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PART I


The standard cosmological model



Cosmology
–  Cosmology studies the evolution and composition of  the universe



Cosmology
–  Cosmology studies the evolution and composition of  the universe

– Huge success! Cosmology became a precision science. (~30 years) 

– CDM: standard model, 6 parameters measured with precision ~1%Λ
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Cosmologia

- 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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MANY fundamental open questions
Early universe


Big Bang? What is the physics of  
the early universe? 
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Which model? Standard cosmological model
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Standard cosmological model
The SCM describes the structure, evolution and composition of  our universe. It also explains what we see and 
have in our universe today. It includes, then, the standard model of  elementary particles, and explains the 
evolution and formation of  the particles and structures we have today.

+

Standard model of  elementary particles

2 theoretical Pilars: 3 observational pilars:

- GR


- Cosmological principle

- Hubble - Lemaître Law


- Nucleosynthesis


- Cosmic Microwave 
Background Crédito: Science/AAAS

+

+
Thermal history

a.k.a.  CDM modelΛ
Parametrization: 6 parameters



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

Kenneth R. Lang

 - current rate of  expansionH0

Velocity: redshift distance: luminosity

<latexit sha1_base64="A/y/dsbxH4e4ky6ccxFEtV7nfRU=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUTdC0U2XVewD2hAmk0k7dDIJM5NCDcFfceNCEbf+hzv/xmmahbYeuHA45965c48XMyqVZX0bpZXVtfWN8mZla3tnd8/cP+jIKBGYtHHEItHzkCSMctJWVDHSiwVBocdI1xvfzvzuhAhJI/6gpjFxQjTkNKAYKS255tHkOh3kz6SC+FnTtTJ475pVq2blgMvELkgVFGi55tfAj3ASEq4wQ1L2bStWToqEopiRrDJIJIkRHqMh6WvKUUikk+ZrM3iqFR8GkdDFFczV3xMpCqWchp7uDJEayUVvJv7n9RMVXDkp5XGiCMfzRUHCoIrgLAroU0GwYlNNEBZU/xXiERIIKx1YRYdgL568TDrnNfuiVr+rVxs3RRxlcAxOwBmwwSVogCZogTbA4BE8g1fwZjwZL8a78TFvLRnFzCH4A+PzB0jelR4=</latexit>

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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v ⌘ Ṙ =
ȧ

a
⌘ H0R

Expanding universe: Hubble-Lemaitre law



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.

We need to define the evolution of  the scale factor.


That is determined by content of  the universe
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Gµ⌫ = 8⇡GTµ⌫

Geometry- 

How universe expands Components



Geometry- 

How universe expands

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

a

◆2

= H
2 =

8⇡G

3
⇢� k

a2

ä

a
= Ḣ +H

2 = �4⇡G

3
(⇢+ 3P )

Combining both equations:

Friedmann equations(or Friedmann - Lemaître)

Dynamics - Friedmann equations
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P
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⇢̇+ 3H (⇢+ P ) = 0
Continuity equation


(Conservation of  the energy density)

Energy density

Pressure

Rate of  expansion

Second derivative 
of  a(t)

Components

Components described as a perfect 
fluid:

The components in the universe drives the dynamics and expansion of  the universe!



Crédito: D. Baumann

I

II

III

Crédito: J. D. Horton

Dynamics - Friedmann equations

Closed universe

Flat universe

Open universe

We can also rewrite the 1st Friedmann equation as:
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1 = ⌦tot �
k

a2H2
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⌦tot =
X

i

⌦i , onde ⌦i =
⇢i

⇢crit

where

and



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

Components of  the universe
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! =
P

⇢
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⇢̇+ 3H (⇢+ P ) = 0

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

Leading to:



Crédito: Science/AAAS

Each component evolves and leads to a different expansion of  the universe.

Lets study how each component evolves

Components of  the universe



Matter, radiation and dark energy
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Radiation is a relativistic fluid ( ):ω = 1/3

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

Dark Energy: ω < − 1/3
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⇢̇+ 3H (⇢+ P ) = 0



Dark energy

Acceleration

Diceleration
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ä > 0
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ä

a
= �4⇡G

3
(⇢+ 3p) > 0

Observational data indicates that the universe is expanding in an accelerated way
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w =
p

⇢
< �1

3

The component which is the source of  this 
accelerated expansion we call dark energy

Crédito: D. Baumann
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Cosmological const.

accelerates expansion
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w = �1

Cosmological constant

⇒



Matter, radiation and dark energy
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⇢̇+ 3H (⇢+ P ) = 0

