f =0~ qy
> f =0 => linear polarization
f=p/2, a,=a,=> circular polarization

100%Q | 1 00% U | 100%V
+Q | 1 +V 7
Q>0;U=0;V=0 Q=0;U>0;V=0 Q=0;U=0;V>0

(a) (c) (e)

Q y _U y V {V
Q<0;U=0;V=0 Q=0,U<0,V=0 Q=0;UJ0:V<0

(b) (d) (f)

Equal holds for a monocromatic wave or, for
superposition of many waves, entirely polarized radiation.
P= degree of polarization

In the following, w e dlriod V (not produced in standard
cosmology model.)



Healpix convention: Q and U

defined in spherical coordinate
system (e 4, €¢) where eqis tangent
to the local meridian and directed
from North to South, and e is
tangent to the local  parallel , and
directed from West to East.

Temperal

—-_— -
-20 UK 20

Fig. 12. LFI 70 GHz channel maps. From top to bottom: temper-
ature, Q, and U polarization.



Stokes parameters

» Polarization

after a 180deg rotation=>Q and U spin 2
» Problem : Qand U depend on reference system.

Q,

cos(20)@Q) + sin(20)

U

—sin(26)Q) + cos(20)U

IS a headless vector , equal to itself

fields .

- iU = eTQ -

iU

100%Q | 100% U | 100% V
+Q ‘)’ +U y +V y

Q>0;U=0;V=0 Q=0;U>0;V=0 Q=0;U=0; V>0
(a) (c) (e)
Q| U -V'J

Q<0;U=0;V=0
(b)

Q=0,U<0,V=0
(d)

Q=0;U=0;V<0
(f)




E and B modes

Q>0 U=20

Q<0 U=20
/ \
E >0
Y //

/

Qr and Ur around each point defined in
radial coordinate system (e,, e,) where e,is
orthogonal to the radius and e, is parallel

Q and U depend on the reference system=>
not good to characterize the underlying
physics!

A solution is to characterize polarization not
by the characteristics in a point, but a non-
local average @p at t e r nadpaimtthes n d
sky.



From Q and U to E and B in a flat
patch

Take the simplified case of aflat, small patchinthe sky.
We can define Q and U parameters in the radial
coordinates around a given point ( (Zaldarriaga 2001) (e,in
the radial direction, e, in the orthogonal one).

b E and B are then defined asthe C g - / 2800, (6 + §)

weinhted averaned nn the fiill <k

_ f d26w(0)[Q(0 + 0) cos (24) — U(0 + 6) sin (29)]

All the points on this circle
contributes with the to _ 20 .10 0
the construction of E in 6, as they are B(B) - / d Bw(g)Ur(B + 9)
all at the same distance. Q=1Iz-Ty =Tz 0, L _ _ B _
The value of Q and U depends on the g :rlf(-)I-g rzzg = f d29w(9) [Q(B + 9) sin (2¢) + U(B + 0) Cos (QTP)]
angle y, but Q_r is constant on a = i
circle, while U_r =0, so averaging on all o
the circles, E# 0, B=0 y :
/ - \ In 2D Fourier space, the integrals become
e Q=0,U=0 multiplications, so that in a flat patch of the
\\\‘\/ v N g = Q_l‘ = 0, U_I‘=0 Sky
|
| o | x
COORDINATES | ~ »‘2 \ /
y \ — / g'_‘:‘:’; Q1) = [E(1) cos(2¢;) — B(1) sin(2¢)]
s — U(l) = [E(1) sin(2¢:1) + B(l) cos(2¢1)]

Zaldarriaga astro-ph/0106174



E and B on a

sphere

b Extend this idea ona sphere (see Zaldarriaga & Seljak 1997,

arXiv.astro -ph/9609170).

b 1) Similarly tothe ( scalar) T maps, we can decompose the Q and U

maps (in healpix maps ) on the eigenfunctions
for spin fields , which are an orthonormal

operator

(Q +iU)(n

(that are rotatianally
6%(Q—iU)(m) =2

—(aymta_om)/2,

Invariant).
(1+2)!

of the Laplace
, complete basis.

Z a+2 1m +2Yim (1)

b 2)Obtain scalar quantities by usiffg spin rising /lowering operators

(1—-2)!

