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Modern



What is “Modern” about Special 

Relativity?

• Clarification of concepts in SR and recognition of the 

role of acceleration

• Arbitrarily small acceleration accumulates to generate 

body contraction and time dilation

• Modern developments in understanding origin of matter

• Modern applications of using light to accelerate 

particles

• Horizons of relativistic interstellar space travel

• Aether is back as structured quantum vacuum: 

Exploration with intense laser pulses

Scope of change in a 150 years since need 

(Maxwell’s Equations) for SR was born
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Challenges teaching SR to students

• Some books claim that Lorentz body contraction and time 

dilation are the same and that one confirms the other; or that 

space is contracted (???). The first is wrong, the second is 

nonsense.

• Incorrect use of SR generates claims of “paradoxes” or “not 

real” effects.

• Frame-dependant phenomena are well established in all 

areas of physics.

• Students fact-check you live against SR hobbyist know-

how and their entertaining videos with invented truths.

• We think SR is a living and evolving theory while SR is 

taught as a footnote of Gravity Relativity (GR).

• Teaching of SR as an independent topic is necessary to 

ensure correct use in diverse scientific research fields.

From a serious book that 

millions of students have used.
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Challenges teaching classical electromagnetism

We have two separate theories:

• Given sources of charges and currents, solve [improved] Maxwell’s eq. for EM fields.

• Given EM fields, solve [improved] Lorentz force for charged particle motion.

“… a complete satisfactory treatment of the reactive effects of radiation [caused by 

acceleration, JR] does not exist.” 

– J. D. Jackson, Classical Electrodynamics, p. 781, (1999).

There is a disconnect as accelerated charges radiate and lose energy and momentum which should 

be reflected in their motion! A self-consistent reaction/friction force and/or a modification to the 

fundamental properties of EM fields is needed.

There are many models of radiation friction and modifications to EM like Born-Infeld.

There is no action principle for radiation reaction models. 

To solve the problem, we need to connect acceleration and SR. 6



Challenges understanding strong forces and strong acceleration

Einstein in 1905 developed SR invoking only inertial observers. 

Einstein discusses electromagnetic fields: The word acceleration does not appear.

In daily life, all accelerations are far below the natural “unit-1” value of acceleration.

𝑎𝑐𝑟 = 𝑚𝑒𝑐
2
𝑐

ℏ
= 2.33 × 1029

m

s2

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

𝐸𝑐𝑟 =
𝑚𝑒𝑐

2 2

𝑒ℏ𝑐
= 1.323 × 1018

V

m

𝐵𝑐𝑟 =
𝑚𝑒𝑐

2 2

𝑒ℏ𝑐2
= 4.414 × 109 T

Ultra-relativistic electron in a magnetic field of 4.41 T at CERN experiences:

𝑎𝐶𝐸𝑅𝑁 =
𝑒

𝑚𝑒
𝒗 × 𝑩 = 2.33 × 1020

m

s2
~ 𝐧𝐚𝐧𝐨 𝒂𝒄𝒓

SR absorbs nano-acceleration setting Δv
= aΔt however: Accelerated twins age 

slower compared to inertial twins.
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Near to critical acceleration/fields: Electromagnetism must be improved!



• GR: Gravity Relativity aka General Relativity

• Weak Interaction

• Electromagnetic Interaction

• Strong Interaction

Part I 

Special Relativity: 

The Foundation of all Modern Physics
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“On the Electrodynamics of Moving Bodies” A. Einstein, 1905
“Does the Inertia of a Body Depend upon its Energy Content?” A. Einstein, 1905

SR is not

about gravity 

and/or space-time.

• Electromagnetism.

• Body contraction.

• Time dilation.

• 𝐸 = 𝑚𝑐2

• Constancy of the 

speed of light.

As Einstein titles/content imply SR is about: 

Einstein in 1905 SR introduced the principle 

of relativity into EM and explored 

consistency consequences.
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Conceptual Clarifications
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1: Space Is NOT Contracted
The fact that one IO measures event coordinates that are different from those measured by 
another IO does not mean that there is a change to the space-time manifold.

Section 3.5: Resolving Misunderstandings of SR, pg. 59-63

3: Lorentz-FitzGerald Body Contraction and Time Dilation ARE Independent of Each Other 
Any elementary particle can experience large time dilation but cannot experience a Lorentz-
FitzGerald body contraction irrespective of another material body being present.

4: The Lorentz-FitzGerald Body Contraction IS Real
Since a Lorentz-FitzGerald body contraction ‘clocking’ instrument could be constructed, 
body contraction is a real and independent phenomenon.

