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Relativity Matters: Acceleration Frontier
Rescuing Galileo's relativity principle, Einstein conceived the framework
of (special) Relativity Theory, solving later the problem of gravity, a
sub-domain of S-Relativity. S-Relativity, however, is still incomplete.
The unsolved effort to understand forces in general sometimes causes
abuse of principles on which our understanding of effects such as
the relativistic Doppler effect and the Lorentz-Fitzgerald Body
contraction relies. The question of how a body "knows" that it is
accelerated is the riddle. Among more practical relativity challenges
I describe the effort to formulate covariantly the Stern-Gerlach deflection
and radiation reaction forces. Here we meet the strong acceleration
physics frontier of classical and quantum physics where the quantum
vacuum, a.k.a Einstein's  non-material ether, can be probed.
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Relativity Matters: 
The Acceleration Frontier

Jan Rafelski, Department of Physics, The University of Arizona, Tucson

Presented in Krakow on July 4, 2018
 At: Jagiellonian University; The Department of Particle Physics and Applications
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The Arizona SRelativity Group
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Special Relativity Matters: 
Acceleration Frontier

Introduction
Teaching Special Relativity 
Body Contraction
Forces and acceleration

Mach's principle 

The Aether aka: Quantum 
Structured Vacuum

Acceleration Frontier
Radiation-Reaction
Stern-Gerlach force
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Long Interest in teaching SR
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(Special) Relativity evolves 

Text pdf available for free  if your library subscribes to 
Springer Physics
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Issues in Learning Special Relativity  
Professors: If and 

when we need to 
say “paradox”, “not 
real”, it means we 
are not sure what 
we are teaching

Students: choose 
SR sources 
carefully, lots of 
bad stuff around 
(many false 
prophets)

Remember:  “S” R bigger 
unfinished theory 
compared to GR  and 
yet GR in minds of 
many superseeds SR  

 Non-static context: 
evolving SR 
concepts cannot be 
presented 1905 way

Incomplete explanations: 
body contraction,  
time dilation,   
Doppler effect 

  Message: insist 
SR “incomplete” 
as it is unfinished 
(acceleration)
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Teaching SR I ask students about
 

body contraction: I offer a choice -
What is “Lorentz contraction”:    = 1/(1 – v2/c2)1/2 

Some say space is contracted. Can this be true?
Other say this is distance contraction. What is this?
A few claim this is “apparent” body contraction. Apparent?

Einstein wrote a “response” in 1911 explaining that his and 
Lorentz views in this matter agree:  body contraction is 
real (just like kinetic energy and momentum of a car is 
real even if it is zero for the driver, jr). In 1911 nobody 
would confound material body and space-time. That was 
before GravityR. GR short-circuits SR thinking. 
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Relativity
Einstein 1905: Inertial Motion 

 

Problems with understanding of body 
contraction, time dilation, Doppler 
effect:  Frequent confounding of 
body behavior with coordinate 
transformation of space and time

Lorentz-Bell simpler: 
transfer bodies from on 
to another frame of 
reference using 
sub-nano-forces

1911 Einstein:
“...it (Lorentz-FitzGerald body contraction) is  real and in principle 

observable by physical means by any non-comoving observer.” 

We understand the energy, momentum in this way 
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Spatial distance vs body length: Bell rockets
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Is a passenger on a relativistic rocket 
aware she is “contracted”?

A. Einststein 1911: No - there is no absolute 
reference frame in the Universe, she cannot 
know against what she contracts. 

J. S. Bell 1976 of “inequality fame”: advocates “physical 
reality” (Lorentz) view of relativity (idea not new): use 
accelerated motion to move from one inertial frame to 
another. The history of the shift between frames of 
reference  allows to construct a “clock” for Lorentz 
contraction. 
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The moving electron cloud mirror is body compressed.
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Relativity
A Einstein 1905: considers inertial Motion 

a consistent framework, HOWEVER:

1916 Einstein 
Included Force of 
Gravity by allowing 
curved space-time

NOT a topic of today

 GR : consistent 
“General” Relativity=
   Gravity Relativity

1905  “Special” 
Relativity  works since: 
lab acceleration negligible: 

“nano-forces”  Theory
Incomplete: missing EM forces

Fundamental Problems with 

Forces:  F=e(E+v x B) “Lorentz” 

multiple extenstions needed
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Seeking Acceleration Reference 
Frame: The Aether and the 

Quantum Vacuum
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Mach’s Principle 
Measurement of 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 other words the Universe, some say the 
structured Quantum Vacuum.

