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QGP near equilibrium: DQPM and PN]JL

Transport coefficients at finite T and g

1.) crossover (DQPM model)

2.) CEP and 15t order phase transition (PNJL model)

3.) phenomenological model for partonic phase: DQPM-CP
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Motivation: Evolution of QGP in HICs

> Explore the QCD phase diagram at Theoretical scketch of the QCD phase diagram
finite temperature and chemical 300
N 39
potential through heavy-ion collisions 250 |

18200 s =62.4 Gev The Phases of QCD

Quark-Gluon Plasma

» Available information:
» Experimental data at SPS, BES at RHIC

» Lattice QCD calculations
(for ug < 450 MeV )
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A » How to learn about degrees-of-freedom of QGP ? = HIC

simulations — transport @ hydro description, ..

! Problem: Transport models(as well as hydro) need an input for
the partonic phase: cross-sections, masses, ...

Solution: effective models
QGP in equilibrium: DQPM and PNIJL

o(Vs,mg,m,, T, up)
m(Tn MB)

Introduction B



Transport coefficients of QGP

. ) o . s of various [jquids
Hydrodynamical model(macroscopic description) | e

| —— Ny
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ATH :D”u” -+ D"u + %A“”apur") —Wapup 8 i

~ el e
input for hydro simulations ’

wz

B,Q,S charge diffusion coefficients : Jan Fotakis =

Shear viscosity to entropy density 1 ;
ratio is extremely small

Model predictions:
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Relaxation time and scattering rate

5f: = £V (while ¢; = ¢p = g =0 ).
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QGP in equilibrium:

Dynamical QuasiParticle Model (DQPM)

DQPM: consider the effects of the nonperturbative nature of the strongly
interacting quark-gluon plasma (sQGP) constituents (vs. pQCD models)

» The QGP phase is described in terms of interacting quasiparticles:
qguarks and gluons with Lorentzian spectral functions:

pi(w.p) = 2 1 1
i ) — = = - =
Ej \(w—Ej)?+7; (W+Ej)?+7;
4w
(w? —p? — Mj2)2 + 4y2w?

SI4.
,J Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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N
Dynamical QuasiParticle Model L
» Resummed properties of the quasiparticles are specified by
scalar complex self-energies:
gluon propagator: A= P? -1 & quark propagator S, =P*-2,
gluon self-energy: 1 = Mgz-i2ygw & quark self-energy: 2 =M 2-i2 y w

» Rel, Z, :thermal mass (Mg, M) Im I, 2, : interaction width (y 4, v4)

N2 1 12 car g3 (T, up)T 2
M? (T = ¢ 2(T T2+ 4 T ug)=— : h(——+1

» Modeling of the quark/gluon masses and widths (inspired by HTL calculations)

Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)

DQPM




DQPM g*: fixed within s(1QCD) at pz=0

> Input: entropy density as a f(T, ug = 0) 2. Hs dgpehdgnlce

) f 1. ug =0 3.0 ; p—
e 35 T ‘ e g° Ny=2+1
g (s/ssp) =d((s/ssp)" —1)" porw | 28\ s = L, '
CD =}, =0 DQPM2015 20 e = 0.2 GeV
S?B = 19/9W2T3 — 1= 0.4 GeV
DOPM lattice 1 T mhese
__ Jlattice o NeOp-0 ]
S (Ha A'} SQ7 E) — S :=: pq=:: 1.0 * IQCD:N;=0,p, =0 7
fit S from QP to_S from IQCD ol ——i .1 05} :
1 2 3 4 5 678810 ¢ .
fix the model parameters TIT (1) 09, 2 3 4 5 e 78910

T/Te(pg)
» Scaling hypothesis at finite ug ~ 3pu,

g (T/T..u5) = g° (T(T* );MB — o) with the effective temperature 7™ = \/T2 + p2 /2
c\UB
. —P/T* a) g =0 . :_b)lll —04GeV e .—Output:
:npl.‘t' B . T (lines)
attice EoS e /T3 =" DQPM EoS

pg = 0 (dots) 10p——VT, {ug>0

e Lattice QCD |
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T [GeV] T [GeV]
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Specific shear viscosity

Relaxation times

’p pir
RTA
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= Lightincrease with Mg in the crossover region
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Transport coefficients: increasing with lg

Specific bulk viscosity

RTA 2y

—
lattice QCD N,

=0

RTAT"
Bayesian
holographic ¢ =2

- -

holographic ¢ =3 -

1.0

N

2.0 2.4
T/T
i hadrqns QGP
ap : DQPM : == [N |
» HRG
S ! - =2y

“'--:-i

Chapman-Enskog

(m=0): —-—
lattice QCD: @ N=2+1 :
® o N=2]

2.0 2.5

13
T,

3.0



Polyakov Nambu Jona-Lasinio model

» Effective lagrangian with the same symmetries for the quark dof as QCD
LN = Z 1@2 1D — mo; + ;L@-’}/o)wi 5 parameters

= fixed by vacuum

<4
T GZ > (W [ P 1sTE;) (U 1T ) 4 (UiTia;) (@kfr,jzwl)} values K,n

masses, n-n’mass

" wkl_ _ splitting , t
— K det [wz (_75)%’1 — K det [wz (‘|"Y5)¢j} decay constant,
Y * Chiral
—U(T; P, (i)) . <«— Polyakov potential fitted to the YM condensate

J. M. Torres-Rincon, J. Aichelin PRC 96 (2017) 4 045205
D. Fuseau, T. Steinernert, J. Aichelin PRC 101 (2020) 6 065203

» 1t order PT at high up
(sudden change of q
and meson masses)




PNJL Relaxation times

T Re/axat/on t/mes(PNJL vs NJL)
Ti(pe T'r IE-":'B) - 8 I
I'; (p._. 1. ,u.B) - '| B= 0 Ilght strange
- ) TV PNOLN=3irwy) — === ]
» on-shell scatterlng (interaction) rates 6l |\ @) e ]
on d3p3 S NJL N=3: 7 (o) — - )
F (p’baT Nq 2E Z / 271_ 32E dj fj(EjaTaﬂQ) Eg“ “‘ _
J QJ ) L | y
d>ps3 d>p4 3P\ i
1+ 1+ '
/ (2m)32E; f GryizE, =R di -
- 1l -
[ IM2(0i. 05,93, pa) [270)469) (i + pj — ps — pa) L e
1.00 1.25 1.50 1.75 2.00
T/T,, (1)
4 point interaction -> meson exchange(m,6,n,n’K,.. for s,t,u channels)
q' | S 2
+ .
>3:::::7:r :::r< C===>==3 :(,-7,5)_,-(—>k2f:'12 (iys)ir' ™
2% gm
u d meson propagator % = K

