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Stages in the evolution of the Universe

Visible Matter Density [g cm®3]

Particle energy

107 1015 103 107
| | | |
1 Tev— LHC — 10
—= o quarks
«“ ®combine
RHIC « . atoms
e aptlmatter form
' disappears 2
1 GeV= . ) ' photons - 1013
. neutrinos * decouple
: 7 decouple .
. nuclear reactions: .
. :"ﬁght nuclei formed : <&
1 Mev- ' . era of - 1010 =
. : galaxies o
. and stars =
i ©
. D
. o
. e
1 keV = . - 107 2
A e
«OBSERVATIONAL
:COSMOLOGY
leV = = 10%
PARTICLE/NUCLEAR ASTROPHYSICS
= 10
| | | | |
10712 1076 1 10° 10'? 1018

day year ky My today
Time [s]



Jan Rafelski, Arizona QGP to Neutrino SpacePart, 2012, page 3

Our objective is to understand

e The conversion of Quark Universe into the hadronic phase,

e The dynamics of matter-antimatter annihilation and hadron dis-

appearance in the range 300 <7 < 3 MeV and,

e The emergence of particle content as seen today.

There are a few tacit assumptions:

1.

The dark energy does not matter in the early Universe, e.g. it
is a constant like Einstein’s A, and if variable, it has been not an
important component at that time (prevailing view today);

. The dark matter decays and annihilation are too slow to impact

dynamics of the visible matter in the time interval
20us =T = 200MeV,0.1s =T = 2.5 MeV].

. Dark matter is either ‘cold’ (prevailing view) or ‘warm’ (axionic

exception) that is mass must be outside the range of our study
(outside 200-1 MeV)

. There are 3 + dr neutrinos and antineutrinos which have each

only two components
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Direct Probe of the Early Universe: Heavy Ion Collisions at LHC

RECREATE THE EARLY UNIVERSE IN LABORATORY:
Recreate and understand the high energy density conditions pre-
vailing in the Universe when matter formed from elementary de-
grees of freedom (quarks, gluons) at about 30 us after big bang.

Q)G P-Universe hadronization led to nearly matter-antimatter symmetric state,
ensuing matter-antimatter annihilation yields 107 matter asymmetry, the
world around us.

-2 photons and leptons
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RECREATING THE EARLY UNIVERSE: ENERGY TO MATTER

( Micro-Bang )
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What and where is deconfinement?
A domain of (space, time) where matter as we know it does not
exist. This is the early Universe strongly interacting phase of mat-
ter.
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REMINDER: ORIGIN OF THE MASS OF MATTER IN (DE)CONFINEMENT
The confining quark vacuum state is the origin of 99.9% of GRAV-
ITATING visible matter mass, the Higgs mechanism applies to the
remaining 0.1%. Experiment to ascertain the quantum zero-point
energy of confined quarks is the mass of matter: we ‘melt’ the
vacuum structure setting quarks free.
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From QGP to Hadrons: Statistical Hadronization Model

= recombinant quark hadronization, main consequence in laboratory experi-
ments: strangeness enhancement leads to enhancement of multi ‘heavy’ flavored
(strange, charm, bottom) antibaryons progressing with ‘heavy flavor content —
my QGP signature, see e.g. See: P. Koch, B. Muller and JR Strangeness In Rela-
tivistic Heavy Ion Collisions, Phys. Rept. 142, 167 (1986), and references therein.

Two step process:

Qe ss (thermal gluons collide)

GG — cc (initial parton collision)
GG — bb (initial parton collision)

gluon dominated reactions

2. RECOMBINATION of pre-formed

s, s, ¢, ¢, b, b quarks

SHM is FERMI PHASE SPACE MODEL with QUARK CHEMISTRY
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One transparency: QCD and QGP Quark-Gluon Gas‘
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One Transparency: Finite Volume Hadron Gas Model
The gas of finite size hadrons with exponential mass spectrum has nearly the
same properties as a gas of point hadrons with today experimentally observed
mass spectrum. That is why ‘statistical hadronization works’.

