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QGP in equilibrium: DQPM and PNJL

Transport coefficients at finite T and ug
1.) crossover (DQPM model)
2.) CEP and 1t order phase transition

(PNJL model)
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Motivation: QGP at finite baryon density

» Explore the QCD phase diagram at finite Theoretical scketch of phase diagram
temperature and chemical potential e ) =2 o The Phases of QCD
through heavy-ion collisions 250 |

Quark-Gluon Plasma

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

» Lattice QCD calculations

Temperaturef(MeV)

(only for vanishing /g )
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» How to learn about degrees-of-freedom of QGP ? =

01 30 170 210 250 290 330 370
HIC simulations — transport models

! Problem: Transport models need an input for
the partonic phase: cross-sections, masses, ...

o(Vs,mg, m,, T, up) Solution: effective models
m(T ,MBf‘ v QGP in equilibrium: DQPM and PNIJL
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Properties of QGP: transport coefficients

Hydrodynamics input for hydro simulations
T = —Pg" 4+ wuru” + ATH , —
Th = nput + AJ% AT [)(D"u” + D"u + A" O,u’) ~{JAr o,u”
B
9,0 — AJh = kD" ()
0,T" =0 DF = A", AW = g" — ul'u”
Shear viscosity Bulk viscosity Baryon/electric charge
Resistance to deformat|on Resistance to expansion diffusion coefficients
<ty n HB
nyv KB V' 7
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Transport coefficients of QGP

n/s of various liquids

Hydrodynamical model(macroscopic description) g
AT =X D!u” + DYu* 4+ 2AM™ O uP) —ICINYO uP | o v
+ _|_ 3 P )/ P | _z_Data-RHIC
3 L QGP

o . . | —/— Meson gas
input for hydro simulations | O pataue

Shear viscosity to entropy density
ratio is extremely small
QGP is the most ideal liquid!

Model predictions: °

u=0MeV -1.0 -0.5 0.0 0.5 1.0

! Different models using the same EoS can

] have completely different transport
s | coefficients!
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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

n= 2—10 lin%) l /d43" elwt < [Sij(fi, X), S%'j((]_,Oﬂ > H(t) Sii — il _ §iip
w—uU W
¢= gt L [ de (i), PO.0)I) P _ir

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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Relaxation Time Approximation

> Boltzmann equation fo = [9(1 4 ¢g)
df;q _C = ;q¢a RTA: system equilibrates within the relax time T,
da ~ YT g Express collisional Integral via t and fa
> Relaxation times:
1+ d f * * * €q eq eq
ED dT dT';dTg Wia.ble.d) fy" (1 +de ) (1 +dafq”) + (cd), (bc)

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

2 : .
nBT) D (M_B) be expressed using fa:

AJp, = A ( T hydrodynamics T“”(fa,mq,g), Jg(fa,mq,g)

w

Obtain the transport coefficients using conservation laws, and fa:

8,LJJ’§ =0 RTA(T Z / &p p*
‘ s B —2 Ti paT N’B)
{8MTMVO 15Tz q,9,9 SE (1:|:fz)fz

P. Chakraborty and J. I. Kapusta, PRC 83,014906 (2011).
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Relaxation time and scattering rate

5 fi = £7 di(while ¢ = 6o = 64 =10 ).
Relaxation t/mes(DCZPM)

Of; 1 Epd’ped’pa .
ot -+ v; - Vf@ < 1+ 6Cd (27]_)9 (7’:]|C3 )(fcfd f@fj) !‘ [gT
1 d*p;d* ped®py

1t b (27)9

» on-shell scattering (interaction) rates

on d’p;
7 (pi, T pg) 2E § : / 27r) S;E d; f3(E;,T, pg)
j Q5 5

d3 By
/ (%)55]33 / (27?)521;4 (L£ f3)(1+ f1)

