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The The ‚‚holy grailholy grail‘‘ of heavyof heavy--ion physics:ion physics:

•• Study of the Study of the 

phase transitionphase transition

from hadronic to from hadronic to 

partonic matter partonic matter ––

QuarkQuark--GluonGluon--

PlasmaPlasma

•• Search for the Search for the critical pointcritical point

•• Study of the Study of the inin--mediummedium properties of hadrons at high baryon properties of hadrons at high baryon 

density and temperature density and temperature –– chiral symmetry restorationchiral symmetry restoration

The phase diagram of QCDThe phase diagram of QCD
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•• MultiMulti--strange particle enhancement in A+A strange particle enhancement in A+A 

•• Charm suppressionCharm suppression

•• Collective flow (vCollective flow (v11, v, v22))

•• Thermal dileptonsThermal dileptons

•• Jet quenching and angular correlationsJet quenching and angular correlations

•• High pHigh pTT suppression of hadronssuppression of hadrons

•• Nonstatistical event by event fluctuations and correlations Nonstatistical event by event fluctuations and correlations 

•• ... ... 

Experiment: Experiment: measures measures 

final hadrons and leptonsfinal hadrons and leptons

Signals of the phase transition:Signals of the phase transition:

How to learn about How to learn about 

physics from data?physics from data?

Compare with theory!Compare with theory!
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•• Statistical models:Statistical models:

basic assumptionbasic assumption: system is described by a (grand) canonical ensemble of    : system is described by a (grand) canonical ensemble of    

nonnon--interacting fermions and bosons  in interacting fermions and bosons  in thermal and chemical equilibriumthermal and chemical equilibrium

[ [ --: no dynamics]: no dynamics]

•• Ideal hydrodynamical models:Ideal hydrodynamical models:

basic assumptionbasic assumption:  conservation laws + equation of state; assumption of :  conservation laws + equation of state; assumption of 

local thermal and chemical equilibriumlocal thermal and chemical equilibrium

[ [ --: : -- simplified dynamics]simplified dynamics]

•• Transport models:Transport models:

based on transport theory of relativistic quantum manybased on transport theory of relativistic quantum many--body systems body systems --

nonequilibrium dynamics.nonequilibrium dynamics. Actual solutions:Actual solutions: Monte Carlo simulations Monte Carlo simulations 

[+: full dynamics   |  [+: full dynamics   |  --: very complicated]: very complicated]

Basic models for heavyBasic models for heavy--ion collisionsion collisions

�������� Microscopic transport models  provide a unique Microscopic transport models  provide a unique dynamicaldynamical description description 
of of nonequilibriumnonequilibrium effects in heavyeffects in heavy--ion collisions  ion collisions  
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Models of heavyModels of heavy--ion collisionsion collisions

transporttransport

hydrohydro

thermal+expansionthermal+expansion

thermal modelthermal model

finalfinal
initialinitial
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Dynamical description of heavyDynamical description of heavy--ion collisionsion collisions

The goal:The goal: to study the properties of strongly interacting matter under to study the properties of strongly interacting matter under 

extreme conditions from a microscopic point of viewextreme conditions from a microscopic point of view

Realization:Realization: dynamical manydynamical many--body transport modelsbody transport models

1) Dynamical transport models (nonrelativistic formulation):1) Dynamical transport models (nonrelativistic formulation):

from the from the SchrödingerSchrödinger equationequation to to Vlasov equationVlasov equation of motion of motion �������� BUU EoMBUU EoM

2) Density2) Density--matrix formalism: matrix formalism: Correlation dynamicsCorrelation dynamics

3)3) Quantum field theory Quantum field theory �������� KadanoffKadanoff--Baym dynamicsBaym dynamics

�������� generalized offgeneralized off--shell transport equationsshell transport equations

4) Microscopic description of the 4) Microscopic description of the QGP, QGP, hadronization problemhadronization problem

5) Example of transport model: The 5) Example of transport model: The PHSD PHSD transport approach, basic ideastransport approach, basic ideas

This lecture:This lecture:
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1. 1. From the From the SchrödingerSchrödinger equationequation to to 

the Vlasov equation of motionthe Vlasov equation of motion
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kinetic term       2kinetic term       2--body potentialbody potential

HartreeHartree--Fock approximation:Fock approximation:

••manymany--body wave function      body wave function      ��������

antisym. product of  antisym. product of  singlesingle--particle wave functionsparticle wave functions

••manymany--body Hamiltonian   body Hamiltonian   �������� singlesingle--particle Hartreeparticle Hartree--Fock HamiltonianFock Hamiltonian

Quantum mechanical description of the manyQuantum mechanical description of the many--body systembody system

Dynamics of heavyDynamics of heavy--ion collisions is a manyion collisions is a many--body problem!body problem!

Schrödinger equationSchrödinger equation ffor or the system of the system of N particlesN particles in three dimensions:in three dimensions:
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••Hartree term:Hartree term:

selfself--generated generated local meanlocal mean--field potential field potential (classical)(classical)

••Fock term:Fock term:

nonnon--local meanlocal mean--field exchange potential field exchange potential (quantum statistics)(quantum statistics)

TDHF approximation describes only the interactions of particles TDHF approximation describes only the interactions of particles with the timewith the time--

dependent meandependent mean--field Ufield UHFHF(r,t)!(r,t)!

�� EoM: propagation of particles in the selfEoM: propagation of particles in the self--generated meangenerated mean--fieldfield

�� In order to describe the collisions between the individual(!) pIn order to describe the collisions between the individual(!) particles, one has articles, one has 

to goto go beyond the meanbeyond the mean--field level !field level ! (see Part 2: Correlation dynamics)(see Part 2: Correlation dynamics)

HartreeHartree--Fock equationFock equation
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Wigner transform of the density matrixWigner transform of the density matrix

� Introduce the Introduce the single particle density matrix:single particle density matrix:
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Instead of considering the density matrix Instead of considering the density matrix ρρρρρρρρ, let‘s find the equation of motion for , let‘s find the equation of motion for 

its its Fourier transformFourier transform, i.e. the , i.e. the Wigner transform of the density matrix: Wigner transform of the density matrix: 
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Vlasov EoMVlasov EoM

Vlasov EoM is equivalent to: 0)t,p,r(fpr
t
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Note: the quantum physics plays a role in the initial conditions for f: 
the initial f in case of fermions must respect the Pauli principle
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After the After the first order gradient expansionfirst order gradient expansion of the Wigner transformed EoM for of the Wigner transformed EoM for f f we obtainwe obtain

Vlasov equation of motion Vlasov equation of motion 

-- free propagation of particles in the selffree propagation of particles in the self--generated HF meangenerated HF mean--field potential:field potential:
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Dynamical transport models with collisionsDynamical transport models with collisions

add add 22--body collisions:body collisions:
dt <<<<<<<<⋅⋅⋅⋅ ∆∆∆∆υυυυ

1
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5

6

4

t∆∆∆∆

υυυυ

Interaction 1+2Interaction 1+2��������3+43+4

12V34 coll

d - average distanceaverage distance

In cms:In cms:
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� If the phaseIf the phase--space around              space around              

is essentially empty then the scattering is allowed, is essentially empty then the scattering is allowed, 

�� if the states are filled if the states are filled �������� Pauli suppression Pauli suppression 

= = Pauli principlePauli principle

)p,r()p,r()p,r()p,r( 44332211

rrrrrrrr
→→→→

)p,r(and)p,r( 4433

rrrr

�� In order to describe the collisions between the individual(!) pIn order to describe the collisions between the individual(!) particles, one has to articles, one has to 

gogo beyond the meanbeyond the mean--field level !field level ! (see Part 2: Correlation dynamics)(see Part 2: Correlation dynamics)
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BUU (VUU) equationBUU (VUU) equation
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Boltzmann (Vlasov)Boltzmann (Vlasov)--UehlingUehling--Uhlenbeck equation Uhlenbeck equation (NON(NON--relativistic formulation!)relativistic formulation!)

