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CMB spectra state of the art: Temperature & Polarisation
AP el R T . DR - R - TR - - R
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CMB spectra state of the art: Temperature & Polarisation
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CMB spectra state of the art: Temperature & Polarisation
T R TSR -y R . -

ST LSRN, RN T

Angular scale
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— SPTpol s 2 o :
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i | BICEP2/Keck/ * h A |
It cannot be improved ! 10 NGO WR
_ WMAP /Planck T A T " Ny A |
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= : EE b,
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Planck 2018 results. . Overview and the cosmological legacy of Planck - Planck collaboration
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What do we mean by ACDM ?

R R, R Y. - AV . LA TR RS- - A

Minimal ACDM ID CARD

pv = Ne(7/8)(4/11)*7p,

_ 3 neutrinos not fully decoupled before
Neff = 3.046 electron-positron annihilation

Universe Mass Heavy Elements and only one massive neutrino
Composition 003% —_— . .
my 0.06eV. (sometimes 3 with equal masses..)

s AL =1, introduced to test the lensing C}” — ALC)

Flat universe

Gaussian, adiabatic fluctuations
no primordial gravitational waves,
no running of the spectral index

23%

Dark Energy
72%

NASA Figure

Astroparticle symposium 2023




ACDM: 6 parameters, where do we stand ?
I BB RN T . TR - R - TR - - R

Cosmological parameters derived from the final (PR4) Planck data release R’EIEXS\’E
M. Tristram, A.J. Banday, M. Douspis, X. Garrido, K.M. Gérski, S. Henrot-Versillé, S. Ili¢, R. Keskitalo, G. Lagache, C.R. Lawrence, B. Partridge, D. Scott

|| || 1 ||

73 |- -+ o Il i
- EE 70 —t —— -
B TE - N 1 1 d
Bl 7T 64 |- & 4 4 ‘ -

B TTTEEE ] 1 1 1 1 ] L1 1 1 ] ] ]

0.021 0.025 0.11 0.12 1.039 1.042] 3.0 3.1 32 0.95 1.00 0.05 0.10
Qph? Qh? 1006 log(10%%A;) ns T

Matter & Dark Energy Content, HO Primordial spectrum Reionisation

parameters optical depth
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ACDM: where do we stand ?

AT R RN A T . DR, e R S TR - -

Cosmological parameters derived from the final (PR4) Planck data release
M. Tristram, A.J. Banday, M. Douspis, X. Garrido, K.M. Gérski, S. Henrot-Versillé, S. Ili¢, R. Keskitalo, G. Lagache, C.R. Lawrence, B. Partridge, D. Scott

1 1 1 1
73 = - —— - —
- EE 70 =k i -
= .
- TE I 67 - / —— —— —
Bl 1T 64 |- & 4 4 -
B TTTEEE ] 1 1 1 1 ] L1 1 1 ]
0.021 0.025 0.11 0.12 1.039 1.042 3.0 3.1 32 0.95 1.00
Q,h? Q.h? 1008 , |og(101:As) >
Parameter TE TTTEEE
Q,h 0.02224 +0.00025 0.02226 + 0.00013
Q.h? 0.1183£0.0024  0.1188 £ 0.0012
1006, 1.04123 £0.00046  1.04108 + 0.00026
log(10°4,)  3.073 £0.061 3.040 + 0.014
0.9678 £0.0072  0.9681 + 0.0039 .
:, 0.0753 £0.0322  0.0580 + 0.0062 CMB TT data dominate TT and EE have ~ same welght
Ho 67.89 + 111 67.64 +0.52 in the error budget TODAY !
o3 0.8186 £0.0221  0.8070 + 0.0065 the error bars
Ss 0.826 +0.024 0.819 +0.014
Qn 0.3059 £0.0147  0.3092 + 0.0070
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ACDM: where do we stand ?