[ IMI°(pi,pj, ps,p4)|(27) 6 (pi + p; — ps — pa)

t — channel u — channel § — channel 4 — point

;
g . S S £ 5 & e Ly '*y“‘“‘ . p
o € o B € = i/ YApv 3 @ i a 3
S E8% S ? €1, £ ¢ ;S i oy € e . 3
g E8 D ¢ 3 2 & B3 el 1™ i i ANG o
T - ] PRTED SN 2 Eey N > & D g2 ¥ ! v
o7 - s&° A (- & 2 3y {1 <8 o, 43 - . v v
9 - S XA S ) & > Y
i AN P g " P
[ NS q q q
t — channel u — chan s — channel
t ff. | t n
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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:

p'((.d p) ShNi ! — 1
T Ej \(W=Ej)?+7; (W+E)?+77 . e
4wy,

(w? —p? — Mj2)2 + 4y2w?

[,-A29] (d'm)d

.....

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

3



2%
Dynamical QuasiParticle Model (DQPM) SE//‘

» 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 72 + 4 T = = ’ In({ ———+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)

o



DQPM g?: fixed within s(IQCD) at uB—O

» Input: entropy density as a f(T, ug = 0) 50 92 Ny= 241 'DQPM
35¢ T T 25 S = = — =0 ]
N, =2+ 4 Hg
(S/SSB) — d ((S/SSB) - 1) ::! —pﬂ=0DQI’MZDISDQPM ] 20 " e 112= 0.2 GeV
D ~t ] — 1= 0.4 GeV
Sgg = 19/971’2T3 o :: {154 — 1= 0.6 GeV
SDQPM(H, A, Sq; E) _ lattice 10} ~o 11.0F .« 1QCD:N,=0,1,=0 1
fit S from QP to_ S from IQCD *% I AT : . |
TIT (1) 0.0 , ="
fix the model parameters ! 2 304 5 678910

TITe(pg)
» Scaling hypothesis at finite ug ~ 3pu,

g (T/T..u5) =g (T(TLLB) g = o) with the effective temperature 7" = \/T2 + p2 /2
i ——PIT* a) g =0 i Output:
Input: Pl—or T (lines)
lattice EoS —_—T | DQPM EoS
= 10p=——1/T* ]
up = 0 (dots) | | 1y >0
. * Lattice QCD | 1
5S¢ b
Ei* T
0”.(.)..?15 0.|20 0.|25 0.50 0.:’)5 0.210 015 020 0.25 030 035 040
T [GeV] T [GeV]
DQPM




Transport coefficients: specific shear viscosity

Relaxation times

RTA( )_1 Z/d3pp4f(T )
77 ?/J' 15T = (271_)3 E?lTZ p:‘ ?lJ’B

l—n (Itotalzl"dN Vs, T

® lattice QCD N=0

! — —nQ@ys,,
0.1 F ' e g
0.01f oo == = 1 (g =u,d & q=udYs,, -
n(q=s & q=s)/s,,,
........ T] (gluons)/smt
1.0 1.5 2.0 2.5
T/T,

» Main contribution comes from
light quarks and anti-quarks

mn



Transport coefficients: increasing with pg

Specific bulk viscosity

Ug =0 » ® lattice QCDN =0
— — RTAYy -
e RTAT™"

—— Bayesian
----- holographic ¢ =2

. -} — — holographic ¢, =3 -

Electric conductivity
hadrqns QGP

i Chapman-Enskog
i (mq=0) : emewm

E lattice QCD: @ N=2+1 E
i $ : ¢ o0 N=2]

I , i . I , | . I \ i
0.5 1.0 1.5 2.0 2.5 3.0

T/T,




Polyakov Nambu Jona-Lasinio (PNJL) 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)




Quark masses NJL and PNIJL

» 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




Mesons in PNJL

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

§ = 2Geff H(pO = Mmeson - iI‘mesonlz*p =0)=0
PNJL
2.0 :
—— Pion at p, =0
eta at p, =0 ] .
— Kaon at /= 0 ) At T=0 good agreement with the
- _—my +mg at ji, = .
1.5 Jmy at iy = C physical masses

