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WHERE GALAXIES ORIGINATED FROM?
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WHERE GALAXIES ORIGINATED FROM?

W"'Emergence of the cosmic web from grawta’uonal
| collapse of initial perturbations, Zel’dovich 1970’s:
*collapse along one axis: walls

_ *contraction of second axis: filaments ; |n|t|a| density
, full collapse along 3 axes: noo!es ?, pertu rbatiOnS?

Wall Filament Node ¥
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¥ Gravity vs expansion: spherical 3
A ] Dark matter Baryonic matter b 1
§ collapse — virialised objects T e llustris simulatiBh at 2=

Quantum
fluctuations at
) Inflation

CHf. Lecture from Elisabeth Krause (Monday pm)
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- <~ Expansion

/ Virialisation

Gravitational
collapse

Filaments,. & walls . &

Cf. Lectures from Guilherme Pimentel
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CMB ANISOTROPIES FROM 90°s TO 2025

Anisotropies > 2’

CMB anisotropies >12'
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FROM MAPS TO COSMOLOGICAL A
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I Cosmological information in the CMB |

4 angular power spectrum
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| e+ Large scales (>few degrees): Plateau — 00
| initial density perturbations -

e Intermediate scales (~degree): Acoustic
oscillations — total energy content of the

Universe

e Small scales (<degree): Damping — cosmic

| iIngredients, cosmological parameters
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FROM MAPS TO COSMOLOGICAL ANALYSIS
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COSMOLOGICAL SCENARIO

Wavelength [mm] Dark matter: unknown massive
‘ 2 1 0.67 0.5 A particles. Needed for gravitational
' J J J '—-I lensing and rotation curve of galaxies Hidden baryons
| 400 - "

T

FIRAS data with 4000 errorbars

» Growth of perturbations into large-scale structure through
| gravitational instability
* Determined geometry & composition of the Universe .',

- 2.725 K Blackbody : Matiére
2 | ; noire
§ ko e ) 26.5 % ‘
' = 200} = s |
| ) N 3 ) _ 0.03%
g e : Energie O Stars
- 100 |- Sgglée - Sombre 0.5% B Neutrinos
g 68.3 % B Heavy
Blackbody spectrury - elements
0 . A A 1ITEe 1 |Dark energy: needed for the T O
| 0 S 10 Hi)?sen+1996 20 ¥ |recent accelerated expansion coloion
monopole T ~ 2.7 K dipole AT ~ 3,1 mK | , , , , ,
' I * Hot big-bang scenario
i { * Existence of initial density perturbations seeding galaxies j
Credits : NASA-COBE ;j and the large scale structure (nodes, filaments, voids)

. Homogeneous
. & isotropic




VWHY DO NE NEED TO GO BEYOND?

e How did the Universe begin?
e |nitial density perturbations seeded by inflationary field — What powered inflation?
e Scale invariant initial power spectrum — Could it explain primordial BHs? Seeds of

Super-Massive BH? Are the perturbations non-Gaussian?

e What is the Universe made of?

 Energy content of the Universe is made of 26.5% dark matter — What is its nature?
e ... and of 68.3% dark energy — What is it?

e How did the Universe evolve?
e What is the thermal energy In the large-scale structure?
e What is the energy injected by Super-Massive BH"?
e Cosmic start-formation history?

VWHAT NEW CMB-RELATED OBSERVABLE ?




MAIN DIRECTIONS FOR CMB

CMB Polarisation

CMB Cross-correlations with LSS tracers

CMB Spectral distortions

... APERSONAL VIEW




CMB POLARISATION

Result of Thomson scattering of CMB photons by free electrons in the presence of anisotropies

Simulation
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CMB POLARISATION SCALAR PERTURBATIONS

Density (Scalar) Perturbations: pulling matter creates
temperature differences (hot/cold spots) that source E-mode
polarisation

e E-modes peak at minima of T (pressure and velocity are out of phase)
e Probe scalar nature of perturbations

 Probe baryon velocity at last scattering

e T and E-modes are spatially correlated

Stacking of Planck E-mode polarisation on tempreature peaks & throughs
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Planck Collab.‘13