172 +

a—2mY im(n)

n)

1 —
—5[81%(@+iU) +8%(Q~iU)]

apim=i(agim—a-2im)I2.

1/2

(I+2)! A
aE,ImYIm(n)a

To o To Do

E and B are rotationally invariant.
E and B are NON-LOCAL QUANTITIES!

E remains unchanged under parity transformations
(scalar), B changes the sign (pseudo-scalar!)
In order to obtain (pseudo) scalar fields, need to

multiply ag, by additional geometric factor!

(I=2)!

B(n)={0%(Q+iU)~8*(Q—iU)]
l+2)1 1/2 )
:zm El 2)1 aB,lelm(n)'
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EE and TE power spectra

140 | -

70

D [uK?]
o

1
-70 Cr= 20+1 % (a?,lmaT,lm>

-140

1
_ #
| | | | | = a a
30 500 1000 1500 2000 Crr 2[+1§ (aE imas,im)

Multipole moment ¢

Cpi= 2[+12 (aB Im9B, lm)

1
Di=C, I(+1)/2p Cer=srr12 (afinasm)

[uK?]

EE

4

1 1 1 1
30 500 1000 1500 2000
Multipole moment ¢ Planck 2015
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The angular power spectrum

b The anisotropies are distributed as a
random gaussian field.
b All the information is contained in the two
point correlation function, or equivalently in
the angular power spectrum in harmonic
space.

EUGEI_—' T

5000
o's) l [

8(E5.1) =3 3 cm(En¥in()

3000 |
[=1 m=-

DI K

2000

<alma'?’m"> - 6”"5mm’ C1. "

u -_I hedededed dal L L i PR B i PR PR I SR T T | IS S T T |
2 10 a0 200 IﬂUﬂ 1300 2000 2500

MultlpOIe I

Large scales Small sca



Polarization generated Thomson scattering
in the presence of a temperature

quadrupole.

Different sources of quadrupole produce

different patterns:

b Scalar (density perturbations): E -mode
b Tensor (e.g. gravitational waves): E -
mode and B -mode
. Angular power spectra
Polarization patterns - T e,
P r \TT
\ / /7 ., / W acvra ?
o o ;I::I[I;u:cm. i +' I L) I *
/ \ \ W e e .I ' ;o V‘ ¥tﬁ#h" i !
€ 5o E
= W e Pt
/f’r ) — ¥ “
7N\ / \ oy | LBB
| \ f -
. | \ \ b o
' B o -
E mode B mode o L : TE
g m:: . "‘” “’ ,ﬁi -
- SV A < T e
200 L

CMB polarization




CMB lensing

b CMB lensing breaks isotropy of the CMB.

b Lensing potential map can be extracted
from the non -gaussian 4 -point correlation
function.

b Lensing also impacts the primary power
spectra, as well as distorts E~ -modes into
B-modes

[0 4 1)]2 /(2 8% [10-7)

Planck 2018 VIII Lensing



The 0CDM model~

Standard model of cosmology: General relativity to describe gravity, standard model of particles
for particle interactions, cosmological constant for dark energy and cold dark matter.

ssalar Amplitude primordial spectru Scalar spectral index

i | As +10%  In{10%s) :x I 6 parameters:
o <ooo| t1 < so0o|
3 3000} 2 3000¢ b Initial conditons A ,ng
& 2000} & 2000 Acoustic scale of sound
1“"2' “"’g' hori zon & )
210 50 500 1000 1500 2000 2500 2 10 50 500 1000 1500 2000 2500 Reionization U
soogingular scale of sound hori so00 —201iCAl depth to reionizatign Dar k Matter _cha er
soo0l 9 | 8000 Baryon deh%sity
i 4000F ; i 4000F
iiﬁ \, ‘ijﬁ Assumptions : N
1000 F —=/ v\,\_ _ 1000 k b Adiabatic initial conditions
o, . €—— -\—-..}_ of. . . . . ; . b Neff=3.046
2 10 50 500 1000 1500 2000 2500 2 10 50 500 1000 1500 2000 2500 . .
¢ ¢ b 1 massive neutrino
sooo —2sical density of hagyon sooorysical density of dark mz 0.06eV.
s000} Mph? ' soook Mch 2/ Tanh reionizati
T 4000} l : T 4000}
2 3000} . A 3000F
& 2000} "N 1 S 2000f 4
ol P S N vt 25 i S
2 10 50 500 1{}00 1500 2000 2500 2 10 50 500 1Pm 1500 2000 2500

The CMB is a laboratory to constrain cosmology and fundamental physics
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T_he Planck satellite

N

3" generation full sky satellites (COBE, WMAP)
Launched in 2009, operated till 2013.

