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* Sigma model and symmetries

e SU(3) LoM with Polyakov-Loop Potential
 Hadron-Quark Phase Transition(s)

* Electrical and Heat Conductivity

* Bulk and Shear Viscosity

Origin of magnetic field in Heavy-lon Collisions ~ m?_
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Sigma-Model is a Physical system with the Lagrangian

T n
S Yy 14 L Exterior algebraic
L(01, 02, Pn) z:‘ Z:‘ iy 40 1\ %405 Wedge Product
1= =

The fields @, represent map from a base manifold spacetime
(worldsheet) to a target (Riemannian) manifold of the scalars linked
together by internal symmetries.

The scalars gij determines linear and non-linear properties.
It was introduced by Gell-Mann and Levy in 1960. The name o-model

comes from a field corresponding to the spinless meson @, scalar
Introduced earlier by Schwinger.



@wf Why LoM?
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* |t is one of the lattice QCD alternatives

» Various symmetry-breaking scenarios can be
iInvestigated in a more easy way

 Various properties of strongly interacting matter can
be studied

* But, finite temperature LoM requires many-body
resummation schemes, because the IR divergences
cause perturbation theory to break down

 Limitations are given by Sigma-fields



| N LSM Lagrangian

L =i,.0,9 + %(aﬁwalw +8,00"0) — gx [(WysTY)T + (ihy)o] — % ((7*+0°) — 17

K. E K.E interaction term between nucleons Pion nucleon Potential
Of nucleons Of Mesons and the mesons

The chiral part of LcM-Lagrangian has SU(3)r X SU(3); symmetry

where fermionic part £, = Zﬁf (17 Dy — 9Ta(00 + i757a) Y5
f

and mesonic part £,, = Tr(3,®76*® — m*®Td) — )\ [Tr(®T®)]?
— A Tr(®T®)? + c[Det(®) + Det(Pd)]
+Tr[H(® + ®7)],
« m? is tree-level mass of the fields in the absence of symmetry breaking
* A4 and A,are the two possible quartic coupling constants,
e cis the cubic coupling constant,

» g flavor-blind Yukawa coupling of quarks to mesons and of quarks to
background gauge field 4, = 4,94

c=4.80;g =6.51; =5.90; 1, = 46.48; m? = (0.495)"2;
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LSM involving Ponakov-LooE Potential
The coupling between Polyakov loop and quarks is given
by the covariant derivative

D, = dy, —iA, in PLSM Lagrangian

Ay = 64040 in the chiral limit

Lprsm = Lmeson + Loyark + 4r0A0 —U(P,¢*,T), invariant under chiral
A flavor group (like QCD

Lagrangian)

‘C(Iu'ral — L:nwson c u ‘Cqum'k g (7”)’0./40

In vanishing u, then ¢ = ¢* and the Polyakov loop is considered as an
order parameter for the deconfinement phase-transition



e Partition Function

In thermal equilibrium, grand partition function can be defined by
using a path integral over quark, antiquark and meson fields

Z = Trexp|—(H — Z N7/ T]

f=u,d,s
/]:[DU' Dr, /D?,bﬂ?,bexp [/ (L4 D wpdsy wf)]
f=u.d,s
where [.=i[)/"dt[, @  and Hf chemical potential
Thermodynamlc potential density
—TInZ
[Q(T? .rU*) — VH — U(gl'ﬂ ":Fy) —[—-H(tﬁ?? Qt)*ﬂ T) —[_ Q%E’#':’]

\_ J
U(p.p*.T by (T b; b. 2
(Qjﬁi b= 2D g S @+ + @)

bo(T) = ap + a (T ) ta (TD) +a (T0)3 All other parameters:
_ (D
2 CTONT \T T pure gauge QCD thermo.
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el LSM involving Polyakov-Loop Potential
Quarks and antiquarks Potential contribution

+1n [1 + 3(¢" + ¢E—(E+u]fT) x e~ (E+m)/T 4 E—B(E-‘-HHT] }

where N gives the number of quark flavors, E = /p* + m?

Ty
f— ‘r_
Mg X
Iny

mg = g
¢ \/E

m?

Mesonic potential U(s,,0,) = ?(Ji +07) — hy0p — hyoy —

€ 2
7’%%
A
+ ngzgz + = (2;\1 + do)ot + = ().1 + Ap)o
Vandermonde determinant is found negligibly small

Gives change of variables from vector potential to ¢ in path integral and guarantees
a reasonable behavior of the mean field approximation
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= " Thermodynamic Potential @

Again the thermodynamic potential

—T1'nZ
[Q(Tr .rU*) — VH — U(JIﬂg'y) —[—H(tﬁ?? Crb*ﬂT) ‘[‘wa']

It has various parameters:
mzf Ny, h};f A1, A2, ¢ and g

0x and 0y,  condensates (chiral order parameters)
¢ and ¢*  (deconfinement order parameters

m?, hy, hy,A1, A2 and ¢ can be fixed, experimentally
Ox, Oy, ¢ and ¢~ minimizing the potential