B (lensing)
| |||||||| ] ||||||||

1O 100 1000 Gravitational Lensing: distort E-mode photons into secondary
l B-mode

Challinor & Peiris 2009




CMB POLARISATION TENSOR PERTURBATIONS

Gravitational Waves (Tensor)
Perturbations: distort and shift
radiation fields and generate B-
mode & E-mode

10 100 1000 10*

Gravitational waves decay when the
enter horizon — B-modes dominate
at large scales

((1+1)C,/2m (uK)®
1

10741072 0.01 0.1

B (lensing) T \
I I |||||||| | 1 | | |||||||| | I I | | | [ | |

10 100 1000 10 100 1000
Challinor & Peiris 2009

[ [ Cf. Lectures from Guilherme Pimentel




CMB POLARISATION: WHY FOR?

Testing inflation with B-modes Probing reionisation with E-modes
§ % } h 8 - /i// -
~ S . _
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Credits Anthony Challinor — 10 100 Credits Anthony @Bdllinor
[
* B-modes : smoking-gun evidence for gravitational waves in the early Rescattering erases CMB temp. anigotropies below the horizon
universe A2(k scale and regenerates them on the horizon scale at that time
A%(k) ~ Askns—1 > T = AEE]{; _ _ _
A%(k) = A k™ s e Change in the normalisation for T and E at small scales

| _ 4 e | arge scale E & B proportional to optical depth T
e (Can constraints model and energy scale of inflationy/1/4 ( ) ) 076 GeV

0.01
Cf. Lectures from Guilherme Pimentel




CMB T & P ANISOTROPIES (~TODAY

Targets of
future surveys
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CMB IMAGING EXPERIMENTS

Context in CMB obs. NASA COBE (1989) NASA WMAP (2001) ESA Planck (2009)
O
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LiteBIRD

Discovery of the CMB (1964)
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TOWARDS LARGE SCALE POLARISATION
!,iteBIRD main scientific ob!'ectives

Angular scale

* Definitive search for the from o | - | e 02 o1°
in the CMB polarization o -

103.

* Making a discovery or ruling out
well-motivated inflationary models ® Planck Cry

P g K a ¢
> ®©
101 ] g & "»“q ‘ ! IT

* Insight into the quantum nature of gravity

* The inflationary (1.e. primordial) B-mode power 1s e BICEP2/Keck .

. .| ® LiteBIRD b
proportional to the 0

* Current best constraint: » < 0.032 (95% C.L.)
(Tristram et al. 2022, combining BK 18 and Planck PR4)

Variance in CMB maps [zK?]
o

10—3-

e LiteBIRD will significantly improve the current 2 Cy 7P (r = 1072)

sensitivity on 7 L T !
1 -9

* The final goal 1s to achieve
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Credits Tomotake Matsumura Multipole ¢




TOWARDS SMALL SCALE POLARISATION

Simons Observatory
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MAIN DIRECTIONS FOR CMB

CMB Polarisation
(and initial perturbations)

CMB Cross-correlations with LSS tracers

CMB Spectral distortions




CMB & LARGE SCALE STRUCTURES

collaboration

Planck collab. ‘15 )
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CI\/IB PHOTONS JOURNEY SECONDARIES _

photon

Energetic T
electron - CMB
\ \
{:/I‘
/ “\ Comptonized
1. photon
Hot plasma "

Overall heatlng through inverse
Compton du to presence of hot/warm
gas in structures (clusters, groups...):
thermal Sunyaev-Zeldovich (tSZ)

ll'l 1 L] 1 L] L] lll' L] L] L] L]
30 44 70 100 143 217 353 545 857

20 keV :

Specific spectral signature & amplitude

y probing electron gas pressure

y(n) =

Ne

kB Te

5 oT ds
mMeC

e, 5 L PSR NRE S EAS < WO Eds SO s A il e m Aok A L foae

Deviations through gravitational
effect due to presence of gravitational
potential of structures : CMB lensing

No spectral signature & amplitude
probing the total matter distribution
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SECONDARIES

CMB T @SMALL SCALES
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BARYONIC FEEDBACK AT SMALL SCALES

— Ragle
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CMB CROSS-CORRELATIONS

