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Formalism of the Nonlocal NJL Model

Nonlocal Action in Euclidean Space

Se= [ axgooia+ mayeo- 5 [ ox [ avBaR i)

Color Currents Effective Interaction
JA(¢) = Y)Y tap(x)
Ul Fierz transformation

Ja (%) = POOTLY(X)
Ia= (1r '7/5?)

G. Ripka, Quarks bound by chiral fields (1997) [1]

G. Dumm, D. Grundfeld and N. N. Scoccola
Phys. Rev. D (2006) [2]
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Formalism of the Nonlocal NJL Model

Nonlocal Action in Euclidean Space

Se= [ axgooia+ mayeo- 5 [ ox [ avBaR i)

Distribution Function Effective Interaction
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G. Ripka, Quarks bound by chiral fields. ~ (1997) [1]

G. Dumm, D. Grundfeld and N. N. Scoccola,
Phys. Rev. D (2006) [2]
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Improvements on the Standard NJL Model

[J Nonlocality arises naturally in the instanton liquid model and in
Dyson-Schwinger calculations

[J Underlying Lagrangian preserves SU, (2) ® SUgr(2) chiral

symmetry
[0 Axial anomalies are incorporated, current algebra relations are
preserved
f20nqq = 6 + O(Mg) (Goldberger—Treiman)

maf2 = —mg(Ppy + O(M3)  (Gell-Mann—-Oakes—Renner)

0 No UV-cutoff is needed
[J No unphysical decays (e.g. © — Q)
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Bosonization of the Euclidean Action

Bosonized Euclidean Action

Introduction of bosonic fields @a(x) = (a(x), 7(x))

f PoPpeSE - Z = f Do D7 e S,

where
bos 1 d4
Sg* ==IndetA+ o on )4¢a(p)¢>a(p)

with
p+p’

A®,P) = (=p + mq) )39 (p - p) + C (P52 ) Fagalp - )
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Power Series Expansion of the Action

Mean Field (MF) Approximation

Expansion of 8205 about MF-values (o)vr = 6 and (t)mr = 0

S8 = SMF + 8P+ ...

Th. Hell Thermodynamics of a Nonlocal PNJL Model



Power Series Expansion of the Action

=

Expansion of SEOS about MF-values (o)vr = 6 and (t)mg = 0

S8 = SMF + 8P+ ...

v

MF-Approximation of the Action

Sg d'p 2 5
W = —2NfNC W In [p +M (p)] aix %I

with M(p) = mq + C(p)a

Mesonic Fluctuations
1 dp
2) _ - =7
S2'=5 | Gorye [GHBD 00(9) d0(-p) + GEBD o71(P) - 67(-P)],

-z O
G
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Determination of the Distribution Function C

Constituent Quark Mass in MF-Approximation
Constituent quark mass M given by pole of fermion propagator

6°Se

_ -1 _
0=Sgn(P) = (mﬁ(p) 51(0)

) & M(p?) = mq + C(p)d
p2=—M2
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Determination of the Distribution Function C

Constituent Quark Mass in MF-Approximation
Constituent quark mass M given by pole of fermion propagator

528
E ) & M(p?) = mq + C(p)d
p2=—M2

_c-1 —
0=~ 7000
Perturbative QCD

Comparison to QCD mass
formula H. D. Politzer, Nucl. Phys. B (1976) [7

C(p?) oc‘ for p? >(I?

with

47
()

2
QCD

as(p?) = +...
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Determination of the Distribution Function C

Constituent Quark Mass in MF-Approximation
Constituent quark mass M given by pole of fermion propagator

_c-1 _ 628E ) 2N _
0=Sgn(P) = (mﬁqo) 000 ) o M(p®) = mq +C(p)3

Non-perturbative QCD Perturbative QCD
Comparison to the Instanton Comparison to QCD mass
quUld Model formula H. D. Politzer, Nucl. Phys. B (1976) [7

T. Schéfer, E. V. Shuryak, Rev. Mod. Phys (1998) [6
C(p?) « for p? >(I?

C(p?) o eP9°/2 for p? <([2

with the instanton size with
d = 0.35fm = (0.56 GeV)™* 5 4n
y as(p?) = —pz +...
In ( )
Poln{zz
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Determination of the Distribution Function C

