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Google drive

You can find this presentation and notebooks for exercises in this Google drive link:
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What we know!



Cosmology
–  Cosmology studies the evolution and composition of  the universe 
–  We try to understand: 

- How the universe was formed  
- How everything we see and are in the universe was formed 
- How did we get here  how did the universe evolved until today 
- Where is it going in the future?

→



Cosmology
–  Cosmology studies the evolution and composition of  the universe 
– Cosmology became a precision science. (~30 years)  
– CDM: standard model, 6 parameters measured with precision ~1%. Huge success! Λ

Early universe- 
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- Theoretical advances 
- Observations with growing precision

– Huge success! Cosmology became a precision science. (~30 years)  
– CDM: standard model, 6 parameters measured with precision ~1%Λ
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ΛDark matter- CDM 
Structure formation



CDM: standard modelΛ
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MANY fundamental open questions

?

Early universe 
Big Bang? What is the physics of  

the early universe? 
Dark energy - 

What is the dark energy?
Dark matter p 

What is the dark matter?
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Early universe 

Big Bang? What is the physics of  
the early universe? 



General view of  cosmology



Expanding universe: Hubble-Lemaitre law
Hubble, in 1929, and Lemaître, in 1927, discovered the relation between the recession velocity of  galaxies and their 
distances.

 - current rate of  expansionH0
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v = H0R



In general relativity, we interpret this as the universe expanding. An expansion of  the space between 
galaxies.

Crédito: D. Baumann
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R(t) = a(t)R0

Time

Scale factor

Hubble parameter (constant): 
current expansion rate of  the 
universe
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Expanding universe: Hubble-Lemaitre law



Standard cosmological model - Hot Big Bang model

?

If  the universe is expanding, this means that before its energy was contained in a 
small, hot and dense region.

Big Bang

The universe is expanding!

Past Today



Time

Temperature
Hotter Colder

Future

Denser Less 
dense

Density

Past

?

Big Bang

Standard cosmological model - Hot Big Bang model



QCD phase 
transition

Neutrino 
decoupling

Photon 
decoupling

Structure 
formationBBNPlanck era
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10�43 s

?

Crédito: D. Baumann

? …

SCM

The universe“started" hot e dense      As it cools, the structures we know start to form→

Thermal history of  the universe

Time

Temperature
Hotter Colder

Future

Density

Past
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How do we describe this 
mathematically?



Dynamics - Friedmann equations
The previous description of  the universe is incomplete  it does not provide any prediction about 
the scale factor, which is the only dynamical quantity present. We need to define the evolution of  
the scale factor. 

That is determined by content of  the universe

⟶



Dynamics - Friedmann equations

This description is made using general relativity 

The dynamics and kinematics of  our universe are determined by Eisntein’s general relativity, where 
its field equations, valid in all points of  the universe, tell us how the content of  the universe affects its 
dynamics.

The previous description of  the universe is incomplete  it does not provide any prediction about 
the scale factor, which is the only dynamical quantity present. We need to define the evolution of  
the scale factor. 

That is determined by content of  the universe

⟶



Useful concepts of  general relativity

General relativity: gravity is geometry! 
    Mass/energy determines the geometry of  the space-time                                
Space geometry determines the movement of  mass/energy

General relativity: space-time is deformed by the presence of  an object with mass. 
The higher the mass, higher is the local curvature of  the universe



Geometry- 

How universe expands Components
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Gµ⌫ = 8⇡GTµ⌫

Dynamics

Einstein equations

Useful concepts of  general relativity
General relativity: gravity is geometry! 

    Mass/energy determines the geometry of  the space-time                                
Space geometry determines the movement of  mass/energy



Questions?
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Useful concepts of  general relativity
The dynamics and kinematics are determined by the general relativity, given by Einstein’s equations:

Geometry- 

How universe expands Components
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Gµ⌫ = 8⇡GTµ⌫

Useful concepts of  general relativity
The dynamics and kinematics are determined by the general relativity, given by Einstein’s equations:

Geometry- 

How universe expands Components

BUT only Einstein’s equations are not enough to describe our universe
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Gµ⌫ = 8⇡GTµ⌫

BUT only Einstein’s equations are not enough to describe our universe

At each time, the universe is the same in each place and direction; the dynamics is the same in all of  the universe, except for local irregularities  spatial properties→

1.

The dynamics and kinematics are determined by the general relativity, given by Einstein’s equations:

Geometry- 

How universe expands Components

2. Cosmological principle: the universe is homogeneous and isotropic on large scales
Translation 
invariance

Rotations 
invariance

Structure and evolution of  our universe



<latexit sha1_base64="ZzoEB+dlVQX2rwG44sTSpL0VCLA=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoupCRFtBuh6KIuK/QFTQiT6aQdOjMJMxOhhP6AG3/FjQtF3Lp359+YtEG09cCFwzn3cu89fsSo0pb1ZSwtr6yurRc2iptb2zu75t5+W4WxxKSFQxbKro8UYVSQlqaakW4kCeI+Ix1/dJP5nXsiFQ1FU48j4nI0EDSgGOlU8szjupc4PHZEPIFXsAqdiMI6dM5g80cvFj2zZJWtKeAisXNSAjkanvnp9EMccyI0Zkipnm1F2k2Q1BQzMik6sSIRwiM0IL2UCsSJcpPpNxN4kip9GIQyLaHhVP09kSCu1Jj7aSdHeqjmvUz8z+vFOqi6CRVRrInAs0VBzKAOYRYN7FNJsGbjlCAsaXorxEMkEdZpgFkI9vzLi6RdKdsX5crdeal2ncdRAIfgCJwCG1yCGrgFDdACGDyAJ/ACXo1H49l4M95nrUtGPnMA/sD4+AYV1Jmq</latexit>

Gµ⌫ = 8⇡GTµ⌫

Dynamics - Friedmann equations
The dynamics and kinematics are determined by the general relativity, given by Einstein’s equations:

Components



To describe a homogenous universe, we use perfect fluids, described by:

Components of  the universe

<latexit sha1_base64="xUBbf0+5geHPYkL+YfPj9fE8xOQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokUtSNUHTjsoJ9QBPKZDpph84jzEyEErLxV9y4UMStn+HOv3HaZqGtBy4czrmXe++JEka18bxvp7Syura+Ud6sbG3v7O65+wdtLVOFSQtLJlU3QpowKkjLUMNIN1EE8YiRTjS+nfqdR6I0leLBTBIScjQUNKYYGSv13aNAcjJE8BoGsUI4a+ZZoEYy77tVr+bNAJeJX5AqKNDsu1/BQOKUE2EwQ1r3fC8xYYaUoZiRvBKkmiQIj9GQ9CwViBMdZrMHcnhqlQGMpbIlDJypvycyxLWe8Mh2cmRGetGbiv95vdTEV2FGRZIaIvB8UZwyaCScpgEHVBFs2MQShBW1t0I8QjYIYzOr2BD8xZeXSfu85l/U6vf1auOmiKMMjsEJOAM+uAQNcAeaoAUwyMEzeAVvzpPz4rw7H/PWklPMHII/cD5/AHbellk=</latexit>

! =
P

⇢
Cosmological fluids are described by a constant equation of state (EoS)
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p, ⇢, V
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⇢ = energy density

<latexit sha1_base64="req00Gi+NUhyhcRSxvAr1CSLFZI="></latexit>8
><

>:

w = 0 matter
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...
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Gµ⌫ = 8⇡GTµ⌫

Using:

FRW metric
+
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Friedmann equations.             
(or Friedmann - Lemaître)

Dynamics - Friedmann equations
The dynamics and kinematics are determined by the general relativity, given by Einstein’s equations:

Universe is homogeneous and isotropic Perfect fluid: p and ρ
Geometry Components
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This is the equation that describes the evolution of  our universe!

Friedmann equations.             
(or Friedmann - Lemaître)

Dynamics - Friedmann equations

Rate of the expansion of the universe

Acceleration of the expansion



In general relativity, we interpret this as the universe expanding. An expansion of  the space between 
galaxies.

Crédito: D. Baumann
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R(t) = a(t)R0

Time

Scale factor

Hubble parameter (constant): 
current expansion rate of  the 
universe
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⌘ H0R

Expanding universe: Hubble-Lemaitre law
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Combining these equations (taking the derivative of  the first and using the second)
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⇢̇+ 3H (⇢+ P ) = 0
Continuity equation:  
conservation of  the energy density

Friedmann equations.             
(or Friedmann - Lemaître)

Dynamics - Friedmann equations
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= Ḣ +H

2 = �4⇡G

3
(⇢+ 3P )

 and  here are actually the sum of  all the components in the universe    

We can also rewrite the 1st Friedmann equation as:

ρ P ⟹ ρtot, ptot
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⇢crit

Density parameter

Friedmann equations.             
(or Friedmann - Lemaître)

Dynamics - Friedmann equations
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 and  here are actually the sum of  all the components in the universe    

We can also rewrite the 1st Friedmann equation as:

ρ P ⟹ ρtot, ptot

Friedmann equations.             
(or Friedmann - Lemaître)

Dynamics - Friedmann equations

Closed universe

Flat universe
Open universe

Credit: D. Baumann



Questions?



To describe a homogenous universe, we use perfect fluids, following the equation:

Components of  the universe
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⇢̇+ 3H (⇢+ P ) = 0

Cosmological fluids are described by a constant equation of state (EoS)

Leading to:



Each component evolves and leads to a different expansion of  the universe. 
Lets study how each component evolves

Components of  the universe

Credit: ESA and the Planck Collaboration



Credit: D. Baumann

Matter
Matter is a fluid with zero pressure ( ):ω = 0

Inserting in Friedmann’s eq,  matter evolves as:

In our universe, 2 components behave as matter:  
dark matter (25%) e a ordinary matter - baryons (5%).



Radiation is a relativistic fluid ( ):ω = 1/3

Radiation dominates the evolution of  the universe at early stages, before matter.

Radiation

Inserting in Friedmann’s eq,  raditaion evolves as:

Credit: D. Baumann



Matter and radiation
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Dark energy

Acceleration

Diceleration
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Observational data indicates that the universe is expanding in an accelerated way
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The component which is the source of  this 
accelerated expansion we call dark energy

Decelerated expansion Accelerated expansion

Credit: D. Baumann



Dark energy

Acceleration

Diceleration
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Observational data indicates that the universe is expanding in an accelerated way
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The component which is the source of  this 
accelerated expansion we call dark energy

Credit: D. Baumann
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Matter, radiation and dark energy
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Expansion of  the 
universe
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Components of  the universe
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⌦tot = ⌦m + ⌦rad + ⌦de

Credit: ESA and the Planck Collaboration

Past Today

Rate of  expansion depends on the component

With that, we know that:



?

Big Bang

The universe started from a region that was hot and dense      expanding and cooling after that 

Composition: radiation, matter, dark matter and dark energy 

Today dominated by dark energy, expanding in an accelerated way 

The CDM explains the evolution of  the structures in the universe (from small initial perturbations) and the 
formation and abundance of  all the elements in our universe (standard model of  the elementary particles)

⟶

Λ

CDM: parametrizes this entire evolution with 6 parameters!Λ

Standard cosmological model - Hot Big Bang model



QCD phase 
transition

Neutrino 
decoupling

Photon 
decoupling

Structure 
formationBBNPlanck era
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?

Crédito: D. Baumann

? …

SCM

The universe“started" hot e dense      As it cools, the structures we know start to form→

Thermal history of  the universe

Time

Temperature
Hotter Colder

Future

Density

Past
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Cosmological parameters

Standard cosmological model - LCDM model
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{⌦b, ⌦m ,⌦⇤ , ns , As , ⌧}

Standard cosmological model

We parametrize this entire evolution and composition of  the universe using 6 parameters!



Crédito: D. Baumann
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t ⇠ 370000 yrs

<latexit sha1_base64="gU6hYjNmxdPPRSO4ED73eDNtCX8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJtKjLohvBTYW+oAllMp20Q2cmYWYilFA3/oobF4q49S/c+TdO2iy09cCFwzn3cu89Qcyo0o7zbRWWlldW14rrpY3Nre0de3evpaJEYtLEEYtkJ0CKMCpIU1PNSCeWBPGAkXYwusn89gORikaioccx8TkaCBpSjLSRevZBA3qKcnjuOI53Cj2O9FDy9G7Ss8tOxZkCLhI3J2WQo96zv7x+hBNOhMYMKdV1nVj7KZKaYkYmJS9RJEZ4hAaka6hAnCg/nX4wgcdG6cMwkqaEhlP190SKuFJjHpjO7EI172Xif1430eGVn1IRJ5oIPFsUJgzqCGZxwD6VBGs2NgRhSc2tEA+RRFib0EomBHf+5UXSOqu4F5XqfbVcu87jKIJDcAROgAsuQQ3cgjpoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+wPn8AIfGVcA==</latexit>

T ⇠ 3000K

<latexit sha1_base64="gGs7BXhbO26VgDcJR4UvAAx+VB8=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JoUY9FLx4r2A9oQ9hsN+3S3STsbpQa+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IOFMacf5tgorq2vrG8XN0tb2zu6eXd5vqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU/99j2VisXRnR4n1BN4ELGQEayN5NvlRz+TlExQTzGB3DPH8e2KU3VmQMvEzUkFcjR8+6vXj0kqaKQJx0p1XSfRXoalZoTTSamXKppgMsID2jU0woIqL5udPkHHRumjMJamIo1m6u+JDAulxiIwnQLroVr0puJ/XjfV4aWXsShJNY3IfFGYcqRjNM0B9Zl5W/OxIZhIZm5FZIglJtqkVTIhuIsvL5PWadU9r9Zua5X6VR5HEQ7hCE7AhQuoww00oAkEHuAZXuHNerJerHfrY95asPKZA/gD6/MH1NiTEg==</latexit>

zrec ⇠ 1300
<latexit sha1_base64="WLeOdRCqqLoYj8WlrDhASjoC6UE=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIqMeiF48V7Ae0IWw2k3bpZhN2N0qN/SlePCji1V/izX/jts1BWx8MPN6bYWZekHKmtON8W6WV1bX1jfJmZWt7Z3fPru63VZJJCi2a8ER2A6KAMwEtzTSHbiqBxAGHTjC6nvqde5CKJeJOj1PwYjIQLGKUaCP5dvXRz0NQE9xXLMau6zi+XXPqzgx4mbgFqaECTd/+6ocJzWIQmnKiVM91Uu3lRGpGOUwq/UxBSuiIDKBnqCAxKC+fnT7Bx0YJcZRIU0Ljmfp7IiexUuM4MJ0x0UO16E3F/7xepqNLL2cizTQIOl8UZRzrBE9zwCGTQDUfG0KoZOZWTIdEEqpNWhUTgrv48jJpn9bd8/rZ7VmtcVXEUUaH6AidIBddoAa6QU3UQhQ9oGf0it6sJ+vFerc+5q0lq5g5QH9gff4A1M6TEg==</latexit>

zdes ⇠ 1100

H atom

He atom

Photons propagate 
freely

Recombination and photon decoupling

Atoms are formed! 
Charged electrons bound with n H 

and He nucleus

Plasma (“soup”) of  coupled H, He, 
elétrons and radiation - thermal 
equilibrium 
- universe is opaque: radiation cannot 
scape!

Time

Temperature
Radiation era Matter era



These photons are the first light of  our universe…

… e tell us how the universe was at early times.
Crédito: D. Baumann



Cosmic Microwave Background (CMB)

Given the expansion of  the universe, we observe these photons  in 
microwave.