2 Instruments, 9 frequencies to disentangle CMB
from foregrounds
LFI :
b 22radiometers at 30, 44, 70 Ghz.
HFI :

A 50 bolometers (32 polarized) at 100, 143, 217
353, 545, 857 Ghz.
A 30 -353 Ghz polarized.

1st release 2013 : Nominal mission ,15.5 months, Temperature only (large scale
polarization from WMAP).

2nd release 2015 : Full mission , 29 months for HFI, 48 months for LFI, Temperature +
Polarization, large scale pol. from LFI.

3nd release 2018 (PR3) : Full mission, improved polarization, low/high -1 from HFI.
Better control of systematics specially in pol., still systematics limited.

Post PR3: new maps PR4 (LFI+HFI map  -making, improved low -ell in polarization); new
likelihoods and parameters from PR4; new maps Sroll2 (better low -ell polarization); several new
estimation of opt. depth to reionization.

No substantially new result compared to PR3.
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Baseline

(Temperature+polarization+CMB lensing)

[ CDM results 2018

Mean [%0]

q ,h? Baryon density 0.02237| 0.00015 0.7
g .h? DM density 0.1200 0.0012 1
1 0 Oacbustic scale 1.04092, 0.00031 0.03
_ Reion. Optical depth 0.0544f 0.0073 13
INn(A, 1010) Power

Spectrum amplitude 3.044 0.014 0.7
N. Scalarspectralindex, 0.9649] 0.0042 0.4
Hy,  Hubble 67.36 0.54 0.8
0, Matterdensity 0.3153] 0.0073 2.3
" g Matter perturbation

amplitude 0.8111 0.0060 0.7

Planck 2018 results. VI. Cosmological parameters (SG co

-correponding author)

Most of parameters
determined at (sub  -)
percent level!

Best determined
parameter is the
angular scale of sound
horizon ¢ t o O.

_ low and tight,
reionization at z~7.

ngis 8 away from
scale invariance (even

In extended models,
always >3 )

Best (indirect) 0.8%
determination of the
Hubble constantto
date.
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The Hubble tension

The Hubble tensions is the difference in the expansion rate of the universe today as mea
from Supernovae |A calibrated with Cepheids and from the CMB and other early universe
probes. Since the early universe measurements depend on a cosmological model, it coul
indicate the need of a change in the model, and tthesdiscovery of new physics.

78|
jak .
A= o ow pa® s . \ 5. 70 tensi
_ Ca\'-.‘ﬂ - [ C C.‘?'—P A ¢ E_.;'_i.'i 3
?E - *Lp' & IE,B:"a'E ?‘3 iy 3550:3‘5 '\\J.E'Le'l: 'e'.l'a E?Gﬁﬁaﬁw
Supernovae |IA

o T4t 1 [ ] i
3 | } I +cepheid
S5 SHOES
o
£ Ho,= 73.29 +0.90
o 1
= 70t SHOES|  SHOES Il SHOES Il SHOES IV SHOESW  SHOESVI  SHOES VIl SHOES VIl This work ] km/s/Mpc.
o (2008) (2011} {2016) (2018) (2019) {2021)  (2022a)  (2022b)  (2023)
L Pre-SHOES

68f | (2009 i CMB (also BAO)

|l . Planck 2018
66} Planck Planck Note: garlier and Ilater results are fl:orrslgted 1
2013 2018 ue to over dapping, accumu ate ata
(2013 (2018) H, =67.36 + 0.54

Murakami+ 2023 km/s/Mpc.
Breuval+ 2024
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b

The importance of robustness of results

A large impact on the field (tens of thousands of citations)
Responsibility to provide the community robust

results.

Many Tests:

3 Redundancy of the data is key in order to be able to
do consistency tests at power spectrum or cosmological
parameters level from subsets of the data ,l.e.

y from different frequency channels, which also
corresponds to different detectors.

y  from different map cuts (half mission, versus
detector sets)

y  from TT, TE or EE (model dependent).

