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Concordance cosmology (2006)

Evidence from

- Microwave background anisotropies

(WMAP) \‘0(\\::;\
- Type Ia Supernovae (SNLS)C’&Q_&“@Q(\ g T&r)';
© Dark Energy '
- Large scale structures (SDSS, 2DegF) 0.73+0.03 l/
Baryonic
imply that the Universe behaves DM
as though it consists of 0.04:0.004

\ .
Non-baryonic DM
0.23+0.03

and is flat (Q; = 1.01 = 0.01)
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4 interesting questions

® Does dark matter really exist?
(approaching la fin du MOND?)

® If yes, what is it?
(MACHOs?, WIMPS?)

® Does dark energy really exist?
(BAO : a new standard ruler)

® If yes, what is it?
(just a number?)
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Evidence for dark matter

Observed

4M.W-m——

Rotation curves

!

Expected Dark Matter
from disk

OR

MOdified Newtonian Dynamics
Milky Way: (acceleration = GM/r)

Mhalo ~ 10 X M

visible
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Collision between 2 clusters /3

X-ray (hot intergalactic gas)

Credit: NASA / CHANDRA

Total mass of galaxies
= 10% mass of gas

Credit: Kitt Peak
October 2, 2006 Astroparticle physics 6

Nathalie Palanque-Delabrouille



Collision between 2 clusters /s

Before Collision

T T CDM and baryons
superimposed

¢ o6 @
- ¢
- 'l . -. = After Collision
e - ] &, -
P [ ]
s

--______h’

CDM here and here Baryons mostly here (gas)
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Collision between 2 clusters s

D. Clowe et al., astro-ph/0608407
Collision in 1E0657-558 = bullet cluster

Weak lensing = Mass not centered on gas
= Dark Matter exists
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Dark matter candidates

MAssive Compact Halo objects

e.g. brown dwarfs (M ~ 0.07 Msun)
Primordial black holes (M ?)

axions
WIMPS
no conclusive
evidence yet

LSP (neutralino) natural candidate in SUSY theories

Stable relic from big bang
Q x1/{c,V)
Op ~ Opeak = 2, ~ 25%
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Compact objects in halo?
Microlensing searches (EROS, MACHO)

Microlensing (Paczynski, 1985)

- =" . _1 [46MD,®D,-D)
- ; - t. <M x£(D,.D,.,v,)

‘{} = ;im:?}i i -
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Compact objects in halo?
Microlensing searches (EROS, MACHO)

Projects

(not to scale)

EROS: 1990-2002

MACHO: 1992-2000
10% to 50% of halo

is made of machos

A U 3

OGLE: 1992- Magellaniér Clouds

MOA: 1998-

Supermacho: 2001 -
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Compact objects in halo?
Microlensing searches (EROS, MACHO)

Projects

EROS LMC Fields

EROS: 1990-2002 g

MACHO: 1992-2000 ‘

10% to 50% of halo ~ |

is made of mGChOS =70 B . gi.:_ b \

OGLE: 1992- St R
MACHO LMC fields

MOA: 1998- _75 (dense regions)

EROS LMC fields
(sparse regions)

-1
o
Lh

Supermacho: 2001 -

- r.a (hrj
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Compact objects in halo?
Microlensing searches (EROS, MACHO)

3’\? 100 L L O e e, N R L
p— = : -

= | v
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g - Excluded byEROS ! w -

_—p A s
“L- 60 - : (93/0 (,L) “ % d
v L3 ! =

7 ‘ ,: ‘e
g 40 | .‘ *
_O - \ .
f 20 L \\ Wide binaries e
o \\\ "( . )

L 1 . e ldeffchcin | | L | L

0

10® 10 / 104 102 1 10?2 10* 10 10°
M the deflect
astro-ph/0607207 ass of the deflectors (Mo)

No significant contribution of dark compact baryons to halo
= a non-baryonic dark halo?
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WIMP searches (direct)

WIMP: elastic scattering on detector nucleus

Liquid Xe
<<levt / kg / day =

- Deep underground ZEPLIN

- Low radioactivity of materials
- Discrimination against IO“'ZG*'O“/\ Scintillation

radioactive background DAMA
E DELWEISS,

CRESST

Ge CGWO4
Nuclear (vs. electronic) recoil discrimination
\ ] \ [ L[]
WIMP signal  Radioactive background
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Event by event discrimination

Edelweiss / CDMS : heat + ionization

CDMS (Soudan mine)

1.5~

= [ . Electronic recoil (v) -
o : S B AT, e
O :'. : Ak 3
g RS e L S events
fosll in signal
'g e reg'on
- _.-Nuctear recoil band

ol L~ (WIMP, n)

