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https://youtu.be/08LBltePDZw

Explaining correlations
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Explaining correlations
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From CMB at z=1100 to... ..large scale structure at z-0(1)

Not predicted by standard hot big bang



Ilg Bang afterglow
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Plan

Today

« Initial conditions of the hot Big Bang
« The paradigm of cosmological inflation

Tomorrow

« Inflation and the origin of structure
« The cosmological accelerator: constraining inflation
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Part I: Initial conditions
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Evolution

Dark
Energy
68.3%

Neutrinos Dark
10% Matter
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13.7 BILLION YEARS AGO Tame tince (he Big Bang ' 56 NBua yrans
(Universe 380,000 years old)


http://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4

Smooth and flat
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Dark Blue: Coldest
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Red: Hottest (but still very cold, ie:




Smooth and flat

Hot Big Bang: matter and radiation only
Equation of state parameter w=0 or 1/3
lgnore dark energy (small correction)

« Size of Last Scattering Surface (LSS)
« Size of horizon at LSS
« Spatial curvature evolution
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Smooth and flat

Hot Big Bang: matter and radiation only
Equation of state parameter w=0 or 1/3
lgnore dark energy (small correction)

e Size of Last Scattering Surface (LSS)
 Size of horizon at LSS
« Spatial curvature evolution
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Smooth and flat

Hot Big Bang: matter and radiation only
Equation of state parameter w=0 or 1/3
lgnore dark energy (small correction)

The early universe (LSS) is
* Ridiculously flat
Ridiculously uniform

Absence of exotic (beyond SM) particles?
Bang of the Big Bang?
Origin of small anisotropies?

B 47G Enter cosmic inflation!
a

Primordial phase with w-~-1

€ =Q, H(1 +3w) £ Adding extra ‘time’



Part |l: Inflation
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Inflation and the inflaton
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A very flat potential € < 1
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Slow-roll inflation

V(o)A bt x) = P(2)

e~n~1

Inflation ends
A very flat potential € < 1
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Duration and field excursion
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A very flat potential € < 1
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Starting the hot big bang

V(g)A
Dend Tgpy ~ 100 MeV < H, S 10 GeV

A very flat potential € < 1 Could be as high as GUT scale

¢)begin T ¢reheat Qﬁ

d
—py+ GH+T)p; =0

Non-relativistic matter
coupled to SM matter



Simple example
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Chaotic inflation

Large field excursion
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Small field inflation

PCcMB Pend reheating

Ag

Small field inflation

woen(-())
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Guarantees enough e-folds

Inflationary paradigm: small/large field, convex/concave potentials. As long as
the slow-roll conditions are satisfied it produces a large and smooth universe.
Theoretical consistency, predictions?



Challenge and opportunity: UV sensitivity

A
— < 107*/e < 10™ GeV 2 Ny/e
Mp P
» Scale of inflation could be GUT Vg, e= 1 (%)2 <l
* Large field excursion probes UV (V"
- Flat potential is fine-tuned oo 7S <7> <!

m < Hy < A,




Inflation explains
large, smooth,
expanding hot big
bang universe

quantum-gravity era

e
....

Questions?

Big Bang plus inflation

10™43 seconds

Big Bang plus
1073% seconds?

light
Big Bang plus

Tomorrow: 380000 years

.. gravitational waves
Origin of structure g
Testing inflation ——

14 billion years



Plan

Yesterday

« Initial conditions of the hot Big Bang
« The paradigm of cosmological inflation

Today

« Inflation and the origin of structure
« The cosmological accelerator: constraining inflation
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scale factor
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The origin of structure
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Primordial phase of exponential
expansion, caused by dominating
vacuum energy of a scalar field

Predicts almost scale-invariant
spectrum of primordial density
fluctuations (scalar and tensor)




