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We celebrated last year 50 years of Hagedorn temperature, the pivotal idea that opened to
study high energy density matter defining our Universe in primordial times. Today we are able to
connect the present day visible Universe with prior invisible eras, leading on to the primordial
period above Hagedorn temperature before the emergence of matter as we know it. This was the
quark-gluon plasma, a new phase of matter discovered in recent experimental laboratory work at
CERN-SPS, at BNL-RHIC and studied at LHC. We understand and can track the energy content
of the Universe in time and connect the physics from nano-second scale to present day.
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CREDITS: Results obtained in collaboration with
Jeremiah Birrell, Michael Fromerth, Inga Kuznetsowa, Michal Petran

Graduate Students at The University of Arizona
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What is special with Quark Gluon Plasma?

1. RECREATE THE EARLY UNIVERSE IN LABORATORY:
The topic of this talk

2. PROBING OVER A LARGE DISTANCE THE CONFINING
VACUUM STRUCTURE

3. STUDY OF THE ORIGIN OF 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, ¢).
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Convergence

50 years ago 1964/65: Beginning of the modern scientific epoch

» Quarks + Higgs — Standard Model of Particle Physics
» CMB discovered (GWU’s Gamov prediction) — Big Bang

» Hagedorn Temperature, Statistical Bootstrap
— QGP: A new elementary state of matter

Topics today:
1. Convergence of 1964/65 ideas and discoveries:
understanding back to 10 ns of our Universe

Roots of QGP: from Hagedorn Ty — Big Bang; to
QGP Laboratory Discovery

QGP in the Universe

History of the Universe

2.
3.
4.
5.
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Convergence
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Quarks + Higgs — Standard Model

A schematic model of
baryons and mesons
M. Gell-Mann

California Institute of Technalogy,
Pasadena, California, USA
Received 4 January 1964,

Physics Letters

Volume 8, Issue 3,
1 February 1964, Pages 214215

Extensive apace—tina

Nearly 50 years atter its prediction, particle physicists
have finally captured the Higgs boson. M ass

. Broken Symmetries and the Broken Symmetry and the
B . w. | Masses of Gauge Bosons Mass of Gauge Vector Mesons
F. Englert and R. Brout

Phys. Rev. Lett. 13,508 (1964)  Phys. Rev. Lett. 13,321 (1964)
Fublished Octcber 19, 1964 Published August 31, 1964

Feter W. Higgs

Ho 1 HI998 i, a0
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Convergence

1965: Penzias and Wilson

No. 1, 1965 LETTERS TO THE EDITOR
Froma of the above, pute the remaining uns -1
temperature to be 3.5° + 1.0° K at 4080 Mc/s. In connection with this result it should

be noted that DeGrasse el al. (1959) and Ohm |9()l) ;,nt total system temperatures at
5650 Mc/s and 2390 Mc/s, respectively. From these it is possible to infer upper limits to
the background temperatures at these frequencies. These limits are, in both cases, of the
same general magnitude as our value.

We are grateful to R. H. Dicke and his associates for fruitful discussions of their re-
sults prior to publication. We also wish to acknowledge with thanks the useful comments
d advice of A. B. Crawford, D. C. Hogg, and E. A. Ohm in connection with

problems associated with this measurement.

Note added in proof—The highest frequency at which the background temperature of
the sky had been measured previously was 404 Mc/s (Pauliny-Toth and Shakeshaft
1962), where a minimum temperature of 16° K was observed. Combining this value
with our result, we find that the average spectrum of the background radiation over this
frequency range can be no steeper than A° 7. This clearly eliminates the possibility that
observe is due to radio sources of types known to exist, since in this
event, the spectrum would have to be very much steeper.

May 13, 1965
11 Trrspmons LanorAToRIES, T
Crawrorp HiLt, HoLmpeL, NEW JERSEY

physicstoday

The early universe

ward R Harrison

A. A, Pexzias
R. W. WiLson

June 1968, page 31

NT YEARS I and certan g more
Growing emphasis on phy by nd by groning

vealizalon tha he composiion of the uiverse was orce extemely complex.
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1968 Ameican Insilute of Physics
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3035005
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1966-1968: Hot Big-Bang
= conventional wisdom

COMIOSITION OF EXPANDING CNIVERSE chanies a0
tmperature drops. Tn the inerscing o
L8 pedmnares the basyoms s oty s 1 A

Prestellar or Fireball period

Radiation
era

Stellar
era

g
2 Hadron
8 era
B
L
e [
v .
I . s o s e 5
o w i

TEMPERATURE ()

Universe 6/34




Convergence

Hagedorn Temperature October 1964 in press:

Hagedorn Spectrum January 1965 = March 1966
WU AREE

25 Junuary 1965
CM-PO00ST 114 s
&
STATISTICAL THERMODYNAMICS OF STROING. [ONS AT HIGH ENERGIES o
IS
&
s
R. Hagodorn &
s <=263x10“ [Mev¥2)
e mg=500 [MeV]
To=160 [Mev]

In this statistical-thermodynarical approach to strong inter-
sctions at high enexgies it ir asoumed that higier and higher ye-
onences of strongly interscting perticles occur and take part in
the thermodynanics as if they were warticles, For m—y o these
objects axe elves very similar to those which shall be des-
crived by this thermodynarics, Expressed
y

p

in a slogan

s descrive
of fire-balla, which
consist of fire-balls, which nis principle, which could be
called Masymptotic bootstrap®,Leads to & cy zequire-
nent for the asymptotic fom of the mass spectrum. The equation
following from this requirement has only a solubion if the mass |
spectrun grows exponeatially:

10g 0 [gtm) 1N MevT]

S

S SLANUARY 1967(1432 STATES)

~ JAPRIL1966 (971 STATES)
OCTOBER 1964 (809 STATES

T, is a remarkable quantity: the pertition function corresponding
to the above o(m) diverges for T-—»To. T is therefore the
higheat possible temperature for strong intersctions. It showld -
via o Maxvell-Boltzmann aw - govers the transversal momentum dis-
tribution in sll high energy collisions of hadrons (including e.ms
forn factors, etc.). There is exporinentsl evidence for that, and
then T, is sbout 158 He¥ (% 10'2 OK). With this value of To .
the asymptotic mass spectrun of our theory has a good chance to be
don of the experimentally knows spectrun.

A PARTICLE OR RESONANCE IS COUNTED
WITH ITS STATISTICAL WEIGHT 2Z=(2Js1)( 21 +1)s2%
e e pannce s |

OIF PARTICLE - ANTIPARTICLE
AND THEN REPRESENTED BY A GAUSS
FUNCTION NORMALIZED TO Z WITH WIDTH
200 Mev.

the correct extrapol ST S WU W - -
& 0 400 800 1200 1600 2000 2400  m [MeV]
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Convergence

What is the Statistical Bootstrap Model (SBM)?

arbitrary volume natural volume

A volume comprising a gas of fireballs compressed to
natural volume is itself again a fireball.

T(m2)dm? = plm)dm  p(m) ccm™* exp(m/Th).
Exponential Mass Spectrum

We search and discover new particle
checking this extreme idea
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Convergence

by 1967 — Hagedorn’s SBM: Statistical Bootstrap Model
‘the’ initial singular Hot Big-Bang theory

Actes de la Societe Helvetique des Sciences Naturelles.
Partie scientifique et administrative 148 (1968) 51
Persistenter Link: http:/fdx.doi.org/10.516%/seals-90676
Sicdende Urmaterie
R. Hacepory, CERN (Genéve)

Wenn auch niemand dabei
war, als das Universurn entstand, so erlauben uns doch unsere heutigen
Kenninisse der Atom-, Kern- und Elementarteilchenphysik, verbunden
mit der Arnahme, dass die Naturgeselze unwandelbar sind, Modelle zu
konstruicren, dic mchr und mehr auf mégliche Beschreibungen der An-
finge unserer Welt zustevern.

Boiling Primordial Matter Even though no one was present when the
Universe was born, our current understanding of atomic, nuclear and
elementary particle physics, constrained by the assumption that the
Laws of Nature are unchanging, allows us to construct models with
ever better and more accurate descriptions of the beginning.
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Roots of QGP

By 1980: SBM =- Quark-Gluon Plasma
HI collisions+strangeness

JR & Michael Danos of NIST
JR & Rolf Hagedorn of CERN

Volume 978, nurmter 2 PHYSICS LLTTERS
‘THE IMPORTANCE OF THE REACTION VOLUME IN HADRONIC COLLISIONS

Johann RAFELSKI

1 Decentber 1980

Instv fir Theoretische Physik der Universitit, D-6000 Frankfun Main, West Gerany

and

Michzel DANOS
Naiional Burecu of Standerds, Washingion, DC 2

Received 10 Ociober 1980

“The pais production in the
ien in nuclevs

234,051

nocy narec model i shows to depend senstvely on the (hadronie)reaction volurne.
X example.

We consider particle production in the frame of the.
thermodynanic description (1] 2nd explore the phys-
ical consaquences arising from the conservation of
quantum numbers which are conserved exacily during
the strong interaction. An example treated fhere is the
direct and associated praduction of sirange particles.

