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> 1) What is Astroparticle Physics ?
Big Bang Nucleosynthesis
Cosmic Microwave Background

2) Dark matter, dark energy

3) High energy astrophysics




Astroparticle Physics?

- Composition of the Universe ?
- Evolution of the Universe ?
- Extreme phenomena ?
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Development of Universe
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Optical Telescopes
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Multi-wavelength universe

Radio Continuum (408 MHz) Bonn, Jodrell Bank, Infrared 12, 60, 100 jom IRAS Near Infrared 1.25, 2.2, 3.5 ym COBE/DIRBE

and Parkes

Optical A. Mellinger Photomosaic 100MeV. CGROJEGRET:
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Gamma-ray astronomy

3rd EGRET catalog
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High Energy astronomy

e Neutrinos : numerous astrophysical neutrino sources
sun, galactic center, AGN..

Primary cosmic ray - In space (>50 km)
: p and nuclei (anti?)

e Cosmic
Rays :
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Lecture outline
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1) What is Astroparticle Physics ?
Cosmic Microwave Background
2) Dark matter, dark energy

3) High energy astrophysics

BIG-BANG

Inflation
Quark soup

300000 _| Matter—Radiation
years Decoupling

First Galaxies

Modern Universe
-

-

-
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Which elements ?
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o O+ =
Maxwell—Bol’rzmang distribution :
3/2 _mc*©
N o m?= exp ke T Q + _

n
P

Age < 1s, T > 1 MeV

Collisions maintain thermal equilibrium
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Proton - neutron conversion

_ N (neutron) ~ @ -AMc2/KT n 1

~ N (proton)

n

(Am = 1.3 MeV) Ee Oas T — O BUT freeze-out
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n-p freeze-out

- Weak reaction n <> p rate:
T,eac = NO|V| x G2 T5 (n « T3and o x G2 T?)

weak

- Expansion rate:
H = a/a « pl/2 with p « g. T* (Stefan's law)
so H xg.2T?

3
r T
- F -out when I, ~ H with ¥~
reeze-out when I',, wi H (0.8 MeV)

= drop-out of equilibrium at T ~ 0.8 MeV
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Deuterium bottleneck

ng small = 2-body reactions only

(P |
: T e
Formation of D ® ﬂ% 9

deuterium

Binding Energy (D) = 2.2 MeV 2

ng / n ~ 10-10

Y energy
distribution

= D photo-disintegrated

Tail of high energy photons prevents
formation of Deuterium until T ~ 0.1 MeV
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t=1-3 mn, T=0.3-0.1 MeV

- neutron decay: @ — © + Lt = n/p ~ (n/p), e 1)

n/p ~ 1/7
D i Il n): o—
- Deuterium (all n): .ﬂ%’%_, = Qm
- Helium (all D ie. all n + equal number of p):
"e“m\‘ dem\\ ~
/ % m§3 _ e /%\ &
iy%—’ n e g &
. hetium-4 o " % L
Helium abundance ~ n2Tnp ~ 0.25| |H abundance ~ 0.75

n = ng/n,~ = D bottleneck lasts less=>n/p »=He » "



Heavier elements - BBN

No A=5, A=8 stable nuclei Li5 — He*+p
+ I He> — He*+n

2-body reactions only Be® — He*+He*

4

BBN essentially STOPS at He*

(He#+H3 — Li7+y

Trace amounts of ;Li7, : | He*+He3 — Be’+y
+y — Li7+p

N~
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Heavier elements - Stars

Produced in stars
(high densities = triple alpha reactions allowed)
Spread in ISM by SN explosions

erb nebula (SN IT)
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Cosmic Abundance

Origin of elements

formed in:

10°| 7" WMg . — Big Bang Nucleosynthesis

__— Supernova explosions

I I l | I Cosmic-ray interactions

. on inter-stellar medium
Atomic Number
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Observational constraints

- Stars are net producers of He* and metals
= use metal poor stars
upper limit on primordial abundance of He* (and on 1)

- D weakly bound
= measure in ISM
lower limit on primordial abundance of D (upper limit on n)

- D burnt to He3 and He? produced by stars
= D+He3 increases with time
upper limit on D+He3 ie lower limit on 1

- Li7 very fragile, burnt in stars
= use old metal poor stars, require Li® (more fragile)
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Element Abundance

Abundances

(Relative to Hydrogen)

MAP990403

Helium (°He)

d
Lithium (7Li)

\IIIII T lllllll] T T TTTTTH

N
)

" Helium 4 (“He)

.. Deuterium (2H)

| el { SRR 58T} 1

10 10°

n

Density of Ordinary Matter
(Relative to Photons)