1 - QQWH}I}/ (k‘O? l_{;)

Effective interaction in RPA




PNJL Relaxation time

1 Relaxation t/mes(PNJL)
(P T pup) =
[ T. (p . HB) ng(p, T._.'U.-B) ] " | |
i '| Be= 0 Ilght strange
» on-shell scattering (interaction) rates [} PNILNs3ig(w) — === ]
on d pj 6 ‘i r“(ii") ]
F (p’ij /Jrq 2E J ; / 271_ 32E j[fj(E37T7 I'LQ')] ,E, 5 || NJL Nf=3: ‘Eq(o‘ij) -_— e h
! ! :ﬂ" 4 “ —
d’ps d’pa A
| G | Em = a0 ! :
12 4 ¢(4 '
M 2(pi,ps,p3,pa) (27)4 6™ (pi +pj — p3 — pa) i} —
0 ; — T — e
1.00 1.25 1.50 1.75 2.00
T/T,, (1)
Modified distribution functions: Polyakov loop contributions o030 —
L MB=0 T=122MeV: f
fq %ff(p: T, N) N T Teerm
_ (P + 2<I>e‘(Ep—#)/T)e_(Ep—#)/T 4+ o= 3(Ep—p)/T 0.20 - T=150MeV: o -f:::m
N | + 3(&3-1— (I)e_(EP_.u)/T)g_(EP_#)/T + e—3(Ep—u)/T ’ 015 L T=200MeV: wrweeee .,
fq _)f;(p’ T} “) o __ ‘.. .......... focam
(D + 2o Ept 1)/ T )= (Ep+it) /T 4 p=3(Ep+u)/T -
= 0.05 |
1 +3(b+ Pe— (Ep+1)/TYp—(Ep+p)/T —3(Ep+u)/T —:::\ -_:::;;:,__._
0. .
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Spec1f1c shear viscosity at high uB

3 ’ ' =0 ' I light sltran e
RTA( d p p . T I ng 7| inJL N=3: 7 (W,) =TT
n 3 Tq p:! ’ lJ’B qJq ' - R
15T a0 (2m)3 E; T\ e
2 _ 5 1} . .‘Cq o-ij —-
. E N\
5 pe— (BFm)/T 1 9ge—2EiFm)/T 4 o=3(E:Fm)/T  with Polyakov  “=*ri\\
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/i 1 + 3pe—(E:Fn)/T 4+ 3pe—2(EiFu)/T 4 o=3(EiFu)/T loops LA\
1 -
0 : . iy
1.00 1.25 1.50 1.75 2.00
3 T/TMn(uq)
KB = Hq ‘=0 '@ @ @ ® IQCDN,=0
i, / N,=3: ——PNIL(W,) — — NJL(g,) - DQPM
[GeV] o[N,=2: == LSM
3 10 .
1PT i
1= 04
ICEP ®
- - 0.32 : ..................
Jcrossover =00 | @ Tea s I —d.. 9T
; 0.3
1= 02 |
I 0 107 ~ - :
1.0 1. 5 2.0 2.5 0.8 1.0 1.2 1.4 1.6 1.8 2.0
T/T (1) Tc=T Mott T/T

In agreement w Nf=2 NJL results C. Sasaki et al, NPA 832 (2010)

PNIJL m



Electric conductivity at high ug

RTA (T

1B

d’p p?

BTZ%/
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271' 3 E’Ql"rz

’T’ﬂB)]dqfiQS
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(o)
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i =) =2 o«
T
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Cd
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1 [GeV]
1PT = j ..........
| = 04 o  10°F [ N=3: PNJL DQPM
i3 a0
] = 032 N=2: —--- LSM
: crossover 1QCD: '
- E 0.3 (* ) * Nf=2+1
i :' = 02 10°E ! .. © |Nf=2. A . ! L
Lo Lt , , =0 1 1.25 .5 175 2
1.0 15 2.0 2.5 T/T,
T/T (1)
Tc=T Mott

PNJL results: O.S., D. Fuseau, J.Aichelin, E. Bratkovskaya PRC103 5, 054901 (2021)
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Critical lines

--- DQPM . N,
0.10f =+« DQPM-CP

--------- 1QCD Cea et al

| BB HotQCD 18
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DQPM-CP: covering wide range of g
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,% 0.S, J. Aichelin, E.Bratkovskaya arxiv:2108.08561



Extension of DQPM g*: finite ug

> Input: entropy density as a f(T, ug = 0) : as = g°/4m . .
g*(s/ssp) = d((s/ssp) — 1)’ 3.0f I
sggD — 19/97°T3 2.5-?. — 8-26
SDQPM(H’A’Sq’E) _ lattice z.o—i S
fit S from QP to_S from IQCD 1_5_5
fix the model parameters 1_0_5
» Effective coupling constant 0 E
(15 = propp s o5 = 0.0 i 12 1 16 18 20
DePM-CP _ ) 1= g(T) crit 1+ g(T) a o - T/Tus)
/ﬁucgpr o \ Parametrize the DQPM

effective coupling

crit . —12 a a a ae * O
Qg = a (T/TC) a%T'OSS — ag + ; . g) + ;l 6 G(MB)
Lp Lp LTp L

fit entropy density from the PNJL
_ 7—0.1004] ¥r =T/Te(pp)
fix the model parameters F(T) = tanh {5—1"]




DQPM-CP: Thermodynamic observables

IEOS Ha =0, ptu = pi/3
Bl f [GeV
> Input: 1QCD entropy .| —o
density as a E} — oo
= 2r 0.7

f(T U = O) b IQCD, pp [GeV] — ::gﬁ
e 0 — g9
» +PNIL s(T/Tc) near Yo1 0.2 0.3 0.4 0.5
the CEP ” TGVl |
PNJL py [GeV]
mﬁhﬁ:% 0.909 |
&0 _
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Specific shear viscosity

AT ) 15T S /( g Ln)|di(L £ ) f

1=q,4,9
= Two setups for strange quark = Lightincrease with Bs inthe
chemical potential crossover region
(a) ps =0, pg = p/3 | ) s = iy = pB/3 |
N,=3PNIL {4 \ DQPM-CP
pp [GeV] pp [GeV]
—— (] - 1.0 \ — (]
06 () 4 -
T 0.8 —_— 0.6
——=- 096 ] 2 \ R
' e 06r e ().06
— D_l/__ 0.99 A
DQ// | :1 LL’ |
f'Sffss = 1/’4?T _._._._._._._._._._._.E{ES_S._._K.:.

