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Connections between colour and flavour (N; = 2 thermodynamics)
[ Flavour blind dofs couple to up- and down- quark densities
[J Up- and down- quark densities couple to flavour blind dofs

[1 Up- and down- quarks communicate via an intermediary:

Polyakov loop dofs

Quantitative investigation of induced flavour mixing:
@ NJL-model + Polyakov-loop model [1 PNJL model
@ A perturbative approach? to investigate:

@ The Polyakov loop (®) and its conjugate (®*)
@ Non-vanishing up- and down-quark susceptibilies x,u and xug

@ Conclusion & Outlook

@

m 1R., Hell, Ratti, Weise arXiv:0712.3152 [hep-ph], [RHRWO07]
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QCD thermodynamics

Symmetry breaking patterns of QCD at finite T

Q Explicit breaking mgq > 0 Q@ Explicit breaking mq < oo
@ Dynamic breaking at low T @ Dynamic breaking at high T
@ Order parameter: @ Order parameter:
Chiral condensate (4q) Polyakov loop (¢*) and (&)
@ Quarks are @ Colour screening by vacuum
coloured objects fluctuations of quarks

y 4

Dynamic quark masses [I[] Colour confinement

[ Chiral symmetry breaking + Z(3) symmetry breaking
are closely linked J

[0 Joint crossover transition )
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Modelling colour and flavour dynamics

The Polyakov loop extended Nambu and Jona-Lasinio model (PNJL model)

NJL-model + Polyakov loop model = PNJL model
Joint crossover of (¢) and (qq)
1.0 1.0
8 4
0.8 NIL PNIL 038
(chiral limit)

b 0.6} 0.6
Il @
Ko g4l 0.4

0.2+ Z"d order : 10.2
0.0lez=—c== -= 0.0
0.0 0.5 1.0 15
T/Te
R., Hell, Ratti, Weise arXiv:0712.3152 [hep-ph]
[RHRWO07]

@ PNJL: Joint effects of quarks and Polyakov loop
m [1 Confinement (colour) affecting quark densitiesJ
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Modelling colour and flavour dynamics

The Polyakov loop extended Nambu and Jona-Lasinio model (PNJL model)
NJL-model + Polyakov loop model = PNJL model

Joint crossover of (¢) and (qq)
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0.8} NIL L u=.55T, 3
_ (chiral lirr
[y O-61 038
Kblo .4l Na 16
T3 — NJL
0.2} 2nd ¢ 0.4 — PNJL
02 --- SB-limit
[0 o) S—— : + lattice
0.0 0.
0 0.5 1 15 2
T/Te
R., Hell, Ratti, Weis
¥ Ratti, Thaler, Weise
PRD 73 (2006) 014019 [RTWO06]

@ PNJL: Joint effects of quarks and Polyakov loop
m [1 Confinement (colour) affecting quark densitiesJ
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Diagrammatic view to quark number densities
oSt
i X 5] O

Q) : thermodynamic potential Q=>, [ (d Sstrin [3S 1]
X ' 70 7x, Where 7y is a matrix in flavour space

Quark number susceptibilities

oo () = () (09 = K_p ) x )

X =7%Tu O =70 Tx

No explicit isospin breaking (thoughout this presentation) J
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Introduction of a perturbative interaction ot/

Q = Qur + U(Q) (Qumr indep. of ¢)

@ Propagators remain unchanged
[J Use the same quasiparticles as in MF
@ Quark density operators induce new Feynman rules:

_ 9st [erou]
*" N S [acac]

9 ¢ couples to ng,
charge

conjugation

—l
oo 2 EnE
¢-susceptibility [y o {%} o ? Sxua [1 Ng,-susceptibility
m 2The mean field contribution of xq vanishes due to flavour symmetry.
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Polyakov loop degrees of freedom

