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Astroparticle physics

A vast �eld, in which we will take a winding path starting from the lowest energies to the
highest energies.

The lowest energy: the inverse size of the universe,H � 10� 42 GeV.

The highest energy: probably, the Planck scale,m pl � 1019 GeV.
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Astroparticle physics

� Big Bang and the particle physics and the dark size of the universe
{ dark energy
{ dark matter (WIMPs, WIMPZILLAS, axions, sterile neutrinos)

� a smaller bang: the supernova (some of the above particles)

� Even smaller bangs: the cosmic rays (and some other particles)
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Astroparticle physics

The smallest energy scale available is the inverse size of the universe,H � 10� 42 GeV.

On this scale, one observes an expanding universe. It is remarkable that, by observing this
expansion, one can learn about the contents of the universe and thenew physics to be
discovered. We will discussdark energy, dark matter , ordinary matter , etc.

These will lead us to concepts ofsupersymmetry, neutrino physics, new physics at
colliders, ultrahigh-energy cosmic rays... (cf. related material in the other lectures)
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Cosmology introduction ( cf. Daniel Chung's lecture)

� Einstein's equations, Robertson-Walker metric, Friedman equation

� Expansion of a universe �lled with
{ radiation
{ matter
{ cosmological constant
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Robertson { Walker metric

Metric ds2 = g�� dx � dx � determines the space-time geometry in coordinatesx � �
f t; x i g. A homogeneous and isotropic space is described by the Robertson-Walker metric

ds2 = dt 2 � ~dl
2

( ~dl
2

= h ij x i x j ) in spherical coordinates:

ds 2 = dt 2 � a 2( t )

"
dr 2

1 � kr 2
+ r 2d� 2 + r 2 sin 2 �d� 2

#

; (1)

wherek can be chosen to be 1, (-1), or 0 without loss of generality.
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Einstein's equation

The action comprises contributions formatter �elds SM and gravity SHE (Hilbert-
Einstein):

S =
Z

d4x
p

� g(R + 2� + L �elds ) ; (2)

whereR = � 8�GT �
� and T �� is the energy-momentum tensor (de�ned as a variation of

the action with respect to the metric).
Variation of S with respect to metric,�S=�g �� = 0 . This yields the Einstein's equations:

R �� �
1

2
R g �� = 8 �G T �� + � g �� (3)

Symmetries, isotropy) T �� = diag( �; � p; � p; � p) . Here � is density andp is
pressure.
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Examples of energy-momentum tensors

Gas of relativistic particles:p = �= 3

Gas of non-relativistic particles:p �
�

v 2

c2

�
�= 3 � �

cosmological constant� : T �� = � � ��

In terms of density and pressure,T �� = diag( �; � p; � p; � p) , p = � � .
Pressure isnegative!

NB. T00 � 0, conserved:T ��
;� = 0
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Thermodynamics

Energy conservation,T 0�
;� = 0 gives the 1st Law of Thermodynamics:

d ( �a 3) = � p d (a 3) (4)

(change in energy in comoving volume = work)

Equation of state relates density and pressure. Let usassumethat

p = w�; w = const (5)

From d( �a 3) = � pd(a3) , one obtains

� / a � 3(1+ w ) (6)
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in particular, for di�erent components, one obtains di�erent scaling laws:

radiation p = 1
3 �; w = 1 =3 � / a � 4

matter p = 0 ; w = 0 � / a � 3

cosmological constant p = � � = � ; w = � 1 � / a 0 = const
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Substitute expressions for the Ricci tensor and scalar in RW metric into the Einstein's equationR �� �
1
2R g�� = 8 �G T �� + � g�� . The f 00g component gives the

Friedman equation:

�
_a

a

� 2

+
k

a 2
=

8�G

3
� (7)

The f ii g component yields

2
•a

a
+

�
_a

a

� 2

+
k

a 2
= 8 �Gp (8)

Subtracting (7) from (8), one obtains

•a

a
= �

4�G

3
( � + 3 p ) (9)
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Examine
•a

a
= �

4�G

3
( � + 3 p ) : (10)

Today the universe is expanding, hence,_a > 0. If ( � + 3 p) > 0 at all times (e.g., matter
or radiation), then •a < 0. Therefore, _a is positive, and is a decreasing function of time.
Therefore, at somet = 0 , a = 0 . ) Big Bang
The Big Bang is a consequence of general relativity and today's expansion, assuming the
universe energy density has been dominated by matter or radiation.
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Expansion of the universe