1.0 15 2.0 2.5 3.0 1.0 15 50 3E 30
T/T.(11p) T/T.(pB)




Specific bulk viscosity

1 [ & 4 d
CRTA(T ) — 9_T/ (273)3 Z %?[n(p, T, H»B)][p?_SEE{EE_TE%}]Edi(l + fi) fi
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= Lightincrease with pg in = Sudden increase approaching the
the crossover region CEP
)y =Opampn3 NN B
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) —_— 0
6F . ol 0.4
2 2. — 0.6
ns i —_ 0.9
1 e ().96
oh —_— .99
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Summary / Outlook CRCTRan

under extreme conditions

» Transport coefficients at finite T and 1.z have been found using the (T, u)-dependent
cross sections in the DQPM and PNJL models

» At ug= 0 good agreement with the Bayesian analysis estimations and IQCD estimations
of QGP transport coefficients

» DQPM-CP model was parametrized to mimic critical scaling near the CEP

» Increase of n/s, 6/T with iy has been found in the both models, near the CEP the
transport coefficients has shown critical scaling: bulk viscosity suddenly increase
approaching the CEP!

» At large values of 1z (1.2 GeV in this work) presence of the 15t order phase transition
changes T dependence of transport coefficients drastically within the PNJL model




Summary / Outlook

Thank you for your attention!

» Outlook:

» More precise EoS large up

» Approaching high densities via transport simulations (PHSD)
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Relaxation Time Approximation

> Boltzmann equation fo = [9(1 4 ¢g)
df;q ;q¢a RTA: system equilibrates within the relax time T,
dt =Ca=— 7, Express collisional Integral via t and fa
» Relaxation times:
I4difa® dU}dT*dT* W(a,b|c,d) f;* . o
D pdLEdlG Wiable,d) fy (1 +de f) (1 +da fy") + (cd), (be)

TW _ _Pg,ul/ 4 wuru? =1 ATH J# — nBqu + AJE}

Energy-momentum tensor and
ATH = (D“u” + DYyt + %A“”apup) — (AM™d,u” | baryon diffusion current can

: be expressed using fa :
[ nBT 1B _ P 8
Al =2 ( w ) br (?) hydrodynamics TH (faymq,g), J5(fas Mg,g)
Obtain the transport coefficients using conservation laws, and fa'
no— 1 d°p p*
a‘uJB O nRTA(Ta IJ’B) — T Z / 3 QTz(paT /J’B)
9,T"" =0 15Ti=q§g (2m)° E;
H - di(1 % fi)fi

P. Chakraborty and J. I. Kapusta, PRC 83,014906 (2011).

Transport coefficients



Quark masses for NJL and PNJL

» Gap equation + minimization of the grand potential —> Chiral masses (M;, M)

m; = mo; —4G{(Wiy;)) + 2K () (W Wi))
Chiral masses(PNJL)

Chiral masses(NJL) 0.7

pEOMeV 0.6-

0.5 _M _

strange

0.4

M [GeV]

0.34
0.2

0.1

L. L L I L L L L L L L L L L L L L L I T n n T —t 0_0 T T T T T T T T 1) T
0 100 200 300 400 500 040 015 020 025 030 035 040
T (MeV) T[GeV]
R. Marty et al. PRC 88 (2013) 4 045204

» in PNJL transition is steeper than in NJL




Properties of QGP: transport coefficients

Hydrodynamics
ydrody input for hydro simulations

T = —Pg" 4+ wuru” + ATH , —
g _ nBu’”’ +AJE AT Hn|(D'u” + D"u" + 2A"™ du’) —” dpu”
HB
AJL = kgD (=
: (L2)
Tﬁ“/ - O Dt —= Aayay A,u,u — g,uv o uguv
Shear viscosity Bulk viscosity B,Q,S charge diffusion
Resistance to deformation Resistance to expansion coefficients

\VALE it

Transport coefficients n



Relaxation time: increases with ugp

1 1 d3p;
m(p.T.nug) = —1 _ i ) -1,
( ‘! B} Fi(p,T.ﬂB) [ T@ (T7 Mq) TL@(T, ,uq) / (271_)3dqf7, T (p?nTa /JJQ)
» on-shell scattering (interaction) rates
on d3p3
I (i T, 1q) 2E Z / 27 )92E; dj fi(E;. T, jiq)
d®ps3 d3p4 — 12 45(4)
1+ f5)(1 £ fu) IMZ(pispj, p3,pa) (27)°0" (pi +pj — p3 — pa
[ ot [ e (1 £ AP Rispppe) ()8 (it )
l‘ ‘ I ' 1 M 1 '_ 1 8 "' T T T T T ; T T T
14 "\\ N=3 PNJL 7 (w,) - I\ p=0 light strange
L i ' ' PNJLN=3:t (W) —— === |
i uq[GeV] light strange ¢
2, : Ma=31q_ ([} t,(c,) e
s '.‘ NJLN=3:7(c) — - ‘
\
\
|
0 T T T T T T T
1.00 1.25 1.50 1.75 2.00 1.00 1.25 150
/Ty (1)

. | 2.00
T/Tm(uq)
D



Polyakov Nambu Jona-Lasinio model: EOS

> PNIL allow for predictions for finite T and pip: D. Fuseau, T. Steinemert, J.Aichelin
PRC 101 (2020) 6 065203

» Parameters fixed, EoS at pg =0: > EoS at high p; :
HotQCD Phys.Rev. D90 (2014) 094503 pQCD: A.Kurkela, A.Vuorinen, PRL 117 (2016)4 042501
P/T4 . . 10 pQCD T T T T T T T T
18 —2/1;4 Comparison with : 09 | — Py Comparison with
16| — [/ | |QCD (HotQCD) 0s | OCD
14 — PNJL 07 t
12 206 |
10 ¢ & 05
8t Ry 04t
6t 0.3 |
4t 02 |
2t 0.1 f
0 ; : : : ‘ 00—
00 005 01 015 02 025 03 035 04 00 05 10 15 20 25 30 35 40 45 5.0

T[GeV] pp (GeV]

» CEP: (T ’ ﬂB) = (110,960) MeV, ”B/T =8.73
» 1t order PT at high up (sudden change of g and

meson masses)



Mesons in PN]L

» The meson pole mass and the width can be obtained by

§ = 2Geff H(pO = Mmeson iy

meson

2,p=0)=0

Nf=3 PNJL

b
S

—— Pion at i, =0
eta at p, =0

— Kaon at p, =0

— m, +m, at j, =0
2mg at 1, =10

—_
Ut

At T=0 good agreement with the
physical masses
» After T>Twmott mesons become unstable