3 Tested the consistency between a large number of

different analysis choices on cosmological
parameters  (model dependent).

3 Compared different  analysis pipelines , which was
essential to improve the robustness of the final
product.

3 End -to -end simulations also allowed us to validate
the pipeline.

EE 143 x 143

Difference between CMB  -only,
frequency power spectra in units of
error bars in 2015 and 2018

'

= 2015
—— 2018
5 | PTE =20.89%
O - ".,'-_.','- ) - -
_-,*Q"“\. ‘
_3 -
4 t t +
500 1000 1500
EE 100 x 217

In the second Planck 2015 release,
test failed for polarization data. culprit
was uncorrected systematics.

Planck 2018 results V.



From Planck to SPT - 3G

A Planck results had a tremendous
Impact on cosmology. They
confirmed the LCDM model. They gl sale
were checked with many 5 1 0.2 0.1 0.08
consistency tests. ; Lot ‘-L“
| 'ﬂ..“‘ e

A Planck opened new mysteries, such o ks v S,
as the Hubble tension, that we will | ""%.\_‘7
explore with upcoming and future Wl
experiments. f

ACTPGl 1, ‘

aFe

» BICEPY/Keck 4*'%.‘ :." % f 1 # %‘»‘ﬁ

A There is still a very large amount of A B r
information in CMB to be ,
uncovered. Upcoming experiments o et 1113

have two main goals:

D, [1ik?]

I atlarge multipoles in
polarization, to detect
primordial gravitational waves
and measure reionization.

I At small angular scales in
polarization, to test
cosmological models and the
properties of the energy
content of the universe.

DJF [uk?]

W78 + VP 2m
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' The South Pole Telescope

b SPT is a 10m telescope at the South Pole. It is observing with its third generation camera, SPT -3G,
with ~16,000 detectors at 95, 150, and 220 GHz at high resolution (~1 arcmin).

b Ithas observed 25% of the sky:
2 Main Winter Field 1500 deg 2 (5yrs done, 2yr TBD)
Coadded noise ~17X better than Planck

3 fields 2650 deg 2 (4yrs done),
coadded noise 4X better than Planck

3 Wide field 6000deg 2 (1yr)
coadded noise 33X better than Planck.

B SPT-3G Main 7 SPT-3G Summer SPT-3G Wide
== SO/LSST BICEP3 == DES

b Many scientific goals:
2 Cosmological constraints from CMB primary anisotropies and CMB lensing
2 Delensing of the BICEP/Keck field to improve constraints on tensor to scalar ratio r.
2 High-ell TT foregrounds (including kSZ), Cross -correlations with other surveys, High -Z
gal axies, Clusters of galaxies, Transients etcé

*Planck 2018 had -ad¢cmB6, 66 a il &Keatmid dvers-80% Kky, Pr ab h3$Géetal 2024
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' The South Pole Telescope

b SPT is a 10m telescope at the South Pole. It is observing with its third generation camera, SPT -3G,
with ~16,000 detectors at 95, 150, and 220 GHz at high resolution (~1 arcmin).

b Ithas observed 25% of the sky:
3 Main Winter Field 1500 deg 2 (5yrs done, 2yr TBD)
Coadded noise ~17X better than Planck

3 fields 2650 deg 2 (4yrs done),
coadded noise 4X better than Planck

3 Wide field 6000deg 2 (1yr)
coadded noise 33X better than Planck.

B SPT-3G Main | ! SPT-3G Summer SPT-3G Wide
-~ SO/LSST BICEP3 -= DES

Forecasts show we will measure parameters better than Planck by
a factor of 2, and in combination with it by a factor of 3.

SPT - 3G have the potential to take the lead on our understanding of
the universe in the next years.

Ensuring the robustness of the results is even more critical.

*Planck 2018 had -ad¢cmB6, 66 a il &Keatmid dvers-80% Kky, Pr ab h3$Géetal 2024
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. Published power spectrum SPT -3G
results from Main field

Results based on the observations of the small but deep Main field
observed during the Austral winter.

b 4 months of observations ASP-BG 20 L ¥sedonly half of _mmu; = wwwm - P
the focal plane [published in 2021 -2023]: BN RO s
2 Analysis of TEEE (Dutcher,...SG+ 2021, Balkenhol,...SG+
2021)

2 Analysis of TTTEEE (Balkenhol,...SG+ 2023)

b 2 years of observations i S P-BG 2 year Main field 0. Based
on ~16 months of observations with the full focal plane.