AT R RN A T . DR, e R S TR - -

Cosmological parameters derived from the final (PR4) Planck data release
M. Tristram, A.J. Banday, M. Douspis, X. Garrido, K.M. Gérski, S. Henrot-Versillé, S. Ili¢, R. Keskitalo, G. Lagache, C.R. Lawrence, B. Partridge, D. Scott

1 1 1 1
73 = - —— - —

- EE 70 =k i -

= /
Bl TE T ¢ L / 1 1 _
Bl 7T 64 |- & L o IS -
B TTTEEE ] 1 1 1 1 ] L1 1 1 ]

0.021 0.025 0.11 0.12 1.039 1.042 3.0 3.1 32 0.95 1.00
Qph? Och? 1006 log(10%°A
% ACh L ch N s) s
Parameter TE TTTEEE
Quh? 0.02224 +0.00025  0.02226 + 0.00013
Q. 0.1183£0.0024  0.1188 +0.0012
1006, 1.04123 +0.00046  1.04108 + 0.00026
log(10'°A;)  3.073 +0.061 3.040 £ 0.014
0.9678 £0.0072  0.9681 + 0.0039 .

:, 0.0753+0.0322  0.0580 + 0.0062 CMB TT data dominate TT and EE have ~ same welght
Ho 67.89 + 111 67.64 +0.52 in the error budget TODAY !
o3 0.8186 £0.0221  0.8070 + 0.0065 the error bars
Ss 0.826 + 0.024 0.819 £ 0.014
Qnn 0.3059 +0.0147  0.3092 + 0.0070
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Beyond ACDM...curvature, neutrinos, ...
AT e, AR AT NG - R R . -
Cosmological parameters derived from the final (PR4) Planck data release
M. Tristram, A.J. Banday, M. Douspis, X. Garrido, K.M. Gérski, S. Henrot-Versillé, S. Ili¢, R. Keskitalo, G. Lagache, C.R. Lawrence, B. Partridge, D. Scott

[ Plik PR3 = miiiﬂensing
Il CamSpec PR4 BN TTTEEE+lensing+BAO
Fmy <€ BlleV
95 % CL.
0.5}
0.00} ’ Am—
0.4}
-0.02}
&
-0.04}
—0.06}
e — e Lo
e : - T m,
< V.
Qx = -0.012 +0.010, 208, S DY
(95 % CL, TTTEEE).
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Beyond ACDM...primordial Universe

R N, TR Y. - AT . DL TR R - S . - A

ns—1
Inflation predicts the existence of two types of perturbations: Pr(k) =|As (%) scalar
- fluctuations of the scalar inflaton field: scalar perturbations 0
- fluctuations of the gravitational field: tensor perturbations Pr(k) = A, <ﬁ) tensor
The so-called primordial gravitational waves ! ‘e ko
0 L

Illllll ' I Illllll !

100 “Tensor to scalar ratio”
Q o ']'- » l .
3 10 emperature
-
o,
o 1
2 In slow-roll inflation (favored by current data):
m = = ] I]
= 0.1 given it is generated by one scalar field:
o _C:_vlu.lmnnl li:ﬂ V \2 .
=001 Y First and
= - . Pl
Polarisation V } second
LA L L ' ' lllll Ll L 1 llll L AL 1 - .
0.001 0 ; e dinPr M2 (ﬁ L2 @/ denvapve of the
Angular Separation (Degrees) ° dInk \v b'v potential
ng=—r/8:
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Beyond ACDM...r and nt

AT el AR - T DR AR - E - R . -
10%Fouap taoos) T siciraranc ore) K > CMB photons are gravitationally deflected by large scale
QUIET (2012) POLARBEAR (2019) "
10} e LA structures _ _ _
POLARBEAR (2017) *v > The amount of lensing deflection depends on the projected

100 rABS (2018) BICEP3 (2021) - . . « . .
Y (dark+neutrinos..) matter density in that direction
= 10!
9
p:

Lensed
. <0.02895% CL
\\(_.a_ssuming ne=0) B mOdeS

primordial signal
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Beyond ACDM...r and nt FR

