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Rafelski Lecture 1: 
All about the quantum vacuum
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Introduction and Motivation of 
the research program on QGP 

based on 1985 book
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 Quantum Vacuum Structure of electrons and photons (QED)

 Strong fields, quark confinement

 Higgs and  EM+WI unification: vacuum defines physics laws

 Melting “frozen” quantum vacuum structure: deconfinement

 Cosmological connections: dark energy, primordial QGP

Lecture 1: 3rd Andean School on Nuclear Physics
QCD, Quark Gluon Plasma and HI Collisions

Structured Quantum Vacuum and  
Quark-Confinement
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What is new in Quantum Mechanics?

Vacuum = “ground state” of lowest energy of a physical system

The quantum uncertainty challenges the idea of  space “free of matter” =vacuum

The uncertainty principle of quantum physics
E t  h Forbids a truly empty world

M Planck      N Bohr     L de Broglie   E Schroedinger  W Heisenberg    M Born 
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Relativity enters the quantum world: 
Paul Dirac - St Maurice, VS
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Klein's “Paradox”

The Dirac equation uses  energy, mass and momentum of special 
relativity   E2 = p2c2 + m2c4, taking root we find in quantum physics 
two  energy (particle) bands. A potential mixes these states! 
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Relativistic quantum physics: 
antimatter and pair production

 

The relativistic 2mc2 energy gap reminiscent 
of insulators, where  conductive band is above 
the valance (occupied) band

Relativistic quantum physics predicts 
antimatter and allows formation of pairs of 
particles and antiparticles.

Dirac equation has negative energy states: to 
stop collapse of matter Dirac invokes Pauli 
principle and postulates antimatter: Positrons 
are holes in the occupied sea of electrons. 
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 Pair production
in constant fields

Effect large for   Field

Probability of vacuum pair production  can be evaluated in WKB 
description of barrier tunneling: All E-fields are unstable and can 
decay to particles – footnoted by Heisenberg 1935; added into 
Schwinger's 1950 article as a visible after finish-point
 (my idea how this happened:  referee=Heisenberg).

Es=1.3 1016 V/cm

The sparking of the QED dielectric
               

J SchwingerW Heisenberg 
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Virtual Pairs: 
The vacuum is dielectric

The QED vacuum is recognized a dielectric medium: a charge is screened by 
particle-hole (pair) excitations. The real photon is composed of a bare 
photon and a photon turning into a “virtual”  pair etc. The result: 
renormalized electron charge smaller than bare, Coulomb interaction 
stronger (0.4% effect)
This effect has been studied in depth  in atomic physics, is of particular relevance 
for exotic atoms where a heavy charged particle replaces an electron. Effect 
checked experimentally to better than a permille.
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 In strong potentials a new structured stable 
local vacuum state

Speed of decay of false vacuum controlled by 
(Heisenberg-Schwinger mechanism) E-field strength.
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Experimental Realization: 
Quasi-Molecules in Heavy  Ion collision
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1974 first local vacuum 
structure model of quark 

confinement  inside hadrons

 Quarks  live inside a domain where 
the (perturbative)  vacuum is without 
gluon fluctuations. This outside 
structure wants to enter, but is kept 
away by quarks trying to  escape.

 The model assumes that the energy 
density E/V=0 of the  true vacuum is  
lower than that inside of a hadron. 
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  Origin of Forces and Nature of 
Mass, Stability of Matter

  “Elementary” masses are generated by  
the vacuum. Two dominant  mechanisms:

 Higgs vacuum: <H> =h= 246 GeV; 
 mhiggs=h/2 (?); defines mass for W, Z; top, 
bottom, charm(?), contributes to lighter particle mass

 QCD vacuum latent heat at the level of <EVp>=0.3 GeV =: 
nuclear mass scale, quarks get constituent mass and are 
confined. QCD vacuum structure provides +95% of mass of 
matter  

Units are G=giga, M=mega  e=electron charge, V=Volt, 

mec2  =0.511MeV 
(EM mass!)

mNc2  =0.940GeV
(QCD mass)
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Quantum Chromo-Dynamics(QCD):
Quark colour field lines confined

Most of the mass of 
visible matter is due 
to QCD - 
confinement

N o n - p e r t u r b a t i v e  V a c u u m

P e r t u r b a t i v e  V a c u u m

cc

P e r t u r b a t i v e  V a c u u m

cc

Normal vacuum allows field lines
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Color confinement due to gluon 
fluctuations 

 QCD induces chromo-electric and 
chromo-magnetic fields throughout space-time – 
the vacuum is in its lowest energy state, yet it is 
strongly structured. Fields must vanish exactly 
everywhere  

 This is an actual computation  of the four-d  
(time +3-dimensions) structure of the gluon-field 
configuration. The volume of the box is 2.4 by 
2.4 by 3.6 fm, big enough to hold a couple of 
protons. 

  Derek B. Leinweber's group (U Adelaide)  

Numerical Method used:
 lattice in space time  

0H 

3 4(235 MeV) , (335 MeV)sqq G G 
 

Square of fields does not average out: “condensates
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Melting the QCD vacuum in
Nuclear Collisions at  Relativistic energy E>>Mc2
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The story how we got to QGP
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Alice-LHC collaboration explains
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Experiment: melt the particle structure
  T < ~ 103 K       molecules intact

T > ~ 103 K   (0.1 eV)   molecular dissociation 

  T < ~ 104 K      atoms intact

T > ~ 104 K  (1 eV)     atomic ionization, plasma formation

 
  T < ~  109 K    nuclei intact

T > ~  109 K  (0.1 MeV)    nuclear reactions 

  T < ~  1012 K     protons intact

T > ~  1012 K   (150 MeV)   vacuum melts, quarks free

  T < ~  1015 K     electromagnetic and weak interactions separate

T > ~  1015 K   (150 GeV)   Higgs vacuum melts, all quarks massless
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Travel back in time in the Universe history
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How was matter created?

      After the  Big-Bang the 
“vacuum” was different till 
about at 20 s – expansion 
cooled the temperature T to 
a value at which vacuum 
changed and our matter 
“froze  out”. At that time 
the density of matter + 
antimatter was well above 
that of the center of 
neutron stars, perhaps ~50 
times nuclear energy 
density), and temperature 
was T ~ 150 MeV,~ 2x1012K.

Matter emerges 
from quark-gluon  
plasma
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Normal (QED),

The Higgs vacuum and  
symmetry breaking

0H 
H

U

0H 

“Higgs” and 

H

U

Fluctuations

U

H

False Vacuum

Vacuum 
energy=dark 
energy

Release in 
vacuum 
decayHiggs field  in the vacuum makes weak interactions 

weak and 2nd and 3rd particle generation heavy
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Do we live in False vacuum? 

Dark Energy: (unlike dark 
matter) a property of the 
vacuum indicating we are 
not in ground state in the 
Universe.

Though significant fraction 
today, it is invisibly small the 
early Universe.  
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We do. 
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Big Ideas in Summary

Accomplished: We established by discovery of 
QGP in RHI collisions that the Universe is filled 
with Aristotelean quintessence confining quarks 
and  providing 95+% of the mass to matter.

Future hopes: We seek to understand origin of 
dark energy, get an handle on nature of flavor  
and reconsider the cause of matter-antimatter 
asymmetry.
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Outlook lectures 2-4: 
Strangeness Signature of QGP 
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