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Critical Fields = Critical Acceleration

= Particle Production
Johann Rafelski (Physics Department, The University of Arizona)

After a review of the quantum instability of the vacuum in presence of super critical fields I will develop the cross-
connection with the ultra-high acceleration phenomena, and describe the related riddles the unit-strength critical
acceleration generates in the context of classical electromagnetism: radiation friction, and in the related EM
component in the mass of charged elementary particles. Critical acceleration phenomena maybe at the origin of the
entropy generation required for QGP formation. The lecture closes with the introduction of new experimental strong
field physics opportunities arising in the context of ultra-intense light pulse collisions with relativistic particles.

Personal memories abhout the Frankfurt School of Theoretical Physics and contributions of Joachim Reinhardt in
the area of strong fields enrich this presentation.

Parts of this lecture are drawn from a recently completed "Relativity Matters" book which can be downloaded here
http://www.physics.arizona.edu/ -rafelski/PS/GuideRel all4.pdf




Das Institut fiir Theoretische Physik und der Fachbereich Physik der Goethe-
Universitit Frankfurt am Main trauern um ihren Mitarbeiter und Kollegen

Dr. Joachim Reinhardt

Joachim Reinhardt hat seine gesamte Schaffenskraft unserem Institut und
dem Fachbereich in Wissenschaft, Lehre und akademischer Selbstverwaltung
gewidmet. Er war ein wertvoller, engagierter, stets hilfsbereiter und
bescheidener Kollege, der jedem allzeic mit Rat und Tat zur Seite stand.

Wir verlieren mit Joachim Reinhardt einen {iberaus geschitzten Kollegen
und lieben Freund. Wirwerden ihm ein ehrendes Andenken bewahren.

Im Namen von Fachbereich und Instituc
Prof. Dr. Owe Philipsen
Dekan des Fachbereichs Physik

Prof Dr. Peter Kopietz
Geschifisfithrender Direkror des Instivurs fiir Theoretische Physik

Stiftungsrat, Wissenschaftlicher Beirat, Vorstand, Mitarbeiterinnen
und Mitarbeiter des FIAS — Frankfurt Institute for Advanced Studies
trauern um ihren lieben Kollegen

Dr. Joachim Reinhardt

Joachim Reinhardt hat seit Griilndungstagen iiber ein Jahrzehnt hinweg
mafigeblich zur erfolgreichen Konzeption des FIAS beigetragen
und die wissenschaftlichen Aktivititen des Institutes koordiniert.

Wir verlieren einen sehr guten und loyalen Freund,
dessen hohe wissenschaftliche Qualifikation
nur noch von seiner Bescheidenheit iibertroffen wurde —
wirwerden ihm ein ehrendes Andenken bewahren.

Unser tiefes Mitgefiihl und unsere herzliche Anteilnahme
gelten seiner Familie.

& sven Koppel @ Donnerstag 29. September 2016 physikonline.uni-frankfurt.de/portal/blog/kondolenz-drjoachim-reinhardt

Wir trauern um Dr. Joachim Reinhardt

Joachim Reinhardt gehdrte
zu den Urgesteinen des Instituts fir Theoretische Physik
(ITP) und bekleidete viele administrative Rollen flr den
Fachbereich Physik, von denen uns einige in Berlhrung
brachten. So war er QSL-Beauftragter und Datenschutz-
Durch
wahrscheinlich jedem Physikstudenten am Fachbereich und

Verantwortlicher. seine  Vorlesungen ist er

vor allem auch vielen Nebenfachlern bekannt. Die Lehrbuchreihe, die er in den 80er-
und 90er-Jahren zusammen mit Walter Greiner geschrieben hat, pragte eine ganze
Generation. Im Rahmen seiner langjahrigen wissenschaftlich-administrativen
Tatigkeit als akademischer Oberrat an der Goethe-Universitadt gestaliete er den
Umzug der Fachbereichsinstitute auf den Riedberg Mitte 2000 sowie die Grindung

des FIAS, welchem die ersten Jahre Unterschlupf im ITP gewahrt wurde,

malBgeblich mit.

