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Outline

1 Current understanding of the Universe: convergence of 1964-68
ideas

Quarks + Higgs→ Standard Model of particle physics
CMB discovered→ Big Bang
Statistical Bootstrap TH → Quark-Gluon Plasma

2 QGP in the Universe, in laboratory
3 Antimatter disappears, neutrinos free-stream, (BBN) . . .
4 Evolution of matter components in the Universe
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1964: Quarks + Higgs→ Standard Model
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1965: Microwave Background Penzias and Wilson
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Hagedorn Temperature October 1964 in press:
Hagedorn Exponential Mass Spectrum 01/1965
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1965-7 – Hagedorn’s singular Statistical Bootstrap

accepted as ‘the’ initial singular hot Big-Bang theory

Boiling Primordial Matter Even though no one was present when the Uni-
verse 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.. . . We would have never understood these things
if we had not advanced on Earth the fields of atomic and nuclear physics. To
understand the great, we must descend into the very small.
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Time travel forward 15 Years to 1980
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CERN 1979: Can we recreate Big-Bang in the lab?

Relativistic Heavy Ion Collisions
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
Universe: dilution by scale
expansion, Laboratory
explosive expansion of a
fireball

=⇒ Theory needed to connect RHI rapidly evolving collision hot
matter experiments to the primordial Universe
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Quark Gluon Plasma creation in RHI collisons:

1 RECREATES THE EARLY UNIVERSE IN LABORATORY
Recreate and understand the high energy density conditions prevailing
in the Universe when matter formed from elementary degrees of
freedom (quarks, gluons) at about 20 µs after the Big-Bang.

2 PROBING OVER A ‘LARGE’ DISTANCE THE (DE)CONFINING
QUANTUM VACUUM STRUCTURE
The quantum vacuum, the present day relativistic æther, determines
prevailing form of matter and laws of nature.

3 OPENING TO STUDY OF THE ORIGIN OF MATTER & OF MASS
Matter and antimatter created when QGP ‘hadronizes’. Mass of matter
originates in the confining vacuum structure

4 CHANCE to PROBE ORIGIN OF FLAVOR
Normal matter made of first flavor family (d, u, e, [νe]). Strangeness-rich
QGP the sole laboratory environment filled ‘to the rim’ with 2nd family
matter (s, c, [µ, νµ])). and considerable abundance of b and even t.

5 PROBES STRONGEST FORCES IN THE UNIVERSE
For a short time the relativistic approach and separation of large charges
Ze↔ Ze generates EM fields 1000’s time stronger than those in
Magnetars; strongfields=strong force=strong acceleration
→ Acceleration Frontier
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CERN in early 2000: QGP –A New State of Matter

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

About signatures of QGP discovery see discussion presented by P Koch, B Müller, J Rafelski in the review “From Strangeness
Enhancement to Quark-Gluon Plasma Discovery” Int. J. of Modern Physics A 32 (2017) 1730024;

DOI: 10.1142/S0217751X17300241; and arXiv 1708.0811
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QGP signatures: 1980-81: Strangeness s,̄s-many CERN experiments followed
Anti-strangeness in QGP: s̄ > q̄ in SPS experiments

A: Strange hadrons are subject to a
self analyzing decay

B: There are many strange particles
allowing study different physics questions
(q = u, d):

K(qs̄), K(q̄s), K∗(890), . . .

Λ(qqs), Λ(q̄q̄s̄), Λ(1520), . . .

φ(ss̄), Ξ(qss), Ξ(q̄s̄s̄), . . .

Ω(sss), Ω(s̄s̄s̄)

C: Production rates hence experimental
statistical significance is high.

D: Strange Antibaryons produced like
strange baryons hence greatly enhanced.