0 50 100
Recoil energy (keV)
Edelweiss: CDMS:

F

’ l‘ 9 kg Ge (up to 36 kg) 250g Ge or 100g Si crystal
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Annual modulation

a possible WIMP signature

Motion of Earth in the x wind

0= 3ﬂ° Modulation of annual rate + 7%

v = Vsun = 220 Km/s  pmay in June
Earth

km/s

DAMA:
Total exposure of 295 kg.yr
Annual modulation at 6.30
m, ~ 44-62 GeV

15> Il T e Vie V 5 VI VI 5

BUT
1 signature only (scintillation)
Result in contradiction with other expts.

Residuals (cpd/kg/keV)

l —;11“11lillJ:Jlllélllilllillllilll;llIEl‘IIEIIIIAlllilllk:L
L 500 1000 1500 2000 2500
11me (day)

2nd phase 250 kg (NaI) LIBRA running
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Current limits on WIMP

10-40 T TTTT]
SAMA CRESST, EDELWEISS
a2 CDMS
NE 10-42_
&
g CDMS-II, EDELWEISS-II, CRESST-II
2 XENON, XMASS - sensitivity goal
w
g 104
=z Testing most SUSY param.
space (MSSM) requires
1-ton sensitivity goal 3 orders of magnitude
beyond present best
1046 I = ; performances
10 1 10
: |
WIMP Mass (GeV) Future : +LHC |
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Dark energy

October 2, 2006

Stars
<1%
Dark Energy

73%

Baryonic
\ DM

4%

N

Non-baryonic DM
23%
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Dark energy : evidence

Perlmutter, ef al. (1998)

T 26 l T T T T T Tl I ———T—TT
¢ - fainter SN
0 24—
E - Supernova é
's | accelerated Cosmology 3
Y- . roject
22~ expansion ]
m . -
£
w 20 N
O I Calan/Tololo i
_'_:_ I (Hamuy et al, :
S 18 A.J. 1996) -
m i =
(]
E =4
16 -
L ' RN
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Qror ~ 2 entre O et 1

Criticisms:

- Ancient supernovae
may have been fainter

- Photons from distant SN
may be absorbed

Standard rulers

(angular size vs. redshift)
avoid these two criticisms
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Sloan Digital Sky Survey

3

" 0.04

Apache Peak, New Meco, USA

BRI Ko

0.03

0.3

¢(s)

0.1}

0.04

0.0z |
Galaxies like to be separated by |

105 h-! Mpc = 150 Mpc

0.00

_0-02 [ 2 ' 2 l 2 ' ' 'y l 2 4 2 2 l 2 2
50 100 150

Comoving Separation (h-! Mpc)
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Matter (galaxy) distribution

Spherical baryon-photon sound wave propagation until recombination

Initial overdensity of CDM, baryons (ionized gas) & photons

/ \

Expansion of the

Immobile baryon + photon plasma
until recombination
(t = 380 000 ans)

~—

b

Matter accretion in these
2 overdensities

b
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s%(s)

SDSS acoustic

peak and WMAP

Angular scale

200 600090° 2° 0.5° 0.2°
; S WMAP
100:5 5000 [ r 3 i
A E cBl :
100 | = - I :
: ¥ 4000 \ £
50 F : £ é
§~ 3000 f \ : -
of = Fi ~ I
; < 2000 4 X II L3S % 3
o0} ' £ E et
-100 - 1 2 a1 o 1.1 1 1900 "‘: EH Iﬂ 3 _
10 20 40 60 80 100 200 E : . :
Comoving Separatlon (h" MPC) O Lyl 1 ! 1 | 1 [ ERY R [ | e | 5
10 100 500 1000 1500
SDSS (z ~ 0 3) Multipole moment I
Eisenstein et al, Ap.J. 633 (2005) 560 WMAP (z ~ 1100)
J Bennett et al, Ap.J. Suppl. 148 (2003) 97
Qum + Q, = 0.273 = 0.025 U
+ 0.123(1+w) + 0.137(1-Q;) Q. = 1.010 = 0.009
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Time evolution of Dark Energy?

