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

| 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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Special Relativity Matters:
Acceleration Frontier

Introduction The Aether aka: Quantum
Teaching Special Relativity Structured Vacuum
Body Contraction Acceleration Frontier

Radiation-Reaction
Stern-Gerlach force

Forces and acceleration
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Mach's principle
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Long Interest In teaching SR

Johann Rafelski

From Einstein’s EM(2
to Laser Particle Acceleration
and Quark-Gluon Plasma

3. Auflage 1992
354 Seiten, geb.
ISBN 9/8-3-8085-5646-7 &) Springer
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(Special) Relativity evolves

Book 2017 nk.springer.com/book/10.1007%2F978-3-319-51231-0

Relativity Matters

From Einstein's EMC2 to Laser Particle
Acceleration and Quark-Gluon Plasma
Authors: Johann Rafelski roum Essstesn's ENC2

V] .a:.i-' Partele _kr:lu i_ir_ Lnnk
ISBN: 978-3-319-51230-3 (Print) 978-3-319-51231-0 e .

‘E’_] Springer Link e

Text pdf available for free if your library subscribes to
Springer Physics
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teaching and education
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Keywaords: special relativity; Doppler;

time dilation; Lorentz transformation.

Special relativity (SR) determines the properties of synchrotron radiation, but
the corresponding mechanisms are frequently misunderstood. Time dilation is
often invoked among the causes, whereas its role would violate the principles of
SR. Here it is shown that the correct explanation of the synchrotron radiation
properties is provided by a combination of the Doppler shift, not dependent
on time dilation effects, contrary to a common belief, and of the Lorentz
transformation into the particle reference frame of the electromagnetic field
of the emission-inducing device, also with no contribution from time dilation.
Concluding, the reader i1s reminded that much, if not all, of our argument has
been available since the inception of SR, a research discipline of its own
standing.

OPEN @ ACCESS

898 hitpsiidoi.org/10.1107/5160057751 700769X . Synchrotron Rad. (2017). 24, 898-901
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teaching and education

p. 172: ‘To undersiand the absurdity of claimns that the
SR-Doppler [Special Relativity-Doppler] effect is created at
the source due to trne dilation, the reader shonld cornsider ot
fwo but three different observers, e.g. two differeni travelers and
the laboratory source. Tlhere are three different relative velo-
cities. There are three different SR—-Doppler shifts cbserved that
nuist be refative and reciprocal. The only way that this can be
triue is that the Doppler shift is created by the method of
abservation and not by state of motion of the source’.

Reprettably, the incorrect time dilation explanation is
what students frequently learn, notably from Wikipedia
{(hitps:/fen. wikipedia.org/wikifRelativistic_Doppler_effect),
which states: ‘The relativistic Doppler effect is different from
the non-refaiivistic Doppler effect as the equations nclude the
time dilotion effect of special relativity’. Actually, the origin of
the misconception is much older: it can be iraced to the SR
text (Resnick, 1968) and subsequently percolated into popular
teaching books like the “Halliday-Resnick-Krane® physics
manuals (Halliday es al, 2002),

Resnick presented the Doppler shift and the line-of-sight
aberration following von Lawe's classic relativity text in
German (von Lauwe, 1960), which included the following
comment: ‘Die Wurzel /1 — B% in 14.8 welche den quad-
ratischenn Doppler-Effekt bedingt, starmmz, wie man an Hand
der Rechnung Zurilverfolgt aus dem Nenner .f1— 8% der
Transformation (4.7). Da wir aus demselben Nenrer in §5a anf
die Zeitdilotation: schlossen, finden wir much hier den Zusmmn-

menhang zwischen dem quadraischen Effeks wund der
Verlangsanuing des Uhrenganges....” A comecl paraphrased
translation 13 *._both the Doppler v-factor and tane dilation y-
factor eriginate in thre y-factor of the Lorentz transformatdon’.
Instead, Resnick’s version was: *Jt is mstnctive to note that the
transverse Doppler effect has a sanple time-dilgtion inter-
pretation.... The transverse Doppler effect is another physical
example confinning the relativistic fime dilation.” The use of
the words “interpretation” and “‘confirming’ 13 the conceptual
mistalke that influéenced the subsequent {eaching of the
Doppler effect, and synchrotron radiation, over halfl a century.