Crédito: D. Baumann



Temperature 2.7 K. Small fluctuations - initial condition for the structures 
of  our universe

Crédito: ESA

Cosmic Microwave Background (CMB)



How to measure structures
2 pontos correlation function:

<latexit sha1_base64="885sxosBnwXYbJ4pGTS0+tS2OiM=">AAACEXicbVDLSgMxFM34rPVVdekmWIR2U2ZKUZdFNy4r2Ad0Sslk7rShmcyQZMRS+gtu/BU3LhRx686df2M6HVBbDwQO55zLzT1ezJnStv1lrayurW9s5rby2zu7e/uFg8OWihJJoUkjHsmORxRwJqCpmebQiSWQ0OPQ9kZXM799B1KxSNzqcQy9kAwECxgl2kj9QsnlRAw4YOz6wDUp3fed8g+v4rIr00C/ULQrdgq8TJyMFFGGRr/w6foRTUIQmnKiVNexY92bEKkZ5TDNu4mCmNARGUDXUEFCUL1JetEUnxrFx0EkzRMap+rviQkJlRqHnkmGRA/VojcT//O6iQ4uehMm4kSDoPNFQcKxjvCsHuwzCVTzsSGESmb+iumQSEK1KTFvSnAWT14mrWrFOavUbmrF+mVWRw4doxNUQg46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6MrVjZzhP7A+vgGCjqb5w==</latexit>

h�(x1)�(x2)i

<latexit sha1_base64="axuNcpWkQqT7btZMZLbuu8V0M/c=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSbaaLMrunFZ0T6gDWUynbRDJ5MwMxFL6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++oVCwWt3qSUD/CQ8FCRrA20s193+mXK8hGruc6CCLbRY53mhPPq1VdFzo2mqECFmj0y++9QUzSiApNOFaq66BE+xmWmhFOp6VeqmiCyRgPaddQgSOq/Gx26hQeGWUAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzIhfH0K/yetE9s5s6vX1Ur9YhFHERyAQ3AMHHAO6uAKNEATEDAED+AJPFvcerRerNd5a8FazOyDH7DePgF+6433</latexit>x1

<latexit sha1_base64="Hq3CY65s7vEovZktn6L6KDwDZRs=">AAAB6nicdVDLSsNAFJ34rPVVdelmsAiuwqQ22uyKblxWtA9oQ5lMJ+3QySTMTMQS+gluXCji1i9y5984aSuo6IELh3Pu5d57goQzpRH6sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+DL323dUKhaLWz1JqB/hoWAhI1gb6ea+X+mXyshGruc6CCLbRY53mhPPq1VdFzo2mqEMFmj0S++9QUzSiApNOFaq66BE+xmWmhFOp8VeqmiCyRgPaddQgSOq/Gx26hQeG2UAw1iaEhrO1O8TGY6UmkSB6YywHqnfXi7+5XVTHdb8jIkk1VSQ+aIw5VDHMP8bDpikRPOJIZhIZm6FZIQlJtqkUzQhfH0K/yetiu2c2dXrarl+sYijAA7BETgBDjgHdXAFGqAJCBiCB/AEni1uPVov1uu8dclazByAH7DePgGAb434</latexit>x2 If  we decompose this into Fourier modes:

<latexit sha1_base64="VhUITYAHOC2Nb69DPtKzwtmsRY4="></latexit>

�(x) =
X

k

�k sin(kx+ �k)
<latexit sha1_base64="O9pbbHBZ4dm3P8aHToueXSEb6b8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVU1KUTdC0Y3LCvYBTSiTyaQdOpmEmYlYSn/FjQtF3Poj7vwbp20W2npg4HDOPdw7J0g5U9pxvq3C2vrG5lZxu7Szu7d/YB+W2yrJJKEtkvBEdgOsKGeCtjTTnHZTSXEccNoJRrczv/NIpWKJeNDjlPoxHggWMYK1kfp2eYSuUc1LGTpHHje5EPftilN15kCrxM1JBXI0+/aXFyYki6nQhGOleq6Tan+CpWaE02nJyxRNMRnhAe0ZKnBMlT+Z3z5Fp0YJUZRI84RGc/V3YoJjpcZxYCZjrIdq2ZuJ/3m9TEdX/oSJNNNUkMWiKONIJ2hWBAqZpETzsSGYSGZuRWSIJSba1FUyJbjLX14l7VrVvajW7+uVxk1eRxGO4QTOwIVLaMAdNKEFBJ7gGV7hzZpaL9a79bEYLVh55gj+wPr8AZh/kuM=</latexit>

k = 2⇡/�

<latexit sha1_base64="bXUiM/NxZg5LHve1lBikhqVfdiE=">AAACE3icbVA9SwNBEN3zM8avqKXNYhDUItyJqI0g2lhYRDAq5GKY29skS/Z2z905JST+Bxv/io2FIrY2dv4bNzGFXw8GHu/NMDMvSqWw6Psf3sjo2PjEZG4qPz0zOzdfWFg8szozjFeYltpcRGC5FIpXUKDkF6nhkESSn0ftw75/fs2NFVqdYifltQSaSjQEA3RSvbARHmvVNKLZQjBG39Dw6iqDmJbX2ut0j/bCmEuEert3uVkvFP2SPwD9S4IhKZIhyvXCexhrliVcIZNgbTXwU6x1waBgkt/mw8zyFFgbmrzqqIKE21p38NMtXXVKTBvauFJIB+r3iS4k1naSyHUmgC372+uL/3nVDBu7ta5QaYZcsa9FjUxS1LQfEI2F4QxlxxFgRrhbKWuBAYYuxrwLIfj98l9ytlkKtktbJ1vF/YNhHDmyTFbIGgnIDtknR6RMKoSRO/JAnsizd+89ei/e61friDecWSI/4L19AuI0nYY=</latexit>

=) P (k) = |�k|2

Power spectrum

One of  the main statistical object in cosmology!



Power spectrum
CMB Large scale structure



Cosmological parameters

Standard cosmological model - LCDM model

Using CMB and  other LSS probes, can constraint the parameters with incredible precision.

How opaque the universe is to photons that travel in it

Planck 2018
<latexit sha1_base64="iffSdT22swjkoePeeappvxHr/vM="></latexit>

⌦b = 0.0484± 0.0003 �!
⌦m = 0.308± 0.012 �!
⌦⇤ = 0.692± 0.012 �!
ns = 0.9626± 0.0057 �!
109 As = 2.092± 0.034 �!
⌧ = 0.0522± 0.0080 �!

<latexit sha1_base64="2iyJ6sG/2O3UZR3lvtMih+PxoaM="></latexit>

{⌦b, ⌦m ,⌦⇤ , ns , As , ⌧}

Amount of ordinary/visible matter 
Amount of dark matter 
Amount of dark energy 
Scale dependence of the initial fluctuations
Amplitude of the initial fluctuations
Optical depth

Standard cosmological model



Questions?



Cosmological parameters

If  you want to learn how to compute the power spectra, you can try 
this notebook. 

<latexit sha1_base64="2iyJ6sG/2O3UZR3lvtMih+PxoaM="></latexit>

{⌦b, ⌦m ,⌦⇤ , ns , As , ⌧}

Exercise

In this notebook, we teach you how to use the codes that calculate the theoretical predictions of  the 
LCDM model. You can see how the cosmological parameters alter these predictions and how this can be 
compared to data to find the amazing fit we have for those parameters:

https://colab.research.google.com/drive/1xVgJ4E4GSn9AqE_IkrkpM7gKrXlRVs31?usp=sharing

Follow the instructions in this notebook:

https://colab.research.google.com/drive/1xVgJ4E4GSn9AqE_IkrkpM7gKrXlRVs31?usp=sharing


The initial fluctuations created in inflation, because of  the inflationary dynamics, lead to a almost scale invariant 
spectrum

Spectrum of  the initial perturbations

<latexit sha1_base64="LcCcVMiGqLFk4sF0EknJn2s9twc="></latexit>

P (k) = AS

✓
k

k⇤

◆nS�1

<latexit sha1_base64="iffSdT22swjkoePeeappvxHr/vM="></latexit>

⌦b = 0.0484± 0.0003 �! Quantidade de matéria viśıvel/usual
⌦m = 0.308± 0.012 �! Quantidade de matéria escura
⌦⇤ = 0.692± 0.012 �! Quantidade de energia escura
ns = 0.9626± 0.0057 �! Dependência de escala das flutuações iniciais
109 As = 2.092± 0.034 �! Amplitude das flutuações iniciais
⌧ = 0.0522± 0.0080 �! Profundidade óptica

<latexit sha1_base64="iffSdT22swjkoePeeappvxHr/vM="></latexit>

⌦b = 0.0484± 0.0003 �! Quantidade de matéria viśıvel/usual
⌦m = 0.308± 0.012 �! Quantidade de matéria escura
⌦⇤ = 0.692± 0.012 �! Quantidade de energia escura
ns = 0.9626± 0.0057 �! Dependência de escala das flutuações iniciais
109 As = 2.092± 0.034 �! Amplitude das flutuações iniciais
⌧ = 0.0522± 0.0080 �! Profundidade óptica

<latexit sha1_base64="iffSdT22swjkoePeeappvxHr/vM="></latexit>

⌦b = 0.0484± 0.0003 �! Quantidade de matéria viśıvel/usual
⌦m = 0.308± 0.012 �! Quantidade de matéria escura
⌦⇤ = 0.692± 0.012 �! Quantidade de energia escura
ns = 0.9626± 0.0057 �! Dependência de escala das flutuações iniciais
109 As = 2.092± 0.034 �! Amplitude das flutuações iniciais
⌧ = 0.0522± 0.0080 �! Profundidade óptica

Predictions agree with what is measured 
in the CMB!

<latexit sha1_base64="iffSdT22swjkoePeeappvxHr/vM="></latexit>

⌦b = 0.0484± 0.0003 �! Quantidade de matéria viśıvel/usual
⌦m = 0.308± 0.012 �! Quantidade de matéria escura
⌦⇤ = 0.692± 0.012 �! Quantidade de energia escura
ns = 0.9626± 0.0057 �! Dependência de escala das flutuações iniciais
109 As = 2.092± 0.034 �! Amplitude das flutuações iniciais
⌧ = 0.0522± 0.0080 �! Profundidade óptica

Amount of  visible/standard matter 
Amount of  dark matter 
Amount of  dark energy 
Scale-dependency of  the initial fluctuations 
Amplitude of  the initial fluctuations 
Optical depth

Scale-dependency of  the initial fluctuations 
Amplitude of  the initial fluctuations



Where everything we see comes from?

Initial conditions 
Initial perturbations Structures of  the universe

The answer comes from the interesting connection between the really small and really large…

<latexit sha1_base64="bAAYGQ3DfkrYrvRmIgOLIIencUQ=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1pmtKjLohuXFewDOmPJpJk2NMkMSUYow4C/4saFIm79Dnf+jZl2Flo9EDiccy/35AQxo0o7zpdVWlhcWl4pr1bW1jc2t+ztnbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfg69zsPRCoaiTs9iYnP0VDQkGKkjdS391znPj05czLoHXsc6ZHkKc/6dtWpOVPAv8QtSBUUaPbtT28Q4YQToTFDSvVcJ9Z+iqSmmJGs4iWKxAiP0ZD0DBWIE+Wn0/gZPDTKAIaRNE9oOFV/bqSIKzXhgZnME6p5Lxf/83qJDi/9lIo40UTg2aEwYVBHMO8CDqgkWLOJIQhLarJCPEISYW0aq5gS3Pkv/yXt05p7Xqvf1quNq6KOMtgHB+AIuOACNMANaIIWwCAFT+AFvFqP1rP1Zr3PRktWsbMLfsH6+AbA0pS/</latexit>

10�30 m
<latexit sha1_base64="xi8OJIGmaY+ooLyR+FIcQYxQ8ik=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCykzpT6WRTcuK9gHdMaSSTNtaJIZkoxQh8FfceNCEbf+hzv/xrSdhbYeCBzOuZd7coKYUaUd59sqLC2vrK4V10sbm1vbO/buXktFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHQ98dsPRCoaiTs9jonP0UDQkGKkjdSzD1znPq2eZdA79TjSQ8lTnvXsslNxpoCLxM1JGeRo9Owvrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNFYgT5afT9Bk8NkofhpE0T2g4VX9vpIgrNeaBmZwkVPPeRPzP6yY6vPRTKuJEE4Fnh8KEQR3BSRWwTyXBmo0NQVhSkxXiIZIIa1NYyZTgzn95kbSqFfe8UrutletXeR1FcAiOwAlwwQWogxvQAE2AwSN4Bq/gzXqyXqx362M2WrDynX3wB9bnD1mylIw=</latexit>

1025 m

Crédito: D. Baumann

?What is the origin of  the initial density fluctuations?



This is going to depend on how was the evolution of  the early universe…

?



Early universe



Universo primordial

Qual modelo? Modelo cosmológico padrão

?



BUT, this picture (LCDM) has 
problems…



Problems in the standard model

- Horizon problem 

- Problem of  the origin of  structures da origem das estruturas 

- Flatness problem 

- Initial singularity 

- Dark matter and dark energy 

- …

The CDM model is not perfect and presents some problems - needs to be 
extended (or changed?)

Λ



Problems of  the standard cosmological model

- Horizon problem 

- Problem of  the origin of  structures 

- Flatness problem 

- Problem of  the magnetic monopoles 

- Initial singularity 

- DM and DE



Problems of  the standard cosmological model

- Horizon problem 

- Problem of  the origin of  structures 

- Flatness problem 

- Magnetic monopoles problem 

- Initial singularity 

- DM and DE



Horizon problem

Crédito: D. Baumann



Horizons in cosmology
Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

Crédito: D. Baumann

outgoing photons and the minus sign to incoming photons

* This shows the main benefit of  working with conformal time: light rays correspond to straightlines at 45 degree angles in 
the- coordinates. If  instead we had used physical timet, then the lightcones for curved spacetimes would be curvedχ , η

Conformal time    dη = dt/a(t)



Horizons in cosmology
Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

Crédito: D. Baumann

outgoing photons and the minus sign to incoming photons

This tells us that: maximum distance light can travel between 2 times is Δη = η2 − η1 (c = 1)

Conformal time    dη = dt/a(t)



Horizons in cosmology
Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

Crédito: D. Baumann

The maximum distance a photon (and hence any particle) can travel between an initial time  and a later time t is ti

This is the comoving particle horizon

Conformal time    dη = dt/a(t)

Δr = Δη = η2 − η1 = ∫
t

ti

dt′ 

a(t′ )
(c = 1)

The maximum distance is equal to the amount of  conformal time elapsed during the 
interval Δt

The initial time is often taken to be the ‘origin of  the universe’,  
defined formally by the initial singularity 

ti = 0
ai = a(ti) = 0

χp = Δrmax = ∫
t

0

dt′ 

a(t′ )
= η(t) − η(0)



Horizons in cosmology

 

Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

Particle horizon: distance that the light travelled since the Big Bang

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) = ⌘ � ⌘i =

Z t

ti

dt

a(t)
=

Z ln a

ln ai

d ln a

ȧ
=

Z ln a

ln ai

(aH)�1
d ln a

Conformal time    dη = dt/a(t)

(comoving) 
Hubble radius

If  the Big Bang started at t=0 the greatest comoving distance from which an observer at time t will be able to receive 
signals travelling at the speed of  light is given by   - comoving particle horizonχp

Rewriting in a special way:



Horizons in cosmology
Particle horizon

Particle horizons arise when the past light cone of  an observer 
O terminates at a finite conformal time. Then there will be 
worldlines of  other particles which do not intersect the past of  
O, meaning that they were never in causal contact.

Event horizons arise when the future light cone of  an observer 
o terminates at a finite conformal time. Then there will be 
worldlines of  other particles which do not intersect the future 
of  o, meaning that they cannot possibly influence each other.

Event horizon



Horizons in cosmology

 

Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

Particle horizon: distance that the light travelled since the Big Bang

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) = ⌘ � ⌘i =

Z t

ti

dt

a(t)
=

Z ln a

ln ai

d ln a

ȧ
=

Z ln a

ln ai

(aH)�1
d ln a

Conformal time    dη = dt/a(t)

(comoving) 
Hubble radius

The size of  the particle horizon at  is the  intersection of  the past light cone of  an observer O with the spacelike surface  η η = ηi



Horizons in cosmology

Crédito: D. Baumann

Distance that the light 
travelled since the Big Bang 

Photons 
decoupling

Big Bang

Particle horizon

Crédito: D. Baumann

Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

This limit of  what can be observed is known as horizon.



