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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 ??

Eduardo S. Fraga
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Confinement: one of the 6 unsolved Millennium Problems...

Clay Mathematics Institute
Dedicated to increasing and disseminating mathematical knowledge

HOME ABOUT CMI PROGRAMS NEWS & EVENTS AWARDS SCHOLARS PUBLICATIONS
Yang-MilIs and Mass Gap * The Millennium Problems
» Official Problem Description —
The laws of quantum physics stand to the world of elementary particles in the Arthur Jaffe and Edward Witten
way that Newton's laws of classical mechanics stand to the macroscopic world. * Report on the Status of the
Almost half a century ago, Yang and Mills introduced a remarkable new Yang-Mill Millenium Prize Problem

by Michael Douglas (April 2004).
framework to describe elementary particles using structures that also occur in y ™ ug i )

geometry. Quantum Yang-Mills theory is now the foundation of most of * Lecture by Lorenzo Sadun at
University of Texas (video)

elementary particle theory, and its predictions have been tested at many
experimental laboratories, but its mathematical foundation is still unclear. The
successful use of Yang-Mills theory to describe the strong interactions of
elementary particles depends on a subtle quantum mechanical property called
the "mass gap:" the quantum particles have positive masses, even though the
classical waves travel at the speed of light. This property has been discovered by
physicists from experiment and confirmed by computer simulations, but it still
has not been understood from a theoretical point of view. Progress in establishing
the existence of the Yang-Mills theory and a mass gap and will require the
introduction of fundamental new ideas both in physics and in mathematics.

* Return to top

Contact | Search | Terms of Use | © 2012 Clay Mathematics Institute
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~5 Not only a cute (and very tough!) math problem..
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Nucleus

Emgry space Setween nner shell and nuciews

Proton

Notmus of e Carbon Mom

Quarks

10" metens 10 fomtometers

Real origin of mass...
Sorry, Higgs!

(Univ. Oxford)
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After just two years, the Relativistic Heavy Ion Collider (RHIC) at Brookhaven Lab — the

Management Bios world’s newest and largest particle accelerator for nuclear physics research — has
Science Magazine produced enough data to fill more than 40 scientific papers and get physicists around the

world talking about what it all means. RHIC's goal is to recreate and study what is called
Brookhaven History “quark-gluon plasma,” or QGP, an elusive form of hot, dense matter thought to have last
Image Library existed in bulk a mere instant after the birth of our universe.

So far, the scientists are seeing everything from expected milestones to intriguing
surprises.

“Some of the results are rather easily put into the theoretical picture that we had
developed before RHIC started taking data, but some of the results are quite puzzling,”
says Thomas Kirk, Brookhaven'’s Associate Laboratory Director for High Energy and Nuclear
Physics. “It is too early to say that we have discovered the quark gluon plasma, but not

Signin | rd? | Si
too early to mark the tantalizing hints of its existence.” ign in | Forgorcen your password! | Sign up

International Journal of High-Energy Physics

Latest Issue \ Archive| CNL| Jobs | Links | Buyer's guide | White papers | Events | Contact us Search

YY) Ca n b e h ave i n REGISTER NOW CERN COURIER KEY SUPPLIERS

Register as a member of May 6, 2005
f d cerncourier.com and get full accessto  RHIC groups serve up "perfect’ liquid J A N l S

all features of the site. Registration e e S e

u n ex P e C e w a ys ° . = ° The four detector groups conducting research at the Relativistic Heavy cronenlc Sym'“s

is free.
lon Collider (RHIC) at the Brookhaven National Laboratory have
announced results indicating that they have observed a state of hot, M A\ .
RF Solutions

Go

dense matter that is more remarkable than had been predicted. In INDUSTRIES, LAC

. . papers summarizing the first three years of RHIC findings, to be

I n S P 'fe O F + h e Fa n fa S f I C s u Cce S s published simultaneously by the journal Nuclear Physics A, the four More companies »
collaborations (BRAHMS, PHENIX, PHOBOS and STAR) say that

instead of behaving like a gas of free quarks and gluons, as was

O F 1- h e s -l-a n d ard M O d e l' W e d O n’-l- ::pr::d;i;:ea.:::: created in RHIC's heavy-ion collisions appears to ~ Physicsworld.com

WEBINAR SERIES
H The evidence comes from measurements of unexpected patterns in
u n d e rs fa n d a Fe W e SS e n f I a I the trajectories of the thousands of particles produced in individual
collisions. The primordial particles produced tend to move collectively /
h 2 in response to variations of pressure across the volume formed by the
m e C a n l s m s ooeo colliding nuclei - an effect known as "flow”, since it is analogous to the

properties of fluid motion.
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~ Another why? (this one is, of course, enough!)