For p = w� , Friedman equations yield

� / a � 3(1+ w ) (11)

a ( t ) / t 2=3(1+ w ) (12)

radiation p = 1
3 �; w = 1 =3 � / a � 4 a / t 1=2

matter p = 0 ; w = 0 � / a � 3 a / t 2=3

cosm. const. p = � � = � ; w = � 1 � / const a / exp( Ht )

measure expansion to �nd out the composition of the universe!
How can negative pressure cause a rapid expansion?
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Simple analogy

Expanding gas: work equals the change in energy,

� E = � p � V

Expansion corresponds to a decrease inE , in accord
with p > 0. Gas
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Simple analogy

Cosmological constant: integral
R

( � )
p

� gd 3x increases
as the volume increases.
� E = � p � V
Energy increases=) work must be negative.
p < 0.

L
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COsmic Background Exprorer (COBE)

2006 Nobel prize
awarded for this picture
of the early universe
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Cosmic microwave background radiation (CMBR)

At redshift zdec = 1089 � 1, the atoms formed and the universe became transparent to
radiation. Radiation emitted at that time,t dec = (379 � 8) kyr, has been red-shifted
into the microwave range. Fluctuations have been measured �rst by COBE, and later by
BOOMERANG, MAXIMA, ..., WMAP:
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Another way: type 1a supernovae

19



Alexander Kusenko (UCLA) PASI '06

Results
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The universe

� 4% ordinary matter

� 22% dark matter

� 73% dark energy (possibly, cosmological constant)
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Cosmological Uncertainty Principle


 � (understanding) >
� �h
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The dark side of the universe: who are they?
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Dark energy

A cosmological constant (w = � 1) is su�cient to describe the data:

w
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Cosmological constant problem

Observed value of cosmological constant is

� 1=4 � 10� 11 GeV :

A natural scale of quantum gravity is the Planck scale,

m Pl � 1019 GeV

..."Unnatural"
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't Hooft's naturalness criterion

Small numbers can be natural if setting them to zero increases the symmetry.

Indeed, some small numbers are known to be associated with a slightly broken symmetry.
However, the symmetry group of this action

S =
Z

d 4x
p

� g (R + 2 � + L �elds ) ; (13)

doesnot increase if� = 0 .
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Cosmic coincidence

radiation

matter

log(a)

lo
g(

  )

constant

nowr
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Cosmological constant problem

� Setting � to zero does not help in view ofradiative corrections

� � must cancel almost exactly in thepresentvacuum
Change in energy density during the electroweak phase transition is� 100 GeV!

� Cosmic coincidence.
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Anthropic principle

An explanation that invokes human existence, not physics.

The allowed values of parameters are restricted to those con sistent
with the possibility of intelligent life

Other sciences have encountered this.

A non-physics example.
Question: why is the altitude of Puerto Villarta above the sea level,h � 102 cm, is
much smaller than the height of Mt. EverestH � 106 cm, or the radius of the Earth,
R � � 109 cm?
Answer:altitudes of orderH exist, but life is impossible or unpleasant. Hence, you are
likely to observe that your altitude ish � H .
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Anthropic principle

� Implicit assumption: possibility or existence of an ensemble of universes(cf. string
theories seem to predictlandscapesof possible vacua).

� AP places the real explanation outside of physics. There are questions, the answers to
which lie outside of physics, but physicistsdon't like it!!

� Really ugly (but not necessarily false)
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Dark energy

What if it is not a constant? Quintessence models...

A scalar �eld, very slowly moving in a very 
at potential...
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Dark energy

What if it is not a constant? Quintessence models...

A scalar �eld, very slowly moving in a very 
at potential. The value ofw could di�er from
zero.
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Implications of cosmological constant

� Exponential expansion forever.

� H = const , a ( t ) / exp( Ht ) .

� Future cosmologists
�

>
� 100 Gyr

�
out of luck.
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The universe

� 4% ordinary matter

� 22% dark matter
� 73% dark energy (possibly, cosmological constant)
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Dark matter: the evidence, the candidates, the clues

� Evidence for dark matter

� Next big discovery?

� Theoretical ideas, clues, and guesses
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Dark matter

The only data at variance with the Standard Model

The evidence for dark matter is very strong:

� galactic rotation curves cannot be explained by the disk alone

� cosmic microwave background radiation

� gravitational lensing of background galaxies by clusters is so strong that it requires a
signi�cant dark matter component.