 Guestworker, Nations Bireaof Stindars.
* Supportd i part by Devtsche Forschungsgemsnscuft.

“The motivation for this study is the recent interest
in high energy nucleus -nucleus (N-N) collisons. The
main difference fror the p-p scattering ariscs from
the possibility of large reaction volumina. We will show
that particle multiplicities can depend sensitizely on
the size of the reaction volume. Specifically, the pro-
duction of heavy flavors (strangeness, etc.) is sgnifi
cantly enhanced.

FROM KADRON GAS T QUZRK MATTER 11

J. Rafelski

Institut fur Theorstische Physik
der Universitit Frankfurt

and Ref.TH.2969-CERN

13 dctoter 1980
R. Hagedorn
CIRN=-~Geneva

We ¢escribe a quark-gluon plasma

ircident with
the bootstrap critical curve foind in the first
lecture. We therefore argue that thess poss-
ibly coinciding critical curves separate two
phases i1 which strongly interacting matter can
exist: 4 hadronic phase and a quarc-gluon
plasma paase, There is a finite region of co-
existence between these two phases, which is
determinsd by the ustal Mawwell comstricticn.
Having thus joined the two models along their
possibly common critical curves, we try to ccn-
front oue model with experiments on  ralative
isbic heavy lon collisions, oo oy
quark-gluon phase surviving hadronization is
suggested.

%

Invited lecture presented by J.R. at the "In-
ternational Symposium on Statissical Mechanics
of Cuarks and Hadrons" Universidy of Biele-
feld, Germany, August 198C.

PLB 97 pp.279-282 (1980)

ohann Rafelski, September 22, 2016, GWU-Washington DC
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Roots of QGP

Research time-line: Quarks — QGP formation in RHICollision

>

Cold quark matter in diverse formats from day 1: 1965
D.D. lvanenko and D.F. Kurdgelaidze, Astrophysics 1, 147 (1965)
Hypothesis concerning quark stars

Interacting QCD quark-plasma: 1974
P. Carruthers, Collect. Phenomena 1, 147 (1974)
Quarkium: a bizarre Fermi liquid

Formation of quark matter in RHI collisions: 1978
conference talks by Rafelski-Hagedorn (CERN)
unpublished document (MIT web page) Chapline-Kerman

Hot interacting QCD QGP: 1979 (first complete eval!)

J. Kapusta, Nucl. Phys. B 148, 461 (1979)QCD at high temperature
Formation of QGP in RHI collisions 1979-80

CERN Theory Division talks etc Hagedorn, Kapusta, Rafelski, Shuryak
Experimental signature:

Strangeness and Strange antibaryons 1980

Rafelski (with Danos, Hagedorn, Koch (grad student), Mdiller
Statistical materialization model (SHM) of QGP: 1982
Rafelski (with Hagedorn, Koch(grad student), Mdller

Johann Rafelski, September 22, 2016, GWU-Washington DC Universe 11/34




Roots of QGP

CERN RHI experimental SPS program is born
1980-86

dimuons
2004
In hadrons NAGO
" dielectrons
multistrange T
2000
NA49 photons
Pb strangelets hadrons NA50 hadrons
NA52 CERES WAQ8
1994
[ | Nas aimiors | I
1992 hadrons
s T Helios-3 WAQ3
NA3S NA38
NA36
o N Helios-2 WA80
1986
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Roots of QGP

A new ‘large’collider is build at BNL: 1984-2001/operating today

The Relativistic Heavy lon Collider (RHIC)

Johann Rafelski, September 22, 2016, GWU-Washington DC Universe 13/34



QGP Discovery

CERN press office
New State of Matter created at CERN

10 Feb 2000

At a special seminar on 10 February, spokespersons from the experiments on CERN* 's Heavy Ion
programme presented compelling evidence for the existence of a new state of matter in which quarks, instead
of being bound up into more complex particles such as protons and neutrons, are liberated to roam freely.

