La cosmologie a
Sorbonne Universite

@ETRAE MY T vATRNEE TS P




T R S e R R ORAT 3

&

E0 AL NFEEFVE 25 A ST RS S




R L

o

& Fe TR

-

R Y e P (P
Q}aﬁ.'i’ - 4 P - 2 X

Fools

VR 21

>
»

”

!‘ ¥
Al Pk

ST
;—'l' B

-

”i
A
o

»
A
- -

.............

e S RN SN NS S ASA A SO S NN
SR e LR AR R LR R et
NN \ _—_thante
TSN NSNS NN
A Y R NSNS

Milliards d’annees

2y = 79y - K A
E AR

ity  4nG
a®) 32 \X 2 3

‘I




A

AL
v oL, -
5V AN

AR

“T

& '_.!a/!f;

z

Taillle de PUnivers

." 'iu. .I . _I - 4
¥ s \ . E

$2

[
'-J'
..'l
N
&
o
e
c oy
{

>, ’
e,

PRt S N
------
LR AT A% AN,
\\\\\\\\
\\\\\

‘‘‘‘‘

LR N

7

/ Aujourd’hui
10

'
.

—
”

Radiation

10

Milhiards o’

13.7 GYR = t

387G ” kc? .
32 7Y T a2 T3

at) _ 4nG 3p(1) A_c2
% =~ =5 p(t) + =R + :

H?(f) =




nivers

Y TSRS TR TR APETS

L2,

''''''''
.....
------

'''''''''''
.....

distance modulus

" Radiation

13.7 GYR = t

-
o - S
-

5 G
HA(0) = == p(1) = —— +——

i _ _ 416
a(f)  3c2




A

AL
v oL, -
5V AN

AR

g

Taillle de PUnivers

4

'
.

$2

-, ,
,,,,,

d
........
et

O

-
\\\\\

>
/

-10

Aujourd’hui

S [T

—
”

10

Milhiards o’

13.7 GYR = t

SnG ) 4
32 7Y T a2 T3

ity 4G 3\ A
an 3 VT 3

H?(f) =




' €3

L A 5,?. AR
‘—’?‘ S ‘?n-.,; 5 N

. " ~
v .o . -
. r A ’ ‘ 5. ‘ ’ :
. '\.a - “ . .
e I - &8 . . -
. . -
)* 3 . n.,' < y,
. ' ."'.. SN ) 2
o s i ) 2 )
1‘ - a «
. pu -
» - ..'l ' L

%]
¥
ke,
o)

'J

e

R o NSRSV 25 T B

Aujourd’hui

i (?) +
3C2 p a2(z—) 3

a(t) drG 3]?(2‘) A62
a0 32 (p(t)+ >+

H?(1) =




f

(a) /Fa.lse Vacuum , { Quantum

Fluctuation

=

Quantum O\ | P

Fluctuation . | y
" ) o 24%

/ Radiation

6.0x10° 9.0x10°

Energy Density

/

= - "\ :
] i o ~ ]
vl ¥ g
Bl 1Ty / 4
- " i " : |
k o i “ “ |3 7 G
2 ' |
H, Ir-' o i \
S K (’;- I A'.:::,‘— ; )
g ) I

5 ¢ ‘

% M \ g —- - . ) 3 . . . . 7 |-'l‘ .‘ﬁl-? AT
. g Ll . v - o e R A g . = . . widlle
Ol

|
;,-‘
%

NS5 PR © S A

AR - O S s

12 14 16

logy(p'"* /1GeV)




_
=

1030 1027 10-24 10-21 10-18 1015 10-12 10-° 10-6 103 1 10° 1012 1015 5 Z 7 : // 242
y

/ Radiation

|

R N ros §rT _
1’;;’;,’"; e b NP T o

R 25 S e

3 (‘ 0
(e Ty

LR E PR

\ L _ I\
Friy ary vwiwiw

ELTEREWRRERILT. i PR, TR T

e -Y- — H‘:'.-Y .-
e

1y 6 () — kc? +AC2
32 7Y T a2 T3

o0 2
i) 4aG <p(t) X 3p(t)> L A

a(f)  3c2 2 3

H?(f) =




¥ 00

LA A
o T

log(M,/M,,.)=11.5 log(M,/M,.)=12.1



-
o/
§

A

¥ Ages sombres

L

Univers neutre

‘l






T 4000 F

[ S—

T 4000 F

[ S}

.'g_“ 4000 F

[ —

Intensity [MJy/sr]

6?{)c(:)alar Amplitude primordial spectrur-
+10% In(10%s)

5000 F

X 3000F

o 2000 F
1000 F
0

2 10 50 500 1¢o'oo15b020bo 2500

Angular scale of sound horizon
6000

5000 F

I 3000F
o 2000F
1000

OE. A 2 N . N
2 10 50 500 1¢000 1500 2000 2500

Physical density of baryons
+40% 0,n?

6000

5000 F Qbh

I 3000F
o 2000F
1000k

2 10 50 500 11000 1500 2000 2500

Cosmic Microwave Background Spectrum from COBE

Scalar spectral index

000
5000
T 4000}
3 3000f
& 2000F
1000 |

2 10 50 500 1£o'oo1abo 2000 2500
Optical depth to reionization

6000
5000 F T

& 4000

x

2 3000

& 2000F
1000 f

+40% T

a

2 10 50 500 1{.)00 1500 2000 2500

oo(l?hysical_den_sity _of da_lrk matter

+40% Q_h?
5000 F Q h2 €
& 4000 C
x
3 3000F
S 2000k
1000k

| |

2 10 50 500 11000 1500 2000 2500

400 | :

350

300

250

200

150

100

50

Black Body Spectrum

I [ |
COBE Data —+—

Photons s ! cm2 sr'l nm!

12

14

1073

22 108

16 18 20

107 -

108 ¥

105 L

104 ¥

103 +

102 ¥

10l +

10°

10-1 ¢

102 ¢

o iR

..! > }Ff" — <

-, e . ':f.. ‘{‘e‘i’ : - ] 4
e gl '

A
.
-
oy
», .
- . -
P - wo

AN
/ \

—/-A
v/ ~N~ -
/////—\-// —
—~/\—‘/l\

//al///“\\\/‘

/
|
—S S r— s ———N - ==\
~

S, ——

\~‘

—\Il\\-——\

/”_ === A ~S— N\ - e - = 1 N\ 7 \E
//////~// /\~~£/ ’ % ——\//'.\
= ~~-7/ 1\ . _ ._
e 7 N . N\
|

}‘.