In essence, the above derivation of the Doppler shift and its
time dilation argument live in a hypothetical (and wrong)
world filled with materiel (or absolite) gether. Consider the
general Doppler effect for sound: the [requency of emitted
waves depends on the relative velocity of the source with
réspect 1o air; there 15 a second shift if the observer also moves
with respect to awr. The time-dilation arpumenti for the
Doppler shift of light uses the same logic: the emitted
frequency 1s modified by the relative motion of the source with
respect to the carner of emiiied radiation, the material aether.
‘This thinking violates of course the principle of relativity by
de facto assuming that the modification is with respect to an
absolute aether, whereas Finstein {Einstein, 1905a) saved
Galileo’s principle of relativily by recognizing ithat it is the
observer who creates in the measurement process the Doppler
shift for light.

J- Synchrotron Rad. (2017). 24, 858501

Giorgio Margaritondo et af. «
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The relativistic foundations of synchrotren radiation

electronic reprint



Issues in Learning Special Relativity

Professors: If and Students: choose Remember: “S” R bigger
when we need to SR sources unfinished theory
say “paradox”, “not carefully, lots of compared to GR and
real”, it means we bad stuff around yet GR in minds of
are not sure what (many false many superseeds SR
we are teaching prophets)

Message: insist Incomplete explanations: Non-static context:

SR “incomplete” body contraction, evolving SR
as it is unfinished time dilation, concepts cannot be
(acceleration) Doppler effect presented 1905 way
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Teaching SR | ask students about

body contraction: | offer a choice -
What is “Lorentz contraction”. y=1/(1 — vz/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 G..wR. GR short-circuits SR thinking.

4th July 2018 Relativity/Acceleration JR/UA 11



Relativity

Einstein 1905: Inertial Motion

Problems with understanding of body Lorentz-Bell simpler:
contraction, time dilation, Doppler  transfer bodies from on

effect: Frequent confounding of to another frame of
body behavior with coordinate reference using
transformation of space and time sub-nano-forces

1911 Einstein:
“...1t (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

PART Iv:  Measurement 135
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Fig. 10.2 Two rockets of length h separated by distance D = x> — x| = [Dg. (a) at rest, and in
case (b) moving at velocity v acquired at a later time
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Fig.10.3 Two rockets separated by distance [ = x2 — x; = [y and connected by a thin thread of

(a) at rest, and in case (b) moving at velocity v acquired at alater time
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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.
4th July 2018 Relativity/Acceleration JR/UA 14



Eur. Phys. J. A (2018) 54: 29
DOI 10.1140/epja/i2018-12370-4 Letter THE EUROPEAN
PHYSICAL JOURNAL A

Measurement of the Lorentz-FitzGerald body contraction

Johann Rafelski® Dedicated to Walter Greiner; October 1935 — October 2016.
Published online: 20 February 2018
Department of Physics, The University of Arizona, Tucson, AZ, 85721, USA
Abstract. A complete foundational discussion of acceleration in the context of Special Relativity (SR) is
presented. Acceleration allows the measurement of a Lorentz-FitzGerald body contraction created. It is
argued that in the back scattering of a probing laser beam from a relativistic flying electron cloud mirror
generated by an ultra-intense laser pulse, a first measurement of a Lorentz-FitzGerald body contraction is
feasible.