2: Extended Bodies HAVE a Place in SR    A cohesive extended body is naturally different 
from a cloud of non-interacting particles. Since space does not contract, a particle cloud 
does not either. All cohesive material bodies are contracted.
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Section 3.5: Resolving Misunderstandings of SR, pg. 59

5: Small Acceleration IS ALWAYS RELEVANT 
Accelerated observers are never equivalent to IOs for the simple reason that no matter how 
small the acceleration is, we can tell it is present. Bell Rocket example: no matter how small 
the acceleration is which propels the two independent rockets, only a material body 
connecting them will be contracted, and not the spatial separation between these rockets.

6: Time Dilation Is NOT Observer-Reversible = ‘Twin Paradox’
A returning space traveler will always be younger since the laboratory twin was inertial. This 
is so because for each body only its proper time is a meaningful measure of time flow. 
There is no paradox.

7: Relativistic Doppler Effect is NOT Related to Time Dilation at Source
Einstein: The light wave carries to the observer the information about the source, allowing 
later decoding of the relative motion and thus the determination of the relative shift in 
frequency and wavelength. The SR Doppler shift is created in the process of observation.



Imagine if two events occur at 

the same time in two different 

places for one observer 𝑂′ so that

Δ𝑡′ = 𝑡1
′ − 𝑡2

′ = 0

Then another observer 𝑂 with 

relative velocity 𝑣 will see

Δ𝑡 = 𝑡1 − 𝑡2 ≠ 0

And will believe the events 

happen at different times.

There is only one observer independent distance in SR.

• If Δ𝑡2 −
Δ𝑥2

𝑐2
> 0 then this is a “time-like” distance.

• If Δ𝑥2 − Δ𝑡2𝑐2 > 0 then this is a “space-like” distance.

• This notion never changes under Lorentz 

coordinate transformations.

Lorentz transformations (in Lorentz form):

Δ𝑡 =
Δ𝑡′ +

𝑣𝑥
𝑐2
Δ𝑥′

1 −
𝑣𝑥
2

𝑐2

Δ𝑥 =
Δ𝑥′ + 𝑣𝑥Δ𝑡

′

1 −
𝑣𝑥
2

𝑐2

Minkowski in 1908 clarifies space-time and proper time
Space-time distance is unique, and simultaneity is not protected in SR 

13



Coordinate transformations must be consistent with physical 

phenomena in SR: Two examples

Lorentz transformations (in Larmor form) 

accommodate:

𝑡′ = 𝑡 1 −
𝑣𝑥
2

𝑐2
−
𝑣𝑥
𝑐2
𝑥′ 𝑦′ = 𝑦

I. When 𝑥′ = 0, then 𝑡′ corresponds to the clock time of the body and 

we have time dilation.

𝑥′ = 𝑥 1 −
𝑣𝑥
2

𝑐2
− 𝑣𝑥𝑡

′ 𝑧′ = 𝑧

II. When 𝑡′ = 0, then 𝑥′ corresponds to the contracted observed body 

length of a moving object.

Galilean transformations:
𝑡′ = 𝑡 𝑦′ = 𝑦

𝑥′ = 𝑥 − 𝑣𝑥𝑡
′ 𝑧′ = 𝑧

Galilean transformations assure 

simultaneity for all observers.

Time transforms so simultaneity is 

not assured. For Lorentz transforms, 

one only observer is simultaneous.

14



Differences in observing the traveller:

Coordinate transforms change neither 

the observed body nor spacetime

Lorentz coordinate transformations let you 

describe the coordinate systems of different 

observers.

The “set” of all possible transformations 

(rotations, translations, and more) in an empty 

spacetime is called the Poincare group.

But no matter what perspective you take, the 

object itself is unchanged. Coordinate 

transformations do NOTHING to the object or 

spacetime.

A

B

C

D
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Part II 

Special Relativity: Consequences

16

• Time dilation

• Doppler effect

• Body contraction

• Space-time travel

• Energy and Matter



Muon decay

660 m

15-25 km

In a Galilean world, when muons are 

produced in the upper atmosphere, they 

should only live 2.197 μs and travel at most 

660 m.

Instead, they make it all the way to the 

ground. How can this be?

17



Unstable particle range during its proper lifespan

Imagine observing a muon in intergalactic empty space (no nearby mountains) so there is no LFG body 

contraction of anything. Using the invariant proper lifespan of the particle and its relative velocity to the 

observer, we obtain the distance traveled in empty space as reported by the observer.