Selected Publications  t.physk.uni-frankfurt.de/~|r/publi/publi-hirm

+ ]. Reinhardt, W. Greiner, and G. Soff: Nuclear Bremsstrahlung and Electron-Positron Pair Creation, Z. Physik A276, 285-93 (1976)

+ ]. Reinhardt und W. Greiner: Uberschwere Quasimolekille - ihre Bedeutung fiir Atomphysik und Quantenelektrodynamik, Physik in unserer Zeit 7, 171-80 (1976)

+ ]. Reinhardt and W. Greiner: Quantum Electrodynamics of Strong Fields, Rep. Prog. Phys 40, 219-95 (1977)

+ G. Soff, ]. Reinhardt, B. Miller, and W. Greiner:Shakeoff of the Vacuum Polarization in Quasimolecular Collisions of Very Heavy Ions, Phys. Rev. Lett. 38, 592-5 (1977)
+ ]. Kirsch, W. Betz, ]. Reinhardt, G. Soff, B. Muller, and W. Greiner: K-Xray Spectrum of the Pb+Pb Quasimolecule, Phys. Lett. 72B, 298-302 (1978)
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(1978)

: Systematic Investigation of Binding Energies of Inner-Shell Electrons in Superheavy Quasimolecules, Physica Scripta 17, 417-9

+ ]. Reinhardt, V. Oberacker, B. Muller, W. Greiner, and G. Soff: Positron Emission in Pb-Pb and Pb-U Collisions, Phys. Lett. 78B, 183-8 (1978)
+ ]. Theis, ]. Reinhardt, and B. Muller: How good is the adiabatic basis in heavy ion collisions?, J. Phys. B: Atom. Molec. Phys. 12, L479-83 (1979)
+ ¢ ], Reinhardt, B. Muller, W. Greiner, and G. Soff: Delta Electrons: An Atomic Clock for Deep Inelastic Collisions, Z. Physik A292, 211-2 (1979)
* o ].Kirsch, W. Betz, ]. Reinhardt, B. Miller, W. Greiner, and G. Soff: The Impact Parameter Dependence of the Pb+Pb K-MO Spectrum, Z. Physik A292, 227-34 (1979)
+ ]. Reinhardt, B. Muller, W. Greiner, and G. Soff: Role of Multistep Processes in Heavy-lon Inner-Shell Excitations, Phys. Rev. Lett. 43, 1307-10 (1979)
+ G. Soff, ]. Reinhardt, B. Miller, and W. Greiner: Delta Electron Emission in Deep Inelastic Heavy Ion Collisions, Phys. Rev. Lett. 43, 1981-4 (1979)



Personal Memories-1
Joachim Reinhardt

| meet Joachim (jr) in 1971 in my HiWi Gruppe — WG Theory lecture in classical
mechanics — here in Frankfurt and seeing his talent, | arrange to introduce him
to WG. | remember how Walter asks him where he lives and his eyes light up —
“Kelkheim? You can ride with me home;” — the future of jr was sealed. | meet jr
In the institute while visiting Frankfurt at GSI in 1977 (May-August) before
starting at CERN; we overlap in our interests in regard to quasi molecules and

there Is one paper published that he lists proudly on his web page. Google:

On the color-singlet quark-glue plasma
HT Elze, W Greiner, J Rafelski 77 1983
Physics Letters B 124 (6), 515-519

Systematic Investigations of Binding Energies of Inner-Shell Electrons in

Superheavy Quasimolecules 76 1978
G Soff W Betz, J Rafelski

Physica Scripta 17 (4), 417

Thomas Fermi model of finite nuclei
J Boguta, J Rafelski 76 1977
Physics Letters B 71 (1), 22-26



Personal Memories-2
Joachim Reinhardt
Joachim and | remained in contact over the following 40 years, he was often the

person who provided me with insights and developments about the evolution

of the Frankfurt School of Theoretical Physics. To him I turned when in

2006/7 | had the opportunity to join the first Excellence Initiative at LMU —

“...1s it worth my time to learn more about ultra-intense lasers?” jr responded

In personal conversation:

threshold!” We continued

“It IS just a question of time till lasers reach positron

to interact in following years.