The moving electron cloud mirror is body compressed.

ent of the Lorentz-Fitz(serald Body Contraction

: . TR gold
ccomplish A moving electron cloud acts as a relativistic mirror
t we con-  fora low intensity laser light bounce. The capability of the
tat athin ultrarelativistic mirror to funection depends on the electron | |aser

n act as a  cloud density; laser light can scatter coherently from a suf-

n electron  ficiently high density cloud — what is low and high density

ith a high is determined by comparing mean electron separation to

ron cloud  the light wavelength.

+ Lorentz-. two Lorentz transforms, first into the rest-frame of the mirro
and upon reversal of the propagation direction of the ligh
motion, transform back to the laboratory frame.
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Relativity

A Einstein 1905: considers inertial Motion
a consistent framework, HOWEVER:

1905 “Special” 1916 Einstein
Relativity works since: Included Force of
lab acceleration negligible: Gravity by allowing

“nano-forces” Theory curved space-time
Incomplete: missing EM forces NOT a topic of today
Fundamental Problems with * GR : consistent
Forces: F=e(E+v x B) “Lorentz” Relativity=

multiple extenstions needed Gravity Relativity
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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
f sky is today CMB photon freeze-out reference frame.

rnt Mach , . : . ' .
1838-1916 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
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the aether

Alr.=gas phase
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Water:=liquid phase

Four elements

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).

~ 630 km/s

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 _(fS8E
of parts which may be tracked &S
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
gualities; 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 Albert Einstein,
space-time intervals in the physical sense.” Ather und die
TODAY: The laws of physics are encoded Rejativitaetstheorie
INn guantum vacuum structure (Berlin, 1920):
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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

4th July 2018 Relativity/Acceleration JR/UA 24



Long-standing interest in

SN OHANN RAFELSKI
quantum vacuum structure:  Eeliaiiyege=

1985 book and a chain of 20

papers over 40 years ' ED VACUUM
stanford.edu THINK'NG ABOUT NOTH'NG

I° The structureo
vacuum : thinking about nothing

JESPONSIBILIT J. Rafelski, B. Muller.

i Ponimns i
ar iy o Yo

JPRINT ~ Thun : H. Deutsch, 1985. e
EsCRIPTION 181 p.:ill.;21 cm.
ISBN 3871448833 (pbk.)

(C166 833 1985 5783871448898 (pbk.)

Vacuum = Miscellanea.
SUBJECT

Physics = Philosophy = Miscellanea.
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What is new in Quantum Mechanics?  a -t

M Planck N Bohr L de Broglie E Schroedlnger W Heisenberg M Born

The uncertainty principle of quantum physics
AE ‘At >h Forbids a truly empty world

The quantum uncertainty challenges the idea of space “free of matter” =vacuum

Vacuum = “ground state” of lowest energy of a physical system
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Relativity enters the quantum world:
Paul Dirac - St Maurice, VS

The Dirac equation in the form originally proposed is

3

Bmec® + Z oppic | Yix,t) =1h

k=1

dP(x,t)
ot




Klein's “Paradox”

+m
| V=V,
{ T T T TS m
VAV
z
|\\ v g \\_, S \\\
+m
V=0
M - e

The Dirac equation uses energy, mass and momentum of special
relativity E? = p?c? + m?c*, taking root we find in quantum physics
two energy (particle) bands. A potential mixes these states!
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Relativistic guantum physics:
antimatter and pair production

Dirac equation has negative energy states: to

E A stop collapse of matter Dirac invokes Pauli
principle and postulates antimatter: Positrons
| conduction band are holes in the occupied sea of electrons.
(empty) ——/
/
7 y A , o
2l Jaia The relativistic 2mc* energy gap reminiscent
o«/ o—e of insulators, where conductive band is above
. .
= o the valance (occupied) band
¢ Relativistic quantum physics predicts
valence band antimatter and allows formation of pairs of
(occupied) particles and antiparticles.
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Pair production

in constant fields

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

‘

J Schwinger

W Heisenberg
Effect large for Field = _2my ¢ A e
E.=1.3 10 V/cm e N  myc®

Tomorrow: In laser focus this corresponds to I =2.3 10°W/cm?

