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Cosmology 

You after these lectures 
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Some references: 
 
Baumann’s lectures: 
https://cmb.wintherscoming.no/pdfs/baumann.pdf 
and 1807.03098 
Cline’s lectures: 
1807.08749 
Rubio’s lecture notes: 
https://javierrubioblog.com/teaching/grcourse/ 
 
Books: 
S. Weinberg: Gravitation and Cosmology (1973); Cosmology (2008) 
E. Kolb and M. Turner: The Early Universe (1994) 
J. Peebles: Principles of Physical Cosmology (1993) 
S. Dodelson and Fabian Schmidt – Modern Cosmology (2020) 
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Lecture I: Dynamics of the average Universe 
Lecture II: Distances and thermal history 
Lecture III: Neutrinos in cosmology 

IDPASC 2021 

Three lectures on Cosmology 
and Particle Physcics 
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Plan for Lecture I: 

I.0 – Introduction and motivation 
 
I.1 – Brief review of GR 
 
I.2 – Dynamics of the Universe 

“Our whole universe was in a hot dense state 
Then nearly fourteen billion years ago expansion 
started” 
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I.0- Introduction 
Why should a particle physicist learn cosmology? 
 
•  main evidences from BSM comes from cosmology: 
dark matter, dark energy, inflation; 
 
•  particle physics affect cosmology: eg origin of matter-anti-matter 
asymmetry, Higgs as inflaton (Higgsinflation), neutrinos and the 
formation of structures, phase transitions, vacum (in)stability;  
 
•  cosmology affects particle physics: eg evolution of the 
Universe may be responsible for solution of the strong CP problem 
(axion) and the breaking of electroweak symmetry breaking (relaxion 
idea).  
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•  early Universe is a testbed for SM and BSM: stability or metastability 
of SM vacuum, new physics tests from CMB, inflation, matter-
antimatter asymmetry, primordial non-gaussianity, primordial 
gravitational waves, stochatic gravitational waves from phase 
transitions (GUT, etc), “cosmological collider physics”, modified 
gravity, ... 
 
•  gravity (geometry) may play an important role in particle physics:  
eg models with warped extra dimensions  
 
•  new particles from geometry: KK excitations, radion, etc 

•  models with extra dimensions can change the evolution of the 
Universe (and hence be tested). 
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Standard Model of Particle Physics works fine 
but it is unsatisfactory (neutrino masses, dark 
matter, hierarchy problem, etc). Beyond SM! 
 
Standard Model of Cosmology (ΛCDM) works 
fine but it is unsatisfatory (value and nature of 
Λ). Beyond ΛCDM! 
 
Models abound! We have to see what Nature 
has chosen... 
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Cosmology has recently become a data driven 
science. Era of precision cosmology!  
 
 
 
Many experiment are taking a huge amount of 
data that are being analyzed in order to find 
out which model best describes the universe. 
 
Cosmology became a respectable Science due 
in great part to Jim Peebles.  
 

tU= (13.799±0.021)x109 years [used to be 109±1 years]   
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Several cosmological probes       
•  Cosmic Microwave Background (CMB) 
 
•  Big bang nucleosynthesis (BBN) 

•  Supernovae (type Ia) 

•  Baryon acoustic oscilation (BAO) 

•  Gravitational lensing 

•  Number count of clusters of galaxies  12 
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Eisenstein 

HST 
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Cosmological probes       
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We know that we don’t know what 95% of 
the Universe is made of: 
 
 
What is dark matter? 
Cold, warm, fuzzy, self-interacting... 
 
What is dark energy? 
New degree of freedom/MG: 
Quintessence, galileon, f(R), 
Hordensky, beyond Hordensky, 
massive gravity, EFTofDE... 
Does it interact with matter? 
Does it cluster? 
  15 IDPASC 2021 

Universe today 
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Cosmology  
in PDG! 
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I.1- Brief Review of GR 
General Relativity rules the Universe at large scales! 
Classical description is sufficient in most cases. 
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I.1.0 – Classical field theory in a nutshell 

Fields          lagrangian         action         equations of motion 

Fundamental degrees  
of freedom 
(not always physical) 

Dynamics  
(use of symmetries) 
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I.1.1 – Fundamental degrees of freedom       

Fundamental field of gravity: the metric gµν  

Flat space-time – Minkwoski metric 

Symmetric 4x4 matrix: 10 degrees of freedom 
(not all physical!)  
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I.1.2 – Einstein-Hilbert action       

 
•  Action is invariant under general coordinate transformations: 

