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The ,holy grail® of heavy-ion physics:

® Search for the critical point
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¢ Study of the
phase transition
from hadronic to
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Temperature T [MeV]

Plasma

Nuclei

Net Baryon Density

¢ Study of the in-medium properties of hadrons at high baryon
density and temperature — chiral symmetry restoration



Multi-strange particle enhancement in A+A

Charm suppression

Collective flow (v4, v2)

Thermal dileptons

Jet quenching and angular correlations

High prt suppression of hadrons

Nonstatistical event by event fluctuations and correlations
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.'N" Basic models for heavy-ion collisions

® statistical models:
basic assumption: system is described by a (grand) canonical ensemble of

non-interacting fermions and bosons in thermal and chemical equilibrium
[ -: no dynamics]

® Ideal hydrodynamical models:
basic assumption: conservation laws + equation of state; assumption of
local thermal and chemical equilibrium

[ -: - simplified dynamics]

® Transport models:
based on transport theory of relativistic quantum many-body systems -
nonequilibrium dynamics. Actual solutions: Monte Carlo simulations

[+: full dynamics | -: very complicated]

=» Microscopic transport models provide a unique dynamical description
of nonequilibrium effects in heavy-ion collisions



Models of heavy-ion collisions

thermal model g

thermal+expansion

initial final

transport

i
rr ok

T-%:",-'r' e




Dynamical description of heavy-ion collisions

The goal: to study the properties of strongly interacting matter under
extreme conditions from a microscopic point of view

Realization: dynamical many-body transport models

This lecture:

1) Dynamical transport models (nonrelativistic formulation):
from the Schrodinger equation to Vlasov equation of motion < BUU EoM

2) Density-matrix formalism: Correlation dynamics

3) Quantum field theory = Kadanoff-Baym dynamics
= generalized off-shell transport equations

4) Microscopic description of the QGP, hadronization problem

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



1. From the Schrédinger equation to
the Viasov equation of motion



Quantum mechanical description of the many-body system

Dvnamics of heavy-ion collisions is a many-body problem!

Schrodinger equation for the system of N particles in three dimensions:

0 nonrelativistic
=T, FyyeresTr ) = H(F Fyyenes o o) (T Ty t) |
at ( 1272 "N ) ( 1272 "N ) ( 1272 "N formulatlon

Hartree-Fock approximation: o N
®many-body wave function >  Fulely,) = AH wilr,t)
antisym. product of single-pé?]ticle wave functions

*many-body Hamiltonian - single-particle Hartree-Fock Hamiltonian

N R h =
H(I_‘i,l_”;,...,l_"N,t)=Z T('_”;')'l'v('_ﬂi)'_;za"-afzvat) T(I‘)=——V,2,

; 2m
=l kinetic term  N-body potential

N N N
= TFE )+ V,( 0 = Y h(F,1)
i=1 i=1

i<j
Kinetic term 2-body potential

r,—r;



Hartree-Fock equation

Time-dependent Hartree-Fock equation for a single particle i:
L0 A
lhgy/i(r,t) = hy,(r,t)

Single-particle Hartree-Fock Hamiltonian operator: 7 = T+U e

®Hartree term: l}H = Z jd%'t//f(f',lf)V(F—?' )y, (r',t) T=—"1V
i(occ) 2m
self-generated local mean-field potential (classical)
o . N % =y — =y —9
Fock term: U, = Z w, (F . OVE,F Oy (' ,t)

i<N
non-local mean-field exchange potential (Qquantum statistics)

TDHF approximation describes only the interactions of particles with the time-
dependent mean-field Upg(r,t)!

= EoM: propagation of particles in the self-generated mean-field

iS50 = (TE0+U L G) w G- [ UG 0w 60

=> In order to describe the collisions between the individual(!) particles, one has
to go beyond the mean-field level ! (see Part 2: Correlation dynamics)




Wigner transform of the density matrix

U Introduce the single particle density matrix:

P(FF )= Wa(F b )Ws(F,t)
Boce

Thus, the single-particle Hartree-Fock Hamiltonian operator can be written as

h(f,t):T(f)+Zjd3r’ V(F=F,t)p(F,F,t)=T(F)+U(F,t)
Boce local potential

. 2 2
= EoM: 3p(?,?’,t)+i h—?f+U(F,t)—h—§f,—U(F’,t) P(F,F,t)=0
ot | 2m 2m

Instead of considering the density matrix p, let's find the equation of motion for
its Fourier transform, i.e. the Wigner transform of the density matrix:

. ~ ~ new old
- o 3 | N R R ) -
= - = . r+r
f(l‘,p,t) jd § exp( hPS] p(r+2,l‘ Z,t) 7
f(r,p,t) is the single-particle phase-space distribution function s o>r-r

Density in coordinate space: o(7,t)=

Y [&°p £(7,5,t)

10



Viasov EoM

After the first order gradient expansion of the Wigner transformed EoM for f we obtain

Vlasov equation of motion
- free propagation of particles in the self-generated HF mean-field potential:

f(l" p)t)+£ f(?,ﬁ,t)-ﬁ;(](l_‘»,t)ﬁﬁf(i:,ﬁ,t)=0

Viasov EoM is equivalent to: %f(?,i),t)=0 =[%+Wf +fﬁi,}f(?,f),t)=0

=» Classical equations of motion :

dr E trajectoty: r(t)