In Einstein’s  gravity alone there is no “acceleration”, all 
observers are in a free fall. Mach’s principle important in 

presence of other forces 

Ernst Mach
 1838-1916
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The word aether  in Homeric Greek 
means “pure, fresh air” or “clear sky”,  
pure essence where the gods lived 
and which they breathed. The aether 
was believed in ancient and medieval 
science  to be the substance that filled 
the region of the universe above the 
terrestrial sphere. Aristotle imposed 
aether as a  fifth element filling all 
space. Aether was later called 
quintessence (from quinta essentia, 
"fifth element"). The "luminiferous 
aether" (light carrying aether)  is  the 
“substance”  believed by Maxwell,  
Larmor, Lorentz to permeate all the 
Universe. Einstein flips on the topic, 
introduces relativistic aether 1920.
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Michelson-Morley: No aether wind, no drag
 The Earth moves in space ( today 

we know the speed with reference 
to the big-bang frame of 
reference). Michelson-Morley 
experiment: no aether dragged 
along,  birth of Lorentz-Fitzgerald 
contraction  and relativity. 

 Einstein 1905: who needs 
aether? All inertial observers are 
equivalent (principle of relativity).

Einstein’s view about aether changes drastically by 1920
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Aether returns 1919/20
General Relativity and Cosmology:  gravity as 

space-time geometry, time has a beginning
Gravity metric is the new 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. 
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. 

“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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Structured Q Vacuum
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A few decades later:
Quantum vacuum structure 

replaces
Aether  defining inertial observers

Quantum vacuum defines structure of physical laws, clarifies 
meaning of inertia and allows us to recognize acceleration. 
Not understood: how noninertial motion is resisted.

We remember that objects falling in material atmosphere  are 
subject to friction. Difference to nonmaterial Einstein aether 
where we need  acceleration
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Long-standing interest in 
quantum vacuum structure: 
1985 book and a chain of 20 

papers over 40 years
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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

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 visibly after finish-point.

Es=1.3 1016 V/cm

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

The sparking of the QED dielectric
O. Klein, Sauter, Euler

               
J SchwingerW Heisenberg 
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Virtual Pairs: 
The vacuum is a dielectric

The vacuum is  a dielectric medium: a charge is screened by 
particle-hole (pair) excitations. In Feynman language the real photon 
is decomposed into a bare photon and a photon turning into a “virtual” 
 pair. 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.
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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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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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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



4th July 2018 Relativity/Acceleration  JR/UA 35

  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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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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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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Back to Acceleration
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But: Does 
Acceleration Exist?

 Acceleration not 
inherent to quantum 
mechanics: all quantum 
operators made of x,p

Gravity as deformation of 
space time geometry: 
motion on geodetics 
(generalized straight lines)

However: A  classical “charged” accelerated particle radiates 
demonstrating it “knows” when in state of accelerated 
motion. How is “know” possible?

Mach’s Principle:  Acceleration REQUIRES as reference a 
(set of equivalent) inertial frame(s) so we know a body is 
accelerated. This path leads back to the aether. 
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Acceleration=0 approximation  
how big is “a” in laboratory?

Ultra-relativistic electron in a magnet of 4.41Tesla
  aMAX=(e/Me) vxB

        =1.6 10-19  3 108 4.41 /(9.11 10-31 )=2.33x1020m/s2=nano acr

Compare: Natural “unit-1” acceleration

acr=Mec2 c/(h/2π)=9.11 10-31 27 1024/1.05 10-34=2.33 1029m/s2

This is also the acceleration generated by “critical” or Schwinger  EM  

fields”: Ecr=(Mec2 )2 /(ehc /2π)=1.323 1018 V/m

                Bcr=(Mec2 )2 /(ehc2 /2π)=4.414 109 T
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Radiation-Acceleration Trouble
Conventional SR+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.
   
So long as radiated fields are small,  we can modify the Lorentz Force to account for 
radiated field back reaction approximately
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We need to extend (S)R to account for missing forces: 

1: EM Radiation reaction force
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Solving LL Equation for a-crit
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Puls Lorentz Transform (LT)
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Nuclear Collisions at energy E>>Mc2

Another context for critical acceleration 
experiments: Relativistic Nuclear Collisions



4th July 2018 Relativity/Acceleration  JR/UA 52



4th July 2018 Relativity/Acceleration  JR/UA 53

EM Forces Incomplete
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Missing EM “Stern-Gerlach” force
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Conclusions

After many years of neglect we find ourselves 
already immersed into an encore of SR with 
opportunties in probing acceleration frontier in 
high intensity laser-particle interaction and 
RHI experiments at CERN and RHIC probing 
critical acceleration. Teaching relativity to 
future researchers in this field a challenge. 
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