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» QCD phase diagram (standard picture):
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<G> =0

<qg> =0
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v

» assumption: (gq), (qq) constant in space

» How about non-uniform phases ?
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homogeneous phases only
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» 1st-order phase boundary
completely covered by the
inhomogeneous phase!

» Critical point — Lifshitz point
[D. Nickel, PRL (2009)]
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» 1st-order phase boundary
completely covered by the
inhomogeneous phase!

» Critical point — Lifshitz point
[D. Nickel, PRL (2009)]

» Inhomogeneous phase rather
robust under model extensions
and variations:
> vector interactions
» Polyakov-loop dynamics
> including strange quarks
> isospin imbalance
> magnetic fields

[MB, S. Carignano, PPNP (2015)]
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» What is the effect of nonzero bare quark masses?
[MB, S. Carignano, arxiv:1809.10066 [hep-ph]]

» What is the influence of strange quarks?

» based on:

» MB, S. Carignano, arxiv:1809.10066 [hep-ph]
» MB, S. Carignano, submitted to PoS (proceedings QCHS 2018)
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» What is the effect of going away from the chiral limit?

» Andersen, Kneschke, PRD (2018):

No inhomogeneous phase in the 2-flavor quark-meson model for
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» What is the effect of going away from the chiral limit?

» Andersen, Kneschke, PRD (2018):

No inhomogeneous phase in the 2-flavor quark-meson model for
m, > 37.1 MeV
myq = 0,5 MeV, 10 MeV

100
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» Nickel, PRD (2009): 2
Inhomogeneous phase in 2-flavor NJL § 40
gets smaller but still reaches the CEP 20 .
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» Can we investigate this more systematically?
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» Lagrangian:

L =i — mp + G [()° + (PivsT)?]
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» Lagrangian:

V(P — my + G (D)2 + (DinsTap)]
» bosonize: o (x) = P(X)Y(x), T(X) = D(X)ivsTY(X)

= L=9 (i) - m+2Gs(o +irsT 7)) ¢ — G (o +7?)
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» Lagrangian:

PP — M) + G [(P)? + (YirsTe)?]
» bosonize: o(x) = P(X)P(x), T(X) = P(X)ivsTY(x)
= L=19(i)— m+2Gs(o +iys7 7)) ¢ — G(c® +7?)
» mean-field approximation:

a(x) = (o(x)) = ¢s(X), ma(x) — (ma(X)) = Pp(X) a3
> ¢s(X), pp(X) time independent classical fields
» retain space dependence !
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» Lagrangian:

(i) — mp + G [(P0)? + (YinsT)?]
bosonize:  o(x) = Y(x)(x), T(X) = D(X)iysT(X)
= L=9 (i) - m+2Gs(o +irsT 7)) ¢ — G (o +7?)
mean-field approximation:

a(x) = (o(x)) = ¢s(X), ma(x) — (ma(X)) = Pp(X) a3
> ¢s(X), pp(X) time independent classical fields
» retain space dependence !

v

v

v

mean-field Lagrangian:

Lur = 9(x) [i9 — m+2G (6s(X) + ismadp(X))] $(x) — G [¢5(X) + ¢5(X)]
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» mean-field thermodynamic potential:

T - -
Ue(T,p) =~ In [ DIDwexp ( Lo V(ﬁMpww’w))
x€[0,1]x
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» mean-field thermodynamic potential:
T 7, 74,0
Que(T, 1) = oy, In [ DYDyexp (Lwr + papy=e)
x€[0,1]1x V

» Lyr bilineariny andy = quark fields can be integrated out:
T s 1 3 2/ L 42/
Que(T, )= —=Trlog| — | +G— [ d°x (qSS(X) + gbp(x))
% T v
> inverse dressed propagator:  S”'(x) = i@+ py° — m+2Gs (¢s(X) + ivsTsPp(X))