-- free propagation of particles in the selffree propagation of particles in the self--generated HF meangenerated HF mean--field potentialfield potential

with an onwith an on--shellshell collision term:collision term:
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Collision termCollision term for 1+2for 1+2��������3+4 (let3+4 (let‘‘s consider fermions) s consider fermions) ::

Transition probabilityTransition probability for for 1+21+2��������3+43+4::
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d
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-- differential cross section,  differential cross section,  q q –– momentum transfermomentum transfer
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BUU: Collision termBUU: Collision term

P)4321(
d

d
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Probability including Pauli blocking of fermions:Probability including Pauli blocking of fermions:

Pauli blocking factorsPauli blocking factors

for fermions *for fermions *

*Note: for Note: for bosons bosons –– enhancement factor enhancement factor 1+f 1+f (where(where f<<1f<<1););

often one neglects bose enhancement for HIC, i.e.often one neglects bose enhancement for HIC, i.e. 1+f 1+f ��������11

Gain termGain term

3+43+4��������1+21+2
Loss termLoss term

1+21+2��������3+43+4

LGIcoll −−−−====For particle 1 and 2: For particle 1 and 2: 

Collision term Collision term == Gain termGain term –– Loss termLoss term
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Dynamical transport model: collision termsDynamical transport model: collision terms

decayproduction

)N(Loss)N(Gain

))p(f1))(p(f1()p(f)ppp(|M|
E

pd

E

pd

)2(

g

))p(f1)(p(f)p(f)ppp(|M|
E

pd

E

pd

)2(

g
Df

NNN

42

N

N

N

33

N,
3

NNN

42

N

N

N

33

N,
3

∆∆∆∆∆∆∆∆

ππππ∆∆∆∆∆∆∆∆ππππ

δδδδ
ππππ

δδδδ
ππππ

ππππππππ∆∆∆∆∆∆∆∆∆∆∆∆ππππππππ∆∆∆∆

ππππ

ππππ

ππππ

∆∆∆∆∆∆∆∆ππππππππ∆∆∆∆ππππππππ∆∆∆∆

ππππ

ππππ

ππππ
∆∆∆∆

→→→→−−−−→→→→====

++++−−−−××××−−−−++++⋅⋅⋅⋅−−−−

−−−−××××−−−−++++⋅⋅⋅⋅====

↔↔↔↔

↔↔↔↔

∫∫∫∫∑∑∑∑

∫∫∫∫∑∑∑∑

nucleonbydecayby

absorbtionproduction

)N(Loss)N(Gain

))p(f1)(p(f)p(f)ppp(|M|
E

pd

E

pd

)2(

g

))p(f1))(p(f1()p(f)ppp(|M|
E

pd

E

pd

)2(

g
Df

NNN

42

N

N

N

33

N,
3

NNN

42

N

N

N

33

,N
3

∆∆∆∆

ππππππππ

∆∆∆∆ππππππππ∆∆∆∆

δδδδ
ππππ

δδδδ
ππππ

∆∆∆∆∆∆∆∆ππππππππ∆∆∆∆ππππππππ∆∆∆∆

∆∆∆∆

∆∆∆∆

ππππ

ππππππππ∆∆∆∆∆∆∆∆∆∆∆∆ππππππππ∆∆∆∆

∆∆∆∆

∆∆∆∆

∆∆∆∆
ππππ

→→→→−−−−→→→→====

−−−−××××−−−−++++⋅⋅⋅⋅−−−−

−−−−++++××××−−−−++++⋅⋅⋅⋅====

↔↔↔↔

↔↔↔↔

∫∫∫∫∑∑∑∑
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Collision terms for Collision terms for (N,(N,∆∆∆∆∆∆∆∆,,ππππππππ ) ) system:system: Nππππ∆∆∆∆ ↔↔↔↔
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Dynamical transport model: collision termsDynamical transport model: collision terms

(20)

�� BUU eq. for BUU eq. for different particles of typedifferent particles of type i=1,…n

[[[[ ]]]]n21collii f,...,f,fIf
dt

d
Df ====≡≡≡≡

,...,/J,D,D,...,a,,,K,,,K,K,,:Mesons
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1

*

C

*
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ΛΛΛΛΩΩΩΩΞΞΞΞΣΣΣΣΣΣΣΣΛΛΛΛ∆∆∆∆

′′′′′′′′

Drift term=Vlasov eq.Drift term=Vlasov eq. collision termcollision term

���� coupled set of BUU equationscoupled set of BUU equations for different particles of typefor different particles of type i=1,…n

[[[[ ]]]]
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Dynamical transport model: possible interactionsDynamical transport model: possible interactions

ConsiderConsider possible interactions possible interactions for the sytem of for the sytem of (N,R,m),(N,R,m),

where where NN--nucleons, nucleons, RR-- resonances,resonances, mm--mesonsmesons

� elastic collisions:elastic collisions:

RRRR

NRNR

NNNN

′′′′→→→→′′′′

→→→→

→→→→

� inelastic collisions:inelastic collisions:

mRmR

mNmN

→→→→

→→→→ mmmm ′′′′→→→→′′′′

XBB

...

RRNN

RNNR

NRNN

→→→→

′′′′↔↔↔↔

′′′′↔↔↔↔

↔↔↔↔

XmB

...

BmmB

RmR

RmN

→→→→

′′′′′′′′↔↔↔↔

′′′′↔↔↔↔

↔↔↔↔

BaryonBaryon--baryon (BB):baryon (BB): mesonmeson--Baryon (mB)          mesonBaryon (mB)          meson--meson (mm)meson (mm)

BaryonBaryon--baryon (BB):baryon (BB): mesonmeson--Baryon (mB)         mesonBaryon (mB)         meson--meson (mm)meson (mm)

Xmm

...

mmmm

m~mm

→→→→′′′′

′′′′′′′′′′′′′′′′′′′′↔↔↔↔′′′′

↔↔↔↔′′′′

X - multi-particle state

dcba

cba

++++↔↔↔↔++++

↔↔↔↔++++
Detailed balance:
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2. Density2. Density--matrix formalism: matrix formalism: 

Correlation dynamics Correlation dynamics 
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DensityDensity--matrix formalismmatrix formalism

�� Schrödinger equation Schrödinger equation ffor or a a system of N fermions:system of N fermions:

�� Schrödinger Schrödinger eqeq. in . in densitydensity--operator representationoperator representation

�������� von Neumann (or Liouville) eq.von Neumann (or Liouville) eq.::

HamiltonianHamiltonian operatooperator:r:

Density operator for NDensity operator for N--body systembody system summed over all possible quantum summed over all possible quantum 

state state k k with amplitude with amplitude PPk  k  ((PPk k 
22 �������� interpretation of probabilityinterpretation of probability)): : 

||Pˆ
kNkN

k

kN ψψψψψψψψρρρρ ><><><><====∑∑∑∑

]ˆ,H[ˆ
t

i NNN ρρρρρρρρ ====
∂∂∂∂

∂∂∂∂
h

Notation: Notation: j j –– particle index of many body particle index of many body 

system (system (j=1,…,N) j=1,…,N) in different representations :in different representations : ,...),,n,m,l(or

,...),,p(or

,...),,r(

jjjjjj

jjjj

jjjj

ττττσσσσξξξξ

ττττσσσσξξξξ

ττττσσσσξξξξ

≡≡≡≡

≡≡≡≡

≡≡≡≡
r

r

discrete statediscrete state

kNj21kN ,...,,...,,|| >>>>>≡>≡>≡>≡ ξξξξξξξξξξξξξξξξψψψψ

((for any possible quantum state for any possible quantum state k k 

of Nof N--body system)body system)

(1)(1)

22--body potentialbody potential

kinetic energy operatorkinetic energy operator
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�� Introduce aIntroduce a reduced density matrices reduced density matrices ρρρρρρρρnn(1…n,1´…n´;t) (1…n,1´…n´;t) by taking the trace by taking the trace 

(integrate) over particles (integrate) over particles n+1,…N:n+1,…N:

DensityDensity--matrix formalismmatrix formalism

Normalization:Normalization: TrTr(1,…N) (1,…N) ρρρρρρρρN N =N!  =N!  such thatsuch that

�� von Neumann (or Liouville) eq. von Neumann (or Liouville) eq. in matrix representation in matrix representation describes an Ndescribes an N--particle particle 

system system inin-- or outor out--off equilibriumoff equilibrium

>>>>=<=<=<=<≡≡≡≡ N21NN21N21N21NN ,...,,|)t(ˆ|',...,',')t;',...',';,...,,()t,'N,...,'1;N,...,1( ξξξξξξξξξξξξρρρρξξξξξξξξξξξξξξξξξξξξξξξξξξξξξξξξξξξξρρρρρρρρ

)t()t,',',,()t,'2,'1,2,1(

)t()t,',()t,'1,1(

'2'1,12212122

'111111

ρρρρξξξξξξξξξξξξξξξξρρρρρρρρ

ρρρρξξξξξξξξρρρρρρρρ

≡>≡>≡>≡>≡≡≡≡

≡>≡>≡>≡>≡≡≡≡

Notation:Notation:

(tensor of rank 2n): (tensor of rank 2n): n<Nn<N

)!nN(

!N
Tr n)n,...,1(

−−−−
====ρρρρ

)t,,...,',,...(Tr
1N

1
:2Nn

)t,,...,',,...(Tr
N

1
:1Nn

1N11N11N'2N

N1N1N'1N

1N1N

NN

−−−−−−−−−−−−====−−−−

====−−−−

′′′′
−−−−

≡≡≡≡−−−−====

′′′′≡≡≡≡−−−−====

−−−−−−−−
ξξξξξξξξξξξξξξξξρρρρρρρρ

ξξξξξξξξξξξξξξξξρρρρρρρρ

ξξξξξξξξ

ξξξξξξξξ

(2)(2)

(3)(3)

From recurrence (3):From recurrence (3):

RecurrenceRecurrence
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Density matrix formalism: BBGKYDensity matrix formalism: BBGKY--HierarchyHierarchy

Taking corresponding traces (i.e. TrTaking corresponding traces (i.e. Tr(n+1,…N)(n+1,…N)) of the von) of the von--Neumann equation we obtain theNeumann equation we obtain the

BBGKYBBGKY--Hierarchy  Hierarchy  (Bogolyubov, Born, Green, Kirkwood and Yvon)(Bogolyubov, Born, Green, Kirkwood and Yvon)

�� The explicit equations for The explicit equations for n=1,n=1, n=2n=2 read:read:

.0withNn1for 1N ====≤≤≤≤≤≤≤≤ ++++ρρρρ

�� This  set of equations is This  set of equations is equivalent to the vonequivalent to the von--Neumann equationNeumann equation

�� The The approximations or truncationsapproximations or truncations of this set will reduce the information about the systemof this set will reduce the information about the system

Eqs. (5,6) are Eqs. (5,6) are not closednot closed since eq. (6) for since eq. (6) for ρρρρρρρρ22 requires information from requires information from ρρρρρρρρ33. Its equation reads:. Its equation reads:

(4)(4)

(5)(5)

(6)(6)

(7)(7)
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�� 11--body density matrix:body density matrix:

�� 22--body density matrixbody density matrix (consider fermions):(consider fermions):

Density matrix formalism: BBGKYDensity matrix formalism: BBGKY--HierarchyHierarchy

22--body correlationsbody correlations1PI1PI = = 11--particleparticle--irreducible approach    irreducible approach    ++

(TDHF approximation)(TDHF approximation)

2PI= 22PI= 2--particleparticle--irreducible approachirreducible approach

1 1 –– initial state of particle „1“initial state of particle „1“

1‘ 1‘ –– final state of the same particle „1“final state of the same particle „1“

Introduce the Introduce the cluster expansion    cluster expansion    �������� Correlation dynamics:Correlation dynamics:

22--body antisymmetrization body antisymmetrization 

operator:operator:

By neglecting By neglecting cc22 in (9) we get the limit of independent particles (in (9) we get the limit of independent particles (TimeTime--Dependent HartreeDependent Hartree--FockFock). ). 

This implies that all effects from This implies that all effects from collisions or correlations are incorporated in ccollisions or correlations are incorporated in c22 and higher and higher 

orders in corders in c2 2 etc.etc.

Permutation Permutation 

operatoroperator

(9)(9)

�� 33--body density matrix:body density matrix:

(8)(8)

(10)(10)
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Correlation dynamicsCorrelation dynamics

�� From eq. (5) for From eq. (5) for ρρρρρρρρ1 1 (by substitution of eq. (8) for(by substitution of eq. (8) for ρρρρρρρρ22), we obtain ‚), we obtain ‚

EoM for theEoM for the oneone--body density matrixbody density matrix::

�� From eq. (6) for From eq. (6) for ρρρρρρρρ2 2 (by substitution of eq. (10) for (by substitution of eq. (10) for ρρρρρρρρ33)  and )  and discarding explicit discarding explicit 

33--body correlations cbody correlations c33, we obtain , we obtain EoM for the twoEoM for the two--body correlation matrix cbody correlation matrix c22 ::

(11)(11)

(12)(12)
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Correlation dynamicsCorrelation dynamics

To reduce the complexity we introduce: To reduce the complexity we introduce: 

�� a a oneone--body Hamiltonianbody Hamiltonian byby

(13)(13)

(14)(14)�� PauliPauli--blocking operatorblocking operator is uniquely defined byis uniquely defined by

�� Effective 2Effective 2--body interaction body interaction in the mediumin the medium::

(15)(15)

kinetic term   +  interaction with the kinetic term   +  interaction with the selfself--generated timegenerated time--dependent mean fielddependent mean field