1
@ W
- _ YUt

Note: the quantum physics plays a role in the initial conditions for f:
the initial fin case of fermions must respect the Pauli principle
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Dynamical transport models with collisions

=> In order to describe the collisions between the individual(!) particles, one has to
go beyond the mean-field level ! (see Part 2: Correlation dynamics)

add 2-body collisions: 3
1 ar a1 <<(a)
d - average distance

/ S
2 v

Interaction 1+2>3+4
(34|V,,,|12)

coll

Incms: p,+p,=p;+p,=0
(r,,p,) (ry,p,)—>(r;,p;) (r,,p,)

0 If the phase-space around (75, P; ) and (r,,p,)
Is essentially empty then the scattering is allowed,
0 if the states are filled - Pauli suppression
= Pauli principle

12



BUU (VUU) equation

Boltzmann (Vlasov)-Uehling-Uhlenbeck equation (NON-relativistic formulation!)
- free propagation of particles in the self-generated HF mean-field potential
with an on-shell collision term:

—f(" P, )——f(r P+, f(F,B)=VUFE) Y, f(FBit)= (aaft”)

Collision term for 1+2->3+4 (let‘s consider fermions) : Probability including
Pauli blocking of fermions

af 1 3 3 3
1 = d'p,d’p,d -w(l+2—>3+4)-P

—

X(27) 8°(p,+ P, —P,—p,) (2m)s(L+ P2 _ P _ P
2m, 2m, 2m; 2m,

d’c

Transition probability for 1+223+4: w(1+2 —>3+4)> v, Foa

h . .
where U, =—1p,—p,| -relative velocity of the colliding nucleons
m

d’oc
d’q

- differential cross section, g — momentum transfer ¢ =p, —p;

13



BUU: Collision term

. - - . . do
=——[d’p, d’p, [d£ 10, 18" (By+ Py =Py =) (1423 +4)-P

Probability including Pauli blocking of fermions:
P=f(F,py,t )f (F, ) [1- f(F, B, )] 1= f (F, py,1)]
— f(F, Bt ) f (Fy Byot) 1= £ (F, By t)] [1- (7, B,01))]
= £, (1= )(I-f,) = fuf,(1-£,)(A-f,)

Pauli blocking factors
for fermions *

Gain term Loss term
3+421+2 142344
For particle 1 and 2: I =G-L

coll —

Collision term = Gain term — Loss term

*Note: for bosons — enhancement factor 71+f (where f<<7);

often one neglects bose enhancement for HIC, i.e. 1+f 21
14



Dynamical transport model: collision terms

. . * « o . .
Collision terms for (N,A,z)system: A4 <& & N Relativistic formulation

v & (d’p, d’py 2 o4 _ _
DfA—gijf £ E. IM o V-0 (Dot Dy —DPs) XFo(Py) Fy(Py )N I=fA(D4))

d3 d3 2 o4
_ (z}ng El’ﬂ E”N IM oy ¥ -8 (Pt Py —Pa) XFa(Ps) (1= fy(py )X+ fo(P,))

= Gain (7N > A) — Loss (A— 7N ) 21)
A production A decay
d’p, d’
Df, =Y 5[4 SO0 \\, P8 (ptpy—Pa) XLa(a) (T4 £ ()= fy(py)

N,A(2”)3‘ E, E,
g ¢d’p, d’p

“Li2ay EAA ENN \M, -8 (p,+py—ps) X[ (P,) Fv(Py ) I=FA(D,))
= Gain (A—>7aN ) — Loss (N —> A)

7 production 7T absorbtion

(22)

by Adecay by nucleon

15



Dynamical transport model: collision terms

J BUU eq. for different particles of type i=1J,...n

d
Df; Eaf; =Icoll [f])fz)‘")fn] (20)

Drift term=Vlasov eq. collision term

i: Baryons: p,n,A(1232),N(1440),N(1535),..A, %, X" ,Z,0; A.

Mesons: n,n,K,K,p,0,K ,1,¢,a,,...D,D,J / ¥,¥,...

= coupled set of BUU equations for different particles of type i=1,...n

(

Dfy =1, [fN’ Sas fN(1440)""’ S fp""]
Df,=1., [fN’ S as fN(1440)"“’f7r’ fp"“]

Df, =1, [fN’ Sas fN(1440)"“’ S fp"“]

16



Dynamical transport model: possible interactions

Consider possible interactions for the sytem of (N,R,m),
where N-nucleons, R- resonances, m-mesons

] elastic collisions:

Baryon-baryon (BB): meson-Baryon (mB) meson-meson (mm)
NN — NN mN — mN mm —>mm’
NR — NR mR — mR
RK — RR Detailed balance:
a+boc
a+bec+d
O inelastic collisions:
Baryon-baryon (BB): meson-Baryon (mB) meson-meson (mm)
NN < NR mN <> R m m’ < i
NR JEN NR; mR PARN R’ m m/ PN m//m///
NN < RR’ mB < m'B’
mm —>X
BB X mB — X

X - multi-particle state

17



2. Density-matrix formalism:
Correlation dynamics

18



Density-matrix formalism

] Schrodinger equation for a system of N fermions:
0
?ﬁa ’\I’N (T) = HN ’\DN (TL) >

N

N—1
Hamiltonian operator: [y = 1"(i) + > v(ij), h° (i) = t(q)
i=1 i<j kinetic energy operator

