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Friedmann-Robertson-Walker metric

d 2
ds® = dt* — R*(t) (1 rk >+ r°(do” + sin” 9dqb2)>
— kr

R(t) 1s the scale factor
k 1s curvature constant :
k=-1,0,+1 for spatially open, flat or closed Universes

with perfect-fluid source

T = —pg"” + (p + p)utu”

and solve Einstein’s equations

1
R, — Egu,,R — Ag,, = 8wGNT,,
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The (00) component gives:

The (1) components give:

R A 4AnGn(p + 3p)

R 3 3

In addition Tw., = 0 gives:
p=—3H(p+ p)
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Considerk=A =0

2
R _8mGnp 55— _3H(p +p)
R? 3

1) Radiation dominated Universe: p = 0/3

0 ~R“*and R ~ t1/2

11) Matter dominated Universe: p =0

0~R3and R ~ 23
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Inflation- Cosmological Problems

Flatness Problem

k—Hzﬂl A=0
T (2 —1) (A=0)

Divide by T2 and evaluate today:

k =

T Hi(0 —1)/T; <2 x 1058

Represents an initial condition on the Universe
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Inflation

e Standard cosmology assumes an adiabatically
expanding Universe, R ~ 1/T
e Phase transitions can violate this condition
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Phase Transitions

e Expect several phase transitions in the Early Universe
- GUTS: SUS —= SUB) x SUR) x U(1)
- SM: SUR2) x U(1) — U(1)
- possibly other non-gauged symmetry breakings

e Entropy production common result

e Type of inflation will depend on the order of the phase transition
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New Inflation

Slow Rollover
D

T=0
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Inflation

A =81 Gn Vo
For 9 << Vo,
R? 3 3
R /A
or — £ g — ¢ R ~ 't
R 3

For Ht > 65, curvature problem solved

When the transition 1s over, the
Universe reheats to T < Vol/4 ~ Tj,
but R >> R;
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Anti-matter 1n the Universe

e On Earth?
e On the Moon?

* In the Solar System?
* In the Galaxy?

— In cosmic rays antimatter 1s secondary

— antiHelium - never observed
He = ppii

 Anywhere?
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Baryogenesis
The Baryon asymmetry

e (Goal: To calculate i) from microphysics

e Problem: In baryon symmetric universe the baryon density 1s
determined by freeze-out of annihilations

nNp ng
., .,
np
For T >> mn, — ~ 0(1)
Y
Wi, MN.3/2 _mn/T
For T < mn, — ~ ()7 e™™

T T
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The Sakharov Conditions

To generate an asymmetry:

1 .Baryon Number Violating Interactions
2.C and CP Violation

3.Departure from Thermal equilibrium

1. and 2. are contained in GUTs
3. 1s obtained in an expanding Universe
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Grand Unified Theories

In SU(S), there are gauge (and Higgs) bosons which mediate baryon
number violation. Eg.,

AB =+ 1/3 AB =-2/3
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Conditions in the Early Universe:

T 21 MeV
-2

n=ng/n, ~ 1071

f-Equilibrium maintained by
weak interactions

Freeze-out at ~ 1 MeV determined by the
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Nucleosynthesis Delayed
(Deuterium Bottleneck)

p+n—>D+7 FPNTLBO'

p+n <—D+vy I'g ~ nvae_EB/T

Nucleosynthesis begins when ['), ~ 'y

g—;e—EB/T ~ 1 Q7T ~ 0.1 MeV
All neutrons — *He
2
1+ (n/p)

Remainder:

D, “He ~ 107 and Li ~ 107! by number
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Q,h?
0.01 0.02 0.03
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Historical Perspective

Intimate connection with CMB

Alpher
Herman

Conditions for BBN: Gamow
Require T > 100 keV = t <200 s

ovip+n—=D +y)=5x 10"Ycm’/s

= ng ~ 1/ovt ~ 1017 cm™>



Some History:

Penzias and Wilson:
Perfecting a radio antenna to track the Echo satellite
found background noise which could not be eliminated.

Corresponding temperature:
T=35+1K

Published in
“A Measurement of Excess Antenna Temperature at 4080 Mc/s”

Followed by an explanation by Dicke, Peebles Roll, & Wilkenson
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Subsequently, many measurements ( ground and balloon based)
showed that:

T=2"7-3K
Enter COBE.

Lingering doubts regarding distortions and aniotropies set
aside.

T=273x£001K

n, ~T> =411 cm™

0, ~T*=10% g,
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Cosmological Parameters:

2=1.006 = 0.006
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Galactic Rotation Curves

Doppler measurements in spiral galaxies |

Observe: U(?")
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Expect:

if M 1s constant

or M(< r)

GM?  KMuv?
=

- Kuvr
= =

02 ~ 1/

NGC 2403
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GM? _ KMuv?

