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Abstract: A phenomenological model for the expansion of a quark-gluon plasma is presented and applied
to ultra-relativistic nucleus-nucleus collisions. The flavour kinetics is described by rate equations
allowing the abundances of the different constituents of the system to be out of equilibrium. The
basic constituents are the quarks and gluons in the plasma phase and hadrons in the hadronic
phase. Besides ordinary kinetic processes within the two phases (inelastic collisions), we construct
a model for the confinement mechanism which is based on the string phenomenology of hadroniza-
tion. The latter aspect constitutes the novel and essential part of the paper. Abundances of the
various hadrons have been calculated for a baryon-poor and a baryon-rich scenario. The resulis
show that during the hadronizatien process, the original quark content is roughly doubled. The
resulting hadron abundances are found to depend on the hadronization mechanism, while the
subsequent hadronic reactions do not have a significant effect on the final hadronic abundances.
We find a K™/ #~ ratio as much as a factor 6 larger than in pp collisions.
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Rate equations for particle numbers in heavy-ion collisions

hadronic phase

QGP and : and freeze-out
hydrodynamic expansion

initial state

pre-equilibrium

confinement: at low temperatures/densities quarks and gluons bound in hadrons

describe transition between hot “partonic” to later “hadronic” stages of fireball evolution

here: abundances of quarks, gluons, and hadrons

Aje{g,u,i,d,d,s,5mKKNNY,Y,.. }

radially exanding fireball with v, ~ 0.5¢ in globel thermal and pressure equilibrium

off-chemical equilibrium: chemical potentials for each particle u ()
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Rate equations for particle numbers in heavy-ion collisions

@ reaction formulae for various reactions, i
D (DA = D rli)A,
j j
@ rate equations (“detailed balance”)

j; = (forward rate) {1—exp[(u, —u;)/T1},
Ny = ()= L{)is

@ guarantees validity of H-theorem (increasing entropy)

@ correct equilibrium limit
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Reactions

e QGP:g+g—qq, q+q — g4, (pQCD cross sections)
@ QGP«—hadrons: String fragmentation model
A4~~~ 4:q:— G2,
0~ q = (01839~

Q02— 9 = Qg2 — a4 — g3,
9192~ 95 = (419294)34 — g3 ,
4~ 3 = 41— 3s(q:2) » 419>~ 9z = 9>~ q4(Faqs) &

41— Q2 = (9:3:)(q5q2) - 4192~ 95 = (9:0294)(495) -
forward rate o< () (length of string) and o< #,gs; backward rate: detailed balance
o< expl(u, —u;)/T]

@ hadrons (Boltzmann Eq. with empirical cross sections i «och, . witer, 1. Rateiski, Phys. repr. 142, 167])
i — KK,
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Equations of state
bag constant B = (235 Mev)"/4

@ QGP: bag-model equation of state pogp = pg + Py + P — B,
@ hadronic equation of state: Walecka model; in-medium masses
@ Gibbs conditions for chemical potentials, temperature, and pressure = 1%t-order phase transition
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o T.~160MeV (!)
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Solution of rate equations

o fireball volume: V(&)= Vy(1+£/,)"

o T(t)and B(t)= Vaq(t)/V(¢): energy conservation, pressure equilibrium
BARYON RICH

w re5 fm?

BARYON POOR

ABUNDANCE

[} SI * !‘l 50 5 0
3w 5w % TIME [FM/C] TIME [FM/C1
TIME [FM/C) TIME [FM/C]

@ hadron abundances determined close to phase transition!
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Today: Thermal-hadronization model

@ from lattice-QCD: at ug = 0 cross-over transition, T, ~ 157 MeV
@ thermal-hadronization model: hadron abundances determined at chemical freeze-out

103 Fe. Pb-Pb s, =2.76 TeV, 0%-10% centrality —;
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Self-consistent approximations to non-equilibrium
many-body theory
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Abstract