Today, py, = 0.7 x 10-26 kg.m-3

Time evolution of dark energy density p,, determined by w

W= Pde 1 dpde _ _3H(1 + W)
pde pde d.r

-1  for vacuum energy / cosmological constant
O  for matter
1/3 for relativistic matter or radiation

3
T

"> Present experiments : trying to constrain w
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SNLS and SDSS constraints on w

-0.4 | '
0.6/ Q+0,=1|  (Astier et al., A&A 447 (2006) 314
':\\ 689, L /
08
1) 5
: T w = -1.023 + 0.09 + 0.054
;'1 '27 2.
; 4
'1 .4_— 0?' Ca-.
B %Y.
-1.6[ Q/
-1.8 —— 5{. '."'II ",‘l
| . e (BAO =
20 0.1 0.4 0.5 0.6 Baryon Acoustic
Oscillations)
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Future limits on (w,w') from SKA

{]5 L] L] L} " L] _—— = =er——— e T
SNAP SN _
0.4k SMAP cosmic shear |
- = SKA wiggles -
0.3} — SKA cosmic shear - SKA = Square
— SKA combined Kilometer Array
0.2f % - (2018)
{]1 i "" Ta ” -
- ‘ | 21cm (atomic H)
k‘ o survey fo z = 3
-0.1 S ;
0.2} e 1 acoustic peak
+weak lensing
-0.3F -
0.4f .
_{]5 i i 'l - i i 'l i
-1.1% -11 105 -1 -095 -09 -085 -08 -0.75% -0.7
W
0
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Dark Energy Open questions

- Is p, time independent (w'=0)

- What is its status in fundamental theory?
(is @, = 0.7 a law or an accident?)

- Why does p, ~ py nhow?

- Could the apparent acceleration be due to a breakdown
of general relativity at large scale?
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Overview of astroparticle physics
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Cosmic Ray Energy Spectrum

4
AL g
3 L ™\« 1 particle /m?2/ S | el eV
O i artcie/ m</ s p— . .
T g2 | P 5|2 | High flux : detection
R “ |8 of primary particle
E Z (V. Hess, 1912)
3108 [ %, v
L %1 particle / m2/ yr ©
: \/ "knee" g
10" b a |E>1014 eV
*, 2 | Atmosphere —
1020L : § extensive air showers
i o | (P. Auger, 1938)
i "ankle" 7' ¥
1028 [ 1 particle / km?2 / yr | \ 4
B R
10° 10 10”10 107
Energy (eV)
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Structure in CR spectrum

=~10* | -
S % RS lacti AGASA: 17 events above 6x101° eV
- \ °
S TN N G(asf{fgsc HiRes : 2 events (~ 20 expected)
‘-';. 2 |- 4 \
& g
E AN X \\ cross calibration needed
> 8 \ 'o‘o \
=210 \ 2
U \ "4 I
N .'? - / 10°° T — T —3
-14 b S -—“\(t 'R
10~ 5 B ]
R, e + ]
":' <y§ ""‘o 9.0‘0'.;;- -++.+ +
10701 s k
§ ------ Uniform sources
-26 [ Complete\ L e R
10 : mys ery! \\ ﬁl‘/ Energy [eV]
10° 102 10" 10"  10% E,.x = 3.21020 eV =50 J !
Energy (eV)
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Energy (eV)

GZK (Greisen Zatsepin Kuzmin) CLIT-Off

p+

P+ Yemg = A
Nn + ot

When process energetically
allowed (>5x1019 eV),
space becomes opaque to CR

Sources with E > E;;, must be
at d<100 Mpc (local cluster)

1019 . ..

10 100 10°
Propagation distance (Mpc) (no known acceleration sites...)
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Detection techniques for UHECR

Primary
3 cosmic ray -

— : \ ¢ UV fluorescence
T 1/ Isotropic emission

Y / Hadronic and

Nuclei $
0 b< J . - * . electromagnetic
» showers

. 5
T . .\‘ .
Prges (o
» 0 4 o \ T
e+, & a R

e- ‘y v vy '.3‘ ‘

Y Cerenkov radiation &%
forward emission
Cerenkov

g NN
e*‘*ﬁs- / ; ‘
Air fluor‘escence telescope

<& 49
Ground detectors
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AUGER

Air fluorescence + ground arrays | ‘ ;;%@
2 sites (Argentina, USA): ¢ /‘ﬁ R

-------
------------

1600 detectors + 4 telescopes, 3000 km? il s ,;;;;:-:

DO
O )

AR RN AT

o3 S ~%

El Cha:
falargue 1. gt
ﬂ W " - c.. s g" Salitral-Pt
: l To r 2 Pr s’ it
Auger South S SO AR AT S TN

- 3 fluorescence stations (out of 4)
- 60% of ground detectors

Auger North?