PR4+BK18+BAO+lensing
T = 51 > W Y T » » =
AT LSRRI RN A T S

0.20
ry o5 < 0.032 at 95% CL
2 T T La—
10%Fquap (2009) v
QUIET (2012) POLARBEAR (2019) —_—
1l SPTpol (2019) 'V w \
10 ACTPol (2020) W v " o
POLARBEAR (2017) 'v W'v'
100 | ABS (2018) BICEP3 (2021) ¥ “v 56
.1
4
_'-7--" % L add E
—¥=

10—1 L R -
" M == »
g 1 ﬁ - \

. r<0.028 95% CL

0.00

NN RN ™\ (assuming n¢=0) 0.95 0.96 0.97 0.99 1.00
T i \..\\\ ] ns
..... ‘\\
1 S T T T T
10-5 o S I PL18+BK1
10? 102 103 8 :
{ \ PL21+BK18
N PL21+BK18+LV21
o + ; ; : . .
0.07f i T
Improved limits on the tensor-to-scalar ratio using BICEP and Planck & i
1
M. Tristram,* A. J. Banday,? K. M. Gérski,®* R. Keskitalo,”¢ C. R. Lawrence,® K. J. Andersen,” Q 0.04+ 4
R. B. Barreiro,® J. Borrill,>® L. P. L. Colombo,'® H. K. Eriksen,” R. Fernandez-Cobos,! e ' i
T. S. Kisner,>¢ E. Martinez-Gonzalez,® B. Partridge,'? D. Scott,'® T. L. Svalheim,” and I. K. Wehus”
0.01} \ 1
Updated constraints on amplitude and tilt of the tensor ) 0 2 4 0.02 004 006
primordial spectrum ne Foin1

Giacomo Galloni2, Nicola Bartolo®#5, Sabino Matarrese®#5®, Marina Migliaccio'?, SIOW-rO” S|ng|e-f|e|d pred]ct|on

Angelo Ricciardone®# and Nicola Vittorio"2
Published 26 April 2023 + © 2023 IOP Publishing Ltd and Sissa Medialab Ir/ 8 26

Ny —

ro.o1 95% CL ng 95% CL
PL21+BK18 < 0.029 [—1.21, 3.54]
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What are the next steps & what to measure ?

SR N, R Y - T . NG TR . e
TEMPERATURE
B-MODE POLARIZATION IS SPACE FLAT UNIVERSE IS

OR CURVED? \ ORDINARY MATTER?
1.E+04 A

HOW MANY
- LIGHT RELIC
16402 1 —— PARTICLES
?
T WHEN DID THE ARE THERE?
xz FIRST STARS
?
3 1.E+00 - FORM?
} .
o
3
o 1.E02 A
r=0.1
WHAT IS THE
zisioh o o MASS OF THE
' e WHEN DID NEUTRINO?
' INFLATION
HAPPEN?
1.E-06 . . .
1 10 100 1000
Multipole

Snowmass2021 Cosmic Frontier: Cosmic Microwave Background Measurements White Paper
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Into the future...
wh T IR g s RS T B GR - R - - -

Angular separation in the sky

90~ 1 0.2° 0.1° 0.05"
: - g e :.
: . c. ..c....‘.. :
103_: B ....... i
1
1 TT e !
1 .. 1
1 \ 1
2 -
10°p e :
1 -
| - g e e ..° :
- b} L d
& j0:]f LiteBIRD Y. v ' W Se, |
- J-Te . T e Sl
= ! - .
—= ! g CMB-EE Rew P Tey
a ) 1 -, 1 -
E 10°% S 4 . | 4
@ ' o EE o
= : 4 .
s 1[i 'd :++
£ 1077 - o T Ty o " h
ch e ' 4 e ? * + + |
1 d 1
S 102! y e i
g -‘| - S BB ]
1 P » 1
1 '. 1
1
sl __J___ £ CMBBB _____ ] '
- tensor 0.01 ( ) + lensing ( )
10 H
10 5L N N " N "
2 30 180 500 1000 2500 500C
Multipole ¢
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Into the future...
TR RN, R L. - MAWVTEE._._ SN TR R . o--TEEEE... e

