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Abstract: The evidence that the universe emerged 14 billion years ago from an event called \'the big bang\' is overwhelming. Y et the cause of this
event remains deeply mysterious. In the conventional picture, the \'initial singularity\' is unexplained. It is ssmply assumed that the universe
somehow sprang into existence full of \'inflationary\' energy, blowing up the universe into the large, smooth state we observe today. While this
picture isin excellent agreement with current observations, it is both contrived and incomplete, leading us to suspect that it is not the final word. In
this lecture, the standard inflationary picture will be contrasted with a new view of the initial singularity suggested by string and M-theory, in which
the bang is afar more normal, abeit violent, event which occurred in a pre-existing universe. According to the new picture, a cyclical model of the
universe becomes feasible in which one bang is followed by another, in a potentially endless series of cosmic cycles. The presentation will aso
review exciting recent theoretical developments and forthcoming observational tests which could distinguish between the rival inflationary and
cyclical hypotheses. <kw> big bang, cosmology, universe, initia singularity, inflation, string theory, M-theory, pre-existing universe, cyclical
model, cosmic cycle, particle physics, dark matter, dark energy</kw>
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What Banged?

X

credits: Paul Steinhardt (Princeton)
Ben Craps (Brussels)
Thomas Hertog (Paris)




all known physics
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all the particles and forces

* Fermions udcstb x3x4

90 VeV, V. X 2 (+rhvV's) ﬂ‘

4

*Bosons g® x8x2 strong ——
Wex3x2  weak g
30 A x2 electromag p==* =
HE x4 higgs ? 4
h,x2 graviton

* Dark Matter particles?
* Dark Enerav



the spacetime arena
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the spacetime arena




Historv of the IIniverse

HATTTF CCMMATER ERd

E
-]
-]
3
i
[
2
-
H
o 8
) T




2001




The Wilkinson-MAP Satellite
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Theory versus Reality
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detect both -
kinds of .° ' 'Iightis

polarization partially-polarized
' ~ by scattering

-
\\.
electrons
scatter light
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So far, observations are consistent
with a spatially flat Universe, and the

simplest possible density variations:

Gaussian random field

Linear (small amplitude)
Adiabatic (makeup uniform)
Scalar (no shear)

Scale-Invariant (~ same amp on all scales)

BUT BIG PUZZLES REMAIN
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707% dark energy (\)

* Only gravity feels it
* Boost-invariant
* Repulsive gravity!
-> blows up the universe




Pirsa: 08030033

---—--

Pror DR. W BT 517 o

L G-...“"i.E.z."t l'--u-\?"‘!:')..-...sﬁ) L,

i =G
LA WO OIAC (""lL__l -95{:.

AR BLALST ECRTIR NZ DA.OP ? wAT »,a,:t-
Dﬁ"" L-'_""'" ur-ﬂ'! ‘_J-‘ LIT"F.—‘, Q" Opz\,ﬁf g

e DET DCET DE LATIDEA B e
wLJ Een AMDER ANTWOORD 15 MIZT TE GEVEN

5%

Figure 5.2. This skewch appeared following an interview af de Simer published

in a Dutch newspaper. The quote is translated by van der Laan 3s
however, blows up the ball? What makes the universe .
is dane by the Lambda. Another answer cannot be given.’

Page 70/178



the beginning .........

conventional assumption:

the universe somehow sprang into
existence full of

inflationary energy:

- a very high-density version of A



Inflation:

O!

Go again!
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why scale-invariant?

Symmetry:
t->t+g x->eHe x




The Concordance Model

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. _ Galaxies, Planets, etc.

Inflation RS |
gy |-
By . 4
'.. ! ‘_‘1 ‘ lr
[ | 1 '.-‘.Z-.‘: U O e P b= 3 JE™ 3
QuantulmiEss | B o < T TR . i “L=--.+ v
Fluctuations " e RN e . 1 L Ep t
“ i o O f *‘ 'l_—tm > & |
“. 1 -:4,"."3 | = | - '.\ . J
“ -"‘- T."fr . ) b
1st Stars \‘ - |
about 400 million yrs. “ /
Big Bang Expansion :

13.7 billion years




The Concordance Model

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. / Galaxies, Planets, etc.

Inflation

_ , WMAP
> > _ - o
7 4
1 | A 1*-‘_".' 1 . : — _‘ i i | = 1 ‘-' ;._, - .,
Quantuiiess| B e <o < L O F - TR __._“_"#--“1-1_ ol
Fluctuations § | 3 S T A o ‘15'3‘ R Ve XL M= °
= Sk S O R e S PN Sl T SR P
“ 1 gy | 7 AL > . '.ll ° .
!'*"‘ Dyl 1t
1st Stars \‘ -'
about 400 million yrs. “ /
<

Big Bang Expansion

13.7 billion years




Inflationary Puzzles

- the beginning
- what is the inflationary energy?
- why did the universe start out inflating?

A, =~ 10%A
- how is the singularity resolved?
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Inflationary Puzzles

- the beginning
- what is the inflationary energy?
- why did the universe start out inflating?

Ay~ 10/ A
- how is the singularity resolved?




Inflationary Puzzles J#;
A - D

- the beginning
- what is the inflationary energy?
- why did the universe start out inflating?

A = 1012 A
- how is the singularity resolved?




Theory of a Beginning

Hawking, 1980's
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Inflationary Puzzles |

- the beginning
- what is the inflationary energy?
- why did the universe start out inflating?

-A; =~ 1012 A,
- how is the singularity resolved?




Theory of a Beginning

Hawking, 1980's
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‘ membrane

' 3-brane

+ 7 extra dimensions of space
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Six are curled up in a little ball

Their size and shape determine the pattern of
elementary particles and the "constants of nature”

So particle physics is just a branch of cosmology!




the seventh is a tiny gap between two

3d brane-worlds

explains:

* the relative
weakness of gravity

* why left # right

* how the density can
be finite at the bang

ardinarv matter




In this picture, the big bang
s a collision between the two
brane worlds|
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Inflationary vs Cyclic

1. Big Bang

T

2. Inflation

3. Radiation
dominates

4. Matter
dominates

'

5. Dark energy
dominates




Advantages of a cyclic model:

no need for inflation:
dark energy drives the cycling, creates
density variations

extra dimensions ma]/ have to take a
particular form to allow for stable cycling:

possible dynamical selection mechanism
fixing all the constants of nature



holographic gravity

Maldacen

t - theory with gravity

in spacetime bulk
to

a theory with no

- gravity on boundary!

(scale-invariant)




holographic cosmology

Hertog+Horowitz

can allow the
bulk to evolve
towards a
singularity!

what happens
next?




Quantum mechanics of
boundary theory

(Reed+Simon 70's)

Boundary
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Bottomless
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Result:

Roll-down and bounce back leads
automatically to

GLASSy density variations
"Scale-Invariance from Scale-Invariance”
Caveat: the only model we know how to treat

has four space dimensions: but the same
principles should apply in three
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Observational Test
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Observational Test




Gravitational waves from inflation

cause a swirling polarization pattern




ESA Planck satellite (2008)




L aser Interferometric Space Antenna

B (2013)




Credo

Developing and testing mathematical
models of the universe is one of the
best ways we have of appreciating it
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Theory versus Reality
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all the particles and forces
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