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

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

Dark Energy: ω < − 1/3



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



Standard cosmological model

<latexit sha1_base64="JeffmRnKb9TQsa2q7MTPiLGp+lI=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbTbt0swm7E6GG/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/RPplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt0Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhlZ8JlaTIFZsvClNJMCbTt0lfaM5Qji2hTAt7K2FDqilDG07JhuAtvrxMmmdV76J6fndeqV3ncRThCI7hFDy4hBrcQh0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD0IcjTE=</latexit>z<latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0
<latexit sha1_base64="nNOFtoN5epDWyCCw8ZHLeKfk2V8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw203bpZhN2N0IN/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHssHM0nQj+hQ8gFn1Fip/dTPQmTTfrniVt05yCrxclKBHI1++asXxiyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7ulJxZJSSDWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMzuPYzLpPUoGSLRYNUEBOT2e8k5AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AGheI/G</latexit>zdec

<latexit sha1_base64="eQJALjnsTwH+jaxZ54ZfgnZsUjk=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xkUcCGzI7NDAyu7POzJrghn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0DJRDOtMCqlaAdUoeIR1w43AVqyQhoHAZjC6nvrNR1Say+jOjGP0QzqIeJ8zaqzUeOqm+DDpFktu2Z2BLBMvIyXIUOsWvzo9yZIQI8ME1brtubHxU6oMZwInhU6iMaZsRAfYtjSiIWo/nV07ISdW6ZG+VLYiQ2bq74mUhlqPw8B2htQM9aI3Ff/z2onpX/opj+LEYMTmi/qJIEaS6eukxxUyI8aWUKa4vZWwIVWUGRtQwYbgLb68TBpnZe+8XLmtlKpXWRx5OIJjOAUPLqAKN1CDOjC4h2d4hTdHOi/Ou/Mxb8052cwh/IHz+QP3sY9m</latexit>zeq

<latexit sha1_base64="6R4wGGuw4zng9AqmWwwfrqP1R0g=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGxcuKtgHTIeSyWTa0EwyJBmhDv0MNy4UcevXuPNvTNtZaOuBwOGcc8m9J0w508Z1v53Syura+kZ5s7K1vbO7V90/aGuZKUJbRHKpuiHWlDNBW4YZTrupojgJOe2Eo5up33mkSjMpHsw4pUGCB4LFjGBjJf+pn/fubDrCk3615tbdGdAy8QpSgwLNfvWrF0mSJVQYwrHWvuemJsixMoxwOqn0Mk1TTEZ4QH1LBU6oDvLZyhN0YpUIxVLZJwyaqb8ncpxoPU5Cm0ywGepFbyr+5/mZia+CnIk0M1SQ+UdxxpGRaHo/ipiixPCxJZgoZndFZIgVJsa2VLEleIsnL5P2Wd27qJ/fn9ca10UdZTiCYzgFDy6hAbfQhBYQkPAMr/DmGOfFeXc+5tGSU8wcwh84nz9x4JFf</latexit>z⇤ Today

Time



?

time
<latexit sha1_base64="c1+TfbdOFWFXoIy1nQ6XqoPExWE=">AAACGHicbZBNSwMxEIaz9avWr1WPXoJF8CB1V4p6LHrxWKFf0C4lm2bb0GyyJFlLXfozvPhXvHhQxGtv/hvT7SLaOiHw8swMM/P6EaNKO86XlVtZXVvfyG8WtrZ3dvfs/YOGErHEpI4FE7LlI0UY5aSuqWakFUmCQp+Rpj+8neWbD0QqKnhNjyPihajPaUAx0gZ17fNOT4w4klKMoIads/TF0Rw8ZgD+kFrXLjolJw24LNxMFEEW1a49NRNwHBKuMUNKtV0n0l6CpKaYkUmhEysSITxEfdI2kqOQKC9JD5vAE0N6MBDSfK5hSn93JChUahz6pjJEeqAWczP4X64d6+DaSyiPYk04ng8KYga1gDOXYI9KgjUbG4GwpGZXiAdIIqyNlwVjgrt48rJoXJTcy1L5vlys3GR25MEROAanwAVXoALuQBXUAQZP4AW8gXfr2Xq1PqzPeWnOynoOwZ+wpt+IYJ7T</latexit>

# t " z " T

Big Bang

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.



Time

Temperature
Hotter Colder

Future

Denser Less 
dense

Density

Past

?

Big Bang

Standard cosmological model - Hot Big Bang model



?

Big Bang

CDM: parametrizes all these components with only 6 parameters!Λ

Standard cosmological model - Hot Big Bang model

Universe started hot and 
dense (Big Bang) and is 
expanding and cooling

Explains the evolution from 
small perturbations to the 

large macroscopic objects we 
see today (galaxies, stars, …)

Explains all the ordinary 
matter in the universe (SM) + 

extra components
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Thermal history of  the universe

Small Large
Size



Standard cosmological model
The SCM describes the structure, evolution and composition of  our universe. It also explains what we see and 
have in our universe today. It includes, then, the standard model of  elementary particles, and explains the 
evolution and formation of  the particles and structures we have today.