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.
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Virtual Pairs:
The vacuum iIs a dielectric

_|_
€
real bare
photon photon
o

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 hew structured stable
local vacuum state

New Stable Ground State: The Charged Vacuum

There iIs localized charge
density in the vacuum, not
a particle of sharp energy.
Formation of the charged
vacuum ground state ob-
servable by positron emis-
sion: which fills any vacan-
cies among ‘dived’ states
in the localized domain.

Speed of decay of false vacuum controlled by
(Heisenberg-Schwinger mechanism) E-field strength.

Nuclear Physics B68 (1974) 585—-604. North-Holland Publishing Company

THE CHARGED VACUUM IN OVER-CRITICAL FIELDS*

4th Ju|y 2018 Rele J. RAFELSKI, B. MULLER and W. GREINER
Instirur fiir Theoretische Physik der Uriversitis Frankfurt, Frankfurr am Main, Germany

Received 4 June 1973



1974 first local vacuum
structure model of quark
confinement inside hadrons

New extended model of hadrons

A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn, and V. F. Weisskopf
Phys. Rev. D 9, 3471 — Published 15 June 1974 Received 25 March 1974
DOl:  https://doi.org/10.1103/PhysRevD.9.3471

endowina the finite reaion with a constant eneray per unit volume

* Quarks live inside a domain where
the (perturbative) vacuum is without \ / ;’f:;‘;f;
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 <H> — O

* 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: Square of fields does not average out: “condensates
lattice in space time

(qq) = (235 MeV)3,<

4th July 2018 Relativity/Acceleration JR/UA 34
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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,
> My,s—N/2 (?); defines mass for W, Z; top,

bottom, charm(?), contributes to lighter particle mass

* QCD vacuum latent heat at the level of <EV >=0.3 GeV =:

nuclear mass scale, quarks get constituent mass and are
confined. QCD vacuum structure provides +95% of mass of

matter
m.c? =0.511MeV m,c? =0.940GeV
(EM mass!) (QCD mass)

Units are G=giga, M=mega e=electron charge, V=Volt,
4th July 2018 Relativity/Acceleration JR/UA 35



Quantum Chromo-Dynamics(QCD):

Quark colour field lines confined

Most of the mass of
visible matter i1s due

to QCD - (c__ T

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.

4th July 2018

Atoms
4.6%

Dark
Energy

72%
Dark ’

Matter
23%

TODAY

Dark
Matter
63%

Neutrinos
10 %

Photons
15%

Atoms

12%
13.7 BILLION YEARS AGO

(Universe 380,000 years old)
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We do.

ournal of Cosmology and Astroparticle Physics

An IOP and SISSA jourmal

Dynamical emergence of the Universe
into the false vacuum

Johann Rafelski and Jeremiah Birrell

Department of Physics, University of Arizona,

1115 Fo. 4th Street, Tacsomn, Arizona, 85721, TS5 AL
F-rmail: rafelskifphysics. arizona.eda, jhirrellitermail arie onaedno

Fublislhed Movember 23, 2015

Abstract. We study how the hot Universe evolves and acqguires the prevailing vacuum state,
demons=trating that in specific conditions which are believed to apply, the UTniverse becomes
frowsen into the state with the smallest value of Hi gegs vacunm Held o = (B, even if this is
not the state of lowest energy. This supports the false vacuum dark energy A-model. Under
seweral likelw hvpothesss we deternnine the temmperature in the evolution of the Universe adf
which two vacuua vy, ve can swap between being true and false. We evaluate the dynanuacal
surface pressure on domain walls between low and high mass vaccua due to the presence of
matter and show that the low mass state remains the preferred vacuunimm of the Ulniverse.