» Tr: functional trace over Euclidean V4 = [0, lT] x V, Dirac, color, and flavor
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» mean-field thermodynamic potential:
T 7, 74,0
Que(T, 1) = oy, In [ DYDyexp (Lwr + papy=e)
x€[0,1]1x V

» Lyr bilineariny andy = quark fields can be integrated out:

—1

ge(T. ) = — 1 Trlog (ST) -Gy, [ @ (6569 + 62(R)

> inverse dressed propagator:  S”'(x) = i@+ py° — m+2Gs (¢s(X) + ivsTsPp(X))

» Tr: functional trace over Euclidean V4 = [0, lT] x V, Dirac, color, and flavor

= Qur = Qurlps(X), dp(X)] minimization extremly difficult !
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» Simplifications:
» chiral limit m=0 (will be relaxed later)
» ¢p =0 (to simplify the notation, can be included straightforwardly)
— order parameter M(X) = —2G¢ps(X) (“constituent quark mass”)
= Qur = Que[M]
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» Simplifications:
» chiral limit m=0 (will be relaxed later)
» ¢p =0 (to simplify the notation, can be included straightforwardly)
— order parameter M(X) = —2G¢ps(X) (“constituent quark mass”)
= Qur = Que[M]

» Assumptions: M, [VM| small (holds near the LP)
— expansion of the thermodynamic potential.
1 - - S
QIM) = Q[0] + / oBx {azMZ(x) + Qg aM*(R) + a | VMR + .. }

v
> an=an(T,pn): GL coefficients

» chiral symmetry: only even powers allowed
» stability: higher-order coeffs. positive
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> GL expansion: Q[M] = Q[0]+ 1 [ d®x {a2M2 + g aM* + | VM + .. }
Vv

» case 1: oup > 0 = gradients disfavored = homogeneous

o

case 1.1: ay,>0 LT \

» 2nd-orderp.t. ataz =0 \: / \\

case 1.2: ay,<0

» 1st-order phase trans.at a >0 “‘
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> GL expansion: Q[M] = Q[0]+ 1 [ d®x {a2M2 + g aM* + | VM + .. }
Vv

» case 1: oup > 0 = gradients disfavored = homogeneous

case 1.1: ays>0

/ \ / ‘
\\ / \ / [ N
» 2nd-order p.t. at az = 0 \|/ |/ \ /TN
case 1.2: a3 <0 ‘ | o
‘ | ‘\ | “‘ s
» 1st-order phase trans. at a2 >0 [ \ | \\ )
V M = M = M

= tricritical point (TCP): as=a4,=0
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» case 1: oup > 0 = gradients disfavored = homogeneous

case 1.1: ays>0

» 2nd-orderp.t. ataz =0

= tricritical point (TCP): as=a4,=0
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> GL expansion: Q[M] = Q[0] + & [ &®x {a2M2 + agaM* + g | VM2
Vv

+
—

» case 1: oup > 0 = gradients disfavored = homogeneous

case 1.1: ays>0

» 2nd-orderp.t. ataz =0

= tricritical point (TCP): as=a4,=0
case 1.2: ay,<0

» 1st-order phase trans.at a >0

> case2: aup <0
» inhomogeneous phase possible

» 2nd-order phase boundary inhom. - restored: aup <0, a2 >0
finite wavelength, amplitude — 0
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> GL expansion: Q[M] = Q[0] + & [ &®x {a2M2 + agaM* + g | VM2
Vv

+
—

» case 1: oup > 0 = gradients disfavored = homogeneous

case 1.1: ays>0

» 2nd-orderp.t. ataz =0

= tricritical point (TCP): as=a4,=0
case 1.2: ay,<0

» 1st-order phase trans.at a >0

> case2: aup <0
» inhomogeneous phase possible Lifshitz point (LP):  ap = asp =0

» 2nd-order phase boundary inhom. - restored: aup <0, a2 >0
finite wavelength, amplitude — 0
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» m#0: no chirally restored solution M = 0