Preeminent signature: Strange antibaryon enhancement
press.web.cern.ch/press-releases/2000/02/new-state-matter-created-cern

Johann Rafelski, September 22, 2016, GWU-Washington DC




QGP Discovery

9AM, 18 April 2005; US — RHIC announces QGP
Press conference APS Spring Meeting

Preeminent property: non-viscous flow

Johann Rafelski, September 22, 2016, GWU-Washington DC Universe 15/34



QGP Discovery

Current interest: Exploration of the QGP phase

dlag ram I ug coverage per facility
LHCERHIClS
200
iy i FAIR
°
= T, Critical
100 Hadron Gas \ 1%t order
| phase
Nuclear trans‘
., mattery &
0 500 1000
ug (MeV)
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QGP Discovery

Current interest: Exploratlon of exponentlal mass

T AR
spectrum s P
108 b Vi -
E 1
T
= y/a
> V4
3 4 E
g /
I /,’/
i
Vi
wE .
0 1 2
m [GeV]

Slope for prescribed pre-exponential shape is the Hagedorn
Temperature: another way to determine critical properties of
deconfinement phase change
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Convergence Roots of QGP QGP Discovery QGP in the Universe History of the Universe

My expertise: The Eutopean Physical Journd
Cooking strange
quarks — strange

volume 51 - number 9 - september - 2015

Hadrons and Nuclei

antibaryons

APS car sticker from period

PHYSICISTS have
sTRANGE QUARKS

@ Springer
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QGP Discovery

Prediction: 1980-86 confirmed by experimental

results: Particle yields=integrated spectra

Yield /{(N__ ) relative to pp/p-Be

-
o
T

part

Pb-Pb at \s, = 2.76 TeV

o
o

NAS7 Pb-Pb, p-Pb at 17.2 GeV

[] STAR Au-Au at 200 GeV/

-
; 1
Bt

NAS7 Pb-Pb, p-Pb at 17.2 GeV
[JA STARAu-Au at 200 GeV
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QGP Discovery

Statistical Hadronization Model Interpretation (SHM)
equal hadron production strength Bulk properties|
yield depending on available phase space :

N E
E wmp ot
\ = ]
Example data from LHC| = 50 E
5 : = 25 F ha =
— & & e E E
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QGP in the Universe

Relativistic Heavy lon Collisions and the Big-Bang

» Universe time scale 18
orders of magnitude
longer, hence equilibrium
of leptons & photons

» Baryon asymmetry six
orders of magnitude larger
in Laboratory, hence
chemistry different

o~ Miers By » Universe: dilution by scale
R o310 expansion, Laborgtory
N, /N = 107" Np /N = 0,001 exploswe expansion ofa

fireball
= Theory connects RHI collision experiments to Universe

Johann Rafelski, September 22, 2016, GWU-Washington DC Universe 21/34




QGP in the Universe

Universe: QGP and Hadrons in full Equilibrium
The key doorway reaction too abundance (chemical)
equilibrium of the fast diluting hadron gas in Universe:

eyt
The lifespan 7.0 = 8.4 x 10~!7 sec defines the strength of
interaction which beats the time constant of Hubble parameter
of the epoch. Inga Kuznetsova and JR, Phys. Rev. C82, 035203
(2010) and D78, 014027 (2008) (arXiv:1002.0375 and 0803.1588).
Equilibrium abundance of 7° assures equilibrium of charged
pions due to charge exchange reactions; heavier mesons and
thus nucleons, and nucleon resonances follow:

4+ ent+n. por+m p+weoN+N, et

The 7° remains always in chemical equilibrium All charged
leptons always in chemical equilibrium — with photons

Johann Rafelski, September 22, 2016, GWU-Washington DC Universe 22/34




QGP in the Universe

Chemical Potential in the Universe

T (MeV) M. Fromerth and JR
% | astro-ph/0211346
...... 3136 MeV Minimum:

: g = 0.337018eV

10°

u (MeV)

1 (MeV)

e '5‘:~=-,E_ . . Hf""‘\ £ \\\\
FIZTET. S =
T. TR TTrag ol P e
10° 10° 10" 2 kR
t(Us)

t(us)
= up defines remainder of matter after annihilation

Johann Rafelski, September 22, 2016, GWU-Washington DC
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QGP in the Universe

Particle Composition after QGP Hadronization

40 10
10 y T 10 L Lmmas — T
| _ _ _ _ _ nuclear dens. nuclear deps.
Q6T — clecuons ——
35 Z 35
107 . e 351 |
— 2 yz — 10
= n
= / = /
g 10+ / 1 2 1030 trinos (total) ; -
S / S /
£ protons / = /
S ) neutrons__—7 =8 /
= 25| — / 4 =50 / _
2 10 y 2 10 /
E ’l atomic dens. g i atomic_dens.
2 / b5 /
= / = Lo /
, /
10 / 7 107 T
/
antip |
lambdas antin/ | antilambdas
15 | " Ll 15 L L
10 100 1077 100

"lfU(MeV) "IFU(MeV)
— Antimatter annihilates to below matter abundance before
T = 30 MeV, universe dominated by photons, neutrinos, leptons

for T < 30 MeV Next: distribution normalized to unity
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History of the Universe

The Universe Composition Changes

t[s]
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History of the Universe

The contents of the Universe today

1. All visible matter

2. Free-streaming matter

particles that do not interact — have ‘frozen’ out:
dark matter:from way before QGP hadronization
massless dark matter: darkness: maybe needed
neutrinos: since T = 1-3 MeV
photons: since T = 0.25eV

3. Dark energy = vacuum energy

v

vV vy
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History of the Universe

Free-streaming matter contributions: solution of kinetic equations with
decoupling boundary conditions at T; (kinetic freeze-out).