1 —

Observational concordance

|

Agreement of abundances
over 10 orders of magnitude

Major success of Big-Bang

CMB: n = 411 cm3

n = ny/n = (4+1).10-10

\Q _ Ps _ _NgMg
/ p. 3H?/8n6
Qg h,,2 ~ 0.04 18




BBN and neutrinos

H < g.!/2 T? (remember?) where g. includes relativistic v's

so N, # = H ~ = sooner freeze-out = n/p # = He* »~

upper limit
“on He*

He mass fraction
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LEP and light neutrinos

ALEPH

[ = Decay rate

g (nb)

v

86 88 90 92 9. 9

£, (GeV) :
o Lol v vl b e e
88 89 0 g1 g2
Energy (GeV)

N, = 2.994 = 0.012
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Lecture outline

BIG-BANG

Inflation
Quark soup

1) What is Astroparticle Physics ?
Big Bang Nucleosynthesis

I
300 000 _ Mager—ﬁ;ﬂ:;;ﬁon
\years ecounli
2) Dark matter, dark energy o

3) High energy astrophysics

Modern Universe
-
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Back to thermal history

t =105 Density perturbations (inflation?)

t ~ 2000 yrs Matter domination

v

t ~ 300000 yrs Recombination:

Matter: ® Photons:
Gravitational collapse Free propagation

3
A )
"’ » -
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Galaxies, clusters CMB 22



End of opaque Universe

s S
./ source
Ve
observer a \.\ “Q{’
" V.

» Free electrons

Before recombination

observer

Hydrogen Atoms

1 Cannot

see
further

back

Multiple scatterings of
y on e- produces “thermal
spectrum at T = 3000 K
(z~ 1100 = a, / a,,.)

”n

!

“Uniform” background at
T,=2.7K
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Discovery

Discovered in 1965
as 'excess hoise”

(Nobble Prize in 1978) 25 years later
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COBE sky maps

T=2.7K

T = 2728 K

AT = 3.4 mK

(after subtraction of constant emission)

AT = 18 uK
(after subtraction of dipole)
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COBE sky maps

T = 2728 K

—

scale 0-4 K: very
homogeneous!

Yet, regions > 1° apart never
in causal contact ..ﬁ‘

horizon at LSS

W t LSS
103 x 3.105‘/d Lo
Oss ~ 14100 "9 "
\f now

Inflation ?




COBE sky maps

T = 2728 K

Doppler effect due to motion
of Earth w.r.t. CMB
(v = 370 km/s towards Virgo)

Anisotropies : potential wells
Early seeds for structure
formation?

(+ foregrounds)
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2nd genera

tion satellite

COBE
(7 degree resolution)

WMAP
(0.25 degree resolution)
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WMAP on its way to L2 = | TR R
A A of co-rotation with Earth
= Stability of conditions

Back to back
primary mirrors

(0T I [ Very low temperature signal
" = Need shielding from

Sun, Earth, Moon, (Jupiter)

B |- dual system to measure
T differences

Launched in Jun. 2001 * 5 frequency channels
First results in 2003 (foreground removal)
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++ +

Detectors

2 techniques

HEMTS : Bolometers
Easier to use + Better sensitivity (S/N)
No heavy cryogeny (10 K) + Larger frequency coverage
Cheaper = Cryogeny (100 mK)

limited to f<90G6Hz

Planck Archeops
30




Fluctuations in CMB

» Before recombination, Universe = plasma of free e- and protons

« Oscillations due to opposite effects of
- gravity
- pressure

oo
|
|

™
[
I

 Power spectrum on various scales

1EN
T T

* More baryons
— greater compression of fluid
in potential wells

o
T T

W(1-1)C,, (power)

et/
T

T R N BT B
500 1000 1500 2000
L~ 200/6 (deg)
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Max. scale of anisotropies

Limited by causality (remember?) —

- 13 le v

Vo -

fl Crltlcal densﬂy Un1verse Q=1

For—.
High density Umverse

fu S e

Low density Universe £2<1

0.50 S

300000 1y 300000 1y

300000 1y

.H
*

= Max scale relates to total content of Universe Q, ,
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Power spectrum

Angular Scale

6000 ——2- 2 0.5° 02" ‘
TT Cross Power
5000 F Spectrum E
QTOT = 102 + 002 —i— cv;w(;l'):MAltData

4000 = 3 cBl
- 3 ACBAR

Q =0.28 + 0.02
Q,=0.72 + 0.04
Qgh,4%= 0.045 + 0.002

I(1+1)Cy/2m (UK?)
8
3
|

Q h,?<0.016 (95% CL) |~ |
L m, <1leV
0; 10 40 100 200 400 800 1400 ‘

Multipole moment (/)
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Conclusions...

- Determinations of Q; (~ 4%) from
BEN (age ~ 1 mn) and
CMEB (age ~ 300 000 yrs)
agree !

- QB (~ 4%) < Qm (~ 28%)
= Non baryonic matter

ure -
- Next 1
- Q. (~ 28%) < Q1 (~ 1)

= Confirmation of Q,
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