+

Standard model of  elementary particles

2 theoretical Pilars: 3 observational pilars:

- GR


- Cosmological principle

- Hubble - Lemaître Law


- Nucleosynthesis


- Cosmic Microwave 
Background Crédito: Science/AAAS

+

+
Thermal history

a.k.a.  CDM modelΛ
Parametrization: 6 parameters



QCD phase 
transition

Neutrino 
decoupling

Photon 
decoupling

Structure 
formationBBNPlanck era

<latexit sha1_base64="x7a00AcXiAV7imRuq1ASONDv4XM=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1pmtKjLohuXFewDOmPJpJk2NMkMSUYow4C/4saFIm79Dnf+jZl2Flo9EDiccy/35AQxo0o7zpdVWlhcWl4pr1bW1jc2t+ztnbaKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6wfg69zsPRCoaiTs9iYnP0VDQkGKkjdS391znPj2pn2XeMfQ40iPJU5X17apTc6aAf4lbkCoo0Ozbn94gwgknQmOGlOq5Tqz9FElNMSNZxUsUiREeoyHpGSoQJ8pPp/EzeGiUAQwjaZ7QcKr+3EgRV2rCAzOZJ1TzXi7+5/USHV76KRVxoonAs0NhwqCOYN4FHFBJsGYTQxCW1GSFeIQkwto0VjEluPNf/kvapzX3vFa/rVcbV0UdZbAPDsARcMEFaIAb0AQtgEEKnsALeLUerWfrzXqfjZasYmcX/IL18Q3QgZTJ</latexit>

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



Time

Temperature
Crédito: D. Baumann

Recombination and photon decoupling

Atoms are formed! 
Charged electrons bound with n H 

and He nucleus

Photons propagate 
freely

Radiation era Matter era

<latexit sha1_base64="r/aol6Cq6cPFeTIie2fvHE+vlhM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbFhZSJFuuy6MZlBfuAJpTJdNIOnUnCzEQIoUs3/oobF4q49RPc+TdO2i609cCFwzn3cu89fsyZ0gh9W4Wl5ZXVteJ6aWNza3vH3t1rqSiRhDZJxCPZ8bGinIW0qZnmtBNLioXPadsf3eR++4FKxaLwXqcx9QQehCxgBGsj9ezDEw1dxQS8qCGIEILuGXQF1kMpslSqcc8uowqaAC4SZ0bKYIZGz/5y+xFJBA014ViproNi7WVYakY4HZfcRNEYkxEe0K6hIRZUednkkTE8NkofBpE0FWo4UX9PZFgolQrfdOY3qnkvF//zuokOrryMhXGiaUimi4KEQx3BPBXYZ5ISzVNDMJHM3ArJEEtMtMmuZEJw5l9eJK3zinNZqd5Vy/XrWRxFcACOwClwQA3UwS1ogCYg4BE8g1fwZj1ZL9a79TFtLVizmX3wB9bnD14El7Y=</latexit>

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

Plasma (“soup”) of  coupled H, He, 
elétrons and radiation - thermal 
equilibrium

- universe is opaque: radiation cannot 
scape!

H atom

He atom



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)

SCM pillar!

Planck satellite



<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 �!

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

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

{⌦b, ⌦m ,⌦⇤ , ns , As , ⌧}



Time

Temperature
Crédito: D. Baumann

Formation of  stars and galaxies

Matter era

<latexit sha1_base64="9FF+9LwN2D+zT49F/Ii7j4J57T4=">AAACCnicbVBNS8NAEN3Ur1q/oh69rBbBg5REinosevFYwX5AE8pmu22XbjZhdyKG0LMX/4oXD4p49Rd489+4bXPQ1gcDj/dmmJkXxIJrcJxvq7C0vLK6VlwvbWxube/Yu3tNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHoeuK37pnSPJJ3kMbMD8lA8j6nBIzUtQ8BewMwfohd7J1iD9gDZAEXwtg4VXrctctOxZkCLxI3J2WUo961v7xeRJOQSaCCaN1xnRj8jCjgVLBxyUs0iwkdkQHrGCpJyLSfTV8Z42Oj9HA/UqYk4Kn6eyIjodZpGJjOkMBQz3sT8T+vk0D/0s+4jBNgks4W9ROBIcKTXHCPK0ZBpIYQqri5FdMhUYSCSa9kQnDnX14kzbOKe16p3lbLtas8jiI6QEfoBLnoAtXQDaqjBqLoET2jV/RmPVkv1rv1MWstWPnMPvoD6/MHZeSaHQ==</latexit>