𝑐2𝜏2 = 1 −
𝑣2

𝑐2
𝑐2𝑡2

𝑐2𝜏2 = 𝑐2𝑡2 − 𝑥2

𝑥2 = 𝑐2𝑡2 − 𝑐2𝜏2

𝑥 =
𝜏𝑣

1 −
𝑣2

𝑐2

=
(2.197 μs)(0.99968𝑐)

1 − 0.999682
= 𝟐𝟔 𝐤𝐦

Time dilation

Space-time interval

𝐸

𝑚𝑐2
≈ 39 𝑣 =

𝑥

𝑡

The muon travels the range 𝒙 during its lifespan 𝝉 in vacuum with reference to an observer who measures its 

velocity 𝒗. The travel distance of the muon has:

a) Nothing to do with body contraction and

b) Nothing to do with nonsensical idea of “space contraction.”
18

Very similar to the time dilation of a 

star explorer, but without acceleration.



Time dilation:

Direct clock measurement

Hafele-Keating Experiment

The only observer independent time quantity is the Lorentz invariant proper time 𝝉 of a body:

𝑐2𝜏2 − 0 = 𝑐2𝑡2 − 𝑥2 = 𝑐2𝑡′
2
− 𝑥′

2

Proper time of a body (𝒙 = 𝟎) is meaningful. A returning traveller must have aged 𝝉 < 𝒕. For two airplanes 

going around the rotating Earth: When they meet after a full circle, Earth has rotated underneath and one has 

travelled further than the other, hence clock on airplanes would have travelled different distances and recorded 

different passages of time. Note that one airplane moves with the speed added to rotation, while the other 

moves with speed subtracted from rotation.
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Relativistic Doppler effect (RDE):
No relation to time dilation

Time dilation of the source cannot be part of RDE since the relative speed with respect to the 

yet undetermined observer cannot be known at the time of light emission.

Einstein’s 1905 paper works in the following way: The light wave carries to the observer 

information about the source allowing the determination of the RDE shift in frequency and 

wavelength and position aberration at the time of actual observation of the light signal.

Φ = Φ′

𝜔𝑡 − 𝒌 ⋅ 𝒙 = 𝜔′𝑡′ − 𝒌′ ⋅ 𝒙′
Use the Lorentz transformation for 𝒙′ and 𝑡′ to obtain Doppler effect including aberration.

As Einstein’s argument is very terse and he presents without detailed calculation, it can be 

easily misunderstood. von Laue’s SR book discussing RDE can also be misread.

20



Ives and Stilwell in 1938 measure (transverse) 

Doppler shift claiming they measure time dilation.

Resnick around 1960 learns using what appears to 

be non-expert translation of von Laue’s SR book 

and relies on the language of Ives-Stilwell. This is 

copied in most English language books and is 

today found all over the internet.

How did the mix up between time dilation 

and Doppler effect happen?

21
Einstein’s correct derivation



Further reading on Relativistic Doppler Effect

22



“Distance is contracted.”

Misleading.

“Space is contracted.”

Junk!

To understand principles of special relativity, 

it is best to look at original work. Why?

FitzGerald Lorentz

“Body is contracted.”

Correct.

“Length is contracted.”

Correct, 

but requires context.

Original source Textbooks The internet

Telephone game with Lorentz-FitzGerald body contraction:

23



Origin of Lorentz-FitzGerald Body 

Contraction, 1889

Body contraction in the direction of motion was 

first described by FitzGerald in 1889.

Lorentz once made aware, called it “FitzGerald 

body contraction.” FitzGerald who passed away 

before SR was fully developed could not defend his 

priority.

Restatement of FitzGerald text:

“We know that electric forces are affected by the 

motion of the electrified bodies relative to the ether, 

and it seems not an improbable supposition that the 

molecular forces are affected by the motion, and 

that the size of a body alters consequently.”

24



Is Lorentz-FitzGerald body contraction “real”?

The kinetic energy of a car depends 

on your frame of reference like a 

pedestrian versus the driver point 

of view.

In special relativity body properties 

and the passage of time depends on 

your frame of reference. 

The point of view matters.

25



Lorentz-FitzGerald body contraction:
Is a passenger on a relativistic train aware they are “body contracted?”

A. Einstein, 1911: “For a comoving observer it is not present and as such it is not observable; however, it is 

real and in principle observable by physical means by any non-comoving observer.”

“Sie besteht nämlich nicht “wirklich”, insofern sie für einen mitbewegten Beobachter nicht existiert; sie 

besteht aber “wirklich”, d. h. in solcher Weise, daß sie prinzipiell durch physikalische Mittel nachgewiesen 

werden könnte, für einen nicht mitbewegten Beobachter.“

– Physikalische Zeitschrift 12, pp. 509–510 (1911)

J. S. Bell, 1976 (of “Bell inequality fame”) invokes Lorentz-Janossy reality point of view: Using acceleration

the passenger transports from one inertial frame to another. This allows them to know and measure relative 

contraction.