� clusters are �lled with hot X-ray emitting intergalactic gas (without dark matter, this
gas would dissipate quickly).

� neat: 1E0657-56 shows separation of ordinary matter (gas) from dark matter
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Galactic rotation curves

37



Alexander Kusenko (UCLA) PASI '06

Cosmic microwave background radiation (CMBR)

At redshift zdec = 1089 � 1, the atoms formed and the universe became transparent to
radiation. Radiation emitted at that time,t dec = (379 � 8) kyr, has been red-shifted
into the microwave range. Fluctuations have been measured �rst by COBE, and later by
BOOMERANG, MAXIMA, ..., WMAP:
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Cosmic microwave background radiation (CMBR)

At redshift zdec = 1089 � 1, the atoms formed and the universe became transparent to
radiation. Radiation emitted at that time,t dec = (379 � 8) kyr, has been red-shifted
into the microwave range. Fluctuations have been measured �rst by COBE, and later by
BOOMERANG, MAXIMA, ..., WMAP:
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These 
uctuations can be represented in the form of a power spectrum C l . First, one
expands in spherical harmonics:

� T

T
=

X

l;m

a lm Y lm ( �; � )

And then one plots

C l �
1

2l + 1

lX

m = � l

j a lm j 2
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Power spectrum measured by WMAP
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Power spectrum measured by WMAP

shows angular size
of the horizon at 
the time of recombination

densities

sensitive to the ratio of
ordinary to dark matter

WMAP: 
 matter = 0 :27 � 0:04; 
 b = 0 :044 � 0:004

42



Alexander Kusenko (UCLA) PASI '06

Gravitational lensing: seeing the invisible
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Foreground cluster CL0024+1654 produces multiple images of a bluebackground galaxy
in the HST image (left). Mass reconstruction (right).
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Merging clusters: optical image of 1E 0657-56
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Merging clusters: grav. lensing image of 1E 0657-56
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Merging clusters: Chandra x-ray image of 1E 0657-56
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Merging clusters: image of 1E 0657-56

Gass, dark matter separated.
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Dark matter ) new physics

� Very strong evidence for
 m = (0 :27 � 0:04) > 
 b = (0 :044 � 0:004)

� This is not ordinary matter:

{ WMAP measures the ratio of matter coupled to photons to that which is not
{ BBN doesn't allow more baryons
{ Gas collapses into a disk; we need a spherical halo

� The Standard Model has no candidate for dark matter: need new physics
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The dark side of the universe: who is the other guy?
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The dark side of the universe: who is the other guy?
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None of the known particles can be dark matter
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None of the known particles can be dark matter
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Dark matter ) new physics (at least one new particle)
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Particle production in the early universe

� thermal freeze-out

� non-thermal processes:
{ out-of-equilibrium decay
{ from the in
aton oscillations at reheating
{ 
avor oscillations
{ fragmentation of scalar condensate
{ ...
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Equilibrium density

As long as the weak interactions are fast enough to support thermal equilibrium, i.e.,
for T > T d � MeV , the distribution functions of Fermions and Bosons is close to
equilibrium:

f (eq ) (p ) =
1

e(E (p ) � � )=T � 1

�
�
�
�

+ ; for fermions
� ; for bosons

(14)

Chemical potential� is determined by conserved quantum numbers. The particle and
antiparticle have opposite chemical potentials. For each reaction
x 1 + x 2 + ::: $ y1 + y2 + ::: , one has to impose

P
i � x i =

P
j � yj
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The equilibrium number density of fermions and bosons

n �
Z

d 3p

(2 � )3
f (p ) =

8
>><

>>:

3� (3)
(2 � )2gsT 3 � 0:09gsT 3; fermions ; T > m
� (3)
� 2 gsT 3 � 0:12gsT 3; bosons ; T > m

1
(2 � )3=2gs(mT )3=2e � m=T ; frm =bsn ; T < m

wheregs is the number of states,m is the particle mass,T is temperature,� (3) � 1:202
The total equilibrium energy density

� =
X Z

d 3p

(2 � )3
E (p ) f (p ) =

� 2

30
g � T 4 (15)

where

g � �
X �

gb +
�

7

8

�
g f

�
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For example, for photons atT � 1MeV , g
 = 2 , and