Keywords: cosmological phase transitions, particle physics - cosmology connection, oarck
energy theory . . - - ;
ArXiv ePrint: 151005001

2015 [OP Publishing Led and Sissa Medialab sl Aot 101088 14T75-TH16, 201511 /0365
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The Higgs vacuum and

symmetry breaking
Normal (QED),

“Higos” and False Vacuum
U \ U |
U
ugtugtion "
g \ Vacuum
energy=dark
H H 'I_fnergy d&

<H> :0 <H> #O Release in

vacuum

Higgs field in the vacuum makes weak interactions  decay
weak and 2" and 3" particle generation heavy
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Back to Acceleration
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References FEur. Phys. J. A (2018) 54: 29

11. P. Moskal, Jagiellonian University, Division of Nuclear

Physics, Krakow, does not believe that a point-like body can

ACCEIEfﬂtiOn EXiSt? feel acceleration (private communication, July 26, 2017).
* Acceleration not Gravity as deformation of

inherent to quantum space time geometry:

mechanics: all quantum  motion I geode_ncs |
operators made of x,p (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.
4th July 2018 Relativity/Acceleration JR/UA 41




Critical Fields=Critical Acceleration

An electron in presence of the critical 'Schwinger’ (Vacuum
Instability) field strength of magnitude:

2 3
_ MMeC " 18 . . .
Es = o = 132310 V//m is subject to critical natural
mac3 . unit =1 acceleration:
a. = 7 - 2.331 % 10%%m/s
]
Truly dimensionless unit acceleration arises when we introduce
specific acceleration ac c

N — = —
mc?2 h

Specific unit acceleration arises in Newton gravity at Planck length
distance: Ng = G/L5=c/hat L, = \/hG/c.

In the presence of sufficiently strong electric field Es by virtue of the
equivalence principle, electrons are subject to Planck ‘critical’ force.
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h"‘lkB = a=— 0481810 I'- - Celsinserad

Planck units ey

Wiiklt man nun die »natiirlichen Einheiten« so. dass in dem neuen
Maasssystem jede der vorstehenden vier Constanten den Werth 1 an-

nimmt. so erhiilt man als Einheit der Linge die Grésse:

V2rlp= | ; 11310 em. /27 1.62 x 107* em
als Einheit der Masse:

‘.HQ?.-MPlz l JJ{ — H.56:10°gr. Y 271- 218 b4 1[]—5 g
als Einheit der Zeit:

V2rtpi= VY =135105see, > V215,40 x 107 5
als Einheit der Temperatur;

V2r Tp =)/ 5= as0-10e cels > v/271.42 x 102 K

[liese Grossen behalten ihre natiirliche Bedeutung so lange bei, als
die Gesetze der (Gravitation, der Lichtfortpflanzung im Vacuum und
die beiden Hauptsitze der Wirmetheorie in Giiltigkeit bleiben, sie
miissen also, wvon den wverschiedensten Intelligenzen nach den wver-
schiedensten Methoden gemessen, sich immer wieder als die nim-
lichen ergeben,

"These scales retain their natural meaning as long as the law of
gravitation, the velocity of light in vacuum and the central equations of
thermodynamics remain valid, and therefore they must always arise,

among different intelligences employing different means of

measurin g n M. Planck, "Uber irreversible Strahlungsvorgédnge.” Sitzungsberichte der Kéniglich PreuBischen
' Akademie der Wissenschaften zu Berlin 5, 440-480 (1899), (last page)
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Acceleration=0 approximation
how big is “a” in laboratory?