— expand about a priory unknown constant mass Mp:

1
QM) = Q[Mol+; / d®x (1M + o6 M? + g MP + g 26 M* + g p(VIM)? + ...

» small parameters: dM(X) = M(X) — Mo, |VIM(X)]
> GL coefficients: «; = a;(T, p, Mo)

» odd powers allowed

> require My = extremum of Q at given T and p

= a(T,u,M))=0 — Mo =M(T,u) (=homogeneous gap equation)
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> GL expansion:
QIM] = Q[Mo] + 3 [ &Bx (20M? + azdM? + g 20M* + 0 p(VIM)? + ...)
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> GL expansion:
QIM] = Q[Mo] + 3 [ &Bx (20M? + azdM? + g 20M* + 0 p(VIM)? + ...)

» case 1: oaup > 0 = homogeneous

» no restored phase, but 1st-order ph. trans. between different minima possible
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> GL expansion:
QIM] = Q[Mo] + 3 [ &Bx (20M? + azdM? + g 20M* + 0 p(VIM)? + ...)

» case 1: oaup > 0 = homogeneous

. . . I M
min) p r(max) p r(min2) ! (CEP)
Mg™" MG Mg M

» no restored phase, but 1st-order ph. trans. between different minima possible
» 2 minima + 1 maximum — 1 minimum
= critical endpoint (CEP): a2 =a3=0
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> GL expansion:
QIM] = Q[Mo] + 3 [ &Bx (20M? + azdM? + g 20M* + 0 p(VIM)? + ...)

» case 1: oaup > 0 = homogeneous

AT i " M ; ; M | - > M
MM M Mg Mg Mg
» no restored phase, but 1st-order ph. trans. between different minima possible
» 2 minima + 1 maximum — 1 minimum

= critical endpoint (CEP): a2 =a3=0

» spinodals: left: a2 =0,a3 <0, right: a»=0,a3 >0,
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> GL expansion:
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> GL expansion:
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» case 1: oaup > 0 = homogeneous CEP: as=a3=0

> case 2: oup < 0 = inhomogeneous phases possible
» strictly: only two phases — homogeneous and inhomogeneous =- no LP

» There can be a 2nd-order transition between inhom. and hom. phase where the
amplitude of the inhomogeneous part of M(X) goes to zero
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> GL expansion:
QIM] = Q[Mo] + 3 [ &Bx (20M? + azdM? + g 20M* + 0 p(VIM)? + ...)

» case 1: oaup > 0 = homogeneous CEP: as=a3=0

> case 2: oup < 0 = inhomogeneous phases possible
» strictly: only two phases — homogeneous and inhomogeneous =- no LP

» There can be a 2nd-order transition between inhom. and hom. phase where the
amplitude of the inhomogeneous part of M(X) goes to zero

» My homogeneous ground state = dM(X) — 0 along this phase boundary
» ingeneral: VJM(X) # 0 along this phase boundary
= asinthe chiral limit: a4p < 0,2 >0
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> GL expansion:
QIM] = Q[Mo] + 3 [ &Bx (20M? + azdM? + g 20M* + 0 p(VIM)? + ...)

» case 1: oaup > 0 = homogeneous CEP: as=a3=0

> case 2: oup < 0 = inhomogeneous phases possible
» strictly: only two phases — homogeneous and inhomogeneous =- no LP

» There can be a 2nd-order transition between inhom. and hom. phase where the
amplitude of the inhomogeneous part of M(X) goes to zero

» My homogeneous ground state = dM(X) — 0 along this phase boundary
» ingeneral: VJM(X) # 0 along this phase boundary
= asinthe chiral limit: a4p < 0,2 >0

— pseudo Lifshitz point (PLP): a2 = asp =0
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GL analysis of critical and Lifshitz points
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» chiral limit (m = 0):
» expansion about M =0
» TCP: a2=a4s=0

