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Outline
First lecture:

★ First question you should ask: WHY??
‣ Motivation and some disturbing facts

✴ Collective effects x “fundamental” physics

★ Second question you should ask: WHERE??
‣ Accelerator experiments, astro, early universe

✴ My focus: the EoS

★ Third question you should ask: HOW??
‣ Theory, models, etc
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Second lecture:

★ Effective model building 

★ Z(N), the Polyakov loop, and confinement 

★ Chiral symmetry breaking

★ Two examples on relevance and difficulties in exploring 
the phase diagram

‣ Chiral magnetic effect and the strong CP problem
‣ Drawing the phase diagram

★ Final comments
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First question you should ask:
WHY??
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((UnivUniv. Oxford). Oxford)



In spite of the fantastic success 
of the Standard Model, we don’t 
understand a few essential 
mechanisms…!
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Another why? (this one is, of course, enough!)�
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Example – cartoon of a phase diagram:!
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Second question you should ask:
WHERE??
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But before that, let’s discuss an important point...

Collective effects x microscopic (“fundamental”) physics
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Collective effects x microscopic (“fundamental”) physics
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[Chen et al (2005)]

[GITAM]
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Now, ok, back to the...

Second question you should ask:
WHERE??



Experiments and observations�

First time: the early universe�
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In the lab – heavy ion collisions (“Little Bang”)�



CLASHEP, Arequipa, March 2013 Eduardo S. Fraga 22



•  Chiral & deconfinement transitions ~ 150 MeV �
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Compact stars (structure, supernovae, etc)�

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga 25



Some extreme numbers: �
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Third question you should ask:
HOW??

(theory, models, etc)



CLASHEP, Arequipa, March 2013 Eduardo S. Fraga 28

But before that, let me state my focus here, and why so...

Focus: the equation of state (EoS)

Why? Because, besides carrying all the thermodynamic 
equilibrium info we may want, it is also the basic crucial 
ingredient for dynamics, structure, etc.

1. Phase diagram structure 
(every detail):

pressure(T,μ,B,etc)

NICA physics program

23 August 2010V.Kekelidze at CPOD 2010

Creation of the deconfined QGP state in HI collisions, 
study of fundamental properties of QCD in various regions of QCD PD

QCD phase diagram

4

?

?
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2. Structure of compact stars:
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[Demorest et al (2010)]
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3. Hydro in heavy ion collisions:

[from Gonzalez’s talk]

[Nonaka et al (2012)]
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[Gelis (2012)]
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So, it is clear that we REALLY need the EoS:NICA physics program

23 August 2010V.Kekelidze at CPOD 2010

Creation of the deconfined QGP state in HI collisions, 
study of fundamental properties of QCD in various regions of QCD PD

QCD phase diagram

4

?

?



CLASHEP, Arequipa, March 2013 Eduardo S. Fraga 34

Now, ok, back to the...

Third question you should ask:
HOW??

(theory, models, etc)



Theory (QCD)�

Then: compute the thermodynamic potential, blah blah…�
Well, it’s not so simple… �
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Asymptotic freedom & the vacuum of QCD �
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Equation of state - naïve field map �

  hadrons      …………………………………………………      quarks�
 low temp.                   ???                        high temp. �
and  density             T~Tc ; n~nc                and density�

there is no appropriate formalism yet…�
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Ok, let’s not desperate… as we said, there are many ways out! �
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But, before all that, let’s do something REALLY simple…�
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(at equilibrium)�
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[not so bad as compared�
 to lattice QCD results] �

[differs from lattice QCD results] �
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To go beyond in our study of the phases of QCD, we need to �
know its symmetries, and how they are broken spontaneously�
or explicitly. But QCD is very complicated: �

•  First, it is a non-abelian SU(Nc) gauge theory, with gluons�
  living in the adjoint representation �
•  Then, there are Nf dynamical quarks (who live in the fund. rep.)�
•  On top of that, all these quarks have masses which are �
  all different! Very annoying from the point of view of �
  symmetries! �
So, in studying the phases of QCD, we do it by parts, and �
consider many “cousin theories” which are very similar to �
QCD but simpler (more symmetric). We also study the �
dependence of physics on parameters which are fixed in nature. �
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Basic hierarchy for effective model building:�
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Next lecture:

★ Effective model building 

★ Z(N), the Polyakov loop, and confinement 

★ Chiral symmetry breaking

★ Two examples on relevance and difficulties in exploring 
the phase diagram

‣ Chiral magnetic effect and the strong CP problem
‣ Drawing the phase diagram

★ Final comments