20 90 20 0
d0y N 80'}/ - a(l) a 84)* min

=0, refined by lattice QCD,

0y = Oy, 0y = 0y, ¢ = ¢ and ¢* = ¢* are the global minimum
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Lattice QCD Thermodynamics: PLSM
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Lattice QCD Thermodynamics: HRG

35 T
) S S Y 0027 | attice eB=0.1 GeV2 —— ]
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oz % § F Lattice eB=0.3 Ge‘\/2 pooene
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fc(S)::FE E +T'log(l£e =S5 )
27 2m 2
S k:l:l
oF
o ] _ /2 2 . _ M= —
E(ps, k,s.) = /P2 +m2 +2¢B (k+1/2 — s), 3(EB)|

Non-charged hadrons fu(s) =

e

Why HRG fails to reproduce lattice data at finite eB? eB reduces hadron asses!?

+ Tlog(1 + E—EU(PVT))
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The quarks and antiquarks Potential contribution
Qqq(T: ,uf = —ZTZf Ef—#f.) X € _Ef_#.t 4 _3_.L;P1

111 1—|—3(¢5—|—¢5*e_ T
Eptpy Egtug Eftpg
—|—111[1—|—3(q35*—|—¢i~e_ T )Xe_ T 4 e 57T ]}

| q B T mﬂ.:[-‘f ‘ ) 00
f=l,s

- v=>0

E - E — E . -
143 (q_?i—kz;f:*e__g"{'_ﬁi) R M R Y-8

o0 dB

{111
- Eg ;+ B + o Em gt .

EBJ(B) = \/pg —F'ﬂl?[—l— |Qf‘(2'ﬂ. + 1 — U)B]

— AQCD
Relations to Spins g = :I:S/Q Landau levels Vmazy = \‘ 2‘@'3“‘3 J

7 is related to baryon chemical
potentials at varying temperatures.



%ﬁ?ii LIEht and strange S|§ma/ Ehl -condensates at eB#0

normalized to vacuum value (7&K decay width)
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/=~ _Light and strange sigma/phi-condensates at eB0 %

normalized to vacuum value (7&K decay width)
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Fine structure etc.

Number density

oe(T', 1) =

Quarks fIavors

Quark mass

Relative velocity

Y. Decay time

Bulk and Shea

r VISCOSIty SpeC|f|c heat

L |50 (e—3p 1
ﬁlTa’r( — )+16 .2,| = [~16¢+9T 5 +T[ey J- 16[c,]

Vacuum energy density

n ~ 042 1 Pressure, energy density, entropy, speed of sound
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Electrical Conductlwtx from PHSD at eB=0

Based on parton-hadron-string dynamics transport approach

d
dt

an additional force causes the propagation of charge.

1;'7 = qjek,

The electrical current density

pi(1)
j.() == )>q;e
Z ! lM (fl Mass of j-th particle at time t

In natural units, the ratio of current density and electric field strength =
electric conductivity o0

' | Electric conductivity

0.05 | @ PHSD u

(‘r{] j E | ——fit, o/ T=0.04 |
proportionality between e-current and e-field « ,,,. ia a
I E T SR

F. Reif, Fundamentals of Statistical and Thermal Physics, (McGraw-Hill, New York, 1965).
W. Cassing, O. Linnyk, T. Steinert, and V. Ozvenchuk, Phys. Rev. Lett. 110, 182301 (2013).

0.03 =190 MeV T

0.02

T T T T T
000 001 002 0.03 0.04 0,05 0.
¢ E_[GeV/fm]
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N EIectrlcaI Conductivity at eB=0

in relaxation time approximation, for partonic degrees of freedom

o is described in Gases, Liquids within the dynamical quasiparticle

and Solid State, model (DQPM), the thermal
dependence reads

€2n€@ oo(T) e’ n (T)

70 W0

n density of nonlocalized charges
7 relaxation time of charge carriers
m," effective masses

o) —

I', width of quasiparticle spectral function
M, pole mass=spectral dist. of quark-mass

flavor averaged fractional quark charge squared

In PHSD: DQPM matches quasiparticles properties to IQCD results in
equilibrium for EQS, electromagnetic correlator, among others.
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Tt EIectrlcaI Conductivity at eB=0

Durde-Lorentz conductivity

!

Fine structure etc. Number density

Oe (T ,’J) -

Quark mass

k
Quarks flavors f

Decay time

o is related to flow of charges in presence of an electric field
(decay constant & relaxation time)

response of the strongly interacting system in equilibrium to an
external e-field

« external e-field is applied on flowing charges, the induced
electric current ] is related to the e-field. o is the proportionally
constant.