Angular separation in the sky

SPACE N /" ,. 1° 0.2° 0.1° 0.05°

We need to go to spa ] " T e,
for the larger scales e S
10% Planck .....
BICEP2/Keck 7% .'. . _
§ 10* | ;;(t)eBlRD .'.... N 4 ..-.o’c ...-.
'i’ e CMB-EE ..°._ .'..
£ 10} /‘_'/ "._ e Y
% -, EE o’+
= 10 lt ' d - o T T T o & " *T
g ’ .,;. . e * +
- 2 .
= 10 °f P. t?ﬁ BB ‘
y ”
103 *"f ::ehr:?)rB’B 0.01 ( ) + lensing ( )
10¢ ++T ]
ol 30 180 500 1000 2500 500¢
Multipole ¢
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Into the future...

AT PTG i RN VA TSR - R S TR . -
. Angular separation in the sky
SPACE ‘/', by 0.2° 0.1° 0.05°
We need to go to spa ™ I SN
10°}F — s | . ".-...
for the larger scales T -
. . . 10% Plad ..°.
To significantly increase BIGEP2/Kech N I i
the # of detectors, we < =} So5F " 25 "2 A N
need to be on the = : Cwo-cx Tes, T
E 10°0 - 8 .4
ground = 7 EE .,
o ++
= PSS S el o . T
8 + 1.
= BB ‘
) + lensing ( )
1000 2500 500¢
Multipole ¢

GROUND
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Into the future...

AT T, AR TN NG - R R . -
. Angular separation in the sky
SPACE

("/e‘\?‘o -
We need to go to sp - SO o SO N

13— < s
for the larger scales TT -

. ‘g . 10% Plag ..°.
To significantly increase BICk P o P .
the # of detectors, we & o} GF"" 2 "2AR A A '
need to be on the r : Cwo-cx Tes, o
£ 10° e W 4 *4
ground = J EE
Z 10t o - T e o ’ **T

We need to be on the 8 v ot T At
ground for the Igrge S0} 4 b BB ‘
telescopes required to | .-
study the small scales 102 4 i
(neutrino mass)

10 4F
=> Best TradeOff as up —_ .
nNow 2500 S00C ++

Multipole ¢ CMB-S4
GROUND
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Simons Observatory in a nutshell
I BB RN T . TR - R - TR - - R

6 frequency bands
27-270 GHz

LAT & SAT

Wavelength
3 cm 3 mm 300 pum 50 pum

8
10
4 c ES
10 2T 8
n ERE
~ W _5 0,
> égjﬁ fsky ~ 40%
efs
L.:S'a
10° :
$E3 fsky ~10%
=0 :
LI . 4
1

: ks -
10 100 1000

Frequency (GHz)

credit: Josquin Errard
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Simons Observatory: SAT - baffle and installation
AT I LR RN - T . A -u\lw-)/)_'—--——

April 2023
Credit: Dave Boettger
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Simons Observatory: LAT - the instrument
AT e, RN AT . DR - R S SRR - -

J. Errard & T. Louis, Simons Observatory, CS IN2P3, July 2023

Journée P2I
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LiteBIRD: overview
TSR RN, R L. - MAWVTEE._._ SN TR R . o--TEEEE... e

* Lite (Light) satellite for the study of B-mode polarization and Inflation
from cosmic background Radiation Detection
* JAXA’s L-class mission selected in May 2019

* Expected launch ~ with JAXA’s H3 rocket
, from Sun-Earth Lagrangian point L2
* Large frequency coverage ( , 15 bands) at

angular resolution for precision measurements of the CMB B-modes
* Final combined sensitivity: , after component separation

Astroparticle symposium 2023
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LiteBIRD full success

e O e B R e T B e e

Full Success
* o(r) < 10-3 (for r=0, no delensing)

» >50 observation for each bump (for r=0.01)

LiteBIRD will also provide a cosmic variance
limited measurement of the E modes

Statistical uncertainty

* foreground cleaning residuals
Margin ] * lensing B-mode power
0.00057 uncertainty <