Resummed interactionResummed interaction �������� GG--matrix approachmatrix approach
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Correlation dynamicsCorrelation dynamics

*: *: EoM is obtained after the ‚cluster‘ expansion and neglecting thEoM is obtained after the ‚cluster‘ expansion and neglecting the explicit 3e explicit 3--body correlations cbody correlations c33

TDHFTDHF
22--body correlationsbody correlations

��* * EoM for the EoM for the oneone--body density matrixbody density matrix::

��* * EoM for the EoM for the 22--body correlation matrixbody correlation matrix::

(16)(16)

EoM (16) describes the propagation of a particle in the EoM (16) describes the propagation of a particle in the selfself--generated mean field generated mean field UUss(i)(i)

with additional 2with additional 2--body correlations that are further specified in the EoM (17) forbody correlations that are further specified in the EoM (17) for cc22 ::

Note: Note: Time evolution of Time evolution of cc22 depends on the distribution of a depends on the distribution of a third particlethird particle, which is integrated , which is integrated 

out in the trace!out in the trace! The third particle is interacting as well!The third particle is interacting as well!

Propagation of two particles Propagation of two particles 

1 and 2 in the 1 and 2 in the mean field mean field UUss

Born termBorn term: bare 2: bare 2--body scatteringbody scattering

resummed inresummed in--medium interaction with medium interaction with 

intermediate Pauli blockingintermediate Pauli blocking ((GG--matrix theory)matrix theory)

22--ParticleParticle--22--hole interactionshole interactions

(important for groundstate (important for groundstate 

correlations) and damping of low correlations) and damping of low 

energy modesenergy modes

(17)(17)
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BBGKYBBGKY--Hierarchie  Hierarchie  -- 1PI   1PI   ��������

eq.(11) with eq.(11) with cc22(1,2,1‘,2‘)=0(1,2,1‘,2‘)=0

Vlasov equationVlasov equation

�� perform perform Wigner transformationWigner transformation of oneof one--body density distribution function body density distribution function ρρρρρρρρ(r,r‘,t)(r,r‘,t)��������









−−−−++++








−−−−==== ∫∫∫∫ t,

2

s
r,

2

s
rsp

i
expsd)t,p,r(f 3

r
r

r
rrr

h

rr
ρρρρ

f(r,p,t)f(r,p,t) is the is the single particle phasesingle particle phase--space distribution functionspace distribution function

After the After the 1st order gradient expansion1st order gradient expansion �������� Vlasov equation of motionVlasov equation of motion

-- free propagation of particles in the selffree propagation of particles in the self--generated HF meangenerated HF mean--field potential field potential U(r,t):U(r,t):

0)t,p,r(f)t,r(U)t,p,r(f
m

p
)t,p,r(f

t
prr ====∇∇∇∇∇∇∇∇−−−−∇∇∇∇++++

∂∂∂∂

∂∂∂∂ rrrrrrrr
r

rr
rrr

)t,p,r(f)t,rr(pVdrd
)2(

1
)t,r(U 33

3

occ

rrrr

h

r
′′′′′′′′−−−−′′′′==== ∑∑∑∑∫∫∫∫

ββββππππ

(18)(18)

(19)(19)

0)t,r,r()t,r(U
m2

)t,r(U
m2

i
)t,r,r(

t

2

r

2
2

r

2

====′′′′







′′′′−−−−∇∇∇∇−−−−++++∇∇∇∇++++′′′′

∂∂∂∂

∂∂∂∂
′′′′

rrrrhrrh

h

rr
ρρρρρρρρ

TDHFTDHF
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UehlingUehling--Uhlenbeck equation: collision termUhlenbeck equation: collision term

Collision termCollision term: : 

�� perform perform Wigner transformationWigner transformation

�� Formally solve the Formally solve the EoMEoM for cfor c22 (with some approximations in (with some approximations in momentum spacemomentum space): ): 

�� and insert obtained cand insert obtained c22 in the expression (22) for in the expression (22) for I(11´,t) :I(11´,t) : �������� BUU EoMBUU EoM

TDHF TDHF –– Vlasov equationVlasov equation
22--body correlationsbody correlations

(22)(22)I(11´,t)=I(11´,t)=

(21)(21)

(23)(23)
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BoltzmannBoltzmann (Vlasov)(Vlasov)--UehlingUehling--Uhlenbeck (B(V)UU) equationUhlenbeck (B(V)UU) equation : : 

Collision termCollision term

P)4321(
d

d
)pppp(||dpdpd

)2(

4
I 4321

3

123

3

2

3

3coll ⋅⋅⋅⋅++++→→→→++++⋅⋅⋅⋅−−−−−−−−++++==== ∫∫∫∫∫∫∫∫ ΩΩΩΩ

σσσσ
δδδδυυυυΩΩΩΩ

ππππ

rrrr

)f1)(f1(ff)f1)(f1(ffP 43212143 −−−−−−−−−−−−−−−−−−−−====

Probability including Pauli blocking of fermions:Probability including Pauli blocking of fermions:

Gain term

3+4����1+2

Loss term

1+2����3+4

For particle 1 and 2: For particle 1 and 2: 

Collision term Collision term == Gain termGain term –– Loss termLoss term
LGIcoll −−−−====

The The BUU equationsBUU equations (24) describes the propagation in the (24) describes the propagation in the selfself--generated meangenerated mean--field field 

U(r,t)U(r,t) as well as mutual as well as mutual twotwo--body interactionsbody interactions respecting the respecting the PauliPauli--principleprinciple

coll

prr
t

f
)t,p,r(f)t,r(U)t,p,r(f

m

p
)t,p,r(f

t
)t,p,r(f

dt

d








∂∂∂∂

∂∂∂∂
====∇∇∇∇∇∇∇∇−−−−∇∇∇∇++++

∂∂∂∂

∂∂∂∂
≡≡≡≡

rrrrrrrr
r

rrrr
rrr

Collision termCollision term for 1+2for 1+2��������3+4 (let3+4 (let‘‘s consider fermions) s consider fermions) ::

(24)(24)

(25)(25)

(26)(26)
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3. 3. Quantum field theory Quantum field theory 

�������� KadanoffKadanoff--Baym dynamics Baym dynamics 

�������� generalized offgeneralized off--shell transport equationsshell transport equations
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Theoretical description of Theoretical description of ‘‘inin--medium effectsmedium effects’’

ManyMany--body theory:body theory:

Strong interactionStrong interaction �������� large widthlarge width = short life= short life--timetime

�������� broad spectral function broad spectral function �������� quantum objectquantum object

�� How to describe the dynamics of How to describe the dynamics of 

broad broad strongly interacting quantum strongly interacting quantum 

states states in transport theory?in transport theory?