Ultra-relativistic electron in a magnet of 4.41Tesla
aux=(e/M,) vxB
=1.6 10-19 3 1084.41 /(9.11 10-31)=2.33x1020m/s2=nano a,,
Compare: Natural “unit-1” acceleration

a_=M c?c/(h/21)=9.11 10327 10?4/1.05 10-34=2.33 10*’M|/s?
This is also the acceleration generated by “critical” or Schwinger EM
fields”: E,=(M,c?)*/(ehc /21)=1.323 10 V/m
B_=(M_c?)?/(ehc?/2m)=4.414 10°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

458 29  Afterword: Acceleration

Table 29.1 Models of radiation reaction extensions of the Lorentz force

Maxwell-Lorent z mu’ = el"'a,
- ) Tl The 2 -

LAD™ mu® = elF"*" ua, + mro| 2" — 5 Wy, T0=5 - 3

- 3 dmegme”

s TR ;
L ae . o PR ¢ , 't ) B
Landau-Lifshitz"" mu’t =elF*"u, + ety {u] (e f'-’“}’n,-j —|—; (,L"”] — > ) Fug f.: w® }
. ) 6 v v ' (oye" (o) wpdt) — w1 — 21)
Caldirola h=ek (TIuplt) —in |2 — = 7
= = L)
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We need to extend (S)R to account for missing forces:

1: EM Radiation reaction force

Phys.Rev.D82:096012,2010
10.1103/PhysRevD.82.096012

Effects of Radiation-Reaction in Relativistic Laser Acceleration

Y. Hadad, L. Labun, J. Rafelski, N. Elkina, C. Klier, H. Ruhl
(Submitted on 21 May 2010 (v1), last revised 16 Nov 2010 (this version, v3))

High Energy Physics - Phenomenology ET2. QR { A1 2 o1 19 (T DD )

The goal of this paper is twofold: to explore the response of classical charges o electromagnetic force at the level of
unity in natural units and to establish a criterion that determines physical parameters for which the related radiation-
reaction effects are detectable. In pursuit of this goal, the Landau-Lifshitz equation is solved analytically for an arbitrary
(transverse) electromagnetic pulse. A comparative study of the radiation emission of an electron in a linearly polarized
pulse for the Landau-Lifshitz equation and for the Lorentz force equation reveals the radiation-reaction dominated
regime, in which radiation-reaction effects overcome the influence of the external fields. The case of a relativistic
electron that is slowed down by a counter propagating eleciromagnetic pulse is studied in detail. We further show that
when the electron experiences acceleration of order unity, the dynamics of the Lorentz force equation, the Landau-
Lifshitz equation and the Lorentz-Abraham-Dirac equation all result in different radiation emission that could be
distinguished in experiment. Finally, our analytic and numerical results are compared with those appearing in the
literature.
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Solving LL Equation for a-crit

Example: Electron de-acceleration by a pulse

Lorentz invariant acceleration v/ —u~u,, 1] function of time

3.0 E Red: solution of Lorentz as
equation

> 5 1 Collision between a
A circularly polarized square
2 () ‘_l‘ plane wave with ap = 100
A and initial Es = 0.5 GeV.
150 % ~ = 1.000 electron,
1.0 - ‘\ Blue-dashed: solution of
= M\ _ LL-RR. Y.Hadad, et al, Phys.Rev.D 82,
0.5 5 "--...-...__._____ 096012 (2010)
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Probing super-critical (Planck) acceleration
ac = 1(— mec3 /h = 2.331 x 10%m/s?)

Plan A: Directly laser accelerate electrons from rest, requires
Schwinger scale field and may not be realizable — backreaction
and far beyond today's laser pulse intensity technology.

Plan B: Ultra-relativistic Lorentz-boost: we collide
counter-propagating electron and laser pulse.

