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Introduction and Motivation of YNNI =R
ULLER
the research program on QGP  [aiidias

based on 1985 book -0 VACUUM
stanford.edu THINKING ABOUT NOT HING

I°| The structured
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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Structured Quantum Vacuum and

Quark-Confinement
* Quantum Vacuum Structure of electrons and photons (QED)

* Strong fields, quark confinement
* Higgs and EM+WI unification: vacuum defines physics laws
* Melting “frozen” quantum vacuum structure: deconfinement

* Cosmological connections: dark energy, primordial QGP

QCD Quark Gluon Plasma and

Pl S L) k % I

-.-f_r.-
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What is new in Quantum Mechanics?  a -t

M Planck N Bohr L de Broglie E Schroedinger 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”
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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 b
The sparking of the QED dielectric '
AN

W Heisenberg J Schwinger

Effect large for Field
E =1.310" V/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).

July 25 2017 Confinement JR/UA 8



Virtual Pairs:
The vacuum iIs dielectric

_|_
€
real bare
photon photon
o

The QED vacuum is recognized a dielectric medium: a charge is screened by
particle-hole (pair) excitations. The real photon is composed of a bare
photon and a photon turning into a “virtual” pair etc. 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. Effect
checked experimentally to better than a permille.
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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*

Ju|y 25 2017 Con J. RAFELSKI, B. MULLER and W. GREINER
Instirur fiir Theoretische Physik der Uriversitis Frankfurt, Frankfurr am Main, Germany

Received 4 June 1973



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)



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 \ /
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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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;
> Mys=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,
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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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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,<
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Melting the QCD vacuum in

Nuclear Collisions at Relativistic energy E>>Mc?

| Micrﬂ-]_}ﬂllg_-'

[/

,\\\

p—
Nuc = Nuc
A - A
-
_—
Big-Bang Micro-Bang
= 10us 1=4102%
N, /N = 10" N, /N=0.1
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The story how we got to QGP

Johann Rafelski Editor

Melting Hadrons, Boiling Quarks

From Hagedorn Tem perature to Ultra-Relativistic Heavy-lon Collisions at CERN
With a Tribute to Rolf Hagedom

1 bisiejey

‘This book shows how the study of multi-hadron production phenomena in the years
after the founding of CERN culminated in Hagedorns pioneering idea of limiting
temperature, leading on to the discovery of the quark-gluon plasma - announced, in
February 2000 at CERN. T ~ 150 MeV

Following the foreword by Herwig Schopper - the Director General (1981-1988) of . .

CERN at%hekey}ﬂstoric:ﬁunctug— the Efst partisa tribute to Rolf Hagedorn (1919- J 0 ha n n Rafe I S k[ Ed’to.r
2003) and includes contributions by contemporary friends and colleagues, and those
wha were most touched by Hagedorn: Tamas Bird, Igor Dremin, Torleif Ericson, Marek
Gazdzicki, Mark Gorenstein, Hans Guthrod, Maurice Jacob, Istvian Montvay, Berndt

Miiller, Grazyna Odyniec, Emanuele Quercigh, Krzysztof Redlich, Helmut Satz, Luigi

L]
Sertorio, Ludwik Turko, and Gabriele Veneziano. @
The second and third parts retrace 20 years of developments that after discovery of the ’

Hapedorn temperature in 1964 led to its recognition as the melting point of hadrons
into boiling quarks, and to the rise of the experimental relativistic heavy ion collision

L] L]
program. These parts contain previously unpublished material authored by Hagedorn
and Rafelski: conference retrospectives, research notes, workshop reports, in some I I n r S
instances abbreviated to avoid duplication of material, and rounded off with the edi-

tor's explanatory notes.

From Hagedorn Temperature
to Ultra-Relativistic Heavy-lon
Collisions at CERN

With a Tribute to Rolf Hagedorn

In celebration of 50 Years of Hagedorm Temperature

AABSH NISIALLR[Y-B1| () 0)

aimeladwa) uiopabey woi4 — syieny buijiog ‘suoipey bunpp

Ng3)1e suorsi|jo) uo

Physics
ISEN 978-3-319- 175447

SN
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The objective is to understand

The properties of the quark-gluon
plasma, To write a few pages on
the history of our universe,

Wow!Then you will become rich
and famous!l

Oh,I doublitl We are just doing what you have
/{ done by following the rabbit... satisfying human

curiosity... From our results, we can learn for
example how the matter of the early universe
evolved,

=

We are about I000researchers, engineers,

technicians and students from all over the
world, For years, we have been working hard
to design and build the ALICE experiment. This
is an exciting period; but even
more exciting willbe when we

cookthe soup... speaking of
soup, would you like To join our
party?I canintroduce vouto
my colleagues,
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Another view: What is special with Quark Gluon Plasma?

1. RECREATE THE EARLY UNIVERSE IN LABORATORY:
Explore conditions prevailing in the Universe when matter formed from
quarks, gluons at about 20 s after Big-Bang. Improve understanding of
matter-antimaatter asymmetry exploring QGP hadronization

2. PROBING OVER A LARGE DISTANCE THE CONFINING
VACUUM STRUCTURE

Seek to demonstrate that the vacuum state determines prevailing form
of matter and laws of nature

3. STUDY OF THE ORIGIN OF MASS OF MATTER

The confining quark vacuum state is the origin of vastly dominant part
of the mass of matter.

4. OPPORTUNITY TO PROBE ORIGIN OF FLAVOR?

Normal matter made of first flavor family (u,d. e, [v.]). Strangeness-rich
quark-gluon plasma the sole laboratory environment filled with 2nd
family matter (s. c).



Experiment: melt the particle structure

T<~10K =» molecules intact
T>~102K (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<~ 105K = electromagnetic and weak interactions separate
T>~ 10K (150 GeV) = Higgs vacuum melts, all quarks massless
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Travel back in time in the Universe history

Visible Matter Density [g cm?3]
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How was matter created

Matter emerges

from quark-gluon " :
g \Sgead A L
After the Big-Bang the ‘ n R oo 8
“vacuum” was different till g %,. il 2 Ca L
about at 20 us — expansion i e pE W
cooled the temperature T to o T 4
a value at which vacuum | g Vv
changed and our matter e . e
“froze out”. At that timc e 2 i ’
the density of matter + ?f'/ e C%D n
antimatter was well above e T Y E 4
that of the center of ~4, Jougn W /"
neutron stars, perhaps ~50 oS n 1M,
times nuclear energy Key: Wz towns AL s A Ty,
density), and temperature A .
was T ~ 150 MeV,~ 2x1012K. |[REREESgpsy P e T A

Particle Dam Group, LBML, (D 2000,  Supported by BODE snd MNSF
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The Higgs vacuum and

symmetry breaking
Normal (QED),

“Higos” and False Vacuum
U \ U |
U
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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Do we live In False vacuum?

Atoms

Dark Energy: (unlike dark 4.6% ok
matter) a property of the Dark .
vacuum indicating we are 23%
not in ground state in the
Universe.

Though significant fraction Neutrinos Dark
today, it is invisibly small the o 3%
early Universe. Photons

15%

Atoms

12%
13.7 BILLION YEARS AGO

(Universe 380,000 years old)
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The Universe Composition Changes
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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

July 25 2017 Confinement JR/UA 26



Big Ideas in Summary

Accomplished: We established by discovery of
QGP In RHI collisions that the Universe is filled
with Aristotelean quintessence confining quarks
and providing 95+% of the mass to matter.

Future hopes:
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Outlook lectures 2-4:
Strangeness Signature of QGP

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