Barcelona / Barcelona / 

Valencia Valencia 

groupgroup

ΛΛΛΛΛΛΛΛ(1783)N(1783)N--11

and and 

ΣΣΣΣΣΣΣΣ(1830)N(1830)N--11

exitationsexitations

�� semisemi--classical BUUclassical BUU

�� generalized transport equationsgeneralized transport equations

first order gradient first order gradient 

expansion of quantum expansion of quantum 

KadanoffKadanoff--Baym equationsBaym equations

InIn--medium effectsmedium effects (on hadronic or partonic levels!) = changes of particle (on hadronic or partonic levels!) = changes of particle 

properties in the hot and dense medium properties in the hot and dense medium 

Example:Example: hadronic medium hadronic medium -- vector mesons, strange mesonsvector mesons, strange mesons

QGP QGP –– dressing of partons dressing of partons 
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Dynamical description of strongly interacting systemsDynamical description of strongly interacting systems

�� SemiSemi--classical onclassical on--shell BUU:shell BUU: appliesapplies for small collisional width, i.e.  for a weakly for small collisional width, i.e.  for a weakly 

interacting systems of particlesinteracting systems of particles

�� Quantum field theory Quantum field theory ��������

KadanoffKadanoff--Baym dynamicsBaym dynamics for for resummed resummed singlesingle--particle Green functions Sparticle Green functions S<<

(1962)(1962)

Leo KadanoffLeo Kadanoff Gordon BaymGordon Baym

)M(Ŝ 2

0

x

x

1

x0 ++++∂∂∂∂∂∂∂∂−−−−≡≡≡≡−−−−
µµµµ

µµµµ

advancedSSSSS

retardedSSSSS

a

xyxyxy

c

xy

adv

xy

a

xyxyxy

c

xy

ret

xy

−−−−−−−−====−−−−====

−−−−−−−−====−−−−====

<<<<>>>>

>>>><<<<

anticausal})y(Φ)x({ΦTiS

causal})y(Φ)x({ΦTiS

})x(Φ)y({ΦiS

})x(Φ)y({ΦηiS

aa

xy

cc

xy

xy

xy

−−−−〉〉〉〉〈〈〈〈====

−−−−〉〉〉〉〈〈〈〈====

〉〉〉〉〈〈〈〈====

〉〉〉〉〈〈〈〈====

++++

++++

++++>>>>

++++<<<<

Green functions SGreen functions S< < / self/ self--energies energies ΣΣΣΣΣΣΣΣ::

operatororderingtime)anti()T(T

)fermions/bosons(1

ca −−−−−−−−−−−−

±±±±====ηηηη

Integration over the intermediate spacetimeIntegration over the intermediate spacetime

How to describeHow to describe strongly interacting systems?!strongly interacting systems?!



Wigner transformation of the KadanoffWigner transformation of the Kadanoff--Baym equationBaym equation

�� dodo Wigner transformationWigner transformation of the Kadanoffof the Kadanoff--Baym equationBaym equation

Convolution integralsConvolution integrals convert under Wigner transformation asconvert under Wigner transformation as

Operator     is a 4Operator     is a 4--dimentional dimentional 

generalizaton of the Poissongeneralizaton of the Poisson--bracket:bracket:
an infinite series in the differential operatoran infinite series in the differential operator

For any function FFor any function FXYXY with X=(with X=(xx+y)/2 +y)/2 –– spacespace--time coordinate, P time coordinate, P –– 44--momentummomentum

�� consider only contribution up toconsider only contribution up to first order in the gradients   first order in the gradients   

= a standard approximation of kinetic theory which is justified = a standard approximation of kinetic theory which is justified if the gradients in if the gradients in 

the mean spacial coordinate X are smallthe mean spacial coordinate X are small
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From KadanoffFrom Kadanoff--Baym equations to Baym equations to 

generalized transport equationsgeneralized transport equations

After the After the first order gradient expansion of the Wigner transformed first order gradient expansion of the Wigner transformed KadanoffKadanoff--Baym Baym 

equations and separation into the real and imaginary parts one gequations and separation into the real and imaginary parts one gets:ets:

Backflow termBackflow term incorporates theincorporates the offoff--shellshell behavior in the particle propagationbehavior in the particle propagation

!! vanishes in the quasiparticle limitvanishes in the quasiparticle limit AAXPXP �������� δδδδδδδδ(p(p22--MM22) ) 

�� Spectral function:Spectral function:

–– ‚‚widthwidth‘‘ of spectral functionof spectral function

= = reaction ratereaction rate of particle (at spaceof particle (at space--time position X)time position X)

44--dimentional generalizaton of the Poissondimentional generalizaton of the Poisson--bracket:bracket:

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445(2000) 445

�� GTE: GTE: Propagation of the GreenPropagation of the Green‘‘s functions function iiSS<<
XPXP=A=AXPXPNNXPXP , , which carries which carries 

information not only on the information not only on the number of particlesnumber of particles ((NNXPXP)), but also on their , but also on their properties,properties,

interactions and correlationsinteractions and correlations (via (via AAXPXP))

ΓΓΓΓΣΣΣΣΓΓΓΓ 0

ret

XPXP p2Im ====−−−−====

drift termdrift term Vlasov termVlasov term collision term =collision term = ‚‚gaingain‘‘ -- ‚‚lossloss‘‘ termtermbackflow termbackflow term

Generalized transport equations (GTE):Generalized transport equations (GTE):

ΓΓΓΓ
ττττ

ch
====�� Life timeLife time
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General testparticle offGeneral testparticle off--shell equations of motionshell equations of motion

�� EmployEmploy testparticle Ansatztestparticle Ansatz for the real valued quantityfor the real valued quantity ii SS<<
XP  XP  --

insert in generalized transport equations  and determine insert in generalized transport equations  and determine equations of motionequations of motion !!

�������� General testparticle General testparticle ‚‚Cassing offCassing off--shell equations of motionshell equations of motion‘‘

for the timefor the time--like particles:like particles:

with

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445(2000) 445

Note: the common factor Note: the common factor 1/(11/(1--CC(i)(i))) can be absorbed in an ‚eigentime‘ of particle (i) !can be absorbed in an ‚eigentime‘ of particle (i) !



OffOff--shell vs. onshell vs. on--shell transport dynamicsshell transport dynamics
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The offThe off--shell spectral function becomes onshell spectral function becomes on--shell in the vacuum dynamically shell in the vacuum dynamically 

by propagation through the medium!by propagation through the medium!

Time evolution of the mass distribution of Time evolution of the mass distribution of ρρρρρρρρ and and ωωωωωωωω mesons for central C+C mesons for central C+C 

collisions (b=1 fm) at 2 A GeV forcollisions (b=1 fm) at 2 A GeV for dropping mass + collisional broadening scenariodropping mass + collisional broadening scenario

E.L.B. &W. Cassing, NPA 807 (2008) 214E.L.B. &W. Cassing, NPA 807 (2008) 214

OnOn--shell model:shell model:

low masslow mass ρρρρρρρρ and and ω ω ω ω ω ω ω ω 
mesons live  mesons live  

forever (and e.g. forever (and e.g. 

shine fake shine fake 

dileptons)!dileptons)!