2-body potential

] Schrédinger eq. in density-operator representation
3 (D

ihgﬁN =[Hy,py]

- von Neumann (or Liouville) eq.:

Density operator for N-body system summed over all possible quantum
state k with amplitude P, (P, 2 interpretation of probability):

) — P | >S< | (for any possible quantum state k
P ; Vi Vi of N-body system)

Wy, >=18,,8,0008 5006y >y G =(r;,0,,T;,..)

or ¢, =(p;,0;,T;,..)
Notation: j— particle index of many body c, A

system (j=1,...,N) in different representations : or ¢;=(l,m;,n;,0;7,,..)
discrete state

19



Density-matrix formalism

] von Neumann (or Liouville) eq. in matrix representation describes an N-particle
system in- or out-off equilibrium
0 (2)

?h,)— py (1., N;1U.N" 1) = [Hy, pn|

Notation:
Pyl N;I' . uN' t)= py (&6, 80 E L E) L E st ) =< &) E) L E L py (B ELE, . Ey >
pi(LIt)=p,(&,6  ,t)=>p,.(t)
P (1,2,1',2' ,t)= p, (8,656, 2 5 t)=> Py pa(t)

J Introduce a reduced density matrices p,(7...n,1"...n";t) by taking the trace
(integrate) over particles n+1,...N: (tensor of rank 2n): n<N

1 1
I, oy = — 171, - Recurrence )
Y +1,....NPN 1 +1{P +1}

......

Normalization: Tra._.N)pN=N.’ suchthat Tri_yp(11;t) =Y (ala;) = N
Trazpe = _(alajaja;) = =3 (alalaiay) Z{ (alaialas) — (ala;)d} = (N = 1)3 (ala;) = N(N = 1)

i,j ] J
From recurrence (3):

1 ,
n=N-1: Pn_1 EFT";N%N'pN(gv"'gN’51"""§N’t) Tr p — L
(1,.,n) IFn
" (N—-n)!

n=N-=-2: py,= TrgN_,=§N_,'pzv-1(fzr"gzv-v51"-°-’§1,v—1:t)

N-1

20



Density matrix formalism: BBGKY-Hierarchy

Taking corresponding traces (i.e. Tr(,,4,...n)) Of the von-Neumann equation we obtain the
BBGKY-Hierarchy (Bogolyubov, Born, Green, Kirkwood and Yvon)

n—I1 n
}On — Z h .On Z 'U(?"j).- P-n} + Z Tl‘.n+1 ['U(?".- n =+ 1)_- ;OnJrﬂ 4)
1=i(j i=1

Jor 1<n< N with p,,,=0.

= This set of equations is equivalent to the von-Neumann equation
= The approximations or truncations of this set will reduce the information about the system

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

)
25 p1=[1"(1), pr] + Tra[v(12), o], (5)
%, : | - o
ZE P2 = [Z h' (?-)TPQ} + [1'(12) [)Q} + Tl'g[l,-’(l.g) -+ 1)(23)._ P:ﬂ
' i=1

Egs. (5,6) are not closed since eq. (6) for p, requires information from ps. Its equation reads:
a 3

EE p3 = [Z h2(1), ps] + [0(12) +v(13) + v(23)., p3] + Tra[v(14) +v(24) + v(34), p4 (7)

21



Density matrix formalism: BBGKY-Hierarchy

I:> Introduce the cluster expansion = Correlation dynamics:

Q 1-body density matrix: p,(11') = p(11’). }‘— ip_itia:' stté;te Offtgartic'e 1" e g
— TInhal state o e same particie ,,

a 2-body density matrix (consider fermions):

®) p2(12,12) = p(11)p(22) — p(12)p(21") + ca(12,1'2') = pog(12,1'2") + c5(12, 1'2))

2PIl= 2-particle-irreducible approach 2-body antisymmetrization
9) 1o N oo o operator: |
:{}2(12: 12 ) — Al‘z‘!ﬂ(ll ).ﬁ{QQ ) + (:2(12: 12 ) A” = j'}g!‘,‘
1Pl = 1-particle-irreducible approach +  2-body correlations 5;;“;‘:},":“”
(TDHF approximation)

By neglecting c, in (9) we get the limit of independent particles (Time-Dependent Hartree-Fock).
This implies that all effects from collisions or correlations are incorporated in ¢, and higher
orders in c,etc.

p3(123,1'2'3') = p(11')p(22')p(33') — p(12')p(21")p(33)

O 3-body density matrix: - (137)p(22')p(31") — p(11)p(32')p(23") + p(13")p(21") p(32") + p(12)p(31") p(23") (10)
+p(11')ca(23,23") — p(12)c2(23, 1'3") — p(13')c2(23,21") + p(22')ca(13,1'3)
—p(21')ca(13, 2" )ea(13,1'2') + p(33')ca(12,172') — p(31)c (12 391
—p(32)c3(12, 1'3) + ¢3(123, '2'3).