Distribution Function

27 as(pz)
Cpec{a pz P =
e P2 for p2 <([2

Distribution Function C
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Gap Equation and Constituent Quark Mass

S QMF
oSy
o0

=0

@ MF-value 6 can be found by the principle of least action

Gap Equation (MF-Approximation)

4
5 = ANiN.G f 9P 1P

(2m)* p? + M2(p)

with M(p) = mq + C(p)G
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Gap Equation and Constituent Quark Mass

(5SMF
5o~ =0

0

Gap Equation (MF-Approximation)

d*p M(p)
2 P mep)

@ MF-value 6 can be found by the principle of least action

G = 4N¢tN.G

with M(p) = mq + C(p)G

4

Constituent Quark Mass

Lattice data from

P. O. Bowman et al
Nucl. Phys. Proc. Suppl. (2003) [8]
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@ Thermodynamics of the Nonlocal PNJL Model
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Coupling Quarks and Polyakov Loop

Definition (Polyakov Loop)

(@) = -t L6

8
L(Z):Pexp{if dTA4(T,>?)}
0

@ Polyakov Loop serves as an order parameter for
confinement-deconfinement phase transition s

(@) = g%

Confinement-Deconfinement Phase Transition

confinement < (®) =0 = Z(3) unbroken
deconfinement < (®) # 0 <= Z(3) spontaneously broken
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Coupling Quarks and Polyakov Loop

@ Introduction of gluons through minimal coupling
Pu = Pu+ Ay
@ 3- and 8-components of gluon fields; no spatial fluctuations
A, = 60(AgAs + AAs)

@ Integrate out non-diagonal components of SU(3),

Polyakov Potential K. Fukushima, Phys. Lett. B (2004) [11

U _ 1 " * +3 3 *Fy) 2
= —Ebz(T)®®+b4(T)ln[1—6®(I)+4(® + 0°) - 3(@'0)?
with @ = Ltrc [exp (i (BAsAs + AsAs))],

coefficients by (T), by (T) and parameters from

4
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Polyakov Potential

Az

-0.5 0.0 0.5
1.0 ¢ i :

7

4 ___

@ Each minimum is “populated” equiprobably
= Color neutrality preserved if one sums over all six minima!
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Thermodynamic Potential

Partition Function

f@(pf@Ae'"defAexp{ def #x @(x)}
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Thermodynamic Potential

— B 2
z =f@(pf@Ae'”de‘Aexp{—fo dffd3x (Pzg()}

4

Thermodynamic Potential

Q=-LTihz=cn Jét[ §‘1]+5—2+(LI(CD @, T)
Y, a p 2G Y

with the Nambu-Gor’kov propagator in Matsubara space

s-l(iwn,r?):('“)”y("y'p‘“”"A“V" | I )
0 iwnYo =Y -P—M"*+iAs)y0

4

@ M = diag (M(wy, B), M(w}, B), M@, B))
@ Wy = (2N + 1T, wE = wp + Ag, 0 = wy
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Gap Equations in MF Approximation

Gap Equations  (Ag =0

d5  IAL AL
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Gap Equations in MF Approximation
00 90

a6 oAl aAg -

v
Chiral Condensate and Polyakov Loop (T, = 207 MeV)
1.0 1
0.8 "'. g 108
(=]
= 06} 0.6
= :.
= % .
'\% 0.4 % Fattjpe data from e
E F.‘ni.hzz’f Ev‘,‘wr [14]
0.2 ! 10.2
oL 0.5 T0 15 2.0 2.5
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4
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Pressure and Mesonic Corrections

Pressure Contributions in Random Phase Approximation

J. Hufner, S. P. Klevansky, P. Zhuang, H. Voss, Annals Phys. ( 1994) [15]
/’-\\ O'\\
O--0+6)-Q O O
\
\\—¢’ O&’
Hartree Fock RPA chains

)
2 S oo o3

PurT) =20 37 3 [ o8 tnfun? 52+ Mk 7] - g -

nez

Preson(T) = - MZUdM 2, f (dsp '”[ ]
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Pressure and Mesonic Corrections