Subject
QED Vacuumoptics

From

Johann Rafelski
jr@th.physik.uni-frankfurt.de
Johann Rafelski
jr@th.physik.uni-frankfurt.de
Johann Rafelski

Johann Rafelski
jr@th.physik.uni-frankfurt.de
Johann Rafelski

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Recipient
jr@th.physik.uni-frankfurt.de
Johann Rafelski
jra@th.physik.uni-frankfurt.de
Johann Rafelski
jr@th.physik.uni-frankfurt.de
Joachim Reinhardt

Johann Rafelski
jr@th.physik.uni-frankfurt.de
Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Joachim Reinhardt

Johann Rafelski

Joachim Reinhardt

Johann Rafelski

% Re:
Re:
4 Re:
Re:
Zur
4 Re:
Re:
Mi,
% Re:
Re:
% Re:
Re:
Re:

QED Vacuumoptics
QED Vacuumoptics
QED Vacuumoptics
QED Vacuumoptics
Info

zur Info

zur Info

12 Dez morgens
Mi, 12 Dez morgens
Mi, 12 Dez morgens
Mi, 12 Dez morgens
Mi, 12 Dez morgens
Mi, 12 Dez morgens

Buero

Re:

Buero

Klassische Bilder

Re:
Re:
< Re:
Re:
4 Re:

Klassische Bilder
Klassische Bilder
Klassische Bilder
Klassische Bilder
Klassische Bilder

Vacuum Decay 2008
mehrZentren Dirac

% Re:
Re:
g Re:

mehr-Zentren Dirac
mehr-Zentren Dirac
mehr-Zentren Dirac

Date

07/28/2007
07/30/2007
07/30/2007
07/30/2007
07/30/2007
09/13/2007
09/18/2007
09/19/2007
11/28/2007
11/29/2007
11/29/2007
11/29/2007
11/29/2007
11/29/2007
12/11/2007
12/11/2007
07/28/2008
07/28/2008
07/29/2008
07/29/2008
07/30/2008
07/30/2008
08/07/2008
05/07/2009
05/08/2009
05/08/2009
05/08/2009

~

01:38 AM
03:51 PM
04:30 PM
09:16 PM
10:59 PM
04:02 PM
06:33 PM
07:38 AM
07:21 PM
09:09 AM
05:36 PM
06:22 PM
06:43 PM
06:45 PM
02:18 PM
03:24 PM
05:28 AM
05:49 PM
02:52 AM
11:37 AM
02:52 PM
03:37 PM
08:46 AM
06:57 PM
09:33 AM
11:52 AM
02:15 PM

L

MBE
KB
MB

NUWRNWEUEOEWNE NN NN NN

1<



Frankfurt School QED Books

Greiner / Milller / Rafelski

Quantum Electrodynamics of Strong Fields
With an Introduction into Modern Relativistic Quantum Mechanics

Walter Greiner Quantum Electrodynamics
Joach'm Reinharct
von Walter Greinzr * (Autar), Joachim Reinhardt

Quantum

Electrodynamics

Creiner Reinhardi

Fourth Edition

FIELD
QUANTIZATION

£} Springer

Field Quantization by Walter Greiner
JR_f Joachim Reinhardt, (2008-02-26)



Science Part: A hew
Foundational Physics

Acceleration Frontier

with connection between topics
following historical time-line

* Aether=Structured Vacuum

* (Super)Critical Fields=Positron Production=Local
Structured Vacuum: Frankfurrt 1970+
* Critical Fields=Critical Acceleration with

Radiation-Reaction

JR for jr 15.12.2016



Aether=Structured Vacuum

JR for jr 15.12.2016



Four elements and the aether

Air * 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.

Fire:=energy; Air:=gas phase;
Water:=liquid phase; Earth:=solid phase; Aether=vacuum
JR for jr 15.12.2016



Inertia & Mach'’s Principle

Measurement of (strong) accleration requires a

Reference frame: what was once the set of fixed

stars in the sky is today CMB photon freeze-out reference frame.

To be consistent with special relativity: all inertial observers with
respect to CMB form an equivalence class,
we measure acceleration with reference to the CMB inertial frame.
It is rather clear that the information about who is accelerating
must be provided locally.

Ers Mach
1838-1916

... with the new theory of electrodynamics we are rather forced to have an
aether. - P.A.M. Dirac, ‘Is There an Aether?,” Nature, v.168, 1951, p.906.

In Einstein’s gravity reference frame provided by metric. However,

there is no “acceleration”, a dust of gravitating particles is in free fall.

Only in presence of arigid body created by quantum physics combined
with EM force, Mach’s principle a concern.

JR for jr 15.12.2016



How can the laws of physics be
known In all Universe?

“Recapitulating, we may say that according to the general
theory of relativity space is endowed with physical
qualities; in this sense, therefore, there exists an aether”

“According to the general theory of relativity space without
aether is unthinkable; for in such space there not only
would be no propagation of light, but also no possibility of
existence for standards of space and time
(measuring-rods and clocks), nor therefore any
space-time intervals in the physical sense.”

