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Setting the stage:
1. How do we teach SR well?
The following frontier domains of physics are demanding
researchers very well trained in SR. However, SR is poorly
represented in introductory textbook used for most part by
“out of research field lecturers”. The unfinished
understanding of SR when acceleration is present contributes
to student confusion. The book “Modern Special Relativity”
provides historical background as a motivation to return to the
topic and aims at a very elementary level to resolve some of
the misunderstandings while motivating students to embark
on study of the acceleration frontier.

2.
3.
4.
5.

How to handle (strong) acceleration in SR?
How do we complete E&M?
Is there a more fundamental meaning of acceleration?
Highlights of our recent research results.
J. Rafelski, University of Arizona
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My lifelong interest in Special Relativity and
Strong Fields

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.
𝑐
m
2
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𝑎𝑐𝑟 = 𝑚𝑒 𝑐
= 2.33 × 10 2
ℏ
s
This is also the acceleration generated by Schwinger “critical” EM fields:
2
𝑚𝑒 𝑐 2
V
SR absorbs nano-acceleration setting Δv =
𝐸𝑐𝑟 =
= 1.323 × 1018
𝑒ℏ𝑐
m
aΔt but Langevin was clear: Accelerated
2
2
𝑚𝑒 𝑐
9T
twins age slower compared to inertial twins.
𝐵𝑐𝑟 =
=
4.414
×
10
2
𝑒ℏ𝑐
Ultra-relativistic electron in a magnetic field of 4.41 T at CERN:
𝑒
m
20
𝑎𝐶𝐸𝑅𝑁 =
𝒗 × 𝑩 = 2.33 × 10
~ 𝐧𝐚𝐧𝐨 𝒂𝒄𝒓
2
𝑚𝑒
s
J. Rafelski, University of Arizona
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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.
There are many models of radiation friction, but no action principle.
To solve the problem, we need to connect acceleration and SR.
J. Rafelski, University of Arizona
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Maybe acceleration is not what we think: Connecting temperature and acceleration
Strong Fields

Temperature

Acceleration
Notes on black-hole
evaporation

Interpretation of
external fields as
temperature

Thermal background
(Unruh temperature)
experienced by an
observer undergoing
constant acceleration in
a field-free vacuum.

Temperature
representation of
Euler-Heisenberg
action in electricdominated fields.

W. H. Unruh

Gravity Swing, Taipei 101, (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)
L. Labun and J. Rafelski, “Acceleration and vacuum temperature.” Phys. Rev. D 86, 041701(R) (2012)
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Part I.
Correct Roots of Special Relativity

J. Rafelski, University of Arizona
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To understand principles of special relativity,
it is best to look at original work. Why?
Telephone game with Lorentz-FitzGerald body contraction:
Original source

FitzGerald

Textbooks

The internet

Lorentz

“Body is contracted.”
Correct.

“Length is contracted.”
Correct,
but requires context.
J. Rafelski, University of Arizona

“Distance is contracted.”
Misleading.
“Space is contracted.”
Junk!
9

SR teacher facing students
• Books claims Lorentz contraction and time dilation
are the same and that one confirms the other. This is
wrong.

From a serious book that
millions of students have used.

• 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
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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.”
J. Rafelski, University of Arizona
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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
As Einstein titles/content imply SR is about:

• Electromagnetism. • 𝐸 = 𝑚𝑐 2
• Body contraction. • Constancy of the
• Time dilation.
speed of light.
Einstein in 1905 SR introduced the principle
of relativity into EM and explored
consistency consequences.

SR is not
about gravity
and/or space-time.
J. Rafelski, University of Arizona
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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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What is “real”?
Body contraction is real, but it is
measurement process dependant.

Kinetic energy is real, but it is
measurement process dependant.
J. Rafelski, University of Arizona
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Lorentz-FitzGerald body contraction:
Can we measure it?
The “moving
electron cloud
mirror” is body
compressed.

J. Rafelski, University of Arizona
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Time dilation is not reversible:
There is no twin “paradox” (See Langevin, 1911)

The only observer independent time quantity is the Lorentz invariant proper
time of a body:
2
2
2
2
2
2
2
2
′
′
𝑐 𝜏 =𝑐 𝑡 −𝑥 =𝑐 𝑡 −𝑥
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.
J. Rafelski, University of Arizona
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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
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Time dilation
The only observer independent time quantity is the Lorentz invariant proper time 𝝉 of a body:
2
2
𝑐2𝜏2 − 0 = 𝑐2𝑡2 − 𝑥2 = 𝑐2𝑡′ − 𝑥′
Proper time of a body (𝒙 = 𝟎) is meaningful. A returning traveller must have aged 𝝉 < 𝒕. For two planes going
around the rotating Earth, one moves with speed added to rotation, while the other moves with speed subtracted
from rotation. When they have made a full circle, they would have travelled different distances and recorded
different passages of time.