Pressure and Mesonic Contributions

2.5

—— MF + r, 0 (in-medium),
e MF 47 (in-medium)
2.0 ¢

F
__ MF+m,0 (ideal)

mesons

0.5 1.0 1.5 2.0
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Pressure and Mesonic Corrections

m, = 140 MeV m, = 500 MeV

2. 2.
— MF+ 7,0 (in-medium) — MF+ 7,0 (in-medium)
T M4 (in-medium) — MF 4+ (in-medium)
2.0 o MF 2.0 o MF
— MF+mo (ideal) — MF+mo (ideal)
15 15
= =
& &
8 8
10 10
0.5 0.5
g 05 9 15 2.0 g 05 0 T5 2.0
o, /T
v v

@ Strong suppression of mesonic contributions for high quark
masses
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Related Ther

Lattice data from Lattice data from
F. Karsch et al 10} F. Karsch etal
6l arXiv:0804.4148 ‘Plli — ME4r G Phys. Lett. B i o
< (2008) [16] { # 8} (2000) [17]
& 4
= <
[—1 & 6 — MF + 7, o(in-medium),
? © MF
£ 4
2
2
g 0.5 1.0 5 2.0 2.5
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Sound velosiy
0.35

M. Cheng etal.,
0.30F Phys. Rev. D 0.301
(2008) [14]
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Finite Density and Phase Diagram

@ Introduction of chemical potential through wn — wn — iy + As
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Finite Density and Phase Diagram

@ Introduction of chemical potential through wn — wn — iy + As
& as a function of T and u
o

005

T(Gev) 01

0.2 1(GeV)

@ Critical endpoint
is found at
(Tcep, Ucep) =
(167 MeV, 175 MeV)
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© Nonlocal Quark Model for the 3-Flavor Case
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Derivation of the Nonlocal Lagrangian

@ Chirally invariant nonlocal two-flavor Lagrangian easily
generalized to three flavors by the replacement 7; — A,

@ Task: Inclusion of breaking of
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Derivation of the Nonlocal Lagrangian

@ Chirally invariant nonlocal two-flavor Lagrangian easily
generalized to three flavors by the replacement 7; — A,

@ Task: Inclusion of explicit breaking of U (1) symmetry

Solution: Instanton induced quark interactions . schter, . v. shuryak (1998) fe]

SE, o f o'x (det g +@etT)
with
1
=00y = [ dyd'z i 5 ATy K -x,2-x)u(2)
@ S invariant under SU(3)y ® SU(3)a ® U(1)y transformations

@ 't Hooft determinant not invariant under U(1)a transformations
= U(1)a problem is solved describing the " mass correctly
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Bosonized Euclidean Action

@ Introduction of 9 scalar and pseudoscalar fields o,(x) and 74(x)
@ Introduction of 9 + 9 = 18 auxiliary fields X,(x) and IT5(x)

Bosonization . Ripka, (1997) [1]; B. O. Kerbikov and Yu. A. Simonov (1995)  [18]

SE,, = - In det{(=p + hq)(2m)*6“(p - p')
+C(p -;p )/\a [oa(p —p') +iysma(p — p’)]}

- f d*x {aaza + Talla + % (ZaZa + ITaI1,)

H
[ ] + Zﬂabc (Zazbzc - 3Zanbnc)}

@ Determine X, and I1, using the Stationary Phase
Approximation (SPA)
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Thermodynamic Potential

Thermodynamic Potential in Mean Field Approximation

Owe = 2T f;g f(z ¥ ZTr In[wi? + B2 + M2(w, B)] +

cef+,0}

_%[ Y, (S + 557) + D8uSaSs |+ U@, @ T)
fefu,d,s}

4

Chiral Condensate and Loop
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Summary and Conclusions

model derived from first symmetry principles of QCD
Coupling to gluons is possible through introduction of

Corrections beyond mean field approximation were included in
the 2-flavor case

Conclusions

[J “Poor man’s” Dyson-Schwinger approach to nonperturbative
QCD

[0 Momentum dependent effective quark mass

[J Thermodynamics: Entanglement of chiral and
confinement/deconfinement transition

[J Model applicable to finite density description of QCD
[0 Model leads reasonable results both for the 2- and 3-flavor case )
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Thank you for your attention
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