•  R[gµν] is the Ricci scalar: second order in derivatives of the metric 
 

•   

For the Hilbert-Einstein dispute see: 
L. Corry, J. Renn, and J. Stachel, Science 278, 1270 (1997) 
F. Winterberg, Z. Naturforsch. 59a, 715 – 719 (2004)  
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•  G: Newton’s constant 

Obs.: sometimes the reduced Planck mass is used: 
 

20 
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•  Dimensional analysis:  
 
 
 
 
 
 

•  Einstein equation in vacuum (Tµν = 0) obtained from: 
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I.1.3 – The cosmological constant      

February 1917 (~100 years ago): Einstein’s “Cosmological Considerations in  
the General Theory of Relativity” introduces the cosmological constant in the 
theory without violating symmetries:  a new constant of Nature!   
 
It has an “anti-gravity” effect (repulsive force) and it was introduced 
to stabilize the Universe. 
 
 
 
 
With the discovery of the expansion of the Universe (Hubble, 1929)  
it was no longer needed – “my biggest blunder”.  



George Gamow – My Worldline
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Examples: 
 
Electromagnetism: 
 
 
Real scalar field: 

I.1.4 – Adding matter/radiation to the Universe      
Matter/radiation is described by fields in a lagrangian: 
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Definition: 
 
 
 
 
 
which implies 

I.1.5 – Energy-momentum tensor      

Matter/radiation in GR is described by na energy-momentum tensor. 
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I.1.6 – Einstein’s equation 

10 nonlinear differential equations. In general it must be solved  
numerically, eg gravitational waves from coalescence of  
binary black holes.  

Einstein’s equation for GR is obtained from the requirement: 
 
 
 
 
 gravity particle physics 
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Details of Einstein’s equation: 
 
•  Christoffel symbols (aka metric conection, affine connection) –  
first derivative of the metric : 

 
•  Ricci tensor – second derivative of the metric:  

•  Ricci scalar:  

27 
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Standard Cosmological Model       

Geometry 

Matter/Energy/Pressure 

Kolb 

Matter tells space 
how to curve 

Space tells matter 
how to move 
(J.A. Wheeler) 

28 



IDPASC 2021 29 

I.1.7 – Modified gravity      

Modified gravity is anything different from E-H (+ Λ) action 
(see 1601.06133) 
 
Example: f(R) theories (see 1002.4928) 

cosmological  
constant GR Higher order derivatives 
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Issues with modified gravity: 
 
•  introduces new light degrees of freedom – new forces  
Since there are stringent constraints one has to invoke “screening  
mechanisms” – chameleon, symmetron, Vainshtein, ... 
 
•  may have classical instabilities due to higher derivatives in  
equations of motion (Ostrogradski instabilities) 
 
•  may have quantum instabilities – “ghosts”  

•  may be brought in the form of GR with a suitable change of  
coordinates (Jordan frame -> Einstein frame) introducing non- 
standard couplings in the matter sector 
 
•  search for MG: use simple parametrizations     
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Ezquiaga and Zumalacárregui - 1807.09241  
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I.2- Dynamics of the Universe 
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I.2.1 – Friedmann-Lemaître-Robertson-Walker metric 

Universe is spatially homogeneous and isotropic on average. 
 
It is described by the FLRW metric (for a spatially flat universe): 
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FLRW metric is determined by one time-dependent 
function: the so-called scale factor a(t). 
Distances in the universe are set by the scale factor. 
 
Scale factor is the key function to study how the average 
universe evolves with time.  

convention: a=1 today 

OBS: conformal time (light cone has the usual 450 angle). 



           Average evolution of the universe 
 
- specified by one function: scale factor a(t) 
- determines measurement of large scale distances,  
  velocities and acceleration 
 
 
-  measured through standard candles (SNIa’s) and  
standard rulers (position of CMB peak, BAO 
peak,...)  
 
    
 Redshift z:                                z=0 today. 

€ 

a(t) =
1
1+ z
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Expansion of the universe 

Space itself expands and galaxies get a free “ride”. 

Analogy of the expansion of the universe with a balloon: 

Hubble parameter: 
Expansion rate of the universe 
Hubble constant: Hubble parameter today (H0)  

35 
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For a spatially flat FLRW metric the Ricci tensor and 
the Ricci scalar are given by:  
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It is usually assumed that one can describe the components of the 
Universe as “perfect fluids”: at every point in the medium there is 
a locally inertial frame (rest frame) in which the fluid is  
homogeneous and isotropic (consistent with FLRW metric):  
 
 
 
 
 
 
 
Homegeneity: density and pressure depend only on time. 
  
