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Standard model of cosmology

£

Standard model of particle physics

Limitations:

* Only one universe (one experiment)

* Only one point of view
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ACDM cosmology

Stars, Planets...

\




Natural Units

o E] = [p] = [m]
h=1 0] = [m] ™}
kp=1 T] = [E]

All quantities are [m]*  (or  [(]77)

\/ Gev = mproton



Natural Units

oy lO=E

E] = [p| = [m]
h=1 (] = [m]™
kp=1 1] = |E]
—nergy density:

Thermal state/radiation:



Natural Units

c=1 =1l
E| = [p] = [m]
h=1 (] = [m]™
kp=1 7| = |E]
Newton’s constant Gn = ]\;]23 Mp =10"GeV
Curvature R]=[m]" [K]=[m]
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Fundamental hypotheses of cosmology

Homogeneity and Isotropy



Fundamental hypotheses of cosmology

Homogeneity
Each point equivalent to any other

Ditficult to test directly:
we observe tar in space AND back in time

Alternative: e.g. Bianchi-like models:
different expansion rates in different directions



Fundamental hypotheses of cosmology

Isotropy
Each direction equivalent to any other

Good evidence from CMB and other observations

Alternative: e.g. Bondi-like models:
spherical symmetry



Fundamental hypotheses of cosmology

Homogeneity and Isotropy

Geometrically, it means that we can identity the t=const.
surfaces with a spatial geometry that is maximally symmetric.

Negative curvature

i‘sﬁ‘?pﬁ
INT L

Positive curvature

: =t

Universe with posiive Universe with negafive curvature.
curvature. Diverging line Lines diverge at ever increasing angles.
converge at great distances. Triangle angles add to less than 180°.
Triangle angles add to more

than 150°.




Fundamental hypotheses of cosmology

Homogeneity and Isotropy

Geometrically, it means that we can identity the t=const.
surfaces with a spatial geometry that is maximally symmetric.

Broad evidences that this geometry is just flat 3d space



Friedmann-Lemaitre-Robertson-\Walker metric

"Scale factor”
Line element: integrate if e TaeTo

you want the length of a curve ( /Fla’r sections

N

ds’® = —dt2+a )dx - dx




The Hubble parameter

There Is no expansion velocity: the velocity depends on the relative distance.
There Is an expansion rate:

Km/s
Hy ~ 73 / ~ 1074V
Mpc
The lowest
intferesting mass scale!
Hy p1/4 ~ AL/4 Mp
| | —
1034 1073 1028 log(m)



a

The Hubble parameter In FLRW: H = -
a

Hy ~ curvature scale
Ho_l ~ age of the universe ~ 10 years

HO_1 ~ size of the observable universe

Hy p1/4 ~ AL/4 Mp

I | |
>
I | |

1075 1072 1028 log(m)




The equations

72 _ 1 . pressure
- 3M3 P ~ energy density
é — 1 (,0—|— 3]?) Acceleration: w < —1
a 6M% 3

¢

Gravity is an attractive force...
well it depends on the sign of p!

p+3H (p+p)=0



Types of matter

—3
Non relativistic v<L<1, p~0 p X a
L —4
Radiation v=1, p=p/3 p X a
Spatial curvature Tcurv X @ P X a?
o _
Scalar field W — 22 v xes g 3(1+w)
4V



Energy density [kgm™3]
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Inflation

e Sets the correct” initial conditions
e Solves the curvature problem
e Solves the Horizon problem

* As a gift -> provides a mechanism for generating
the primordial perturbations



Horizon problem ds? = —dt® + a?(t)da?

1.0 -

MD : a o< /3
RD : a o t1/?

xxxxxxxxxxxxxxxxxxxx

Big Bang



Horizon problem 05 = 2(1)(—dr® + dz?)

MD : a o< 72
RD:aoxT




Horizon problem 05 = 2(1)(—dr® + dz?)

light rays: 45 degrees

MD : a o< 72
RD:aoxT




Horizon problem 05 = 2(1)(—dr® + dz?)

T our cosmological observations...

MD : a o< 72
RD:aoxT




Horizon problem 05 = 2(1)(—dr® + dz?)

T our cosmological observations...

last scattering

Tls




Horizon problem 05 = 2(1)(—dr® + dz?)

T our cosmological observations...

MD : a o< 72

Many causally disconnected regions! (> 10000) RD:axT

last scattering

Tls




Horizon problem 05 = 2(1)(—dr® + dz?)

T our cosmological observations...

last scattering

Push down the
. big b
T Inflation! 3 2an9

’ LT



Horizon problem 05 = 2(1)(—dr® + dz?)

We want a primordial epoch as long as possible in 7 time

a(t) oc t*
todi ( e | .. . | |
T = = &=If a >0, 7T is even divergent in 0!
o a(t) L —al,

Primordial accelerated expansion = Inflation



Fourier space - picture

Every wavelength £ oC @ . How does this length compare with H 12

d
7 (aH) <0 =P d <0 ¢ grows slower
%(a[—[) > () d=P o > () ¢ grows faster



Fourier space - picture

Every wavelength £ oC @ . How does this length compare with H 12

A

log(L) | !




Fourier space - picture

Every wavelength £ oC @ . How does this length compare with H 12

log(L) H™




Fourier space - picture

Every wavelength £ o< a . How does this length compare with H 12

log(L) H™

| Vacuum t




Fourier space - picture

Null energy condition guarantees that H<O0.
During inflation H =~ const.

—1
log(L) * H
£y
slow-roll parameters 77 A
ls




Aside: bouncing alternatives to Inflation

Null energy condition guarantees that H<O0.

However: Pre-big bang, cyclic cosmologies, LQC etc.

log(L) H™

a < (
H > 0

bounce




How much of inflation?




How much of inflation?

Solving the spatial curvature problem is a little more difficult

H—l

say,

pK (to) = pr(to)




How much of inflation?

Solving the spatial curvature problem is a little more difficult

tend

say,

pk (to) = pr(to)




The scale of inflation

Spoiler: the simplest model of inflation happens at roughly
the grand-unification scale. With more fine tuning down to the EW scale

(o) o (0 V) wepp N =60



Inflation

e Sets the correct” initial conditions
e Solves the curvature problem
e Solves the Horizon problem

* As a gift -> provides a mechanism for generating
the primordial perturbations



How to get inflation

_M2 1 7
S = /d4x\/—g TPR — 59“V8u¢5’u¢ —V(9)
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slow-roll:
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Typical scenario

V(¢)
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Reheating




Case study V(6) = m?ng
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Fig. 12. Marginalized joint 68 % and 95 % CL regions for n, and rp o from Planck in combination with other data sets, compared
to the theoretical predictions of selected inflationary models.