///I

//

.

7 ~

;27/;\ Z
— - TR e |
///-//I =~V

After Dole & Béethermin ~~— s \ \

\ \\\

CMB

CIB cf. Ressell & Turner 1989
Optical Lagache 1995
P Henry 2002

NN
AN

N\N\N———————m——r—— = = v/
\\/‘_.—--—///// a - - //
~~=~—--——7//1 17 -

\\\»—7///~\ .
;\\v | = RN =

~400

~10'° photons per baryon in the Universe
photons cm~

(most of them are the 2.73K CMB blackbody)

RRI FREEEIRIT S el PRI el FRRIRY el 1l Ll s uruul 4 wl
108 1010 1012 104 1016 1018 1020 1022 10%°



¥ Fy
ERNwy
G L

R ey h L

A R BT
\_h"-"u

' “f«',::‘--g

4
/ N /\///—////_\\\‘\//////
///’///"‘\\\"l 1 /////—\-//—\—\—\\\////
S S r— s ——~\ - —— \ \ -~ / //////"\ _'/\_"\\'.\_///
‘_/,_/__\\\.\ RN - //////~ —_—0 1 N\ 7 \7 - = -~ -

- —- - N~ - 1 v o N W

o a=/ [ \ —————

==/ s S/

/ NN\~ /4 —— N
2/~ N~ ~~—-\
//W\\\\/\\\

e

!/ S — o s —

\—///7/’/7////"/—"’“/'/>Z/

CMB-S4 Collaboration Workshop
September 19-21, 2016 « Chicago, |

CMB-54 |

Next Generation CMB Experiment

/l e

——




.

= e ‘\\\/\ |

— - 1 -\ \‘

- W




DT [uK?]

Dy P [uK?]

DFE [uK?]

6000 -

5000 -

4000 -

3000 -

2000 -

1000 -

100

1000

Multipole ¢

100 -

—100 A

10

100

1000

Multipole ¢

Illlld IIIIIM IIIIIIIII

500 1
Multipole ¢

000

15

00

2000

[L(L + 1)]2/(2m) CE% [107 pK?]

1.5 -

102
Multipole L

Wm
0.14

0.12

100 wp
2.3
=

2.2

1006.
1.040 1.045 1.050

0.9

Og

0.7

h
0.70

0.65

0.2

0.1

0.0

ns
0.98

0.96




o
.'1‘ . e . .". . . "-;’ 5
.‘ g N 3 . : 'sﬁ"b’
e AT 5 WSS SR ARSI i A
. e < -1 M - . " 3

-,

|
~

Wi

'

7Y .
:d‘xzrh
s O o

e S R A R R i e
g- I | ',jp 'v._g;. 3 ‘,~'_ 27 =
i TT,TE,EE-+lowE+lensing | & 3ait a3
’71/6,+ \ TT,TE,EE+lowE-+lensing 5
\\ +BK14 : ot - -
QD/, \ TT,TE,EE+lowE-+lensing | = f
o D Q . +BK14+BAO 3
—~ s | \ | Natural inflation g
O .
= ® \ Hilltop quartic model \
~ '
5 \\ o attractors ;
g \ Power-law inflation : -
_— \ . R? inflation [ )
TS = \ V ¢2 F CE]
! \ 4/3 - =
: ) Vo s
|2 MOD i \\ 1 V ¢2/3 >,
= \ Low scale SB SUSY
\ N,=50
\ N,=60 )
\ -
- \
O. |
= 0.94 0.96 0.98 1.00

Primordial tilt (ny)




-~
™ o

. ;‘. '.\&. & £lea :_4- . — -

- TN o R T . ;%. g e e
-.‘L“ g . ;_2’&‘& 3 7 0 ‘#%“S_ 5 ..',’52. BN
oy . - - t‘ bt - - - - =
IR AT T SN ST - .;.3!“ e R 3

£
I Planck TT,TE,EE+lowE B Planck TT,TE,EE+lowE-+lensing B Planck TT,TE,EE+lowE-+lensing+BAO

oL,

!4' M, R

0.00

o2

& —0.06 :
g
f
0.12 | + + + 1 1 ?N.-'f
e . . . ! . . . . . . . . . . . . ut':: 4
0.60 + + 1 1 1

.‘: -.h;"'('
.?‘l‘, "
-_ 1;"

..........

i

-/ - \\
v/ N~ ¢
/////—\-// — =~
—-/\—'r:\

g\

N

\' N =/ \

| \\-——\

-
!‘—\ /

- N\

s -

e

N0 ) CRSRANY RIS SUSSSUSS NS UU——————L  WUSSS— S W | N N W_—_— 2 L
% N\N—— ——— 7~ — 7/ 4
> ;. B /T N ——— - O\ —
S \ O ||
o
7% , -
| | I\ -_- \N N~ —_——_— -/ ‘ —=
—-0.03 F i T i T E \\\\/.——-——//// /e - - 4 / . ~ —_—
— : l } l : : \\.\\""/////'//°J
| | ! /\\\—?///~ \ . A - S
0.20 F | T | 1 . e T
0.15 + + _
g
€ 0.10 T =+ i

0.05

0.72 076 080 0.84

Osg

0.022 0.023 0.11 0.12 0.13 0.93



107

108

10°

10*

103

102

10!