@ Polyakov loop ¢(X) is the trace of a time-like Wilson-line
A ~ (7 -
d(X) = N—trcL(x) L(X) = Pexp {I / drAi(x)ta}
c 0

@ Order parameter for de-confinement
0 (¢) =0 <= confined [ (®)#0 <= deconfined
@ Define Polyakov loop fields with good charge conjugation parity:
1

1

QCD toy model (Ginzburg-Landau-type)

SqP = S0 40U
——
indep. of &—

o Treat Sgg in mean field @ Treat 6l pertubatively

PSer [ P0U | 0%Seq
Xud :%G}%{_O'Q“ _aﬂuafbf {8¢8¢] 8ud5‘fb* = OJ
oy
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Part 1: NJL model

Ly =V ([25 - mO) Yv—g (%“Aaw) (J”Yu)\a'l/’)

@ Free quarks @ Local color current interaction
@ Integrated out gluons @ Chiral symmetry
[0 Local SU(3) QEB=NE, Global SU(3)c [J No confinement

Spontaneous chiral symmetry breaking

o2 +N2 T d3p S~(wn, P)
QL= —5~— —;/Wﬁlog—

2G 2 T
@ Hartree-Fock approximation using Fierz-transformations
@ Bosonization in channels with large 4-quark coupling
0 o=G () O M=mg—0c [ N=—-G [@ivsm)

1 P—M+0(p+ ) —ivs N
- S 1_< —WsoN | sﬁ—MJrio(u—uu))

@ No explicit isospin breaking terms (zZhang, Liu [ZLO7]) [ N =0

v &KX
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Part 2: Polyakov loop model

@ Model for SU(3).-gauge theory [ Confinement
[ 1%-order [ Spontaneous breakdown of Z (3)-center sym.

Order parameter for de-confinement — Polyakov loop

@ Polyakov loop ¢(X) is the trace of a time-like Wilson-line

(%) = NictrcL(z) L(X) = P exp {i /0  dr A2(%) ta}

[ (¢) =0 < confined [ (®)+#0 < deconfined

At

o Simplified loop: & = g-Trexp {I L } ac{3,8}
@ Integrate out all dofs that do not change order parameters

/Dtb/Dd)* e—U(®,0"T) _ /DA @—Se(P(A),®"(A),T)
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Polyakov loop model adjusted to lattice QCD data

Ansatz for the Polyakov loop potential (K. Fukushima [Fuk04])
U(®, o, T)
#

I(®,0°) =1 60 + 4 (¢*3 + ¢3) — 3(0*0)?

wn(%) o8] ()

@ Temperature dependent coupling strength b, = b, (T)

= 20y (T) @0 + 7by (T) log [3(¢, ")

1.5 5
! L N
Eos os 4
[ .
—06 U, 3
04 [E—— ™ s 2
& 02 Ueﬂfmln. 1
z  Lattice data -1
0 05 1 15 2 25 3 0 02 04 06 08 1 0 0
e ¢

G. Boyd et. al. [Bt96], O. Kaczmarek et. al. [KKPZ02, KZ05]
@ d*=datN¢=0: U(P,o* T)onlyfixed in 3(¢* + )
m o Stiffness of U(®, ®*,T) in 3(¢* — @) is free to be adjusted
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Polyakov loop extended NJL (PNJL)

@ Substitute the Matsubara frequencies wp by wn + A4
[0 Formal substitution p — p — iA4 after Matsubara summation

Qo = Qnad| +U(P, 0", T)

> p—iAg

Defining mean field as 0" perturbative order

@ Fermion sign problem: u — p—iA; [ Qo = %SE eC
@ ldentification in 0" order: Py = —Qmr(T) + QMF(T=0)

@ Mean field: Que = Re Qo
) Maximization of |e=S=/T|  (“quenched” mean field)

JRe Qg . ORe Qg ORe Qg 0Re Qg

o loJAN o aAEls) o 8./4518)
[0 Constraints: Qur é R O Oy =Py .- J
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Polyakov loop extended NJL (PNJL)