Horizons in cosmology

Crédito: D. Baumann

Distance that the light 
travelled since the Big Bang 

Photons 
decoupling

Big Bang

Particle horizon

Crédito: D. Baumann

Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

* Notice that the Big Bang singularity is a moment in time (not a point in space).  
Figure: singularity described by an extended (possibly infinite) spacelike hypersurface



Horizons in cosmology

 

Since the speed of  light is constant and the universe is expanding, there is a limit for what is accessible to an observer in the 
universe.

Particle horizon: distance that the light travelled since the Big Bang

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) = ⌘ � ⌘i =

Z t

ti

dt

a(t)
=

Z ln a

ln ai

d ln a

ȧ
=

Z ln a

ln ai

(aH)�1
d ln a

Universe dominated by a fluid with :w = p/ρ
<latexit sha1_base64="Y5Fhe57plD6NATOzWyWkStE3Hl0=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRWsSa1KJuhKKbLivYC7RpmEwn7dDJhZmJUkLWbnwVNy4UcesTuPNtnLZZaPWHgY//nMOZ8zsho0IaxpeWWVhcWl7JrubW1jc2t/TtnaYIIo5JAwcs4G0HCcKoTxqSSkbaISfIcxhpOaPrSb11R7iggX8rxyGxPDTwqUsxksqy9f0CqhV78bGZwEtYs40Zol5cMI9O74sn5cTW80bJmAr+BTOFPEhVt/XPbj/AkUd8iRkSomMaobRixCXFjCS5biRIiPAIDUhHoY88Iqx4ekoCD5XTh27A1fMlnLo/J2LkCTH2HNXpITkU87WJ+V+tE0n3woqpH0aS+Hi2yI0YlAGc5AL7lBMs2VgBwpyqv0I8RBxhqdLLqRDM+ZP/QrNcMs9KlZtKvnqVxpEFe+AAFIAJzkEV1EAdNAAGD+AJvIBX7VF71t6091lrRktndsEvaR/f7u+XQw==</latexit>

(aH)�1 = H
�1
0 a

(1+3w)/2

<latexit sha1_base64="NPbs9rlWoHgvEseXMCxwOsIDeQA="></latexit>

ä

a
= �4⇡G

3
(⇢+ 3p)

<latexit sha1_base64="4//njPrdJwAPwdMsVfYM5qsuWL8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUA8iQS8eI5gHJEuYnfQmQ2Znl5lZIYR8hBcPinj1e7z5N06SPWhiQUNR1U13V5AIro3rfjsrq2vrG5u5rfz2zu7efuHgsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4d3Ubz6h0jyWj2aUoB/RvuQhZ9RYqVm6IddnxO0Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88O3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+WMuk9SgZPNFYSqIicn0d9LjCpkRI0soU9zeStiAKsqMTShvQ/AWX14mjfOyd1GuPFSK1dssjhwcwwmUwINLqMI91KAODIbwDK/w5iTOi/PufMxbV5xs5gj+wPn8AfITjgQ=</latexit>

(><)0

Strong energy condition (SEC)  
>0

Ordinary matter
<latexit sha1_base64="rGeVSKn5RDuUGjci+w3HiG9Vv64=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0WoB0siRT0WvfRYwX5AW8tmu2mXbjZhd6OWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbmeRFnSjvOt7Wyura+sZnbym/v7O7t2weFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa88c3Ubz1QqVgo7vQkor0ADwXzGcHaSH27UMK10/vkzE1RN46wlOFj3y46ZWcGtEzcjBQhQ71vf3UHIYkDKjThWKmO60S6l2CpGeE0zXdjRSNMxnhIO4YKHFDVS2a3p+jEKAPkh9KU0Gim/p5IcKDUJPBMZ4D1SC16U/E/rxNr/6qXMBHFmgoyX+THHOkQTYNAAyYp0XxiCCaSmVsRGWGJiTZx5U0I7uLLy6R5XnYvypXbSrF6ncWRgyM4hhK4cAlVqEEdGkDgCZ7hFd6s1Hqx3q2PeeuKlc0cwh9Ynz++vpOi</latexit>

(aH)�1 "

(comoving) 
Hubble radius

<latexit sha1_base64="r4Icw5V7+GypTyVAzK7/2/+A5HQ=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUtSi7oRim66rGAf0MQwmU7aoZMHMxOlhOzd+CtuXCji1h9w5984bbPQ1gMXDufcy733uBGjQhrGt5ZbWl5ZXcuvFzY2t7Z39N29tghjjkkLhyzkXRcJwmhAWpJKRroRJ8h3Gem4o+uJ37knXNAwuJXjiNg+GgTUoxhJJTl60cJD6kTwEloeRzippol5fPqQwjJqHN0lJ2YKHb1kVIwp4CIxM1ICGZqO/mX1Qxz7JJCYISF6phFJO0FcUsxIWrBiQSKER2hAeooGyCfCTqa/pPBQKX3ohVxVIOFU/T2RIF+Ise+qTh/JoZj3JuJ/Xi+W3oWd0CCKJQnwbJEXMyhDOAkG9iknWLKxIghzqm6FeIhUJlLFV1AhmPMvL5J2tWKeVWo3tVL9KosjDw5AEZSBCc5BHTRAE7QABo/gGbyCN+1Je9HetY9Za07LZvbBH2ifP7wImPI=</latexit>

�p =
2

1 + 3w
(aH)�1



Horizons in cosmology

 

Particle horizon: distance that the light travelled since the Big BangParticle horizon

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) = ⌘ � ⌘i =

Z t

ti

dt

a(t)
=

Z ln a

ln ai

d ln a

ȧ
=

Z ln a

ln ai

(aH)�1
d ln a

Universe dominated by a fluid with :w = p/ρ
<latexit sha1_base64="Y5Fhe57plD6NATOzWyWkStE3Hl0=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRWsSa1KJuhKKbLivYC7RpmEwn7dDJhZmJUkLWbnwVNy4UcesTuPNtnLZZaPWHgY//nMOZ8zsho0IaxpeWWVhcWl7JrubW1jc2t/TtnaYIIo5JAwcs4G0HCcKoTxqSSkbaISfIcxhpOaPrSb11R7iggX8rxyGxPDTwqUsxksqy9f0CqhV78bGZwEtYs40Zol5cMI9O74sn5cTW80bJmAr+BTOFPEhVt/XPbj/AkUd8iRkSomMaobRixCXFjCS5biRIiPAIDUhHoY88Iqx4ekoCD5XTh27A1fMlnLo/J2LkCTH2HNXpITkU87WJ+V+tE0n3woqpH0aS+Hi2yI0YlAGc5AL7lBMs2VgBwpyqv0I8RBxhqdLLqRDM+ZP/QrNcMs9KlZtKvnqVxpEFe+AAFIAJzkEV1EAdNAAGD+AJvIBX7VF71t6091lrRktndsEvaR/f7u+XQw==</latexit>

(aH)�1 = H
�1
0 a

(1+3w)/2

<latexit sha1_base64="NPbs9rlWoHgvEseXMCxwOsIDeQA="></latexit>

ä

a
= �4⇡G

3
(⇢+ 3p)

<latexit sha1_base64="4//njPrdJwAPwdMsVfYM5qsuWL8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUA8iQS8eI5gHJEuYnfQmQ2Znl5lZIYR8hBcPinj1e7z5N06SPWhiQUNR1U13V5AIro3rfjsrq2vrG5u5rfz2zu7efuHgsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4d3Ubz6h0jyWj2aUoB/RvuQhZ9RYqVm6IddnxO0Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88O3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+WMuk9SgZPNFYSqIicn0d9LjCpkRI0soU9zeStiAKsqMTShvQ/AWX14mjfOyd1GuPFSK1dssjhwcwwmUwINLqMI91KAODIbwDK/w5iTOi/PufMxbV5xs5gj+wPn8AfITjgQ=</latexit>

(><)0

Strong energy condition (SEC)  
>0

For this reason,  
usually people refer to the particle horizon and Hubble radius as “horizon”. 
DON’T do that! 

(comoving) 
Hubble radius

<latexit sha1_base64="uUYmWMUAdlfJu+REKDN9kQ8j8zg=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6sKSSFGXRTddVrAPaGKYTCft0JlJmJkIJXbhr7hxoYhbf8Odf+O0zUKrBy4czrmXe+8JE0aVdpwvq7C0vLK6VlwvbWxube/Yu3ttFacSkxaOWSy7IVKEUUFammpGuokkiIeMdMLR9dTv3BOpaCxu9TghPkcDQSOKkTZSYB94eEiDBHqKclhBjZO77NSdwMAuO1VnBviXuDkpgxzNwP70+jFOOREaM6RUz3US7WdIaooZmZS8VJEE4REakJ6hAnGi/Gx2/wQeG6UPo1iaEhrO1J8TGeJKjXloOjnSQ7XoTcX/vF6qo0s/oyJJNRF4vihKGdQxnIYB+1QSrNnYEIQlNbdCPEQSYW0iK5kQ3MWX/5L2WdU9r9ZuauX6VR5HERyCI1ABLrgAddAATdACGDyAJ/ACXq1H69l6s97nrQUrn9kHv2B9fAO8GJSi</latexit>

�p ⇠ (aH)�1

Ordinary matter
<latexit sha1_base64="rGeVSKn5RDuUGjci+w3HiG9Vv64=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0WoB0siRT0WvfRYwX5AW8tmu2mXbjZhd6OWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbmeRFnSjvOt7Wyura+sZnbym/v7O7t2weFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa88c3Ubz1QqVgo7vQkor0ADwXzGcHaSH27UMK10/vkzE1RN46wlOFj3y46ZWcGtEzcjBQhQ71vf3UHIYkDKjThWKmO60S6l2CpGeE0zXdjRSNMxnhIO4YKHFDVS2a3p+jEKAPkh9KU0Gim/p5IcKDUJPBMZ4D1SC16U/E/rxNr/6qXMBHFmgoyX+THHOkQTYNAAyYp0XxiCCaSmVsRGWGJiTZx5U0I7uLLy6R5XnYvypXbSrF6ncWRgyM4hhK4cAlVqEEdGkDgCZ7hFd6s1Hqx3q2PeeuKlc0cwh9Ynz++vpOi</latexit>

(aH)�1 "
<latexit sha1_base64="r4Icw5V7+GypTyVAzK7/2/+A5HQ=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUtSi7oRim66rGAf0MQwmU7aoZMHMxOlhOzd+CtuXCji1h9w5984bbPQ1gMXDufcy733uBGjQhrGt5ZbWl5ZXcuvFzY2t7Z39N29tghjjkkLhyzkXRcJwmhAWpJKRroRJ8h3Gem4o+uJ37knXNAwuJXjiNg+GgTUoxhJJTl60cJD6kTwEloeRzippol5fPqQwjJqHN0lJ2YKHb1kVIwp4CIxM1ICGZqO/mX1Qxz7JJCYISF6phFJO0FcUsxIWrBiQSKER2hAeooGyCfCTqa/pPBQKX3ohVxVIOFU/T2RIF+Ise+qTh/JoZj3JuJ/Xi+W3oWd0CCKJQnwbJEXMyhDOAkG9iknWLKxIghzqm6FeIhUJlLFV1AhmPMvL5J2tWKeVWo3tVL9KosjDw5AEZSBCc5BHTRAE7QABo/gGbyCN+1Je9HetY9Za07LZvbBH2ifP7wImPI=</latexit>

�p =
2

1 + 3w
(aH)�1



Horizons in cosmology

 

Particle horizon: distance that the light travelled since the Big BangParticle horizon

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) = ⌘ � ⌘i =

Z t

ti

dt

a(t)
=

Z ln a

ln ai

d ln a

ȧ
=

Z ln a

ln ai

(aH)�1
d ln a

Universe dominated by a fluid with :w = p/ρ
<latexit sha1_base64="NPbs9rlWoHgvEseXMCxwOsIDeQA="></latexit>

ä

a
= �4⇡G

3
(⇢+ 3p)

<latexit sha1_base64="4//njPrdJwAPwdMsVfYM5qsuWL8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUA8iQS8eI5gHJEuYnfQmQ2Znl5lZIYR8hBcPinj1e7z5N06SPWhiQUNR1U13V5AIro3rfjsrq2vrG5u5rfz2zu7efuHgsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4d3Ubz6h0jyWj2aUoB/RvuQhZ9RYqVm6IddnxO0Wim7ZnYEsEy8jRchQ6xa+Or2YpRFKwwTVuu25ifHHVBnOBE7ynVRjQtmQ9rFtqaQRan88O3dCTq3SI2GsbElDZurviTGNtB5Fge2MqBnoRW8q/ue1UxNe+WMuk9SgZPNFYSqIicn0d9LjCpkRI0soU9zeStiAKsqMTShvQ/AWX14mjfOyd1GuPFSK1dssjhwcwwmUwINLqMI91KAODIbwDK/w5iTOi/PufMxbV5xs5gj+wPn8AfITjgQ=</latexit>

(><)0

Strong energy condition (SEC)  >0

Ordinary matter

<latexit sha1_base64="rGeVSKn5RDuUGjci+w3HiG9Vv64=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0WoB0siRT0WvfRYwX5AW8tmu2mXbjZhd6OWkL/ixYMiXv0j3vw3btsctPXBwOO9GWbmeRFnSjvOt7Wyura+sZnbym/v7O7t2weFpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa88c3Ubz1QqVgo7vQkor0ADwXzGcHaSH27UMK10/vkzE1RN46wlOFj3y46ZWcGtEzcjBQhQ71vf3UHIYkDKjThWKmO60S6l2CpGeE0zXdjRSNMxnhIO4YKHFDVS2a3p+jEKAPkh9KU0Gim/p5IcKDUJPBMZ4D1SC16U/E/rxNr/6qXMBHFmgoyX+THHOkQTYNAAyYp0XxiCCaSmVsRGWGJiTZx5U0I7uLLy6R5XnYvypXbSrF6ncWRgyM4hhK4cAlVqEEdGkDgCZ7hFd6s1Hqx3q2PeeuKlc0cwh9Ynz++vpOi</latexit>

(aH)�1 "

(comoving) 
Hubble radius

<latexit sha1_base64="Y5Fhe57plD6NATOzWyWkStE3Hl0=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRWsSa1KJuhKKbLivYC7RpmEwn7dDJhZmJUkLWbnwVNy4UcesTuPNtnLZZaPWHgY//nMOZ8zsho0IaxpeWWVhcWl7JrubW1jc2t/TtnaYIIo5JAwcs4G0HCcKoTxqSSkbaISfIcxhpOaPrSb11R7iggX8rxyGxPDTwqUsxksqy9f0CqhV78bGZwEtYs40Zol5cMI9O74sn5cTW80bJmAr+BTOFPEhVt/XPbj/AkUd8iRkSomMaobRixCXFjCS5biRIiPAIDUhHoY88Iqx4ekoCD5XTh27A1fMlnLo/J2LkCTH2HNXpITkU87WJ+V+tE0n3woqpH0aS+Hi2yI0YlAGc5AL7lBMs2VgBwpyqv0I8RBxhqdLLqRDM+ZP/QrNcMs9KlZtKvnqVxpEFe+AAFIAJzkEV1EAdNAAGD+AJvIBX7VF71t6091lrRktndsEvaR/f7u+XQw==</latexit>

(aH)�1 = H
�1
0 a

(1+3w)/2

=

Z ln a

ln ai

(aH)�1
d ln a

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) =

For MD or RD,  or ( )w > 0 w > − 1/3

Comoving particle horizon 
monotonically grows with time

<latexit sha1_base64="+T3BZFGCBQXcIMQrX1P+TrfvG48=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0WoFEpSpboRim5cVrAPaGKYTCft0EkmzEyUEvIRbvwVNy4UcevCnX/j9LHQ1gMDh3Pu5c45fsyoVJb1beSWlldW1/LrhY3Nre0dc3evJXkiMGlizrjo+EgSRiPSVFQx0okFQaHPSNsfXo399j0RkvLoVo1i4oaoH9GAYqS05JllhyjkUejEgseKQ83vUicQCKd2llYzWLLLJw/HGbyAlmcWrYo1AVwk9owUwQwNz/xyehwnIYkUZkjKrm3Fyk2RUBQzkhWcRJIY4SHqk66mEQqJdNNJqAweaaUHAy70ixScqL83UhRKOQp9PRkiNZDz3lj8z+smKjh3UxrFiSIRnh4KEgZ1+nFDsEcFwYqNNEFYUP1XiAdIN6J0jwVdgj0feZG0qhW7VqndnBbrl7M68uAAHIISsMEZqINr0ABNgMEjeAav4M14Ml6Md+NjOpozZjv74A+Mzx8fO5zw</latexit>

⌘i / a
1
2 (1+3w)
i = 0

Comoving particle 
horizon is finite!