Within the non-equilibrium Green function technique on the real-time contour, the ®-functional
method of Baym is generalized to arbitrary non-equilibrium many-particle systems. The scheme
may be closed at any desired order in the number of loops or vertices of the generating functional.
It defines effective theories, which provide a closed set of coupled classical-field and Dyson
equations, which are self-consistent, conserving and thermodynamically consistent. The approach
permits one to include unstable particles and therefore unifies the description of resonances with
all other particles, which obtain a mass width by collisions, decays or crcation processcs in dense
matter. The inclusion of classical fields enables the treatment of soft modes and phase instabilities.
The method can be taken as a starting point for adequate and consistent quantum improvements
of the in-medium rates in transport theories. Properties of resonances are discussed within the
dilute density limit in terms of scattering phase shifts. © 1999 Elsevier Science B.V. All rights
reserved.




Motivation

heavy-collision “fireball” often described with transport models

uses “cross sections” as in vacuum; f(x, p) phase-space distribution

fulfills conservation laws for energy, momentum, particle number,...

entropy always increasing with time (“H-theorem”) = equilibrium is maximum-entropy state
equilibrium limit: Fermi-Dirac/Bose-Einstein distributions

heavy-ion collisions: strongly interacting hot and dense matter

= particles = “broad resonances” = need “off-shell description”
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[R. Rapp, J. Wambach, Eur. Phys. J. A 6, 415 (1999)]

@ see also [HvH., K. Knoll, Nucl. Phys. A 683, 369 (2001)]




®-derivable approximations: Diagrams

o Feynman diagrams applicable to vacuum, equilibrium, non-equilibrium situations
@ generating functional for mean fields and self-energies (lines = full propagators!)

ilfe, G] —iS[wHQ + Q + ®+®@® + @ +
|

i®

@ mean-field equation of motion 6T/0 ¢ (x) =0 (take off 1 “sticker”)
i(O+m?)p = ®$—® é @@

o self-energy: >, o< 0I'/6 G,; (open one propagator line)

—i¥ = Q+@+@»+m
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Properties of ®-derivable approximations

@ &: all closed two-particle irreducible diagrams (can’t disconnect any diagram by cutting 2 lines)
@ provides self-consistent equations for mean field and self-energy

@ conservation laws from symmetries (energy-momentum conservation, charge conservation,...);
Noether theorem

e in equilibrium p = exp(—H/T)/ Trexp(—H/T)
o thermodynamic potential: Q(T)=—TT[y, G] with ¢, G solutions of equations of motion
e = ®-derivable approximations are thermodynamically consistent
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Resonance transport and kinetic entropy
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Abstract

We continue the description of the dynamics of unstable particles within the real-time formulation
of nonequilibrium field theory initiated in a previous paper [1]. There we suggest to use Baym’s
@-functional method in order to achieve approximation schemes with ‘built in’ consistency with
respect to conservation laws and thermodynamics even in the case of particles with finite damping
width. Starting from Kadanoff-Baym equations we discuss a consistent first order gradient approach
to transport which preserves the @-derivable properties. The validity conditions for the resulting
quantum four-phase-space kinetic theory are discussed under the perspective to treat particles
with broad damping widths. This non-equilibrium dynamics naturally includes all those quantum
features already inherent in the corresponding equilibrium limit (e.g. Matsubara formalism) at the
same level of @-derivable approximation. Various collision-term diagrams are discussed including
those of higher order which lead to memory effects. As an important novel part we derive a
generalized nonequilibrium expression for the kinetic entropy flow, which includes contributions
from fluctuations and mass-width effects. In special cases an H-theorem is derived implying that the
entropy can only increase with time. Memory effects in the kinetic terms provide contributions to the
kinetic entropy flow that in the equilibrium limit recover the famous bosonic type T3InT correction
to the specific heat in the case of Fermi liquids like Helium-3. © 2000 Elsevier Science B.V. All
rights reserved.