t & 1 billion yrs

<latexit sha1_base64="9FF+9LwN2D+zT49F/Ii7j4J57T4=">AAACCnicbVBNS8NAEN3Ur1q/oh69rBbBg5REinosevFYwX5AE8pmu22XbjZhdyKG0LMX/4oXD4p49Rd489+4bXPQ1gcDj/dmmJkXxIJrcJxvq7C0vLK6VlwvbWxube/Yu3tNHSWKsgaNRKTaAdFMcMkawEGwdqwYCQPBWsHoeuK37pnSPJJ3kMbMD8lA8j6nBIzUtQ8BewMwfohd7J1iD9gDZAEXwtg4VXrctctOxZkCLxI3J2WUo961v7xeRJOQSaCCaN1xnRj8jCjgVLBxyUs0iwkdkQHrGCpJyLSfTV8Z42Oj9HA/UqYk4Kn6eyIjodZpGJjOkMBQz3sT8T+vk0D/0s+4jBNgks4W9ROBIcKTXHCPK0ZBpIYQqri5FdMhUYSCSa9kQnDnX14kzbOKe16p3lbLtas8jiI6QEfoBLnoAtXQDaqjBqLoET2jV/RmPVkv1rv1MWstWPnMPvoD6/MHZeSaHQ==</latexit>

t & 1 billion yrs

Credit: NASA and ESACredit: AARON SMITH/TACC/UT-AUSTIN



Large scale structure



How to measure the structures
2 point 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 the density contrast 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 objects in cosmology!



How to measure the structures

Cosmic Microwave Background LSS

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

{⌦b, ⌦m ,⌦⇤ , ns , As , ⌧}



Early universe

Which model? Standar cosmological model

?

Time

Temperature
Hotter Colder

Future

Denser Less 
dense

Density

Past



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…

?



PART II

Early universe

Which model?

Standard cosmological model

?

PART IPART II

time

What we know!

Early universe



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



Horizon problem

Crédito: D. Baumann



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.



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?

also known as homogeneity and isotropy problem



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!

also known as homogeneity and isotropy problem



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



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

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



Singularity problem

Crédito: D. Baumann

Time

Temperature
Hotter Colder

Future

Denser Less 
dense

Density

Past

?

Big Bang



Early universe models


solving the SCM problems



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

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


Solving the horizon problem



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

Remember:

• 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



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

• 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

To cause this acceleration, this new component has to have a 
potential with this shape

(like for dark energy) it has to have a almost constant energy density

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

V (�infl)



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

<latexit sha1_base64="q5Ic55QSpfFOAQ3SIe6pt6bzi2g=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoioh6LXjxWsB/QhLLZbtqlu5uwuxFq6C/x4kERr/4Ub/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrW9sbpW3Kzu7e/tV9+CwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040vp35nUeqNEvkg5mkNBR4KFnMCDZW6rvVgKaa8USiQDOB/L5b8+reHGiV+AWpQYFm3/0KBgnJBJWGcKx1z/dSE+ZYGUY4nVaCTNMUkzEe0p6lEguqw3x++BSdWmWA4kTZkgbN1d8TORZaT0RkOwU2I73szcT/vF5m4uswZzLNDJVksSjOODIJmqWABkxRYvjEEkwUs7ciMsIKE2OzqtgQ/OWXV0n7vO5f1i/uL2qNmyKOMhzDCZyBD1fQgDtoQgsIZPAMr/DmPDkvzrvzsWgtOcXMEfyB8/kDEcaStg==</latexit>

✏ ⇠ 1

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

✏ ⌘ � Ḣ

H2
< 1



Inflation
Single scalar field inflation

<latexit sha1_base64="bkSLzkVt3dyJUVHBPOfNvbFyJZk="></latexit>

S = �
Z

d4x
p
�gL = �

Z
d4x

p
�g


1

2
@µ�@

µ�+ V (�)