Hafele-Keating Experiment

J. Rafelski, University of Arizona
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Unstable particle range
Imagine observing a muon in intergalactic empty space (no nearby
mountains) so there is no LFG body contraction of anything. Using
time dilation and the invariant spacetime interval, we can calculate
the distance traveled.

𝑐2𝜏2 = 𝑐2𝑡2 − 𝑥2

𝑥2 = 𝑐2𝑡2 − 𝑐2𝜏2

Unstable particle
proper time

𝐸
≅ 14.15
2
𝑚𝑐

Space-time interval

𝑥
𝑣=
𝑡

𝑥=

𝜏𝑣

𝑣2
1− 2
𝑐

=

2
𝑣
𝑐2𝜏2 = 1 − 2 𝑐2𝑡2
𝑐

Introducing speed of particle

(2.197 μs)(0.9975𝑐)

1 − 0.99752

≅ 𝟗. 𝟑 𝐤𝐦

The muon travels at speed 𝒗 for the
distance 𝒙 during its lifespan 𝝉. No Earth required!
J. Rafelski, University of Arizona
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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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How did the mix up between time dilation
and Doppler effect happen?
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.
J. Rafelski, University of Arizona
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Further reading on RDE

J. Rafelski, University of Arizona
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Part II.
The strong acceleration frontier

J. Rafelski, University of Arizona
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Completing EM interactions:
Covariant classical radiation reaction
𝑃𝜇𝜈
Principle models:
𝜇
𝜈
𝑒
𝑑𝑎
𝑎
𝑎
𝜈
𝑚𝑎𝜇 = 𝐹𝜇𝜈 𝑢𝜈 + 𝑚𝜏0
+ 2 𝑢𝜇
𝑐
𝑑𝜏
𝑐

2 𝑒2
𝜏0 =
3 4𝜋𝑚𝑐 3
𝜇 𝜈
𝑢
𝑢
𝜇𝜈
=𝑔 − 2
𝑢

Lorentz-Abraham-Dirac (LAD)
As far as Jackson text goes

𝑚𝑎𝜇

𝑚𝑎𝜇

𝑒 𝜇𝜈
𝑒 𝜇𝜈
𝜇𝜈
= 𝐹 𝑢𝜈 + 𝑒𝜏0 𝑢 ⋅ 𝜕𝐹 𝑢𝜈 + 𝑃 𝐹𝜈𝛼 𝐹 𝛼𝛽 𝑢𝛽
𝑐
𝑚
𝑒 𝜇𝜈
𝜇 𝑑 𝑒 𝜈𝛼
= 𝐹 𝑢𝜈 + 𝜏0 𝑃𝜈
𝐹 𝑢𝛼
𝑐
𝑑𝜏 𝑐

Landau-Lifshitz (LL)
As far as LL text goes

Eliezer-Ford-O’Connell (EFO)
The Cinderella of RR?

W. Price, M. Formanek, and J. Rafelski. “Radiation reaction and limiting acceleration”. PRD 105 (2022)
P. A. M. Dirac, “Classical theory of radiating electrons,” Proc. R. Soc. A 167, 148 (1938)
L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields, 2ed, London, England: Pergamon (1962)
S. E. Gralla, A. I. Harte, R. M. Wald. “A Rigorous Derivation of Electromagnetic Self-force.” Rev. D80, 024031(2009)

J. Rafelski, University of Arizona
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Distinct features of radiation reaction models
LAD
• Requires self-interaction
• Unphysical runaway solutions
• Computationally impossible
Kinematic variables only
𝒂𝝁 , 𝒂ሶ 𝝁

LL
• Equivalent to LAD in
perturbative limit
• Useless for strong
accelerations
Field variables only
𝑭𝝁𝝂 , 𝑭ሶ 𝝁𝝂