The behavior of QCD at high temperature is of obvious interest.
It provides the answer to a childlike question:

What happens if you keep making things hotter and hotter?

The behavior of QCD at large net baryon density (and low
temperature) is also of obvious interest. It answers yet another

childlike question: What will happen when you keep squeezing
things harder and harder?

(Frank Wilczek, Phys. Today, August 2000)

The Nobel Prize in Physics 2004:

"for the discovery of asymptotic freedom in
the theory of the strong interaction"

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga
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Physicists question:

What is the inner structure of matter and the
nature of strong interactions under extreme
conditions of tfemperature and density?

° Experiments: "squeeze”, “heat”, "break”

* Theory: in-medium quantum field theory, i.e.

- finite-temperature QCD
- finite-density QCD
- effective models

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga
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> Some disturbing “facts” about confinement:

* Confinement seems to be a property of hadrons.

* Confinement seems to be present in QCD.

* Lattice: evidence of confinement in pure gauge and QCD.
* There seems to be a confinement scale (masses, f, N\ 4.p).

» Some annoying problems:
* Theory is nonperturbative at relevant scales.

* Lattice is great but not perfect, and not Nature.
« “seems” is pretty annoying in all the “facts” above...

» We dont know that much, so we need a lot of input...

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga




5 To make progress in understanding (or at least in collecting

GOETHE ﬁ

asit facts), we need it all:

* Experiments and observations

* Lattice

* Theory

* Effective models

And also combinations whenever possible. Because...
 Experiments are really expensive, hard and “dirty”.

* Lattice has still several limitations (not only hardware...).

* Theory (QCD) can be (barely) solved in very specific
situations (usually away from the interesting region).

* Effective models capture just part of the game.

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga
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mechanics, the basic ideas are:

<> Perturbing the (confined) vacuum to study confinement by

* heating (temperature)

* squeezing or unbalancing species (chemical potentials:
baryon number, isospin, strangeness, ...)

* using classical external fields (magnetic, ...)

and taking the system away from confinement and back.

<> Relating (or not) confinement to other key properties of
strong interactions and QCD (chiral symmetry, etc).

< Trying to draw all possible phase diagrams of QCD and
“cousin theories” to learn basic facts.

CLASHEPR, Arequipa, March 2013
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«ore it Example of “we dont know that much”:
" position of the critical endpoint of QCD:

200 T T T T T T T
130 ey
T fo-e--HB@ITED:
MeV 17 O @ - glRO
150 F LEO4 - = - |
g N
o
5 L
INJL98. S
100 |- A o eI i
CO94 Lsmol  CITO2
*
—_— NILESh
50 - o *
2 $o
SNILOS NILROs
D 1 1 1 | | 1 |
0 200 400 a0 200 1000 1200 1400 1600
thp, MeV

[Stephanov (2006)]

® Model predictions, lattice, freeze-out points in HIC
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Second question you should ask:
WHERE??

Eduardo S. Fraga
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But before that, lets discuss an important point...

Collective effects x microscopic (“fundamental”) physics
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[Chen et al (2005)] Photons form a Bose-Einstein condensation
At first glance, the idea of a
slsctron Bose-Einstein condensate of photons

seems ridiculous: photons have zero

chemical potential, which is to say that
. Bose-Einstein condensation
their numbers are not conserved as
temperature varies. Indeed, there is no Bose-Einstein condensation of
photons in blackbody radiation. Remarkably, Martin Weitz of the

University of Bonn in Germany and colleagues have found a way round
[GITAM] this.
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Now, ok, back to the...