 
 
 

I.2.2 – The right-hand side of Einstein equation: 
           the energy-momentum tensor simplified      

density pressure isotropy 
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Energy-momentum in the rest frame (indices are important): 
 
 
 
 
 
 
 
In a frame with a given 4-velocity:  
 
 
 
 
 
 
[Imperfect fluids: anisotropic stress, dissipation, etc.] 
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00 component: 
 
  
 
 
 

I.2.3 – Solving Einstein equation for the  
           average Universe: Friedmann’s equations 

1st Friedmann equation 
Expansion rate is determined by energy density. 
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ii component: 
  
 
 
 

2nd Friedmann equation 
(De)acceleration is determined by energy density  
and pressure. 
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Also follows from the conservation of the energy-momentum  
tensor and also from the 1st law of thermodynamics:  

I.2.4 – Evolution of different fluids 

Taking a time derivative of 1st Friedmann equation one arrives at  
the “continuity”equation :  
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In order to study the evolution of a fluid we need to postulate a 
relation between density and pressure: the equation of state 
 
Assume a simple relation: 
 
 
ω  is called the equation of state parameter. 
 
Examples: 
 
•  Non-relativistic matter (dust): 

•  Relativistic matter (radiation): 
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•  Cosmological constant: 

From the continuity equation it is easy to show that the evolution 
of the energy density for a constant equation of state is: 
 
 
  
 
 
OBS: It’s easy to generalize to a time-dependente equation of state 
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•  Non-relativistic matter (dust): 

•  Relativistic matter (radiation): 

•  Cosmological constant: 



ln ρ

ln aln aeq ln aDE 0

radiation
matter

cosmological constant

“Our whole universe was in a hot dense state” 

45 IDPASC 2021 
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I.2.5 – Time evolution of the scale fator (expansion history) 

Using 1st Friedmann equation and the result from last section: 
 
 
 
 
 
it is easy to show that:  
 
 
 
 
but for the case of a cosmological constant one has an exponential growth:  
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Exponential growth: universe is accelerating! 
 
2nd Friedmann equation is (for w=-1):  
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I.2.6 – Inflation 
We think that the very early universe went through a phase of exponential expansion 
called inflation (Guth, Linde, Starobinsky, ...  early 1980’s).   
 
We do not know what drove inflation. The simplest model involves a new scalar field: 
the inflaton. 
 
During inflation the matter and radiation contents were rapidly diluted to ~nothing. 
 
Any spatial curvature was erased – explains why universe is flat. 
 
Quantum fluctuations of the inflaton field provided the initial small perturbations in  
homogeneity that evolved to form structures in the universe. They also produced  
primordial gravitational waves. 
 
Inflation ended and the universe “reheated”. 
 
 
 
 
 
it is easy to show that:  
 
 
 
 
but for the case of a cosmological constant one has an exponential growth:  
 



ln ρ

ln aln aeq ln aDE 0

radiation
matter

cosmological constant

“Our whole universe was in a hot dense state” 
Our whole universe was in a cold empty state 
and then reheating happened 

49 
ln aInf ln aReheat

inflation 
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http://arxiv.org/1303.3787 Javier Rubio 



The Universe started to accelerate a couple of billion years 
ago. Before that there was a period of normal decelerated 
expansion, essential for the formation of galaxies. 
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Accelerated expansion: inflation 
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I.2.7 – Recipe of the Universe 

Critical density: density at which the Universe is spatially flat. 

Hubble constant today has been measured with some precision recently and there is a  
strong tension between measurements from Planck (early universe) and Supernovas  
(late universe) – more later. 
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Different contributions to the energy density budget of the Universe  
(i=baryons, photons, neutrinos, dark matter, dark energy,...) 

Spatially flat universe: 

1st Friedmann equation: 



IDPASC 2021 54 

Exercise 1: estimate the critical density in units of GeV/m3 using the time-honored  
convention H0 = 100 x h km/s/Mpc, where h~0.7 . Also estimate (ρc)1/4 in units of eV. 
 
Exercise 2: compute H-1

0 in years and H0 in units of eV. 
 
Exercise 3: assuming that inflation happened at an energy scale of 1012 GeV and  
approximating the whole expansion history as radiation-dominated, estimate at what 
time inflation took place in the universe and the scale factor at that time.   
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Exercise 4: given a Universe with composition 
 
 
 
 
a.  estimate the redshift zeq 
b.  estimate the redshift zΛ 

c.   plot these different Ω’s as a  
function of log(a)  
(see python colab notebook) 
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End of first lecture 
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Curiosity: what happens if w<-1 (“phantom” dark energy)? 
 