*_,,.._.z +—_..
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Puls Lorentz Transform (LT)
Relativistic electron-laser pulse collision

AI-L 1 —

s

0] 1.2 2.4
Alpm]

LT

Doppler shift: W’ =

= (1, V) — In electron’s rest frame: u; = (1 .0)

(1 +n-V)w

Unit acceleration condition: ap

L

!

e

L
~ 2yap— — 1
"Mm

e
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Probing EM-unit acceleration possible today
SLAC'95 experiment — Proof of Principle

] du{:\'
pl = 46.6 GeV; in 1996/7 a; = 0.4, ‘ | = .073[mg] (Peak)
N
Multi-photon processes observed:
e Nonlinear Compton scattering
e Rreit-Wheeler electron-nositron nairs _
pair spectrometer
: PCAL
P LRk 5D36 ey
A it gamma _..-.¢ CCD's
positrong photons convertor” CCMR
47 GeV——3p= 1] — [Z =
e'se = ~ . e . Wl—Lﬂ =
scattered EC31 EC37 47 GeV e's GCAL
electrons SCAL

ECAL

e D. L. Burke et al.,d“%aﬁgeﬁs production in multiphoton light-by-light

scattering,” Phys. Rev. Lett. 79, 1626 (1997)
e C. Bamber et al., "Studies of nonlinear QED in collisions of 46.6

GeV electrons with intense laser pulses” Phys. Rev. D 60, 092004 (1999).
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Another context for critical acceleration
experiments: Relativistic Nuclear Collisions

Nuc Nuc
A A
Big-Bang Micro-Bang
7= 10ps 1=4 10
Nuclear Collisions at energy E>>Mc? N, /N = 107 N, /N=0.1
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Unlt Acceleration in Strong Interactions
Two nuclei smashed into each other at high-
est achievable energy: components can be
stopped in CM frame within A7 ~ 1 fm/c.
Tracks show multitude of particles produced,
as seen at RHIC (BNL) and at CERN.

e [he acceleration a required to stop Some/any of the

components of the colliding nuclei in CM: a ~ Wﬁ% Full

stopping: Aysps = 2.9, Ayruic = 5.4, larger at CERN.
Considering constituent quark masses M; ~ My /3 ~ 310 MeV
we need A7sps < 1.8 fm/c and longer times at colliders to
exceed critical a.

e The soft electromagnetic radiation in hadron reactions (A. Belognni
et al. [WA91 Collaboration], "Confirmation of a soft photon signal in
excess of QED expectations in m—p interactions at 280-GeV/c,” Phys.
Lett. B 408, 487 (1997) [arXiv:hep-ex/9710006].) and heavy ion

reactions exceeds the perturbative QED predictions significantly
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EM Forces Incomplete
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Missing EM “Stern-Gerlach” force

Physics > Classical Physics [EL QI BRSO A PRI § YL

Relativistic Dynamics of Point Magnetic Moment

Johann Rafelski, Martin Formanek, Andrew Steinmetz

(Submitted on 1 Dec 2017)

The covariant motion of a classical point particle with magnetic moment in the presence of (exiernal) electromagnetic
fields is revisited. We are interested in understanding Lorentz force extension involving point particle magnetic moment
gStern—GerIach force! and how the spin precession dynamics is modified for consistency. We introduce spin as a
classical particle property inherent to Poincare\'e symmeiry of space-time. We propose a covariant formulation of the
magnetic force based on a \lg magnetic\rg\ 4-potential and show how the point particle magnetic moment relates to the
Amperian (current loop) and Gilbertian (magnetic monopole) description. We show that covariant spin precession lacks
a unique form and discuss connection to g — 2 anomaly. We consider variational action principle and find that a
consistent extension of Lorentz force to include magnetic spin force is not straightforward. We look at non-covariant
particle dynamics, and present a short introduction to dynamics of (neutral) particles hit by a laser pulse of arbitrary
shape.
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Eur. Phys. J. C (2018) 78:6 THE EUROPEAN

Crosshiark
hitps:iidoi.ore/ 10,11 40fepjc/s10052-017-5493.2 PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Relativistic dvnamics of point Y
magnetic moment
Johann Rafelski?, Martin Formanek, Andrew Steinmetz

Department of Physics, The University of Arizona, Tucson, AZ 83721,

Dipolc moment m Electric current/
Received: | December 2017 { Accepted: 19 December 2017 I he magnetic field and magnetic moment. due o
@ The Author(s) 201%. This article is an open access publication naturzl magnetic dipcles (left), or an electric current

(right). Either generateas the seme fizld profile.