- improved statistics
(local supercluster)

- test of isotropy

cf. talk on Saturday
by D. Zavrtanik
for results from Auger
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Gamma ray astronomy

6 5 N | l | 1 I 1 1 I 1 | l B
Photon = traditional astronomy = L\ o .
8 4 :— \\l —:
° . c - "-‘. e
Straight propagation S 5 E
= allows study of sources s [ \InfraRed g
~ L Mkn 421 N
g, 2 / ol
Interacts with CMB... backgrounds - \ \ -
= existence of a gamma horizon 10 \4 MB 3
= Mev to Tev E‘ local '| >{rad|0 E
0 group [ —
; l| 2
Gamma ray “telescopes” g | /'/ =
N | i
. B ".CMB/ Protons -
keV — GeV : satellites 2f N Photons -]
(INTEGRAL) E 5
o : - - N 1 I 1 1 l | 1 l 1 1 1 l Il
GeV — TeV : ground-based (IACTS) 3 L L L . )
(HESS) Log(E / eV)
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Compton Gamma Ray Observatory

Galactic diffuse interstellar
emission from interaction
with cosmic rays

Excess at E<200 keV

- Unidentified sources (170/270)
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INTEGRAL (20 keV - 10 MeV)

INTErnational Gamma Ray Astrophysics Laboratory
Visible m

Very strong
511 keV emission (e*e-)
in Galactic Center

Dark matter?

e* annihilation at rest (positronium)

= New form of DM particle?
(light DM : 1-100 MeV)

Hypernovae?
(47 binary stars, 3 pulsars, .. needs 1 / 5000 yrs
) e* from radioactive decay of Co%¢
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H.E.S.S.: the CR connection

High Energy Stereoscopic System

HESS :
color map
(E > 100 GeV)

ASCA :
X-ray contours
(E ~ 1 keV)

X and y from same source

J

first confirmation of SNRs as
particle accelerators up to

1014 eV (~knee of CR spectrum)

Are they protons/nuclei or e-?

ROSAT :
X-ray contours
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H.E.S.S. : TeV sky

o_'_ N
P ' oMkr 501
[ lo SN [ml?.,,

| | | \
| | | | I | I
. \ [ | ‘ | 3 ’ o | .
| ®1ES2344+514| , R1 \ foeor @

\ @ PKS2158-304 /

2005

14 new sources (+ 3 already known ones):
HESS: . - SNRs, X-ray binaries, pulsars
Survey of galactic plane - 3 with no counterpart at any A

GO.9+0.HESS JI747281 MESS)748303 ___ . HESSJ)I713381

5 0 355

30
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Gamma Ray Bursts

Optical counterparts

!

Cosmological phenomena!
out to z = 6.3 (Sept. 2005)

October 2, 2006

Quasars

o

I

Redshift record

N

0]
1960 1980 r{00¢

GRB 971214
i S
’ 7
° : ©
.
Dec. 15.5 | Dec. 16.5 .y
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Neutrinos in astronomy

Photons: absorbed (6ZK)

Neutrons: + ~ 15 mn absorbed (6ZK)
d..«=10 kpc (E=1018 eV) & deviated (E<1018 eV)

Neutrinos: no charge,
"no” interaction
with matter nor radiation

Ideal probes of:
dense regions,
sources on cosmological scales,
acceleration processes
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Acceleration processes

Low energy emission (X-ray) :
Synchrotron emission-of e- in jet g

High energy emission (y-ray):
- self-compion={alectrz—iiiagneTic) ?
- nt9 decay (hadronic) ?

High energy
2 v sources |




Neutrino telescopes

@ high E Large volume

(atmospheric p)

October 2, 2006

(lake, sea, polar ice)

Good shielding
(> 1000m water eq.)

Astroparticle physics
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ANTARES / AMANDA

o ANTARES | ANTARES (43° North)
R S Better deployment by end 2007
angular

resolution

(~0.2°)

e

AMANDA (South pole)
taking data

Better
sensitivity
(less absorption)
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Science reach

Medium Energy (10 GeV - 1 TeV):

- Dark matter searches from dense regions
(neutralino concentration & annihilation)
AMANDA: reaching the level of direct searches

- v from supernovae

High Energy (> 1 TeV): v astronomy
v from (extra-)galactic sources (cf. gamma rays)

* 'S
secw

e Typical 10 TeV v,
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Conclusions

Cosmic rays

Gamma rays

Neutrinos

Dark matter

Dark energy

October 2, 2006

Of the complementarity of messengers

Charged (= do not point except at UHE)
Highest energies observed

Traditional messenger yet unexplained phenomena
(6RBs, unidentified sources...)

The most challenging to detect, but no 6ZK

or of particle physics, cosmology, astrophysics
Still trying to detect it ..

What is it???
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