� 
 =
� 2

15
T 4 � 0:26

�
T

2:728K

� 4 eV

cm 3

n 
 = 0 :24T 3 � 412
�

T

2:728K

� 3

cm � 3

At a later time, aroundT = m e � 0:5 MeV, the e+ e� annihilation removes electrons
and positrons from plasma. The e�ective number of degrees of freedom changes from
(2 + 7

8 � 4) to 2. But the entropy is conserved, and herefore,n 
 increases by a factor
(2 + 7

8 � 4)=2 = (11 =4) .
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Freeze-out of cold relics

[Read, e.g., Kolb and Turner; Bertone, Hooper, Silk, Phys. Rep. 405,279]
The Boltzmann equation can be written as an equation for the particle number densityn :

dn

dt
+ 3 Hn = �h �v i

�
n 2 � (n eq )2

�
; (16)

where �v is the total annihilation cross section multiplied by velocity, brackets denote
thermal average,H is Hubble constant, andn eq is the number density in thermal
equilibrium de�ned above. Introduce the variables

Y �
n

s
; Y eq �

n eq

s
(17)

wheres is the entropy densitys = 2 � 2g� T 3=45 and g� counts the number of relativistic
degrees of freedom.
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The conservation of entropy per co-moving volume (sa3 = constant) implies
_n + 3 Hn = s _Y , and eq. 16 becomes

s _Y = �h �v i s2
�

Y 2 � (Y eq )2
�

: (18)

Introduce new variablex = m=T :

dY

dx
= �

h�v i s

Hx

�
Y 2 � (Y eq )2

�
: (19)

For cold relics, one can expandh�v i in powers ofv2

h�v i = a + bhv 2i + O (hv 4i ) � a + 6 b=x ; (20)
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Rewrite eq. (19) in terms of the variable� = Y � Y eq:

� 0 = � Y eq0 � f (x )�(2 Y eq + �) ; (21)

where prime denotesd=dx and

f (x ) =

r
�g �

45
m M P l (a + 6 b=x) x � 2: (22)

Introduce the quantityx F � m=T F , whereTF is the freeze-out temperature, and solve
analytically in the two extreme regionsx � x F and x � x F

� = � Y eq0

2f (x )Y eq for x � x F (23)

� 0 = � f (x )� 2 for x � x F : (24)

These regions correspond to long before freeze-out and long after freeze-out, respectively.
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Integrating fromx F to 1 and using� x F � � 1 , one can get

Y � 1
1 =

r
�g �

45
M P l m x � 1

F (a + 3 b=xF ) : (25)

The present density� X = m X n X = m X s0Y1 , wheres0 = 2889 :2 cm� 3 is the present
entropy density (assuming three Dirac neutrino species). Finally,


 X h 2 �
1:07 � 109 GeV � 1

M P l

x F
p

g �

1

(a + 3 b=x F )
; (26)

wherea and b are expressed in GeV� 2 and g� is evaluated at the freeze-out temperature.
The freeze-out temperaturex F :

x F = ln

"

c(c + 2)

r
45

8

g

2� 3

m M P l (a + 6 b=xF )

g1=2
� x 1=2

F

#

; (27)

wherec is a constant of order one determined by matching the late-time andearly-time
solutions.
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The smaller the cross section, the earlier the particle decouples, the higher isY :
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Dark matter: what is it?

Can make guesses based on...

� ...compelling theoretical ideas

� ...simplicity

� ...observational clues
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Dark matter: beautiful theoretical ideas

SUSY is an appealing theoretical idea
Dark matter comes as part of the package as one of the following:

� Lightest supersymmetric particle : cross section OK!

{ Neutralino
{ Gravitino
{ Axino

� SUSY Q-balls

Theoretically motivated!!No experimental evidence so far.
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SUSY dark matter: the LSP

Supersymmetry: a partner for every known particle
R-symmetry: introduced to prevent unwanted couplings
SUSY partners come in pairs in every interaction vertex. Hence, a SUSYpartner can decay
only if another SUSY partners are among the decay products.
A side bene�t: the lightest SUSY partner is stable

A weak-scale mass (� 102GeV) and a weak-scale cross sectionare the right orders
of magnitude to produce the right amount of dark matter.
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SUSY LSP dark matter: detection

direct indirect
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SUSY
WIMP

Direct detection

Weakly interacting particles (WIMP) can
penetrate through rock; they can be detected in
underground detectors, such asZeplin and others,
screened by the rock from cosmic rays (unwanted
background)
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Indirect detection of WIMPs