Point hadron gas in free available volume A to have the properties of
finite size hadron gas in total mean volume (V) (Hagedorn/JR 1978-82)

10 | | T T I T In Zpt(T7 A’ )\) = In Z(T, <V>7 )\)

Proper particle volume in the rest frame
is assumed to be proportional to mass.
For a gas of moving hadrons, in gas rest

frame: (V)= A+ (F)/4B.
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Universe Hadronization: Time Scales; When and How?
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Einstein equations

R — %g,WR + Avgu = 81GT,,,

lead to two dynamical equations:
Entropy conserving expansion:
R
€=—-3—=(e+ P
e+ P)

Friedmann-Lemaitre-Robertson-Walker
Universe D%@amé%sG A 1

€+=——=

R 3 3 R?
A = 0 and flat £ = 0 universe, combine,
use latent heat, only massless particles
count: EoS

ep=¢—B=3P,=3P + 3B,
1287
& = 37T e (e — B)?,

GENERAL ANALYTIC Solution:
in QGP book, trivial,original, not seen
published:

eqap = B cothQ(t /Tu),

With time constant:

2
TU=\/5g = 251/ 2 s,

GeV
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Evolution of particle abundances
Follow conditions in which matter (protons, neutrons) formed and
evolved QGP, hadronization , and hadron gas.

1) Describe in quantitative terms the chemical composition of the
Universe before, at, and after hadronization near to:

T ~ 155 MeV t ~ 30us,

2) Understanding of the dynamics of quark-hadron phase transfor-
mation (preferably with nucleation dynamics) is limited, contrast
rations cause baryon and strangeness number distillation;

3) Demonstrate that the Universe can be in chemical equilibrium
during this period EXTRA SLIDES AT END OF LECTURE

4) Describe the composition and equilibration of the Universe dur-
ing evolution towards and beyond the condition of neutrino decou-
pling

T ~1MeV t~1s
5) We use input from experimental anchor points and from lattice
computation near QGP-Hadron boundary
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Chemical potentials control particle abundances

f(g:W):em :

e—p) 4+ 1
Relativistic Chemistry (with particle production)

e Photons in chemical equilibrium, assume the Planck distribu-
tion, implying a zero photon chemical potential; i.e., 11, = 0.

e Because reactions such as f + f = 2y are allowed, where f and
f are a fermion — antifermion pair, we immediately see that
py = —p ;7 whenever chemical and thermal equilibrium have been
attained.

e More generally for any reaction 1;A; = 0, where v; are the reaction
equation coefficients of the chemical species A;, chemical equi-
librium occurs when v;u; = 0, which follows from a minimization
of the Gibbs free energy.

® Weak interaction reactions assure:

fle = P, = Hp = Hu, = Hr — Ho, = Apy, fu = Ha — A, fbs = [d
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e Neutrino oscillations v, = v, = v, imply equal chemical poten-
tial:
foe = [y, = iy, = [y,
and the mixing is occurring fast in ‘dense’ early Universe matter.

e There are three chemical potentials which are ‘free’ and we
choose to follow the following: 14, i, and fi,.

e Quark chemical potentials can be used also in the hadron phase,
e.g. X’ (uds) has chemical potential jis0 = p1, + g + fis

e The baryochemical potential is:

1 3 3 3

o = 5+ i) = S(pa + ) = 3pa — SO = 3p1a — 5 (e — ).
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(Chemical) Conditions/constraints fixing three parameters

Three chemical potentials follow solving the 3 available constraints:

i. Charge neutrality (Q)Q = 0) is required to eliminate Coulomb energy.
This implies that:

ng = Z Qini(pi, T) = 0,
where (); and n; are the charge and number density of species :.

ii. Net lepton number equals net baryon number (L = B): often used con-
dition in baryogenesis:

ny, —nNp = Z (Ll — Bz) ’I”LZ'</$Z', T) = O,
1
This can be easily generalized. As long as imbalance is not competing with

large late photon to baryon ratio, it is hidden in slight neutrino-antineutrino
asymmetry.

iii. The Universe evolves adiabatically, 1.e. Fized value of entropy-per-baryon

(S/B)
o 2,0, T)
ng ) Bini(pi, T)

—3.2...4.5x 10"
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Entropy per Baryon in the Universe derived from 7,0 = 10%np/ N
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Counting entropy AFTER neutrino freeze-out at 7' = 1MeV

Present in Universe in large abundance:
a) equilibrated: photons, electrons, positrons,
b) potentially in non-equilibrium chemical abundance: neutrinos.