OnOn--shellshell OffOff--shellshell
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Collision term in offCollision term in off--shell transport modelsshell transport models

Collision termCollision term for reaction 1+2for reaction 1+2-->3+4:>3+4:

withwith

The trace over particles 2,3,4 reads explicitlyThe trace over particles 2,3,4 reads explicitly

for fermionsfor fermions for bosonsfor bosons

The transport approach and the particle spectral functions are fThe transport approach and the particle spectral functions are fully ully 

determined once thedetermined once the inin--medium transition amplitudes Gmedium transition amplitudes G are known in are known in 

theirtheir offoff--shell dependence!shell dependence!

additional integrationadditional integration

‚‚lossloss‘‘ termterm‚‚gaingain‘‘ termterm



InIn--medium transition rates: Gmedium transition rates: G--matrix approachmatrix approach

Need to knowNeed to know inin--medium transition amplitudes G and their offmedium transition amplitudes G and their off--shellshell

dependencedependence

Coupled channel GCoupled channel G--matrix approachmatrix approach

Transition probability :Transition probability :

with G(p,with G(p,ρρρρρρρρ,T)  ,T)  -- GG--matrixmatrix from the solution offrom the solution of coupledcoupled--channel equations:channel equations:

G

••Baryons: Baryons: PauliPauli blocking blocking 

and potential dressingand potential dressing

•• Meson Meson selfenergyselfenergy and and 

spectral functionspectral function

For strangeness: For strangeness: 

D. Cabrera, L. Tolos, J. Aichelin, E.B., PRC D. Cabrera, L. Tolos, J. Aichelin, E.B., PRC C90 (2014) 055207C90 (2014) 055207;  W. Cassing, L. Tolos, E.B., A. Ramos, NPA727 (2003) 59;  W. Cassing, L. Tolos, E.B., A. Ramos, NPA727 (2003) 59
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MeanMean--field potential in offfield potential in off--shell transport modelsshell transport models

Interacting relativistic particles have a Interacting relativistic particles have a complex selfcomplex self--energy:energy:

ret

XP

ret

XP

ret

XP ImiRe ΣΣΣΣΣΣΣΣΣΣΣΣ ++++====

�� By By dispersion relationdispersion relation we get a contribution to the we get a contribution to the real part of selfreal part of self--energyenergy::

)pq(

)q(Im
dq)p(Re

0

ret

XP

0

0

ret

XP
−−−−

==== ∫∫∫∫
∞∞∞∞ ΣΣΣΣ

ΡΡΡΡΣΣΣΣ

which giveswhich gives a meana mean--field potential Ufield potential UXP XP via:via:
XP00

ret

XP Up2)p(Re ====ΣΣΣΣ

�� ManyMany--body theory:body theory:

�� The The collision widthcollision width ΓΓΓΓΓΓΓΓ collcoll is determined from the is determined from the loss termloss term of the collision integral of the collision integral IIcollcoll

ΓΓΓΓΣΣΣΣΓΓΓΓ 0

ret

XPXP p2Im ====−−−−====The neg. imaginary partThe neg. imaginary part is related via is related via Γ Γ Γ Γ Γ Γ Γ Γ = = ΓΓΓΓΓΓΓΓcollcoll++ΓΓΓΓΓΓΓΓdecdec

���� Thehe complex selfcomplex self--energyenergy relatesrelates in a selfin a self--consistent way to the selfconsistent way to the self--generated generated 

meanmean--field potential and collision width (inverse lifetime)field potential and collision width (inverse lifetime)

2MPX

2

collcoll )N,MP(X,Γ)loss(I r

r
====−−−−

to the inverse livetime of the particleto the inverse livetime of the particle ττττττττ~1/~1/Γ Γ Γ Γ Γ Γ Γ Γ . . 
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Detailed balance on the level of 2<Detailed balance on the level of 2<-->n: >n: 

treatment of multitreatment of multi--particle collisions in transport approachesparticle collisions in transport approaches

W. Cassing,  NPA 700 (2002) 618W. Cassing,  NPA 700 (2002) 618

Generalized collision integralGeneralized collision integral for for n n <<-->>mm reactions:reactions:

is Pauliis Pauli--blocking or Boseblocking or Bose--enhancement factors; enhancement factors; 

ηηηηηηηη=1 for bosons and =1 for bosons and ηηηηηηηη==--1 for fermions1 for fermions

is a is a transition probabilitytransition probability



40404040

Antibaryon production in heavyAntibaryon production in heavy--ion reactionsion reactions
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W. Cassing,  NPA 700 (2002) 618W. Cassing,  NPA 700 (2002) 618
MultiMulti--meson fusionmeson fusion reactionsreactions

mm11+m+m22+...+m+...+mnn �������� B+BbarB+Bbar

(m=(m=π,ρ,ω,..)π,ρ,ω,..)π,ρ,ω,..)π,ρ,ω,..)π,ρ,ω,..)π,ρ,ω,..)π,ρ,ω,..)π,ρ,ω,..)

�� important for antiimportant for anti--proton, antiproton, anti--lambda, lambda, 

antianti--Xi, antiXi, anti--Omega dynamics !Omega dynamics ! 2<2<-->3>3

�������� approximate equilibrium of annihilation and recreationapproximate equilibrium of annihilation and recreation



4. Microscopic description of the QGP, 4. Microscopic description of the QGP, 

hadronization problemhadronization problem

5. 5. Example of transport model: PHSD transport Example of transport model: PHSD transport 

approachapproach
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Goal:Goal: microscopic transport description of microscopic transport description of 

thethe partonic partonic andand hadronic phasehadronic phase

Problems:Problems:
�� How to model a How to model a QGP phaseQGP phase in line with lQCD data?in line with lQCD data?

�� How to solve the How to solve the hadronization problemhadronization problem??

Ways to go:Ways to go:

‚‚HybridHybrid‘‘ models:models:

��QGP phase: QGP phase: hydro hydro with QGP EoSwith QGP EoS

�� hadronic freezehadronic freeze--out: after burner out: after burner --

hadronhadron--string transport modelstring transport model

�������� HybridHybrid--UrQMDUrQMD

�� microscopicmicroscopic transport description of thetransport description of the partonic partonic 

and and hadronic phasehadronic phase in terms of strongly interacting in terms of strongly interacting 

dynamical dynamical quasiquasi--particlesparticles and offand off--shell hadronsshell hadrons

�������� PHSDPHSD

pQCD based  models:pQCD based  models:

�� QGP phase: pQCD cascadeQGP phase: pQCD cascade

�� hadronization: quark coalescence hadronization: quark coalescence 

�������� AMPT, HIJING, BAMPSAMPT, HIJING, BAMPS
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From SIS to LHC: from hadrons to partonsFrom SIS to LHC: from hadrons to partons

The goal:The goal: to to study of the phase transitionstudy of the phase transition from hadronic to partonic matter  from hadronic to partonic matter  

and properties of the Quarkand properties of the Quark--GluonGluon--Plasma from a Plasma from a microscopic originmicroscopic origin

�������� need aneed a consistent nonconsistent non--equilibrium transport modelequilibrium transport model

�� with explicit with explicit partonparton--parton interactions parton interactions (i.e. between quarks and gluons)(i.e. between quarks and gluons)

�� explicit explicit phase transitionphase transition from hadronic to partonic degrees of freedomfrom hadronic to partonic degrees of freedom

�� lQCD EoS lQCD EoS for partonic phase (for partonic phase (‚‚crossovercrossover‘‘ at at µµµµµµµµqq=0)=0)

PPartonarton--HHadronadron--SStringtring--DDynamics (ynamics (PHSDPHSD))

QGP phase QGP phase described bydescribed by

DDynamical ynamical QQuasiuasiPParticle article MModel odel 
(DQPMDQPM)

�� Transport theoryTransport theory:   off:   off--shell Kadanoffshell Kadanoff--Baym equations Baym equations for the for the 