10°

rnotons s * cm “sr*nm*

101

1072

857 GHz

103

10° 10* 10°

10°
30-353 GHz: 6T [uKcyp); 545 and 857 GHz: surface brightness [kly/sr]

-10®* -10* -10 -101 10

P4

9‘\"
e, "Ny p
Y

L/
-

108

~400
photons cm~

The Grand Unified P}

~10!% photons per baryon in the Universe
(most of them are the 2.73K CMB blackbody)

108

1010 1012

1014 1016 1018 1020

Frequency [Hz]




Noise

E—
9 | [x10~4°] 18.1

Primordial




.
v




GRAND AT A GLANCE &7 GRAND
PROTO35

Objectives Hir i GOALS
By the 2030s, in its complete configuration, GRAND 'Sf'“:'l"e radio detection of R A N D K
will reach a sensitivity that will enable the detection NEUTRINOS! fh#F! airshowers 10
of neutrinos with energies above 107 eV. Thanks toits + Good background no
sub-degree angular resolution, it will launch ultra- « Neutrinos are elementary particles that interact weakly rejection
high-energy neutrino astronomy! Already by 2025, with matter. This characteristic makes them challenging GOALS
GRAND will be able to make the first discovery of to detect and study. SETUP - First GRAND sub-array, SETUP
these neutrinos. GRAND wil be the largest experiment ath . . . 35 radio antennas sonsitivity comparable to ARA/ oot . e vith
for the detection of ultra-high-energy cosmic rays and . @ same time, neutrinos can serve as unique : o y comp: rable 9 + Data acquisition system wi
photons. Morsover, GRAND wil uniquely explore messengers of the extreme Universe, as they allow us to 2 scintillators ARIANNA on similr time scale, discrete elements, but mature
Fundamental neutring physice, the astrophysics of fast see farther in the early Universe and deeper in objects. allowing potential 1* discovery of design for trigger, data transfer,
radio bursts, and the epoch of reionization + Neutrinos are undeflected by magnetic fields and BUDGET & STAGE cosmogenic neutrinos consumption
are clear hadronic acceleration signatures. They are +160ke, fully fugdeld by Effcient communication and power
i igh- NAOCHHEP, deployment 2018 .

CRANDFH 2030125, RAEICRAND Sl the essential ingredient for high-energy astronomy. i ploy cupply betwoen autonomous ante.  BUDGET & STAGE

RMERET —ERAANE, MEAAERRTHR _ . R spread over 10 000 km? +1500€ per detection unit

FTRIBRINFRERE 07 FRERMU LMh o BTR R (=XF) |, ENRBRELLFT

BIRN, FFOIPRF RIS E2025%, 3 SRIGURR AR R 2o

GRANDHEZR&ZBNES T, A S—hE, BFENTRIRERY, PHFTUHREBT

T . GRANDEIRS SRR ERARE A9 . BIRTFENEHRR

BRATFENE, NIRRT T « PR T AERAE N A (BT RATR, £

BRFEW, W5, GRANDHX PHMT HRAE BRERGEMIRANE TR

RV, R EPOTIHUE T AT RRAOTR

= —— How does GRAND work?
. GRANDHE T {2

The strategy of GRAND is to detect air showers above
107 eV that are induced by the interaction of high- eV (electronvolt): energy unit equal to -10™ Joules.
energy particles in the atmosphere or underground, The proton rest mass energy is equivalent to -10” eV.
through its associated coherent radio-emission in the Cosmic rays: charged particles (mostly protons and
50-200 MHz range. heavier nuclei) that constantly bombard the Earth.

A small fraction of them (ultra-high-ene

2018 2020 2025 2035 Giant Radio Array for Neutrino Detection

y cosmic rays)
are detected with colos oV, atarate
of 2 per month with the 3000 km? Auger Observatory.
Their origins are still a mystery

The Giant Radio Array for Neutrino Detection project aims to detect ultra-high-
energy cosmic neutrinos, cosmic rays, and gamma rays with a radio antenna array
deployed over a total area of 200 000 km? in mountainous regions, in several
favorable locations around the world.

I energies >10

Cosmogenic neutrinos: neutrinos produced during the

propagation of their parent ultra-high-energy cosmic rays » o - s N
in the intergalactic medium, via interactions with cosmic L{AH‘T § LMJE!FW//‘JJERA}‘D) Av;m,/?fg{xzygﬁ}ﬁAL:FE\EVEQ‘]J\EM&Z«; 4
o b SN diation. Their existence is guaranteed as ultra-high i, BTRUKEFENEGERT (QIEFNT. FRHZNNDHTS) SRNERE
Why now? A ALEME radiation. Their existence is guaranteed as ultra-high: premachag

GRAND GRAND 200K
With the first detection of very high-energy neutrinos Air-showers: cascades of particles produced in the
and gravitational waves, we stand today at the atmosphere by a primary energetic particle. The electrons
threshold of a multi-messenger era. Many high- and positrons in the cascade interact with the magnetic 30 o GOALS

precision high-energy astroparticle experiments are field of the Earth to produce radio emission.
projected (CTA, IceCube-Gen2, LISA..). GRAND ) « Discover neutrinos of 10" eV and neutrino
completes the picture at the highest energy front. f §:RERSELL, THRFIRIES . GOALS astronomy
Radio-detection of astroparticles is experiencing a RERILE + Standalone radio detection SETUP

with drastic technological, th land of inclined showers (zenith -

B + 300 Horizon Antennas over q : , ;
numerical advances. /\ bR/ angle >65¢) induced by high i « Selection of optimal sites (mountainous,
Now is the time to develop the radio technique further ¢ energy cosmic rays (:10%% eV) B e e s onEystem accessible, radio-quiet) worldwide for deployment
and join the exciting momentum of high-energy Astro-  Solar panels (24/7) + Wii data of 10 000 km? hotspots
physics! « Probing the transition between transfer
BRI DA RN E LS| ARATHEN Galactic to extra-galactic + Array of surface muon

RS AR BERERTIREES

IceCube-Gen2, LISA%.

B R A SERAYET 1o
ER I

o

cosmic ra{s"az o= detectors SETUP
;‘;)m:oé.::n m::ueremems + 200 000 antennas over 200 000 km?
BUDGET & STAGE « ~20 x 10 000 km? hotspots worldwide
1.3 Me for radio only, funded
by Chinese Institutes

fERR.
FIMCTA

+ Understanding the physics
of air-showers in the 104510% eV

energy range with independent BUDGET & STAGE

measurements of their Industrial scale allows to cut costs down:
electromagnetic and muon
contents

500¢€ per unit (150M<€ in total)

~ http://grand.cnrsfr/

WHY ULTRA-HIGH-ENERGY NEUTRINOS ? DETECTION PRINCIPLE ULTRA-HIGH-ENERGY NEUTRINO ASTRONOMY

- GRAND will have unrivaled sensitivity to diffuse ultra-high-energy neutrino fluxes, down to few 10° GeV cm? s sr*
Because they exist. Ultra-high-energy neutrinos are bound to be