22



Correlation dynamics

d From eq. (5) for p; (by substitution of eq. (8) for p,), we obtain,
EoM for the one-body density matrix:

edﬁ p(117:t) = [R°(1) — (1)) p(11'; 1)

+Tr om0y [0(12) Are — v(12) Ay p(11: 1) p(22; 1) + Tromoy [v(12) — v(172)]co(12,1°2; 1)

d From eq. (6) for p, (by substitution of eq. (10) for p;) and discarding explicit
3-body correlations c;, we obtain EoM for the two-body correlation matrix ¢, :

d

ECT cp(12,1'2";t) = [KP(1) + h°(2) — RO(1') — h%(2')]co(12,1'2'; 1) (12)
+Tr=3)[v(13)A13 + v(23) A2z — v(1'3") Ava — v(2'3) Az ]p(33"; 1)c2(12,1'2'; 1)
+[v(12) — v(1'2")] p20(12, 1'2") p(11')p(22') — p(12')p(21")

r 1: L3 12 19/ 11 (2O 19 119! = poo(12,1'2")
—Tra=3{v(13)p(23';t)pao(13, 1'2"; t) — v(1'3")p(32';t) pao(12, 1'3'; 1)

+0(23)p(13"; ) p20(32, 1’2" 1) — v(2'3")p(31'; 1) p20(12,3'2'; 1)}

+[v(12) — v(1'2)]c2(12,1'2'; t)
—Tra=3){v(13)p(23';t)c2(13,12";2) — v(1'3")p(32'; t)c2(12,1'3'; 1)
+u(23)p(13'; 1)ca(32, 1'2'; £) — v(2'3)p(31%; )ea(12, 3'2'; 1))

+Tr a3 {[v(13) Ass e — v(1'3) Ava Ara] p(11'51)c2(32,3'2'; 1)
[. "(2'3)'/423#41’2’ - U(Z 3 )AQ!S:AIQ] p(zz"" )(2(13 1!31': IL)}

23



Correlation dynamics

To reduce the complexity we introduce:

O a one-body Hamiltonian by
h(i') =t(i") + U*(7") = t(") + Trnepyv(i'n’) Aiw p(nn'; t)

kinetic term + interaction with the self-generated time-dependent mean field

- Pauli-blocking operator is uniquely defined by (14)
Qi = 1 = Truew)(Pin + Pi)p(nn’s); Qi = 1 = Trpuep) (Pow + Py )p(nn; 1),

O Effective 2-body interaction in the medium:

V=(ij) = QZv(ij); V=('5') = Qv (7). (15)

Resummed interaction = G-matrix approach

24



Correlation dynamics

J* EoM for the one-body density matrix: (16)

o,

o p(11"5t) = [h(1) = h(1")]p(117; 1) + Trgon[v(12) — 0(1'27)]e2(12,172'; 1)

2-body correlations

TDHF

EoM (16) describes the propagation of a particle in the self-generated mean field Us(i)
with additional 2-body correlations that are further specified in the EoM (17) for c, :

J* EoM for the 2-body correlation matrix:

0 Propagation of two particles

2(7 co(12,1"2"; Zh Z h(i")]co(12,1°2; 1) 1 and 2 in the mean field Us
f 11’

HV=(12) = V=(12)]pao (12, 125 1)

Born term: bare 2-body scattering

(17) B DR . resummed in-medium interaction with
JFD"I_(IQ) - V_(l 2 )]CQ(IQ- 12 Qt) intermediate Pauli blocking (G-matrix theory)
JrTl‘(g 3/ {[ (13)A13A1f>r — U (1 3)‘/41:3!/412} (11 f)c )(32 32" l‘)

2-Particle-2-hole interactions

_}_[1}(23)/423/41’,2’, _ .1;(2’3’)“42,3!“412} p(22"; )(2_(13 1’3t )} (important for groundstate

correlations) and damping of low
energy modes

Note: Time evolution of c, depends on the distribution of a third particle, which is integrated
out in the trace! The third particle is interacting as well!

*: EoM is obtained after the ,cluster’ expansion and neglecting the explicit 3-body correlations c;

25



Vlasov equation

BBGKY-Hierarchie - 1Pl 9 O 0y 0 -
eq.(11) with ¢,(1,2,1.29=0 ih oy p(11:8) = A (1) — b (1) | p(11%: 1)

TDHF

o _ _, no-, no- -, o,
a—p(rr t)+ m V+U(rt)——V -U(r,t)|p(r,r,t)=0

» perform Wigner transformation of one-body density distribution function p(r,r,t)>
- i . . 5 . 5
f(r,p,t)=_[d3s exp(—%ps) p(r +5,r—§,t) (18)
f(r,p,t) is the single particle phase-space distribution function

After the 1st order gradient expansion = Vlasov equation of motion
- free propagation of particles in the self-generated HF mean-field potential U(r,1):

d o P e (19)
gf(r)pyt)'l'zvf f(l’,p,t)—V;U(l’,t) Vﬁf(r,p9t)=0

U(F)= 5 24PV (F =7 OF (7 Byt

(zm )’

26



Uehling-Uhlenbeck equation: collision term

??% p(11;8) = [A(1) — h(I)]p(115 ) + Tromon [0(12) — o(1'2)]es (12, 1251) 2V

TDHF - Vlasov equation 2-body comrelations

Collision term: | 1(11°t)= Trio—o[v(12) — v(1'2")]c2(12,1'2; ) (22)

) perform Wigner transformation
J Formally solve the EoM for c, (with some approximations in momentum space):

?(iuuu’ = Zh ;;h (i")]ca (12,12 1)
H[V=(12) = V=(1')]pao(12, 12/ 1) (23)
+[V=(12) = V=(1'2)] e (12, 12" 1)
+ Tz {[v(13) A3 A — 0(1'3) Ay Ara] p(11751)ea(32,3'2'; 1)