& Cosmology from CMB lensing and delensed EE power from
polarization with  MUSE (Ge., Millea,...SG+ 2024)

2 Constraints on Inflationary Gravitational Waves from large
scale BB (Zebrowski,...SG+ 2025)

2 Constraints on duration of reionization from non -
gaussianity of KSZ  (Raghunathan+ 2024)



. Published power spectrum SPT -3G
results from Main field

Results based on the observations of the small but deep Main field
observed during the Austral winter.

b 4 months of observations ASP-BG 20 L ¥sedonly half of R S R S
the focal plane [published in 2021 -2023]: BN RO s
2 Analysis of TEEE (Dutcher,...SG+ 2021, Balkenhol,...SG+
2021)

2 Analysis of TTTEEE (Balkenhol,...SG+ 2023)

b 2 years of observations i S P-BG 2 year Main field 0. Based
on ~16 months of observations with the full focal plane.

2 Constraints on Inflationary Gravitational Waves from large
scale BB (Zebrowski,...SG+ 2025)

2 Constraints on duration of reionization from non -
gaussianity of KSZ  (Raghunathan+ 2024)



Early Data Release: SPT ~ -3G TTTEEE 2018

b Datataken from first 4 months of datain 2018 from
half of the focal plane , only from winter main field
First analysis only analysed TEEE (Dutcher,...SG+ 2021,
Balkenhol,...SG et al. 2021)

b We added TT in a new analysis in Balkenhol,...SG+
2023 .
2 More redundancy for tests

e I
i A

: : . Lennart
2 breaks degenerames.,, spe.C|aIIy for e>.<ter15|ons of Balkenhol
LCDM model e.g. primordial magnetic fields, EDE
(Galli et al. 2022, Smith,... SG et al. 2022) . 595

Frequency power
spectrum difference

150 » 150

b Thenew TTTEEE analysis allowed us to introduce many
improvements to increase the robustness of the g
results:
2z Developed consistency tests inspired on Planck i
3z Implemented blinding
3z Speed -up MCMC chains with ML emulator of
Boltzmann code (CosmoPower)
3 Increased accuracy of the power spectrum
covariance matrix (based on simulations and in flat
sky approximation, large off -diagonals terms tricky R
to model)

pei]

.........

oo 3000
Angulae Multipole £

L. Balkenhol, D. Dutcher, A. Spurio Mancini, A.
Doussot, K. Benabed, SG and the SPT
collaboration arXiv:2212.05642



Results from SPT
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L. Balkenhol, D. Dutcher, A. Spurio Mancini, A. Doussot, K. Benabed, SG and

Errors from SPT3G were three times
larger than Planck.

OCDM is a good fit
R2=763 for 728 bandpowers
(PTE=15%).

Under QCDM, on t he
Planck and SPT are consistent with
PTE 76%.

Results are consistent between
ACT-DR4 and SPT3G -2018.
Constraining power is comparable.

H, =683
S, =0.797

1.5kms "1 Mpc'?
+ 0.042

No deviations from LCDM

the SPT collaboration arXiv:2212.05642



"Hubble tension models with SPT BET2018
TTTEEE

Planck SHOES
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| Data:
Majoron A —_——
68 70 72 74 5
Hy [kms~! Mpe™!] T Planck
(TT,TE,EE+lowE+lensing),
Il SPT-3G 2018 (TT+TE+EE),
A few still viable models to solve the A. R. ig)qiie, M. Baryhami, SG, J.
. . . LFS%O rgues, K.Benabed 2024

tension (others in the I|litera tlﬁleGs+)DR7+DR12+DR16),
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First analysis of polarization from
Main 2 years: MUSE reice - warus i

MUSE : Algorithm similar to simulation -based inference
with semi -analytic compression statistic.

Pol only data sets

B SPT: MUSE 2-year
- Planck
B ACT DR6 (fixed Pcal)

Used only polarization data to estimate the CMB

unlensed EE power spectrum and lensing

reconstruction power spectrum.