Collision terms

Wigner transform: G(x;, x,) — G(X, p); (extended) phase-space description
A: spectral function, f phase-space distribution

F(X,P)zA(X»P)f(X,P)=:FiG7+(X,P), F(er):A(X»P)(l ?f(X»P)=1G+7(X,P)

example from ¢*/Fermi-liquid theory

only two-point part contributes to collision term
self-energy diagram contains no internal points = “local self-energy” exact, i.e., all propagators
G** at same point X = (x; + x,)/2
collision term of usual “Boltzmann-Uehling-Uhlenbeck type”
co_ g [ dp dp dips X ‘2
Qn)* @u)* 2m)*
x @m)*s*(p+ p1 — p2 — p3) (P2 FsFFy — F,F3FF)
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Collision terms (memory effects)

io=i(@oV+ 0@ +o®)

d* d* d* w
2 3 _ 42 D1 72 P3
c® + Clon (271)4 (271')4 (27[)4 ){ ﬁ ﬁ

S e
=

@ local part

x 2m)*8Y(p+ p1 — p2 — p) (R BFF — B FF),

e additional non-local/memory correction from diagrams involving internal point in self-energy

P

(3
D ) =
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It is shown that the Kadanoff-Baym equations at consistent first-order gradient approximation reveal
exact rather than approximate conservation laws related to global symmetries of the system. The
conserved currents and energy—-momentum tensor coincide with corresponding Noether quantities in
the local approximation. These exact conservations are valid, provided a & derivable approximation
is used to describe the system, and possible memory effects in the collision term are also consistently
evaluated up to first-order gradients.  © 2001 Academic Py

ess




Diagram rules to calculate memory contributions

“local” diagrams: usual rules with all G’s taken at one point X
Ist-order gradient corrections for G(X’, p) with X’ # X

1
== (0 +9,)G(, j) = IxG(X, p),
i i 2
. .
—————— = —i(x; — x;) = =) —48(p)
i j ' p

@ memory contributions to two-point functions

I AANE I A4
O{M(1,2)} =< = = A: M| + | \/‘
1 2 1 2 1 2 1 2

M’(12,34) = :F_gﬂggg

apply this to all propagators connecting to a point # x1, X,
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Diagrams for one-point functions

o for energy-momentum tensor, currents of conserved charges

d*pi d*p, , _
- f (271')4“- @m)* '“Clg---lil---(X;pl’ e Pre)

X DG (X, p) -+ iGY (X, p) -+

(] exactly conserved energy-momentum tensor:

: d'p :
Oloe(X) = Z f Gy VP G T (X p) + g (E(X) — E(X)
@ exactly conserved charge current

d*p o
X)=3 / Gyt TG (X p)
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Conclusion: Off-shell transport

starting from quantum field theory

using the ®-functional formalism

= Kadanoff-Baym equations for full Green’s functions (and mean fields)

“particles” = broad spectral functions (“off-shell”)

via systematic gradient expansion for Wigner functions
= kinetic/transport equations for “off-shell particles”/resonances

conservation laws fulfilled for conserved Noether charges of symmetries: charges, energy, momentum
definition of off-equilibrium entropy; H-theorem valid at least close to thermal equilibrium
thermodynamical consistency: ® functional defines thermodynamic potential in equilibrium

= thermodynamic relations fulfilled

off-equilibrium entropy = equivalent to thermodynamic entropy in equilibrium
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Renormalization in self-consistent approximation schemes at finite temperature: Theory

Hendrik van Hees and Jorn Knoll
GSI Darmstadt, Planckstrasse 1, D-64291 Darmstadt, Germany
(Received 18 July 2001; published 26 December 2001)