Because multi-messenger astronomy is the way. 4 In the 50-200 MHz band, the radio signal 5 Mountains constitute sizeable targots in at energy 10° eV. This will guarantee the detection of cosmogenic neutrinos that are produced during the
produced by the interactions of ultra-high-energy cosmic rays with The recent observation of neutron-star merger GW170817 Cosmicray exceeds the stationary sky radiation and addition to flat topographies. Their slopes eropagation of ltre high-smergy commi rays
the cosmic backgrounds, on their way from their sources to the Earth.  has brillantly shown that the challenges of high-cnergy will be detected by radio antennas, if the enable an optimal antenna layout for signal

Neutrinos should also be produced directly at the sources. astronomy will be solved by combining data from a large primary energy is > 107 eV. detection and reconstruction.
number of multi-messenger experiments. Ultra-high-
Because they are unique messengers. Neutrinos are produced with  energy neutrino astronomy will be central to the quest of

5% of their parent y energy, and travel undeflected by 4 i

g the violent Universe.
cosmic magnetic fields. Neutrinos with energy 5107V can thus solve

Veivytve= T

one of the most puzzling mysteries of our Universe: the origin of the

srl]

ultra-high-energy cosmic rays. 1077

Because they are the next energy frontier.

Sensitivity of GRAND and its first 10k hotspot,
A new multi-messenger era is opening!

, for 3 neutrino flavors, over 3 years,
Neutrino physics is booming with 2 recent Nobel prizes and the A proton cosmic-ray and its secondary gamma rays and y 3|

first detection of 10% eV neutrinos with the lceCube experiment neutrinos on their flight from the source to the Earth. > /( 10 Horizontal lines: 90% confidence level
Ultra-high-energy neutrinos remain undetected. GRAND is the only L /

detection limit of GRAND for 3 and

10 years. Other project sensitivities

projected experiment that can reach this unchartered territory. The air-shower interacts with the

magnetic field of the Earth and emits L I pessimistiof

All-flavor (v + 7) E2®, (E,) [GeV em 2571

| ale ~ Radio emission 1077 it for ARA, ARIANNA, POEMMA are
vV N~ . coherent electromagReticiadiation in g = Ny shown for comparison with GRANDIOk.
FermiEGB KASCADE - 200 MHz band. ~ GRAND200K integ: .
o B (s ) L T ~ < b N - 5 Yellow: lceCube astrophysical flux. The
+ IoeCube %o T T / — - 1010 | graybandspans possible cosmogenic
e tl —_— F GRAND200k integrated (10
R T A (t:'u“:um:: y WHY RADIO? — = | e neutrino fluxes in the standard and most
¥ 1 T robigh- m’/( pessimistic scenarios".
f X J W b interact withthe Earth - A mature and autonomous technique rivalling with standard techniques, 3
] cosmic ;
T = target, and produce as demonstrated by AERA, CODALEMA, LOFAR, Tunka-Rex, and TREND. 10-11k o - . o - | R Aves Bt .M de Almeis B Lo, K Kotor (CAP) rkivosio0
g Il au (1) particle, « Well-adapted for the detection of inclined showers, as induced by 10° 10f 10’ 108 10° 10 10°
hat can decayjin the” neutrinos: radio waves are not attenuated in the atmosphere, leading to Neutrino energy Ey [GeV]
Cosmogenic » DeSSiitia: atmosphere, starting i 100-km? radio footprints on the ground, tens of kilometers away from the v
ui(n:mnagmm ~ standdfd; a cascade ef\seconds-\ shower source. ~
12 #  Radio ant heap and robust: ideal for the deployment of giant arrays. s
10 ol 10T 1o 10 10 100 Ultra-high-energy neutrinos R/ P;""'Es' SRR *ecic sntanns are cheep snd robiat:idealfonthe depicymer ot siant ey + For a diffuse neutrino flux of 10° GeV em? s” sr", as predicted by diverse astrophysical source
EleV] 1 produced by powerful sources e models, GRAND could collect more than hundreds of events in 3 years.
. h the Earth.
*Large Hadron Collider ) reacl
ARRAY LAYOUT With 200 000 k't anelocationn Wetern hin the
Data and theoretical predictions for energy spectra integrated exposure over 3 years is ~ 104 cm? s in the energy
of gamma rays, neutrinos and cosmic rays at the GRAND will be an array of 200 000 antennas over 200 000 km? corresponds to the size of Great Britain!

range 107 eV. GRAND covers 80% of the sky every 24 hours.
highest energies 200 000 km* in mountainous and radio-quiet regions to Several hotspots of <10 000 km? will be deployed in

collect hundreds of neutrinos with energy > 107 eV, with several continents

angular resolution of a fraction of degree.

- GRAND opens the possibility of observing

point sources/with its excellent angular
resolution dhd sky coverage. GRAND

A ROBUST, RICH AND VERSATILE SCIENCE CASE

will kick-start ultra-high-energy neutrino

BURSTING RADIO FUNDAMENTAL . ol
A ULTRA-HIGH-ENERGY COSMIC RAYS AND PHOTONS ASTRONOMY COSMIC DAWN NEUTRINO PHYSICS . g T
o/ i *

- GRAND will observe ultra-high-energy cosmic rays - GRAND will reach a sensitivity to ultra-high-energy - GRAND will contribute in a unique way GRAND will strongly contribute to other

an aperture more than 10 times larger than the photons better than that of current experiments. to the measurement of fast radio bursts science topics such as the of

By detecting neutrinos above 10° eV, GRAND

will probe f I particle physics at

Pierr&uger Observatory. The high statistics and and giant radio pulses by collecting the global signature of the Cosmic Dawn and  energies that are orders of magnitude larger
reconstruction performances will resolve small-scale « By the 2020s, GRANDProto300 will already probe the precedented statistics at low frequenci of the Epoch of Reionization than in particle accelerators, allowing for

/ anisotropies, the chemical composition and features transition between Galactic and extra-galactic cosmic- (100-200 MHz) stringent tests of the Standard Model and
near the end of tR i ray spectrum. rays, by measuring accurately the chemical composition

potential discovery of new physics

in the energy range 10710% eV. + GRAND will not be a phased antenna array, GRAND field of view for 3 years
thus taking advantage of the full antenna

field of view
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Cosmologie que
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e Quelle est I'histoire de formation et d’évolution de
I’Univers ?