26



Bell rockets: Spatial distance 

versus body length

If you connect two rockets with 

a thin string and let them 

identically accelerate, each 

rocket and the string will body 

contract.

A thin string can’t handle the 

stress and will break.

The spatial distance between the 

rockets however is unchanged.

27



Lorentz-FitzGerald body contraction:
What is possible today?

Concept drawing of 

laser-ion accelerator

The “moving electron cloud mirror” is body compressed. 28



Space-time Travel

The only observer independent time quantity is the Lorentz invariant proper 

time of a body:

𝑐2𝜏2 = 𝑐2𝑡2 − 𝑥2 = 𝑐2𝑡′
2
− 𝑥′

2

Proper time of a body is meaningful and depends on 𝒙(𝒕). A returning space 

traveller (who has accelerated) must have aged 𝝉 < 𝒕.

If you reverse this, you introduce accelerated observers which are not yet 

incorporated in SR. Given proper time (which could be the lifespan of a 

particle) any two sets of values 𝒕 and 𝒙 are permissible associated with a 

specific Lorentz transform.

29

Time dilation is not reversible:
There is no twin “paradox” (See discussion of Langevin, 1911 below)



A trip to the stars:

Traveling to Vega and back

See pg. 435-436 in “Modern 

Special Relativity” 

Time on Earth:

𝑡 = 54.1 years

Proper time of traveller:

𝜏 = 13.4 years
In this example, acceleration 

of traveller:

𝑎𝑇 = 1 g = 9.8
m

s2

Two teams plan a trip to the 

star Vega. One team stays at 

base, while the other flies a 

rocket to Vega.

The rocket team has to 

accelerated at least four time 

to visit Vega and come back. 

The rocket team will be 

younger than the base team 

because of this.

Acceleration 

required!

Acceleration 

required!

30

Whether the traveller’s acceleration is large or small, they will be younger because they 

accelerated and travelled far. 𝑐2𝑑𝜏2 = 𝑐2𝑑𝑡2 − 𝑑𝑥2 = 𝑐2𝑑𝑡′
2
− 𝑑𝑥′

2



A trip to the edge of the galaxy is possible:

One way trip going 10,000 light-years

Large acceleration isn’t needed 

to visit the stars. Instead, we 

only need a small acceleration 

over a long period of time.

A rocket going with 

acceleration 𝟏𝒈 = 𝟗. 𝟖
𝐦

𝐬𝟐
can 

travel thousands of light-years 

within a human lifespan.

Rocket speed 

(seen from Earth)

Distance traveled

(in Rocket’s time)

𝝉 [years] (of Rocket)

[l
y

]
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Matter to Energy: 𝐸 = 𝑚𝑐2

Man-made fission reactor
Pale Verde Generating Station west of 
Phoenix, AZ

Solar Fusion Reactor

Natural fission reactor
Only known example was 2 billion 
years ago at Oklo, Gabon in Africa

32



Energy to Matter: 𝐸 = 𝑚𝑐2

NA61/SHINE Collab. (adapted from CERN/Seweryn Kowalski lecture)

High energy particle hits a stationary target, and its motion 
energy is converted into a multitude of newly created particles.

33



Energy to Matter: 𝐸 = 𝑚𝑐2

Lorentz-FitzGerald body contraction and mechanism of matter creation

When atoms nuclei (or any object) travels at a relativistic speed relative to 

you, it becomes body contracted and flattened like a pancake.

Lorentz contracted 

nuclei are pancakes.

Just after initial collision, hot primordial 

plasma forms (recreating early Universe)

Newly created 

matter

34



Part III 

Current Research Directions

35

• Pair production in strong fields

• Quantum vacuum

• Acceleration, forces, and fields

• Fragments of Arizona research program



All E-fields are unstable and can decay into particles if 
energy is available and rate is large enough. 
– Explained by Heisenberg in 1935 and by Schwinger’s article in 1950 appearing 
almost an after thought. (my idea how this happened: invited by referee=Heisenberg?)

The sparking of the QED vacuum in quasi-constant fields

Persistence probability of the 
empty vacuum:

𝑃~exp −𝜋
𝐸𝑐𝑟
𝑬

Effect large for E-field:

𝐸𝑐𝑟 =
𝑚𝑒𝑐

2 2

𝑒ℏ𝑐
= 1.323 × 1018

V

m

W. Heisenberg J. SchwingerV. Weisskopf
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• Relativistic Dirac quantum 

physics predicts antimatter 

and allows for the formation of 

pairs of particles and 

antiparticles.

• The relativistic gap in energy is 

reminiscent of insulators where 

the conductive band is above 

the valance (occupied) electron 

band.