+[1 (23)A23A1’2’ —v (Z )AQ’?)’AI)] )0(22]' )(2(1")’ 13, )}

[ and insert obtained c, in the expression (22) for /(11,t) : > BUU EoM

27



Boltzmann (Viasov)-Uehling-Uhlenbeck (B(V)UU) equation :
Collision term

dtf(rp ) atf(i‘p )+m » J(r,p,t)=VU(r,t)V,f(r,p,t) (at)w,, (24)

Collision term for 1+2->3+4 (let‘s consider fermions) :

4 . . . . . do
I,= 7 [d’p, &’p, [d2 10,18°(p,+p, - b, ~Py) (1425 3+4)-P
(25)
Probability including Pauli blocking of fermions:
P=f3f4(1_f1)(1_f2) - f]fz(l_f3)(1_f4) (26)
Gain term Loss term
3+4>142 1+2>3+4

For particle 1 and 2:

Collision term = Gain term — Loss term l,=G-L

The BUU equations (24) describes the propagation in the self-generated mean-field
U(r,t) as well as mutual two-body interactions respecting the Pauli-principle

28



3. Quantum field theory
= Kadanoff-Baym dynamics
= generalized off-shell transport equations



Theoretical description of ‘in-medium effects’

In-medium effects (on hadronic or partonic levels!) = changes of particle
properties in the hot and dense medium
Example: hadronic medium - vector mesons, strange mesons

QGP - dressing of partons

Many-body theory:
Strong interaction = large width = short life-time
=» broad spectral function = quantum object

o Kbar* spectral function_

= How to describe the dynamics of _ | © A(1783)N
broad strongly interacting quantum il ! | (fgo)w
. i X -
states in transport theory? T | oxltations
_ 6 il s
Q semi-classical BUU Zs 3 .
first order gradient < | Barcelona /
expansion of quantum 3 » | Valencia
Kadanoff-Baym equations 2b i grotip
1_ . L
O generalized transport equations Ommm=lcl SR

q’ [MeV]

30



Dynamical description of strongly interacting systems

J Semi-classical on-shell BUU: applies for small collisional width, i.e. for a weakly
interacting systems of particles

How to describe strongly interacting systems?!

[ Quantum field theory =
Kadanoff-Baym dynamics for resummed single-particle Green functions S<

N — re adv
S0z Sﬁy = 2y, © Szy + 2 O Szy
Green functions S</ self-energies X: Integration over the intermediate spacetime
iS5, = (@ (y)B(x)]) Sy =8, =85 =8, =8, —retarded g1 __(qupr 2
iS.:y ={D(y )P (x)}) Sﬁ;h =8, -8, =85 -8, —advanced
iS;, =(T{®(x )P (y)}) —causal n =*xI(bosons / fermions )

iSy, =(T*{®(x )®*(y)}) —anticausal T*(T° )—(anti— )time —ordering operator

Kadausf/ Baym

Quantum
Statistical
Mechanics

Leo danoff Gordon Baym 31




Wigner transformation of the Kadanoff-Baym equation

» do Wigner transformation of the Kadanoff-Baym equation
Fyp = / 4 (.-r—y) o @t —yt) .

For any function Fyy with X=(x+y)/2 — space-time coordinate, P — 4-momentum
Convolution integrals convert under Wigner transformation as

47 2P, (et —yt . —~ T I 2 ,
fﬂ’- (r—y) ¢ n (=) Fia..© ., = e Fipx Fopx

Operator < is a 4-dimentional an infinite series in the differential operator ¢
generalizaton of the Poisson-bracket:

e L[(OF OF,  OF OF
Clhipthy = (ax,u oPr 9D, (‘)X#)

» consider only contribution up to first order in the gradients
= a standard approximation of kinetic theory which is justified if the gradients in
the mean spacial coordinate X are small



.”‘ From Kadanoff-Baym equations to
generalized transport equations

After the first order gradient expansion of the Wigner transformed Kadanoff-Baym
equations and separation into the real and imaginary parts one gets:

Generalized transport equations (GTE):

drift term Viasov term backflow term collision term =

- loss‘ term

D2 T ret | f ' ' 1 J ret - ¢
O{P* — M} — ReSEhH{S5p} — [O{S5oH{ReSK | = LS5, 5% — Tip Sip]

Backflow term incorporates the off-shell behavior in the particle propagation
! vanishes in the quasiparticle limit Axp 2 8(p?-M?)

J GTE: Propagation of the Green‘s function iS<xp=ApNxp, Which carries

information not only on the humber of particles (Nxp), but also on their properties,
interactions and correlations (via Axp)

: Ixp
Q Spectral function: Axp = -
(P? — M§ — ReXgb)? + T'ip/4
I;(P =—Im Xeli =2p01" — width® of spectral function 4-dimentional generalizaton of the Poisson-bracket:
= reaction rate of particle (at space-time position X) IR B} = i((‘;i g}fi - 32 fffi )
lic