Johann Rafelski 1980 Rolf Hagedorn
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KINETIC THEORY FOR QCD

Chemical equilibrium abundance of strangness in QGP used in inital
1979-81 work. Following on a challenge from
Tamás Bı́ró and Jósef Zimányi PLB113 (1982) 678

A: 1982 JR-Berndt Müller PRL48 (1982) 1066 find kinetic production of
strangeness dominated by gluon fusion GG→ ss̄ Creation of
connection: strangeness⇔gluons in QGP;

Berndt Müller in 1984 Johann Rafelski

B: Show coincidence of scales:
ms ' Tc → τs ' τQGP →

strangeness yield can grow gradually - make s-yield time/size dep.
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Strange hadrons from QGP: two-step formation mechanism

1 GG→ ss̄ (thermal gluons collide)
GG→ cc̄ (initial parton collision)
gluon dominated reactions

2 hadronization of pre-formed
s, s̄, c, c̄, b, b̄ quarks

Evaporation-recombination formation of complex rarely produced (multi)exotic
flavor (anti)particles from QGP is signature of quark mobility thus of
deconfinement. Enhancement of flavored (strange, charm,. . . ) antibaryons
progressing with ‘exotic’ flavor content. J. Rafelski, Formation and
Observables of the Quark-Gluon Plasma Phys.Rept. 88 (1982) p331; P.
Koch, B. Muller, and J. Rafelski; Strangeness in Relativistic Heavy Ion
Collisions, Phys.Rept. 142 (1986) p167
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RHI experimental program is born 1980-86

Lines of experiments approved to run at the high energy (at the
time) CERN SPS particle accelerator:

particle and nuclear physics united for RHI in Europe
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62 months after CERN: 9AM, 18 April 2005
BNL/DOE announce QGP at APS Spring Meeting

A new feature studied at BNL: matter explosive flow
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A new collider was build at BNL-NY: 1984-2001/operating today
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Multi-discovery background in ”Strangness
Diaries”
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20y after: Connect to hot Quark-Hadron ‘Hagedorn’ Universe

TODAY The Universe Composition in Single View QGP

dark energy matter radiation ν, γ BBN+leptons hadrons
Different dominance eras: Temperature grows to→ right

Quarks and Hadrons in the Universe Johann Rafelski-Arizona December 11, 2020 19 / 33



First step: Chemical equilibrium in thermal Universe

The chemistry of particle reactions in the Universe has three ‘chemical’
potentials needing to be constrained. There are also three physics
constraints Michael J. Fromerth, JR etal e-Print: astro-ph /0211346;
arXiv:1211.4297→ Acta Phys.Polon. B43 (2012), 2261

i. Electrical charge neutrality

nQ ≡
∑

Qi ni(µi,T) = 0,

Qi and ni charge and number density of species i.

ii. Net lepton number equals(?) net baryon number
B/L-asymmetry can hide in neutrino-antineutrino imbalance

iii. Prescribed value of entropy-per-baryon ≡ nB/nγ

σ

nB
≡

∑
i σi(µi,T)∑

i Bi ni(µi,T)
= 3.2 . . . 4.5× 1010

S/B ' 3–5×1010, results shown for 4.5× 1010
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Particle composition: balancing ‘chemical’ reactions

=⇒ Antimatter annihilates to below matter abundance before
T = 30 MeV, universe dominated by photons, neutrinos, leptons for
T < 30 MeV
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Towards kinetic theory: Connecting Universe temperature to time
Friedmann−Lemaitre−Robertson−Walker (FRW) cosmology

Einstein Universe:

Gµν = Rµν −
(

R
2

+ Λ

)
gµν = 8πGNTµν ,

where Tµ
ν = diag(ρ,−P,−P,−P), R = gµνRµν , and

• Homogeneous and • Isotropic metric

ds2 = gµνdxµdxν = dt2 − a2(t)
[

dr2

1− kr2 + r2(dθ2 + sin2(θ)dφ2)

]
.

a(t) determines the distance between objects comoving in the
Universe frame. Skipping gµν → Rµν

Flat (k = 0) metric favored in the ΛCDM analysis, see e.g. Planck
Collaboration, Astron. Astrophys. 571, A16 (2014)
[arXiv:1303.5076] and arXiv:1502.01589 [astro-ph.CO]].
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Definitions: Hubble parameter H and deceleration parameter q:

H(t) ≡ ȧ
a

; q ≡ −aä
ȧ2 = − 1

H2
ä
a
,⇒ Ḣ = −H2(1 + q).