After T>Twmott mesons become unstable

A

—
Ut

Meson Masses [GeV]|

=
o

0.05 01 015 02 0.2 : 35 04

=
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Polyakov Nambu Jona-Lasinio (PNJL)model: EOS

> PNIL allow for predictions for finite T and ftg: . Fuseau, T. steinemert, J.Aichelin

» Parameters fixed, EoS at pg =0:

18
16
14

12 ¢
10

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

0 HotQCD Phys.Rev. D90 (2014) 094503

O NN = O

> meson masses)

P/T* . .
— 51 Comparison with

— 0 | IQCD (HotQCD)

0.0 005 01 015 02 02 03 035 04
T|GeV]

PRC 101 (2020) 6 065203

» EoS at high Ug:

pQCD: A.Kurkela, A.Vuorinen, PRL 117 (2016)4 042501

: QCD ' . .
09 |—Pvsz|  Comparison with

08 | pQCD
0.7 t
06 f
05t
04 t
03t
02t
01t
0.0

P/Psp

00 05 10 15 20 25 3.0 35 40 45 5.0
g [GeV]




Relaxation time: PNJL

1 Relaxation t/mes(PNJL)
L)mi(p,T.nug) =
[ }T (p HB} Fi(p?Tnu'B) ] 8 T .
- '| B= 0 Ilght strange

» on-shell scattering (interaction) rates I\t PNILNsSr W) — --- ]
on d3p3 6 ‘i r“(E“) I
" (pi, T, j1q) 2E Z / 27 )92E; d; fi(E;, T, pg) _s .| NJL N=3: ¢ (5,) — - ]
J Q! ! :74 “ -

d’p3 d’pa T
1+ 1+ 3r 1

/ (27)32E5 f (%)32@( fa)(1 = fa) |

- A (4 |
IM[*(pi, pjs s, pa) (21)'6) (ps + pj — p3 — pa) ' :
B ar——eym
" 1as 1k 1 2
4 point interaction -> meson exchange T/T (1)
/ /
d |
rt ’ —_——— : (—) _igiqq : (+)
oo C===>==3 =(ysr kz_mi(‘YS)T
u d 2igm
meson propagator ¥ =

1 - QQWH}I}/ (k‘O? E)

Effective interaction in RPA




Relaxation time: PNJL

| _ 1 Relaxation t/mes(PNJL)
[l}ﬂ(p, T, ) = . T i) ] ) | |
- '| B= 0 Ilght strange
» on-shell scattering (interaction) rates I\ PNaLNss: rw) — --- ]
on d pj 6 ‘l rq(iij) T —
F (p’ij /Jrq 2E J ; / 271_ 32E j[fj(E37T7 I'LQ')] ,E, 5 || NJL Nf=3: ‘Eq(o‘ij) -_— e h
! ! :5‘4 “ —
d’p3 f d’pa AR
1+ f3)(1 £ fa) Al ]
3 som (LE f3 4 [
/ (271') 2E3 (27’1’) 2E4 5[ i
—12 4 ¢(4 '
| MI2(pi, pj, p3.pa) (27)*6™) (p; + pj — p3 — pa) I 1
0 —— =~
1.00 1.25 1.50 1.75 2.00
T/T,, (1)
Modified distribution function: Polyakov loop contributions
0.30 T T T
fq %ff (p.7T,1) sl T=122MeV: —f,
_ (@420 i R W/ 4 e T vt e |
14 3(D+ DeEe i)/ Yo~ (Ep=it) /T 4 o=3(Ep—p)/T" Y rezoomey: | |
fa—17 (0. T, ) T N o
(@ + 2P~ Foth)/ T (Eptp) /T 1 p=3(Eptu)/T by
= | _|_3(q)—i-ci>e (Ep+pu) /T) (Ep+u)/T +e—%(Ep+p)/ 0.05 - -.,-':,-:;;::_'::_.
0.00 H T




Relaxation time: increases with g

_ o) — ! ~ 1 d*p; _
D7i(p, T, 1p) Li(p. T, ig) [ T; 1(T,Mq) - TL@(T, 'uq) / (271_) f(O) 1(p%7T /JJQ) ]