Second question you should ask:
WHERE??
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Experiments and observations
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First time: the early universe D, SEE0-% S by
=
. £ 9
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107 sec confinement = now
1 1 1 1 1 1 1 | !
+—— QGP + electrons + photons 10% 10% 100 1 10° 10° 10° 102 10" 10°¢ 102
10 eo e W francifi '
10-10 sec EW transition Time after Blg Bang (seoonds)
1032 sec end of inflation
(RHIC)
big bang
(RHIC)

Observables: relics

Temperature-driven from that time?
transitions (very low )
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In the lab - heavy ion collisions ("Little Bang”) &
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BHdner =33k

Nuclei as heavy as bulls
Through collisions
Generate new states of matter

-

8

i

P: e* + e -> q gbar (200 GeV)

DELPHI Run: 109358 Evt: 4988

z DAS: 28-Apr-2000 Sean:21-Oct-2002
22:51:43

Beam: 102.5 GeV Proc:28-Jun-2001

Tan+DST
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2
Using a simple approximation for the EoS, 3p~ e~ 7T—N(T)T"‘

we can estimate the typical sizes: 3

Early universe (Big Bang):

The radius of the universe, as given by the particle horizon in a Robertson-

Walker spacetime, where the scale factor grows as a(t)-1", is given by
(n=1/2, N~50 for QCD)

Lo (D) 1 1 45 \Y? Mp, 1.45 x 1018
4t \1—n TN (T) T2 (T/GeV)2V/ N

The system is essentially in the thermodynamic limit!

The system created in HIC’s is FINITE, and its

Heavy ion collisions (Little Bang): Logp < 10 — 15 fin  seercovmamomravan it

»® e

The system can be very small! -

L~2fm L<10fm L~10—- 15fm

Huge differences in (time and length scales) between Big and Little Bangs...

CLASHER, Arequipa, March 2013 Eduardo S. Fraga
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* Electroweak transition ~ 100 GeV  -> way too high..

e Chiral & deconfinement transitions ~ 150 MeV

QCD phase fransitions in the lab!
(very low u, temperature-driven)

. s

Pb+Pb @ sqrt(s) = 2.76 ATeV
2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693

CLASHEP, Arequipa, March 2013
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lumpy initial

, energy density

R
|
)

L.

¢ ~ 0 fm/c w~1 fm/c v ~ 10 fm/c R0 /e

Elliptic Flow: A Study of Space-Momentum Correlations In Relativistic Nuclear Collisions.
P. Sorensen, Quark Gluon Plasma, Vol. 4, World Scientific, arXiv:0905.0174 [nucl-ex]
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ONIERSITE To  rmmses
Compact stars (structure, supernovae, etc) T e
* New phases, condensates, color o |
superconductivity, etc in the core. o P
* Deconfinement and x symmetry might — e
affect explosion mechanism via EoS. Lo, Jree e
Neutron star mass (M,)

absolutely stable
strange quark
matter

uld|s
u
mS

CLASHER, Arequipa, March 2013

(F. Weber, 2000)

(Thorsett & Chakrabarty, 1999)
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f'il";'j;"'iiig °°° ''''''' Some extreme numbers:

UUUUUU

RHIC:
Vioun = 0.99995 ¢
T, » 200 MeV =~ 2 x 102 K

=) QFT at “high” temperature

Compact stars:
n, = 3 x 10 g/cm® = 0.16 fm3

Neore ® (4 = 15) ng [<Nggrin> = 5.5 g/em?]
M = 1 - 2 solar masses [M;= 2 x 1033 ¢]
R=6-16 Km [R¢ = 7 x 105 km]

==) QFT at "high” density + General Relativity

Eduardo S. Fraga

CLASHEP, Arequipa, March 2013



Third question you should ask:
HOW??
(theory, models, etc)
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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

. > 200figlliattice QGBS
° -l
(every detai l) . = < Perfectliidp = Quarks and Gluons
— { 2 - Critical point?
L L ..". {
E 8 \ . deCo,,ﬁne
m
ressure(T, it ,B,etc) AT
/ 1= ) ; Hadrons o
g 100F¥ 2 -
= 2 s [ %
& A qﬁc:,,o * rkyonic phaseny
& o
N W Color Super
/$\° Neutron stars  conductor
/W S vy
o0 Compact Stars ( Net baryon{nsity n/ ng

<< Nny=0.16 fm=3
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Tolman-Oppenheimer-Volkov equations:

* Einsteins GR field equations
e Spherical symmetry
» Hydrostatic equilibrium

d GM(r)e(r) (1) 4mr3p(r)
r R 1 - 2] {HZZ(_T)] {H M(ZZ“) ]
% — dmr2e(r) ; M(R) =M

 Given the EoS p = p(e), one can integrate the TOV equations
from the origin until the pressure vanishes p(R) = O

* Different EoSs define different types of stars: white dwarfs,
neutron stars, quark stars, strange stars, ...