W. Price, M. Formanek, and J. Rafelski. “Radiation reaction and limiting acceleration”. PRD 105 (2022)
P. A. M. Dirac, “Classical theory of radiating electrons,” Proc. R. Soc. A 167, 148 (1938)
L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields, 2ed, London, England: Pergamon (1962)
S. E. Gralla, A. I. Harte, R. M. Wald. “A Rigorous Derivation of Electromagnetic Self-force.” Rev. D80, 024031(2009)

J. Rafelski, University of Arizona

EFO
• Maximum limiting
acceleration.
• Equivalent to LL for weak
acceleration.
Kinematic and Fields
𝒂𝝁 , 𝑭ሶ 𝝁𝝂
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Radiation reaction and limiting acceleration

J. Rafelski, University of Arizona
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Radiation reaction and
limiting acceleration

2 𝑒2
𝜏0 =
3 4𝜋𝑚𝑐 3
Magnetic Field Case

Eliezer-Ford-O’Connell (EFO) in
homogenous fields

1

𝑎/𝑎𝑅𝑅

2
𝑎2 = −𝑎𝐿𝐹

4 2 2
2 𝑒 𝑐 𝒫
1 + 𝜏0 4 2
𝑚 𝑎𝐿𝐹
2
2
𝑎
𝑒
𝐿𝐹
+ 𝜏02
2𝒮 + 2
𝑚2
𝑐

LL

2
𝑐
𝑐
𝑎𝑅𝑅 =
lim 𝑎2 → − 2
𝜏0
𝛾→∞
𝜏0
Limiting acceleration: A common feature
with Born-Infeld EM theory
W. Price, M. Formanek, and J. Rafelski. “Radiation reaction and limiting acceleration”. PRD 105 (2022)
M. Born and L. Infeld. “Foundations of the new field theory.” Proc. Roy. Soc. Lond. A 144, no.852, 425 (1934)
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)

EFO
𝐵 = 4.4 × 109 T
𝛾0 = 104

𝜇
𝑎𝐿𝐹

𝑒 𝜇𝜈
= 𝐹 𝑢𝜈
𝑚

𝑒𝐵
Ω𝐵 =
𝑚 27

Omitting problematic
Path warping:
Schott term
The new idea for radiation reaction
𝑚𝜏 𝑢ሷ 𝜇
0

Start with point external force + Larmor term

Warping model

2
𝑢
ሶ
𝑚𝑢ሶ 𝜇 = 𝑓𝜇 + 𝑚𝜏0 2 𝑢𝜇
𝑐
Introduce “path warping” for particles with medium friction

𝑢 ⋅ 𝑢ሶ = 𝜏0 𝑢ሶ 2 ≠ 0

𝑢2 = 𝑤𝜇𝜈 𝑢𝜇 𝑢𝜈 = 𝑐 2

Path warping along world-line of particle

No RR

1 𝑑𝑤𝜇𝜈 𝜇 𝜈
𝑢 ⋅ 𝑢ሶ = −
𝑢 𝑢 ≠0
2 𝑑𝜏
Unique particle stopping distance predictions Outlook: We hope to connect an action
versus other models.
principle with the idea of warping in vacuum.
Applications for quark jet quenching in QGP
M. Formanek, A. Steinmetz, and J. Rafelski. “Radiation reaction friction: Resistive material medium.” Physical Review D 102.5 (2020): 056015.
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More need to complete EM interactions:
Unified covariant classical magnetic dipole interaction
Gilbert Dipole

Electric energy:

𝐸𝑒𝑙 = 𝑒𝑐𝐴0

Magnetic energy:

𝐸𝑚𝑎𝑔 = 𝑑𝑚 𝑐𝐵0

Magnetic dipole charge
𝝁 = 𝑑𝑚 𝑐 𝑺

A covariant magnetic potential 𝐵𝜇 can be introduced
𝐵𝜇 ≡

∗ 𝑠𝜈
𝐹𝜇𝜈

1
= 𝜖𝜇𝜈𝛼𝛽 𝐹 𝛼𝛽 𝑠 𝜈
2

Define a Force Field Tensor
𝐺𝜇𝜈 ≡ 𝜕𝜇 𝐵𝜈 − 𝜕 𝜈 𝐵𝜇

Point particle classical Lagrangian
𝐿 = 𝑚𝑐 𝑢2 + 𝑒𝐴 ⋅ 𝑢 + 𝑑𝑚 𝐵 ⋅ 𝑢

Two monopoles
Loop of current

Covariant description
contains both Gilbert and
Ampere dipole structure

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

Ampere Dipole
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Completing EM interactions:
Unified covariant classical magnetic dipole interaction
The equations of motion for the above are then
𝑒 𝜇𝜈
𝑑𝑚
𝑑𝑚
𝜇
∗𝜇𝜈
𝑢ሶ = 𝐹 𝑢𝜈 −
𝑠⋅𝜕 𝐹
𝑢𝜈 −
𝜇0 𝜖 𝛾𝛼𝛽𝜇 𝑗𝛾 𝑢𝛼 𝑠𝛽
𝑚
𝑚
𝑚