=
o

Meson Masses |[GeV|

=
S

0.0 0.05




QGP out-of equilibrium HIC

- 7 = V/:/

Rinmme (Ffm%ce)

thermal model g

thermal+expansion

initial final

transport




DQPM-CP: Thermodynamic observables

e =0, gy = ﬂ!3f3l

» Input: IQCD entropy
density as a

f(T; Up = 0)

> + PNIJL s(T/Tc) near
the CEP

Input:
lattice EoS
up = 0 (dots)

Mg = P = pp/3

0.2

0.5

IQCD, pp [GeV]

e 0
n 1 1 1 1
0.1 0.2 0.3 0.4 0.5
T [GeV]
25 T T T T T
PNJL pp [GeV]
a0k 096 0.09
ﬁ:_
15 _,r i
10~
5
ok . . . L
0.1 0.2 0.3 0.4 0.5
T [GeV]
m_
204 N\
107 7—"'"‘* -
0= T T T T
0.1 0.2 0.3 0.4 0.5

T [GeVl




Hadronic phase

QGP out-of equilibrium €=> HIC

Parton-Hadron-String-Dynamics (PHSD)

» Transport theory: off-shell transport equations in phase-space representation based on
Kadanoff-Baym equations for the partonic and hadronic phase

@ Baryons Au + Au /syy = 200 GeV
@ Antibaryons l
@ Mesons .'

® Quarks 3 ' e

@ Gluons b=22fm - Section view




Stages of a collision in the PHSD

Initial A+A

.. » String formation in primary NN collisions
collision

-> decays to pre-hadrons (baryons and mesons)

> Formation of a QGP state if £ > €., itical
Dissolution of pre-hadrons 2> DQPM

I t_r;T: ]
Partonic -> massive quarks/gluons and mean-field energy :
phase (quasi-)elastic collisions : inelastic collisions: -
+0—>0+ +0—> g+ T '
it e s -
+0 > 0+ _ L e e— ]
Arl __gq g+(q g q+0 ol . - = 2
g+d—>0+J g+g—>g+g e(GeVitm]
off-shell off-shell

> Hadronizat_ion to co_lorless off-shell mesons and baryons "'z o, eson
g—>qg+J, Qg+J<¢> meson (‘string")

q+g+q <> baryon ("string ")
Strict &-momentum and quantum number
conservation

» Hadron-string interactions — off-shell HSD

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

W. Cassing, EPJ ST 168 (2009) 3




Extraction of (T, ug) in PHSD @

i v}
For each space-time cell of the PHS E,

> Calculate the local energy density e”HSP and baryon density nghPHsPb

D: ™ = —» Diagonalize in LRF =—» PSP

» use |QCD relations ”_"3 = \-.JF{'Tj (’u—B) + ...
(up to 6th order): s r

a1 ZT) o\ (B2
Aﬁ/ilzﬁ (T \Lé’j'" - +3_k§[f]) (H?B) + ...

—

Use baryon number susceptibilities y,from IQCD

= obtain (T, ug) by solving the system of coupled equations using &”"sP and ngP"sP

6(;’13, Y,z = 0) e [GeV.fm™]
_ 1

0

s B t = 2.6 fim/c
| — Output:
.................... 2

1 gPHSD and n PHSD T,pg

X [fm] 5 10

for details see P. Moreau, O. Soloveva, L. Oliva, T. Song, W. Cassing, E. Bratkovskaya
arXiv:1903.10157, PRC 100 (2019) no. 1, 014911




Ratio (n/s)/(6/T) at finite MB

10°

10%

10t

.
®e

.

S o,

-
- -

N, =2:--—- LSM

.
Rl AR T TT I

&° l-"-l'd.".-u“.‘."u“.

AdS/CFT — — QPM

1.0 1.5

l l
2.0 2.5

T/ Tc(uq) Tc=Tmott (PNJL)

3.

H q
[GeV]

1MPT
~=== 0.17 GeV]
|cEP

0.4

0.32

- crossover

0.3
0.2
0

0

» ratio (n/s)/(6/T) decreases with T, has up depence in
the vicinity of the chiral phase transition

PNJL results:arXiv:2011.03505

PNJL



QGP evolution for HIC (\/syy = 17 GeV)

. . . . . . Pb+Pb 158 AGeV - 5% tral] N_,.(T, .l'l'l‘;"‘;‘s
The T profile in (x;y) Kg profilein (x;y) ] 2
at midrapidity (|y.el< 1) at fixed times(1 and 4 fm/c) 035 1 Blos
Pb+Pb 158AGeV - 5% centrall o30f |
0.25
PHSD: t = 1 fm/c T [GeV] 1
) - 0.20
0.250 3 0.15
................ : 7 Hlaas - Pt
3 PHSD5.0 - [yl < 0.5 010
= |10.200 (<2 fmic
o L 5% L . 1 1 0.05
0.175 : I 4
0 . 0.150 0 i ]
X [fm] S X [fm] 5 » 030 .'.J 1 0.85
PHSD: t = 4 fm/c ; o
: T [GeV] 025
.19 s 0.65
& o020}
.18 F sk B 045
17 010 g 025
0.05 | PHSDSﬂ'Wmul <05
.16 2<t<4fmic
0.00 N b 0.050
15 0.40 T T T A T 25
0.35F 1
0.30 b 2.0
s‘ 0.25 ] 15
i 020
P sk - 10
010f —
0.05f ,F_Eiﬁﬁé“’-ﬂli'm.l <0.5 ] 0%
. . . t>4fm/
for details see P. Moreau, O. Soloveva, L. Oliva, T. Song, W. Cassing, E. Bratkovskaya 0.00 O (s UDTOTTNO
arXiv:1903.10157, PRC 100 (2019) no. 1, 014911 02 01 00 01 02 03 04 05 08

g [GeV]

HIC




Results for HIC: compare 3 versions @

» Comparison between three different results:

> PHSD 4.0 : only isotrop‘ic/a(T) and p(T) ~___ parton spectral function

partonic cross sections (masses and widths)

new PHSD 5 : angular dependence of do/d cos6
> PHSD 5.0 : with a(\/E, my,m,, T, ug = 0) and p(T,ug = 0)
» PHSD 5.0 : with 0(\/5, mq,my, T, MB) and p(T, ug)




Results for (/syy =200 GeV vs /syy = 17 GeV )