CLASHER, Arequipa, March 2013 Eduardo S. Fraga
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[Demorest et al (2010)]
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collisions thermalization hydro hadronization freezeout >
“ 0 ° ‘e« ¢
® o . .\\
X ) s o *%,
[ | - s . : s ‘s .
e 0 P . O
. ‘\ " ~~st
O S
Initial fluctuation hydrodynamic model final state interactions

[Nonaka et al (2012)]

ALICE: PRL 105 (2010) 252302

=

0-40% Pb-Pb, |3, =2.76 TeV

ALICE
+ Dicect “eaKoenn
—— Direct photon NLO for u = 0.5 t0 2.0 p_(scaled pp)
—— Exponential fit A x exp(-pT), T = 304 £ 51 MoV

+

v, {4}

. (Geve) [from Gonzalezs talk]

CLASHER, Arequipa, March 2013 Eduardo S. Fraga
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—— ldeal hydrodynamics

\\\\\\\\\\\\\\\\\\\

m The fundamental equation of hydrodynamics is simply the
conservation of energy-momentum,

9,T"" =0
and of the baryon number,
Ou(n,v") =0

® The unknown functions are :
¢ p(t,x),e(t,x), n,(t, x)
¢ v#(t, Z) (3 unknowns only, since v,v* = 1)

m 9, T* =0and d,(n,v") =0 give only 5 equations

m An additional constraint comes from the equation of state of
the matter under consideration, as a relation between the
local pressure p and energy density ¢

[Gelis (2012)]

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga
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s clear that we REALLY need the EoS:

ALICE: PRL 105 (2010) 252302

> =
03 E— o v, () eas (@
= 200 o 1.
% Mé .'.(‘)lﬂll)
e 015~ x
> ==
: o
0.08
E 3
L 100t = Hadrons .
£ t & s f
> o iy ; 5
Kz : 3 oo T
' ) -p Q?% 1 al 018 ;—
;o s ] - :
 Nuclei __——’,/ {E : N';
xR 1 < / :
O
> % Compact Stars ghlfe\l_lﬁryon den
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2.0

Mass (M)
3
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o
T

0.5F

0.0

12 13 14 15

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga




Now, ok, back to the...

Third question you should ask:
HOW??
(theory, models, etc)
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The theory is, in principle, given:

L= R+ 204000 = my i " A7

F$, = 0,A% — 0,A% + gf**° A} AS

j $c
e~ g (1Y) mu»g;" ~ g (T*)be élrf,’}
i %, b S %

Then: compute the thermodynamic potential, blah blah...

Well, its not so simple...

CLASHER, Arequipa, March 2013 Eduardo S. Fraga
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o5 Asymptotic freedom & the vacuum of QCD

Density

Individual
nucleons

Quark gluon
plasma

-

CLASHEP, Arequipa, March 2013

* Matter becomes simpler at
very high temperatures and
densities (T and u as energy
scales in a plasma), but very

complicated in the opposite
limit...

T and u are not high enough
in the interesting cases...

e Finite T pQCD is very sick...

Eduardo S. Fraga
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Finite T pQCD is IR sick...

Nonlinear effects become important for: | (04)%) ~ g*(A*) ~ ¢*(A?)?