We can solve this, not just academic!
(Example in supplementary material)

Comoving Frame (CF)

𝑭ቚ

CF

𝜕𝑬
= 𝑒𝑬 + 𝛁 𝝁 ⋅ 𝑩 − 𝝁 ×
= 𝑒𝑬 + 𝝁 ⋅ 𝛁 𝑩 + 𝜇0 𝝁 × 𝒋
𝜕𝑡

OR

Ampere Dipole

Gilbert Dipole

J. Rafelski, M. Formanek, and A. Steinmetz. "Relativistic dynamics of point magnetic moment." EPJC 78.1 (2018): 1-12.
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Quantum magnetic dipoles:
Diverse forms of quantum equations
Non-relativistic magnetic dipole has the Hamiltonian:
𝑀𝑎𝑔. = −𝝁 ⋅ 𝑩
𝐻
Relativistic magnetic dipoles have a diversity of models:
𝒙
𝑒ℏ 1
𝛾 ⋅ 𝑖ℏ𝜕 − 𝑒𝐴 − 𝑚𝑐 − 𝝁 −
𝜎𝛼𝛽 𝐹 𝛼𝛽 𝜓 = 0 Dirac-Pauli (DP)
2𝑚 2𝑐

𝑔 𝑒ℏ
𝝁←
2 2𝑚
𝑔
=1+𝑎
2
𝒛
𝝁
𝒚

𝑖ℏ𝜕 − 𝑒𝐴

2

− 𝑚2 𝑐 2 − 𝝁𝑚𝜎𝛼𝛽 𝐹 𝛼𝛽 𝜓 = 0 Klein-Gordon-Pauli (KGP)

𝑖ℏ𝜕 − 𝑒𝐴

2

−𝑚
 2 𝑐 2 𝜓 = 0 “Improved” Klein-Gordon-Pauli (IKGP)

1
𝑚𝑐
 = 𝑚𝑐 + 𝝁 𝜎𝛼𝛽 𝐹 𝛼𝛽
2𝑐

𝑚
 2𝑐2

=

𝑚2 𝑐 2

+ 𝝁𝑚𝜎𝛼𝛽

𝐹 𝛼𝛽

+ 𝝁2

1
𝛼𝛽
𝜎
𝐹
𝛼𝛽
4𝑐 2

A. Steinmetz, M. Formanek, and J. Rafelski. “Magnetic dipole moment in relativistic quantum mechanics.” EPJA 55.3 (2019): 1-17.
R. P. Feynman, and M. Gell-Mann. "Theory of the Fermi interaction." Physical Review 109.1 (1958)
M. Veltman, “Two component theory and electron magnetic moment,” Acta Phys. Polon. B 29 (1998) 783 [hep-th/9712216]

2
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Strong Coulomb field eigen-energies
Klein-Gordon-Pauli (KGP)

Dirac-Pauli (DP)

𝑎 = 0.00116

𝑔=2

−𝑍𝛼
A. Steinmetz, M. Formanek, and J. Rafelski. “Magnetic dipole moment in relativistic quantum mechanics.” EPJA 55.3 (2019): 1-17.
B. Thaller. The Dirac equation. Springer Science & Business Media, 2013.
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Strong Coulomb field eigen-energies
KGP and DP Spectrum with Same Scaling

𝑎 = 0.00116

𝑔=2

−𝑍𝛼
A. Steinmetz, M. Formanek, and J. Rafelski. “Magnetic dipole moment in relativistic quantum mechanics.” EPJA 55.3 (2019): 1-17.
B. Thaller. The Dirac equation. Springer Science & Business Media, 2013.
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Constant magnetic field eigen-energies
𝑚2 𝑐 2
4.41 × 109 T (electrons)
𝑩𝑺 ≡
=ቊ
𝑒ℏ
1.49 × 1016 T (protons)
Klein-Gordon-Pauli (KGP)
electrons

Dirac-Pauli (DP)
electrons

Expect grossly different
properties in magnetars.