Vacuum decay: Pair production instability 

37
S. Evans, and J. Rafelski. "Particle production

at a finite potential step: transition from Euler–Heisenberg to Klein paradox." The European Physical Journal A 57.12 (2021): 1-10.

F. Sauter, “Zum ‘Kleinschen Paradoxon’,” Z. Phys. 73 (1932), 547-552 doi:10.1007/BF01349862



The vacuum is a dielectric medium as charges are screened by particle-hole (pair) 
excitations. In Feynman’s 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. The observable Coulomb interaction stronger (0.4%) at distance ℏ𝑐/𝑚𝑒

Virtual pairs: The vacuum is a dielectric

This effect has been studied in depth in atomic physics and is of particular relevance for 
exotic atoms where a heavy (muon) charged particle replaces an electron.

E. A. Uehling, “Polarization effects in the positron theory.” Physical Review 48.1 (1935): 55. 38



Strong Fields and Acceleration Group at the Dept. of Physics, University of Arizona

Continuing the Frankfurt School legacy of strong fields physics

Berndt MüllerWalter GreinerJohann Rafelski 39

End of 1971

UCLA, 2006



Vacuum instability in highly charged atomic systems:

What is this (mostly) about?

40



Stabilization of the local vacuum state

Back reaction of accumulated vacuum charge can be 
accounted for self-consistently.

B. Müller, and J. Rafelski. "Stabilization of the charged vacuum created by very strong electrical fields in nuclear matter." Physical Review Letters 34.6 (1975): 349. 41



Continuing the Frankfurt School legacy of QED strong field physics

Report of strong fields physics: 1986

42+1400 citations



• Quarks live inside a domain 

where the (perturbative)  

vacuum is without gluon 

fluctuations. This outside 

structure wants to enter but is 

kept away by the quarks 

trying to escape: 𝑃𝑞𝑢𝑎𝑟𝑘 = 𝐵.

• The inside of the hadron is an 

excited state where the energy 

density is Τ𝐸 𝑉 = 𝐵.

Application of local vacuum structure model

to quark confinement inside hadrons: 1974

Victor Weisskopf

43

A. Chodos, et al. “New extended model of hadrons.” Physical Review D 9.12 (1974): 3471.

V. Weisskopf, “The electrodynamics of the vacuum based on the quantum theory of the electron,” Kong. Dan. Vid. Sel. Mat. Fys. Med. 14, N6, 1 (1936).



After fourteen years (1919/1920)

Einstein brings back the Aether

“It would have been more correct if I had limited 

myself, in my earlier publications, to emphasizing only 

the non-existence of an æther velocity, instead of 

arguing the total non-existence of the æther, for I can 

see that with the word æther we say nothing else than 

that space has to be viewed as a carrier of physical 

qualities.” 

– A. Einstein, 1919 in a letter to H. A. Lorentz

D. B. Leinweber’s group

(U Adelaide)

Outlook:

Today, the modern understanding of the aether

is the “structured quantum vacuum.”

Second 

widening of 

SR scope

44



First local vacuum structure model: 

Strong fields and charged vacuum: 1973

J. Rafelski, B. Müller, and W. Greiner. "The charged vacuum in over-critical fields." Nuclear Physics B 68.2 (1974): 585-604.

L. P. Fulcher, J. Rafelski, and A. Klein. "The Decay of the Vacuum." Scientific American 241.6 (1979): 150-159.

45

Localized 

modification to the 

vacuum occurs in 

over-critical fields 

accompanied by 

positron production



An archeological  footprint: Langevin, 1911: Conceptually describes role of acceleration in SR

“...a uniform translation motion in the æther is not 

experimentally detectable... From this it should not 

be concluded, as has sometimes happened 

prematurely, that the æther must be abandoned 

having no physical reality since it cannot be 

experimentally probed. Only the uniform velocity 

relative to the æther cannot be detected, any change 

of velocity, that is, any acceleration, has an absolute 

meaning.”

“Concluding, we can say it is sufficient to be set in 

motion, to experience acceleration in order to age 

less quickly.”

- Langevin, Scientia X (1911)

Velocity is “relative,” and acceleration is 

“absolute.”

It is impossible to reverse non-inertial with inertial points of view
46



A few remarks about Planck acceleration
As per Wikipedia, the definition of “true” Planckian acceleration is

𝑎𝑃𝑙 =
𝑐2

ℓ𝑃𝑙
= 5.55 × 1051

m

s2
ℓ𝑃𝑙 =

𝐺ℏ

𝑐3
𝑀𝑃𝑙 =

𝐺ℏ

𝑐

However, we define critical acceleration via the Compton wavelength 𝜆𝐶 as

𝑎𝑐𝑟 =
𝑐2

𝜆𝐶
= 𝑚𝑒𝑐

2
𝑐

ℏ
The appearance of mass clarifies that the critical acceleration is related to particle mass. 