Crédito: D. Baumann

Distance light travelled since 
the Big Bang

CMB

Big Bang

Horizon problem

Photons 
decoupling

As we saw, the CMB presents the same temperature in every point of  the observable universe, except from small deviations

However, since there is a particle horizon today, HOW 
regions that are not in causal contact in the past can present 
the same characteristics?

Assuming MD or RD evolves from Big Bang to the present, 
comoving scales entering the horizon today have been far 
outside the horizon at CMB decoupling.



Crédito: D. Baumann

Distance light travelled
since the Big Bang

Big Bang

Observable
universe

CMB

Horizon problem

The CMB is made of   causally disconnected regions, yet it is 
observed to be almost perfectly uniform!?

104 − 106
= horizon problem!

Assuming MD or RD evolves from Big Bang to the present, comoving scales entering the horizon today have been far outside the horizon at 
CMB decoupling.



Crédito: D. Baumann

Distance light travelled
since the Big Bang

Big Bang

Observable
universe

CMB

Horizon problem

also known as homogeneity and isotropy problem

horizon problem



Questions?



Problem of  the origin of  structures

Crédito: D. Baumann

<latexit sha1_base64="bAAYGQ3DfkrYrvRmIgOLIIencUQ=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1pmtKjLohuXFewDOmPJpJk2NMkMSUYow4C/4saFIm79Dnf+jZl2Flo9EDiccy/35AQxo0o7zpdVWlhcWl4pr1bW1jc2t+ztnbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfg69zsPRCoaiTs9iYnP0VDQkGKkjdS391znPj05czLoHXsc6ZHkKc/6dtWpOVPAv8QtSBUUaPbtT28Q4YQToTFDSvVcJ9Z+iqSmmJGs4iWKxAiP0ZD0DBWIE+Wn0/gZPDTKAIaRNE9oOFV/bqSIKzXhgZnME6p5Lxf/83qJDi/9lIo40UTg2aEwYVBHMO8CDqgkWLOJIQhLarJCPEISYW0aq5gS3Pkv/yXt05p7Xqvf1quNq6KOMtgHB+AIuOACNMANaIIWwCAFT+AFvFqP1rP1Zr3PRktWsbMLfsH6+AbA0pS/</latexit>

10�30 m
<latexit sha1_base64="xi8OJIGmaY+ooLyR+FIcQYxQ8ik=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCykzpT6WRTcuK9gHdMaSSTNtaJIZkoxQh8FfceNCEbf+hzv/xrSdhbYeCBzOuZd7coKYUaUd59sqLC2vrK4V10sbm1vbO/buXktFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHQ98dsPRCoaiTs9jonP0UDQkGKkjdSzD1znPq2eZdA79TjSQ8lTnvXsslNxpoCLxM1JGeRo9Owvrx/hhBOhMUNKdV0n1n6KpKaYkazkJYrECI/QgHQNFYgT5afT9Bk8NkofhpE0T2g4VX9vpIgrNeaBmZwkVPPeRPzP6yY6vPRTKuJEE4Fnh8KEQR3BSRWwTyXBmo0NQVhSkxXiIZIIa1NYyZTgzn95kbSqFfe8UrutletXeR1FcAiOwAlwwQWogxvQAE2AwSN4Bq/gzXqyXqx362M2WrDynX3wB9bnD1mylIw=</latexit>

1025 m

Crédito: D. Baumann

Initial conditions 
Initial perturbations Structures of  the universe



Crédito: D. Baumann
<latexit sha1_base64="85HPQ671JmmrjkBtlruEaj4jv8g=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZqUVdFt24rGAf0BlLJk3b0CQzJBmhjLPwV9y4UMStv+HOvzHTzkKrBwKHc+7lnpwgYlRpx/myCguLS8srxdXS2vrG5pa9vdNSYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIOxhfZX77nkhFQ3GrJxHxORoKOqAYaSP17D3XuUtOTqsp9I6hx5EeSZ6otGeXnYozBfxL3JyUQY5Gz/70+iGOOREaM6RU13Ui7SdIaooZSUterEiE8BgNSddQgThRfjLNn8JDo/ThIJTmCQ2n6s+NBHGlJjwwk1lCNe9l4n9eN9aDCz+hIoo1EXh2aBAzqEOYlQH7VBKs2cQQhCU1WSEeIYmwNpWVTAnu/Jf/kla14p5Vaje1cv0yr6MI9sEBOAIuOAd1cA0aoAkweABP4AW8Wo/Ws/Vmvc9GC1a+swt+wfr4Bib/lPE=</latexit>

10�32 s

<latexit sha1_base64="JbTTYzT2O7S5bwSZVMW9+AsOmXY=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxQJWg8hgrWBiLRB9SEyrHcVqrjhPZDlIV5Q9Y+BUWBhBiZWXjb3DaDNBypCsdnXOv7r3HixmVyrK+jdLC4tLySnm1sra+sbllbu+0ZZQITFo4YpHoekgSRjlpKaoY6caCoNBjpOONrnO/80CEpBG/U+OYuCEacBpQjJSW+uah4xOmEHTEMIKOpCG0rfv05CyDzjF0PCTS3Mn6ZtWqWRPAeWIXpAoKNPvml+NHOAkJV5ghKXu2FSs3RUJRzEhWcRJJYoRHaEB6mnIUEummk38yeKAVHwaR0MUVnKi/J1IUSjkOPd0ZIjWUs14u/uf1EhVcuinlcaIIx9NFQcKgimAeDvSpIFixsSYIC6pvhXiIBMJKR1jRIdizL8+T9mnNPq/Vb+vVxlURRxnsgX1wBGxwARrgBjRBC2DwCJ7BK3gznowX4934mLaWjGJmF/yB8fkD3CmbTw==</latexit>

�⇢ ⇠ 10�5 ⇢̄

Macroscopic 
structures

Small perturbationsOrigin of  the small 
perturbations

Problem of  the origin of  structures

380.000 years 13.8 billion of  years



Crédito: D. Baumann

Distance light travelled 
since the Big Bang

CMB

Photon 
decoupling

Big Bang

Early universe 
physics

We need to understand the primordial universe, explain the origin of  the initial fluctuations and make 
predictions to test these theories of  the early universe evolution



Cosmological parameters

Standard cosmological model - LCDM model

Using CMB and  other LSS probes, can constraint the parameters with incredible precision.
Planck 2018

<latexit sha1_base64="iffSdT22swjkoePeeappvxHr/vM="></latexit>

⌦b = 0.0484± 0.0003 �!
⌦m = 0.308± 0.012 �!
⌦⇤ = 0.692± 0.012 �!
ns = 0.9626± 0.0057 �!
109 As = 2.092± 0.034 �!
⌧ = 0.0522± 0.0080 �!

<latexit sha1_base64="2iyJ6sG/2O3UZR3lvtMih+PxoaM="></latexit>

{⌦b, ⌦m ,⌦⇤ , ns , As , ⌧}

Amount of ordinary/visible matter 
Amount of dark matter 
Amount of dark energy 
Scale dependence of the initial fluctuations
Amplitude of the initial fluctuations
Optical depth

Standard cosmological model

<latexit sha1_base64="oriXqrIu/m6im8n2vsOBd0eOwzI=">AAACDnicbZDLSgMxFIYzXmu9jbp0EywFF1pmRKoboerGZQV7gU4dMmmmDU0yQ5IRyjBP4MZXceNCEbeu3fk2ZtoutPWHwMd/ziHn/EHMqNKO820tLC4tr6wW1orrG5tb2/bOblNFicSkgSMWyXaAFGFUkIammpF2LAniASOtYHid11sPRCoaiTs9ikmXo76gIcVIG8u3y3U/9TjSA8nTWFKeZfACXvoKekdweJ8KQ8du5tslp+KMBefBnUIJTFX37S+vF+GEE6ExQ0p1XCfW3RRJTTEjWdFLFIkRHqI+6RgUiBPVTcfnZLBsnB4MI2me0HDs/p5IEVdqxAPTmW+uZmu5+V+tk+jwvJtSESeaCDz5KEwY1BHMs4E9KgnWbGQAYUnNrhAPkERYmwSLJgR39uR5aJ5U3Gqlentaql1N4yiAfXAADoELzkAN3IA6aAAMHsEzeAVv1pP1Yr1bH5PWBWs6swf+yPr8AbCsmzs=</latexit>

Pprim = As k
ns�1

Primordial power spectrum: perturbations were almost 
scale invariant; red tilted



Flatness problem
Observational data tells us our universe is flat or <latexit sha1_base64="27BmiizWYuR1BeMz9k8dNqL6ZvQ=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAWMFC2OR6ENqoshxndaq7QTbQaqiriz8CgsDCLHyB2z8DU6aAVqOZOnonHt1fU6YMKq043xblZXVtfWN6mZta3tnd8/eP+iqOJWYdHDMYtkPkSKMCtLRVDPSTyRBPGSkF06uc7/3QKSisbjT04T4HI0EjShG2kiBDT05jqGnKCf3BQ8yjyM9ljzDkurZLLDrTsMpAJeJW5I6KNEO7C9vGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqECfKz4okM3hilCGMYmme0LBQf29kiCs15aGZzH+pFr1c/M8bpDq69DMqklQTgeeHopRBHcO8FjikkmDNpoagPDjFEI+RRFib8mqmBHcx8jLpnjXc80bztllvXZV1VMEROAanwAUXoAVuQBt0AAaP4Bm8gjfryXqx3q2P+WjFKncOwR9Ynz99Q5rf</latexit>⇢ ' ⇢crit



<latexit sha1_base64="XowDHV6AQD5zWFcdywoN6yVzPG8="></latexit>✓
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ä

a
= Ḣ +H
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 and  here are actually the sum of  all the components in the universe    

We can also rewrite the 1st Friedmann equation as:

ρ P ⟹ ρtot, ptot

<latexit sha1_base64="YmaZjKPvCvXt6D85Tme+lAIZIaE=">AAACC3icbVC7SgNBFJ31GeNr1dJmSBBsDLshqI0QtElnBPOAbBJmJ7PJkNkHM3eFsGxv46/YWChi6w/Y+TdOki008cCFwzn3cu89biS4Asv6NlZW19Y3NnNb+e2d3b198+CwqcJYUtagoQhl2yWKCR6wBnAQrB1JRnxXsJY7vpn6rQcmFQ+De5hErOuTYcA9TgloqW8W7Cvn1mdD0k8ghBSfYceThCbjNCG9Mq71ymnfLFolawa8TOyMFFGGet/8cgYhjX0WABVEqY5tRdBNiAROBUvzTqxYROiYDFlH04D4THWT2S8pPtHKAHuh1BUAnqm/JxLiKzXxXd3pExipRW8q/ud1YvAuuwkPohhYQOeLvFhgCPE0GDzgklEQE00IlVzfiumI6CxAx5fXIdiLLy+TZrlkn5cqd5Vi9TqLI4eOUQGdIhtdoCqqoTpqIIoe0TN6RW/Gk/FivBsf89YVI5s5Qn9gfP4Aet2aEg==</latexit>

1 = ⌦tot �
k

a2H2

<latexit sha1_base64="h+aINpWhw9nONF6D6xUkgP5cSog="></latexit>

⌦tot =
X

i

⌦i , onde ⌦i =
⇢i

⇢crit

Density parameter

Friedmann equations.             
(or Friedmann - Lemaître)

Dynamics - Friedmann equations



Flatness problem
Observational data tells us our universe is flat or <latexit sha1_base64="27BmiizWYuR1BeMz9k8dNqL6ZvQ=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAWMFC2OR6ENqoshxndaq7QTbQaqiriz8CgsDCLHyB2z8DU6aAVqOZOnonHt1fU6YMKq043xblZXVtfWN6mZta3tnd8/eP+iqOJWYdHDMYtkPkSKMCtLRVDPSTyRBPGSkF06uc7/3QKSisbjT04T4HI0EjShG2kiBDT05jqGnKCf3BQ8yjyM9ljzDkurZLLDrTsMpAJeJW5I6KNEO7C9vGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqECfKz4okM3hilCGMYmme0LBQf29kiCs15aGZzH+pFr1c/M8bpDq69DMqklQTgeeHopRBHcO8FjikkmDNpoagPDjFEI+RRFib8mqmBHcx8jLpnjXc80bztllvXZV1VMEROAanwAUXoAVuQBt0AAaP4Bm8gjfryXqx3q2P+WjFKncOwR9Ynz99Q5rf</latexit>⇢ ' ⇢crit

<latexit sha1_base64="wWdlAIESrfsEjIznOGgJ2t2HBK4=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGIRaGuxDURgjapDOC+YDkDHubuWTJ7t2xuyeEkMa/YmOhiK0/w85/4ya5QqMPBh7vzTAzz485U9pxvqzM0vLK6lp2PbexubW9Y+/uNVSUSAp1GvFItnyigLMQ6pppDq1YAhE+h6Y/vJ76zQeQikXhnR7F4AnSD1nAKNFG6toHhc6NgD7Bp+4JJvclXDV1iYddO+8UnRnwX+KmJI9S1Lr2Z6cX0URAqCknSrVdJ9bemEjNKIdJrpMoiAkdkj60DQ2JAOWNZw9M8LFRejiIpKlQ45n6c2JMhFIj4ZtOQfRALXpT8T+vnejgwhuzME40hHS+KEg41hGepoF7TALVfGQIoZKZWzEdEEmoNpnlTAju4st/SaNUdM+K5dtyvnKVxpFFh+gIFZCLzlEFVVEN1RFFE/SEXtCr9Wg9W2/W+7w1Y6Uz++gXrI9vP+CTnw==</latexit>

(⌦� 1)a2H2 = k

<latexit sha1_base64="zzF9K4TGtKL5v4NcK0/znf7Vbsc=">AAACMnicbVDLSgMxFM34rPU16tJNsCgupMyUoi6LbnRXwT6gU8udTNqGZh5NMkIZ+k1u/BLBhS4UcetHmGlL1dYLIYdzz+Xec9yIM6ks68VYWFxaXlnNrGXXNza3ts2d3aoMY0FohYQ8FHUXJOUsoBXFFKf1SFDwXU5rbu8y7dfuqZAsDG7VIKJNHzoBazMCSlMt8/rIiUQYqRDDXQE7/X4MHnZ8UF3hJwK8IXac7I9mqjiZivSnqBjilpmz8tao8DywJyCHJlVumU+OF5LYp4EiHKRs2FakmgkIxQinw6wTSxoB6UGHNjQMwKeymYwsD/GhZjzcDoV+gcIj9vdEAr6UA9/VyvROOdtLyf96jVi1z5sJC6JY0YCMF7VjjrX7ND/sMUGJ4gMNgAimb8WkCwKIDkFmdQj2rOV5UC3k7dN88aaYK11M4sigfXSAjpGNzlAJXaEyqiCCHtAzekPvxqPxanwYn2PpgjGZ2UN/yvj6BvHxqgQ=</latexit>

/ a2 rad

/ a matter

Extrapolating to earlier times:

<latexit sha1_base64="24elGjyRIebAKlcGJfifgzCu29c=">AAACHXicbVDLTgIxFO3gC/GFunTTSEwgUTJjiLokunEHGnkkDCF3SoGGdmbSdjRkwo+48VfcuNAYF26Mf2MHWCh4miYn59ybe+/xQs6Utu1vK7W0vLK6ll7PbGxube9kd/fqKogkoTUS8EA2PVCUM5/WNNOcNkNJQXicNrzhVeI37qlULPDv9CikbQF9n/UYAW2kTrbk3rL+QIOUwQN2j5OH825F0D50bHziFLCrmMCuAD0gwOPKOO8UOtmcXbQnwIvEmZEcmqHayX663YBEgvqacFCq5dihbscgNSOcjjNupGgIZAh92jLUB0FVO55cN8ZHRuniXiDN9zWeqL87YhBKjYRnKpMt1byXiP95rUj3Ltox88NIU59MB/UijnWAk6hwl0lKNB8ZAkQysysmA5BAtAk0Y0Jw5k9eJPXTonNWLN2UcuXLWRxpdIAOUR456ByV0TWqohoi6BE9o1f0Zj1ZL9a79TEtTVmznn30B9bXD2U+n6A=</latexit>

) (⌦0 � 1) ⇠ O(1)

<latexit sha1_base64="m+TEK+Hax6jAD9/41ncfHnx+3b4="></latexit>

|⌦� 1|t=tpl

|⌦0 � 1|
⇡

a2pl
a20

⇡
T 2
0

T 2
pl

⇠ O(10�64) for BBN, 𝒪(10−16)

Given the evolution of  the universe, so , then  had to be VERY VERY small!                     (Ω0 − 1) ∼ 𝒪(1) (Ω − 1)

Fine tuning!