CMB ® LSS tracers (galaxies, shear...) =

(Torim* Tienst T (t+k)sz+CIB+Galaxy+Noisecms) ® LSS tracers

d
CAB X )WB( ( ))
/ 1 dn dz 1 1

e CMB lensing = 2( )@ e
R s - w0 Xs) = VX)X - be 7
* tSZ L .
. Galaxy distribution Galaxy lensing

e Beats systematic effects

e Enhances low-amplitude signals

e |ncreases the constraining power of a given data set

Mitigates astrophysics while constraining cosmological parameters




TSZ & GALAXY LENSING CORRELATION

Cradits. TNG-projact.org

Probe the pressure
profile in clusters and
groups
Probe the cluster mass
scaling relation &
Measure the hydrostatic
mass bias
Constrain the feedback « E3/3(2) Msooc

3 x 1014(0.7/h)Mg
processes

drr Xmax sin(/x /!
2 (M, 7) = L300 / dxx (Ix/I500¢)
l Xomin [x /1500

500c

Pressure profile
P.(x) = 1.65(h/0.7)* eV cm™>

2/3+ap
p(x)

Some of the earliest works based on CFHT-LS galaxy lensing correlation with Planck tSZ map

................... Ma et al. 2015
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. e Simple bias
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Hojjati et al. 2015
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No Cool, WMAP7 :
AGN 8.0, Planck
NOCOOL, Planck ——
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TSZ & GALAXIES CORRELATION

Probe the physics of the hot gas in baryons in redshift bins (tomographically)

Makyia & Komatsu (2019)
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CMB-LENSING & GALAXIES CORRELATION

_ _ —— ACDM {  2MPZ
¢ From the earliest 3o detections and proof of concepts } o o B bk

’ Holdr et aI.arXiv:I303.5048 i>}1 -~ 1.5 Bianchini et al. 2015

= Theory b=2.79. A =165
Theory b =280, A =162
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: > . § Z
| I ) L. ) - i
_ O 25 DESI Legacy LRGs calibrated with spectroscopy data x ACT DRé
. f # i 0.8 ——  Planck 2018
i e 0.0-------==cemem e em e - - 5 — ==-- PR4 (Tristram et al. 2023)
: trib it h_ , - S ¥ This work (joint 21 —
§ SPT lensing and distribution of high-z 100 200 300 400 500 600 700 800 & 0.7~ ks work {joint 21 = zy)
§ galaxies from Herschel / | $ This work (individual z;)
& 3 §  Farren et al. 2023
, See also Hand+ ’13, Hand+ 5, Kirk+ 15 i o 0.67 Piccirilli et al. 2024
; ‘ 0.0
. ¢ o

To constraints of the growth function and .
cosmological parameters
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CMB-LENSING & GALAXIES CORRELATION

p N 0.90

{ From the earliest 3¢ detections and proof of concepts ‘:.

Planck CMB aniso.
DES-Y3 3x2pt

: [
. KiDS-1000 3x2pt (incl. 3D clustering)
, L 0.85 + B HSC-Y3 3x2pt (small scales)
| ‘s’ — (ACT DR6 + Planck PR4 Lensing)
, Holder et al. arXiv: 1 303.5048 5. > 1.5 Bianchini et al. 2015 % X DESTLRGs
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See also Hand+ 13, Hand+ '15, Kirk+ ‘15 ] &
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CMB-LENSING & GALAXIES CORRELATION

— e g e ey Py — o - — S P - Tl R ) — -

From the earliest 3o detections and proof of concepts flat wow,CDM flat wow,yCDM

‘l{
, __Holder et al. arXiv:1303.5048 >, > 1.5 Bianchini et al. 2015
—  Theory b=2.79, A =165 }
: . = = Theory b=280, A =162 ',
3 ‘. o { { 2013 g('.ﬂ\'l'.’ M2013 "
‘I L I I K2013 5 gGN12 \[2015 |
' = 50 I I k2005 g(."\'l'_’ \[2015 3
, X - - -
"_. :, I I 2015 o g.;.szg V2015
| 1 b‘ 2.5
i 0 SRR J - 3 1A
- trib it e $ Euclid consortium: llic+ 2022
§ SPT lensing and distribution of high-z 100 200 300 400 500 600 700 SO0 )
i galaxies from Herschel /