GreenGreen--functions Sfunctions S<<
hh(x,p) in phase(x,p) in phase--space representation for thespace representation for the

partonicpartonic and and hadronic phasehadronic phase

A. Peshier, W. Cassing, PRL 94 (2005) 172301;A. Peshier, W. Cassing, PRL 94 (2005) 172301;

Cassing,  NPA 791 (2007) 365: NPA 793 (2007Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  )  

W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;

NPA831 (2009) 215; NPA831 (2009) 215; 

W. Cassing, W. Cassing, EEPJ  ST PJ  ST 168168 (2009) (2009) 33
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DQPM DQPM describes describes QCDQCD properties in terms ofproperties in terms of ‚‚resummedresummed‘‘ singlesingle--particle particle 

GreenGreen‘‘s functionss functions –– in the sense of a twoin the sense of a two--particle irreducible  (particle irreducible  (2PI2PI) approach:) approach:

A. Peshier, W. Cassing, PRL 94 (2005) 172301;A. Peshier, W. Cassing, PRL 94 (2005) 172301;

Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  

Dynamical QuasiParticle Model (DQPM) Dynamical QuasiParticle Model (DQPM) -- Basic ideas:Basic ideas:

�� the the resummedresummed properties are specified by properties are specified by complex selfcomplex self--energiesenergies which depend which depend 

on temperatureon temperature::

---- thethe real part of selfreal part of self--energies energies ((ΣΣqq,,ΠΠ)) describes a describes a dynamically generateddynamically generated massmass

((MMqq,M,Mgg));;

---- the the imaginary part imaginary part describes thedescribes the interaction widthinteraction width of of partonspartons ((ΓΓΓΓΓΓΓΓqq,, ΓΓΓΓΓΓΓΓgg))

�� spacespace--like part of energylike part of energy--momentum tensor momentum tensor TTµνµνµνµνµνµνµνµν defines the potential energy defines the potential energy 

density and the density and the meanmean--field potentialfield potential (1PI) for quarks and gluons(1PI) for quarks and gluons (U(Uqq, U, Ugg))

��2PI frame2PI framewwork ork guarantguarantiieses a consistent description of the systema consistent description of the system inin-- and outand out--ofoff f 

equilibriumequilibrium on the basis ofon the basis of KadanoffKadanoff--BaymBaym equations equations with proper states in with proper states in 

equilibriumequilibrium

Gluon propagator:Gluon propagator: ∆∆--11 =P=P22 -- ΠΠ gluon selfgluon self--energy:energy: ΠΠ=M=Mgg
22--i2i2ΓΓΓΓΓΓΓΓggωω

Quark propagator:Quark propagator: SSqq
--11 = P= P22 -- ΣΣqq quark selfquark self--energy:energy: ΣΣqq=M=Mqq

22--i2i2ΓΓΓΓΓΓΓΓqqωω
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The Dynamical QuasiParticle Model (DQPM)The Dynamical QuasiParticle Model (DQPM)

�� Basic idea: Basic idea: interacting quasiinteracting quasi--particles:particles: massive quarks and gluonsmassive quarks and gluons (g, q, q(g, q, qbarbar))

withwith Lorentzian spectral functions :Lorentzian spectral functions :

�� fit to lattice (lQCD) results fit to lattice (lQCD) results 

(e.g. entropy density) (e.g. entropy density) with with 3 parameters3 parameters

)g,q,qi( ====

lQCD: pure gluelQCD: pure glue

(((( )))) (T)ω4(T)Mpω

(T)ω4
)T,(ρ

2

i

2
22

i

22

i
i

ΓΓΓΓ

ΓΓΓΓ
ωωωω

++++−−−−−−−−
====

v

�������� QuasiQuasi--particle properties:particle properties:

large width and mass for gluons and quarkslarge width and mass for gluons and quarks

TTCC=158 MeV=158 MeV

εεεεεεεεCC=0.5 GeV/fm=0.5 GeV/fm33

DQPM: Peshier, Cassing, PRL 94 (2005) 172301;DQPM: Peshier, Cassing, PRL 94 (2005) 172301;

Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  Cassing,  NPA 791 (2007) 365: NPA 793 (2007)  

••DQPMDQPM provides provides meanmean--fields (1PI) for gluons and fields (1PI) for gluons and 

quarksquarks as well as as well as effective 2effective 2--body interactions (2PI)body interactions (2PI)

••DQPMDQPM gives gives transition ratestransition rates for the formation of hadrons for the formation of hadrons 

�������� PHSDPHSD
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�� Formation of QGP stage Formation of QGP stage by dissolution of preby dissolution of pre--hadronshadrons

(all new produced secondary hadrons)(all new produced secondary hadrons)

intointo massive colored quarks  + meanmassive colored quarks  + mean--field energyfield energy

based on thebased on the Dynamical QuasiDynamical Quasi--Particle Model (DQPM)Particle Model (DQPM) which defineswhich defines

quark spectral functions,quark spectral functions, i.e. masses i.e. masses MMqq((εεεεεεεε)) and widths and widths ΓΓΓΓΓΓΓΓqq ((εεεεεεεε))

+  +  meanmean--field potential field potential UUqq at givenat given εεεεεεεε –– local energy density local energy density 

((εεεεεεεε related by lQCD EoS to related by lQCD EoS to T T -- temperature in the local cell)temperature in the local cell)

I. PHSD I. PHSD -- basic conceptbasic concept

�� Initial A+A collisions Initial A+A collisions –– as in HSD:as in HSD:

-- stringstring formation in primary NN collisionsformation in primary NN collisions

-- string decay to string decay to prepre--hadronshadrons ((BB -- baryons, baryons, mm -- mesons)mesons)

W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;W. Cassing, E. Bratkovskaya,  PRC 78 (2008) 034919;

NPA831 (2009) 215; NPA831 (2009) 215; EEPJ  ST PJ  ST 168168 (2009) (2009) 33; ; NNPPA856A856 (2011) (2011) 162162..

qUqqmqqq,B ∀∀∀∀→→→→→→→→

I. I. From hadrons to QGP:From hadrons to QGP:

QGP phase:QGP phase:

εεεεεεεε > > εεεεεεεεcriticalcritical

LUND string modelLUND string model
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II. PHSD II. PHSD -- basic conceptbasic concept

ggg

ggqq

++++→→→→

++++→→→→++++

II. II. Partonic phase Partonic phase -- QGP:QGP:

quarks and gluons (= quarks and gluons (= ‚‚dynamical quasiparticlesdynamical quasiparticles‘‘))

withwith offoff--shell spectral functionsshell spectral functions (width, mass) defined by the DQPM(width, mass) defined by the DQPM

�� in in selfself--generated meangenerated mean--field potential field potential for quarks and gluonsfor quarks and gluons UUqq, U, Ugg

from the DQPMfrom the DQPM

�� EoS of partonic phase: EoS of partonic phase: ‚‚crossovercrossover‘‘ from lattice QCD from lattice QCD (fitted by DQPM)(fitted by DQPM)

�� (quasi(quasi--) elastic and inelastic ) elastic and inelastic partonparton--parton interactions:parton interactions:

using the effective cross sections from the DQPMusing the effective cross sections from the DQPM

�� (quasi(quasi--) elastic collisions:) elastic collisions:

�� inelastic collisions:inelastic collisions:

(Breight(Breight--Wigner cross sections)Wigner cross sections)

qqg

gqq

++++→→→→

→→→→++++

qqqq

qqqq

qqqq

++++→→→→++++

++++→→→→++++

++++→→→→++++

gggg

qgqg

qgqg

++++→→→→++++

++++→→→→++++

++++→→→→++++

suppressed (<1%) suppressed (<1%) 

due to the large due to the large 

mass of gluonsmass of gluons
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III. PHSD III. PHSD -- basic conceptbasic concept

III. III. Hadronization:Hadronization:

�� Hadronization: Hadronization: based on DQPM based on DQPM 

-- massive, offmassive, off--shell (antishell (anti--)quarks )quarks with broad spectral functions with broad spectral functions 

hadronize tohadronize to offoff--shell mesons and baryons or color neutral excited shell mesons and baryons or color neutral excited 

states states -- ‚‚stringsstrings‘‘ (strings act as (strings act as ‚‚doorway statesdoorway states‘‘ for hadrons) for hadrons) 

)'string('baryonqqq

)'string('mesonqq,qqg

↔↔↔↔++++++++

↔↔↔↔++++++++→→→→

IV. IV. Hadronic phase:Hadronic phase: hadronhadron--string interactions string interactions –– offoff--shell HSDshell HSD

•• Local covariant offLocal covariant off--shell shell transition ratetransition rate for q+qfor q+qbarbar fusion fusion 

�������� meson formation: meson formation: 

�� NNjj(x,p)(x,p) is the phaseis the phase--space density of parton j at spacespace density of parton j at space--time position time position xx and 4and 4--momentum momentum pp

�� WWmm is the phaseis the phase--space distribution of the formed space distribution of the formed ‚‚prepre--hadronshadrons‘‘ (Gaussian in phase space)(Gaussian in phase space)

�� |M|Mqqqq||22 is the effective quarkis the effective quark--antiquark interaction from the DQPMantiquark interaction from the DQPM

(((( ))))qqqqm

2

qqqqqqqqqqqqqq

qq4

qq

4

qq44

mqq

pp,xxW|M|)p()p()p,x(N)p,x(N

)color,flavor(x
2

xx
)ppp(TrTr

pdxd

dN

−−−−−−−−⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅









−−−−

++++
−−−−−−−−====

→→→→++++

ρρρρωωωωρρρρωωωω

δδδδδδδδδδδδ
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‚‚BulkBulk‘‘ propertiesproperties

in Au+Auin Au+Au
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Partonic energy fraction in central A+APartonic energy fraction in central A+A

�� Strong Strong increase of partonic phase with energyincrease of partonic phase with energy from AGS to RHICfrom AGS to RHIC

�� SPS:SPS: Pb+Pb, 160 A GeV: only about Pb+Pb, 160 A GeV: only about 40%40% of the converted energy goes to of the converted energy goes to 

partons; the rest is contained in thepartons; the rest is contained in the large hadronic corona and leading partonslarge hadronic corona and leading partons

�� RHICRHIC: Au+Au, 21.3 A TeV: up to : Au+Au, 21.3 A TeV: up to 90%90% -- QGP at midrapidityQGP at midrapidity

W. Cassing & E. Bratkovskaya,  NPA 831 (2009) 215W. Cassing & E. Bratkovskaya,  NPA 831 (2009) 215

V. Konchakovski et al., V. Konchakovski et al., Phys. Rev. C 85 (2012) 011902 Phys. Rev. C 85 (2012) 011902 

Time evolution of the partonic energy fraction vs energyTime evolution of the partonic energy fraction vs energy



Transverse mass spectra from SPS to RHICTransverse mass spectra from SPS to RHIC

Central Pb + Pb at  SPS energiesCentral Pb + Pb at  SPS energies

�� PHSDPHSD gives gives harder mharder mTT spectraspectra and works better than HSD (wo QGP) at high energies and works better than HSD (wo QGP) at high energies 

–– RHIC, SPS (and top FAIR, NICA) RHIC, SPS (and top FAIR, NICA) 

�� however, at however, at low SPSlow SPS (and low FAIR, NICA) energies the (and low FAIR, NICA) energies the effect of the partonic phase effect of the partonic phase 

decreasesdecreases due to the decrease of the partonic fraction due to the decrease of the partonic fraction 

Central Au+Au at RHICCentral Au+Au at RHIC

W. Cassing & E. Bratkovskaya,  NPA 831 (2009) 215W. Cassing & E. Bratkovskaya,  NPA 831 (2009) 215

E. Bratkovskaya,  W. Cassing,  V. Konchakovski,  E. Bratkovskaya,  W. Cassing,  V. Konchakovski,  

O. Linnyk, O. Linnyk, NPA856 (2011) 162NPA856 (2011) 162
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Dynamical models for HICDynamical models for HIC

MacroscopicMacroscopic MicroscopicMicroscopic

‚‚HybridHybrid‘‘
QGP phase: hydro with QGP EoS QGP phase: hydro with QGP EoS 

�� hadronic freezehadronic freeze--out: after burner out: after burner --

hadronhadron--string transport modelstring transport model

((‚‚hybridhybrid‘‘--UrQMD, EPOS, UrQMD, EPOS, ……))

fireballfireball models:models:
�� no explicit dynamics: no explicit dynamics: 

parametrized time parametrized time 

evolution evolution (TAMU)(TAMU)

idealideal
(Jyv(Jyvääskylskylää,SHASTA,,SHASTA,

TAMU, TAMU, ……) ) 

NonNon--equilibrium microscopic transport modelsequilibrium microscopic transport models ––

based on manybased on many--body theorybody theory

HadronHadron--string string 

modelsmodels
(UrQMD, IQMD, HSD, (UrQMD, IQMD, HSD, 

QGSM QGSM ……))

Partonic cascadesPartonic cascades

pQCD basedpQCD based
(Duke, BAMPS, (Duke, BAMPS, ……))

PartonParton--hadron models:hadron models:

�� QGP: QGP: pQCDpQCD based cascadebased cascade

�� massless q, gmassless q, g

�� hadronization: coalescencehadronization: coalescence

(AMPT, (AMPT, HIJINGHIJING))

�� QGP: QGP: lQCD EoSlQCD EoS

�� massive quasimassive quasi--particlesparticles

(q and g with spectral functions) (q and g with spectral functions) 

in selfin self--generated meangenerated mean--fieldfield

�� dynamical hadronizationdynamical hadronization

�� HG: offHG: off--shell dynamicsshell dynamics

(applicable for strongly interacting (applicable for strongly interacting 

systems) systems) 

viscousviscous
(Romachkke,(2+1)D VISH2+1, (Romachkke,(2+1)D VISH2+1, 

(3+1)D MUSIC,(3+1)D MUSIC,……))

hydrohydro--models:models:
�� description of QGP and hadronic phasedescription of QGP and hadronic phase

by hydrodanamical equations for fluidby hydrodanamical equations for fluid

�� assumption of local equilibriumassumption of local equilibrium

�� EoS with phase transition from QGP to HGEoS with phase transition from QGP to HG

�� initial conditions (einitial conditions (e--bb--e, fluctuating)e, fluctuating)
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