Annihilations of WIMPs in the center of MW galaxy can be detected by gamma ray and
x-ray telescopes in space (GLAST).
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SUSY LSP dark matter: limits

050610134201

  http://dmtools.brown.edu/
           Gaitskell&Mandic
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050610134201
Baltz and Gondolo 2003
Masiero, Profumo and Ullio: general Split SUSY
Ellis et. al 2005 LEEST (mu>0, pion Sigma=64 MeV)
Kim/Nihei/Roszkowski/de Austri 2002 JHEP
Ellis et. al 2005 CMSSM (mu>0, pion Sigma=64 MeV)
Baer et. al 2003
Lahanas and Nanopoulos 2003
SuperCDMS (Projected) Phase C
Chattopadhyay et. al Theory results - post WMAP
SuperCDMS (Projected) Phase B
SuperCDMS (Projected) Phase A
CDMSII (Projected) Development ZBG
Bottino et al. Neutralino Configurations (OmegaWIMP >= OmegaCDMmin)
Bottino et al. Neutralino Configurations (OmegaWIMP < OmegaCDMmin)
CDMSII (Soudan) projected
CDMS (Soudan) 2004 Blind 53 raw kg-days Ge
Edelweiss, 32 kg-days Ge 2000+2002+2003 limit
ZEPLIN I Preliminary 2002 result
DAMA 2000 58k kg-days NaI Ann.Mod. 3sigma,w/o DAMA 1996 limit
DATA listed top to bottom on plot

SUSY models: Elliset al., 2005.
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SUSY dark matter: Q-balls

Why would one suspect that
SUSY) Q-balls? SUSY

SUSY

Bose-Einstein

nucleus

SUSY

Q-ball
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A�eck { Dine baryogenesis

at the end of in
ation
a scalar condensate
develops a large VEV
along a
at direction

CP violation is due to
time-dependent background.
Baryon asymmetry: � = j � j e i!t
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Fragmentation of AD condensate can produce Q-balls

t
x

SUSY Q-balls may be stable or unstable
if stable ) dark matter

baryons baryonic Q-balls

unstable stable

dark matter

Affleck-Dine condensate

[AK, Shaposhnikov; Enqvist, McDonald]
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Experimental limits (Super-K)
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541.7days

[Super-Kamiokande, hep-ex/0608057]
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Axion

�

�

�



Strong CP problem: QCD vacuum is a superpositionj � i =

P
n exp f� in� gj n i of

topologically distinct vacuum statesj n i .

L QCD = L pert + �
g2

32� 2
F ~F

�� = � + arg det M

Experiment: j �� j � 10� 10 !
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Possible solution: Peccei-Quinn symmetry

An elegant solution:�� relaxes to zero dynamically, by a VEV of theaxion .
Additional U(1) symmetry,Peccei-Quinn symmetry is spontaneously broken by

instantons) axion has small mass.
Axion is a weakly interacting particle ) dark matter
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Axion dark matter
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Axion dark matter

Various searches:

� axion-photon conversion in magnetic �eld

� detection of solar axions

� long-range forces; possible advantage in space: drag-free environment

78



Alexander Kusenko (UCLA) PASI '06

Dark matter: WIMPZILLAS

� Superheavy particles can be produced at the end of in
ation just from gravity or from
new interactions.

� Can be charged or neutral, can have no interactions (except gravity) or can even have
strong interactions

� Density small, hard to detect.

� Decays may produce ultrahigh-energy cosmic rays
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Sterile dark matter: a simple (minimalist) solution

Needone particle ) add just one particle
If a fermion, must be gauge singlet (anomalies)
Interactions only through mixing with neutrinos

) sterile neutrino

Small mass and, therefore,stability! No symmetries required.
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Sterile neutrinos
The name "sterile" was coined by Bruno
Pontecorvo in a paper [JETP,53, 1717 (1967)],
which also discussed

� lepton number violation

� neutrinoless double beta decay

� rare processes (e.g.� ! e
 )

� vacuum neutrino oscillations

� detection of neutrino oscillations

� astrophysical neutrino oscillations
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Pontecorvo: neutrino oscillations can"convert
potentially active particles into particles that
are, from the point of view of ordinary weak
interactions,sterile, i.e. practically unobservable,
since they have the "incorrect" helicity" [JETP,
53, 1717 (1967)]
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Sterile neutrinos with a small mixing to active neutrinos

�
j � 1i = cos � j � e i � sin � j � s i
j � 2i = sin � j � e i + cos � j � s i

(28)

The almost-sterile neutrino,j � 2i was never in equilibrium. Production of� 2 could take
place through oscillations.