@ Substitute the Matsubara frequencies wp by wn + A4
[0 Formal substitution © — p — iA4 after Matsubara summation

Qo = QNJL|M—>M—iA4 + U(‘:D7 CD*’ T)
Joint crossover of (®) and (qq)
1.0 1.0 Tc in MeV
0.8} ~d0s8 Kaczmarek et al.
NJL PNIL g~ _ 202
B (chiral limit o [KZ05] (Nf = 2)
gyl 08 106
= (®)
W 0.4t 104 Cheng et al. 192
+ =
0.2t 2" order 115 order 10.2 [C08] (N = 2+1)
0.0t===zc=- ===l 10.0
0.0 05 1.0 15 PNJL (Nf = 2) 215
T/Te
R., Hell, Ratti, Weise arXiv:0712.3152 [hep-ph],
[RHRWO7]

@

i '
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Polyakov loop extended NJL (PNJL)

@ Substitute the Matsubara frequencies wp by wn + A4
[0 Formal substitution © — p — iA4 after Matsubara summation

Qo = Qna| +U(P,0",T)

> p—iAg

Joint crossover of (®) and (qq)

1.0 1.0
0.8} 3
NJL PNIL _er2- i
el ceniat iy ¢ 5 |~ © Confinementat T < Te:
Kool ™ o Polyakov loop (¢) < 1
Gl o4l ]
° 0.4 0 Free quarks suppressed
0.2¢ 2" order \1order 10 o Statisical confinement:
0.0lmace o - ) Active (color-neutral)
0.0 0.5 10 15 quasi-particles:
T/Te
R., Hell, Ratti, Weise arXiv:0712.3152 [hep- m=3M~ My
[RHRWO7] ol

I
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Corrections to the PNJL mean field solutions

“Unquenching” the PNJL model

Release constraints on the mean fields

Integrate out the approximate order parameters (mean fields)
o Subtile cancellation of imaginary parts is guaranteed

Perturbative expansion about the (constraint) MF solution

[] Taylor expansion of the action with respect to the fields
% Vel 4 . = = =
S = ?Qo = ?ijﬂwkg with € = 6 — 6,
o The vector arrow " =" [1 Set of all fields 6 = (o, N, ALY, A®)T
@ 0o is the new minimum after SSB

[] Separate free and perturbative parts:
o Freepart: k =0,1,2 @ Interactions: k > 3

Note: Imfw;] # O for the (former) gauge field Af)
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Expectation values of the Polyakov loop (®) and ($*)

(P)+ (@)

2
0.6} (), 55

0.4} u=150MeV

0.2¢
0 4
0 0.1 0.2 0.3 0.1 0.15 0.2
T/GeV T/GeV
In mean field MF + corrections
@ (D) = (P )ue 9 (®) e Rand (¢*) e R
@ No split of (¢) and (¢*) o (P) #(d*)atpu#0

[ Fluctuation effects beyond mean field produce () # (¢*)

m R., Hell, Ratti, Weise arXiv:0712.3152 [hep-ph], [RHRWO07] @
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Susceptibilities: c3", ¢, c,", c;° beyond mean field

uu

0.5

Czuu
0.4¢

0.3r

lattice
— PNJL

05 1.0 15 2.0
/T,

v

1 0M(Q/T4)
nl (/T

1 8"(Q/T4)
N O(pu /T 20/ T)D)

en(T) = - ch(T) =~

p=m=0 p=m=0
uu 1 | ud 1 |
(o :Z(C”+C") ch :Z(cn—cn)

@ Isovector moments in agreement with lattice data as well
Lattice data: Allton et al. [AT05], Bielefeld-Swansea coll.

@
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Susceptibilities: c3", ¢, c,", c;° beyond mean field

i

T 1@ty __ L @
0= ST o D= G TROGT A
e = 2 (en ) et = (e <)

@ Isovector moments in agreement with lattice data as well
Lattice data: Allton et al. [AT05], Bielefeld-Swansea coll.