�

<latexit sha1_base64="9aZ7+q5W/Rw36BCDxZnpDlUHkKU=">AAACGnicbVDLSgNBEJz1bXxFPXoZDIIHDbsSVDwFvXhUMFHIhjA76U2GzMwuM71iWPIdXvwVLx4U8SZe/Bsnj4OvgoaiqpvuriiVwqLvf3pT0zOzc/MLi4Wl5ZXVteL6Rt0mmeFQ44lMzE3ELEihoYYCJdykBpiKJFxHvbOhf30LxopEX2E/haZiHS1iwRk6qVUM9jsnlIZ7NES4w1wBGsFpGxCMEppppElMB7TTykOV0VBng1ax5Jf9EehfEkxIiUxw0Sq+h+2EZwo0csmsbQR+is2cGRRcwqAQZhZSxnusAw1HNVNgm/notQHdcUqbxolx5Y4Zqd8ncqas7avIdSqGXfvbG4r/eY0M4+NmLnSaIWg+XhRnkmJChznRtjDAUfYdYdwIdyvlXWYYd8nYggsh+P3yX1I/KAeH5cplpVQ9ncSxQLbINtklATkiVXJOLkiNcHJPHskzefEevCfv1Xsbt055k5lN8gPexxfqqaA8</latexit>
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<latexit sha1_base64="NU5ZBQ8Bqh+XYQxYkk7o93kHO7c=">AAACBHicbVC7TsMwFHXKq4RXgLGLRYXEQkmgAgaGChbGItGH1ESR4zqNVSexbAepijqw8CssDCDEykew8Te4bQZoOdKVjs+5V773BJxRqWz72ygtLa+srpXXzY3Nre0da3evLdNMYNLCKUtFN0CSMJqQlqKKkS4XBMUBI51geDPxOw9ESJom92rEiRejQUJDipHSkm9VTMj93OURHcMreOyKKC2eJ2e+VbVr9hRwkTgFqYICTd/6cvspzmKSKMyQlD3H5srLkVAUMzI23UwSjvAQDUhP0wTFRHr59IgxPNRKH4ap0JUoOFV/T+QolnIUB7ozRiqS895E/M/rZSq89HKa8EyRBM8+CjMGVQonicA+FQQrNtIEYUH1rhBHSCCsdG6mDsGZP3mRtE9rznmtflevNq6LOMqgAg7AEXDABWiAW9AELYDBI3gGr+DNeDJejHfjY9ZaMoqZffAHxucP0dWW9A==</latexit>

p� < �⇢�/3

For the experts



Inflation models
Many models!!! 

Encyclopædia Inflationaris J. Martin, et al (2013)

Inflation: a mechanism, not a unique theory!



Case study
Inflation   graceful exit    SCM evolution⟶ ⟶

CHAOTIC INFLATION

(quasi-exp. 

expansion) Many models!!! 

Linde(1982)

Conditions

• Single field

• Potential that has a slow-roll region

• Graceful exit

• General initial conditions

(Large field)
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Types of  potential:


- Polinomial


- Power law


- Intermediary inflation


- Natural inflation
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Models of  inflation

In small-field models the field moves over a small (sub-Planckian) distance. 

Small-field models predicts: amplitude of  the gravitational waves produced during inflation is too small to be 
detected.

Large field inflation:

SLOW-ROLL INFLATION

Small field inflation:
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 The potentials that give rise to such small-field evolution often arise in 
mechanisms of  spontaneous symmetry breaking, e.g., Higgs-like potential
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In large-field models the field moves over a large (super-Planckian) distances. 

Predicts: amplitude of  the gravitational waves produced during inflation is large

BEYOND SLOW-ROLL INFLATION

Inflation: a mechanism, not a unique theory!

• Non-minimal coupling to gravity

• Modified gravity


• Non-canonical kinetic term

• Multifield inflation



Inflation - Origin of  structures

These fluctuations are real and present in our universe. But their effects are very small.

In quantum mechanics the vacuum or empty space if  full of  fluctuations

Uncertainty principle
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These particles describe the quantum perturbations that are generated during inflation


Pictorially:

Vacuum VacuumParticule

Anti-particule

particule

Anti-particule
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Inflation - Origin of  structures
In quantum mechanics the vacuum or empty space if  full of  fluctuations



Inflation - Origin of  structures
The initial perturbation have a quantum origin in the beginning of  the universe, during inflation *

Possible since inflation puts all the regions in the universe in causal contact



In  seconds, the universe grew exponentially in size∼ 10−32

Microscopic initial 
perturbations

Classical and 
macroscopic 
perturbations
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Perturbations are amplified 
and stretched during inflation

Inflation - Origin of  structures



In  seconds, the universe grew exponentially in size∼ 10−32

Microscopic initial 
perturbations

Classical and 
macroscopic 
perturbations
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Inflation - Origin of  structures

Solves the formation of  structure problem



The inflationary perturbations create perturbations with an almost scale invariant spectrum

What we measure?

<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
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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
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Predictions in accordance with what is 
measured in the CMB!
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Inflation - Origin of  structures

tBig Bang

tinflation begins

treheating xp

t H°1∏ / k°1

horizon

inflation

post inflation

Perturbation

Hubble 
radius



Problems with inflation

- Initial singularity


- Transplanckian problem


- Measure problem


- Hierarchy problem


- …

*  still highly debated in the literature

Inflation also has problems!