“Improved”
Klein-Gordon-Pauli (IKGP)
protons

𝑩𝒎𝒊𝒏

𝑚𝑐 2
𝑒ℏ
≡
𝜇−
𝜇
2𝑚

A. Steinmetz, M. Formanek, and J. Rafelski. “Magnetic dipole moment in relativistic quantum mechanics.” EPJA 55.3 (2019): 1-17.
E. J. Ferrer, & A. Hackebill. “Thermodynamics of neutrons in a magnetic field and its implications for neutron stars” Phy. Rev. C 99.6 (2019): 065803.
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ℰ0 𝐿
2𝑧
Sauter
potential step 𝑉𝑧 = 2 tanh 𝐿

Transition in pair production from
Euler-Heisenberg to Klein paradox limit

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

Step to well

Next Slide

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

As step becomes steep, the forces become
very large inducing radiation effects.
S. Evans and J. Rafelski. “Particle production at a finite potential step: Transition from Euler-Heisenberg to Klein paradox.” (2021) [arXiv:2108.12959]
S. P. Kim, H. K. Lee and Y. Yoon, “Effective action of QED in electric field backgrounds. II. Spatially localized fields.” Phys. Rev. D 82, 025015 (2010)

A. Chervyakov and H. Kleinert, “On Electron–Positron Pair Production by a Spatially Inhomogeneous Electric Field.” Phys. Part. Nucl. 49 no.3, 374-396 (2018)
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Role of magnetic moment periodicity

36

Magnetic moment
and major modification of pair production
KGP introduces corrections into Euler-Heisenberg (EH) action:
• Pair production modification due to periodicity of 𝑔.
𝑔
𝑔
2
2
∞
1
𝑑𝑠 −𝑚2 𝑠 𝑎𝑏𝑒 𝑠 cos 2 𝑒𝑎𝑠 cosh 2 𝑒𝑏𝑠
𝐿𝐸𝐻 = − 2 න 3 𝑒 𝑒
−1
8𝜋 𝛿 𝑠
sin 𝑒𝑎𝑠 sinh 𝑒𝑏𝑠
𝑒ℏ

= 1.323 ×

1018

V
m

Origin of electron mass?
Higgs and electromagnetic.

𝑎2 − 𝑏2 = 𝐸 2 − 𝐵^2
𝑎2 𝑏2 = 𝐸 ⋅ 𝐵 2
2
𝑚𝑟𝑒𝑠𝑐𝑎𝑙𝑒
𝑐2

=

𝑚𝑒2 𝑐 2

𝑔
+ − 1 𝑒ℏ𝐵
2

Pair Production

ℰ𝐸𝐻𝑆 =

𝑚𝑒2 𝑐 3

Modification to
pair production

𝑐 𝑩 /ℰ𝐸𝐻𝑆

S. Evans and J. Rafelski. “Vacuum stabilized by anomalous magnetic moment.” Phys. Rev. D 98, no.1 016006 (2018)
L. Labun and J. Rafelski, “Acceleration and vacuum temperature.” Phys. Rev. D 86, 041701(R) (2012)
W-Y. P. Hwang, S. P. Kim, "Vacuum Persistence and Inversion of Spin Statistics in Strong QED." Phys.Rev.D 80 065004 (2009)
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Strong fields as probes of the origin of electron mass
Origin of mass:
• EM and non-EM (Higgs+BSM) mass components
• EM mass melting in external fields
• Self-consistent feedback with nonlinear EM action

Using Born-Infeld
model of the electron.

Scale up
Extension
Born-Infeld with
EH QED Limit

EM mass content controlled by model parameter 𝒏
S. Evans and J. Rafelski. “Electron electromagnetic-mass melting in strong fields.” Phys. Rev. D 102, 036014 (2020)
F. Wilczek. “Origins of mass.” Central Eur. J. Phys. 10, 1021 (2012)
M. Born and L. Infeld. “Foundations of the new field theory.” Proc. Roy. Soc. Lond. A 144, no.852, 425 (1934)
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)
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Strong acceleration probed in heavy-ion collisions
Ultra-strong electromagnetic fields in heavy-ion collisions:
• Combined self consistent ion and QGP electromagnetic fields
• Probing short lived systems, EM pair production and QGP plasma
We model the QGP as
an infinite plasma.