* No visible effects of ug dependence
* Small effect of the angular
dependence of do/dcosO

at high \/syy - low up I QGP fraction is small at low /sy y

Au+tAu @ \/SNN =200 GeV 5% central
e BRAHMS - Pb+Pb @ 158 AGeV 5% central
3UU-TE+ TE_ 1300 l+|||||| AARAN RARRS RAALE LARRN RAREE LAY LARRN R
A PHENIX 1501 E
3200 200 » [ TC {150
Z 100 * STAR 100 g 100;_ I 1100
’ ’ © 50f 150
U 0 0E fl L 1 1 E 1 1 0
3 T 1 T 1 1 - PHSD40 1 T 1 1
0Lt - E
%40- 140 > K = = PHSD5.0-p=0 K 30
> > <t e PHSD 5.0 - 1, 120
T 20 120 T ;
0 0
30 30
%20 p 20 :_5:
= 4
S T
10} 10
S IO ' —-— PHSD 4.0 | — _O 0
sl A+ |- - pespsocwo A M s 3
2 - =——=PHSD5.0 -5 | % 3
"z"‘ 10 = FREN 10 ©
=]
ol M /‘\ s
0 0
6 4 2 0 2 4 6 -6 -4 -2 0 2 4 6

y

y




Elliptic flow (/syy = 200 GeV vs 27GeV)

‘ AutAu 5, = 200 GeV Min.Bias I ‘ AutAu s, = 200 GeV Min.Bias | | AurAu @ Vs = 200 GeV Min.Bias |

0.05} 0.06 | T 1 005
—_ =00sf 7 1=
5 T0.04; 13
< 003 = it 1l DN £ 0.03
i [ total B 0.03f; . 13
Q . . -
5 o “ non-weighted * o
S 002}k > 9TAR g K TN~ £ 002
5 G 0.02F -~ ~ B o
= « PHOBOS = - f
> 0.01 = PHSD 4.0 , < 0.01

T = =PHSD 5.0 - p_=0 0.01F |PHSD5.0: Total =-=- Decays etc| = -
8 e QGP w/o rescattering
0.00 & . _PHSII) 50 -1y . 0.00 = =String w/o rescattering 0.00 L= . , )
N4 2 0 2 4 T4 2 0 2 4 -4 -2 0 2 4
n n mn

dN - Au+Au @ Vs = 27 GeV 10-40% central
— 1+22 v, cos[n(g-,)] _ sm‘ @ o |

@ = ——PHSD 4.0 + " % el

’ Thseue| K K _~<= + Novisible effects
- 0.10H : L
Vo= COSI?(({)—T)I)”) , =123, )

v,(charged hadrons)

—PHSDS.O-}{— / . Of l,l.B dependence

//. / * Small effect of the

angular
7% dependence of
P do/dcoso for v

200GeV, 10-20% central
PHENIX
0.15 ;PHSD4.0 m
— — PHSD 5.0 - p;=0 /’q ]
> 0.10 PHSD 5.0 - g
0.00 —/ — ’ _ o ! =

=4
o
=

©

'\.

(charged hadrons)
e
5
L
r s
\
[

)
o
5
L

0.15 /] —

. N2 2
S00.10 3 , v eC

L / | gum . =y

0.05 Ai 5 o . ’;’,ﬁ/ P ral
b 1 > . .

0005 ’0'5/'1'0 15 20 25 o — ”:J'r/' ’
) . p-l: [GeV/c] . . 0.0 0.5 N [Gev?é? . X .5 N [Gev?{:? 1.5 arXiv:2001.05395




Dynamical QuasiParticle model

* How to construct a quasi-particle model:

1) assume the properties of quasi-particles = some model parameters involved

2) determine the thermal properties of the system from _
Self-energies:

Grand canonical potential Q in propagator (D,S) representation (2PI): &1

1 5D~ 2

BO[D, 8] = S Telln D~' — D] = Telln S~ + 28] + B[D. § o

l ] | J °F _ _y
BOSONS fermions oS
Cf. J.P. Blaizot et al, PRD 63 (2001) 065003
I.e. determine entropy S, pressure P etc. for QP:

Q= —SdT — PdV — Ndg  s5=-22 n=-2 p=—2"
Q/V=-P = — — — Ndu =r—= o0 oV

3)fit S, Pfrom QP to S, P from IQCD = fix the model parameters

=» Properties of quasi-particles

Questions m



Directed flow (\/syy = 200 GeV vs 27 GeV)

Au+Au Vs, =200 GeV 10-40% centrality

Au+Au s =27 GeV 10-40% centrality

0.02 — + = PHSD4

® STAR ]
0.01F = PHSD5 i, | -~~~ PHSDS - ;=0 N
o e, AN
> 0. L ] L .\
N ? >~ 0.00 ¢ "h J

-0.01 S, \'\“\'J .&' .

—— PHSD4

" . N &
STAR: @ K -0.02 T pp——=
S K

0.02H @ K K \{\
0.04
0.0

0.02

>~ 0.04
0.01 L.

o0 = . V]
> 0.00 3 wgé - 000 Ll'm, s v Vi S 3
0.0 \\-‘iﬁ -0.02 n ’bﬁ%ﬁ/

-0.04

f
g=2

©

0.02
0.01 N ‘

o

v1
1#
wfl
1
l‘D
f;
P
2 8 2
”j
\.
=
7
;‘\\,

0.01 N ’ >_ .7
\ - -0.02 ~—7
0.02l| STAR: @ A 003 A ¥ x’w,,
@ A ‘ ‘
0030 45 10 05 00 05 10 15 A5 10 05 00 05 10 15
20 15 1.0 05 00 05 1.0 15 20 yiGeV] y[GeV]
y arXiv:2001.05395

No visible effects of ug dependence or angular dependence
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quarks and gluons with Lorentzian spectral functions:

n
o

pi(w.p) = 2 . - 1

o Ej \(w=E;)?+7]  (w+E)*+17
4wy

(w? — p2 — Mf)2 + 4y3w?