Problems of  inflation

- Inicial singularity


- Transplanckian problem


- Measure problem


- Hierarchy problem


- …

tBig Bang

tinflation begins

treheating xp

t H°1∏ / k°1

horizon

inflation

post inflation
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Alternatives to inflation



Alternatives to inflation

Matter bounce

Ekpyrotic model

Pre-Big Bang model

Cyclic universe

Scenarios:

Bounce

Cyclic

Classical bounce
geodesic completeness

String Gas Cosmology
Emergent…



Bouncing models

Credit: QuantaCredit: New Scientist

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

Robert Brandenberger, Patrick Peter, 
“Bouncing Cosmologies: Progress and Problems”, 
1603.05834



Credit: QuantaCredit: New Scientist

Singularity Big Bang/Big Crunch  Classical bounce

This bounce can occur in two ways:

Bouncing models

Singular bounce Non-singular bounce 



How is it possible to have these models?

Credit: New Scientist

- Modified gravity theories


- New components dominate the universe 
during the contraction phase that make the 
universe have this dynamics   violates null 
energy condition


- …

→

Bouncing models

New physics



SCM
Smoothes and leaves the universe flat 


Generates the same scale invariant 
spectrum

Bouncing models
Solving the SCM:



Bouncing models
Example: Matter bounce

Symmetric bounce

Bouncing cosmologies: scales of  cosmological interest 
originate on sub-Hubble scales at early times in the 
contracting phase, in the same way that they originate 
on sub-Hubble scales early in inflation. It is possible to 
have a causal generation mechanism for fluctuations, 
as in inflation.

The nature of  this structure formation mechanism depends on the specific bouncing model being considered



Alternatives to inflation

Matter bounce

Ekpyrotic model

Pre-Big Bang model

String Gas Cosmology

Scenarios:

Bounce

Emergent

Classical bounce
geodesic completeness

https://www.youtube.com/watch?v=3B40x-2j9D4


Cyclic models
Succession of  periods of  contraction and expansion

Credit: Quanta



Cyclic models

Credit: Paul Steinhardt



Emergent universe models
There is no initial singularity and the universe emerges from a initial state


For example:

- Initial stage

- String gas cosmology

R. Brandenberger (2015)

String gas cosmology

Temperature T of  a gas of  closed strings in a box of  radius R as a function of  
radius. T: never exceeds the Hagedorn temperature TH. 

The extent of  the plateau of  the T(R) curve depends on the total entropy of  
the system - the larger the entropy the wider the plateau



Emergent universe models
There is no initial singularity and the universe emerges from a initial state


For example:

- Initial stage

- String gas cosmology

R. Brandenberger (2015)

Temperature T of  a gas of  closed strings in a box of  radius R as a function of  
radius. T: never exceeds the Hagedorn temperature TH. 

The extent of  the plateau of  the T(R) curve depends on the total entropy of  
the system - the larger the entropy the wider the plateau



Alternatives to inflation

Matter bounce

Ekpyrotic model

Pre-Big Bang model

String Gas Cosmology

Origin of  the perturbations:

Quantum fluctuations

Thermal initial fluctuations

…



Can we falsify or rule out inflation or alternatives?
Very important question!!

Is it possible?

How to distinguish between models?



ALL of  these models have predictions that are in agreement 
with the CMB (and LSS)     → (nS, AS)

Then how can we distinguish between these models?

We need to search for predictions that are distinct

How to distinguish between models?



Models of  inflation

Encyclopædia Inflationaris J. Martin, et al (2013)



How to distinguish between models?

•GWs

•Non-Gaussianities

•Features in the power spectrum

•Birefringence

•…



How to distinguish between models?
Gravitational waves Non-gaussianities
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h� . . . �i

Besides creating density fluctuations, models of  the 
early universe evolution create gravitational waves.


Different models, like inflation and bouncing, have 
different predictions. Within inflation and other 
models, we have different predictions.


If  we take into account (p)reheating we can have extra 
GWs.

When we measure the primordial 
GWs, this would allow us to 
distinguish between some of  
these  models.

If  the distribution is Gaussian, all the information is 
contained in the 2 point function. If  not, we have to 
calculate the n-point correlation function:

Different inflationary models (and alternative models) 
can predict different NG signatures.



Gravitational waves
VACUUM GWs

SOURCED GWs 

(secondary GWs)

From topological defects

…

 Credit: Chris Henze



After inflation - (p)reheating
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V (�infl)

Causes the accelerated 
expansion - quasi-exponential

Leaves the universe empty!!