QGP

Qualitative illustrations of QGP formation and evolution
C. Grayson, M. Formanek, B. Müller, J. Rafelski, “EM Polarization of Quark-Gluon Plasma” In preparation. (2021)
M. Formanek, C. Grayson, J. Rafelski, B. Müller, “Current-Conserving Relativistic Linear Response for Collisional Plasmas” Annals of Physics 434 (2021) doi:10.1016/j.aop.2021.168605 [arXiv:2105.07897]
K. Tuchin, “Particle production in strong electromagnetic fields in relativistic heavy-ion collisions.” Advances in High Energy Physics (2013)
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Quark-gluon plasma (QGP)
probed in heavy-ion collisions
𝜇𝜈
𝐹𝑖𝑛𝑑

The induced EM fields
generated by QGP can be modelled using
the Vlasov-Boltzmann equation with scattering term.

𝑝 ⋅ 𝜕 𝑓 𝑥, 𝑝

𝜇𝜈
+ 𝑞𝐹𝑒𝑥𝑡 𝑝𝜈

𝜕𝑓 𝑥, 𝑝
𝜕𝑝𝜇

=𝜅 𝑝⋅𝑢

𝑓𝑒𝑞

Scattering damping:
𝜅
Medium 4-velocity:
𝑢
Distribution function: 𝑓𝑒𝑞

𝑚𝜋2 𝑐 2
≈ 3.1 × 1014 T
𝑒ℏ

𝑛 𝑥
𝑝
− 𝑓 𝑥, 𝑝
𝑛𝑒𝑞

𝜇

The induced 4-current 𝐽𝑖𝑛𝑑 𝑘 , in Fourier modes, is then
𝜇
𝐽ሚ𝑖𝑛𝑑

𝑑4𝑝
2 − 𝑚2 𝑝𝜇  𝑞
ሚ𝑓 𝑘, 𝑝 − 𝑓ሚ𝑓ҧ 𝑘, 𝑝
𝑘 = 2𝑁𝑐 න
4𝜋𝛿
𝑝
𝑓
+
𝑓
2𝜋 4
𝑢,𝑑,𝑠

The polarization can then be identified.
𝑗𝑖 = 𝜎𝑖𝑗 𝐸𝑗

Relativistic Ohm’s Law in QGP
𝜇
𝜇
𝐽ሚ𝑖𝑛𝑑 𝑘 = Π𝜈 𝐴ሚ𝜈 𝑘

Strong electromagnetic
polarization modifies QGP

C. Grayson, M. Formanek, B. Müller, J. Rafelski, “EM Polarization of Quark-Gluon Plasma” In preparation. (2021)
M. Formanek, C. Grayson, J. Rafelski, B. Müller, “Current-Conserving Relativistic Linear Response for Collisional Plasmas” Annals of Physics 434 (2021) doi:10.1016/j.aop.2021.168605 [arXiv:2105.07897]
K. Tuchin, “Particle production in strong electromagnetic fields in relativistic heavy-ion collisions.” Advances in High Energy Physics (2013)
J. L. Anderson, and H. R. Witting. “A relativistic relaxation-time model for the Boltzmann equation.” Physica 74.3 (1974)
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QGP magnetic enhancement:
Magnetic field at the geometric origin of particle collision
The magnetic field spikes and then drops at the
origin of the collision as a function of time.

QGP Magnetic
enhancement

2
𝑖𝑚𝐷
𝜅2
𝑖𝜅
𝜎⊥ =
𝜉 ln 𝜉 +
𝜉+1
2
4𝜔 𝜔
𝜔
2𝑖𝜔
𝜉 =1−
Transverse
𝜅
Conductivity

The relativistic ion field samples the polarization
on the light-cone.
C. Grayson, M. Formanek, B. Müller, J. Rafelski, “EM Polarization of Quark-Gluon Plasma” In preparation. (2021)
M. Formanek, C. Grayson, J. Rafelski, B. Müller, “Current-Conserving Relativistic Linear Response for Collisional Plasmas” Annals of Physics 434 (2021) doi:10.1016/j.aop.2021.168605 [arXiv:2105.07897]
K. Tuchin, “Particle production in strong electromagnetic fields in relativistic heavy-ion collisions.” Advances in High Energy Physics (2013)
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At QGP-Hadronization transition, what is the magnetic field?
Freeze-out magnetic field