-
[

[,-A99] (d'm)d

-
o

=] o

» Resummed properties of the quasiparticles are specified . VA

by scalar complex self-energies:
& quark propagator S, 7=P?-3 Q&I

gluon propagator: A 7= PZ- ] .
gluon self-energy: 1= M ?-i2y, w & quark self-energy: 3 =M*-i2 y

~ Real part of the self-energy: thermal mass (M4, M)

» Imaginary part of the self-energy: interaction width of partons (y 4, v,)

Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)



Parton properties

» Modeling of the quark/gluon masses and widths (inspired by HTL calculations)

0.7

N2 — 12
MQQ(Q) (T’ ‘uB) - 8701[92(11, MB)] (T2 + ﬂ—g) 06}

e
= os =l
=
£
x

o -
P
|

>
] % 04l I
7 (T :UJB) — et (T’ MB) In - +1 Er0.3- i =02 GeV |
q,9\* > 3 87 92(T, 1B E'& o o quarks — ;=04 GeV
“F i — = 0.6 GeV ]
04F 111 Yy

o
o
T
'\
—
I

> Only one parameter (c = 14.4) + (T, ug)-

dependent coupling constant to determine t.0f DOPM | M '
from lattice results oaf 11y , _
% I :II
Q 06 | —Hg = .
» Entropy and baryon density in the quasiparticle = | ' —— =02 GeV
L. . E"u 0.4 1 1 gluons —pup=0.4 GeV ]
limit (G. Baym 1998, Blaizot et al. 2001) . ot .y~ 06GeV
L L g
o © (HyAySQaE)vnBQ (HaAa*gQaZ) 0.0 L e . . : b)
0.1 0.2 0.3 04 0.5 0.6
T [GeV]

Peshier, Cassing, PRL 94 (2005) 172301; Cassing, NPA 791 (2007) 365: NPA 793 (2007)




DQPM coupling constant

3.0 e —
> Input: entropy density as a f(T, ug = 0) ”s DQPM |
3.5 . ‘ AR—

g2(8/833) = d ((S/SSB)E — 1)‘] - N,= 241 DQPM | 29 —u3=g-jgez
= =0 DQPM2015 4 Ge
QCD 2rm3 23 : 115} 0.6 GeV
s = 19/97°T :
SB 20} ]
DQFPM lattice ® sk 1 1.0¢ e 1QCD:N,=0,p, =0 1
S (H, A, Sq, E) = S 101 IQCD: ¢ N,=0,p =0 s
O « N=2p=0 105} .
1 h] E ] ¢ [
fit Sfrom QP to Sfrom IQCD = *° SR P - NP ————
0.01 2 3 :‘ 5578910 1 2 3 4 5 6 7 8910
fix the model parameters TIT (1) T/Tc(ug)

» Scaling hypothesis at finite ug ~ 3pu,

g (T/T..u5) =g (T(TMB) g = o) with the effective temperature 7" = \/T2 + p2 /2
_ [ —P/T* a) py =0 44| b) iy = 0.4 GeV et .—Output:
Inpl.Jt. 15| g lines)
lattice EoS T3 =1 DQPM EoS
= e T/ T ]
up = 0 (dots) 10 | | 1y >0
* Lattice QCD | éi 1
S5r } éf

015 020 0.25 030 035 040 015 020 025 030 035 040
T [GeV] T [GeV]




DQPM : Thermodynamics

» Entropy and baryon density
In the quasiparticle limit (G. Baym 1998, Blaizot et al. 2001 ).

qup — ndqp - / d_w d3p
3 B 27 (2m)3
_/d_wd_pg [dg Onp (Im(In =A™ + Im I Re A)
2m (271') oT - - - 8??,F LLJ /JJq) -1
> d, (Im(In—S; ") + Im 3, Re 5,
Onp(w — lg) . o g Zg e g
+ Z dq aT (Im(ln —Sq )—I—Im&ReﬁQ) g=u.d,s q
qg—=u,d,s
Inp(w =+ fiq) 1
onp(w+ jig) _ + dg Im(In—S; ") +Im X, Re S;
+ Z dg 5T K (Im(ln—Sq D) —I—ImE_gReﬁq) q_zﬁgt’g I Oty ( —L Eq Re 5q)
15_—'P/T4' a) tg = 0
—8/T4 O .
Input: —T utput:
Up = 0 » Lattice QCD | KB >0
S 1t
§§L* 288886
’?25?%....,

Qleeee '
015 020 025 030 035 040 015 020 0.25 030 035 0.40
T [GeV]

T [GeV]



PNJL improvements

> Next to leading order in Nc(O(1/Nc)?) of the grand-canonical potential :
presence of the mesons below Tc

J. M. Torres-Rincon, J. Aichelin PRC 96 (2017) 4 045205

» Moadification of the gluon potential due to the presence of the quark

1
Tohen(T) = a + 0T + ¢T? +dT° + e

D. Fuseau, T. Steinernert, J. Aichelin PRC 101 (2020) 6 065203

PNIJL a



Results for HIC (\/syy = 17 GeV)

1.0 T T T T T T T
High-ug regions are probed at low W= i ol <1
. . . . g 081 ( ' — 7 1
[Pb+Pb @ 158 AGeV 5% central & |y| < 0.5| /SNN or hlgh rapldlty reglons § ' . — zjocfi\
ol PHSD 4.0 ] . . S ool o~ N —— 19GeV
=——PHSD 5.0 - p,=0 3 . e
o T rHen S0l But, QGP fraction is small at low \/syy N\ — e
ol F 0.4 i' B .
10" ‘g oal | . o ]
107 ’
107 005 z= 4 3 5 .\"Tn 12 14
10' t [fm/c]
Pb+Pb @ 158 AGeV 5% central
10“' T T T T 1 1 1 T 1 1 T T T T E
10" 150 "J'C+ o Nagg TC 1150
T 50F 3 150
O bty o e T 1)
=-= PHSD 4.0 ]

+
K - = PHSD 5.0 -p,=0
e PHSD 5.0 - i,

dN/dy

dN/dy

dN/dy

PHSD: —— A+x° Fa
107} - - R

0.0 0.5 1.0 1.5 20 25 3.0
p, [GeVi/c]

(112mp )d’N/dp,dy [GeV”] (1/2np,)d’Nidp dy [GeV’] (1/2mp,)d’N/dp,dy [GeV’] (1/2np,)d’Nidp, dy [GeV|
33 S




Transport coefficients: approaches

» Kubo formalism: transport coefficients are expressed through correlation
functions of stress-energy tensor

used in lattice QCD, transport approaches(hadrons), effective models
! l /d433 et ( [Sij(t, X), Sij(U,Oﬂ > Q(t) Sii — Tii _ §iip

=50 51

(= %ul)igloifd‘lx ([P (t.x), P(0,0)])0(t) P = —iTi

R. Lang and W. Weise, EPJ. A 50, 63 (2014) (NJL model)
A. Harutyunyan et al,PRD 95, 114021, (2017)

Kinetic theory:

~_Relaxation time approximation(RTA) } consider relaxation time df," o
de ¢ T,

P. Chakraborty and J. I. Kapusta, PRC 83,014906 (2011)
» Chapman-Enskog : expand the distribution in terms of the Knudsen number

J. A. Fotakis et al, PRD 101 (2020) 7, 076007 (HRG)
And more!

Holographic models: AdS/CFT correspondence

D. T. Son and A. O. Starinets, JHEP 0603, 052 (2006)
M. Attems et al , JHEP 10 (2016), 155.

Transport coefficients m



DQPM : Thermodynamics

» Entropy and baryon density in the QP limit

sPOPM(TT A, S, %), ns?"™M(II,A, S, %)