Quelle est la nature de l'Inflation et est-ce le
meilleur modele pour expliquer les perturbations
primordiales ?
Quelle est la nature de I'énergie noire et est-ce le
meilleur modele pour expliquer I'acceleration
apparente tardive ?

e Quel est son contenu?
Quelle est la nature de la matiere noire ?
Combieny a t'il de familles de neutrinos, quelle
sont leurs masses et leur propriétés, y a t'il d’autre
reliques ?

« Comment s'organise la matiere dans I'Univers ?
Quelle est l'influence des processus baryoniques
sur la distribution de matiere aux grandes échelles
Comment la matiere se structure t'elle dans les
objets, galaxies et amas et quelle est I'histoire de
formation des galaxies ?

Iques grandes questions

e Notre modele est-il complet ?

* CMB Planck TT,TE,EE+lowE

*CMB ACT+WMAP

* GC BOSS DR12 bispectrum

* GC BOSS+eBOSS

* GC BOSS power spectra

* GC BOSS DR12

* GC BOSS galaxy power spectrum
* GC+CMBL DELS+Planck

* GC+CMBL unWISE+Planck

* CC AMICO KiDS-DR3
* CC DES-Y1

* CC SDSS-DRS

* CC XMM-XXL

* CC ROSAT (WtG)

* CC SPT tSZ
* CC Planck tSZ
* CC Planck tSZ

*RSD
*RSD

* CMB Planck TT,TE,EE+lowE+lensing

0.651

0.65

* Aghanim et al. (2020d)
* Aghanim et al. (2020d)
- Aiola et al. (2020)

Early Universe

Late Universe

Asgari et al. (2021)
Asgari et al. (2020)
Joudaki et al. (2020)
Wright et al. (2020)
Hildebrandt et al. (2020)
Kohlinger et al. (2017)
Hildebrandt et al. (2017)
Amon et al. and Secco et al. (2021)
Troxel et al. (2018)
Hamana et al. (2020)
Hikage et al. (2019)
Joudaki et al. (2017)

Miyatake et al. (2022)
Garcia—Garcia et al. (2021)
Heymans et al. (2021)
Joudaki et al. (2018)
Abbott et al. (2021)

Abbott et al. (2018d)
Troster et al. (2020)

van Uitert et al. (2018)

- Philcox et al. (2021)

* Ivanov et al. (2021)

* Chen et al. (2021)

- Troster et al. (2020)

* Ivanov et al. (2020)

- White et al. (2022)

- Krolewski et al. (2021)

* Lesci et al. (2021)

- Abbott et al. (2020d)

- Costanzi et al. (2019)
1 - Pacaud et al. (2018)

* Mantz et al. (2015)

* Bocquet et al. (2019)
- Salvati et al. (2018)
- Ade et al. (2016d)

* Benisty (2021)
- Kazantzidis and Perivolaropoulos (2018)

0.2 0.4

1.0 1.2

CMB with Planck -

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.5 -
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 + 1.8 -
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60 -

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54 -
Ade et al. (2016), Planck 2015, HO = 67.27 + 0.66 -

Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiola et al. (2020), ACT: 67.9 + 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+8-33
Henning et al. (2018), SPT: 71.3 + 2.1

Hinshaw et al. (2013), WMAP9: 70.0 + 2.2

No CMB, with BBN -
BAO+BBN: 68.19£0.99 -

Zhang et al. (2021), BOSS correlation function+

Chen et al. (2021), P+BAO+BBN: 69.23£0.77 -

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.3110-83 -
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 £2.2 -

Colas et al. (2020), BOSS DRI2+BBN: 68.7 + 1.5

Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1 -

Alam et al. (2020), BOSS+¢BOSS+BBN: 67.35 £ 0.97 -

CMB lensing -
Baxter et al. (2020): 73.5+53 -
Philcox et al. (2020), Pj(k)+CMB lensing: 70.6+3-f

L SSt , standard ruler -
Farren et al. 2021): 69.5* 30 .

Riess et al. (2022), R22: 73.04 + 1.04
Camarena, Marra (2021): 74.30 + 1.45
Riess et al. (2020), R20: 73.2 + 1.3
Breuval et al. (2020): 72.8 + 2.7

Riess et al. (2019), R19: 74.03 + 1.42
Camarena, Marra (2019): 75.4 + 1.7

SNIa-TRGB -

Dhawan et al. (2022): 76.94 + 6.4 -

Jones et al. (2022): 72.4 £33 -

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 £ 1.8 -
Freedman (2021): 69.8 + 1.7 -

Kim, Kang, Lee, Jang (2021): 69.5 +4.2 -

Soltis, Casertano, Riess (2020): 72.1 £2.0 -
Freedman et al. (2020): 69.6 + 1.9 -

Reid, Pesce, Riess (2019), SHOES: 71.1 £ 1.99 -
Yuan etal. (2019): 72.4 +2.0 -

SNIa—Miras -
Huang et al. (2019): 73.3 £ 4.0 -

Blakeslee et al. (2021) IR—-SBF w/ HST: 73.3 £ 2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 + 4.1
Cantiello et al. (2018): 71.9 £ 7.1

SNII -
etal. (2022): 75.4t3;§ .
etal. (2020): 75.813:5 -

de Jaeger
de Jaeger

Masers -
Pesce et al. (2020): 73.9 £ 3.0 -«

Tully Fisher -
Kourkchi et al. (2020): 76.0 £ 2.6 -
Schombert, McGaugh, Lelli (2020): 75.1 2.8 -

HII galaxy -
Femandez Arenas etal. 2018): 71.0 £ 35 -
Wan, gM g(2017) 76.12+34] -

Lensing related,mass model dependent .

Denzel et al. (2021): 71.8F

Birrer et al. (2020) TDCOSMO 74.5% ﬁ .

Birrer et al. (2020) TDCOSMO+SLACS: 67.4%

Yang, Birrer, Hu (2020): 73.65 ;26 .
Millon et al. (2020), TDCOSMO: 74.2 + 1.6 -
Q 1(2020) 73.6 ]% .

al. (2020): 72.8%

[(2019> 722+ i
Shajib et al. (2019) STRIDES: 74.213] -
Wong et al. (2019), HOLICOW 2019: 73.3tT; .