Probing inflation

¢i ¢* ¢end

A very flat potential € < 1

¢begin T’ Qﬁreheat

Inflationary predictions:

e Nearly Gaussian spectrum
e Almost scale invariant
 Details (amplitudes and spectral indices) depend on potential!
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Planck 2018

6000
5000 A
. 4000 A
E
— 3000 -
'1:5
2000 1
1000 -
0 T T T T T T T T T T
2 5 10 30 50 100 250 500 1000 1500 2000 2500
Multipole
150
100 A
_ 504
&
e
B
- Standard Ruh:.l : [ _50 B
dominant energy spike
8000
—100 A
7000
_ o0 -150 1= : T T T , T . r r
§m 5 10 30 50 100 250 500 1000 1500 2000
= Multipole
gm
z
< %0 40.0 - 15.0
2000 o Y
1000 Dark 309 é 12.5
20.0 A — .
Energy
0 — —
10 100 500 49 N p = 10.0 A
Multipole moment 71.4% é 10.0 g
o 5.07 8 751
W - .
) 3.0 2
1.01 : 5.0
0.3 1 =3
0.1 = 251
0.03 A
- 0.0 -— . : : —
10 30 100 250 500 1000 2000 10 30 100 250 500 1000
TODAY S — Multipole Multipole




nL
50

nNs

Planck 2018

100

{-o-
---

0.00 0.25 0.50 0.75

0.98

0.96

0.25 Planck TT,TE,EE-+lowE
Planck TT,TE,EE+lowE+lensing
> & +BK14+BAO
20 A N @
0.20 )
@
0.15
S G
E C:a"f’)r
”ce,/s
0.10
NQ
0.05 -
0.00 .
0.95 0.99 1.00

Gaussian almost scale invariant
No tensors (r <0.1), no running,
no features, concave potential:

Plain vanilla single field



Back to simplest example

2M?

V(g) =62 s VA,

SPACE-TIME FOAM M

\ 4 P
V<M =>2M, < ¢ S — M

14

PLANCK DENSITY e

g
3
L

nflation s
QUANTUM
FLUCTUATIONS

&
z & 0259 . Planck TT,TE,EE+lowE
2 = Planck TT,TE,EE+lowE+lensing
= g > %\ +BK144+BAO
m| T SMALL 0.20 A Y ?
S ANTUM o
_ N
¢end - \/EMp 0.15 o qs
HEATING | | G
o S
OF UNIVERSE | S Co,f:"+ .
9'/@
SCALAR FIELD 010 -
N-2 8 0.05 -
ns ~ N r = 166 = N
0.00 - — .

Alm ost ru led out! 0.95 0.96 0.97 0.98 0.99 1.00

Ns



Planck 2018
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Reminder: UV sensitivity
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« Scale of inflation could be GUT Vg, e = M2 (%)2 <1
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Polarisation and tensors

BICEP2 B-mode signal
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Inflation in theory

Beyond phenomenology: consistent UV embedding of inflation
Requires understanding of GUT and Planck scale physics

Goal: more predictive power
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String landscape

Plethora of 4d flat vacua with
(e .. particle physics similar to SM

€ | Also true for cosmology?
Weak gravity/distance conjectures

v & 5 v & 0 N
% JBV D &% \
st & o

Specifically: de Sitter vacua

 No supersymmetry
 NO-GO theorems
 Exotic ingredients
 Claims of success, but...

De Sitter swampland conjectures:

1/

,V
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/

‘Anthropic multiverse

M .
or de Sitter swamp?
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Observational prospects

28 Keck Array

Precision Array for Probing the Epoch of Reionization
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Inflation explains large,
smooth, expanding
universe, with small
Inhomogeneities.

wanumgraviyera  RULE OUt Models by
theory & observation

Big Bang plus inflation

10™43 seconds

Questions?

Big Bang plus cosmic microwave background

10735 seconds?

light

Big Bang plus
380000 years

T h a n kS ' gravitational waves

Big Bang plus
14 billion years