Q Life time T=F W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 445



.-N-‘ General testparticle off-shell equations of motion

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

(] Employ testparticle Ansatz for the real valued quantity i S<y, -

N
Fxp =AxpNxp= 'iS;P ~ Z ‘5{3)(/? - X:(f)) 5{3)(13 - ﬁa‘(t)) oy — ‘—:i(tj)
i=1
insert in generalized transport equations and determine equations of motion !
= General testparticle ,Cassing off-shell equations of motion°
for the time-like particles:

dX, 11 . — M2 — ReXret
: pr— 2 R R R ?E?IEt s (2) I r J‘.‘:‘ L]
dt 1 — C(:ij 2(‘_{ i VPE ‘ (®) f(?) VPZ AR
dP. 11 = €2 — P2 — M2 — ReYret
= _ 7, ReXet 4 \——— YV, T/ | .
de; 11 [ORexyy

with Fay = F(t?fi(fjvﬁ(t)afé(f))
i ﬁg — Jlrg — R(ZE’S

I

)
— [
Je;

Note: the common factor 1/(71-C;) can be absorbed in an ,eigentime’ of particle (i) !



.'"'. Off-shell vs. on-shell transport dynamics

Time evolution of the mass distribution of p and ® mesons for central C+C
collisions (b=1 fm) at 2 A GeV for dropping mass + collisional broadening scenario

C+C, 2.0 A GeV, b=1fm
dropp. mass + coll. broad.

On-shell 2 i M el | Off-shell
s I , e
On-shell model: L=\ -l | T 1.

low mass p and ®

10

mesons live o ) e ;
forever (and e.g. Ilbe/’byc;“ {/{///o//o 02 &'{‘\c«e‘”g\ o T 02
shine fake I e —— —
dileptons)! T - ” ; ‘l
1.07 -+-.] on-shell — ) i | off-shell
EO-S]"""" - 5 F Fost— ™
% 0611 ) % 0611
% 04T ol o BT
021" 021"

The off-shell spectral function becomes on-shell in the vacuum dynamically
by propagation through the medium!
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_ﬁ Collision term in off-shell transport models

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

Lou(X. P, M?) = TryTrsTryA(X, P, MPA(X, By, M2A(X. Py, M2)A(X, Py, M?)

|G((P, M?) 4 (Po, M2) — (Py, M2) + (Py, M)A s 6W(P+ Py, — Py — Py)

A\ A\

[ Nx ez Nxpoz Fxoare Pxposz — Nxpae D

'x B2 Txpos2 Fx Bz ]
Joss‘ term

With  fypye = 14+ Nypy andn = £l for bosons/fermions, respectively.

The trace over particles 2,3,4 reads explicitly

for fermions for bosons
1 .
Try= S — BP 1 3
" 02(27}4/{ : T”gw

additional integration

The transport approach and the particle spectral functions are fully
determined once the in-medium transition amplitudes G are known in
their off-shell dependence!
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.‘j In-medium transition rates: G-matrix approach

Need to know in-medium transition amplitudes G and their off-shell
dependence = S S T
P (G((P, M?) 4 (Py, M5) — (P, M3) + (Py, M}))|% s

Coupled channel G-matrix approach

Transition probability :

Prio344(s) = /d cos(¢) (251 + 1)(

1
)(2s2 + 1)

j22 ¢

with G(p,p,T) - G-matrix from the solution of coupled-channel equations:

® Meson selfenergy and
_ 4 spectral function
""""""" ®Baryons: Pauli blocking

and potential dressing
wTii(p,TY = Vij + Vi Gi(p,T) T3;(p, T)

For strangeness:
D. Cabrera, L. Tolos, J. Aichelin, E.B., PRC C90 (2014) 055207; W. Cassing, L. Tolos, E.B., A. Ramos, NPA727 (2003) 59

37



Mean-field potential in off-shell transport models

J Many-body theory: Interacting relativistic particles have a complex self-energy:

et et | - et
Yop=Rel +ilmX,

The neg. imaginary part 7;,=—ImZX;,=2p,I"
to the inverse livetime of the particle t~1/I".

is related via "= I _,;+1 gec

. The collision width I, is determined from the loss term of the collision integral /.,

—1I_,(loss)=T_,X,P,M?)N

XP M?

- By dispersion relation we get a contribution to the real part of self-energy:

ReZy(p,)=P|dq
0

ImZy(q)

(q—p,)

which gives a mean-field potential Uyp via:

Re Xelt’(po )=2p,Uyp

= The complex self-energy relates in a self-consistent way to the self-generated
mean-field potential and collision width (inverse lifetime)
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Detailed balance on the level of 2<->n:
treatment of multi-particle collisions in transport approaches

W. Cassing, NPA 700 (2002) 618
Generalized collision integral for n <->m reactions:

Lo =) ) Lon[n < m]

n m

ILf'o”[-n & om| =
. |
23 (e

< Ai(x,p) Wom(p,piitsv | prs A) (2m)0 6% (p" + ZP?’ — DIk

k=1

=1 7 m
)4) f(Hfﬁp.; A.imp;}) (Hfﬁpk ﬂk{ﬁpx:))

j=2 k=1

T

ﬂp ]___[fkrpﬁ., Hf_;ﬂip_: fa,tp ]___[f_r :'p_.l ]___[fﬁrp.f.,

k=1 k=1

f =14nf is Pauli-blocking or Bose-enhancement factors;
n=1 for bosons and n=-1 for fermions

Wem(p,piit,v | pe; A)  is atransition probability



.'"‘. Antibaryon production in heavy-ion reactions

Multi-meson fusion reactions
m{+My+...+Mm, <> B+Bbar

(m=m,p,,..)