Mukherjee et al. (2022), GW170817+GWTC-3: 67 g%
Abbott et al. (2021), GWTC-3: 68 %0
Palmese et al. (2021), GW170817: 72.77+ 115

Gayathri et al. (2020), GW190521+GW170817: 73.4 %
Mukherjee et al. (2020), GW170817+ZTF: 67.67 é
Mukherjee et al. (2019), GW170817+VLBI: 68.37 g
Hotokezaka et al. (2019): 70333

Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4
Moresco et al. (2022), open wCDM with systematics: 67.8f§:z

H, [km st Mpc'l]
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Structuration de la communaute
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o« CNRS o Ressources
. INSU « classiques : ERC, ANR, CNRS, PN...
. Programme Nationaux : PNCG, PNGRAM, PNHE » CNES, pour les projets spatiaux
e IN2P3 « DIM-ACAV, DIM-Origines
. Astroparticule et cosmologie, ondes gravitationnelles, neutrinos e ILP, IPI
« INP
e GDR CoPHY
e« CNU 34 & 29

e a Sorbonne Universite

 |AP, LPNHE, LPTHE, LERMA, LESIA, LPENS, SYRTE, LKB
 IAP LPNHE, LPTHE, L3@Obs, L2@0bs, LPENS, L1@0bs, LKB

» Enseignement
» 1 module L3 + 1PAD ~40 étudiants
» 2 modules M1 (dont un anglais) + 1 PAD ~30 étudiants
« M2 AAIS, M2 NPAC
« ED A&A (1/3 soutenances cosmo, i.e. 3/an), ED PIF (+ ED Step’Up)
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SDC 2: détecter/caractériser sources Hl SDC 3: spectre de puissance
du 21-cm EoR
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Hartley et al. (2023)
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DOTSS-21 Soustraire sources compactes

Modéliser et soustraire fond diffus Galactique
Extraire le sighal 21-cm avec ML-GPR

(Pl F. Mertens) Produire le spectre de puissance

Equipe Fr-NI

Observed Recovered Truth

YOLO-CIANNA
(Cornu et al. 2024);5_'{

;I Team name

5 MINERVA 23254

1 FORSKA-Sweden 22489

e ]

e Team SOFIA 16822

ﬁ NAOC.Tianlai 14416 0.2 0.4 0.2 0.4 0.2 0.4

ki [hcMpc™1] k., [hcMpc™!] k,[hcMpc™]

HI-FRIENDS 13903




SRR BT 3

SRR

~|.'\‘-"*

N
)
|
§
3




DIT [1K?]

0 - T T LB | LR AL T T T T T T T T T T T T T T T T T T T T T T T T
2 10 100 500 1000 1500 2000 2500
Multipole ¢
100 ~
50
‘% ]
S 0]
B -
Q
—50 1
—100

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
2 10 100 500 1000 1500 2000 2500
Multipole ¢

1.5 1

1.0 A

DFF [uK?]

0.5 1

[L(L + 1))2/(2m) L [107 uK?)

0.0 1

2 10 100 500 1000 1500 2000 10t 102 103
Multipole £ Multipole L

- T o 3 . 7 7T
/////—\-//_'\—\_\\\,//,
\_-/\—/I\\.\—///

//////——\\—\—
;//—/——\\\ A -~

//~////

/——\/// ’

il =N
\
I

. —_— e —

B e —

s —— s — =—

N————— = v/ /)
—~—~— T e — S S o / /

—— a/—N/__-_—-/
S S = s ——

—— vt S ~— S
NN\ - - oy [ =
\\—W/—\——////( N\ \ ~
e .//—-—-——////// -, —// ¢ ~ —_—

= -~-==//1 17 =7 "N ~—
T s=—— S/~ \ S S——- S
: P e
‘;i § NN




vatoire

de Paris

-

[ B ] !

| [ |
9 | [x10~46] 18.1 4.3 | [x10746)

Primordial object collapse «




-

vatoire

de Paris

Laboratoire Kastler Brossel

Physique quantique et applications




GRAND AT A GLANCE &7 GRAND
PROTO35

Objectives B#7 % GOALS -
By the 20305, in its complete configuration, GRAND ‘5"""\“""* radio detection of R A N D K
will reach a sensitivity that will enable the detection NEUTRINOS! fgF! air-showers 'I o
of neutrinos with energies above 107 eV. Thanks to its + Good background noise
sub-degree angular resolution, it will launch ultra- + Neutrinos are elementary particles that interact weakly rejection
high-energy neutrino astronomy! Already by 2025, with matter. This characteristic makes them challenging GOALS
GRAND will be able to make the first discovery of fo detect and study. SETUP et GRAND subarray SETUP
these neutrinos. GRAND will be the largest experiment ath . . . 5 radio antennas B o AR/ T N
for the detection of ultra-high-energy cosmic rays and + At the same time, neutrinos can serve as unique Jpedinaid i " + Data acquisition system wi
photons. Morsover, GRAND wil uniquely explore messengers of the extreme Universe, as they allow us to 2 scintillators ARIANNA on similr time scale, discrete elements, but mature
fundamental neutrino physics, the astrophysics of fast see farther in the early Universe and deeper in objects. allowing potential 1*discovery of design for trigger, data transfer,
radio bursts, and the epoch of reionization + Neutrinos are undeflected by magnetic fields and BUDGET & STAGE cosmogenic neutrinos consumption
are clear hadronic acceleration signatures. They are -160ke, fully funded by - -
R the essential ingredient for high-energy astronomy. NAOCHIHEP, deployment 2018 + Efficient communication and power  BDGET & STAGE
GRAND#ii+20308] 5 i) @ Ulastai supply between autonomous units s00e detecti N
7 ot =R 2 . ion unit
iﬁr&m%ﬁz’ © BRTR-REART (BKF) | BNRREEALET spread over 10 000 km 500€ per detection un
RN, FolhT SHIGNAERE, FIBRBIRE.
GRANDHELZR&ZBHY 1, T * F—%HE, BFENFRSRERN, RMFTLL
AT, ORANDIR R 1R | AR ¥ RS RRUERFEARARE .
LRHFHENE, RAREALN FRSEFHANONE o RETFED PR T A ERIAH N B R ETFREmR, £
BRI, WS, CRANDIXHHFERNE, s BRERBIREN X%
RV, R EPOTIHUE T AT RRAOTR

= —— How does GRAND work?
\ GRANDAfA T1£?