> 1/2 oo -1/2
p:i (m2+p2) pzdp :i (m2+p2) p4dp
22 Jo p1oV/P TR 4y 672 Jo Y 1pv /P |
g [~ p*dp

n=-—= )
272 J, Y—leVP/T+m [TE |

These differ from the corresponding expressions for an equilibrium
distribution by the replacement m — mT(t)/T; only in the exponential.
Only for massless photons free-streaming = thermal distributions
(absence of mass-energy scale).

C. Cercignani, and G. Kremer. The Relativistic Boltzmann Equation: Basel, (2000).

H. Andreasson, “The Einstein-Vlasov System’Living Rev. Rel. 14, 4 (2011) Y. Choquet-
Bruhat. General Relativity and the Einstein Equations, Oxford (2009).
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History of the Universe

Distinct Composition Eras

Composition of the Universe changes as function of 7
» From Higgs freezing to freezing of QGP
» QGP hadronization
Antimatter annihilation
Last leptons disappear just when
Onset of neutrino free-streaming and begin of
Big-Bang nucleosynthesis within a remnant lepton plasma
Emergence of free streaming dark matter
Photon Free-streaming — Composition Cross-Point
Dark Energy Emerges — vacuum energy

v

>
>
>
>
>
>
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History of the Universe

Evolution Eras and Deceleration Parameter ¢

Using Einsteins equations exact expression in terms of energy,
pressure content («a is the scale of the Universe, flat k = 0
Universe favored)

a aa 1 P k

H(t) = —; =——==(1+3- 1+ =
W= 4= 2<+p>(+d2>
» Radiation dominated universe: P = p/3 — ¢ =1.

» Matter dominated universe: P < p = g =1/2.

» Dark energy (A) dominated universe: P = —p — g = —1.
Accelerating Universe TODAY(!)

Johann Rafelski, September 22, 2016, GWU-Washington DC Universe 29/34




History of the Universe

Today and recent evolution
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History of the Universe

Long ago: Hadron and QGP Era

» QGP era down to phase transition at T ~ 150MeV. Energy
density dominated by photons, neutrinos, ¢*, ;* along
with u,d,s.

» 2 + I-flavor lattice QCD equation of state used

» u,d,s lattice energy density is matched by ideal gas of
hadrons to sub percent-level at T = 115MeV.

» Hadrons included: pions, kaons, eta, rho, omega,
nucleons, delta, hyperons

» Pressure between QGP/Hadrons is discontinuous at up to
10% level. Causes hard to notice discontinuity in ¢ (slopes
match). Need more detailed hadron and quark-quark
interactions input

Johann Rafelski, September 22, 2016, GWU-Washington DC Universe 31/34




History of the Universe

s N0.84

; ; ; ; ; ; : 0.82
10° 10* 120° 102 10" 120° 10" 10° 10° 10*

t[s]
Figure: Evolution of temperature T and deceleration parameter ¢ from

QGP era until near BBN.
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History of the Universe

T [MeV] q
5
10 F i v vt s 4 s e -1
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10°}
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102} — ] Bag dark 0.92
q energy 0.91
. . . . . 0.9
10° 10 100 107 107 10° 10'

t [ps]
Figure: Evolution of temperature T and deceleration parameter ¢ from
Electro-Weak symmetric era to near QGP hadronization.
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History of the Universe

Summary

» 50 years ago particle production in pp reactions prompted
introduction of Hagedorn Temperature Ty; soon after recognized
as the critical temperature at which matter surrounding us
dissolves into primordial new phase of matter made of quarks
and gluons — QGP.

» 35 years ago we realized the opportunity to recreate a new
phase of matter smashing heaviest nuclei

» We developed laboratory observables of this quark-gluon phase
of matter: cooking strange quark flavor.

» 15 years ago we withessed two international Laboratories
announcing the discovery of QGP leading to models of the
properties of the baby Universe 10 ns — 18us.

» Today: We explore the phase diagram of QGP; we describe the
evolution of the Quark-Universe across the neutrino desert into
the era of Big-Bang nucleosynthesis (BBN) and on to CMB
freeze-out
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