Abstract The covariant motion of a classical point particle |, The magnetic moment g has an interaction energy with

with magnetic moment in the presence of (external) elec- a magnetic field B

tromagnetic fields is revisited. We are interested in under-

standing extensions to the Lorentr force involving point par- En=—u-B. )
ticle magnetic moment {Stern—Gerlach force) and how the

spin precession dynamics is modified for consistency. We The corresponding Stern—Gerlach force Fgg has been
introduce spin as a classical particle property inherent to written in two formats

Poincaré symmetry of space-time. We propose a covariant g

formulation of the magnetic force based on a *‘magnetic’ 4- Feg = I Vipe - B), Amperian Model, (2)

(i - V) B, Gilbertian Model.

- [ o | ] 1] o

potential and show how the point particle magnetic moment
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Two models for magnetic dipole Stern-Gerlach force

All agree: magnetic potential U = —u - B ]

Amperian - current loop Gilbertian - magnetic dipole
—
ji
B
en.wikipedia.org/wiki/Magnetic_moment en.wikipedia.org/wiki’Magnetic_dipole
Fasc = V(u-B) Fasag = (n-V)B

Named after William Gilbert 1544-1603

There are no magnetic monopoles. Point particles have
no current loops. We need a third model
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Relativistic ‘magnetic potential’

Since Emag = —p - B = Uy,

We look at a magnetic 4-potential B# akin to e-4-potential A*

1
B, =F,,s", F,, = EeﬁyaﬁF&ﬁ, FHY = oHAY — OVAF

since s, is axial, B* is a polar 4-vector. In the rest frame of the particle

Need magnetic ‘charge’ d

Ur?lag =B%d =—puB, sdc=p

B* generates additional magnetic force

dut

Mm—— = Fi o = (eFF"+G*"d)u,,, GHY = OF'BY—0"B*.
T
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Covariant Amperian and Gilbertian Stern-Gerlach force

The magnetic force will be now identified to be the Amperian form:

ASG force and the rest frame of a particle

Flieqg =eF*"u, —u-0F*"s,d+ 0" (u- F*-sd)

1 oE
Fisclre = {0? e€ +V(u-B)— poRalie E}

e

Another approach that allows us to find the Gilbertian force:
We try to modify the fields

eFFY — |F* = eFW — 5. OF** d

ASG=GSG force and the rest frame of a particle

Fhoo = Fhoo = (eFM" — s - OF*" d) u,, — poj” €yapus’g"* d
Féslre = {0, €€ + (- V)B + pop < j}




Equivalence of point particle magnetic moment forces

Based on this we can write two equivalent generalizations of the
Lorentz force

ASG, GSG: two ways to write one and the same thing

Ft=Fhog=eF*"u, —u-0F**"s,d+ 0"(u- F* -sd)

Fr=FL;=(eFF—s-0F "™ d)u, — pg;ﬁewagyu%ﬁg”“d

Vip-B)— (- V)B=px(V x B) with this we obtain

In rest frame

0 = [Fasc — Fasalrr

| OE

>

il

We recognize Maxwell equation in parenthesis



Covariant dynamical equations

From now on we use the Gilbertian form of the Lorentz force nge in

vacuum j# = 0.
The dynamical ‘Schwinger’ spin equation is obtained as described

above

Coupled covariant motion of particle 4-velocity u* and spin s*

e _
e ~ " ~

2 Salale] e — —5 - OF™M"d Sy—ﬁu— u - eF—Es-@F*d -5

dr m 1 +a mc? a

@ a and b are arbitrary integration constants
@ Reduces to TBMT equations ford = 0 witha — a

@ Dynamics of a neutral particle depends only on &
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Conclusions

After many years of neglect we find ourselves
already iImmersed 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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