- important for anti-proton, anti-lambda,

anti-Xi, anti-Omega dynamics !

10° F I I ' I ' I ' I
Pb+Pb, 160 A GeV
g central B
g BB->X
é 3 mesons -> BB
So10' | 4
§ L
Z l,
=
10° L L.
0 2 4 6
t [fm/c]

<A>/ <m>

©
o
=)
@

0.002-

0.001

0

W. Cassing, NPA 700 (2002) 618
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4. Microscopic description of the QGP,
hadronization problem

5. Example of transport model: PHSD transport
approach
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Goal: microscopic transport description of  ° % o

the partonic and hadronic phase "oy 5.0,

d How to model a QGP phase in line with IQCD data?

Problems:
0 How to solve the hadronization problem?
Ways to go:

pQCD based models: ,Hybrid" models:

= QGP phase: pQCD cascade QGP phase: hydro with QGP EoS
= hadronization: quark coalescence * hadronic freeze-out: after burner -

hadron-string transport model
= AMPT, HIJING, BAMPS
= Hybrid-UrQMD

v

" microscopic transport description of the partonic
and hadronic phase in terms of strongly interacting
dynamical quasi-particles and off-shell hadrons

= PHSD
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From SIS to LHC: from hadrons to partons & E e

The goal: to study of the phase transition from hadronic to partonic matter
and properties of the Quark-Gluon-Plasma from a microscopic origin

= need a consistent non-equilibrium transport model

- with explicit parton-parton interactions (i.e. between quarks and gluons)
) explicit phase transition from hadronic to partonic degrees of freedom

1 1QCD EoS for partonic phase (,crossover‘ at j1,=0)

Q Transport theory: off-shell Kadanoff-Baym equations for the
Green-functions S<,(x,p) in phase-space representation for the
partonic and hadronic phase

——>| Parton-Hadron-String-Dynamics (PHSD)

QGP phase described by W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919;
NPA831 (2009) 215;

Dynamical QuasiParticle Model W. Cassing, EPJ ST 168 (2009) 3

(DQPM) A. Peshier, W. Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Dynamical QuasiParticle Model (DQPM) - Basic ideas:

DQPM describes QCD properties in terms of ,resummed’ single-particle
Green's functions — in the sense of a two-particle irreducible (2Pl) approach:

Gluon propagator: Al =P - 11 gluon self-energy: I1=M,*-i2I",®

Quark propagator: S ' =P?- X quark self-energy: £ =M *-i2I' ®

® the resummed properties are specified by complex self-energies which depend

on temperature:

-- the real part of self-energies (X, I1) describes a dynamically generated mass
(Mg,M,);

-- the imaginary part describes the interaction width of partons (I';, T'y)

" space-like part of energy-momentum tensor T, defines the potential energy
density and the mean-field potential (1Pl) for quarks and gluons (Uq, Ug)

"2PI framework guaranties a consistent description of the system in- and out-off
equilibrium on the basis of Kadanoff-Baym equations with proper states in
equilibrium

A. Peshier, W. Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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The Dynamical QuasiParticle Model (DQPM)

 Basic idea: interacting quasi-particles: massive quarks and gluons (g, q, 9,a)
with Lorentzian spectral functions :

1 fit to lattice (IQCD) results

(i=q)q)g)

(e.g. entropy density) with 3 parameters

=» Quasi-particle properties:

large width and mass for gluons and quarks

2.0 ———

M, ~

L5} /

= Myz) |
S 1.0

3*
0.5F 1—\
9 Iy =
...... -----223@
e e ,

p [GE|>V2]
10 +

\ T=3T,

10

0

2
&
[G@[ga )

5 5

1 T = 4
01 +‘ 1 _
0]

light quark / "

2
i 3 k \Ge\l\

®DQPM provides mean-fields (1PI) for gluons and
quarks as well as effective 2-body interactions (2PlI)

®DQPM gives transition rates for the formation of hadrons

< PHSD

(@)= Sl
; =
(af -p’ —Mf(T)2 +40’ T (T)
25
20k [ ] i?;p[:l 0. Kaczmarek ef of., PRD 70 (2004) 074505
“"\LI 1.5
=]
=
1.0}

1QCD: pure glue

——
1 3 5 7 9 11 13
T/1
I 1
20| i
3
s/T ——
T8 e/T i
al T.=158 MeV
T j £c=0.5 GeV/fm3 .
0 1 1 1 1
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DQPM: Peshier, Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007) 45



l. PHSD - basic concept

LUND string model

l. From hadrons to QGP:

. Initial A+A collisions — as in HSD:
- string formation in primary NN collisions el B Bl e
- string decay to pre-hadrons (B - baryons, m - mesons)

1 Formation of QGP stage by dissolution of pre-hadrons
(all new produced secondary hadrons)

into massive colored quarks + mean-field energy QGP phase:

€> 8critical

B—>qqq, m—>qq V U,

based on the Dynamical Quasi-Particle Model (DQPM) which defines
quark spectral functions, i.e. masses M,(c) and widths 75 (¢g)

+ mean-field potential U, at given &-local energy density
20 ; : : : (€ related by IQCD EoS to T - temperature in the local cell)

15+

10

200 400 600 800
T [MeV] 46




Il. PHSD - basic concept

Il. Partonic phase - QGP:

quarks and gluons (= ,dynamical quasiparticles®)
with off-shell spectral functions (width, mass) defined by the DQPM