' 0.00057 * |/f noise

Systematic uncertainty
* Bias from |/f noise
* Polarization efficiency & knowledge
* Disturbance to instrument
* Off-boresight pick up
* Calibration accuracy

Astroparticle symposium 2023

0.1

0.03

0.01

0.003

0.001

3x107%

DRl TP,

® Higes N.=57

Fiauciall mod'el = étarobinsky |

10/3
u

LiteBIRD |
LiteBIRD/Planck
BKI18/Planck
mz¢2 47< N, < 57
wp  47<N,<57
o> 47< N, <57
R? 42<N.<52

exact scale-invariance

Poincaré disks

0.1

0.03

0.01

0.003

0.001

3x107*

0955 0960 0.965

0.970

0975 0980 0985 099 0995 1

o —m = = = = — - -

0

Fiducial model with r = 0!

|| LiteBIRD
I LiteBIRD/Planck

¢ 47<N.<57
e  R? 43<N,<53

BKI18/Planck
V, tanh?(p/2M)

2

exact scale-invariance
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Timescales...
T N, R L. - MAVTEE._ SN TR R T e

CMB-S4
Naxt Ganaration CMB Experiment

l/v

N
7\
(’!e B\?9 ‘L

SIMONS

OBSERVATORY

by

first light(s)

3 SATs (2 MF + 1 UHF)

LAT 7 tubes LAT 13 tubes
I —————— ]

2 SO:UK ard 1 SO:JP

FULL SO OBSERVATIONS

*u o B >
> o

&
e P
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Simons Observatory: detectors
I BB RN T . TR - R - TR - - R

SO sensitivity

SIS
47

E \ space-based experiments
< 107! stage-1 - ©(100) detectors
e = stage-2 — O(1, 000) detectors
i —— stage-3 - (10, 000) detectors
%\E 10-2 = = stage-4 - 9(500, 000) detectors

=
% S ( 60,000 detectors
-
8L \
©c o 10 \ 1
g N \\
X
S /\ DR
Q1074 120,000 detectors Se e

2000 2005 2010 2015 2020 2025 2030 2035 2040

years

Journée P2I

Mid frequency (MF) and
ultra-high frequency (UHF)
detector & horn arrays

Low frequency (LF)

SO will use dual-polarization. dichroic TES bolometer
detectors. cooled to 100 mK. The LF detector arrays build
on the proven performance of POLARBEAR and the MF
and UHF on ACT.

26




Simons Observatory: SAT - TimeScales
I BB RN T . TR - R - TR - - R

news #1 SO += SO:UK + SO:JP

€20z ANt €dgNI SO ‘pJeus3 uinbsor woid

~ 2024 ~ 2028
3 SATs 6 SATs
30,000 detectors in total 60,000 detectors in total
6 frequency bands 6 frequency bands

...a French SAT is also discussed
Journée P2| 27




The instruments and the payload

AT el RN T . SRR - R S SRR . -

are used to provide the
frequency coverage
(low frequency telescope)
(middle frequency telescope)

(high frequency telescope)
* Multi-chroic transition-edge sensor (TES)
cooled to
* Polarization modulation unit (PMU) in each
telescope with (HWP),

for 1/fnoise and systematics reduction
* Optics cooled to

* Mass: 2.6t
e Power: 3.0 kW
* Data: 17.9 Gb/day

Astroparticle symposium 2023

Payload module "

LFT HFT MFT cnes

V-grooves
(for radiative cooling)

Bus system
‘ f (or service module, SVM)

idld T

Star
tracker

Solar
panels




LiteBIRD focal planes

AT el R T . B - R S TR . -

» Transision-Edge Sensor (TES) arrays.
» Multichroic detectors.
» Number of sensors: 4508
* |5 bands including overlap
between instruments.

