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Inflation

OutlineOutline
�� Grand Unified Theories and phase transitionsGrand Unified Theories and phase transitions
�� Problems with a nonProblems with a non--inflationary Big Banginflationary Big Bang
�� InflationInflation

�� InflatonInflaton fieldfield
�� SlowSlow--rollroll
�� ReheatingReheating
�� Seeds for structure formationSeeds for structure formation

�� Inflation as a solution to the flatness, horizon and Inflation as a solution to the flatness, horizon and 
magnetic monopole problemsmagnetic monopole problems

�� Eternal inflationEternal inflation
�� Primordial black holesPrimordial black holes

Covers chapter 11 in Ryden + extra stuff

Grand UnificationGrand Unification

?

ttPlanck:
~10-43 s

tGUT:
~10-36 s

tEW:
~10-12 s

Gravity

Strong force
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EM

Theory
of 

Everything?

Grand Grand UnificationUnification IIII

�� ElectroweakElectroweak unificationunification experimentallyexperimentally
confirmedconfirmed in late 1970s in late 1970s →→ Nobel Nobel prizeprize in in 
physicsphysics to Maxwell, Weinberg, to Maxwell, Weinberg, SalamSalam & & 
GlashowGlashow for for electroweakelectroweak theorytheory

�� GUT GUT happenshappens at Eat EGUTGUT~10~101212 TeVTeV

�� LHC LHC reachesreaches ~ 10 TeV ~ 10 TeV →→ Experimental Experimental 
confirmationconfirmation of GUT is not of GUT is not gonnagonna happenhappen
soonsoon……

PhasePhase TransitionsTransitions
The Universe underwent a phase transition

when the temperature dropped below TGUT~1028 K
Symmetry between strong and electroweak force lost →

Topological defects!

Many GUT scenarios produce magnetic monopoles
with mc2~1012 TeV

WhyWhy dodo wewe needneed inflation?inflation?

�� To To solvesolve::
�� FlatnessFlatness problemproblem

�� HorizonHorizon problemproblem

�� MagneticMagnetic monopolemonopole problemproblem

�� To To seedseed structurestructure formationformation
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The The flatnessflatness problem Iproblem I

  past. in theflat   tocloseextremely  it was

 now,flat   toclose is  Universe theif Hence,

101

:ePlanck tim at the implies,  that thisshowcan  One

1.01

:nallyObservatio

60
Planck

0

−≤Ω−

≤Ω−

Why is the Universe so close to flat?
If this is a coincidence, it very, very improbable!

The The horizonhorizon problem Iproblem I

0.98dhor 0.98dhor

Last scattering surface

How can the CMBR be almost completely isotropic, when
opposite sides of the sky have never been in casual contact?

Observer

The The horizonhorizon problem IIproblem II
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Regions in causal contact
~20000 patches in the CMBR sky

Us

The The magneticmagnetic monopolemonopole problem Iproblem I

Magnetic monopoles: zero-dimensional objects
which act as isolated north or south poles of a magnet 

Many GUT models predict huge numbers of these!
While subdominant at creation, they would soon come

to dominate the energy density of the Universe

Problem: No such objects have ever been observed!
Where are the magnetic monopoles?

InflationInflation
What is inflation?

A short period of fast expansion, happening 
very early in the history of the Universe
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Inflation
One possible model:
tstart~  10-36 s after the Big Bang
tstop ~ 10-34 s after the Big Bang
a(tstop)/a(tstart) ~ e100 ~1043

The The inflatoninflaton fieldfield II
Consider a scalar field φ(r,t) with potential energy V(φ)
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True vacuum
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The The inflatoninflaton fieldfield IIII
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Slow roll →
Exponential expansion

The The inflatoninflaton fieldfield IIIIII
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Oscillations →
Reheating

SlowSlow--rollroll
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Negative pressure!
Λ-like expansion!
de Sitter phase!

ReheatingReheating

If the Universe expands by a factor of ~e100 →
Temperature drops by e-100

and the radiation energy denstiy gets extremely small

How come it’s not small after inflation then?

Oscillations of φ around φ0 →
Some of the energy of the inflaton field are 

being carried away by radiation
These photons reheat the Universe

Hence, no shortage of photons after inflation!