-
P(T,ug) = P(T1p,0)

— > c="Ts —

T 1B
—l—/ s(T',0) dT” —|—/ ng(T, 1's) du's
T 0

P+ upnp

15l s+41 b) = 0.4 GeV
Input: | I Output:
lattice EoS 10 DQPM EoS
ppg =0 pp >0

015 020 025 030 035 0.40 015 020 0.25 030 035 0.40
T [GeV] T [GeV]
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Partonic interactions: matrix elements

DQPM partonic cross sections = leading order diagrams
O Propagators for massive bosons and fermions:

L a v, b

OGO OO000000000T ) g’ — q"“q”/;?\/f2
’ 9 ’ = q = —1dq > A2 . g
aq gqq’ scattering 2 — M2 + 2ivyq0
4~ q 1 J
PG Fq s q+ M,

g q% — ]\/[g + 27490

t — channel u — channel s — channel

gq = gq scattering

5§ — channel

gg-> gg scattering

;'- €2,

t — channel u — channel s — channel 4 — point

Transport coefficients B



Total cross sections

» On-shell:

il ,/'\9 2
IR W i <+—0
My % Mo
My /4

Initial masses: pole masses

il ,f’\e 2
O—> - -- A o <+——0
My % M

Initial masses: pole masses

Final masses: pole masses Final masses: integrated over spectral functions
—T=12T, ——T=2T, — =0 ——p,=03GeV __— ;
—T=3T, —— 1 =0.6 GeV off-shell

101 2 — - T F ——_— = === =
r’/’i i ~Z 0D . o - — —
a0l e e e e = = = — / uu-uu uE—>d_ﬁ-
T /"-"—’ z‘ wioun T TR
B - = —ud—->ud]
L - o= = =us—us ]
1071 f’ |1 ——ug-ug
|| ——gg—gg ]
DQPM; py =0 — — on=shell | [ DQPM;T=12T, — = on-shell DQPM ]
yu—suu off-shell | [ uu—uu off-shell T=12T ;=0
1 '2 1 1 | 1 L 1 1 1 | 1 L 1 1 1 1 1 1 | 1 L 1
0 o 1. 2 3 4 5 6 7 80 1 2 3 4 5 6 7 80 1 2 3 4 5 6 T 8
(a} s‘lp'2 [Gev] (b) s11’2 [GeV] (C) 511'2 [GBV]

Transport coefficients m



» Relaxation Time Approximatlon

ky (T, i) = Z

3—-@ q

T?,BE

‘(pﬁT?luB)
d(lif)

Baryon diffusion depends on the baryon charge->
Reduces proton v2 and increases antiproton v2

G. S. Denicol et al, PRC 98. 034916 (2018)

L ¥y W Cp=0.4]
[ e
I S 1) R B —
pr (GeV)
Transport coefficients B

Transport coefficients: baryon diffusion coefficient

0.15—

:(aI]HIHHII

0.12F
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0.09(

E ]
“ 0.06[ ]
r CB=GU:
| Cp=0.4 ]
I Cp=1.2 |
I . PR
0085 0.5 1.0 15 2.0
pr (GeV)
0.15 ——————————————
[ (b)
0.12}

20-30% Au+Au

@ 19.6 GeV
. 0.09
= 1
& 4
=~ 0.06 -
Cp=0.0 ]
003+ £ Co—0.4]
[ Cp=1.12 ]
L | I
0085 0.5 1.0 15 2.0
pr (GeV)
0.15 17—
[ (c)

20-30% Au+Au
[ @ 19.6 GeV
__0.09}




DQPM: Time-like and ,space-like’ energy densities

Time/space-like part of energy-momentum tensor T,, for quarks and gluons:

T%o X(T) = Tlf W x: gluons, quarks, antiquarks
6 , ' : ' |
L _ S—— J
< 5[ time-like quarks i
|_
~~ B . 4
> space-like quarks -
= |
cC 3L : i
3 | space-like gluons _
> 2t time-like,gluons-
> — 7o mEeelens
c 1 00 goo
@ i s [ e T ]
3 q q -
0 . 1 . I
250 500 750 1000
T [MeV]

O space-like energy density of quarks and gluons = ~1/3 of total energy density
O space-like energy density dominates for gluons
O space-like parts are identified with potential energy densities

Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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DQPM EoS at finite (T, ug)

» Taylor series of thermodynamic quantities in terms of (ug/T)

» With the 6" order susceptibility. Example 2" order:

AP/T4 _ P(T:.U'B) — P(T,O) ~ le(T) (IU'_B)Q

N T1 > T
ng  O(P/T7) /B
T3~ Bup/T)|, &) (F)

R

3_5(T.1}MB)—S(T’0)_ 1 OAP
e 17 TS ar |,
— or | +AAP/TY) m 5 | T— 7=+ 2 (T) (7)
Ae/T* = e(T',up) —€(T,0)
. -
_ 3 4 (EBY "B 1 GXE(T) . 2
= As/T” — AP/T" + ( T ) T3 ¥ 35 (T o7 + 3B (T)

A. Bazavov, Phys. Rev. D 96, 054504(2017)

Implementation in PHSD




Extraction of (T, ug) in PHSD

For each space-time cell of the PHSD:
» Calculate the local energy density €SP and baryon density ngPHsP

1) Energy density gPHSP

In each space-time cell of the PHSD, the energy-momentum tensor is calculated by the
formula: plpY
THY — 1 177

E

Diagonalization of the energy-momentum tensor to get the energy density and
pressure components expressed in the local rest frame (LRF)

TOO TOI T02 T03 @
0 0 0
T _ 710 pll pl2 713 » o’ pLEF ) 0 gPHSD
= | 20 p21 p22 23 0 0 PLRF g #
730 3l 732 733 0 0 0 PHF

Xu et al., Phys.Rev. C96 (2017), 024902
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Transport coefficients: baryon diffusion coefficient

1 d3 di(1 x fi)fi npki :

: : €E+ P
i=q,q Relaxation times ¢ x
DQPM EoS
hadrons QGP
T J T T T T T T T
i DQPM RTAT": i [GeV]
; — 0
HRG:uB[GeV]I
0.1 N 0 : .
o - 03.- b, Chapman-Enskog :p [GeV]
t ," t=myffimimm (m =0) —=e= b
2 p q
* , == 0.3
! \ — " — O — =
] *.'_#..—--
[} L
J | R AdS/CFT: p_[GeV]
Hg ' g »
0 01 i : : L e 0.1
o e - - 03
o f
4 1
] 1
[] I
| L i 1 1 L | L 1 1
0.5 1.0 1.5 2.0 2.5 3.0
T/T (1)