Replacing 𝑚𝑒 by the Planck mass 𝑀𝑃𝑙 reproduces 𝑎𝑃𝑙. Critical “Planck” acceleration is 

the same acceleration felt by two particles due to Newtonian gravity at a distance of ℓ𝑃𝑙.

𝑚𝑎 =
𝐺𝑚2

ℓ𝑃𝑙
2 → 𝑎𝑐𝑟 =

𝐺𝑚𝑒

ℓ𝑃𝑙
2 =

𝑐2

𝜆𝐶
= 2.33 × 1029

m

s2

We call study of the critical acceleration 𝑎𝑐𝑟 domain the Acceleration Frontier of which 

the lowest accessible case is that of the electron.

47



48

Maybe acceleration is not what we think: Connecting temperature and acceleration

Is there an acceleration?

Strong Fields Temperature Acceleration

Gravity Swing, Taipei 101, (2012)Interpretation of 

external fields as 

temperature

Temperature 

representation of 

Euler-Heisenberg 

action in electric-

dominated fields.

Notes on black-hole 

evaporation

Thermal background 

(Unruh temperature) 

experienced by an 

observer undergoing 

constant acceleration in 

a field-free vacuum.

W. H. Unruh

L. Labun and J. Rafelski, “Acceleration and vacuum temperature.” Phys. Rev. D 86, 041701(R) (2012)

W. G. Unruh, “Notes on black-hole evaporation.” Physical Review D 14.4 (1976)

B. Müller, W. Greiner, and J. Rafelski. “Interpretation of external fields as temperature.’ Physics Letters A 63.3 (1977)



Principle models:

Completing EM interactions:

Covariant classical radiation reaction

𝑚𝑎𝜇 =
𝑒

𝑐
𝐹𝜇𝜈𝑢𝜈 +𝑚𝜏0

𝑑𝑎𝜇
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𝑒

𝑚
𝑃𝜇𝜈𝐹𝜈𝛼𝐹

𝛼𝛽𝑢𝛽 Landau-Lifshitz (LL)

𝑚𝑎𝜇 =
𝑒

𝑐
𝐹𝜇𝜈𝑢𝜈 + 𝜏0𝑃𝜈

𝜇 𝑑

𝑑𝜏

𝑒

𝑐
𝐹𝜈𝛼𝑢𝛼 Eliezer-Ford-O’Connell (EFO)

As far as Jackson text goes

𝑃𝜇𝜈 = 𝑔𝜇𝜈 −
𝑢𝜇𝑢𝜈

𝑢2

As far as LL text goes

The Cinderella of RR?

𝜏0 =
2

3

𝑒2

4𝜋𝜖0𝑚𝑐
3

L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields, 2ed, London, England: Pergamon (1962)

P. A. M. Dirac, “Classical theory of radiating electrons,” Proc. R. Soc. A 167, 148 (1938)

W. Price, M. Formanek, and J. Rafelski. “Radiation reaction and limiting acceleration”. PRD 105 (2022)

S. E. Gralla, A. I. Harte, R. M. Wald. “A Rigorous Derivation of Electromagnetic Self-force.” Rev. D80, 024031(2009)

Will Price Martin Formanek
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Radiation reaction and

limiting acceleration

Eliezer-Ford-O’Connell (EFO) in 

homogenous fields

𝑎𝑅𝑅 =
𝑐

𝜏0
=

3

2𝛼
𝑎𝑐𝑟

𝑎2 = −𝑎𝐿𝐹
2

1 + 𝜏0
2 𝑒

4

𝑚4
𝑐2𝒫2
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1 + 𝜏0
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𝑎𝐿𝐹
2
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lim
𝛾→∞

𝑎2 → −
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2

LL

EFO

𝐵 = 4.4 × 109 T
𝛾0 = 104

𝜏0 =
2

3

𝑒2

4𝜋𝜖0𝑚𝑒𝑐
3
= 6.27 × 10−24 s

𝑎
/𝑎

𝑅
𝑅

Magnetic Field Case

Limiting acceleration: A common feature 

with Born-Infeld EM theory

I. Birula. “Nonlinear Electrodynamics: Variations On A Theme By Born And Infeld.” In: B. Jancewicz, J. 

Lukierski: Quantum Theory Of Particles and Fields, World Scientific (1983)

W. Price, M. Formanek, and J. Rafelski. “Radiation reaction and limiting acceleration”. PRD 105 (2022)

Ω𝐵 =
𝑒𝐵

𝑚
𝑎𝐿𝐹
𝜇
=

𝑒

𝑚
𝐹𝜇𝜈𝑢𝜈

M. Born and L. Infeld. “Foundations of the new field theory.” Proc. Roy. Soc. Lond. A 144, no.852, 425 (1934)
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Born-Infeld EM theory