In  seconds, the universe grew exponentially in size∼ 10−32

Microscopic initial 
perturbations

Classical and 
macroscopic 
perturbations
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a(t) ' eH t

CMB

Radiation 
era

Perturbations are amplified 
and stretched during inflation

Inflation - inflates the universe



In  seconds, the universe grew exponentially in size∼ 10−32
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a(t) ' eH t

Perturbations are amplified 
and stretched during inflation

Inflation - inflates the universe
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⇢pend ! 0

Teff ! 0



In  seconds, the universe grew exponentially in size∼ 10−32
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a(t) ' eH t

Universe stretched during 
inflation

Inflation - inflates the universe

<latexit sha1_base64="nZzEco6tQSR0kHj6wJDIC6zn3sk=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0a8mm2TY0m6xJVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMl7O05YEJOB5BGnxDqp3dVD1eMPSa9c8areDHiZ+DmpQI56r/zV7SuaxkxaKogxHd9LbJARbTkVbFLqpoYlhI7IgHUclSRmJshm907wiVP6OFLalbR4pv6eyEhszDgOXWdM7NAselPxP6+T2ugqyLhMUssknS+KUoGtwtPncZ9rRq0YO0Ko5u5WTIdEE2pdRCUXgr/48jJpnlX9i+r53Xmldp3HUYQjOIZT8OESanALdWgABQHP8Apv6BG9oHf0MW8toHzmEP4Aff4AJrSQDg==</latexit>

⇢pi

<latexit sha1_base64="HTqMpoKKgcac3ZnRG5y8AnJJhIo=">AAACJHicbVDLSgMxFM3UV62vqks3wSK4KjNSVHBTdOOyQqtCZxwy6Z02mEmGJKOUYT7Gjb/ixoUPXLjxW0zrLHwdCBzOuZebc6KUM21c992pzMzOzS9UF2tLyyura/X1jXMtM0WhRyWX6jIiGjgT0DPMcLhMFZAk4nARXZ9M/IsbUJpJ0TXjFIKEDAWLGSXGSmH9yFcjGeZ+QsxIJTmIQVFcpdhXbDgyRCl5i13s+7VumEMcFz/0sN5wm+4U+C/xStJAJTph/cUfSJolIAzlROu+56YmyIkyjHIoan6mISX0mgyhb6kgCeggn4Ys8I5VBjiWyj5h8FT9vpGTROtxEtnJSRj925uI/3n9zMSHQc5EmhkQ9OtQnHFsJJ40hgdMATV8bAmhitm/YjoiilBje63ZErzfkf+S872mt99snbUa7eOyjiraQttoF3noALXRKeqgHqLoDj2gJ/Ts3DuPzqvz9jVaccqdTfQDzscnE2mlqA==</latexit>

⇢pend ! 0

Teff ! 0

Inflation leaves the universe 
empty!!
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a(t) ' eH t

Universe stretched during 
inflation

Inflation - inflates the universe

<latexit sha1_base64="nZzEco6tQSR0kHj6wJDIC6zn3sk=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0a8mm2TY0m6xJVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3npg2XMl7O05YEJOB5BGnxDqp3dVD1eMPSa9c8areDHiZ+DmpQI56r/zV7SuaxkxaKogxHd9LbJARbTkVbFLqpoYlhI7IgHUclSRmJshm907wiVP6OFLalbR4pv6eyEhszDgOXWdM7NAselPxP6+T2ugqyLhMUssknS+KUoGtwtPncZ9rRq0YO0Ko5u5WTIdEE2pdRCUXgr/48jJpnlX9i+r53Xmldp3HUYQjOIZT8OESanALdWgABQHP8Apv6BG9oHf0MW8toHzmEP4Aff4AJrSQDg==</latexit>

⇢pi
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⇢pend ! 0

Teff ! 0

Inflation leaves the universe 
empty!!

How do we recover the hot and dense universe from the SCM?

We need to reheat the universe!



After inflation - (p)reheating
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V (�infl)

Causes the accelerated 
expansion - quasi-exponential

By the end of  inflation, the inflaton decays, and the product of  this 
decay are the particles of  the standard model  starts the SCM→

Leaves the universe empty!!

(P)reheating: populates the universe with particles. Creates all the elementary       
particles (or its precursors) that we have today.



After inflation - (p)reheating
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V (�infl)

Causes the accelerated 
expansion - quasi-exponential

Perturbative 

To avoid that the universe ends up empty, the inflaton has to couple 
to Standard Model field

REHEATING

PREHEATING Non-perturbative

Parametric resonance!!

THERMALIZATION

Needs to lead into the SCM universe - in thermal equilibrium HOW?