“But this aether may not be thought of as endowed with the
guality characteristic of ponderable media, as consisting
of parts which may be tracked through time. The idea of
motion may not be applied to it.”

TODAY: The laws of physics are encoded

Albert Einstein,
Ather und die

: Relativitaetstheorie
In quantum vacuum structure (Berlin, 1920):

JR for jr 15.12.2016



Relativity changes the quantum world:
Paul Dirac — memorial in St Maurice, VS
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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!

JR for jr 15.12.2016



Pair production

in constant fields .
The sparking of the QED dielectric '
A\

W Heisenberg J Schwinger

Effect large for Field
E =1.310% V/cm

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 1935; added into
Schwinger's 1950 article as a visible after finish-point

(my idea how this happened: referee=Heisenberg).

JR for jr 15.12.2016



Tunneling instability: Relation to Klein's paradox

E A

conduction band

(empty) ——
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valence band

(occupied)

JR for jr 15.12.2016

Relativistic Dirac quantum
physics predicts antimatter and
allows formation of pairs of
particles and antiparticles.

The relativistic gap in energy
reminiscent of insulators,
where conductive band is
above the valance (occupied)
electron band



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,
Observable Coulomb interaction stronger (0.4%) at distance 1/m

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

JR for jr 15.12.2016



Matter Influences Vacuum

Photons fluctuations altered by matter, Casimir effect can
be measured:

L
Attractive force between ;
two adjacent metal plates Y
(Casimir force, 1948) Y V
P 7 he 2 4
T 9240 I4 ete

More fluctuations outside the plates compared to the
space between: outside pressure, plates attract Hendrik B.G. Casimir

NOTE: Each ‘elementary’ particle, each interaction adds a new
“fluctuation” to vacuum structure.

JR for jr 15.12.2016



Supercritical Fields=
Positron Production=
Local Structured Vacuum
Frankfurt 1970++
PRESET DAY PARADIGM

JR for jr 15.12.2016



Strong Fields-seeking tests: positrons from
(quasi-)superheavy elementes

(quasi)Atoms beyond 7 ~ 100 Decay of the Vacuum
E A , Undercritical Overcritical
————parlicle Single Particle Dirac Equation I e’
m f‘:r' S
) _—_——___HH P — - -
(a-iV+m+V (r))V,(7) = E,V,(7) .
I > P—
173 Z
I A =
~Tlet - ; -VIir) = 7
—e - - - 34 < Z
—+- antiparticle=—= iRy TTR T<In

o If diving state 'empty’ vacuum decays
Supercritical fields

) ) — ) — — -_1':- + + 1]
The bound states drawn from one continuum move as function of Z Q=0)=1Q=¢)+e" by positron
across into the other continuum. Mix-up of particle/antiparticle states Jstate occupied by an electron,'smooth’

Reference: . Greiner, B. Muller and JR  ISBN 3-540-13404.2. | transition of charge distribution
"Quantum Electrodynamics of Strong Fields,
(Springer Texts and Monographs in Physics, 1985),

Z. Physik 257, 183—211 (1972)
© by Springer-Verlag 1972

Auto-Ionization of| Positrons in Heavy Ion Collisions *

Berndt Miiller, Johann Rafelski, and Walter Greiner
Institut flir Theoretische Physik der Universitdt Frankfurt/Main and

Received October 4, 1972




Experimental Realization:
Quasi-Molecules in Heavy lon collision
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Physica Scripta, Vol. 17, 417-419, 1978

Systematic Investigations of Binding Energies of
Inner-Shell Electrons in Superheavy Quasimolecules

LETTERE AL NUOVO CIMENTO
4, 11 15 Luglio 1972
Superheavy Electronic Molecules (7).

L4 ) PN N.

Electronic binding energies in superheavy quasimolecules are calculated

Gerhard Soff, Joachim Reinhardt and Wilfried Betz
Institut fiir Theoretische Physik der Johann Wolfgang Goethe
Universitit, 6000 Frankfurt am Main, W. Germany

Johann Rafelski

Gesellschaft fiir Schwerionenforschung (GSI), Darmstadt,
Received October 24, 1977 revised December 9, 1977

using the monopole approximation, finite size and screening effects are
inciuded. The validity of the monopole approximation is discussed. A
phenomenological description of the binding energy as a function of the
total charge (Z, + Z,) and the two-center separation R is given. It is
shown, that the lso-ionization rate does not depend on the projectile or

target charge, but only on the total charge of the superheavy quasi-
molecule.