51

Born-Infeld theory is a theory of EM which tries to stabilize electromagnetism by requiring 

a finite maximum electric field and acceleration. The electric only Lagrangian equation 

which governs the theory is:

ℒ𝐵𝐼 = −𝜖0𝐸𝐵𝐼
2 1 −

𝑬2

𝐸𝐵𝐼
2 − 1 𝐸𝐵𝐼 = 1.187 × 1020

V

m

The resulting displacement 𝑫 and electric fields 𝑬 are then given by:

𝑫 =
𝜕ℒ

𝜕𝑬
=

𝑬

1−
𝑬2

𝐸𝐵𝐼
2

𝑬 =
𝑫

1+
𝑫2

𝐸𝐵𝐼
2

< 𝑬𝐵𝐼 𝒂 <
𝑒𝐸𝐵𝐼

𝑚

The displacement diverges to infinity as the electric field approaches the limit 𝐸𝐵𝐼 and the 

electric field has an upper bound at that value.

Born, Max. "On the quantum theory of the electromagnetic field." Proc. Royal Soc A 143, 410 (1934)



My 5110
st year anniversary of strong fields physics and 

limiting acceleration publications!

J. Rafelski, L. P. Fulcher, and W. Greiner. "Superheavy elements and an upper limit to the electric field strength." Physical Review Letters 27.14 (1971): 958.

One can also celebrate my 6012
th birthday in base 12.
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This describes the torque experienced by a particle with 

spin under the influence of homogenous EM fields via the 

Lorentz force.

This alone does not describe SGF. 

a) Inhomogeneous fields where the Stern-Gerlach (SG) 

magnetic dipole force must be added to Lorentz force.

b) Interplay between dipole forces and torque.

c) Interplay between dipole forces and radiation reaction.

Another Lorentz force incompleteness: 

Acceleration by torque due to magnetic force

The Thomas-Bargmann-Michel-Telegdi (TBMT) equation is 

𝑑𝑠𝛼

𝑑𝜏
=

𝑒

𝑚

𝑔

2
𝐹𝛼𝛽𝑠𝛽 +

𝑔

2
− 1 𝑢𝛼 𝑠𝛼𝐹

𝛼𝛽𝑢𝛽

𝑑𝑢𝛼

𝑑𝜏
=

𝑒

𝑚
𝐹𝛼𝛽𝑢𝛽

Radiation 

Reaction

EM Forces EM Torque

𝑠𝛼𝑢𝛼 = 0

Present

J. Schwinger. "Spin precession - a dynamical discussion." American Journal of Physics 42.6 (1974): 510-513.

J. Rafelski, M. Formanek, and A. Steinmetz. "Relativistic dynamics of point magnetic moment." EPJC 78.1 (2018): 1-12.
V. Bargmann, L. Michel, and V. L. Telegdi, Phys. Rev. Lett. 2, 435 (1959).
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Ampere Dipole

More need to complete EM interactions:

Unified covariant classical magnetic dipole interaction

Electric energy: 𝐸𝑒𝑙 = 𝑒𝑐𝐴0

Magnetic energy: 𝐸𝑚𝑎𝑔 = 𝑑𝑚𝑐𝐵
0 𝝁 = 𝑑𝑚𝑐 𝑺

Magnetic dipole charge

A covariant magnetic potential 𝐵𝜇 can be introduced

𝐵𝜇 ≡ 𝐹𝜇𝜈
∗ 𝑠𝜈 =

1

2
𝜖𝜇𝜈𝛼𝛽𝐹

𝛼𝛽𝑠𝜈 𝐺𝜇𝜈 ≡ 𝜕𝜇𝐵𝜈 − 𝜕𝜈𝐵𝜇
Define a Force Field Tensor

Point particle classical Lagrangian

𝐿 = 𝑚𝑐 𝑢2 + 𝑒𝐴 ⋅ 𝑢 + 𝑑𝑚𝐵 ⋅ 𝑢

Gilbert Dipole

Covariant description 

contains both Gilbert and 

Ampere dipole structure

Two monopoles

Loop of current

J. Rafelski, M. Formanek, and A. Steinmetz. "Relativistic dynamics of point magnetic moment." EPJC 78.1 (2018): 1-12.

This formulation incorporates the magnetic moment 𝒅𝒎 as an 

elementary property of particles like charge and mass.
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Completing EM interactions:

Unified covariant classical magnetic dipole interaction

Ampere Dipole Gilbert Dipole

The equations of motion for the above are then

𝑭 ቚ
CF

= 𝑒𝑬 + 𝛁 𝝁 ⋅ 𝑩 − 𝝁 ×
𝜕𝑬

𝜕𝑡
= 𝑒𝑬 + 𝝁 ⋅ 𝛁 𝑩 + 𝜇0𝝁 × 𝒋

ሶ𝑢𝜇 =
𝑒

𝑚
𝐹𝜇𝜈𝑢𝜈 −

𝑑𝑚
𝑚

𝑠 ⋅ 𝜕 𝐹∗𝜇𝜈 𝑢𝜈 −
𝑑𝑚
𝑚

𝜇0𝜖
𝛾𝛼𝛽𝜇𝑗𝛾𝑢𝛼𝑠𝛽

Comoving Frame (CF)

OR

Amazingly, Martin can 

solve this complex 

equation exactly for 

several examples.

J. Rafelski, M. Formanek, and A. Steinmetz. "Relativistic dynamics of point magnetic moment." EPJC 78.1 (2018): 1-12.

M. Formanek, A. Steinmetz, and J. Rafelski.

“Motion of classical charged particles with magnetic moment in external plane-wave electromagnetic fields.” Physical Review A 103.5 (2021): 052218.
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Step to well
Single potential step or two steps forming a well:

• Finite pair production per unit area versus 

the diverging rate per volume

Two steps forming a well required for:

• A good definition of vacuum

• Pair production highly sensitive to the 

shape of the well

Sauter step surface pair production transition 

in pair production from Euler-Heisenberg to 

Klein paradox limit

NASA/W. Purcell, et al. APOD May 1st, 1997.

𝑉𝑧 =
ℰ0𝐿

2
tanh

2𝑧

𝐿

Sauter 

potential step

56
S. Evans and J. Rafelski. “Particle production at a finite potential step: Transition from Euler-Heisenberg to Klein paradox.” (2022) EPJA 57 (12), 1-10

F. Sauter, “Zum ‘Kleinschen Paradoxon’,” Z. Phys. 73 (1932), 547-552 doi:10.1007/BF01349862

S. Evans, J. Rafelski, “Emergence of periodic in magnetic moment effective QED action” Physics Letters B, 137190



Andrew Steinmetz’s work in preparation

T. Vachaspati, “Progress on Cosmological Magnetic Fields” Rep. Prog. Phys.84(2021) 074901

S. Mtchedlidze, et al. “Evolution of primordial magnetic fields during large-scale structure formation." arXiv preprint arXiv:2109.13520 (2021).
K. Subramanian, “The origin, evolution and signatures of primordial magnetic fields.” Reports on Progress in Physics 79.7 (2016): 076901.

The intergalactic magnetic 

field 𝐵𝑟𝑒𝑙𝑖𝑐 is not strongly 

constrained at the megaparsec 

scale:

The relic fields likely diluted 

in the universe’s expansion 

due to the conservation of 

magnetic flux

We expect CP violation to 

depend on transition magnetic 

moments in the presence of 

magnetic fields.

10−20 T < 𝐵𝑟𝑒𝑙𝑖𝑐 < 5 × 10−12 T

Observational 

Cosmology

𝒆+𝒆−

plasma

𝝂ഥ𝝂
plasma

𝑸𝑮𝑷

Hadron
plasma

𝑻𝒓𝒆𝒄𝒐𝒎𝒃 𝑻𝑩𝑩𝑵 𝑻𝝂 𝑻𝑸𝑪𝑫

𝑩 𝑡 = 𝑴(𝑡) +
𝑩𝑟𝑒𝑙𝑖𝑐

𝑎 𝑡 2

𝑴 𝑡 → 0

Magnetar field strength

Schwinger critical field
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𝑻𝑬𝑾𝑻

Electroweak
Epoch

Light opaque Universe



Conclusions
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• Special Relativity (SR) is a rich and neglected topic in research and education. 

• Even the smallest acceleration accumulates to break 1905 SR which is the basis 

of elementary texts.

• Strong fields and strong acceleration are theoretically incomplete. EM with 

acceleration and/or spin is in process of being improved.

• Strong field physics: Pair production and changes to vacuum structure.

• This lecture demonstrates the huge research opportunities in understanding how 

acceleration enters every aspect of physical law. 

We call this the acceleration frontier.
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Maxwell poses the question: Is there a (material) aether?

Michelson-Morley (end of 19th century) experiment says no.

Michelson-Morley Interferometer No evidence for a velocity-sensitive aether.
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Vacuum instability and strong fields in heavy ion collisions

Multitude of possible dynamical processes

J. Rafelski, et al. "Probing QED vacuum with heavy ions." New horizons in fundamental physics. Springer, Cham, 2017. 211-251. 61


