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What is cosmology?

* Study of the origin and large scale structure of the
universe

- Large scale > 10 kpc (= 30,000 lyr ; galaxy size).
- Largest scale observed (around 10,000 Mpc).
* Traditionally: gravitational and thermal history

- Far away galaxies seem to receding away from us
with a velocity proportional to its distance. (universe
is not static or stationary -- history)

> There is a thermal background radiation at 2.7
degrees Kelvin. (thermal history)
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Started with stars
With stars, homogeneity and isotropy is Milky Way ((~ (O STarsv
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Only on largest scales,
homogeneity and isotropy seems
like a plausible assumption if
consider just stars.

Because gravity is attractive,
universe is very clumpy.

Star homogeneity scale:
Larger than about 100 Mpc

For recent speculations of
an inhomogeneous universe, see
0711.3459 and 0712.0370

The vichle univerce (~6(0")l)
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* Number of superclusters in the visible universe = 10 million
* Number of galaxy groups in the visible universe = 25 billion

¥ Number of large galaxies in the visible universe = 350 billion
¥ Number of dwarf galaxies in the visible universe = 7 trillion
* Number of stars in the visible universe = 30 billion frilion (3x10%2)




Multi-wavelengths, Multiple probes

Electromagnetic

1) Best evidence for isotropy Gamma rays

2) Farthest and oldest we can see with a direct
probe

Cosmic rays: Protons + (?) X
-rays

neut_r_inos CMB

antimatter




Electromagnetic flux
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log [Flux/(erg cm 257'sr™")]

log(E/eV)
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Theory

1) Homogeneous

2) Perturbations

3) CMB scalar

4) Large scale structure
5) Polarization



General Theoretical Problem

* Einstein equations (Equivalence principle)
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R,.8, I-{;R,.. Rg,,|=8mT, (g, ]—» Put in known fields
(more later . . .)

* Boltzmann Equations

o 6 IR L st 3 ‘ &P 1 PepP,
e ———— i 3 — : T'ujz - - (T, 2,
P = Tar PP f.ru“‘]ﬁl 7 jm :' '("“f(%)%ﬂ po x(50)

1 p=g;; P'P'p
Collision term: !
Approximation

* Other relevant field equations
(e.g. magnetic field, inflaton, axion, quintessence)

Difficulties/opportunities: 1) nonlinearity 2) large number of degrees of freedom
3) unknown initial conditions



Usual Approach To Resolving
Difficulties

* Non-linearity:
 Perturbation theory when possible (e.g. large scales)
* Numerical simulations (Smaller than about 10 Mpc)

» Large number of degrees of freedom:
 Statistical observables
« Categorize based on dominant interactions

* Unknown initial conditions:
* Thermal equilibrium
« Homogeneity and isotropy
* Inflation
» Adiabatic vacuum



Perturbation Theory: Zeroth order

Homogeneous and isotropic fluid.

CMB + philosophical prejudice of non-preferred frame

Homogeneous and isotropic on large length scales

v
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Geometry: ds’=dt’>— a’(t
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characterizes the curvature of space at a fixed time
*R=6k/a*<0.01 H*~(10"*GeV )

Foliation Energy: T, =(p(0)+P(t))u,u +P()g, eg T,=p T,=a’P

XA

( SM + BSM physics determines
The properties of these objects

v

e.g. equation of state




Background

* Linstein o
» k _p _a'(r) po_ 1
H +2=L H= = =1
T3 a(ty . V8w G, 8w
2H (0)+3H + X = p |
a expansion rate
LA () -1 .
combine: — G (p+3P) <— ordinary matter: decelerate

alternate: d(pa’y=—Pd(a’) =< perfectfluid energy conservation
and adiabatic tflow

* Notation and examples
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Homogeneity and Isotropy

* “on the average” Homogeneity and isotropy

dar-

1— kr*
A

ds*=dt*—a’(t)] +1°d@°+r°sin“ 0 dp”]

‘characterizes the curvature of space at a fixed time
'R=6k/a’<0.01 H ~ (10" *GeV )’

e Stress Tensor: Perfect fluid
I, =pO)+Pt)uu+P(t)g, eg T,=p T,=a’P

* Open Problem: Is the naive averaging of the
background density correct?