J. KEAFEL3KI1, B. MULLER and W. GREINER

Institut fur Theoretische Physik

der Universitidt Frankfurt
ricevuato il 30 Marzo 1972)



A new structured stable local vacuum state

New Stable Ground State: The Charged Vacuum

There Is 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

JR forJr 15.12.2016 THE CHARGED VACUUM IN OVER-CRITICAL FIELDS*

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 Vacuum
gluon fluctuations. This outside \ y—/ Presaure
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.
JR for jr 15.12.2016




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> — 0

* 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)’,(%£G,, G* ) = (335 MeV)*

7T

JR for jr 15.12.2016



Experiment: melt the particle structure

T<~102K =» molecules intact
T>~103K (0.1 eV)=» molecular dissociation

T<~10*K =» atoms intact
T>~10*K (1eV) =» atomic ionization, plasma formation

T <~ 10°K =» nuclei intact
T>~ 10°K (0.1 MeV) =» nuclear reactions

T<~ 102K = protons intact
T>~ 102K (150 MeV) = vacuum melts, quarks free

T<~ 10K = electromagnetic and weak interactions separate
T>~ 10K (150 GeV) = Higgs vacuum melts, all quarks massless

JR for jr 15.12.2016



Melting the QCD vacuum in

Nuclear Collisions at Relativistic energy E>>Mc?

| Micro-ﬁanL|

N

Nuc —
+

-

Pty

p—
= - NAIC
_—

\

Big-Bang Micro-Bang
T= 10pus T=4 10>
N, /N = 107 Ny /N =01

JR for jr 15.12.2016



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,
> M, ,=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,
JR for_jr 15.12.2016



First Summary:

In 1973 Frankfurt School predicts that

local (charged htum
vacuum(s{}u tre ¢ ange OK

This QM vacuum feature contradicts the
classical paradigm of Einstein's Aether
which can only change globally

ocal yacHun RN RIRRISL o yusp iR puark

Strong_F_ieId=strong force=stronE acceleration
instability of ground state of QED expected

JR for jr 15.12.2016



Critical Fields=Critical Acceleration
with
Radiation Reaction

JR for jr 15.12.2016



Critical Fields=

Critical Acceleration
An electron in presence of the critical 'Schwinger’ (Vacuum

Instability) field strength of magnitude:

2 -3
myC ) 18 : : ..
bs — —— — 1323 x107V/m s subject to critical natural
m.c3 . unit =1 acceleration:
a. = ?_ . 2.331 % 10%9m /s
) |
Truly dimensionless unit acceleration arises when we introduce
specific acceleration a. c

N — _ —
mc? h

Specific unit acceleration arises in Newton gravity at Planck length
distance: Xg = G/L =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.

JR for jr 15.12.2016



h/kg = @ = 0.4818:107[sec x Celsiusgrad

— -

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

nimmt, so erhilt man als Einheit der Linge die Grisse:

V2w Llp= l h 113:10-%em. /27 1.62 x 107 em
als Einheit der Masse:

VarMpi= V% = ssr0e V21218 x 1070 g
als Einheit der Zeit:

V2rtp= V% = 13500 s > v2r5.40 x 107 s
als Einheit der Temperatur:

V2rTpy=a)/ = ns0- 1090 Cels > v/2 1.42 x 10%2 K

[liese Grossen behalten ihre natiirliche Bedeutung so lange bei, als
die Gesetze der Gravitation. der Lichtfortpflanzung im Vacuum und
die beiden Hauptsiitze der Wirmetheorie in Giltigkeit bleiben, sie
miissen alsa, wvon den verschiedensten Intelligenzen pach den wver-
schiedensten Methoden gemessen, sich immer wieder als die nam-
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 m M. Planck, "Uber irreversible Strahlungsvorgénge.” Sitzungsberichte der Kéniglich PreuBBischen
' Akademie der Wissenschaften zu Berlin 5, 440-480 (1899), (last page)




Critical acceleration probably achieved at RHIC

Two nuclei smashed into each other from two
sides: components ‘partons’ can be stopped in
CM frame within AT ~ 1 fm/c. Tracks show

multitude of particles produced, as observed at
RHIC (BNL).