See also Hand+ '13, Hand+ '15, Kirk+ 15 .' Euclid forecast — X-correlation improves

To constraints of the growth function and ~3x on standard & extended model
cosmological models + Constrains the

cosmological parameters _ biais model, i.e. baryonic physics

,
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TOWARDS CMB SMALLEST SCALES

Euclid early release data Rubin 1st wide image
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TOWARDS CMB SMALLEST SCALES

Simons Obs. / South Pole Obs. observing now / SPO ~2029 arcmin - ~3/~0.5 pK-arcmin - half sky / 3.5%

Angular separation in the sky
0.2 0.1 0.05 proposed, 2030s 15" - 0.5 pK-arcmin - half sky

aTT N ‘ 15" 0.5 pK-arcmin 2x30m Credits N. Sehgal

angular resolution at 150 GHz combined temperature noise new telescopes in the Atacama

e = 6x finer than Simons Observatory = 6x deeper than Simons Observatory seven bands, ~30-350 GHz
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MAIN DIRECTIONS FOR CMB

CMB Polarisation
(and initial perturbations)

CMB Cross-correlations with LSS tracers
(and baryonic physics & feedback)

CMB Spectral distortions
(How black is the blackbody”? What can we learn from it?)




CI\/IB SPECTRAL DISTORTIONS

Durmg cosmic evolution energy or photon |njectlon/extractlon by phy5|ca| process o

modifies the CMB BB spectrum, if thermalisation via energy redistribution or photon |

380,000 yrs — z =< 5 x 104 - - - - 1yrto 100 yrs — 5 x 104 = z = 106
y-distortion = Inverse Compton y-d IStortion ,Ll-d IStOrtion | u-distortion = chemical potential
BB at T, BB at 7,
17 u
y

<1yr—z =z 106
Temperature-shift

Efficient
Compton

Efficient

Compton,
BR and DC

Inverse Blackbody at 7

Compton

Fully non-thermal
- Adapted from B. Cyr

Fully thermal




FUTURE FORESEEN CAPABILITIES: FOSSIL

Modeling foregroungs & signals & instrument
characteristics

Three target measurements:

* Monopole y distortion 3 orders magnitude
better than FIRAS — o(y) ~5 x 10-°

* First measure of average electron temperature
down to kTesz= 1.3 keV at tens ©

* U distortions hundreds of times better than
FIRAS — o(u) ~1.5 x10-8to ~5 x 10-°

10° -

- —
- (-
RSy (o)}

Spectral radiance [Jy/sr]

10°

Compared with COBE/FIRAS
10 times better in angular resolution
e ~1000 better in sensitivity

CMB

Average total
foregrounds

-
.
.
\
\
'

\ S \
! FOSSIL \ \\\
| S N |

102

Frequency [GHZ]
Credits Xavier Coulon PhD 2026, Aghanim+ ‘26




DISTORTIONS FROM EARLY UNIVERSE

e Primordial power spectrum at small scales — Open a unique window
e Challenge the single-field slow-roll inflation — departure from predicted y?
e Origin of super-massive BHs — Test of primordial BHs as SMBH seeds

107!
1044
10734
4 Dissipation of small-scale
107%+ .
perturbations — energy
1075 injection — distortion of
T CMB spectrum for single-
0 COBE/FIRAS: [ < 4.9 x 10~ field inflation scale-invariant
10-7 FOSSIL (Monopole): |ul < 1.5 x 107° Inltlal perturbatlons “ —~ 2. 10-8
FOSSIL (Monopole + Spatial Information): |u| < 5.0 x 107"
. M)
1054
_________________ 1’5\"\.’ ("(‘-éll'l‘ ’ S(?a](‘-inv;lri'dn
10 9. ) \,g\r-—---—-----_----_“-“-—-—-———_i) __________
L ‘()S.\'“ n~2x10-8 -
10 10 1

10-% 10°% 107 10° 10' 10* 10* 10* 10° 10° 107 108 10° 10' 10' 10" 10 10™ 10%
i |
k (Mpc™) Aghanim+ '26, Cyr+ ‘26