The coupling of� 2 to weak currents is also suppressed, and� / sin 2 � .
The probability of � e ! � s conversion in presence of matter is

hP m i =
1

2

"

1 +
�

� osc

2� s

� 2
# � 1

sin 2 2� m ; (29)

where� osc is the oscillation length, and� s is the scattering length.
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Sterile neutrinos in the early universe

Sterile neutrinos are produced in primordial plasma through

� o�-resonance oscillations. [Dodelson, Widrow; Abazajian, Fuller; Dolgov, Hansen;
Shaposhnikov et al.]

� oscillations on resonance, if the lepton asymmetry is non-negligible[Fuller, Shi]
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Mixing is suppressed at high temperature[Dolgov, Barbiieri; Stodolsky]

sin 2 2� m =
(� m 2=2p )2 sin 2 2�

(� m 2=2p )2 sin 2 2� + (� m 2=2p cos 2� � V (T )) 2
; (30)

For small angles,

sin 2 � m �
sin 2 �

1 + 0 :79 � 10� 13(T = MeV )6(keV 2=� m 2)
(31)

Production of sterile neutrinos peaks at temperature

Tmax = 130 MeV

 
� m 2

keV 2

! 1=6

85



Alexander Kusenko (UCLA) PASI '06

The resulting density of relic sterile
neutrinos in conventional cosmology, in
the absence of a large lepton asymmetry:


 � 2 � 0:3

 
sin 2 2�

10� 8

! �
m s

keV

� 2
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[Dodelson, Widrow; Dolgov, Hansen; Fuller, Shi; Abazajian, Fuller, Patel]
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Lyman-� forest: a look at the small-scale structure
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The resulting density of relic sterile
neutrinos in conventional cosmology, in
the absence of a large lepton asymmetry:


 � 2 � 0:3

 
sin 2 2�

10� 8

! �
m s

keV

� 2

Lyman-� forest clouds show signi�cant
structure on small scales. Dark matter
must be cold enough to preserve this
structure.
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too warm

Seljak et al.

Viel et al.
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Cold or warm dark matter?

CDM works well, but...
There are problem problems with cold dark matter on small scales
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Some CDM problems eliminated by WDM

� overproduction (by an order of magnitude!) of the satellite halos forgalaxies of the
size of Milky Way.

� WDM can reduce the number of halos in low-density voids.[Peebles]

� observed densities of the galactic cores (from the rotation curves)are lower than what
is predicted based on the� CDM power spectrum.[Dalcanton et al.; van den Bosch et
al.; Moore; Abazajian]

� The \angular-momentum problem": in CDM halos, gas should cool at very early times
into small halos and lead to massive low-angular-momentum gas cores ingalaxies.
[Dolgov]

� disk-dominated (pure-disk) galaxies are observed, but not produced in CDM because of
high merger rate.[Governato et al.; Kormendy et al.]

� observations of dwarf spheroidal galaxies) m � keV [Gilmore et al.]
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Radiative decay

Sterile neutrino in the mass range of interest have lifetimeslonger than the age of the
universe, but they do decay:

n2 W+ n1

l -l -

g

n2 l - n1

W+
W+

g

Photons have energiesm= 2: X-rays. Large lumps of dark matter emit some X-rays.
[Abazajian, Fuller, Tucker; Dolgov, Hansen; Shaposhnikov et al.]
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X-ray observations

Virgo cluster image from XMM-Newton
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Chandra, XMM-Newton can see photons: � s ! � e


[Abazajian et al; Hansen et al.; Boyarsky et al.; Watson et al.]
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Chandra, XMM-Newton can see photons: � s ! � e


dSphs (favored)

[Abazajian et al; Hansen et al.; Boyarsky et al.; Watson et al.]
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Conclusions (lecture 1)

� One can learn about fundamental physics from astronomical observations

� Dark matter: next big discovery?
{ dark matter exists and is made of new particles
{ one must take educated guesses about the nature of dark matter
{ a broad search for a variety of candidates will hopefully lead to a discovery
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