¢ [he acceleration a achieved to stop some/any of the companents of
the colliding nuclei in CM: a ~ %. Full stopping: Aysps = 2.9, and
Ayruic = 5.4. Considering constituent quark masses

M; ~ My /3 ~ 310 MeV we need Atsps < 1.8 fm/c and Atgyic < 3.4
fm/c to exceed a..

¢ Observed unexplained soll electromagnetic radiation in hadron
reactions A. Belognni et al. [WASGT 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)
JR for jr 15.12.2016




Critical Acceleration in RHIc-
Another Frankfurt School idea?

CERN, LHC predlctlo:f_]ma,,‘,
meet, June 2007

JR_for_jr 15.12.2016 & :
|



A new path to probing space time

The new idea is to collide kJ pulses with themselves or with
particles, with light intense enough to crack the vacuum

Should we be able to focus of

On the wa .
Bt y i 5kJ to 10% atom size we reach
study energy density of QGP.
N nlines Macroscopic domain of early
QED niverse
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production ...and if we get that
EM fields energy into proton
polarize_ sized volume the Higgs
quarks in vacuum will melt
QCD
vacuum
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Strong Field Unsolved Problem
Radiation-Acceleration-Reaction

Conventional Lorentz-Electromagnetic force is incomplete: accelerated
charged particles can radiate: “radiation friction” instability — some
acceleration produces friction slowdown, produces more slowdown etc.
Need acceleration that is not negligible to explore the physics of radiation
friction. Problem known for 115 years.

Microscopic justification in current theory (LAD)

1) Inertial Force = Lorentz-force with friction- > 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 with friction -> go to 1.

So long as the radiated fields are small, we can modify the Lorentz Force to
account for radiated field back reaction. The “Lorentz-Abraham-Dirac (LAD)” patch
Is fundamentally inconsistent, and does not follow from an action principle. Many
other patches exist, some modifying inertia, others field part of Lorentz force - it
Introduces a nonlinear and partially nonlocal Lorentz-type force. No action
principle is known
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SLAC'95 experiment below critical acceleration

du

p2 = 46.6 GeV; in 1996/7 ag = 0.4, e

= .073[m,] (Peak)

Multi-photon processes observed:
e Nonlinear Compton scattering
e Breit-Wheeler electron-positron pairs
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e D. L. Burke et al., "Positron 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 45.6 GeV electrons with

intense laser pulses” Phys. Rev. D 60, 092004 (1999).
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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.
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Pulse Lorentz Transform (LT)

Relativistic electron-laser pulse collision
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Example: Electron de-acceleration by a pulse

Lorentz invariant acceleration /— 0>, L[mel function of time

3.0 E Red: solution of Lorentz as
equation

75 1 Collision between a
A circularly polarized square
20 ‘_‘| plane wave with ag = 100
-\ and initial Eo = 0.5GeV,
L5\ + = 1,000 electron,
11]; ‘\ Blue-dashed: solution of
-\ LL-RR. Y. Hadad, et al, Phys.Rev.D 82,
Ot S~ ——— L 096012 (2010)
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Sample of proposed LAD extensions
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Other recent references
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2"! Summary
To resolve Inconsistencies: we need to formulate a NEW
“large accelaration” theory of electro-magnetism, comprising
Mach’s principle, and challenging understanding of inertia.

THEORY Question: How to achieve that charged particles when
accelerated radiate in self-consistent field — and we need EM theory
with Mach principle accounted for (gravity, quantum physics=zero
acceleration theories)!

EXPERIMENT: strong acceleration required. What is strong: unit
acceleration=Heisenberg-Schwinger Field

Is there a limit to how fast we can accelerate electrons to ultra high
energy? Example of early Model: Born-Infeld electromagnetism
(Frankfurt fame)

Can the empty space remain transparent to a plane wave of arbitrary

intensity? And why? Perfect wave and perfect translational
symmetry required.
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EXTRA SLIDES

JR for jr 15.12.2016



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 (could be the case

near to matter).
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We do.

