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e Grand Unified Theories and phase transitions
e Problems with a non-inflationary Big Bang
e Inflation

o Inflaton field

e Slow-roll

e Reheating
e Seeds for structure formation

%hﬂation_ as a solution to the flatness, horizon and
\'\}1 Enetlc monopole problems
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e Pri ial\black holes
Covers c ak\er 11 in Ryden + extra stuff

Grand Unification
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Grand Unification Il

e Electroweak unification experimentally
confirmed in late 1970s — Nobel prize in
physics to Maxwell, Weinberg, Salam &
Glashow for electroweak theory

UT happens at Eg;;~10'? TeV

o G
m reaches ~ 10 TeV - Experimental

[
%}ﬁ ation of GUT is not gonna happen
soon:

Phase Transitions

The Universe underwent a phase transition
when the temperature dropped below Tg,;~10%8 K
Symmetry between strong and electroweak force lost —
Topological defects!

Many GUT scenarios produce magnetic monopoles
with mc2~102 TeV
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Why do we need inflation?

e To solve:
e Flatness problem
e Horizon problem
e Magnetic monopole problem

——eo_T0 seed structure formation




The flatness problem |

Observationaly :

nL-Qj=<01

Onecan show that thisimplies, at the Planck time:
L-Qpe| <107

Hence, if the Universeisclosetoflat now,

\
\ it was extremely closetoflat in the past.
is\the Universe so close to flat?
If this is a\coincidence, it very, very improbable!

The horizon problem |

Last scattering surface

0.98d,,  0.98d,,

@
Observer

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

The horizon problem Il

6 - dhor (tlss) ~ 04M pC
o d, 13Mpc

= 2 degrees

® Regions in causal contact
~20000 patches in the CMBR sky

The magnetic monopole problem |

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
dominate the energy density of the Universe

such objects have ever been observed!
ere are the magnetic monopoles?

Inflation
What is inflation?
A short period of fast expansion, happening
very early in the history of the Universe

Inflation

One possible model:

tyar~ 10736 s after the Big Bang
tyop ~ 1034 s after the Big Bang
a(tstop)/ a(tstart) ~ el00 ~1043

The inflaton field |
Consider a scalar field ¢(r,t) with potential energy V(¢)
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The inflaton field 1l

The inflaton field I
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Oscillations —
Reheating
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Slow-roll
£, 2h3¢2 +V(9)
R, 2h3¢2 -V(9)
N Slow roll :

@ <<hcV(¢) =
_ - Negative pressure!
=~ Pgo =V(®) ke expansion!

de Sitter phase!

Reheating
If the Universe expands by a factor of ~e1% _,
Temperature drops by e100

and the radiation energy denstiy gets extremely small

How come it’s not small after inflation then?

Oscillations of @around @, —

of the energy of the inflaton field are
ing carried away by radiation

ese photons reheat the Universe
Hence, no shortage of photons after inflation!

Seeds for structure formation

After inflation:
Quantum fluctuations blow up
to macroscopic scales
act as seeds for structure formation

Virtual particles created and annihilated

Seeds for structure formation Il

Current Universe
Primordial seeds have
generated very

\ complicated structure




Inflation as a solution to the Inflation as a solution to the
flatness problem | flatness problem Il
The acceleration equation: Hubble parameter and scale factor during inflation:
= 1/2
E = - 471G (g +3P) H - /\inflalion
a 3c? inflation — 3
During inflation, the Universe is temporarily a(t) [] @Hinationt
dominated by a component with P < -¢/3
ie. w<-1/3), giving positive acceleration. \\er of e-foldings during inflation:
e often assumes a cosmological constant
inflation 10 D€ responsible. _ _
1Tl iﬂslis a constant very different N=H inflation (tstop tstart)
from the riving the cosmic acceleration today.
N flation ™ 10107 A N - 100
Inflation as a solution to the Inflation as a solution to the
flatness problem llI horizon problem |
‘1— Qtyep )‘ =g ‘1— Qty )‘ age of universe
Example: points A and 8 before
\l— Q(ty, )\ =1= ‘1— Q(tsop)‘ =0 ’%,o glﬁ‘ér'.mew SoMfisach
flation makes a curved Universe flat! N \’A\"?’o
bﬂ\ ' B e 500,000 yr
T / - ™
‘-\\ | P : . distance
| - Gas at point A has received signals Gas at point B has received signals
from this part of the universe. from this part of the universe.
“;' | I i i Copyright @ Addison Wesley.
i ~uuid ul \ ﬁqe horizon problem
Inflation as a solution to the Inflation as a solution to the
horizon problem Il horizon problem Il
time us Horizon before and after inflation:
v dt
dhor (tz) =C
woa(t)
- Beforeinflation::
\\\ s \\\ Gy = 20t ~6x107m
Afterinflation:
distance —~ N 6
St d, =e"3ct,,, ~2x10°m

\ \ The solution "
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Inflation as a solution to the
horizon problem IV

Without inflation

With inflation

Just one patch in the sky!

~20000 patche: in the CMBR sky

Inflation as a solution to the
magnetic monopole problem |

and inflation did this extremely efficiently

Inflation as a solution to the
magnetic monopole problem I

At theend of inflation:

—300
nmonopoles (tstop) ~€ nmonopoles (tGUT )

A realistic number density of monopoles
e GUT epoch would correspond to less
an.one monopole within the volume
spanned by the last scattering surface

Eternal inflation |

Once the inflaton field has come to rest at @,, inflation ends.
But in some regions of space equantum fluctuations can
make the inflation field move up the potential again —
Some regions keep inflating
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Eternal inflation 1l

Eternal inflation 1l

Differently inflated regions may end up with
very different properties (‘'mutations’) — Multiverse
Good 'genes’ may promote further expansion
(self-reproducing Universes).




Eternal inflation 1V

e Quantum fluctuations in ¢ -
Future-eternal inflation

Inflation will always continue (somewhere)
e Past-eternal inflation models also exist:
Revives the perfect cosmological principle!
N%interior of each inflating bubble may
\b described by the Big Bang theory, but
the\ﬁ’i\gﬁiverse as a whole has been

aroun i\rf:fr

Stellar Black Holes

Initial mass:
30<M/M

Last stages: Remnant mass:
SN - BH ~3—20M

solar

solar

oo
Since th 0

\
these bl oles cannot contribute much to the

Primordial Black Holes

e High-density regions in the early Universe
(t « 1 s) may collapse into primordial black

holes
e PBHs could in principle form with masses
from M -10® M

Planck solar
\\oR@QIii]ns a viable candidate for the cold
\.\%ﬂ( atter: Qpgy, could be ~0.3!

e Example:

® Mpg=10-8 M, (Mass of the Moon) would
have a \iZ(—Xevent horizon) of R~0.1 mm

Primordial Black Holes Il

Hawking radiation:

_13, 3
Schwarzschild  photon T oy 910 " M's
radius r
he’
T, ~———
16 7w kGM

Objects with M > 5x101 kg
would still be around!

Unclear what happens at
Mpianek- Relics may form!