Flatness problem
Observational data tells us our universe is flat or <latexit sha1_base64="27BmiizWYuR1BeMz9k8dNqL6ZvQ=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAWMFC2OR6ENqoshxndaq7QTbQaqiriz8CgsDCLHyB2z8DU6aAVqOZOnonHt1fU6YMKq043xblZXVtfWN6mZta3tnd8/eP+iqOJWYdHDMYtkPkSKMCtLRVDPSTyRBPGSkF06uc7/3QKSisbjT04T4HI0EjShG2kiBDT05jqGnKCf3BQ8yjyM9ljzDkurZLLDrTsMpAJeJW5I6KNEO7C9vGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqECfKz4okM3hilCGMYmme0LBQf29kiCs15aGZzH+pFr1c/M8bpDq69DMqklQTgeeHopRBHcO8FjikkmDNpoagPDjFEI+RRFib8mqmBHcx8jLpnjXc80bztllvXZV1VMEROAanwAUXoAVuQBt0AAaP4Bm8gjfryXqx3q2P+WjFKncOwR9Ynz99Q5rf</latexit>⇢ ' ⇢crit

<latexit sha1_base64="wWdlAIESrfsEjIznOGgJ2t2HBK4=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGIRaGuxDURgjapDOC+YDkDHubuWTJ7t2xuyeEkMa/YmOhiK0/w85/4ya5QqMPBh7vzTAzz485U9pxvqzM0vLK6lp2PbexubW9Y+/uNVSUSAp1GvFItnyigLMQ6pppDq1YAhE+h6Y/vJ76zQeQikXhnR7F4AnSD1nAKNFG6toHhc6NgD7Bp+4JJvclXDV1iYddO+8UnRnwX+KmJI9S1Lr2Z6cX0URAqCknSrVdJ9bemEjNKIdJrpMoiAkdkj60DQ2JAOWNZw9M8LFRejiIpKlQ45n6c2JMhFIj4ZtOQfRALXpT8T+vnejgwhuzME40hHS+KEg41hGepoF7TALVfGQIoZKZWzEdEEmoNpnlTAju4st/SaNUdM+K5dtyvnKVxpFFh+gIFZCLzlEFVVEN1RFFE/SEXtCr9Wg9W2/W+7w1Y6Uz++gXrI9vP+CTnw==</latexit>

(⌦� 1)a2H2 = k

<latexit sha1_base64="zzF9K4TGtKL5v4NcK0/znf7Vbsc=">AAACMnicbVDLSgMxFM34rPU16tJNsCgupMyUoi6LbnRXwT6gU8udTNqGZh5NMkIZ+k1u/BLBhS4UcetHmGlL1dYLIYdzz+Xec9yIM6ks68VYWFxaXlnNrGXXNza3ts2d3aoMY0FohYQ8FHUXJOUsoBXFFKf1SFDwXU5rbu8y7dfuqZAsDG7VIKJNHzoBazMCSlMt8/rIiUQYqRDDXQE7/X4MHnZ8UF3hJwK8IXac7I9mqjiZivSnqBjilpmz8tao8DywJyCHJlVumU+OF5LYp4EiHKRs2FakmgkIxQinw6wTSxoB6UGHNjQMwKeymYwsD/GhZjzcDoV+gcIj9vdEAr6UA9/VyvROOdtLyf96jVi1z5sJC6JY0YCMF7VjjrX7ND/sMUGJ4gMNgAimb8WkCwKIDkFmdQj2rOV5UC3k7dN88aaYK11M4sigfXSAjpGNzlAJXaEyqiCCHtAzekPvxqPxanwYn2PpgjGZ2UN/yvj6BvHxqgQ=</latexit>

/ a2 rad

/ a matter

Extrapolating to earlier times:

<latexit sha1_base64="24elGjyRIebAKlcGJfifgzCu29c=">AAACHXicbVDLTgIxFO3gC/GFunTTSEwgUTJjiLokunEHGnkkDCF3SoGGdmbSdjRkwo+48VfcuNAYF26Mf2MHWCh4miYn59ybe+/xQs6Utu1vK7W0vLK6ll7PbGxube9kd/fqKogkoTUS8EA2PVCUM5/WNNOcNkNJQXicNrzhVeI37qlULPDv9CikbQF9n/UYAW2kTrbk3rL+QIOUwQN2j5OH825F0D50bHziFLCrmMCuAD0gwOPKOO8UOtmcXbQnwIvEmZEcmqHayX663YBEgvqacFCq5dihbscgNSOcjjNupGgIZAh92jLUB0FVO55cN8ZHRuniXiDN9zWeqL87YhBKjYRnKpMt1byXiP95rUj3Ltox88NIU59MB/UijnWAk6hwl0lKNB8ZAkQysysmA5BAtAk0Y0Jw5k9eJPXTonNWLN2UcuXLWRxpdIAOUR456ByV0TWqohoi6BE9o1f0Zj1ZL9a79TEtTVmznn30B9bXD2U+n6A=</latexit>

) (⌦0 � 1) ⇠ O(1)

<latexit sha1_base64="m+TEK+Hax6jAD9/41ncfHnx+3b4="></latexit>

|⌦� 1|t=tpl
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a2pl
a20

⇡
T 2
0

T 2
pl

⇠ O(10�64) for BBN, 𝒪(10−16)

Given the evolution of  the universe, so , then  had to be VERY VERY small!                     (Ω0 − 1) ∼ 𝒪(1) (Ω − 1) Fine tuning!

Can be recast as an “entropy problem”   adiabatic expansion⟶
<latexit sha1_base64="U9QQ48xap+3WkX+jIcmPJZ2GwVs=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0HYgCa7MaiNELSxM2JekBezk0kyZGZ3mZkVwpJfsPFXbCwUsbWz82+cJFto4oELh3Pu5d573IBRqWz720gsLa+sriXXUxubW9s75u5eVfqhwKSCfeaLuoskYdQjFUUVI/VAEMRdRmru8Hri1x6IkNT3ymoUkBZHfY/2KEZKSx3Tat5y0kfwxIGX1rB5DHknCtg4k7Pu21E+dzqGWiu385mOmbaz9hRwkTgxSYMYpY751ez6OOTEU5ghKRuOHahWhISimJFxqhlKEiA8RH3S0NRDnMhWNP1oDI+00oU9X+jyFJyqvycixKUccVd3cqQGct6biP95jVD1LloR9YJQEQ/PFvVCBpUPJ/HALhUEKzbSBGFB9a0QD5BAWOkQUzoEZ/7lRVLNZ52zbOGukC5exXEkwQE4BBZwwDkoghtQAhWAwSN4Bq/gzXgyXox342PWmjDimX3wB8bnD7+gmdE=</latexit>

⌦� 1 = (kmpl)/(S
2/3 T 2)



Flatness problem
Observational data tells us our universe is flat or <latexit sha1_base64="27BmiizWYuR1BeMz9k8dNqL6ZvQ=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhJUAWMFC2OR6ENqoshxndaq7QTbQaqiriz8CgsDCLHyB2z8DU6aAVqOZOnonHt1fU6YMKq043xblZXVtfWN6mZta3tnd8/eP+iqOJWYdHDMYtkPkSKMCtLRVDPSTyRBPGSkF06uc7/3QKSisbjT04T4HI0EjShG2kiBDT05jqGnKCf3BQ8yjyM9ljzDkurZLLDrTsMpAJeJW5I6KNEO7C9vGOOUE6ExQ0oNXCfRfoakppiRWc1LFUkQnqARGRgqECfKz4okM3hilCGMYmme0LBQf29kiCs15aGZzH+pFr1c/M8bpDq69DMqklQTgeeHopRBHcO8FjikkmDNpoagPDjFEI+RRFib8mqmBHcx8jLpnjXc80bztllvXZV1VMEROAanwAUXoAVuQBt0AAaP4Bm8gjfryXqx3q2P+WjFKncOwR9Ynz99Q5rf</latexit>⇢ ' ⇢crit

<latexit sha1_base64="wWdlAIESrfsEjIznOGgJ2t2HBK4=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGIRaGuxDURgjapDOC+YDkDHubuWTJ7t2xuyeEkMa/YmOhiK0/w85/4ya5QqMPBh7vzTAzz485U9pxvqzM0vLK6lp2PbexubW9Y+/uNVSUSAp1GvFItnyigLMQ6pppDq1YAhE+h6Y/vJ76zQeQikXhnR7F4AnSD1nAKNFG6toHhc6NgD7Bp+4JJvclXDV1iYddO+8UnRnwX+KmJI9S1Lr2Z6cX0URAqCknSrVdJ9bemEjNKIdJrpMoiAkdkj60DQ2JAOWNZw9M8LFRejiIpKlQ45n6c2JMhFIj4ZtOQfRALXpT8T+vnejgwhuzME40hHS+KEg41hGepoF7TALVfGQIoZKZWzEdEEmoNpnlTAju4st/SaNUdM+K5dtyvnKVxpFFh+gIFZCLzlEFVVEN1RFFE/SEXtCr9Wg9W2/W+7w1Y6Uz++gXrI9vP+CTnw==</latexit>

(⌦� 1)a2H2 = k

<latexit sha1_base64="zzF9K4TGtKL5v4NcK0/znf7Vbsc=">AAACMnicbVDLSgMxFM34rPU16tJNsCgupMyUoi6LbnRXwT6gU8udTNqGZh5NMkIZ+k1u/BLBhS4UcetHmGlL1dYLIYdzz+Xec9yIM6ks68VYWFxaXlnNrGXXNza3ts2d3aoMY0FohYQ8FHUXJOUsoBXFFKf1SFDwXU5rbu8y7dfuqZAsDG7VIKJNHzoBazMCSlMt8/rIiUQYqRDDXQE7/X4MHnZ8UF3hJwK8IXac7I9mqjiZivSnqBjilpmz8tao8DywJyCHJlVumU+OF5LYp4EiHKRs2FakmgkIxQinw6wTSxoB6UGHNjQMwKeymYwsD/GhZjzcDoV+gcIj9vdEAr6UA9/VyvROOdtLyf96jVi1z5sJC6JY0YCMF7VjjrX7ND/sMUGJ4gMNgAimb8WkCwKIDkFmdQj2rOV5UC3k7dN88aaYK11M4sigfXSAjpGNzlAJXaEyqiCCHtAzekPvxqPxanwYn2PpgjGZ2UN/yvj6BvHxqgQ=</latexit>

/ a2 rad

/ a matter

Extrapolating to earlier times:

<latexit sha1_base64="24elGjyRIebAKlcGJfifgzCu29c=">AAACHXicbVDLTgIxFO3gC/GFunTTSEwgUTJjiLokunEHGnkkDCF3SoGGdmbSdjRkwo+48VfcuNAYF26Mf2MHWCh4miYn59ybe+/xQs6Utu1vK7W0vLK6ll7PbGxube9kd/fqKogkoTUS8EA2PVCUM5/WNNOcNkNJQXicNrzhVeI37qlULPDv9CikbQF9n/UYAW2kTrbk3rL+QIOUwQN2j5OH825F0D50bHziFLCrmMCuAD0gwOPKOO8UOtmcXbQnwIvEmZEcmqHayX663YBEgvqacFCq5dihbscgNSOcjjNupGgIZAh92jLUB0FVO55cN8ZHRuniXiDN9zWeqL87YhBKjYRnKpMt1byXiP95rUj3Ltox88NIU59MB/UijnWAk6hwl0lKNB8ZAkQysysmA5BAtAk0Y0Jw5k9eJPXTonNWLN2UcuXLWRxpdIAOUR456ByV0TWqohoi6BE9o1f0Zj1ZL9a79TEtTVmznn30B9bXD2U+n6A=</latexit>

) (⌦0 � 1) ⇠ O(1)

<latexit sha1_base64="m+TEK+Hax6jAD9/41ncfHnx+3b4="></latexit>

|⌦� 1|t=tpl

|⌦0 � 1|
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⇡
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⇠ O(10�64) for BBN, 𝒪(10−16)

Given the evolution of  the universe, so 
, then  had to be VERY 

VERY small!                     
(Ω0 − 1) ∼ 𝒪(1) (Ω − 1)

Fine tuning!

Amplification of  the curvature 
radius



Questions?



What we need

We need a theory of  the early universe that solves all of  these problems,  
- causally connecting the universe and  

- generating all the structure we see in the universe today.



Early universe models 

solving the SCM problems



Solving the horizon problem

Crédito: D. Baumann

Distance light travelled
since the Big Bang

CMB



Solving the horizon problem
Idea 1: The shrinking Hubble sphere

A phase of  decreasing Hubble radius in the early history of  the universe; If  this lasts long enough, the 
horizon problem may be avoided



Shrinking Hubble sphere

Crédito: D. Baumann

Solving the horizon problem: decreasing Hubble radius

horizon problem   growing Hubble radius↔

<latexit sha1_base64="KgcNIgK0oIdiCWb/Xf5ZT0nMnO4=">AAACA3icbVC7SgNBFL0bXzG+Vu20GQxCLAy7EtTCImiTMoJ5QLKG2dnZZMjsg5lZISwLNv6KjYUitv6EnX/j5FFo4oELh3Pu5d573JgzqSzr28gtLa+sruXXCxubW9s75u5eU0aJILRBIh6Jtosl5SykDcUUp+1YUBy4nLbc4c3Ybz1QIVkU3qlRTJ0A90PmM4KVlnrmQdcXmKRelnoqQyVcO7lPT+0MXSGrZxatsjUBWiT2jBRhhnrP/Op6EUkCGirCsZQd24qVk2KhGOE0K3QTSWNMhrhPO5qGOKDSSSc/ZOhYKx7yI6ErVGii/p5IcSDlKHB1Z4DVQM57Y/E/r5Mo/9JJWRgnioZkushPOFIRGgeCPCYoUXykCSaC6VsRGWAditKxFXQI9vzLi6R5VrbPy5XbSrF6PYsjD4dwBCWw4QKqUIM6NIDAIzzDK7wZT8aL8W58TFtzxmxmH/7A+PwB06qWVg==</latexit>

d

dt
(aH)�1

< 0

 If  this period lasts long enough, it solves the horizon problem



Shrinking Hubble sphere

Crédito: D. Baumann

Solving the horizon problem: decreasing Hubble radius

<latexit sha1_base64="KgcNIgK0oIdiCWb/Xf5ZT0nMnO4=">AAACA3icbVC7SgNBFL0bXzG+Vu20GQxCLAy7EtTCImiTMoJ5QLKG2dnZZMjsg5lZISwLNv6KjYUitv6EnX/j5FFo4oELh3Pu5d573JgzqSzr28gtLa+sruXXCxubW9s75u5eU0aJILRBIh6Jtosl5SykDcUUp+1YUBy4nLbc4c3Ybz1QIVkU3qlRTJ0A90PmM4KVlnrmQdcXmKRelnoqQyVcO7lPT+0MXSGrZxatsjUBWiT2jBRhhnrP/Op6EUkCGirCsZQd24qVk2KhGOE0K3QTSWNMhrhPO5qGOKDSSSc/ZOhYKx7yI6ErVGii/p5IcSDlKHB1Z4DVQM57Y/E/r5Mo/9JJWRgnioZkushPOFIRGgeCPCYoUXykCSaC6VsRGWAditKxFXQI9vzLi6R5VrbPy5XbSrF6PYsjD4dwBCWw4QKqUIM6NIDAIzzDK7wZT8aL8W58TFtzxmxmH/7A+PwB06qWVg==</latexit>

d

dt
(aH)�1

< 0

- This implies that there was much more conformal time between the 
singularity and recombination than we had thought! 