MFT 2 5: 1) 2075 detectors 6—
LI B AR 4 [=

89GHz 225 GHz

S9[938|d
$4012919p pa|dnod uioH

Lensed coupled detectors
Lenslets

LFT (5.7:1) 1258 detectors HFT (2.7:1) 1355 detectors

k
-@------- E E = E E
34GHz - - - 161 GHz 166 GHz 448 GHz

29
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LiteBIRD sensitivity

e O e B R e T B e e

N
S

(98]
(=}

[\
(=]

Sensitivity [uK-arcmin]
o o

40 50 60 70 100 200 300 400
Frequency [GHz]
* Projected polarization sensitivities for a 3-year full-sky survey
* Best of 4.3 uK-arcmin @ 119 GHz (Hazumi+ 2020)

* Combined sensitivity to primordial CMB anisotropies (after
foreground removal): 2.2 pi-arcmin

Astroparticle symposium 2023




LiteBIRD full success / extra success
wh T IR g s RS T B GR - R - - -

Extra Success

« improve o(r) with external observations o
lO » ]
« delensing improvement to o(r) can be a factor > 2 2
Aiming at detection with >5¢ in case of 2L k .
Starobinsky model =
Baseline g
o
+ delensing w/Planck CIB & WISE 57
o F .
+ extra foreground cleaning w/ high-
resolution ground CMB data
i |
0.945 0.960 0.975

Primordial tilt (ns)

31
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CMB-S4: the ultimate ground based ?

AP e, AR T L S - R TR . -
e South Pole:

18 x 0.55m small refractor telescopes ~150,000 detectors with 8 bands,
> Last years: a dedicated de-lensing 6m telescope with 120,000 detectors, 7 bands
'(I)';e;rr\]endous effort o Chile

— S
Analysis Of Alternatives Ultra-Deep r Surveys Deep Wide Survey <: 2x 6m telescope with 120,000

detectors each and 7 bands.

> In late 2022 : @m %ﬂ%
a new baseline e _ 7 o

27/39 GHz

design and a revised P P

> ) X
schedule Large Aperture Telescope (LAT) * The instrument will feature

& / kilo-pixel arrays, dichroic,
\& M horn-coupled, superconducting
@ ‘9 TES detectors and time-

szt domain multiplexing.

95/155 GH

Small Aperture Telescopes (SATs)

a8 £20Z AN €dzZNI SO Jodwols "y
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Forecasts...

PR el RN T . B = B e TR . -
Table 1. Summary of Key Science Goals from Advanced SO*
Current” | Advanced SO | CMB-S4° Using Rubin, 10° I
2024-2032 | 2028-2035 | DESL, or Euclid I 1
D dinlpontushati i I I
r (A, = 0.3) 0.03 0.0012 0.0005 v | ‘ - - t the
e AL 0002 U002 e sz 10 I J  simons
e=2"P(k = 0.2/Mpc) 3% 0.4% 2 EE 11 Obelly Y
Hosal 5 1 0.6 v - ! i}
Relativistic species o % , il
Nest 0.2 0.045 0.03 - €= 107
Neutrino mass £= © !
m, (eV, o(r) = 0.01) 0.1 0.03 0.03 v 28 W
m, (eV, o(r) = 0.002) 0.015 0.015 v SE SR
Accelerated expansion ? > 107
oa(z=1-2) % % 1% 7 45 I
Galaxy evolution
Mfeedback 50-100% 2% v
Pot 50-100% 4% Y 10 e 2015 2020 2035 2030 2035
gglomzatlon = 03 T year of publication
2 3 ; ; -
T 0.007 0.0035 0.003 -
Cluster catalog 4000 33,000 70,000 v
AGN catalog 2000 100,000 = 100, 000 -
Galactic science
Molecular cloud B-fields 10s > 860 -
U(Bduax) 0.02 < 0.01 -
Planet 9
Distance limit for 5 M, 900 AU v
Transient Detection Distance
Long GRBs, on-axis 420 Mpc v
Low-Luminosity GRBs 60-190 Mpc v
Normal SNe Z 4 Mpc v
TDEs, on-axis 2100 Mpc v
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Forecasts...

