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My lifelong interest in Special Relativity and 

Strong Fields

J. Rafelski, University of Arizona

(1983-1992)

(1986)

(2006-2016)

(2018)

(March 2022)
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What is “Modern” about Special 

Relativity?

• Modern ways of teaching.

• Modern developments in understanding origin of 

matter.

• First student accessible book which describes how small 

acceleration accumulates to generate body contraction 

and time dilation.

• Aether is back as structured quantum vacuum.

• Modern applications of using light to accelerate 

particles.

• Outlook to relativistic interstellar space travel.

J. Rafelski, University of Arizona

Scope of change in a 150 years since need 

(Maxwell’s Equations) for SR was born
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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.

J. Rafelski, University of Arizona

• 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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Water carries water waves,

shouldn’t something carry light waves?

J. Rafelski, University of Arizona

Michelson-Morley Interferometer No evidence for a velocity-sensitive aether.
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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

J. Rafelski, University of Arizona

D. B. Leinweber’s group

(U Adelaide)

Outlook:

Today, the modern understanding of the aether

is the “structured quantum vacuum.”
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Classical Electromagnetism is incomplete!

We have two separate theories:

• Given sources of charges and currents, calculate EM fields.

• Given EM fields, calculate charged particle motion.

“… a complete satisfactory treatment of the reactive effects of radiation 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 is needed.

J. Rafelski, University of Arizona

There are many models of radiation friction, but no action principle.

To solve the problem, we need to connect acceleration and SR.
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Matter to Energy: 𝐸 = 𝑚𝑐2

J. Rafelski, University of Arizona

Man-made fission reactor
Reaktor Maria w Otwocku-

Świerku pod Warszawą

Solar Fusion Reactor
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Energy to Matter: 𝐸 = 𝑚𝑐2

J. Rafelski, University of Arizona

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.
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Lorentz-FitzGerald body contraction:

Mechanism of matter creation

J. Rafelski, University of Arizona

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
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Lorentz-FitzGerald Body 

Contraction, 1889

J. Rafelski, University of Arizona

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.”
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Some people deny physical reality of special relativistic effects.

What is “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.
J. Rafelski, University of Arizona
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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.
J. Rafelski, University of Arizona

A

B

C

D



“Distance is contracted.”

Misleading.

“Space is contracted.”

Junk!

To understand principles of special relativity, 

it is best to look at original work. Why?

15J. Rafelski, University of Arizona

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:
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Coordinate transformations must be consistent with body properties

J. Rafelski, University of Arizona

Lorentz transformations (in Larmor form):

𝑡′ = 𝑡 1 −
𝑣𝑥
2

𝑐2
−
𝑣𝑥
𝑐2
𝑥′ 𝑦′ = 𝑦

• 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

• 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.



Lorentz transformations (in Lorentz form):

Δ𝑡 =
Δ𝑡′ +

𝑣𝑥
𝑐2
Δ𝑥′

1 −
𝑣𝑥
2

𝑐2

Δ𝑥 =
Δ𝑥′ + 𝑣𝑥Δ𝑡

′

1 −
𝑣𝑥
2

𝑐2
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Simultaneity is not protected in SR

J. Rafelski, University of Arizona

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 explosions 

happen at different times.

• 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.



18

Lorentz-FitzGerald body contraction:
Can we directly measure it?

J. Rafelski, University of Arizona

Concept drawing of 

laser-ion accelerator

The “moving electron cloud mirror” is body compressed.
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Lorentz-FitzGerald body contraction:
Is a passenger on a relativistic train aware they are “body contracted?”

A. Einstein, 1911: No – there is no absolute reference frame in the Universe, they cannot 

know against what he or she contracts.

We know that the Big Bang reference frame defines speeds of all things in the Universe; is 

this relevant to understanding of SR?

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.

J. Rafelski, University of Arizona
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Bell rockets: Spatial distance 

versus body length

J. Rafelski, University of Arizona

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.
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Time dilation

J. Rafelski, University of Arizona

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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Time dilation

J. Rafelski, University of Arizona

660 m

15-25 km

When muon are produced in the upper 

atmosphere, they should only live 2.197 μs
and travel about 660 m.

Instead, they make it all the way to the 

ground. How can this be?
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Time dilation:

Unstable particle range.

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.

J. Rafelski, University of Arizona

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

The muon travels the Lorentz extended distance 𝒙 during its lifespan 𝝉.