Within finite temperature field theory, we show that truncated nonperturbative self-consistent Dyson resum-
mation schemes can be renormalized with local counterterms defined at the vacuum level. The requirements
are that the underlying theory is renormalizable and that the self-consistent scheme follows Baym’s
(P-derivable concept. The scheme generates both the renormalized self-consistent equations of motion and the
closed equations for the infinite set of counterterms. At the same time the corresponding two-particle irreduc-
ible generating functional and the thermodynamical potential can be renormalized, consistent with the equa-
tions of motion. This guarantees that the standard ®-derivable properties such as thermodynamic consistency
and exact conservation laws hold also for the renormalized approximation schemes. The proof uses the tech-
niques of Bogoliubov-Parasiuk-Hepp-Zimmermann renormalization to cope with the explicit and the hidden
overlapping vacuum divergences.
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Example: Tadpole in ¢*-model
Temperature dependent mass
M?=m*+%,e,

Eq. of motion = Resummation of “Daisy” and o o e
“super-Daisy” diagrams: i T T

o
©

o
o

@ Expand Green’s function in vacuum part and temperature part

@ Dyson equation: G =G, +G,2G, +...

@ Subtract vacuum divergences and subdivergences only

o Counterterms: Vacuum-mass and coupling-constant counterterm
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Renormalization of general approximations

The same strategy as in the tadpole example

Renormalize vacuum first

power counting is the same as for perturbative diagrams

The temperature part of the self-energy is of power 0

the asymptotic behavior is governed by the vacuum part alone

expand Green’s function due to Dyson equation
G= G, +G,2:G,+ G,
. ——
5=—2 5=—4 5=—6

@ coupling constant renormalization more difficult than for tadpole

@ can be solved due to the 2PI properties of the ®-functional!
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Phys. Rev. D 65, 105005 (2001)

Renormalization of self-consistent approximation schemes at finite temperature.
I1. Applications to the sunset diagram

Hendrik van Hees and Jorn Knoll
GSI Darmstadt, Planckstrafie 1, D-64291 Darmstadt, Germany
(Received 28 November 2001; published 24 April 2002)

The theoretical concepts for the renormalization of self-consistent Dyson resummations, devised in the first
paper of this series, are applied to first example cases of ¢* theory. In addition to the tadpole (Hartree)
approximation, as a novel part the numerical solutions are presented. which include the sunset self-energy
diagram into the self-consistent scheme based on the d-derivable approximation or the two-particle irreducible
effective action concept.
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Renormalization in self-consistent approximation schemes at finite temperature.
III. Global symmetries

Hendrik van Hees
Fakultat fiir Physik, Universitdt Bielefeld, Universitatsstrafie, D-33615 Bielefeld, Germany

Jorn Knoll
GSI Darmstadt, Planckstrafte 1, D-64291 Darmstadt, Germany
(Received 1 March 2002; published 31 July 2002)

We investigate the symmetry properties for Baym’s d-derivable schemes. We show that in general the
solutions of the dynamical equations of motion, derived from approximations of the ¢ functional, do not
satisfy the Ward-Takahashi identities of the symmetry of the underlying classical action, although the conser-
vation laws for the expectation values of the corresponding Noether currents are satisfied exactly for the
approximation. Further we prove that one can define an effective action functional in terms of the self-
consistent propagators which is invariant under the operation of the same symmetry group representation as the
classical action. The requirements for this theorem to hold true are the same as for perturbative approximations:
The symmetry has to be realized linearly on the fields and it must be free of anomalies; i.e., there should exist
a symmetry-conserving regularization scheme. In addition, if the theory is renormalizable in Dyson’s narrow
sense, it can be renormalized with counterterms which do not violate the symmetry.
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Conclusion: Renormalization of ®-derivable approximations

at finite temperature: ®-derivable approximations renormalizable with vacuum counter-terms
parameters (masses, coupling constants) defined in vacuum

medium modifications follow from dynamics at finite temperature

thermodynamically consistent

problem: symmetries violated on the propagator level although conservation laws
(“one-point-function level”) fulfilled

symmetries restored for effective 1PI propagators
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