Two dynamically independent Einstein equations arise

8πGN

3
ρ =

ȧ2 + k
a2 = H2

(
1 +

k
ȧ2

)
,

4πGN

3
(ρ+ 3P) = − ä

a
= qH2.

solving both these equations for 8πGN/3→ we find for the deceleration
parameter:

q =
1
2

(
1 + 3

P
ρ

)(
1 +

k
ȧ2

)
; k = 0

In flat k = 0 Universe: ρ fixes H; with P also q fixed, and thus also Ḣ
fixed so also ρ̇ fixed, and therefore also for ρ = ρ(T(t)) and also Ṫ fixed.
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Distinct Composition Eras in the Universe
Composition of the Universe changes as function of T:

From Higgs freezing to freezing of QGP
QGP hadronization
Hadronic antimatter annihilation
Onset of neutrino free-streaming just before and when
e+e− annihilate; overlapping with begin of
Big-Bang nucleosynthesis within a remnant e+e− plasma
Radiation ‘Desert’(ν, γ)
emergence of free streaming dark matter
Photon Free-streaming (CMB) – Composition Cross-Point
emergence of Dark energy = vacuum energy
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Count of Degrees of Freedom

Distinct Composition Eras visible. Equation of state from lattice-QCD, and at high T

thermal-QCD must be used [1,2].
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[2] Mike Strickland (private communication of results and review of thermal SM).



20y after: Connect to hot Quark-Hadron ‘Hagedorn’ Universe

TODAY The Universe Composition in Single View QGP

dark energy matter radiation ν, γ BBN+leptons hadrons
Different dominance eras: Temperature grows to→ right
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Mechanism assuring hadrons in kinetic/thermal equilibrium

The key doorway reaction to abundance (chemical) equilibrium of the fast
diluting hadron gas in Universe:

π0 ↔ γ + γ

The lifespan τπ0 = 8.4× 10−17 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 π0 assures equilibrium of charged pions due to
charge exchange reactions; heavier mesons and thus nucleons, and nucleon
resonances follow:

π0 + π0 ↔ π+ + π−. ρ↔ π + π, ρ+ ω ↔ N + N̄, etc

The π0 remains always in chemical equilibrium All charged leptons always in
chemical equilibrium – with photons
Neutrinos freeze-out at T = O(2-4)MeV
Photons freeze-out at T = 0.235 eV
But is the early Universe beyond T = 1 MeV really made of hadrons only?
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Kinetic strangness in thermal Universe 2020

Cheng Tao Yang, Dec 2020

We mark in cosmic
medium at T = 13 MeV
where strangness
exchange reactions
K + n⇔ Λ + π become
slower compared to WI
Λ⇔ N + π. At yet lower
temperature s 6= s̄ . At
lower T strangness
contents needs to
follow kinetic theory.

At T = 7.3 MeV we mark the point where the Hubble expansion
becomes faster Λ⇔ N + π. Now Λ disappear and latest here
strangness must disappear completly from the inventroy of the
Universe: At a lower T Λ are out of detailed balance.
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Are Kaons still in equilibrium abundance?

JR & Cheng Tao Yang “Reactions Governing Strangeness Abundance
in Primordial Universe” arXiv:2009.05661
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Key rates
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Consequences
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Sideline: muons like pions in thermal equilibrium

Noteworthy: the conti-
nous replentishment of
muons at EM rate and
their WI decay rate gen-
erated added ‘hot’ neu-
trino component in pri-
mordial Universe.
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Last Words: Dominant content of the Universe and
Origin of baryon asymmetry remain a mystery

The contents of the Universe today
(fractions change ‘rapidly’ in expanding Universe)

1. Visible (baryonic) matter: mainly hydrogen, helium
(less 5% of present day total energy inventory)
A mere 10−9 remnant of post QGP baryon annihilation period

2. Free-streaming matter
i.e particles that do not interact – have ‘frozen’ out:

Photons: since T = 0.235eV (insignificant in today’s inventory)
Neutrinos: since T = 1.5–3.5 MeV
Mystery dark matter (25% in energy inventory)

1 Massive ColdDarkMatter free from way before QGP hadronization
2 Warm dark matter: e.g. neutrinos of suitable mass
3 Unknown massless dark matter: darkness: maybe ‘needed’, origin

precedes neutrino decoupling

3. Dark energy = vacuum energy (70% of energy inventory)
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