* self-interaction between quarks and gluons, Green-Kubo
corrector
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Normalized Electrical Conductivity at eB=0
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g 0
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OM """ S
06 08 1 12 14 16 18 2
T /T,

NJL/DQPM: PRC88, 045204 (2013)
LQCD: PRL111,172001 (2013), PRD83,034504 (2011), JHEP1303,100 (2013), 1412.6411,
1501.0018



4 WLCAPP

I+ Non-Normalized Electrical Conductlwtx ateB=0 |3

0.1 I 1 1 I 1 1 !

0.08 PLSM

S 0.06 [DQPM [24]
o)
b 004
(a)
002 r
0.6 038 1 1.2 14 16 1.8 2
T/T,

NJL/DQPM: PRC88, 045204 (2013)
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| e Heat Conductivitx at eB=0
From relativistic Navier-Stokes ansatz, heat flow is
proportional to the gradient of thermal potential

o= T iy (?#T I p) PRES7, 033019 (2013)
€tp €etTp Modeling ;
g" =k(Y'T) = —« BxlT(x)l Temperature profile | . _ x (4% +b)
ap
Alternatively, linearizing Boltzmann Eq. = PRrD4s, 2916 (1993)
ofe VT : _
fi = 5le + S, fle = {expl(e: — p)/T(2)] + 1}~
8&‘1; T
Non-Equilibrium distribution function Equilibrium distribution function
" 1 52
Then, the thermal current reads Jr = v 3 _(ep — #o)v: 5~ ¥p = 31T
P
1 = z—iaﬁT_2Iﬁ(T/qD) a, running strong coupling
K m

L(T/ap) = { 3 n(T/ap) +0.30, T > ap, q, Debye wave number g> N, u? /(272)

2
2¢(3) (;}'%) , '« gp.



Heat Conductivity at eB=0
Fermi 1X Specific heat
velocity KR = '?; K Relaxation time

Relaxation time, specific heat are T- and mu-dependent

Relative velocity v,.; = /(p1p2)? — (myms)2/E1Es

k(1 p) 3{1 T T y‘

Relative velocity SpeC|f|c heat Decay time

k is related to heat flow of relativistic fluid (rate of energy change)

k can be estimated through irradiation caused by energetic ions
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i Normalized Heat Conductivity
500 r :
400 + :
— 300 f u=00MeV -
500 | PLSM _
NJL [24]
DQPM [24]
100 :
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O |
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NJL/DQPM: PRC88, 045204 (2013)
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PLSM =
25 | NIL [24] ssne
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B
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WS Bulk Viscosity at eB=0

Kubo s formula: shear n and bulk T viscosities are
related to the correlation function of stress tensor

\

( = 1 him — / dt /d3; ef‘wt ) QM(O)])] PLB663, 217 (2008)

guJ—PGu__,.

( = hm/ dz‘/dgr et ([04 (), 04(0)]) LI- operators

0 w—0 w

In low energy theorems: bulk viscosity is a measure for violation
of conformal invariance

. — \ * — , ( ] :" :—ﬂ{f ff_*'""f% fﬂf
(E,’ T SP)* — <:n1'qq> T <:n1'q(J>U _4‘61-“ Pﬂzgfcﬂrelations o

Qwe¢ =Ts (% — 3) —4(E-3P)+ (T% — 2) (mgq)* +16|e,| +6(M?2 24+ M2 f2)
(9

]



Bulk Viscosity at eB=0

£ = o7 [T fﬁT( T )+16 €y _QT[ 16e4+9T S + T ey + 16|¢,|
Vacuum energy density
1.2 = 0.0 MeV PLSM =
- H= U e NJL[24]
DQPM][24]
0.8 r > 4 xoo LQCD
o
04 r i
(a)
0 l o
0.6 0.8 1 1.6

NJL/DQPM: PRC88, 045204 (2013)
PRD76, 101701(2007); PRL100, 162001(2008); PoS LAT2007, 221(2007); PRL94, 072305(2005).



%XV“”F PLSM Bulk Viscositx at eB#0 1°F
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NJL/DQPM: PRCS8, 045204 (2013)
KSS: Kovtun, Son, Starinets, PRL94, 111601 (2005).
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? LCA”’ PLSM and LQCD Thermodxnamlcs at eB#0
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/%xww T-mu diagram at eB+0
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@kiﬁg Freezeout Diagram at eB#0 and for s/T"3=7




. 'WLCAFPP

orld L aboratory

| |Cosmology  And
P

It

P

LSM and LQCD Thermodynamics at eB=0

%I Particle  Physics
].0 T T T T
PLSM g=06.5 =
PLSM g=10.5 weem
75 F i
P4 N, =8 ——
"[: asqtad. N, =8
= 5F : -
o continuum
o)
‘ﬁwl_-&“" : i
1.75 2
T/T,
T T T T
SB Limit >

0.4

02 r

SB Limit
P
s/c,

p)'{e IEEEENEEEEEE
p4.N=8 — o

asqtad, N, =8

Continuum
0 1 1 1 1 1
0.5 0.75 1 1.25 1.5 1.75 2
T/T,
30 T T T T T
SB Linu
L)
60 - §
/
40 - {f g
/ PLSM ——
4 ;
’.--"’ contmnuum
20 8
(b) w=00MeV
[} 1 1 1 1 1
0.5 0.75 1 1.25 15 1.75 2
T/



3

p/’T4

O €0 €D €0 D €D (b €D

i PLSM and LQCD Thermodynamics at eB0

i -

gl

SO
RO RWaO

f
111111

-
.............

| }IQCD
o }PLSM

i

1.2
T /TC
Poster #iﬁ

—
e

1.8



Thank You!