- The past light cones of  widely separated points in the CMB now had 
time to intersect before the time  

- For that  is NOT the initial singularity; there is time both before 
and after 

η = 0
η = 0
η = 0



Shrinking Hubble sphere

Crédito: D. Baumann

Solving the horizon problem: decreasing Hubble radius

<latexit sha1_base64="KgcNIgK0oIdiCWb/Xf5ZT0nMnO4=">AAACA3icbVC7SgNBFL0bXzG+Vu20GQxCLAy7EtTCImiTMoJ5QLKG2dnZZMjsg5lZISwLNv6KjYUitv6EnX/j5FFo4oELh3Pu5d573JgzqSzr28gtLa+sruXXCxubW9s75u5eU0aJILRBIh6Jtosl5SykDcUUp+1YUBy4nLbc4c3Ybz1QIVkU3qlRTJ0A90PmM4KVlnrmQdcXmKRelnoqQyVcO7lPT+0MXSGrZxatsjUBWiT2jBRhhnrP/Op6EUkCGirCsZQd24qVk2KhGOE0K3QTSWNMhrhPO5qGOKDSSSc/ZOhYKx7yI6ErVGii/p5IcSDlKHB1Z4DVQM57Y/E/r5Mo/9JJWRgnioZkushPOFIRGgeCPCYoUXykCSaC6VsRGWAditKxFXQI9vzLi6R5VrbPy5XbSrF6PYsjD4dwBCWw4QKqUIM6NIDAIzzDK7wZT8aL8W58TFtzxmxmH/7A+PwB06qWVg==</latexit>

d

dt
(aH)�1

< 0

- This implies that there was much more conformal time between the 
singularity and recombination than we had thought! 

- The past light cones of  widely separated points in the CMB now had 
time to intersect before the time  

- For that  is NOT the initial singularity; there is time both before 
and after  

- A decreasing comoving horizon means that large scales entering the 
present universe were inside the horizon before inflation 

- Causal physics before inflation therefore had time to establish spatial 
homogeneity.

η = 0
η = 0
η = 0



Questions?



Inflation

Crédito: D. Baumann

Motivation: solve the SCM problems



Inflation

Crédito: D. Baumann

CMB

Photon 
decoupling

Big Bang

Inflation

Guth (1980) 
Linde(1982) 
Albrecht e Steinhardt (1982)

<latexit sha1_base64="dYwKxMNNJ1wEfFM5ZxCuc3jo7OE=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQIkiYkaAeg15yjGAWSGLo6VSSJj2L3TVCGHPwV7x4UMSrv+HNv7GzHDTxQcHjvSqq6nmRFBod59tKLS2vrK6l1zMbm1vbO/buXlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8wfXYrz2A0iIMbnEYQctnvUB0BWdopLZ9wHJ4Qpta+HBP4S4p0eYpxVHbzjp5ZwK6SNwZyZIZym37q9kJeexDgFwyrRuuE2ErYQoFlzDKNGMNEeMD1oOGoQHzQbeSyf0jemyUDu2GylSAdKL+nkiYr/XQ90ynz7Cv572x+J/XiLF72UpEEMUIAZ8u6saSYkjHYdCOUMBRDg1hXAlzK+V9phhHE1nGhODOv7xIqmd59zxfuClki1ezONLkkByRHHHJBSmSEimTCuHkkTyTV/JmPVkv1rv1MW1NWbOZffIH1ucPy5+UsA==</latexit>

a(t) ' eH t

Period of  very fast expansion of  the universe, a quasi-
exponential expansion



Inflation

Crédito: D. Baumann

CMB

Photon 
decoupling

Big Bang

Inflation

Guth (1980) 
Linde(1982) 
Albrecht e Steinhardt (1982)

<latexit sha1_base64="dYwKxMNNJ1wEfFM5ZxCuc3jo7OE=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQIkiYkaAeg15yjGAWSGLo6VSSJj2L3TVCGHPwV7x4UMSrv+HNv7GzHDTxQcHjvSqq6nmRFBod59tKLS2vrK6l1zMbm1vbO/buXlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8wfXYrz2A0iIMbnEYQctnvUB0BWdopLZ9wHJ4Qpta+HBP4S4p0eYpxVHbzjp5ZwK6SNwZyZIZym37q9kJeexDgFwyrRuuE2ErYQoFlzDKNGMNEeMD1oOGoQHzQbeSyf0jemyUDu2GylSAdKL+nkiYr/XQ90ynz7Cv572x+J/XiLF72UpEEMUIAZ8u6saSYkjHYdCOUMBRDg1hXAlzK+V9phhHE1nGhODOv7xIqmd59zxfuClki1ezONLkkByRHHHJBSmSEimTCuHkkTyTV/JmPVkv1rv1MW1NWbOZffIH1ucPy5+UsA==</latexit>

a(t) ' eH t

Period of  very fast expansion of  the universe, a quasi-
exponential expansion

Originally (Guth 1980) - to solve the magnetic monopoles problem 



Inflation

Crédito: D. Baumann

CMB

Photon 
decoupling

Big Bang

Inflation

Guth (1980) 
Linde(1982) 
Albrecht e Steinhardt (1982)

<latexit sha1_base64="dYwKxMNNJ1wEfFM5ZxCuc3jo7OE=">AAAB/3icbVDJSgNBEO2JW4zbqODFS2MQIkiYkaAeg15yjGAWSGLo6VSSJj2L3TVCGHPwV7x4UMSrv+HNv7GzHDTxQcHjvSqq6nmRFBod59tKLS2vrK6l1zMbm1vbO/buXlWHseJQ4aEMVd1jGqQIoIICJdQjBcz3JNS8wfXYrz2A0iIMbnEYQctnvUB0BWdopLZ9wHJ4Qpta+HBP4S4p0eYpxVHbzjp5ZwK6SNwZyZIZym37q9kJeexDgFwyrRuuE2ErYQoFlzDKNGMNEeMD1oOGoQHzQbeSyf0jemyUDu2GylSAdKL+nkiYr/XQ90ynz7Cv572x+J/XiLF72UpEEMUIAZ8u6saSYkjHYdCOUMBRDg1hXAlzK+V9phhHE1nGhODOv7xIqmd59zxfuClki1ezONLkkByRHHHJBSmSEimTCuHkkTyTV/JmPVkv1rv1MW1NWbOZffIH1ucPy5+UsA==</latexit>

a(t) ' eH t

Solving the horizon problem



Crédito: D. Baumann

Guth (1980) 
Linde(1982) 
Albrecht e Steinhardt (1982)

Solving the horizon problem: decreasing Hubble radius

horizon problem   growing Hubble radius↔

HOW?

<latexit sha1_base64="Y5Fhe57plD6NATOzWyWkStE3Hl0=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRWsSa1KJuhKKbLivYC7RpmEwn7dDJhZmJUkLWbnwVNy4UcesTuPNtnLZZaPWHgY//nMOZ8zsho0IaxpeWWVhcWl7JrubW1jc2t/TtnaYIIo5JAwcs4G0HCcKoTxqSSkbaISfIcxhpOaPrSb11R7iggX8rxyGxPDTwqUsxksqy9f0CqhV78bGZwEtYs40Zol5cMI9O74sn5cTW80bJmAr+BTOFPEhVt/XPbj/AkUd8iRkSomMaobRixCXFjCS5biRIiPAIDUhHoY88Iqx4ekoCD5XTh27A1fMlnLo/J2LkCTH2HNXpITkU87WJ+V+tE0n3woqpH0aS+Hi2yI0YlAGc5AL7lBMs2VgBwpyqv0I8RBxhqdLLqRDM+ZP/QrNcMs9KlZtKvnqVxpEFe+AAFIAJzkEV1EAdNAAGD+AJvIBX7VF71t6091lrRktndsEvaR/f7u+XQw==</latexit>

(aH)�1 = H
�1
0 a

(1+3w)/2

<latexit sha1_base64="NPbs9rlWoHgvEseXMCxwOsIDeQA="></latexit>

ä

a
= �4⇡G

3
(⇢+ 3p)

Strong energy condition (SEC)  
>0

 If  this period lasts long enough, it solves the horizon problem

=

Z ln a

ln ai

(aH)�1
d ln a

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) =
<latexit sha1_base64="Q6RiCF5oEmFy1c/5tpxyk2DPLxY=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiaGMZ0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYdr4vbKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UbvI4inAEx3AKHlxCDe6gDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDUeiNLQ==</latexit>

< 0 ⇒ <latexit sha1_base64="UtZpMbazEOA3SfEYTUdwnRUbKFU=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqCcpevFYwX5AE8pms2mXbnbD7kQooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1PBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LySGCS5ZGzgI1ks1I0koWDcc38387hPThiv5CJOUBQkZSh5zSsBKvh9FCnIyxTfYHVRrbt2dA68SryA1VKA1qH75kaJZwiRQQYzpe24KQU40cCrYtOJnhqWEjsmQ9S2VJGEmyOc3T/GZVSIcK21LAp6rvydykhgzSULbmRAYmWVvJv7n9TOIr4OcyzQDJuliUZwJDArPAsAR14yCmFhCqOb2VkxHRBMKNqaKDcFbfnmVdC7q3mW98dCoNW+LOMroBJ2ic+ShK9RE96iF2oiiFD2jV/TmZM6L8+58LFpLTjFzjP7A+fwBCOyRCQ==</latexit>

ä > 0

<latexit sha1_base64="uMoabsc5kM9+vK0s7yDnwUlXcOs=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBjSWRoi6LblxWsA9oQphMJ+3QySTM3CglFNz4K25cKOLWn3Dn3zh9LLT1wIXDOfdy7z1hKrgGx/m2CkvLK6trxfXSxubW9o69u9fUSaYoa9BEJKodEs0El6wBHARrp4qROBSsFQ6ux37rninNE3kHw5T5MelJHnFKwEiBfeAxIAHHnuK9PhClkgd86nEZwTCwy07FmQAvEndGymiGemB/ed2EZjGTQAXRuuM6Kfg5UcCpYKOSl2mWEjogPdYxVJKYaT+f/DDCx0bp4ihRpiTgifp7Iiex1sM4NJ0xgb6e98bif14ng+jSz7lMM2CSThdFmcCQ4HEguMsVoyCGhhCquLkV0z5RhIKJrWRCcOdfXiTNs4p7XqneVsu1q1kcRXSIjtAJctEFqqEbVEcNRNEjekav6M16sl6sd+tj2lqwZjP76A+szx/eG5eu</latexit>

⌘i ! �1

<latexit sha1_base64="ldeQOoVttktcLFXKynxMjfPMEGE="></latexit>

d

dt
(aH)�1 =

d

dt
(ȧ)�1 = � ä

(ȧ)2
< 0 ) ä > 0

Inflation



Crédito: D. Baumann

Guth (1980) 
Linde(1982) 
Albrecht e Steinhardt (1982)

Shrinking the Hubble sphere

<latexit sha1_base64="Y5Fhe57plD6NATOzWyWkStE3Hl0=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRWsSa1KJuhKKbLivYC7RpmEwn7dDJhZmJUkLWbnwVNy4UcesTuPNtnLZZaPWHgY//nMOZ8zsho0IaxpeWWVhcWl7JrubW1jc2t/TtnaYIIo5JAwcs4G0HCcKoTxqSSkbaISfIcxhpOaPrSb11R7iggX8rxyGxPDTwqUsxksqy9f0CqhV78bGZwEtYs40Zol5cMI9O74sn5cTW80bJmAr+BTOFPEhVt/XPbj/AkUd8iRkSomMaobRixCXFjCS5biRIiPAIDUhHoY88Iqx4ekoCD5XTh27A1fMlnLo/J2LkCTH2HNXpITkU87WJ+V+tE0n3woqpH0aS+Hi2yI0YlAGc5AL7lBMs2VgBwpyqv0I8RBxhqdLLqRDM+ZP/QrNcMs9KlZtKvnqVxpEFe+AAFIAJzkEV1EAdNAAGD+AJvIBX7VF71t6091lrRktndsEvaR/f7u+XQw==</latexit>

(aH)�1 = H
�1
0 a

(1+3w)/2

<latexit sha1_base64="NPbs9rlWoHgvEseXMCxwOsIDeQA="></latexit>

ä

a
= �4⇡G

3
(⇢+ 3p)

Strong energy condition (SEC)  
>0

=

Z ln a

ln ai

(aH)�1
d ln a

<latexit sha1_base64="aehN4ELokvxLQIO7SWpBaspT31A="></latexit>

�p(⌘) =
<latexit sha1_base64="Q6RiCF5oEmFy1c/5tpxyk2DPLxY=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiaGMZ0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYdr4vbKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UbvI4inAEx3AKHlxCDe6gDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDUeiNLQ==</latexit>

< 0 ⇒ <latexit sha1_base64="UtZpMbazEOA3SfEYTUdwnRUbKFU=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mkqCcpevFYwX5AE8pms2mXbnbD7kQooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1PBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LySGCS5ZGzgI1ks1I0koWDcc38387hPThiv5CJOUBQkZSh5zSsBKvh9FCnIyxTfYHVRrbt2dA68SryA1VKA1qH75kaJZwiRQQYzpe24KQU40cCrYtOJnhqWEjsmQ9S2VJGEmyOc3T/GZVSIcK21LAp6rvydykhgzSULbmRAYmWVvJv7n9TOIr4OcyzQDJuliUZwJDArPAsAR14yCmFhCqOb2VkxHRBMKNqaKDcFbfnmVdC7q3mW98dCoNW+LOMroBJ2ic+ShK9RE96iF2oiiFD2jV/TmZM6L8+58LFpLTjFzjP7A+fwBCOyRCQ==</latexit>

ä > 0

<latexit sha1_base64="uMoabsc5kM9+vK0s7yDnwUlXcOs=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBjSWRoi6LblxWsA9oQphMJ+3QySTM3CglFNz4K25cKOLWn3Dn3zh9LLT1wIXDOfdy7z1hKrgGx/m2CkvLK6trxfXSxubW9o69u9fUSaYoa9BEJKodEs0El6wBHARrp4qROBSsFQ6ux37rninNE3kHw5T5MelJHnFKwEiBfeAxIAHHnuK9PhClkgd86nEZwTCwy07FmQAvEndGymiGemB/ed2EZjGTQAXRuuM6Kfg5UcCpYKOSl2mWEjogPdYxVJKYaT+f/DDCx0bp4ihRpiTgifp7Iiex1sM4NJ0xgb6e98bif14ng+jSz7lMM2CSThdFmcCQ4HEguMsVoyCGhhCquLkV0z5RhIKJrWRCcOdfXiTNs4p7XqneVsu1q1kcRXSIjtAJctEFqqEbVEcNRNEjekav6M16sl6sd+tj2lqwZjP76A+szx/eG5eu</latexit>

⌘i ! �1

Inflation

• We notice that the Big Bang singularity is now pushed to negative conformal time

<latexit sha1_base64="eT304pdqkkdEB7V+zE8rrmd8YV8="></latexit>

⌘i /
2

(1 + 3w)
a

1
2 (1+3w)
i = �1 (when )w < − 1/3

- This implies that there was much more conformal time between the 
singularity and recombination than we had thought! 

- The past light cones of  widely separated points in the CMB now had 
time to intersect before the time  

- For that  is NOT the initial singularity; there is time both before 
and after 

η = 0
η = 0
η = 0



MANY fundamental open questions

?

Early universe 
Big Bang? What is the physics of  

the early universe? 
Dark energy - 

What is the dark energy?
Dark matter p 

What is the dark matter?

