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Physics of Strong Fields   
B: Foundations and Applications

 Conceptual challenges: Supercritical Fields, Positron 

Production, Radiation Reaction, =Critical Acceleration 

 Mach’s principle, acceleration, radiation, inertia

 “Empty” space: aether and the  quantum vacuum 

  Origin of forces  and nature of mass, stability  of matter
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Strong Fields: positrons from
 superheavy elementes
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Experimental Realization: 
Heavy  Ion collision
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Same? Different? 
pair production

in constant fields

E s=
2m0 c2

eDc

  with D c=
h

m0 c2

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 around 1935, added 
into Schwinger's article as a visible after finish-point.

Es=1.3 1016 V/cm

In laser focus this corresponds to Is=2.3 1029W/cm2  

The sparking of the QED dielectric
               

J SchwingerW Heisenberg 
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I. Realization of Klein's paradox
The equation relating energy, mass and momentum in 
special relativity is:   E2 = p2c2 + m2c4, taking root find in 
quantum physics wo possible energy bands 

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

Relativistic quantum 
physics predicts antimatter 
and allows formation of 
pairs of particles and 
antiparticles.
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II. Our -New local vacuum state

Speed of decay of false vacuum controlled by 
Heisenberg-Schwinger field strength.
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Another Strong Field Problem 
Radiation-Acceleration Trouble

Conventional Electromagnetic theory is incomplete: radiation emitted needs 
to be incorporated as a back-reaction “patch”: 

1) Inertial Force = Lorentz-force
     -->get world line of particles=source of fields
2) Source of Fields = Maxwell fields 
    --> get fields, and omit radiated fields
3) Fields fix Lorentz force --> go to 1.
   
Note that quantum electrodynamics (QED) is created to agree with 1)-2)-3) so it is 
also a small acceleration-radiation theory. 

So long as the radiated fields are small,  we can modify the Lorentz Force to 
account for radiated field back reaction. The “Lorentz-Abraham-Dirac (LAD)”  patch 
is fundamentally inconsistent, and does not follow from an action principle. Many 
other patches exist; I like Landau-Lifschitz patch - it introduces a nonlinear and 
partially nonlocal Lorentz-type force. No action principle is knownNo action principle is known
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To resolve  inconsistencies: we need a NEW “large 
accelaration” theory of electro-magentism, comprising 

Mach’s principle, and challenging understanding of inertia.

THEORY Question: How to achieve that charged particles when 
accelerated  radiate in self-consistent field – and we need EM theory 
with Mach principle accounted for (gravity, quantum physics=zero 
acceleration theories)! 

EXPERIMENT: strong acceleration required. What is strong: unit 
acceleration=Heisenberg-Schwinger Field – see a seperate “Critical 
Acceleration” lecture. 

 
Is there a limit to how fast we can accelerate electrons to ultra high 

energy? That is Born-Infeld electromagnetism/

Can the empty space remain transparent to a plane wave of arbitrary 
intensity? And why? Perfect translational symmetry required.
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Towards a new experiment 
 Electron – Light Pulse  Collider 

acceleration Ɣ-times bigger in 
e-rest frame: E=Ɣmec2 

 Possible Location: Jlab 12 GeV 
C=continuous  e-beam Ɣ=24,000, 
a0eff =Ɣ a0  
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Inertia & Mach’s Principle 

Measurement of (strong) accleration requires a 
Reference frame: what was once the set of fixed 

stars in the sky is today CMB photon freeze-out reference 
frame. To be consistent with special relativity: all inertial 

observers with respect to CMB form an equivalence class, 
we measure acceleration with reference to the CMB inertial frame.

In Einstein’s  gravity  reference frame provided by metric. 
However, there is no “acceleration”, a dust of gravitating particles 

is in free fall. Only in presence of  a rigid body created by 
quantum physics combined with EM force, Mach’s principle a 

concern, and we are lead to remember the “aether”.  

Ernst Mach
 1838-1916

... with the new theory of electrodynamics we are rather forced to have an aether. – 
P.A.M. Dirac, ‘Is There an Aether?,’ Nature, v.168, 1951, p.906.
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Aether returns 1919/20
General Relativity and Cosmology:  gravity as 

space-time geometry, time has a beginning
Mach’s Principle:  Acceleration REQUIRES as 

reference a set of equivalent inertial frames. One 
could call it aether.

Einstein 1920: “But this aether may 
not be thought of as endowed 
with the quality characteristic of 
ponderable media, as consisting 
of parts which may be tracked 
through time. The idea of motion 
may not be applied to it.”
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How can the laws of physics be 
known in all Universe?

“Recapitulating, we may say that according to the 
general theory of relativity space is endowed with 
physical qualities; in this sense, therefore, there 
exists an aether” 

“According to the general theory of relativity space 
without aether is unthinkable; for in such space 
there not only would be no propagation of light, but 
also no possibility of existence for standards of 
space and time (measuring-rods and clocks), nor 
therefore any space-time intervals in the physical 
sense.” Albert Einstein, 

Ather und die 
Relativitaetstheorie 

(Berlin, 1920):

TODAY: The laws of physics are encoded 
 in quantum vacuum structure
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A “naive” vacuum structure model of 
quark confinement  in 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 the 
inside of a hadron. 
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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 Gα µν
µνπ= =

Square of fields does not average out: “condensates
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Melt the vacuum
  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   (160 MeV)   vacuum melts, quarks free

  T < ~  1015 K     electromagnetic and weak interactions separate

T > ~  1015 K   (160 GeV)   Higgs vacuum melts, all quarks massless
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Do we live in False vacuum? 

“We conclude that there are no credible 
mechanisms for catastrophic scenarios (with 
heavy ion collisions  at RHIC)” (Jaffe, R.L., 
Busza, W., Sandweiss, J., and Wilczek, F, 2000, 

Rev. Mod. Phys. 72, 1125-1140) 
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Melting the QCD vacuum
Nuclear Collisions at 
Relativistic energy E>>Mc2
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Strangeness Signature of QGP 
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How was matter created?

      After the  Big-Bang the 
“vacuum” was different till 
about at 30 µs – expansion 
cooled the temperature T to 
a value at which vacuum 
changed and our matter 
“froze  out”. At that time 
the density of matter was 
about ~1016 gm / cm3 
(energy density ~ 10 GeV / 
fm3, well above that of the 
center of neutron stars, 
that is ~60 times nuclear 
energy density), and 
temperature was T ~ 160 
MeV, that is ~ 2x1012K.

Matter emerges 
from 
quark-gluon  
plasma



Makutsi    Horizons  
 November 26,2015

Johann Rafelski, Arizona 26

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 (could be the case 
near to matter).

Can we really  proceed to plan 
experiments and to travel 
back in time to the 
beginning of the Universe. 
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We do. 
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The End
I have  no doubt that Walter was the  most important I have  no doubt that Walter was the  most important 
external force in my  physics life, and without any doubt external force in my  physics life, and without any doubt 
whatsoevver, his believe in my abilities has  greatly helped whatsoevver, his believe in my abilities has  greatly helped 
me to find a path in life. me to find a path in life. 

THANK YOU WALTER GREINERTHANK YOU WALTER GREINER
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