Time dilation

Space-time interval

𝐸

𝑚𝑐2
≈ 39 𝑣 =

𝑥

𝑡
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A trip to the stars:

Traveling to Vega and back

J. Rafelski, University of Arizona

See pg. 435-436 in “Modern 

Special Relativity”

Δ𝑡𝐸 = 54.1 years

Δ𝑡𝑇 = 13.4 years

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.



25

A trip to the edge of the galaxy:

One way trip going 10,000 light-years

J. Rafelski, University of Arizona

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)

[years] (of Rocket)

[l
y

]



New research in SR happens every day!
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Let’s celebrate fifty years 

of published work in strong fields and SR

J. Rafelski, University of Arizona



J. Rafelski, University of Arizona 28



29J. Rafelski, University of Arizona

Supplementary Slides



SR teacher facing students

• Books claims Lorentz contraction and time dilation 

are the same and that one confirms the other. This is 

wrong.

• Books claim that SR has “paradoxes” or “not real” 

effects whereas frame-dependant phenomena are 

well established in other areas of physics.

• Students fact-check you live against internet 

prophets and their wrong but entertaining videos.

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

is taught as a footnote of GR.

J. Rafelski, University of Arizona

From a serious book that 

millions of students have used.

30
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Be careful when reading about SR online!

J. Rafelski, University of Arizona
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Internet Misconceptions:

Reinventing Lorentz-FitzGerald body contraction.

• Many prophets claim space is contracted. NO!
Before GR (gravity!) nobody would confound the properties of a material 

body with space-time. SR is flat space-time for everyone.

• Others say this is distance contraction. What does that mean?
No free ride! Either causes confusion or leads back to body contraction. A 

coordinate transformation (measured by physical clocks and rulers) must be 

consistent with the behavior of material bodies. Coordinate transformation of 

the body ends, measured at equal time in observers frame, is consistent with 

the Lorentz-FitzGerald body contraction.

• Some claim this is an apparent and unphysical contraction. !?!?!?
Einstein wrote in 1911 explaining that his and Lorentz’s views agree: Body 

contraction is physical and real.

J. Rafelski, University of Arizona
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Strong forces imply strong acceleration creating new challenges

Einstein developed SR invoking only inertial observers. The word acceleration does not 

appear in his 1905 work. Is the Lorentz force complete?

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:

𝑎𝐶𝐸𝑅𝑁 =
𝑒

𝑚𝑒
𝒗 × 𝑩 = 2.33 × 1020

m

s2
~ 𝐧𝐚𝐧𝐨 𝒂𝒄𝒓

J. Rafelski, University of Arizona

SR absorbs nano-acceleration setting Δv =
aΔt but Langevin was clear: Accelerated 

twins age slower compared to inertial twins.
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Maybe acceleration is not what we think: Connecting temperature and acceleration

Strong Fields Temperature Acceleration

Gravity Swing, Taipei 101, (2012)

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

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

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

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
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Time dilation requires acceleration which unlike velocity cannot be “removed” by choice 

of a suitable observer: velocity is “relative,” acceleration is “absolute”

“...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)

J. Rafelski, University of Arizona



Lorentz transformations (in Lorentz form):

Δ𝑡 =
Δ𝑡′ +

𝑣𝑥
𝑐2
Δ𝑥′

1 −
𝑣𝑥
2

𝑐2

Δ𝑥 =
Δ𝑥′ + 𝑣𝑥Δ𝑡

′

1 −
𝑣𝑥
2

𝑐2
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Simultaneity is not protected in SR

J. Rafelski, University of Arizona

Imagine if two explosions 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 explosions 

happen at different times.

𝑶𝒗

𝟏
𝟐𝑶′
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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.

J. Rafelski, University of Arizona
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Ives and Stilwell in 1938 measure (transverse) 

Doppler shift claiming they measure time dilation.

Resnick around 1960 learns using what appears to 

be garbled 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?



39J. Rafelski, University of Arizona

Further reading on Relativistic Doppler Effect



Distinct features of radiation reaction models

LAD

• Requires self-interaction

• Unphysical runaway solutions

• Computationally impossible

LL

• Equivalent to LAD in 

perturbative limit

• Useless for strong 

accelerations

EFO

• Maximum limiting 

acceleration.

• Equivalent to LL for weak 

acceleration.

Kinematic variables only

𝒂𝝁, ሶ𝒂𝝁
Field variables only

𝑭𝝁𝝂, ሶ𝑭𝝁𝝂
Kinematic and Fields

𝒂𝝁, ሶ𝑭𝝁𝝂

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

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

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

W. Price, M. Formanek, and J. Rafelski. “Radiation reaction and limiting acceleration”. In preparation. (2021)
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