C
re

di
t: 

N
as

a



Inflation
• Accelerated expansion

Slow-roll parameter:

<latexit sha1_base64="ldeQOoVttktcLFXKynxMjfPMEGE="></latexit>

d

dt
(aH)�1 =

d

dt
(ȧ)�1 = � ä

(ȧ)2
< 0 ) ä > 0

• Slowly varying Hubble parameter

<latexit sha1_base64="dNuOFxxCRhaxH0i8XrDi6T4lhmQ="></latexit>

d

dt
(aH)�1 = � ȧH + aḢ

(aH)2
=

1

a
(1� ✏) < 0

<latexit sha1_base64="zfiCcZJ+oI3ibnMenNdbOi29N7M=">AAACEnicbVC7TsMwFHV4lvIqMLJYVEgwUCVVBQwMFSwdi0QfUlMqx71prTpOsJ1KVZRvYOFXWBhAiJWJjb/BfQzQcqQrHZ1zr33v8SLOlLbtb2tpeWV1bT2zkd3c2t7Zze3t11UYSwo1GvJQNj2igDMBNc00h2YkgQQeh4Y3uBn7jSFIxUJxp0cRtAPSE8xnlGgjdXKnLkSK8VBgFx5iNsRn2PUloYnbDXVSSdOkcl9M8RV2Orm8XbAnwIvEmZE8mqHayX2ZN2gcgNCUE6Vajh3pdkKkZpRDmnVjBRGhA9KDlqGCBKDayeSkFB8bpYv9UJoSGk/U3xMJCZQaBZ7pDIjuq3lvLP7ntWLtX7YTJqJYg6DTj/yYYx3icT64yyRQzUeGECqZ2RXTPjGJaJNi1oTgzJ+8SOrFgnNeKN2W8uXrWRwZdIiO0Aly0AUqowqqohqi6BE9o1f0Zj1ZL9a79TFtXbJmMwfoD6zPH/5inQc=</latexit>

✏ ⌘ � Ḣ

H2
< 1

Shrinking Hubble radius

• Quasi de Sitter expansion

When <latexit sha1_base64="1l87C/Hljz3WJbhtaxDWD2zbP6c=">AAAB/3icbVA9SwNBEJ3zM8avU8HGZjEIVuFOgloGbSwjmA9IjrC32UuW7O0eu3tKOFP4V2wsFLH1b9j5b9wkV2jig4HHezPMzAsTzrTxvG9naXlldW29sFHc3Nre2XX39htaporQOpFcqlaINeVM0LphhtNWoiiOQ06b4fB64jfvqdJMijszSmgQ475gESPYWKnrHnZoohmXAnUU6w8MVko+IK/rlryyNwVaJH5OSpCj1nW/Oj1J0pgKQzjWuu17iQkyrAwjnI6LnVTTBJMh7tO2pQLHVAfZ9P4xOrFKD0VS2RIGTdXfExmOtR7Foe2MsRnoeW8i/ue1UxNdBhkTSWqoILNFUcqRkWgSBuoxRYnhI0swUczeisgAK0yMjaxoQ/DnX14kjbOyf16u3FZK1as8jgIcwTGcgg8XUIUbqEEdCDzCM7zCm/PkvDjvzsesdcnJZw7gD5zPH9L7lfs=</latexit>

✏ ! 0 dS <latexit sha1_base64="Ds9HP/6jt9mjGIo/tNscPKbNZdI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gOaUDbbTbt0swm7E6WU/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4XDm6nfeuTaiEQ94CjlQUz7SkSCUbSS79+L/gCp1skT6ZYrbtWdgSwTLycVyFHvlr/8XsKymCtkkhrT8dwUgzHVKJjkk5KfGZ5SNqR93rFU0ZibYDy7eUJOrNIjUaJtKSQz9ffEmMbGjOLQdsYUB2bRm4r/eZ0Mo6tgLFSaIVdsvijKJMGETAMgPaE5QzmyhDIt7K2EDaimDG1MJRuCt/jyMmmeVb2L6vndeaV2ncdRhCM4hlPw4BJqcAt1aACDFJ7hFd6czHlx3p2PeWvByWcO4Q+czx/uBpGg</latexit>) <latexit sha1_base64="CxZaLTQGu88bYbSd70Etn9WOtWc=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgapgRUTdC0U2XFewD2qFk0kwbmseQZIQy1F9x40IRt36IO//GTDsLbT0QOJxzL/fkRAmj2vj+t1NaW9/Y3CpvV3Z29/YP3MOjtpapwqSFJZOqGyFNGBWkZahhpJsognjESCea3OV+55EoTaV4MNOEhByNBI0pRsZKA7fagDewz5EZK55hKbTxZgO35nv+HHCVBAWpgQLNgfvVH0qcciIMZkjrXuAnJsyQMhQzMqv0U00ShCdoRHqWCsSJDrN5+Bk8tcoQxlLZJwycq783MsS1nvLITuYx9bKXi/95vdTE12FGRZIaIvDiUJwyaCTMm4BDqgg2bGoJworarBCPkULY2L4qtoRg+curpH3uBZfexf1FrX5b1FEGx+AEnIEAXIE6aIAmaAEMpuAZvII358l5cd6dj8VoySl2quAPnM8fDFSUaQ==</latexit>

H = const.

Small , quasi-dSϵ

• Negative pressure
<latexit sha1_base64="0dOYr2lc+zO3ZqO7sX1k2QYAl/Q=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLIkWdaFQdOOygn1AE8pkOmmHTmbCzEQpIWs3/oobF4q49Qvc+TdO2yy09cCFwzn3cu89Qcyo0o7zbc3NLywuLRdWiqtr6xub9tZ2Q4lEYlLHggnZCpAijHJS11Qz0oolQVHASDMYXI/85j2Rigp+p4cx8SPU4zSkGGkjdey9B3gJvVAinMZZ6sm+yOAFPJoobpaeZB275JSdMeAscXNSAjlqHfvL6wqcRIRrzJBSbdeJtZ8iqSlmJCt6iSIxwgPUI21DOYqI8tPxKxk8MEoXhkKa4hqO1d8TKYqUGkaB6YyQ7qtpbyT+57UTHZ77KeVxognHk0VhwqAWcJQL7FJJsGZDQxCW1NwKcR+ZFLRJr2hCcKdfniWN47J7Wq7cVkrVqzyOAtgF++AQuOAMVMENqIE6wOARPINX8GY9WS/Wu/UxaZ2z8pkd8AfW5w8SgZnk</latexit>

w =
p

⇢
< �1

3
<latexit sha1_base64="Ds9HP/6jt9mjGIo/tNscPKbNZdI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gOaUDbbTbt0swm7E6WU/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4XDm6nfeuTaiEQ94CjlQUz7SkSCUbSS79+L/gCp1skT6ZYrbtWdgSwTLycVyFHvlr/8XsKymCtkkhrT8dwUgzHVKJjkk5KfGZ5SNqR93rFU0ZibYDy7eUJOrNIjUaJtKSQz9ffEmMbGjOLQdsYUB2bRm4r/eZ0Mo6tgLFSaIVdsvijKJMGETAMgPaE5QzmyhDIt7K2EDaimDG1MJRuCt/jyMmmeVb2L6vndeaV2ncdRhCM4hlPw4BJqcAt1aACDFJ7hFd6czHlx3p2PeWvByWcO4Q+czx/uBpGg</latexit>)

• Constant density
<latexit sha1_base64="BVm8kMe+AXQd7t5hyq0i2w7lI5w=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoEcqMFnUjFN10WcE+oDOUTJrphGYeJHeEMvQb3Pgrblwo4taVO//G9LHQ1gOBk3Puvck9XiK4Asv6NnIrq2vrG/nNwtb2zu6euX/QUnEqKWvSWMSy4xHFBI9YEzgI1kkkI6EnWNsb3k789gOTisfRPYwS5oZkEHGfUwJa6pllpx9D5sggHuNTfF7HjmA+lCaCvjewI/kggDK+tnpm0apYU+BlYs9JEc3R6JlfejZNQxYBFUSprm0l4GZEAqeCjQtOqlhC6JAMWFfTiIRMudl0pTE+0Uof+7HUJwI8VX93ZCRUahR6ujIkEKhFbyL+53VT8K/cjEdJCiyis4f8VGCI8SQf3OeSURAjTQiVXP8V04BIQkGnWNAh2IsrL5PWWcW+qFTvqsXazTyOPDpCx6iEbHSJaqiOGqiJKHpEz+gVvRlPxovxbnzMSnPGvOcQ/YHx+QN9M5tz</latexit>

⇢̇+ 3H (⇢+ P ) = 0

<latexit sha1_base64="9bsjuZWID2i1bCrauA55MBg3WcA=">AAACEHicbVDLSgMxFM3UV62vUZduLhbRVZ0pRV0oFN24rGAf0Cklk6ZtaCYZkoxQ2n6CG3/FjQtF3Lp059+YPhbaeuDCyTn3kntPGHOmjed9O6ml5ZXVtfR6ZmNza3vH3d2raJkoQstEcqlqIdaUM0HLhhlOa7GiOAo5rYa9m7FffaBKMynuTT+mjQh3BGszgo2Vmu7xsAUBFxCoroRTmD7wEK4gDwGNNeNSwCX4TTfr5bwJYJH4M5JFM5Sa7lfQkiSJqDCEY63rvhebxgArwwino0yQaBpj0sMdWrdU4IjqxmBy0AiOrNKCtlS2hIGJ+ntigCOt+1FoOyNsunreG4v/efXEtC8aAybixFBBph+1Ew5GwjgdaDFFieF9SzBRzO4KpIsVJsZmmLEh+PMnL5JKPuef5Qp3hWzxehZHGh2gQ3SCfHSOiugWlVAZEfSIntErenOenBfn3fmYtqac2cw++gPn8wc1PJot</latexit>

|d ln ⇢/d ln a| = 2✏ < 1
<latexit sha1_base64="Ds9HP/6jt9mjGIo/tNscPKbNZdI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gOaUDbbTbt0swm7E6WU/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4XDm6nfeuTaiEQ94CjlQUz7SkSCUbSS79+L/gCp1skT6ZYrbtWdgSwTLycVyFHvlr/8XsKymCtkkhrT8dwUgzHVKJjkk5KfGZ5SNqR93rFU0ZibYDy7eUJOrNIjUaJtKSQz9ffEmMbGjOLQdsYUB2bRm4r/eZ0Mo6tgLFSaIVdsvijKJMGETAMgPaE5QzmyhDIt7K2EDaimDG1MJRuCt/jyMmmeVb2L6vndeaV2ncdRhCM4hlPw4BJqcAt1aACDFJ7hFd6czHlx3p2PeWvByWcO4Q+czx/uBpGg</latexit>)

<latexit sha1_base64="dsOQv6GXjE4hDoBxsSZ5fajAiuE="></latexit>

ä > 0 $ p ⇠ �⇢ $ H = const. $ ⇢ ⇠ const. $ ✏ < 1 $ a(t) ' exp(Ht)



1.      Decreasing radius / slowly-varying Hubble parameter 

2.     Inflation persists for long enough (  small for enough time)ϵ

Constructing inflation

<latexit sha1_base64="zfiCcZJ+oI3ibnMenNdbOi29N7M=">AAACEnicbVC7TsMwFHV4lvIqMLJYVEgwUCVVBQwMFSwdi0QfUlMqx71prTpOsJ1KVZRvYOFXWBhAiJWJjb/BfQzQcqQrHZ1zr33v8SLOlLbtb2tpeWV1bT2zkd3c2t7Zze3t11UYSwo1GvJQNj2igDMBNc00h2YkgQQeh4Y3uBn7jSFIxUJxp0cRtAPSE8xnlGgjdXKnLkSK8VBgFx5iNsRn2PUloYnbDXVSSdOkcl9M8RV2Orm8XbAnwIvEmZE8mqHayX2ZN2gcgNCUE6Vajh3pdkKkZpRDmnVjBRGhA9KDlqGCBKDayeSkFB8bpYv9UJoSGk/U3xMJCZQaBZ7pDIjuq3lvLP7ntWLtX7YTJqJYg6DTj/yYYx3icT64yyRQzUeGECqZ2RXTPjGJaJNi1oTgzJ+8SOrFgnNeKN2W8uXrWRwZdIiO0Aly0AUqowqqohqi6BE9o1f0Zj1ZL9a79TFtXbJmMwfoD6zPH/5inQc=</latexit>

✏ ⌘ � Ḣ

H2
< 1

<latexit sha1_base64="+tpQyghwS/kEQveZ7WIZgJmJzrQ=">AAACMnicbVDLSsQwFE19O75GXboJDoKroRVRN4LoRjei4IzCdBjS9FaDaVqT24Gh9Jvc+CWCC10o4taPMDNTfB8IHM45N8k9QSqFQdd9dEZGx8YnJqemKzOzc/ML1cWlpkkyzaHBE5noi4AZkEJBAwVKuEg1sDiQcB5cH/T98y5oIxJ1hr0U2jG7VCISnKGVOtUjH5BRH24y0aV+pBnPQ+pLZaXUCJmoIg+PC7pben6YYP5pFfnhV65Trbl1dwD6l3glqZESJ53qvb2NZzEo5JIZ0/LcFNs50yi4hKLiZwZSxq/ZJbQsVSwG084HKxd0zSohjRJtj0I6UL9P5Cw2phcHNhkzvDK/vb74n9fKMNpp50KlGYLiw4eiTFJMaL8/GgoNHGXPEsa1sH+l/IrZbtC2XLEleL9X/kuaG3Vvq755ulnb2y/rmCIrZJWsE49skz1ySE5Ig3BySx7IM3lx7pwn59V5G0ZHnHJmmfyA8/4Bz0CryA==</latexit>

⌘ ⌘ d ln ✏

dN
=

✏̇

H✏

<latexit sha1_base64="+OoviQUIniYYlDT7Oah/ZwxSCyU=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmkqAsXRTcuK9gHNKFMJrft0MmjMxMhpPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FizqSyrG9jZXVtfWOzsFXc3tnd2zcPDpsySgSFBo14JNoekcBZCA3FFId2LIAEHoeWN7yd+q1HEJJF4YNKY3AD0g9Zj1GitNQ1S2fYGY0S4uOxA4qM8TW2u2bZqlgz4GVi56SMctS75pfjRzQJIFSUEyk7thUrNyNCMcphUnQSCTGhQ9KHjqYhCUC62ez4CT7Rio97kdAVKjxTf09kJJAyDTzdGRA1kIveVPzP6ySqd+VmLIwTBSGdL+olHKsIT5PAPhNAFU81IVQwfSumAyIIVTqvog7BXnx5mTTPK/ZFpXpfLddu8jgK6Agdo1Nko0tUQ3eojhqIohQ9o1f0ZjwZL8a78TFvXTHymRL6A+PzB8W0k5E=</latexit>

, |⌘| < 1

Small1st slow-roll parameter

2nd slow-roll parameter

<latexit sha1_base64="lMkxKoh5BxjdJZma0U1mNksN2uM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OJJKtgPaEPZbDft0s0m7E6EEvojvHhQxKu/x5v/xm2bg7Y+GHi8N8PMvCCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG6nfuuJayNi9YjjhPsRHSgRCkbRSq37665UhPbKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTshJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nvpC80ZyjHllCmhb2VsCHVlKFNqGRD8BZfXibNs6p3UT1/OK/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHg7aPCw==</latexit>

N = ln a e-fold



Implementing the inflationary mechanism
How can we implement a microphysical model of  the accelerated (exponential 