SUniverse . SW + Seé 4 Sw?
| A O

Sy Sy Ny N7 Seé Seé Neé Neé SVD Sl/l? NIJD NVD
1= 777 36011 = = 4.202 = = 4.202
V. N,V Vv’ V N,V 7 V N,; V V

3.601 is the entropy per particle for bosons and 4.202 the entropy per particle
for fermions;

S niverse N. Neé NV v
PUniverse __ “1y (3.601 + 4.202 + 4.202 )

V V N, N,
Nee 3 N,z 3
ee — 2_ vy _ 3 5N =
N, e o, BTNy

Here 3/4 is the universal statistical particle ratio fermion to boson at equal T

S niverse
UN = 3.601 + 4.202(5 + 6N,)0.75 = 19.36 + 3.156 N,
Y
Supiverse — 19.36+3.150N, _ 19.36+3.156Ny 1 (310
Np Np/Ny 110

Note, current value S/B=3.5 but results shown for older value 4.5



Jan Rafelski, Arizona

QGP to Neutrino

SpacePart, 2012, page 17

TRACING p; IN THE UNIVERSE
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TRACING pg IN A UNIVERSE
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Mixed Phase — This differs from LHC heavy lIons

Conserved quantum numbers (e.g. baryon and strangeness densi-
ties) of the Universe jump as one transits from QGP to Hadron
Phase — ‘contrast ratio’. Thus there must be mixed hadron-quark
phase and parametrize the partition function during the phase
transformation as

In Ztot = fHG In ZHG + <1 - fHG) In ZQGP

fuq represents the fraction of total phase space occupied by the
HG phase. This is true even if and when energy, entropy, pressure
smooth (phase transformation rather than transition).

We resolve the three constraints by using e.g. for () = 0:
G G
Q =0 = ng g VQGP + ngG VHG = %ot (1 — fH(;) ng g + fHG ngG

where the total volume V;; is irrelevant to the solution. Analogous
expressions are used for L — B and S/B constraints. Note that fyq(?)
is result of dynamics of nucleation, assumed not generated here

We assume that mixed phase exists 10 us and that fig changes lin-
early in time. Actual values will require dynamic nucleation trans-
port theory description.
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Charge and baryon number distillation

Initially at fiq = 0 all matter in QGP
phase, as hadronization progresses
with fgg — 1 the baryon component
in hadronic gas reaches 100%.

The constraint to a charge neutral
universe conserves sum-charge in
both fractions. Charge in each frac-
tion can be finite. SAME for baryon
number and strangeness: distillation!

baryon number fraction
o
3]

0.1 —
0.05 |- . %0 0.5 1

] fug
= ol { A small charge separation introduces
P . 1a finite non-zero Coulomb potential
i Tt 1and this amplifies the existent
-0.05 |- "~~.__ - baryon asymmetry. This mechanism
~ acr >~~{ noticed by Witten in his 1984 paper,
o 1(; N — 1and exploited by Angela Olinto for

lgeneration of magnetic fields.
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MECHANISM OF HADRO-CHEMICAL EQUILIBRATION

Inga Kuznetsova and JR,
1002.0375, Phys. Rev. C 82, 035203 (2010) and 0803.1588, Phys.Rev. D78, 014027 (2008)

The question is at which T in the expanding early Universe does
the reaction

7r0<—>’y+7

‘freeze’ out, that is the 7 decay overwhelms the production rate
and the yield falls out from chemical equilibrium yield. Since 7"
lifespan (8.4107!7 s) is rather short, one is tempted to presume that
the decay process dominates. However, there must be at sufficiently
high density a detailed balance in the thermal bath

Presence of one type of pion implies presence of 7+, those can be
equilibrated by the reaction:

I PN R peoT4m, prwe N+ N, et

All hadrons will be present: the 7’ creates the doorway.

We develop kinetic theory for reactions involving three particles
(two to one, one to two). We find that the expansion of the Universe
is slow compared to pion equilibration, which somewhat surpris-
ingly (for us) implies that 7' is at all times in chemical equilibrium
— at sufficiently low temperatures e.g. below e.g. 1 MeV, the lo-
cal density of 7’ maybe too low to apply the methods of statistical
physics.
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Hadronic Universe Hadron Densities
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Universe Lepton Densities
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Did we learn anything useful?

e We have a pretty good view how the Universe looks when it was
less then 0.1 s old.

e Is there global homogeneity? Probably not, but domains — may
also relate to kinks from the ElectroWeak transformation. Much
more work is needed, we laid first foundation stone for this.

e Strangeness in a significant abundance down to 7' = 10 MeV,
potential for production of strange nuclearites

e Pretty big mess between neutrino decoupling and e"e~ annihila-
tion, with small abundance of hadrons falling out of equilibrium,
another opportunity for new physics such as AN, formation.

e More speculative: Hadronic Universe with huge hadron collision

rate persistent on one second scale, potential for CP violation
to take hold.....