The strategy of GRAND is to detect air showers above
107 eV that are induced by the interaction of high- eV (electronvolt): energy unit equal to 10" Joules
energy particles in the atmosphere or underground, The proton rest mass energy is equivalent to <107 eV.
through its associated coherent radio-emission in the Cosmic rays: charged particles (mostly protons and
50200 MHz range. heavier nuclei) that constantly bombard the Earth.

A small fraction of them (ultra-high-energy cosmic rays)

2018 2020 2025 203 Giant Radio Array for Neutrino Detection

The Giant Radio Array for Neutrino Detection project aims to detect ultra-high-
energy cosmic neutrinos, cosmic rays, and gamma rays with a radio antenna array
deployed over a total area of 200 000 km? in mountainous regions, in several
favorable locations around the world.

are detected with col

| energies >10” eV, at a rate
3000 km* Auger Observatory.
Their origins are still a mystery.

of 2 per month with t

Cosmogenic neutrinos: neutrinos produced during the

propagation of their parent ultra-high-energy cosmic rays

in the intergalactic medium, via interactions with cosmic ik’mgﬁ RRIE RS (GR ;Dgei%mfggﬁ } %ﬁg}%@%ﬁ

Why now? At 42 #E? radiation. Their e ce is guaranteed as ultra-high G R D G R N D 2 K N i . 3lRMIEHE
energy cosmic rays are observed. A hl ‘s oo

With the first detection of very high-energy neutrinos Air-showers: cascades of particles produced in the

and gravitational waves, we stand today at the atmosphere by a primary energetic particle. The s

threshold of a multi-messenger era. Many high- and positrons in the cascade interact with the m 30 o

precision high-energy astroparticle experiments are field of the Earth to produce radio emission. GOALS

projected (CTA, IceCube-Gen2, LISA..). GRAND « Discover neutrinos of 10" eV and neutrino

completes the picture at the highest energy front. TERF R 1o BFHHL GOALS astronomy
Radio-detection of astroparticles is experiencing a - Standalone radio detection SETUP

with drastic technological, tk | and of inclined showers (zenith i

* 300 Horizon Antennas over : ; o .
numerical advances. //\ angle »¢5?) induced by high P s  Selection of optimal sites (mountainous,
Now is the time to develop the radio technique further ¢ energy cosmic rays (:10%% eV) B e e s onEystem accessible, radio-quiet) worldwide for deployment
and join the exciting momentum of high-energy Astro- - Solar panels (24/7) + WiFi data of 10 000 km? hotspots
physics!  Probing the transition between  transfer
PSEE T FIB| N RIMRE 3| SR AN S 1 Galactic to exbgrglactic + Array of surface muon

fERR. RESE
BIICTA
7

BERMAT RS EERIRZ S,
IceCube-Gen2, LISA% . GRANDEZHRIRF

BEEMS LAY R AT SUERAY BT 1
i M BATRC R AL

cosmic ra{s"az o= detectors SETUP
- eoé.::n m::i':remems + 200 000 antennas over 200 000 km?
i BUDGET & STAGE « ~20 x 10 000 km? hotspots worldwide
- . 1.3 M€ for radio only, funded
 Understanding the physics : :
of air-showers in the 10510 eV Ly @ ezt BUDGET & STAGE
energy range with independent
measurements of their Industrial scale allows to cut costs down:

electromagnetic and muon 5 .
e 500¢€ per unit (150M<€ in total)
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WHY ULTRA-HIGH-ENERGY NEUTRINOS ? DETECTION PRINCIPLE ULTRA-HIGH-ENERGY NEUTRINO ASTRONOM)

- GRAND will have unrivaled sensitivity to diffuse ultra-high-energy neutrino flux
Because they exist. Ultra-high-energy neutrinos are bound to be

Because multi-messenger astronomy is the way. 4 In the 50-200 MHz band, the radio signal 5 Mountains constitute sizeable targets in

at energy 10® eV. This will guarantee the detection of cosmogenic neutrinos th:
produced by the interactions of ultra-high-energy cosmic rays with The recent observation of neutron-star merger GW170817 Cosmic ray exceeds the stationary sky radiation and addition to flat topographies. Their slopes propagation of ulra-high-energy cosmic rays.
the cosmic backgrounds, on their way from their sources to the Earth. has brilliantly shown that the challenges of high-energy

will be detected by radio antennas, if the enable an optimal antenna layout for signal

Neutrinos should also be produced directly at the sources. astronomy will be solved by combining data from a large primary energy is > 107 eV. detection and reconstruction.
number of multi-messenger experiments. Ultra-high-
Because they are unique messengers. Neutrinos are produced with energy neutrino astronomy will be central to the quest of A\
5% of their parent y energy, and travel undeflected by the violent Universe. Y
cosmic magnetic fields. Neutrinos with energy 107V can thus solve / BRI
= e Vi Ve =1
one of the most puzzling mysteries of our Universe: the origin of the / " L
ultra-high-energy cosmic rays. -
‘VI
: ] Sensit
Because they are the next energy frontier. A new multimessenger era s opening! t P
Neutrino physics is booming with 2 recent Nobel prizes and the A proton cosmic-ray and its secondary gamma rays and ) >
first detection of 10 eV neutrinos with the IceCube experiment. neutrinos on their flight from the source to the Earth. J % (j" Horizc
Ultra-high-energy neutrinos remain undetected. GRAND is the only = / = detec A R I S
S
projected experiment that can reach this unchartered territory. ,/ X The air-shower interacts with the I3 10yes
magnetic field of the Earth and emits e A 5 for AF
- S — - S
10° = % - e coherent electromagniatic radiation in i o & Standard .
FermiEGB KASCADE V‘C *’\ = 200 MHz band. '3 . = GRAND200K integra Vellow
20°8| = FormiBGB (non - blaser) 4 Auer 2 \ . e S : +
+ loaCube S Ta . f - = 2 | graybuuuspens pussiie swengin
7 e, (5 f th / e 10710 GRAND200K integrated (10 yr)
T 107 agemmarsys | highonergy P e i WHY RADIO? — g g et neutrino fluxes in the standard and most
7 3 neutrinos (tau neutrinos V; : > 7 5 .
" 1 tra-high- o § < pessimistic scenarios*.
< 10° i . ey interact withthe Earth /||| + A mature and autonomous technique rivalling with standard techniques, 3 3
£ T Cova :
8§ os ) = target, and produce as demonstrated by AERA, CODALEMA, LOFAR, Tunka-Rex, and TREND. 101l o o . . - R Aes Bt .M. d e, . Log, K. Kotra (ICAP) s Xiitosors
= nda G& Il au (1) paticle, « Well-adapted for the detection of inclined showers, as induced by 10° 10f 10’ 108 10° 10° 10°
& 1010 jhjat can decayjin the”” neutrinos: radio waves are not attenuated in the atmosphere, leading to Neutrino energy E, [GeV]
s Cosmogenic » Dessimistia Cravitay,, . atmasshere. starting il 100-km? radio footorints on the eround. tens of kilometers awav from the ’
10° LHC* = _
tmmogﬁ\m ~ standdfd;
2
10 ol 10T 1o 10 10 100 = + For a diffuse neutrino flux of 10° GeV cm? ' sr", as predicted by diverse astrophysical source
EfeV models, GRAND could collect more than hundreds of events in 3 years,
A4 4 i‘ o
“Large Hadron Collider »
- i P - With 200 000 km at one location in Western China, the
Data and theoretical predictions for energy spectra o « integrated exposure over 3 years is ~ 10% cm? s in the energy
of gamma rays, neutrinos and cosmic rays at the size of Great Britain!