PREPARED FOR SURBMISSION TO JOCAP

Dynamical Emergence of the Universe
into the False Vacuum

arXiv:1510.05001v2 [astro-ph.CO] 19 Nov 2015

Johann Ralelski and Jeremiah Birrell

Department of Physics, University of Arizona. Tucson, Arizona, 85721, USA

Abstract. We study how ths hot Universe evolves anc acquires the prevaling vacuum state,
demonstrating -hat in specific conditions which are believed to apgly, the Universe hecomes
frczen into the state with the smallest value of Higgs vacuum fleld v = (h), even if this is
not the state of lowest energy. This supports the false vacuum dark energy A-model. Under
Sﬂ"'—(“'ﬂ] Iik(’lv\: II:FP(JL]'IEHE'H we (].(.’L(!'T'ﬂ'l'i.nc? l;I'I‘." ten1pﬂr.‘1tlu’€' in t‘h(" E",’L)Illti()n UE t]'LE‘ l:ni\'—[m(? at
which two vacuna vy, vs can swap between being true and false. We evaluate the dynzmical
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 prefer-ed vacuum of the Universe.
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1 Introduction

This work presents relatively simple arguments for why the cosmological evolution selects the
vacuum with smallest Higgs VEV v = {h) which, in general, could be ard likely is the “false’
vacuum. Our argument ralies on the S:andard Model (5h|] minimal coup!t'f:_g: m — gh. or
similar generalizations in ‘hevond’ SM (BSM), so that the vacuum with the smallest Higes
VEV also has the smallest particle masses. In anticipation of the model with multiple vacuua,
we call the vacuum state with lowest free energy at temperature T' ‘the true vacuum’ and
all others ‘the false vacuua’. Note that this i= a temperature dependent statement: we live
today in the false vacuum which as we will show was once the true vacuum.

In the presence of pairs of particles and antiparticles at high temperature the vacuum
stale with smallest v bs energetically preferred, even if i bas a Lupe vacuom eonergy, This s
so becanse smaller vimplies smaler particle masses and hence less energy, and free energy, in
the particle distributions. By the time the Universe cools sufficiently for the larger vacuum
energy to dominate the smaller particle free =nergies, the probability of swap to the large
mass true vacuum i vanishingly small m general.

Therefore, the Higgs minimum with the lowest value of the Higzs field v, and thus
nof necessarily the lowest value of the effective potential Wiv) = (V(h)), emerges as the
prevalent vacoum in our Universe. The difference, p, = AW, between the prevalent vacuum
state today and the true minimum is a ratural candidate to explain the cbserved dark energy
density,

pu = 256 meV?, (1.1)



The vacuum and
symmetry breaking
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How was matter created”

Matter emerges
from gquark-gluon
plasma

2

After the Big-Bang the
“vacuum” was different till
about at 30 s — expansion
cooled the temperature T to
a value at which vacuum
changed and our matter
“froze out”. At that time le W=, 0° .
the density of matter was i
about ~10% gm / cm?3 s, g
(energy density ~ 10 GeV /
fm3, well above that of the
center of neutron stars,
that is ~60 times nuclear
energy density), and
temperature was T ~ 160
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Old tools: Visible from space




Strangeness Signature of QGP

volume 51 - number 9 september - 2015 Hadrons aﬂd N UClel

From: Melting hadrons, boiling quarks
by Johann Rafelski
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P RN New science,
ELI will comprise 4 branches:

Attosecond Laser Science, which will capitalize on new regimes of
time resolution (ELI-ALPS, Szeged, HU)

High-Energy Beam Facility, responsible for development and
application of ultra-short pulses of high-energy particles and
radiation stemming from relativistic and later ultrarelativistc
interaction (ELI-Beamlines, Prague, CZ)

Nuclear Physics Facility with ultra-intense lasers and brilliant
gamma beams (up to 19 MeV) enabling also brilliant neutron beam
generation with a largely controlled variety of energies (ELI-NP,
Magurele, RO)

Ultra-High-Field Science centred on direct physics of the
unprecedented laser field strength (ELI 4, to be decided)
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High-Energy Beam Facility, responsible for development and application of ultra-short pulses of
high-energy particles and radiation stemming from relativistic and later ultrarelativistc interaction

L f“L as e* ' ;
MH:‘Q)!S . B il d.l.n g =




Moving foil-electron cloud:
Coherent backscattering

—

Incident B
pulse 7

6)

0

Reflected
EM wave

cTYy
(ﬂr = (ﬂ[}=}472(!)[}
e > W

JR for jr 15.12.2016



	Slide 1
	Slide 2
	Slide 5
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 43
	Slide 47
	Slide 48
	Slide 50