As the QGP fireball dissipates leaving behind
hadrons, the magnetic field of the QGP remains.
𝑍𝑞𝛽 𝑏𝜅𝜎𝑠𝑡𝑎𝑡𝑖𝑐 1 − 𝑖𝜅𝑡𝐸 𝜅𝑡 𝑒 𝜅𝑡
𝐵𝑦 𝑡 = −𝜇0
2𝜋
4𝑡

C. Grayson, M. Formanek, B. Müller, J. Rafelski, “EM Polarization of Quark-Gluon Plasma” In preparation. (2021)
M. Formanek, C. Grayson, J. Rafelski, B. Müller, “Current-Conserving Relativistic Linear Response for Collisional Plasmas” Annals of Physics 434 (2021) doi:10.1016/j.aop.2021.168605 [arXiv:2105.07897]
K. Tuchin, “Particle production in strong electromagnetic fields in relativistic heavy-ion collisions.” Advances in High Energy Physics (2013)
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Let’s celebrate fifty years
of published work in strong fields and SR

The strong acceleration frontier requires understanding of special relativity.

Special relativity is subtle and often mixed up with spacetime and gravity.
Students are self-learners and have to warned not to rely on the internet or
popular books which are for the most part written by dilettantes.
J. Rafelski, University of Arizona
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J. Rafelski, University of Arizona
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Supplementary Slides

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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Lorentz-FitzGerald body contraction:
What is contracted?
Space is NOT contracted. SR does not address the properties of space-time.
The fact that different observers measure using different coordinates does not
mean there is a change to space-time manifold. Riemann curvature is ZERO.
“Distance contraction” can cause unnecessary complications. Using the
phrase “distance contraction” to discuss Lorentz transforms can confuse
students into believing that space and time are impacted when they are not. SR
is a theory of the motion of bodies only.

J. Rafelski, University of Arizona
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Lorentz-FitzGerald body contraction:
Can you see me contracted?
A measurement of body length is always carried out at an observer’s equal
time. A mountain tunnel and a train (at rest of moving) are measured from a station in this
way. The moving train is then contracted in the direction of motion and will fit in the tunnel
(or fall in the break in the bridge).
A “contraction reversal paradox” (??) does not exist. A passenger on the train
measured length at her equal time. Whatever her measurement, this is not the same as station
time and does not change the fact that the station observer sees the train fit in the tunnel.
Everything is consistent allowing for a DIFFERENCE IN TIME.

J. Rafelski, University of Arizona
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Lorentz-FitzGerald body contraction:
Are body contraction and time dilation equivalent? NO.
In SR, both Lorentz-FitzGerald (LFG) body contraction, and time dilation are
unrelated body property phenomena (unlike energy and moment which are
related). As a simple proof: Remember that elementary point particles can
experience time dilation, but cannot experience LFG body contraction.

Footnote: A finite sized body is often introduced
when discussing time dilation to claim equivalence
with body contraction. This is a non sequitur and can
lead to bad textbook pictures such as this one.

NO!!
J. Rafelski, University of Arizona
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Extended bodies in SR
• In SR, we strive to comprehend what happens to extended material bodies.
LFG body contraction emerges as a pivotal concept.
• A cohesive extended body is naturally different from a cloud of noninteracting particles. Since space does not contract, a free particle cloud does
not either (assuming density below some interaction range).
• All cohesive material bodies are contracted.
• Intermediate cases can still be understood in SR. See “Bell Rockets.”
J. Rafelski, University of Arizona
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Bell rockets: Spatial distance
versus body length
The reality of LFG body
contraction can be seen in the
breaking of the thread
connecting two rockets as they
independently accelerate from
one inertial frame to another.
The spatial distance between
the rocks however is
unchanged.
J. Rafelski, University of Arizona
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J. Rafelski, University of Arizona
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J. Rafelski, University of Arizona
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Proposed radiation friction force
(We do not believe this is right!)
In the Lorentz-Abraham-Dirac (LAD) framework:
𝑚𝑢ሶ 𝜇 = 𝑒𝐹𝜇𝜈 𝑢𝜈 + 𝑚𝜏0

So called “Schott term” added ad-hoc to ensure:

𝑢2 = 𝑐 2

•
•
•
•

𝜇 𝑢𝜈
𝑢
𝑔𝜇𝜈 − 2 𝑢ሷ 𝜈
𝑐

Sources radiated power from LiénardWiechert solution of Maxwell’s equations.