4 in self-generated mean-field potential for quarks and gluons U,, U
from the DQPM

d EoS of partonic phase: ,crossover‘ from lattice QCD (fitted by DQPM)

A (quasi-) elastic and inelastic parton-parton interactions:
using the effective cross sections from the DQPM

30

" (quasi-) elastic collisions: , G )
q+q—>q+q  grqog+q [ — -
q+§>q+7  g+T->g+q Il
G+ —>q+q gtg—og+g “‘;:‘*-K -_
= inelastic collisions: ol et e p—
(Breight-Wigner cross sections) ’ PG 20

q+ q — g q+ g —> 818  suppressed (<1%)

_ due to the large
gq+q g§—>8+8§ mass of gluons
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lll. PHSD - basic concept "§1%06" o %

lll. Hadronization:

J Hadronization: based on DQPM

- massive, off-shell (anti-)quarks with broad spectral functions
hadronize to off-shell mesons and baryons or color neutral excited
states - ,strings‘ (strings act as ,doorway states’ for hadrons)

q + q 4 meson

g—oq+q, q+q < meson ('string’)
q+q+q < baryon ('string ')

| H
my m, Mpeson

* Local covariant off-shell transition rate for q+gpar fusion
= meson formation: Try=>_ / d r;dp; /(27)!
qu+cj—>m J
N (%0, )Ng(x5,P5) @,0,(D, ) @y (pg )1 Mg ¥ Wm(xq —Xp Py _pq)

Tr. Tr. & sl Xy ls z
rIr.o°(p-p,-p;) T—x ( flavor,color )

a Nij(x,p) is the phase-space density of parton j at space-time position x and 4-momentum p
o W, is the phase-space distribution of the formed ,pre-hadrons‘ (Gaussian in phase space)
o |Mgql? is the effective quark-antiquark interaction from the DQPM

IV. Hadronic phase: hadron-string interactions — off-shell HSD
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,Bulk® properties
in Au+Au
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partonic energy fraction

Partonic energy fraction in central A+A

Time evolution of the partonic energy fraction vs energy

! — T o777 T 7T T T 7
0.4 | Pb+Pb, b=1 fm § [ PHSD: Au + Au
T ] . b=1fm, [n| <1
i g 0.8}
03 Tkin [A GeV] ‘é -
I 10 E o6}
- %
02| 20 5
_40 5 0.4}
' 80 g
0.1L | - I
/ — 160 2 02}
0.0 / . Z‘
0 3 5 8 10 13 15 18 20 0-04 ,
t [fm/c] t [fm/c]

d Strong increase of partonic phase with energy from AGS to RHIC

d SPS: Pb+Pb, 160 A GeV: only about 40% of the converted energy goes to
partons; the rest is contained in the large hadronic corona and leading partons
d RHIC: Au+Au, 21.3 A TeV: up to 90% - QGP at midrapidity

W. Cassing & E. Bratkovskaya, NPA 831 (2009) 215
V. Konchakovski et al., Phys. Rev. C 85 (2012) 011902



Transverse mass spectra from SPS to RHIC

Central Pb + Pb at SPS energies Central Au+Au at RHIC

o J Pb+Pb, mid-rapidity L o |Au+Au @ s =200 GeV, 5% central, lyl < q.s]
: [158AGeV,5% | @ PHENIX |
] BRAHMS |

—
=

‘ 40 A GeV, 7% I i | 80 A GeV, 7% | ;

4 1wl

10’
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4 10° |
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4 1

—

-

4 10
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d PHSD gives harder m; spectra and works better than HSD (wo QGP) at high energies
— RHIC, SPS (and top FAIR, NICA)

- however, at low SPS (and low FAIR, NICA) energies the effect of the partonic phase
decreases due to the decrease of the partonic fraction

W. Cassing & E. Bratkovskaya, NPA 831 (2009) 215
E. Bratkovskaya, W. Cassing, V. Konchakovski,
O. Linnyk, NPA856 (2011) 162 5]



Dynamical models for HIC

[ &

Macroscopic /

hydro-models:
= description of QGP and hadronic phase
by hydrodanamical equations for fluid
= assumption of local equilibrium
= EoS with phase transition from QGP to HG
= initial conditions (e-b-e, fluctuating)

S\ Microscopic

Non-equilibrium microscopic transport models —
based on many-body theory

Hadron-string Partonic cascades

models pQCD based
(UrQMD, IQMD, HSD, (Duke, BAMPS, ...)
QGSM ...)

Parton-hadron models:

= QGP: pQCD based cascade
= massless q, ¢
= hadronization: coalescence

= QGP: IQCD EoS

ideal viscous
(Jyvaskyla,SHASTA, (Romachkke,(2+1)D VISH2+1,
TAMU, ...) (3+1)D MUSIC,...)
(AMPT, HIJING)
fireball models: ,Hybrid

= massive quasi-particles @

(q and g with spectral functions)

" no explicit dynamics:

parametrized time
evolution (TAMU)

QGP phase: hydro with QGP EoS

= hadronic freeze-out: after burner -

hadron-string transport model
(,hybrid‘-UrQMD, EPOS, ...)

in self-generated mean-field
= dynamical hadronization
= HG: off-shell dynamics
(applicable for strongly interacting
systems)
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