Explicit Stress-Energy Components

(p,=3H ~10 “GeV*)

* Popular Model Dy=pxlp
4+ energy conservation
d P ~107°
0, =0, (t) ;”) P= 2,19
3 noninteracting particle
; Q,~0.044
=p, (t)|—| P, =0
Pp.c pb,{‘( 0 ( H) b,c QC%().ZZ
3
a N )
m—ﬂJ%wi P =0 _ 2,~00
d negative pressure

p=p,(t) P~=p~ Q,~0.73

P =Py tP, Py Tp tp, Q=10

P,=P,+P +P,+P +P, Whataboutinteractions and
Momentum distributions?



Momentum Distribution of Things
that Once Scattered “Quickly”

If interactions are fast, thermal equilibrium is established (e.g. motivates
initial conds.): Motivated by Boltzmann H-theorem - Interactions lead to

equilibrium phase space distribution
CMB has equilib. spectrum today - possibility: CMB once in equilib.

Anything that strongly interacted with CMB was in equilib.
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Equilibrium Distributions:

. Equilibrium Thermodynamics ===/ r@&ds

EYEd'p

}’—gj'pf Eyd®p

E=4p*+ m’

f(E)= 1 can fall exponentially

exp. b ; 4) 1 with temperature

* Photon Temperature = “temperature of universe”

2

T 4
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* Entropy (conservation

(p+ D) 21"
T 45

S =

g*s(T)Ta

PRE_g (T)T4

gives T history)
Early Universe (T>1 MeV)

go(T)~g.s(T)

¥

SMonly: g.(T>300GeV )~107

today (for massless neutrinos): 7~234x10 *eV  g.;~39 g.~336

g ,= 2— photons dominate and can be measured!



Jargon
* Equilibrium conditions: r »H

e Kinetic equilibrium: X [ Y }— X {Z] Y and Z in equilib with photon

* maintains same temperature
e particle number does not change

* Chemical equilibrium: X (Y '|—(Z] Y and Z in equilib with photon
* maintains same temperature

* particle number changes
* particle number is determined by temperature

* Boltzmann equations govern approach to
equilibrium

* Out of equilibrium:

* Kinetic: decoupled
¢ Chemical: freeze out



Universe is not Homogeneous and Isotropic

* Now, that you know how to describe homogeneous and isotropic
fluid, what about spatial inhomogeneities?

perturbations
» Introduce perturbation variables and use field/Boltzmann equations

« Consider Large scale structure formation and CMB for T< keV
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What are the equations governing {®.V.0.4. 6., v. 1N} ?
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Some intuition:
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Some intuition:

After horizon entry and matter domination: ¢ x a
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Polarization

One of the CMB information that we have
not measured yet is called B-mode
polarization. This can contain information
about inflation as well as cosmic strings.
PLANCK sattellite which is to be launched
this year may be able to measure this.

Hence, we turn to the discussion of CMB
polarization.
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To describe polarization anisotropies, we need a basis for describing vector
functions on a unit sphere just as we needed Yi..(¢.¢) for describing scalar
functions on the unit sphere.
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E and B modes (partiy eigenstates)
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E and B are scalars like temperature.
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Summary of Part 1

Universe is clumpy today (homogeneity and isotropy is not
obvious).

Multiple probes are giving us a better picture.

Boltzmann equations + Einstein’s equations can be used to
model and accurately describe most of the cosmological
observations such as CMB and large scale structure.

Inflationary (to be discussed in the next lecture) sensitivity is
In the spectral information of the observables.

B-mode polarization requires Thomson scattering in the
presence of nonzero spin background. Gravity waves can
provide such background. We are awaiting Planck to see if
any B-mode exists.