@

S.RoBner, N. Bratovic, T. Hell, W. Weise The interplay of flavour- and Polyakov-loop- degrees of freedom



Susceptibilities: c3", ¢, c,", c;° beyond mean field

uu d :

0100 0.000] | T x — ,‘ -
0.08f i
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@ Isovector moments in agreement with lattice data as well
Lattice data: Allton et al. [AT05], Bielefeld-Swansea coll.

@
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Susceptibilities: c3", ¢, c,", c;° beyond mean field

o.10f ‘ ‘ ‘ -
0.000k T —
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-0.005 [[I
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@ Isovector moments in agreement with lattice data as well
Lattice data: Allton et al. [AT05], Bielefeld-Swansea coll.

@
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Susceptibilities: c3", ¢, c,", c;° beyond mean field

0.5 1.0 1.5 2.0 0:5 1:0 1 :5 210 )

T, /T,
109/ . 1 @t
c(T)=—- =7 Cy(T)=— —
R T 717775 T B LR AT Py ST 2]
o = 7 (e +ch) ot = 3 (e —ch)

4 4
@ Isovector moments in agreement with lattice data as well

Lattice data: Allton et al. [AT05], Bielefeld-Swansea coll.

@
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Adjusted Polyakov loop effective potentials

Connection to the Polyakov loop degrees of freedom

@ Polyakov loop effective potential adjusted at Ny = 0

SU(®, % T ot — o2 ot — ko2
oU(®,¢7,T) xPp=——- [ ] —"
T4 4 4
(1 Thermodynamics unchanged by varying k
cy? with modified ¢~ -potential
0.000% 0.04} (") (D) 0.8
0.02 2 loa
-0.010} -
i I . |attice : 0.01 0.2
1 - =1 |-
-0.015¢ PNJL, k=1 | 006 08 1. 12 14 °
o — PNJL k=2 |- T,
~0.0263 10 15 20 §
T, @ ¢ -dof [J c5“ <0
ninm : .
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é~ around =0

d ((i)* — @) | i unchanéed ]
au/Ty) — soft (@) ~(®)

0.101

0.08

0.06

0.04

0.02

0.00 L L L T

T/Te

@ Lattice: Doring [PhD Thesis]

02 04 06 08 1. 12
T/Te

@ Universal for varying k

[ Variations of ¢~ are responsable for c5¢ < 0. J

@

S.RoRner, N. Bratovic, T. Hell, W. Weise

The interplay of flavour- and Polyakov-loop- degrees of freedom



Susceptibilities x,q beyond mean field
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@ Fluctuation effects: xyg # 0

Lattice data: Allton et al. [AT05], Bielefeld-Swansea coll.

S.RoRner, N. Bratovic, T. Hell, W. Weise

The interplay of flavour- and Polyakov-loop- degrees of freedom

T

withx € {u, d}

@



Susceptibilities x,qg beyond mean field

0.0F : :
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@ Fluctuation effects: xyg # 0
Lattice data: Allton et al. [AT05], Bielefeld-Swansea coll.

@

S.RoBner, N. Bratovic, T. Hell, W. Weise The interplay of flavour- and Polyakov-loop- degrees of freedom



Conclusion

@ PNJL:

@ Chiral symmetry breaking
@ Confinement
@ Entanglement of chiral and deconfinement crossover

@ Perturbative approach used to investigate

[] Polyakov loop: () # (®*) at u # 0
[J Isovector susceptibilities

@ Variations of ®~ are responsable for c44 < 0

[ Stiffness of Polyakov loop effective potential directly governs ¢3¢
[ ¢4 contains information about Polyakov loop effective potential

@ Outlook

0 2 + 1 flavors
0 Extract Polyakov loop effective potential using c5® from the lattice
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