After inflation - (p)reheating
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V (�infl)

Causes the accelerated 
expansion - quasi-exponential

Initial stage of  reheating

After inflation, the scalar 
field starts to oscillate on the 

bottom of  the potential

(frequency m)
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H
�1 � m

�1

PREHEATING

Efficient transfer of  energy from the inflaton to scalar fields

Non-perturbative

Not fermions! 
Pauli exclusion principle



After inflation - (p)reheating

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

V (�infl)

Causes the accelerated 
expansion - quasi-exponential

Initial stage of  reheating

After inflation, the scalar 
field starts to oscillate on the 

bottom of  the potential

(frequency m)

<latexit sha1_base64="VkLS2ObhIngeBxk26JvTJuZM4xA=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIbiyJFHVZdNNlBXuBNpbJdJIOnUzCzEQpsY/ixoUibn0Sd76N07QLbf1h4OM/53DO/H7CmdKO822trK6tb2wWtorbO7t7+3bpoKXiVBLaJDGPZcfHinImaFMzzWknkRRHPqdtf3QzrbcfqFQsFnd6nFAvwqFgASNYG6tvl+r32Zk7Qb0wRFGOfbvsVJxcaBncOZRhrkbf/uoNYpJGVGjCsVJd10m0l2GpGeF0UuyliiaYjHBIuwYFjqjysvz0CToxzgAFsTRPaJS7vycyHCk1jnzTGWE9VIu1qflfrZvq4MrLmEhSTQWZLQpSjnSMpjmgAZOUaD42gIlk5lZEhlhiok1aRROCu/jlZWidV9yLSvW2Wq5dz+MowBEcwym4cAk1qEMDmkDgEZ7hFd6sJ+vFerc+Zq0r1nzmEP7I+vwBhzWS5Q==</latexit>

H
�1 � m

�1

PREHEATING

Oscillating inflation coupled 
to a quantum scalar field:

<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)

Non-perturbative

Parametric resonance!!
Copious production of  particles



After inflation - (p)reheating

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

V (�infl)

Causes the accelerated 
expansion - quasi-exponential

Perturbative 

To avoid that the universe ends up empty, the inflaton has to couple 
to Standard Model field

REHEATING

The energy stored in the inflaton field will then be transferred into 
ordinary particles

parametrizes the inflaton decay rate 

Slow-decay - like the case where the ase if  the inflaton can only decay into fermions
<latexit sha1_base64="8UgG/YN5Cv8pnvF/anH74DulTR4=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE1FuLHvRYwX5AE8Jku2mX7iZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tr6xuVXeruzs7u0f2IdHbZVkktAWSXgiuyEoyllMW5ppTruppCBCTjvh6G7md8ZUKpbET3qSUl/AIGYRI6CNFNi2dw9CQJB76ZBNcb0e2FWn5syBV4lbkCoq0AzsL6+fkEzQWBMOSvVcJ9V+DlIzwum04mWKpkBGMKA9Q2MQVPn5/PIpPjNKH0eJNBVrPFd/T+QglJqI0HQK0EO17M3E/7xepqMbP2dxmmkak8WiKONYJ3gWA+4zSYnmE0OASGZuxWQIEog2YVVMCO7yy6ukfVFzr2qXj5fVxm0RRxmdoFN0jlx0jRroATVRCxE0Rs/oFb1ZufVivVsfi9aSVcwcoz+wPn8A1G+TJQ==</latexit>

��??



After inflation - (p)reheating

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

V (�infl)

Perturbative 

To avoid that the universe ends up empty, the inflaton has to couple 
to Standard Model fields

REHEATING

Decaying rate:

(fermions)

End of  reheating: 

Particle number density:

Assuming thermal equilibrium happens right after reheating

Observations, CMB, put a limit - 
<latexit sha1_base64="hGYOovMjwzSLaqn5XTS14ywO9uY=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBBEJOxKiB48BD3oMUJekKzL7KQ3GTL7YGZWCMv+gxd/xYsHRbx68ebfOJtE0MSChqKqm+4uN+JMKtP8MhYWl5ZXVnNr+fWNza3tws5uU4axoNCgIQ9F2yUSOAugoZji0I4EEN/l0HKHV5nfugchWRjU1SgC2yf9gHmMEqUlp3Bcd5KuT9RA+ImAARCVpvgCW+ZdUkm7Jz/WNTRTp1A0S+YYeJ5YU1JEU9Scwme3F9LYh0BRTqTsWGak7IQIxSiHNN+NJUSEDkkfOpoGxAdpJ+OfUnyolR72QqErUHis/p5IiC/lyHd1Z3ajnPUy8T+vEyvv3E5YEMUKAjpZ5MUcqxBnAeEeE0AVH2lCqGD6VkwHRBCqdIx5HYI1+/I8aZ6WrEqpfFsuVi+nceTQPjpAR8hCZ6iKblANNRBFD+gJvaBX49F4Nt6M90nrgjGd2UN/YHx8A+BOnik=</latexit>

Treheat < 106 GeV



Summary

?

…

…

time

Early universe

Which model?

Standard cosmological model
What we know!