DISTORTIONS FROM BARYON PHYSICS

Probing thermodynamics of the Universe

e Collapse of baryons in the potential wells of
cosmic web (clusters, filaments) —
Gravitational heating

e Feedback from galaxies supernova (SN)
and SMBH-powered AGN — Energy
injection

Dark matter

After z<103, Thermalisation is totally
inefficient — predicted distortions the in
CMB spectrumy ~ 2. 10-6

X-ray emission

AGN feedback SuperNova feedback Gravitational heating

alone alone |
Villaescusa-Navarro+ ‘21




DISTORTIONS FROM BARYON PHYSICS

Probing thermodynamics of the Universe

o _Non-relatlwstlc y signal traces the pressure of | SIMBA
IOnlsed gaS " : Excluded l
o C()mp|ete census of hot baryons | —® FIRAS (Fabbian+2026) % 1.8
e Probe of the thermodynamic state of T »
ionised gas across cosmic time. = P
g - > A ORI s 14 o
e Relativistic y signal traces the electron 2 100 ,.g.,;,.g&j,g&v G 2
~ : . ¥y 3t ST A - 1.2
temperature I av g sipinn Tt 18 <
 Measure temperature down to Te =1.3 keV i A S 1.0
* Put stringent constraints on total energy | SN 16} o 0.8
injected by SuperMassive BHs ’5 ST Io.(,
10~ '

e |solate feedback models among the range 00 T
of possible models allowed by current (y) [107™°]  Aghanim+ 26, Credits G. Fabbian
observations




DISTORTIONS FROM DARK MATTER

Probing the nature of dark matter

| XE <> X€ ' )
. . 10~29 {0 FIRAS J <z /’/://
Via imprints on the CMB spectrum of DM decay and B FOSSIL.~* -
annihilation or scattering with standard model (SM) 1072 | =107 ,,,:;22;23"’%(@) 2
particles %10_35 S
© pl=107"
 Scattering of DM with photons, electrons, nuclei 107 XENON“’/
acts as a heat sink for the photon—-baryon plasma —
negative y distortion :
» Probe DM masses up to ~ 1 GeV | PSS
e Constrain models of the thermal decoupling of | e
DM with the plasma
 Discrimination among scattering models
Oye(V) = 0,0°

T




FOSSIL MISSION PROPOSED AS ESA M3
FTS fOr CMB Spectral diStortlon expLoration PL. N. Aghanim

e Full sky coverage from L2
e Duration 4 yrs
e 50 to 2000 GHz
e Av=15 GHz — 130 frequency bands
e Split @~300 GHz
o 2 spectral bands
e 2 primary telescopes: ~40cm

Th- Black Body Internal
Reference (BBIR)
25 K

» Shield M3 E ® Spatlal ReSOIU“On
* /\ - ~1.6 deg equivalent Gaussian
M4 F ‘ .
Scanning mirror /g\ b e a m
Optical Pzztl; ?ifference \2/
" D> » FTS with
Dichroi 7 2 inletS

" [

HFDU (L)

o 2 outputs — 4 focal plane units
Instrument & telescopes cooled at
LFDU (L) LFDI ~45 K

Aghanim+ 26 Credits Morgane Loquet Le Gall ° Focal planes COOIed @50mK
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MAIN DIRECTIONS FOR CMB

CMB Polarisation
(and initial perturbations)

CMB Cross-correlations with LSS tracers
(and baryonic physics & feedback)

CMB Spectral distortions
(Initial perturbations, baryonic physics, DM nature)

... APERSONAL VIEW




CMB LANDSCAPE & POSSIBLE PROSPECTS

021 2022 02 2024 025 026 027 0 029 30 )31 ’)032 0 ] 5 036 037 03 039
ADV-ACT :
.L .
-} SIMONS ARRAY
SIMONS OBS ﬁ T & P
XX X XN X X X X
A SOUTH POLE OBS
BICEP ARRAY E
BICEP3 {
SPIDER-2
o IBISOU §
ghus | IFOSSIL

P72 00?227
XXXXX"’%XXXX

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 035 203 203 38

39 2041

Timeline adapted from the Snowmass 2021 CF6 summary report (arXiv:2209.08654), with Advanced SO added.

Adapted from adaptation of N. Seghal
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