𝑃 = 𝑚𝜏0 𝑢ሶ 2
Introduces intrinsic higher order derivatives.
The time-scale 𝝉𝟎 is
Requires additional initial conditions.
2
𝑒2
Causes “runaway” solutions.
−24 s
𝜏
=
=
6.3
×
10
0
Causality issues for small times.
3 4𝜋𝜖0 𝑚𝑐 3
J. Rafelski, University of Arizona
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Liénard-Wiechert (LW) field of a moving charge
Each point particle in an ion contributes to the overall field with a LW field:
ሶ
𝒏−𝜷
𝒏 × ( 𝒏 − 𝜷 × 𝜷)
𝑒𝑬 𝒓, 𝑡 = 𝑍𝛼ℏ𝑐 2
+
3
2
𝛾 1 − 𝒏 ⋅ 𝜷 𝒓 − 𝒓𝒔
𝑐 1 − 𝒏 ⋅ 𝜷 3 𝒓 − 𝒓𝒔
𝑒𝑩 𝒓, 𝑡 =
•
•
•

𝒏 𝑡𝑟
𝑐

× 𝑬 𝒓, 𝑡

where

𝑡𝑟 +

1
𝑐

𝑡𝑟

𝒓 − 𝒓𝒔 𝑡𝑟

=𝑡

LW field: Fields of an arbitrarily moving relativistic point particle derived
assuming a current density.
Often it is assumed that ions travel in straight line motion, or that 𝜷ሶ = 0 which
is not always a good argument to neglect the acceleration term in the field.
When acceleration is strong, radiation field dominates the velocity field, and it
radiates energy.
J. Rafelski, University of Arizona
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Radiation reaction and limiting acceleration
(Price, Formanek, Rafelski, PRD 105 016024 (2022))

LL is lowest order weak field
approximation of EFO

In constant homogeneous fields EFO = MP gives:

𝑎2

=

2
𝑎𝐿𝐹

𝑃

𝑎𝑅𝑅

=𝑔

𝜇𝜈

𝑢𝜇 𝑢𝜈
− 2
𝑐

𝑒𝐸𝑄𝐸𝐷 𝑚𝑐 3
𝑐
3
m
=
≡ 𝜏 = 2𝛼 𝑎QED = 4.78 × s2 (electrons) 𝑎𝑄𝐸𝐷 =
𝑚
ℏ
0
“Schwinger critical acceleration”
Limiting RR acceleration and
1031

For
strong
fields

4 2 2
2 𝑒 𝑐 𝒫
1 + 𝜏0 4 2
𝑚 |𝑎𝐿𝐹 |

1 + 𝜏02
𝜇𝜈

2
𝑒2
𝜏0 =
3 4𝜋𝜖0 𝑚𝑐 3

𝑐2
→− 2
2
𝜏0
|𝑎𝐿𝐹
|
𝑒2
2𝒮
+
𝑚2
𝑐2

Acceleration has a Lorentz invariant upper limit in
certain strong field configurations – pure magnetic
field, electron turning into an electric field and
more.

limiting Larmor radiation rate:
𝑃𝑅𝑅 =

𝑚𝑐 2
− 𝜏
0

In pure magnetic fields
(𝐵 = 4.4 ⋅ 109 T):
𝑒𝐵
𝑎=
Ω𝐵 =
𝑚

|𝑎 2 |
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Quark-gluon plasma (QGP) probed in heavy-ion collisions
ℎ
Visualization of EM fields in relativistic collisions
𝜆𝜇 =

𝑚𝜇 𝑐

𝜇𝜈

The natural EM fields 𝐹𝑒𝑥𝑡 of the ions is described used Lienard-Wiechert fields, which contains a boosted
Coulomb field proportional to velocity and an acceleration or radiation field.
𝒏−𝜷
𝑒𝑬 𝒓, 𝑡 = 𝑍𝛼ℏ𝑐 2
𝛾 1 − 𝒏 ⋅ 𝜷 3 𝒓 − 𝒓𝒔
Velocity Field

2

+

𝒏×

𝒏 − 𝜷 × 𝜷ሶ

𝑐 1−𝒏⋅𝜷

3

𝒓 − 𝒓𝒔

Acceleration Field

𝑡𝑟

Ions in the center-of-momentum frame are
truly relativistic pancakes.
Here, we are simulating Pb-Pb collisions
with a Lorentz factor of 𝛾 = 37.

Original scale

Magnetic Field

Electric Field
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