• Adding one (or many) new components that dominate the universe at its begining with                         ⟹ ··a > 0
<latexit sha1_base64="zKkgb57HgqpX0khwnwo17YPNwV4=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwYkmqqAcPRS8eK9gPaEPZbDft0s0m7G7UEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMPD/mTGnH+baWlldW19YLG8XNre2dXXuv1FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qZ+K0HKhWLxL0ex9QL8UCwgBGsjdSzS4/oCp2gbiAxSV2UpadZzy47FWcKtEjcnJQhR71nf3X7EUlCKjThWKmO68TaS7HUjHCaFbuJojEmIzygHUMFDqny0untGToySh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzP6yQ6uPRSJuJEU0Fmi4KEIx2hSRCozyQlmo8NwUQycysiQ2xi0CauognBnX95kTSrFfe8Ur07K9eu8zgKcACHcAwuXEANbqEODSDwBM/wCm9WZr1Y79bHrHXJymf24Q+szx/j2JMS</latexit>

w < �1

3

<latexit sha1_base64="w2hluH44vulaBnE85KISvawlSRo=">AAACFnicdVDLSsNAFJ34rPUVdelmsAguNCRSq+6KblxWsA9oQphMJ+3QyYOZiVBCvsKNv+LGhSJuxZ1/4ySNokUPM3A4517uvceLGRXSND+0ufmFxaXlykp1dW19Y1Pf2u6IKOGYtHHEIt7zkCCMhqQtqWSkF3OCAo+Rrje+zP3uLeGCRuGNnMTECdAwpD7FSCrJ1Y9sPorc1A6QHPEgpaHPsuwQ2sWLZw1Xr5nGiWmdNyxoGmYB+K1YpVIDJVqu/m4PIpwEJJSYISH6lhlLJ0VcUsxIVrUTQWKEx2hI+oqGKCDCSYuzMrivlAH0I65+KGGh/uxIUSDEJPBUZb6lmPVy8S+vn0j/zFEnxYkkIZ4O8hMGZQTzjOCAcoIlmyiCMKdqV4hHiCMsVZJVFcLXpfB/0jk2rIZRv67XmhdlHBWwC/bAAbDAKWiCK9ACbYDBHXgAT+BZu9cetRftdVo6p5U9O+AXtLdPMtOgDQ==</latexit>⇢infl, pinfl

We call this new component the inflaton



Acceleration
How can we obtain such an expansion of  the universe? 
Remember:

• Extra dof: dark energy

<latexit sha1_base64="D3qgTsjfJQW3JqQ5PzKnKof45HY="></latexit>

ä

a
= �4⇡G

3

h
(⇢(t) + p(t))R,M + ⇢EE(t)

i
acceleration

decelerates the expansion

Dark energy

+
<latexit sha1_base64="zKkgb57HgqpX0khwnwo17YPNwV4=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwYkmqqAcPRS8eK9gPaEPZbDft0s0m7G7UEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMPD/mTGnH+baWlldW19YLG8XNre2dXXuv1FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qZ+K0HKhWLxL0ex9QL8UCwgBGsjdSzS4/oCp2gbiAxSV2UpadZzy47FWcKtEjcnJQhR71nf3X7EUlCKjThWKmO68TaS7HUjHCaFbuJojEmIzygHUMFDqny0untGToySh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzP6yQ6uPRSJuJEU0Fmi4KEIx2hSRCozyQlmo8NwUQycysiQ2xi0CauognBnX95kTSrFfe8Ur07K9eu8zgKcACHcAwuXEANbqEODSDwBM/wCm9WZr1Y79bHrHXJymf24Q+szx/j2JMS</latexit>

w < �1

3



Acceleration
How can we obtain such an expansion of  the universe? 
Remember:

• Extra component leading to accelerated expansion

<latexit sha1_base64="D3qgTsjfJQW3JqQ5PzKnKof45HY="></latexit>

ä

a
= �4⇡G

3

h
(⇢(t) + p(t))R,M + ⇢EE(t)

i
acceleration

decelerates the expansion

Inflation

+
<latexit sha1_base64="zKkgb57HgqpX0khwnwo17YPNwV4=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwYkmqqAcPRS8eK9gPaEPZbDft0s0m7G7UEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMPD/mTGnH+baWlldW19YLG8XNre2dXXuv1FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qZ+K0HKhWLxL0ex9QL8UCwgBGsjdSzS4/oCp2gbiAxSV2UpadZzy47FWcKtEjcnJQhR71nf3X7EUlCKjThWKmO68TaS7HUjHCaFbuJojEmIzygHUMFDqny0untGToySh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzP6yQ6uPRSJuJEU0Fmi4KEIx2hSRCozyQlmo8NwUQycysiQ2xi0CauognBnX95kTSrFfe8Ur07K9eu8zgKcACHcAwuXEANbqEODSDwBM/wCm9WZr1Y79bHrHXJymf24Q+szx/j2JMS</latexit>

w < �1

3



Implementing the inflationary mechanism
How can we implement a microphysical model of  the accelerated (exponential 

• Adding one (or many) new components that dominate the universe at its begining with                         ⟹ ··a > 0
<latexit sha1_base64="zKkgb57HgqpX0khwnwo17YPNwV4=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwYkmqqAcPRS8eK9gPaEPZbDft0s0m7G7UEvJXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMPD/mTGnH+baWlldW19YLG8XNre2dXXuv1FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qZ+K0HKhWLxL0ex9QL8UCwgBGsjdSzS4/oCp2gbiAxSV2UpadZzy47FWcKtEjcnJQhR71nf3X7EUlCKjThWKmO68TaS7HUjHCaFbuJojEmIzygHUMFDqny0untGToySh8FkTQlNJqqvydSHCo1Dn3TGWI9VPPeRPzP6yQ6uPRSJuJEU0Fmi4KEIx2hSRCozyQlmo8NwUQycysiQ2xi0CauognBnX95kTSrFfe8Ur07K9eu8zgKcACHcAwuXEANbqEODSDwBM/wCm9WZr1Y79bHrHXJymf24Q+szx/j2JMS</latexit>

w < �1

3

<latexit sha1_base64="w2hluH44vulaBnE85KISvawlSRo=">AAACFnicdVDLSsNAFJ34rPUVdelmsAguNCRSq+6KblxWsA9oQphMJ+3QyYOZiVBCvsKNv+LGhSJuxZ1/4ySNokUPM3A4517uvceLGRXSND+0ufmFxaXlykp1dW19Y1Pf2u6IKOGYtHHEIt7zkCCMhqQtqWSkF3OCAo+Rrje+zP3uLeGCRuGNnMTECdAwpD7FSCrJ1Y9sPorc1A6QHPEgpaHPsuwQ2sWLZw1Xr5nGiWmdNyxoGmYB+K1YpVIDJVqu/m4PIpwEJJSYISH6lhlLJ0VcUsxIVrUTQWKEx2hI+oqGKCDCSYuzMrivlAH0I65+KGGh/uxIUSDEJPBUZb6lmPVy8S+vn0j/zFEnxYkkIZ4O8hMGZQTzjOCAcoIlmyiCMKdqV4hHiCMsVZJVFcLXpfB/0jk2rIZRv67XmhdlHBWwC/bAAbDAKWiCK9ACbYDBHXgAT+BZu9cetRftdVo6p5U9O+AXtLdPMtOgDQ==</latexit>⇢infl, pinfl

We call this new component the inflaton



Inflation

However, inflation has to end, so the era of  radiation begins - 
graceful exit

<latexit sha1_base64="Rzd/Qjw1gLqSAaACqpZpT3sYqTM=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRIZakSVAFjBQtjkehDaqLIcZ3Wqu1EtoNURVn4FRYGEGLlM9j4G5w2A7QcydLROffK95wwYVRpx/m2VlbX1jc2K1vV7Z3dvX374LCr4lRi0sExi2U/RIowKkhHU81IP5EE8ZCRXji5LfzeI5GKxuJBTxPiczQSNKIYaSMF9nG37iVjGmQeR3oseUZFxPL8PLBrTsOZAS4TtyQ1UKId2F/eMMYpJ0JjhpQauE6i/QxJTTEjedVLFUkQnqARGRgqECfKz2YBcnhmlCGMYmme0HCm/t7IEFdqykMzWZypFr1C/M8bpDq69k2mJNVE4PlHUcqgjmHRBhxSSbBmU0MQltTcCvEYSYS16axqSnAXIy+T7kXDvWw075u11k1ZRwWcgFNQBy64Ai1wB9qgAzDIwTN4BW/Wk/VivVsf89EVq9w5An9gff4AEeWWuw==</latexit>

V (�infl)

Causes the accelerated 
expansion - quasi-exponential

To cause the acceleration, the potential has to have the form:

TOY MODEL:  
Scalar field (inflaton)

<latexit sha1_base64="GJ/KR1nH21WqMzv7fCSLIBzouWE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M72Z++4lrI2L1iJOE+xEdKhEKRtFK7V4yEhW86JfKbtWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/d0rOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQ0YbgLb+8SlqXVe+qWnuoleu3eRwFOIUzqIAH11CHe2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QO1eI8r</latexit>

�(t) in a FRW background
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Problems with inflation

- Initial singularity 

- Transplanckian problem 

- Measure problem 

- Hierarchy problem 

- …

*  still highly debated in the literature



Questions?



Alternatives to inflation



Solving the horizon problem
Idea 1: The shrinking Hubble sphere

A phase of  decreasing Hubble radius in the early history of  the universe; If  this lasts long enough, the 
horizon problem may be avoided

Idea 2:



Bouncing models

Credit: QuantaCredit: New Scientist

What if  the universe did not have a begining, but came from a contraction phase, followed by the SCM



Credit: QuantaCredit: New Scientist

Singular: Big Bang/Big Crunch  Classical bounce

This“bounce" can happen in many ways:

Bouncing models



How can we make this?

Credit: New Scientist

- Modified gravity 

- New components that dominate the 
universe at contraction 

- Violation of  NEC 

- …

Bouncing models



SCM
Smoothes and makes the universe 

flat

Can generate the almost scale 

invariant spectrum

Bouncing models



Cyclic models
Multiple contraction and expansion periods

Credit: Quanta



Emergent universe models
No initial singularity. Universe emerges from an initial state 

Examples: 
- Static initial stage 
- String gas cosmology

R. Brandenberger (2015)

String gas cosmology



Spectrum of  the initial perturbations
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Predictions agree with what is measured 
in the CMB!
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All of  these models have prediction that are in agreement with the measurement from CMB (and LSS)



How to distinguish between those models?

All of  these models have prediction that are in agreement with 
the measurement from CMB (and LSS) → (nS, AS)

So, how can we distinguish these models?

We need to look for predictions that are distinct…



Gravitational waves Non-Gaussianities

+ ? (we have to be creative)

If  the distribution is Gaussian, all of  the information is 
contained in the 2 point correlation function. 
Otherwise, we have to compute the n-point correlation 
function:
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Very challenging! One of  the goals of  current 
cosmology obs

Besides creating the desnity fluctuations, early universe 
models also produce gravitacional waves 

Different models, like inflation and bouncing, have 
different predictions for them. Even among 
inflationary models, we have different predictions.

Measuring the primordial GWB 
would allow us to distinguish 
between some of  these models.tre 
alguns desses modelos.

How to distinguish between those models?



Questions?



Big question
Solve the SCM problems!! 

More specifically, find a way to solve the horizon problem or/and flatness problem. 

Inflation is a way. 
Can you show that this works? 

BIG question: is there other way? 
Can you show that if  we assume something else for the evolution of  the particle horizon, this will 
also solve the horizon problem? 

(Can you show that bouncing works?) 



Exercise
1. Horizon problem

1.1  Using the Friedmann equations, show that (aH)−1 = H−1
0 a

1
2 (1+3w)

1.4  Show what happens to the particle horizon is  and if  w > − 1/3 w < − 1/3

1.2  Show that  
which means that the comoving particle horizon is in the same order of  magnitude as the comoving 
Hubble radius

η ∼ (aH)−1 ∼ a
1
2 (1+3w)
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Friedmann equations

1.3  What is  for MD or RD? 
Can you see that assuming RD or MD, would imply existence of  the Big Bang singularity at   
( )

a(η)
ηi = 0

a(ηi = 0) = 0
PS: Remember, where it is zero or 1 is a definition!



Exercise
2. Flatness problem

2.1  Show that 
dΩ

dlna
= (1 = 3w)(Ω − 1)

2.3  If  , what this means for the equation of  state?
d |Ω − 1 |

dlna
> 0

2.2  Show the fine tuning of  the flatness problem. Show that:
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(Remember that at RD )T ∼ a−1

Show that this solves the flatness problem



Big question
Solve the SCM problems!! 

More specifically, find a way to solve the horizon problem or/and flatness problem. 

Inflation is a way. 
Can you show that this works? 

BIG question: is there other way? 
Can you show that if  we assume something else for the evolution of  the particle horizon, this will 
also solve the horizon problem? 

(Can you show that bouncing works?) 



Guided question
Inflation is a way. 
Can you show that this works? 

For simplicity, let’s assume de Sitter, or exponential expansion during inflation  
(Bonus question: Can you think why this is not a good model for inflation? Think about what has to come next) 
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H = const.

<latexit sha1_base64="7V95e3F70r9+HHyruuM+KHE0K9k=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQbkoiUl0W3XRZwT6gCWUynbRDJw9mbsQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WCK7Csb6Owsbm1vVPcLe3tHxwemccnXRUlkrIOjUQk+x5RTPCQdYCDYP1YMhJ4gvW86e3c7z0wqXgU3kMaMzcg45D7nBLQ0tAskyrUsKN4gB32GONqC2pDs2LVrQXwOrFzUkE52kPzyxlFNAlYCFQQpQa2FYObEQmcCjYrOYliMaFTMmYDTUMSMOVmi+Nn+FwrI+xHUlcIeKH+nshIoFQaeLozIDBRq95c/M8bJOBfuxkP4wRYSJeL/ERgiPA8CTziklEQqSaESq5vxXRCJKGg8yrpEOzVl9dJ96JuN+qNu8tK8yaPo4hO0RmqIhtdoSZqoTbqIIpS9Ixe0ZvxZLwY78bHsrVg5DNl9AfG5w9kg5NV</latexit>

a(t) ⇠ exp(Ht)

Calculate:  
- conformal time 
-  
- Particle horizon

a(η)

From that, convince yourself  that this solves the horizon problem. Use the same and the Friedmann equation to see 
how this solves the flatness problem.



Guided question
BIG question: is there other way? 
Can you show that if  we assume something else for the evolution of  the particle horizon, this will also solve the 
horizon problem? 

If  we focus on bouncing (we don’t have to…your choice): 

The key idea is that, unlike in standard Big Bang cosmology, in a bouncing universe the current expanding phase was preceded by a contracting phase, 
which allows distant regions of  the universe to come into causal contact before the bounce. 

The main idea is the same: 
- shrinking of  the Hubble radius  during contractionH−1



Guided question
Idea 2: Shrinking of  the Hubble radius  during contraction

(Toy model) 
Let us consider the contracting phase where the universe is dominated by a perfect fluid with constant equation of  state w

The contracting phase is described by:

with the bounce happening at t = 0
Exercise: can you find this from the Friedman equations?

Compute: Hubble parameter, conformal time, comoving particle horizon
Answer next page…but try to work it out first.



Guided question
Idea 2: Shrinking of  the Hubble radius  during contraction

(Toy model) 
Let us consider the contracting phase where the universe is dominated by a perfect fluid with constant equation of  state w

The contracting phase is described by:

with the bounce happening at t = 0
Exercise: can you find this from the Friedman equations?

Compute: Hubble parameter, conformal time, comoving particle horizon
Remove the back box to see answer…but try to work it out first.



Guided question
Idea 2: Shrinking of  the Hubble radius  during contraction

(Toy model) 
Different bouncing models:

1.Matter-dominated contraction:  
2.Radiation-dominated contraction:  
3.Ekpyrotic contraction: 

w = 0
w = 1/3

w ≫ 1

Answer next page…but try to work it out first.



Guided question
Idea 2: Shrinking of  the Hubble radius  during contraction

(Toy model) 
Different bouncing models:

1.Matter-dominated contraction:  
2.Radiation-dominated contraction:  
3.Ekpyrotic contraction: 

w = 0
w = 1/3

w ≫ 1



Guided question
Idea 2: Shrinking of  the Hubble radius  during contraction

(Toy model) 
Different bouncing models:

With those results: 
- Compare the size of  the particle horizon with the one from SCM 

Why this solves the problem? 

- Plot this!!

BONUS question: how this solves the flatness problem? Use the same equations as before…



Guided question

Key Intuition 

Idea 1: In inflation, the universe expands rapidly, pushing regions out of  causal contact but originating 
from a small, connected patch. 

Idea 2: In bouncing cosmologies, regions start large and contract, so they can easily interact before 
bouncing and expanding again. 



Thank you very much!