 
 
 
 
Density increases with time. It can be shown that there is a  
singularity where                  at finite time: the “big rip”  
[see astro-ph/0302506]    
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Exercise 1: Show that for a real scalar field 
 
 
 
 
 
Exercise 2: Show that for a cosmological constant 

Hint: Use Ln(det(A)) = tr(Ln A) to show 
that  
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Some modified gravity theories predict that  

In 2017 GW170817 was detected by LIGO and Virgo: the first  
detection of a merger of 2 neutron stars at a mere 130 million  
light-years from Earth. 
 
As opposed to black hole mergers, it also emitted light!!  
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Also seen in gamma rays by Fermi and Integral with less than 2  
seconds difference!! 

Exercise 0: From this data estimate a bound on   
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Historical interlude 
 
 
100 years of the eclipse that 
confirmed GR 
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First test of GR: the solar eclipse in May 29, 1919  
 
 
 
 
 

Two expeditions organized by the Royal Society: 
Principe Island in Africa (Eddington) 
Sobral in Brazil (Crommelin) 
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“After a careful study of the plates I am 
prepared to say that there can be no doubt 
that they confirm Einstein’s prediction. A 
very definite result has been obtained that 
light is deflected in accordance with 
Einstein’s law of gravitation.” 06/11/1919 
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Early attempt to  
test GR in 1912 
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End of historical interlude 
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     Interlude: a quick tour to extra dimensions (geometry matters!) 
hep-ph/0404096   hep-ph/0503177 (goes back to Kaluza and Klein in the 1920’s!) 
 

1. Flat extra dimensions (ADD - Arkani-Hamed, Dimopoulos and Dvali  - 
1998): n extra flat space-like  dimensions compactified in a n-dimensional 
torus   
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ADD in SciAm 
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In this case one can show that 
 

Effective Newton’s constant is diluted by the 
volume of the extra dimensions: 
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Introducing a fundamental scale 
 

Exercise: assuming that 
 
Compute the size of the extra dimension L assuming that 
the fundamental scale if 1 TeV (to be relevant at colliders) 
for n=1 (~1011m) and n=2 (~0.1mm).   
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2. Warped extra dimension (WED) – Randall and Sundrum (1999): one extra 
compact dimension y (5th dimension). Each point in the 5th dimension has a 4-
dimensional Minkowski background. The metric can be parametrized as:    
 
 
 
 
where A(y) is the curvature along the fifth dimension and is called the warp 
factor.  
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Let’s consider the gravity action with a bulk cosmological 
constant: 
 
 
 
from which Einstein’s equations follow: 
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Solving 5-5 componente of Einstein’s equations: 

I tried EinsteinPy and MAXIMA without success. This is GR package for 
Mathematica 
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L 
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Warping solves the hierarchy problem without large number (fine tuning): 

New particles are predict in models with exta dimensions: Kaluza-Klein 
excitations or resonances. More details in Chacko’s lectures. 

End of this interlude – back to 4 dimensions for the rest of 
these lectures 
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I.2.7 – Beyond Λ: dynamical dark energy 
For a real homogeneous scalar field the energy-momentum tensor 
gives:  
 
 
 
 
 
and therefore the time-dependent equation of state in this case is:  
 
 
 
 
If potential energy dominates w~-1 and scalar field resembles a  
cosmological constant: quintessence field. Can be ultralight (~H0)! 
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Cosmological Constant 

Canonical Scalar Field: 
Quintessence 

Perfect Fluid 

Chaplygin Gas 

K-essence 

e.g. Tachyon, 
       Born-Infeld 

Some examples of dark energy models: 
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Klein-Gordon equation for a scalar field in an 
arbitrary metric  
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Klein-Gordon equation for a homogeneous 
scalar field in FRWL metric  
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I.2.8 – Vacuum energy: the elephant in the room   
Quantum mechanics – zero point energy of a harmonic oscillator:  
 
 
 
In Quantum Field Theory, the energy density of the vacuum is  
(free scalar field of mass m): 
 
 
 
 
and is infinite! Integral must be cut-off at some physical energy  
scale - goes as (cut-off)4.   
 
If integral is cutoff at the Planck scale, disagreement of ~ 10120 with  
data. This is know as the cosmological constant problem. € 

ρvac =
d3k
2π( )3

1
2

k2 +m2∫
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The Higgs field and the vacuum energy:  



Vacuum energy 

€ 

ρΛ ∝ constant

E. L. Wright 

€ 

dE = −pdV ⇒ pΛ < 0 89 IDPASC 2021 