_ e o _ [(Fdk 1 1 Rk T
Long-wavelength fluctuations: | (42, ~ / @rp kk/T_1 / G =T

Scale for PT breakdown: | . ~ 427

e Hard degrees of freedom: the plasma particles
kT (A ~T° (@A) ~T"  ¢{A%); ~g'T"
e Soft degrees of freedom, collective modes
ke~ gl (A%~ gT?  ((0A))yr ~ g°T" g* (A% ~ g'T"
e Ultrasoft degrees of freedom, unscreened magnetic fluctuations

k~gT  (Aer ~g°T>  ((0A)%)pr ~ ¢°T* g (A%)0p ~ ¢°T"

[Blaizot (2004)]

CLASHER, Arequipa, March 2013 Eduardo S. Fraga
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» (/+ 1)-loop diagram: contribution to pressure

......

contribution from o NTER 3]
Matsubara 0-mode: P~g (de P) p=(p* + m?)

g2 for 1=1,2
g7 In(T/m) for |=3
g? TG T/m)2 for >3

magnetic mass M., ~ g2 T = all loops (/ > 3) contribute to g°

even for weak coupling!

CLASHEPR, Arequipa, March 2013 Eduarde S. Fraga
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hadrons
low temp.
and density

|

hadronic models,
nuclear field theory

(us!)

???

T~T. ; nvn,

\4

quarks
high temp.
and density

|

PQCD at T>0 & u>0
asymptotic freedom

where all the things that matter happen..

there is no appropriate formalism vyef...

CLASHER, Arequipa, March 2013
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Ok, lets not desperate... as we said, there are many ways out!
Some popular examples:
e Very intelligent and sophisticated brute force: laftice QCD
e Intensive use of symmetries: effective field theory models
» Redefining degrees of freedom: quasiparticle models
* "Moving down” from high-energy pQCD
* "Moving up” from hadronic low-energy (nuclear) models

And we can and should also combine a bunch of them.

CLASHER, Arequipa, March 2013 Eduardo S. Fraga
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But, before all that, lets do something REALLY simple...

The MIT bag model (70%)

Asymptotic freedom + confinement
in the simplest and crudest
fashion: bubbles (bags) of
perturbative vacuum in a
confining medium.

+ eventual corrections ~ o,

» Asymptotic freedom: free quarks
and gluons inside color singlet bags

e Confinement: vector current
vanishes on the boundary

CLASHEP, Arequipa, March 2013 Eduardo S. Fraga
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e Confinement achieved by assuming a constant energy density
for the vacuum (negative pressure) =» bag constant (B)

 B: phenomenological parameter, extracted from fits to masses
(difference in energy density between the QCD and the pert. vacua)

e Hadron mass (spherical bag):

\ 17} . . 16
E, = "“vacuum” + kinetic ~ |§7r333+60n8t = M=~ TR; B

R
* Hadron pressure: __9Bn _ _p const at equilibrium
pn=—Zy = B+im=0 (ot e )

CLASHER, Arequipa, March 2013 Eduardo S. Fraga
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e Assuming a deconfining transition, the pressure in the QGP
phase within this model is given by

4

2T4
10:(1/1)—|—z1/f)7T — B

90

whereas the pressure in the hadronic phase (pion gas) is

Pr = Vg

w2 T4
90

neglecting masses for simplicity. Here, we have the following
numbers of d.o.fs: v_.=3, v, =2 (N2-1)and ve= 2 NN,
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For instance, for N. = 3 , N; = 2 and BY4 = 200 MeV:

458\ /4
= ( ) ~ 144 MeV [not so bad as compared
17m? to lattice QCD results]

and a 15' order transition [differs from lattice QCD results]
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To go beyond in our study of the phases of QCD, we need tfo
Know its symmetries, and how they are broken spontaneously
or explicitly. But QCD is very complicated:

* First, it is a non-abelian SU(N,) gauge theory, with gluons
living in the adjoint representation

* Then, there are N, dynamical quarks (who live in the fund. rep.)

* On top of thaf, 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:

pure glue SU(N):

e Z(N) symmetry (SSB)
e order parameter: Polyakov loop L
e deconfining trans.: N=2 (2"¢ order), N=3 (weakly 15" order)

+ massless quarks:

e chiral symmetry (SSB)

e order parameter: chiral condensate G

e Z(N) explicitly broken, but rise of L = deconf.
e chiral trans.: N=3,2 (N.=2) - 2" order

+ massive quarks:

Z(N) and chiral explicitly broken
Yet vary remarkably and L < ¢
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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
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