range 1072 V. GRAND covers 80% of the sky every 24 hours.
highest energies

will be deployed in

- GRAND opens the possibility of observing

A ROBU ST' RICH AND VERS, point sources(with its excellent angular

resolution ghd sky coverage. GRAND
will kick-start ultra-high-energy neutrino

{ENTAL
{O PHYSICS

astrongffys

/\‘ ULTRA-HIGH-ENERGY COSMIC RAYS ANI

\ - GRAND will observe ultra-high-energy cosmic rays - GRAN Ty . itrinos above 10® eV, GRAND
/, ) an aperture more than 10 times larger than the photor mental particle physics at
Pierr&uger Observatory. The high statistics and e et e [arge
reconstruclio performances will resolve small-scale +Bythe T ettt e
/ anisotropies, the_chemical composition and features transiti fthe Standard Model and
near the end of Hagmic ray spectrum. rays, b ot i

in the « GRAND field of view for 3 years
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Contribution au Plan focal de LSST C.auramy , Cristal 2020 Le Changeur de Filtre TR e LouiE] oo i oot
pour son travail sur les de |a caméra de LSST L ,
CCD dans le cadre du e =

e Début de I'implication dans les ASICs du plan focal : fev 2007

Plan focal de LSST e lere études fin 2006 ( carousel au LPNHE )
e 2labos (LPNHE, lJCLab ) impliqués dans ces développements ASICS ® 5labos de I'IN2P3 impliques
 En plus au LPNHE : interaction CCD-vendeur , Optimisation lecture CCD & contrib. design readout ® uncouttotal al'IN2P3 de 2.3 M€ +>100 FTE
micro-code du plan focal gy e AulLPNHE:~40ETP ITA (dont~0.7 ETP en 2023)
 Au LPNHE : un banc test CCD LSST dédié a l'optimisation de la lecture & études fines CCD N\

* Plan Focal au LPNHE: 35 ETP ITA (0.2 ETP ITA en 2023) pour un total IN2P3 ~3 M€ > 50 ETP ITA

e Participation au commissioning Premiére image Sep 2022 : Changeur de filtre installé 3
' o 18 aolt 2020 caméra + p|an foca| comp|ets SLAC depuis fin 2019 : 100%

opérationnel aujourd’hui

eleo £ n' ! o [B] 2 \7 ,_'_,\‘_ —
e = i .- Banc test (Haﬂr
C A
\\ =
| & &y
e\ o # &

\A ~ E

& o 4 \Q

' a 8. VERA C.RUBIN ¢ fs d7i
~r=1.0 Gp : - W OBSERVATORY Legacy Survey of Space an ime
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https+//www.yo m/watch?v:N—lGQVpevAc
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https://www.youtube.com/watch?v=N-lGQVpevAc
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e Evaluation parcellaire...

e IAP : Theorie : CNRS 6/4, Cosmologie : CNRS 5/3, SU 1/0, CNAP 3/3, Hautes Energies &
Galaxies : CNRS 4/2,SU 0/3, CNAP 1/2 -> 37

e LPNHE : CNRS 3/3,SU 3/3 -> 12
e LPTHE:CNRS3SU1->4

o LKB:2

e LPENS:2

e Observatoire : Univers 12, Grandes Structures 17, Galaxies formation/evolution 21,
Galaxies structure interne 21 -> 50 (dont 25 nouveaux arrivants)+21



Structuration interne et besoins

UG SR RN T R R e T

 Doctorants
e Déja tres structurés avec les ED
e mais : Bourses en particulier pour cotutelles entre labos SU

e Post Doc

e Soutien aux projets communs au sein de SU

e simplification admin... Probleme des budgets CNRS/SU/autres...

e IPI était aussi une source de support important pour les conférences
e Séminaires communs

e déja tres structuré et organisé (ICAP, journal club IAP videodiffusé, séminaire GRECO, etc...)



Domaine riche avec de VRAIS résultats (grml !)

Seule une fraction des.observables « Simples » (1.e. linéaires) est exploitée
De réels progres sur les choses plus complexes
Encore de beaux mystéres a eclaircir
Investissement observationnel important : de nombreux nouveaux-résuftats majeurs.dans les 10 prochaines

~ années

Theme de recherche tres visible a I'international et avec un grand interét societal

P e P BT PN
f NS L“‘u e ‘%x;‘. S e

'lle de France est un réel poids lourd dans la discipline, avec une densité de chercheurs impartante (mais
c'est sans doute vrai de la plupart des thématiques..:)

SU est collectivement l'acteur le plus important d’ldf.et.porte des thématiques fartés et tres visibles

aussi un acteur majeur des projets observationnels majeurs des 10 prochaines années

Domaine tres éclaté : 3 instituts, 2 CNU, multi labo...
Outils de structuration critiques pour faire fructifier la position forte de SU

Intérét pour SU a valoriser, a reconnaitre et a faire connaitre cette pépite !
au méme titre que de nombreuses autres !
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