e O e B R e T B e e

Table 1. Summary of Key Science Goals from Advanced SO*

Current® | Advanced SO | CMB-54° Using Rubin,
2024-2032 2028-2035 | DESI, or Euclid

Primordial perturbations
r (A =0.3) 0.03 0.0012 ¢ 0.0005 v
s 0.004 0.002 0.002 -
e 2Pk = 0.2/Mpc) 3% 0.4% -

Hocal 5 1 0.6 v
Relativistic species
Neg 0.2 0.045 0.03 -
Neutrino mass
m, (eV, () = 0.01) 0.1 0.03 0.03 v
m. (eV, () = 0.002) 0.015 0.015 v
Accelerated expansion
os(z=1-2) % 1% 1% v
Galaxy evolution
Mfeedback 50-100% 2% v
Pot 50-100% 4% v
Reionization
Az 1.4 0.3 0.25 -
T 0.007 0.0035 0.003 -
Cluster catalog 4000 33,000 70,000 v
AGN catalog 2000 100,000 > 100,000 "
Galactic science
Molecular cloud B-fields 10s > 860
U(Bdust) 0.02 < 0.01 -
Planet 9
Distance limit for 5 M, 900 AU v
Transient Detection Distance
Long GRBs, on-axis 420 Mpc v
Low-Luminosity GRBs 60-190 Mpc v
Normal SNe Z 4 Mpc v
TDEs, on-axis 2100 Mpc v
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Table 1. Summary of Key Science Goals from Advanced SO*

Current® | Advanced SO | CMB-54° Using Rubin,
2024-2032 2028-2035 | DESI, or Euclid

Primordial perturbations

r (A =0.3) 0.03 0.0012 ¢ 0.0005 v 10° "'6"

s 0.004 0.002 0.002 -

e ?"P(k = 0.2/Mpc) 3% 0.4% - E<

Vi 5 1 pe £ Current Cosmology (95% U.L.) ?

Relativistic species gy O wn

Nexr 0.2 0.045 0.03 z L
INGUtrino mass KATRIN (72

m. (eV, o(r) = 0.01) 0.1 0.03 0.03 v B 20200 2,

m, (eV, a(r) = 0.002) 0.015 0.015 7 Ty (95% U.L)| @

os(z = 1—2) % 1% 1% v % 14 ©

Galaxy evolution E o

Tfeedback 50-100% 2% v W |yerted Hieral = o

Pat 50-100% 4% v 101 pult 10

Reionization A

Az 1.4 0.3 0.25 - No\'"‘a\ Aierat —

T 0.007 0.0035 0.003 N R CMB-S4 + DESI BAO-}- - - - - - 8

Cluster catalog 4000 33,000 70,000 v =

AGN catalog 2000 100,000 = 100, 000 - (o ]

Galactic science — = — =

Molecular cloud B-fields 10s > 860 - 10 10 10

;(la,,m,,) 0.02 < 0.01 - Myightest (€V)

anet 9 an

Distance limit for 5 M, 900 AU v . . . .

Transient Detection Distance => will provide a 2 to 4 o determination of the

Long GRBs, on-axis 420 Mpc v . .

Low-Luminosity GRBs 60-190 Mpc v nGUtrIno mass Orderlng

Normal SNe Z 4 Mpc v

TDEs, on-axis 2100 Mpc v
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Beyond ACDM...primordial Universe ?

AT el R TR AR - R R . -
Prediction Measurement
A spatially flat universe Qg = 0.0007 + 0.0019
with a nearly scale-invariant (red)
spectrum of density perturbations, ns = 0.967 + 0.004
which is almost a power law, dn/dInk = —-0.0042 + 0.0067
dominated by scalar perturbations, Fo0s < 0.032 at 95% CL
which are Gaussian L =-09=x5.1
and adiabatic, a_; =0.00013 + 0.00037
with negligible topological defects f<0.01
n,in [-1.21,3.54] @95%CL

Planck 2018 results

I. Overview and the cosmological legacy of Planck

Planck Collaboration

+ updates
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