HRG: J. A. Fotakis et al, PRD 101 (2020) 7, 076007
AdS/CFT: T. Son and A. O. Starinets, JHEP 0603, 052 (2006)

T o
Transport coefficients m




Extraction of (T, ug) in PHSD

» In each space-time cell of the PHSD, the energy-momentum tensor is
calculated by the formula: ., _ Z pipY

» Diagonalization of the energy-momemz:um tensor to get the energy density
and pressure components expressed in the local rest frame (LRF)

(Too 701 702 T03\ T

— T20 T21 TQQ T23 0 0 PﬁgRF 0
30 3l 32 33 00 0 P
_ KT = 1T ) Xu et al., Phys.Rev. C96 (2017), 024902
For each space-time cell of the PHSD:
» Calculate the local energy density ¢”HSP and baryon density ngPHSP
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=» obtain (T, ug) by solving the system of coupled equations using &SP and ngPHsP
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DQPM: Time-like and space-like quantities

Separate time-like and space-like single-particle quantities by @(+P?), @(-P?):

dw d3p
=d /2:1 .el 2W .Og( ) G)(W‘) HB(LLJ/T) E)(:tpz) o gIUOnS
dw ds 9
- =d, 27 (2m)? —=2wp,(w) O(w) np((w —py)/T) O(LP7) - quarks
. E dw ('{3 _ _ _ o 9 . k
Tr; .- =dy o (2 E 2w pz(w) O(w) np((w + pg)/T) O(£P*) ---  antiquarks

Time-like: ©(+P?): particles may
decay to real particles or interact
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Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Space-like: ©(-P?): particles are virtuell and
appear as exchange quanta in interaction
processes of keal particles
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DQPM: Mean-field potential for quasiparticles

Space-like part of energy-momentum tensor T, defines the potential energy density:

VilT ig) = T2 (T prg) + T2 (T prg) + T2 (T 1)

SpdcCe-IKE YIuuIs spdce-iike gual Kb"‘dllllqudrks

= mean-field scalar potential (1PI) for quarks

and gluons (Ug, Ug) vs scalar density pg: 1.2 T T T '
DR (0.) ° - —=— DQPM U_=0.22+0.129%(p_)***
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Quasiparticle potentials (Ug, Ug) are repulsive ! (.2.m0'6 I
S _
= the force acting on a quasiparticle j: 0.4
F~ M,;/E,VU,(x) = M,/E; dU,/dp, Vp,(x) 021 1
J =944 i i
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Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Isentropic trajectories for (T, ug)

» Correspondance s/ng < collisional energy 0.6 Isentropic trajectories - IQCD EoS
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— | np/T =
=51« 19.6 GeV DQPM 04 .
300 _ % , g
¢ 03 Pp/T =3
50} - gl .
250 b/ T=
0.2 -
20 T mgT=S
MeV .=
150} 0.1 =efiae 2th order -
== w=4th order |
100} Je 6th order
0_0 B T | L | I T P | L 'R | L 1
; , l : ; , 0.0 0.2 0.4 0.6 0.8 1.0
0 5 100 150 200 250 300 350 400 [GeV]
Mev Hp e
» Safe for (ug/T) < 3
IQCD: WB, PoS CPOD2017 (2018) 032 P. Moreau et al., arXiv:1903.10157, PRC (2019)
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Energy-momentum tensor in PHSD @

» Diagonalization of the energy-momentum tensor to get the energy density and
pressure components expressed in the local rest frame (LRF)

L/ L L e L/
T (33';,;)@ = A («’L“ )z =\ ¢ («’L‘y)z
> Landau-matching condition: Xu et al., Phys.Rev. C96 (2017), 024902
T u, = eu" = (eg"" )\u,
» Evaluation of the characteristic polynomial:
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P(\) =

» The four solutions A; are identified to (e, —P,, —P,, —P3)

The pressure components P; do not necessarily correspond to (P, B, F;)
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Transport coefficients: shear viscosity

> Kubo formalism

Kubo 4 ) 8'](',3
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P. Moreau, O. Soloveva et al., arXiv:1903.10157, PRC 100 (2019) no. 1, 014911
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QGP evolution for HIC (\/syy = 17 GeV)
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Anisotropic flow coefficients

6 ‘jN (1+22v cos[n(g -y, )])
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X * with respect to the reaction plane
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Extraction of (T, ug) in PHSD

» Correction for the medium anisotropy to extract values for (T, ug)

eanis — EEOS 7“(.’13) ar
Py = P [r(x) + 320 (2)] 3t
P = PES [r(2) — 621’ (2)] 27
(.—1/3 —-
T [1 N r arctanhy/1 — for 2 < 1
r(x) = < : 1-w -
B /3 rarctan v — 1 0.01 0.10 1 10 100
5 1+ — for x > 1 Py/Py
\ V

Ryblewski, Florkowski, Phys.Rev. C85 (2012) 064901

(T, i) = 1P fr(a)

EoS (T, MB) PHSD

» We have to solve the following system in PHSD: {
np

Done by Newton-Raphson method

Implementation in PHSD




Traces of the QGP at finite Lig in observables
in high energy heavy-ion collisions

| Early Universe The Phases of QCD
LHC Experiments °?
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Quark-Gluon Plasma
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Transport coefficients: approaches

» Kubo formalism: transport coefficients are expressed through correlation
functions of stress-energy tensor

used in lattice QCD, transport approaches(hadrons), effective models

e 2_10 2 : /d% e ([8Y(t.x). SY(0.0)])6(t) S =74 - §IP
w—uU W
¢ = %iigloifd‘lg; WP (1.x). P(0,0))0() p—_iri

R. Lang and W. Weise, EPJ. A 50, 63 (2014) (NJL model)
A. Harutyunyan et al, PRD 95, 114021, (2017)

Kinetic theory:

: : : : . . . df; .
> Relaxation time approximation(RTA) } consider relaxation time (J;‘; =C, = _Ja ¢
T,
P. Chakraborty and J. I. Kapusta, PRC 83,014906 (2011) 1
(P T ) = 57—
F! (p T': ,LE-B}

» Chapman-Enskog : expand the distribution in terms of the Knudsen number
J. A. Fotakis et al, PRD 101 (2020) 7, 076007 (HRG)
And more!

Holographic models: AdS/CFT correspondence

D. T. Son and A. O. Starinets, JHEP 0603, 052 (2006)
M. Attems et al , JHEP 10 (2016), 155.
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DQPM: q, gbar, g elastic/inelastic scattering
(leading order)