Tightest bandpower measurement of at L>350
and EE at z>2000

. . Polarization
Tightest constraints on LCDM parameters from CMB = only

polarization  -only inference EE

0.026/

= 0.024| y/
o.022| .
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) o 7l | ‘ .
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.‘. ,'/ s

090
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H, nA* at

Likelihood public on our website

https://pole.uchicago.edu/public/data/ge25/index.html Ge, Millea...SG+ 2025


https://pole.uchicago.edu/public/data/ge25/index.html

First analysis of polarization from

Main 2 years: MUSE

WMAP: TT+TE [9yr]
Planck: TT+TE+EE+¢p(TE&P) [Plik/PR4]
ACT: TT+TE+EE+$p(TEP) [DR4/DRE]

WMAP: TT+TE [9yr]
Planck: TT+TE+EE+H4(T&P) [Plik/PR4]
ACT:  TT+TE+EE+¢4(T&P) [DR4/DRE]

SPT: EE+dd(P) [2yr-main]
G7.18 +0.45
NMAP+ACT+SPTY =
67.33 =0.37
lanck+ACT+SPTy o —— ' SHOES
G740+ 0.42
Planck+ACT¢ b
G728 £0.42
Planck+SPT} ——
G744+ 0.5
Planck} I
AQT- GG.V5 = 0.72
66.81 =0.81
SPTy —— ) ) |
55 a2 =8 = =5

Hy [km/s/Mpc]

Hubble tension with
SHOES confirmed at
from SPT -3G alone.

SPT: EE+&qi{P) [2yr-main]
=y LD
HSC Y3 32} 0763 0 o6
) 0766750
KiDS-1000} bl
DES Y3 3x2) 0,776+ 0,017
0.847 + 0.011
WMAP+ACT+SPT} 0538050 rog,
Planck+ACT+SPT} Te——
oo cmm
Planck+SPT} =
Planck| 0,830 +0.012
. 0.855 +0.018
) S‘F:T 0.850 4+ 0.017
0725 0750 0775 0800 0.825 0.850 0.875

Ss =50/ 02,,/0.3

. S8 results in agreement
with other CMB
experiments.

Ge, Millea...SG+ 2025



| -'ACT Planck SPT lensing combined
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m S —— P+BAO M CMB
0.70 . T T
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Qn

SgMBL = 0.82570015 (68% C.L., APS).

1.6% measurement from CMB lensing alone

Qu, Ge,...SG+ 2025
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Federica Guidi
SPT-3G footprint and T Planck 353GHz

b Challenges: Larger atmospheric
fluctuations, galactic contamination,
lower elevation.

b Mature analysis, to be in a few
months (Guidi,...SG et al., in
preparation).

~ Coming next: Summer and Wide fields

b Challenge of analyzing 9 different
subfields, each with different
characteristics.

b Early stages of analysis, to be
released within a couple of years
(Vitrier,...SG et al., in preparation)



Conclusions and prospects

Signal -to -Noise of full SPT_-3G survey
| 1 1 —  Planck
— el
—— Main
SPT-3G will improve over Planck

results. We have the potential to e
constrain proposed solutions to the '
cosmological tensions.This power will
come with the great responsibility of
checking for consistency to ensure

CMB is a leading probe of cosmology.

|S|/N: TE

robustness.
. 15k aVal .
Total dataset will be 7+ years of 5; /.-/ VM : Discovery
Ll'.] I L 1
winter field, 4 of summer fields, 1 of : of 1 A \ window
wide fields. = ) | A
f EeEEEEEEEEm S E——————

SPT-3G will be replaced by SPT -3G+
in 2027.

The lessons we are learning will pave

the way for the next generation of e ———— e
i Multipol

CMB experiments. ultipole




Conclusions and prospects

CMB is a leading probe of cosmology.

SPT-3G will improve over Planck
results. We have the potential to Current/ upcoming<
constrain proposed solutions to the

cosmological tensions.This power will .' ;55”;'!2!;'?
come with the great responsibility of '

checking for consistency to ensure

robustness. r

Total dataset will be 7+ years of
winter field, 4 of summer fields, 1 of
wide fields.

Future <
SPT-3G will be replaced by SPT -3G+
in 2027.

The lessons we are learning will pave
the way for the next generation of
CMB experiments.
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