» on-shell scattering (interaction) rates

on d3p3
I (pi, T, p1q) = 2E Z / 27 )92E; dj fi(E;. T, jiq)

/( @°ps /( d3p4 (1if3)(1if4)|M|2(pi,pj,p3,p4) (2m)*6™ (pi + pj — ps — pa)

2m)32F 2m)32FE),
3
T T Y T 8 - . . . T
‘ 1 1 1 1 T T I . I
14 ..\‘\ \ N=3 PNJL 1:q(wij) - ; '| p="0 light strange
L i ' ' PNJLN=3:t (W) —— === |
p [GeV] light strange 2 T\
121y q Ug = 3 7] ' _
H{ : B= q 6 ' T (0.) A L
q* 1
AR NJLNz=3: 7 () — - ]
= 1
E )
=4 | T
= '
3 ' i
2 -
1 -
0 | T T T v T T T T 0 T T T T T T - _ - '_ ]
1.00 1.25 1.50 1.75 2.00 1.00 1.25 1.50 175 2.00
T/T
T/T,, (1) wn(Fy)

PNIL m



Specific shear viscosity at high ug

8 T T T
d3p p T @ “ r=0 light strange
RTA iR =3t (W) — --- ]
A 15,1., 3 / 3y pAL®: Liip) dqf; L e — -
1=4,9,9 W / G\ NNy —-
. E N\
5 pe—(BiFm)/T 1 9ge=2EFm)/T 4 o=3(E:iFu)/T with Polyakov [\
. 3L '
/i 1 + 3pe—(E:Fn)/T 4+ 3pe—2(EiFu)/T 4 o=3(EiFu)/T loops LA\
1_
' ! ' ’ 100 125 1.-'5:1._;.'7: -—2..00
Nf=3PNJL_: 'J'B=3uq - IT/T,:,,n(Pq)' .
e B, p=0 e o ¢ IQCD N, =0
3 [GeV]/ N,=3: PNJL——1W, =:='0,
{1PT o 10 - = NJLG, ---DQPM_ -
. .
1CEP
= 0.32 <z
crossover &
1o 03
- = 0.2
_ = 0 107}
-,----------------.---------:::::.‘ll.m-.l{‘!’f- _
| E
1.0 1.5 2.0 2.5 0.3
T/Tc(uq)

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

PNJL results:arXiv:2011.03505
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Electric conductivity at high ug

3
o RTA d”p P ¢
(T, 15 3T E G / 9 e,EleZ P, T, us)| dy f;
1=q,q
—(EiFp)/T —2(E;Fup)/T —3(EiFu)/T h

__¢e + 2¢e_ te with Polyakov loops

1 + 3¢pe (BiF)/T 4 3pe—2(EiFu)/T 4 e—3(EiFu)/T

| ' | ' p

: N, =3 PNJL: 107

; s e -3n

: J Hq /
L {  [GeV]
E J1PT
[~ ] = 04 %10‘2-
7\ {CEP
[ e w032
E jcrossover
o gg @ x N=2+1

. [l

[ : = 0 107 L .. © |Nf=2. ! . L
1'0 1'5 : 2'0 3.5 1 1.25 1.5 1.75 2

: : . T/T

T/T (l'l ) PNJL results:arXiv:2011.03505
PNJL



Summary / Outlook

» 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

» At large values of 15(1.2 GeV in this work) presence of the 1%t order phase transition
changes T dependence of transport coefficients drastically and a discontinuity can be
seen approaching the Tc

» Outlook:
» More precise EoS large ug

» Possible 15t order phase transition at large ug in DQPM, comparison w PNJL model



Summary / Outlook

» 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

» At large values of 15(1.2 GeV in this work) presence of the 1%t order phase transition
changes T dependence of transport coefficients drastically and a discontinuity can be
seen approaching the Tc

Thank you for your attention!

» Outlook:
» More precise EoS large ug

» Possible 15t order phase transition at large ug in DQPM, comparison w PNJL model