SeedsSeeds for for structurestructure formationformation

Prior to inflation:
Microscopic quantum fluctuations

Virtual particles created and annihilated

Inflation

After inflation:
Quantum fluctuations blow up 

to macroscopic scales
act as seeds for structure formation

SeedsSeeds for for structurestructure formation IIformation II

Early Universe
Primordial density

fluctuations due
to inflation

Current Universe
Primordial seeds have

generated very
complicated structure
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Inflation as a solution to the Inflation as a solution to the 
flatnessflatness problem Iproblem I
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The acceleration equation:

During inflation, the Universe is temporarily
dominated by a component with P < -ε/3 
(i.e. w<-1/3), giving positive acceleration.

One often assumes a cosmological constant
Λinflation to be responsible.

Note: This is a constant very different 
from the Λ driving the cosmic acceleration today.

Λinflation ~ 10107 Λ…

Inflation as a solution to the Inflation as a solution to the 
flatnessflatness problem IIproblem II

tHta

H

inflatione)(

3

2/1

inflation
inflation

∝








Λ=

Hubble parameter and scale factor during inflation:

Number of e-foldings during inflation:
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Inflation as a solution to the Inflation as a solution to the 
flatnessflatness problem IIIproblem III
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Inflation makes a curved Universe flat!

Inflation as a solution to the Inflation as a solution to the 
horizonhorizon problem Iproblem I

The horizon problem

Inflation as a solution to the Inflation as a solution to the 
horizonhorizon problem IIproblem II

The solution

Inflation as a solution to the Inflation as a solution to the 
horizonhorizon problem IIIproblem III

Horizon before and after inflation:
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Inflation as a solution to the Inflation as a solution to the 
horizonhorizon problem IVproblem IV

Regions in causal contact
~20000 patches in the CMBR sky

Without inflation With inflation

Just one patch in the sky!

Us Us

Inflation as a solution to the Inflation as a solution to the 
magneticmagnetic monopolemonopole problem Iproblem I

Expansion dilutes the number densities of objects,
and inflation did this extremely efficiently

Inflation as a solution to the Inflation as a solution to the 
magneticmagnetic monopolemonopole problem IIproblem II
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GUTmonopoles
300
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A realistic number density of monopoles
at the GUT epoch would correspond to less 

than one monopole within the volume
spanned by the last scattering surface

EternalEternal inflation Iinflation I

V(φ)

φ0

V0

0
0

Once the inflaton field has come to rest at φ0, inflation ends.
But in some regions of space equantum fluctuations can

make the inflation field move up the potential again →
Some regions keep inflating

EternalEternal inflation IIinflation II
EternalEternal inflation IIIinflation III

Differently inflated regions may end up with
very different properties (’mutations’) → Multiverse

Good ’genes’ may promote further expansion 
(self-reproducing Universes).
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EternalEternal inflation IVinflation IV

�� Quantum Quantum fluctuationsfluctuations in in φφ →→
Future-eternal inflation
Inflation will always continue (somewhere)

�� PastPast--eternaleternal inflation inflation modelsmodels alsoalso existexist::
Revives the perfect cosmological principle!
The The interiorinterior of of eacheach inflatinginflating bubblebubble maymay
be be describeddescribed by the Big Bang by the Big Bang theorytheory, , butbut
the the multiversemultiverse as a as a wholewhole has has beenbeen
aroundaround foreverforever

Stellar Black HolesStellar Black Holes
Initial mass: Last stages: Remnant mass:
30<M/Msolar SN → BH ~ 3—20 Msolar

→

Supernova Stellar Black Hole

Since the progenitors of stellar black holes are baryonic,
these black holes cannot contribute much to the 

matter density of the Universe

Primordial Black HolesPrimordial Black Holes
�� HighHigh--density regions in the early Universedensity regions in the early Universe

(t (t «« 1 s) may collapse into primordial black 1 s) may collapse into primordial black 
holes holes 

�� PBHsPBHs could in principle form with masses could in principle form with masses 
from from MMPlanckPlanck -- 10101515 MMsolarsolar

�� Remains a viable candidate for the cold Remains a viable candidate for the cold 
dark matter: dark matter: ΩΩPBHPBH could be ~0.3!could be ~0.3!

�� Example:Example:
�� MMPBHPBH~10~10--88 MMsolarsolar (mass of the Moon) would (mass of the Moon) would 

have a size (event horizon) of R~0.1 mmhave a size (event horizon) of R~0.1 mm

Primordial Black Holes IIPrimordial Black Holes II

Hawking radiation:

Objects with M > 5×1011 kg 
would still be around!

Unclear what happens at 

MPlanck. Relics may form!

•Observational constraints:
� BBNS abundances 
� Gamma-ray background 
� CMBR