2 r

Expect:

2
or M(< T):Kér

if M 1s constant

JACK SCHMIDLING

if v 1s constant

s . -
150 [~ I‘xﬂ;‘u IIII]I:III:IIII_

- 1

= Existence of Dark Matter §f;

V (km/s)
2

NGC3198 o 10z a0
R (kpc)
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¢~ Line of
+ Sight

-
CLUSTER OF
o GALAXIES -

RAVITATIONAL

]

NSING:

A Distant Source
Light leaves a young,
star-iorming tlue galaxy near
the edge of the visible universe

A Lens
Of ‘Dark Matter’
Some of the hight
passes through a large
cluster of galaxies and sur-
rounding dark matter, directly in the
line of sight between Earth and th
distant galaxy. The dark matter’s gravity
acts like a lens, bending the incoming light

Focal Point:
Earth

Mast of this light is
scattered, but some 1S
focused and directed toward
Earth. Obsarvars see multipe
adistorted images ¢f the background
galaxy,

Toary Tyson, Greg Kochanski and
Ian DellAntonio

Frank O'Comnell and Jam McNanus/

The New York Times

Friday, July 13, 12



vSO1+1+¢00

Y]
b el
o}
o
>
>
3
>
©
S
-
L



Abell 781 Wittman et al.

Friday, July 13, 12



The Bullet Cluster

e
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How Much Dark Matter

WMAP 7 Komatsu etal

Precise bounds on matter content

Q1h?%=0.1334 00056  Qph? = 0.0226 + 0.0006

Qcdmh? = 0.1109 % 0.0056
or
Qcdm h? =0.0997 - 0.1221 (2 0)

Friday, July 13, 12



5 T T T T S
- o L .
. .
v . v .
L . r L
.
.

0.8F _ 0.8F I
_ 06} \ : _ 06} \ :

0.4} ] 0.4 F ]

02t WMAP omx ; 0.2k WMAPext...... ;

0.0t . . . o 0.0t . . . o

0.0 02 04 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0
Q 0,

1.0 ™
0.8
0.6
0.4}
0.2

1 .O

_E 0.8 : ~....'~¢
: i \
1 0.6

: 0.4F WMAPext+HST+SN
R 0.2F T o

0.0t . 0.0t

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Q 0,

m

Friday, July 13, 12



Candidates

* Baryons
— Cluster, produce heavy elements, ...QBh2 =0.0224

 Neutrinos ,
— We know too much (0.0005 < th < 0.0076)

* Axions
— Solve the strong CP problem, scale 1s not well motivated

 LSP

— Natural stable dark matter candidate with good relic density
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Gauge Hierarchy Problem

MP ~ 1019 GeV
Mx = 1015 GeV
MW ~ 102 GeV

Why are these scales different?
Do they stay different?
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What 1s Q|Boson) = |Fermion)
supersymmetry? Q|Fermion) = |Boson)

‘ . scalar — spin 0
Chiral multiplet

e fermion — spin 1/2

) fermion — spin 1/2
Vector multiplet ! bin 1/

Y vector — spin 1

(also gravitational multiplet with

gravitino (spin 3/2) and graviton (spin 2).

Friday, July 13, 12



World average 91

30

oy (Q)

20
o (Q)

10

0 ] | ] | | | | | | | ] | ] |
108 105 107 108 1011 4013 1015 41017
Q(GeV)

Running of the Gauge couplings
in the supersymmetric
standard model

o 10

Running of the Gauge couplings
in the standard model

60

50

40

30
20

| | | | | | | |
10° 10* 10° 10°% 10'Y 10'¢ 10'* 10'° 10'°

Q (GeV)

Friday, July 13, 12



What 1s the MSSM

1) Add minimal number of new particles:
Partners for all SM particles + 1 extra Higgs
EW doublet.

2) Add minimal number of new interactions:

Impose R-parity to eliminate many
UNWANTED interactions.

R = (_1)3B+L+ZS
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Particle Content of the MSSM

Gauge ~
B :
~ neutralinos
\YY
w*  charginos
Higos ~ |
H;,  neutralinos
H* charginos
Matter

1,0

LR squarks
sleptons

(—
-
o)
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All New particles have R = -1
E.g.:

v: S=1/2; B=L=0; R=(-1)1 =-1
e: S=0; B=0;L=-1; R=(-1)"1 =-1
u: S=0; B=1/3; L=0; R=(—1)1 = -1

R-Parity Conservation =

The Lightest Supersymmetric Particle (LSP) 1s stable

~y

C Y

.
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SUSY Dark Matter

MSSM and R-Parity >
Stable DM candidate
1) Neutralinos

Xi = a; B + @:W + ’Yz‘ﬁ1 + 5iﬁ2

2) Sneutrino
Excluded (unless add L-violating terms)

3) Other:

Axinos, Gravitinos, etc
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The Search:

e Colliders:

— Supersymmetry
— Missing energy
— Rare Processes

e Direct Detection

e Indirect Detection
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Effect of Results from LHC

CMS Preliminary Vs=7TeV f Ldt=44fb"

‘3;% m(g) = 2000
Razor Inclusive
Hybrid CLs 95% C.L. Limits

. 1 =& Median Expected Limit
~ 5fb @ 7 Te\/ o . Expected Limit =1 o
' = Observed Limit
Observed = 1 o (theory)

m(g) = 1000
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without leptons m, [GeV]

MSUGRA/CMSSM: tanp = 10, A = 0, >0
“ ATLAS Preliminary

- Hea\/y Higgs to TT L Jraearinl Ty
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Most recent result from Xenon100
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Most recent result from Xenon100
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Red is CDMS Blue is Xenon Green is Edelweiss
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Higgs masses Vs €la
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