> LP: Q2 = Q4p = 0

» away from the chiral limit (m # 0):
» expansion about Mo(T, p) solving o1(T, p, Mg) =0
» CEP: asx=a3=0
» PLP: az=aup=0
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» NJL mean-field thermodynamic potential:

Que(T, 1) = —Trlog (S7) + G [ dx (65(X) + 63(9)
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» NJL mean-field thermodynamic potential:
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» NJL mean-field thermodynamic potential:
Que(T, 1) = —FTriog (57) + G [ dx (¢3(3) + 63(X))
» againassume ¢p =0 — M(X) = m— 2Gps(X) = My + SM(X)
—m+SM(X))?
4G

= Qur=—1Trlog(Sy"' — M) + Vfd3

> SO’ x) = ip+ p~y° — My inverse propagator of a free fermion with mass Mo
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» NJL mean-field thermodynamic potential:
Que(T, 1) = —FTriog (57) + G [ dx (¢3(3) + 63(X))
» againassume ¢p =0 — M(X) = m— 2Gps(X) = My + SM(X)
= Que=—TTrlog(Sy"' —oM) + & fd3 x WM
> So’ x) = ip+ p~y° — My inverse propagator of a free fermion with mass Mo

» expand logarithm:

M8

log(S; " — dM) = log(Sy ') +log(1 — SpéM) = log(S, ") — (SgdM)"

1
n

>
IR
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» Thermodynamic potential: Qe = > Q")
n=0

Q) contribution of order (§M)":

_ 2
Q“”:—%Tr log Sy ' + ! /d3xM
v

T My —m 1
_ T o I 3 -
QY = T (SodM) + =~ V/dX(SM(x),
%
1T 11
0% =_—T M)>? 77/ *x SMP(X
2Vr(So6)+4GV d’x M (X),
%
(n)_1T n
QY = ——Tr (SodM)" forn > 3.
nV
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» functional trace:

Tr (So(SM)" =2N, / H d4X,' tro [So(Xn, X1)(SM()_('1 )S(](X1 s Xz)(SM()_('z) So(Xn71 y Xn)(SM()_('n)}
i=1
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Determination of the GL coefficients TECHNISCHE
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» functional trace:

Tr (So(SM)" =2N, / H d4X,' tro [So(Xn, X1)(SM()_('1 )S(](X1 s Xz)(SM()_('z) So(Xn71 y Xn)(SM()_('n)}
i=1

» gradient expansion: SM(X:) = SM(X;) + VM(Xy) - (Xi — X1) + ...

= QW =%"Qm)  j=number of gradients
j=0
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Determination of the GL coefficients TECHNISCHE

UNIVERSITAT
DARMSTADT

» functional trace:

Tr (So(SM)" =2N, / H d4X,' tro [So(Xn, X1)(SM()_('1 )S(](X1 s Xz)(SM()_('z) So(Xn71 y Xn)(SM()_('n)}
i=1

» gradient expansion: SM(X:) = SM(X;) + VM(Xy) - (Xi — X1) + ...
= QW =%"Qm)  j=number of gradients
j=0

» final steps:

» Insert momentum-space rep. of the free propagators Sy
and turn out all but one d*x; integrals.

» Compare results with GL expansion of Qur to read off the GL coefficients.
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» Resulting coefficients:

Mo — m
aq =

11 4
°G +MOF1, a2=E+§F1+M§F2, az =M (F2+§M§F3> s

1 1 1
aa=4Fo+ 2MEFs +2MyFa,  up = i §/\//§F3

o 1 .
> Fo=8Ne [ oms T2 gy @1 =@+ T
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» Resulting coefficients:

Mo — m
aq =

11 4
°G +MOF1, a2=E+§F1+M§F2, az =M (F2+§M§F3> s

1 1 1
aa=4Fo+ 2MEFs +2MyFa,  up = i §M§F3

o 1 .
> Fo=8Ne [ oms T2 gy @1 =@+ T

» chiral limit:
» m=0 = My =0 solves gap equation a1 =0
» Mo=0 = a3z =0 (noodd powers)
» Mo=0 = aua=aup = TCP =LP [Nickel, PRL (2009)]
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GL coefficients: results TECHNISCHE
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» Resulting coefficients:

Mo — m
aq =

11 4
°G +MOF1, a2=E+§F1+M§F2, az =M (F2+§M§F3> s

1 1 1
Oz = ZF2 +2MEFs + 2M; Fa Qup = ZF2 + §/\//§F3
d° ,
> Fo= 8N oo T g @i =@+ 07T

» towards the chiral limit:

» Mo -0 = a3, A4pa, Ct4,p X F = CEP — TCP =LP

December 5, 2018 | Michael Buballa | 16



GL coefficients: results TECHNISCHE

UNIVERSITAT
DARMSTADT

» Resulting coefficients:

Mo — m
aq =

11 4
°G +MOF1, a2=E+§F1+M§F2, az =M (F2+§M§F3> s

1 1 1
Oz = ZF2 +2MEFs + 2M; Fa Qup = ZF2 + §/\//§F3
d° ,
> Fo= 8N oo T g @i =@+ 07T

» away from the chiral limit:

» My#0 = ag=4Myas, = CEP =PLP
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» Resulting coefficients:

Mo — m
aq =

11 4
°G +MOF1, 042=E+§F1+M§F2, O¢3=M0 (F2+§M§F3> f

1 1 1
aa=4Fo+ 2MEFs +2MyFa,  up = i §/\//§F3

o 1 .
> Fo=8Ne [ oms T2 gy @1 =@+ T

» away from the chiral limit:
> Mo 7!0 = Qa3 = 4M00t4,b = CEP =PLP

The CEP coincides with the PLP!
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» phase diagram for m= 10 MeV:
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» phase diagram for m= 10 MeV:

50

40 b

30 +

T (MeV)

20 -

» dominant instability in the scalar channel
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» position of the CEP=PLP for different m:

100
80 | 8
0
< 60r .
[}
=3
S 10 4
Y20
<" 30 40 50
20 - R
1 1 1 1 1 1 1
260 280 300 320 340 360 380

H (MeV)

400

m/MeV  m,/MeV
0. 0.

1. 43.

5. 96.

10. 135.
20. 191.
30. 235.
40. 271.
50. 303.
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Motivation

» 2-flavor NJL: TCP — LP, CEP — PLP 100

80 ™

60

40 A\
\

20 \

T [MeV]

1
0 260 280 300 320 340 360 380 400
g IMeV]

[D. Nickel, PRD (2009)]
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Motivation

» 2-flavor NJL: TCP — LP, CEP — PLP 100
» |Is this also true in QCD? s zg k
So N
20 AN

11N
0 260 280 300 320 340 360 380 400
g IMeV]

[D. Nickel, PRD (2009)]

December 5, 2018 | Michael Buballa | 19



Motivation

TECHNISCHE
UNIVERSITAT
DARMSTADT

» 2-flavor NJL: TCP — LP, CEP — PLP
» |Is this also true in QCD?

» No proof yet, but similar picture
from QCD Dyson-Schwinger studies

T [MeV]

200

150

100 |

== hom. Ist order ------- 1

T T T
Chiral density wave
hom. spinodals ———-

" hom. 2nd order —-—-

0 . . .
0 100 200 300

400 500
1 [MeV]

[D. Miiller et al. PLB (2013)]

December 5, 2018 | Michael Buballa | 19



Motivation

TECHNISCHE
UNIVERSITAT
DARMSTADT

v

v

v

v

2-flavor NJL: TCP — LP, CEP — PLP
Is this also true in QCD?

No proof yet, but similar picture
from QCD Dyson-Schwinger studies

If true, would it still hold for 3 flavors?

T [MeV]

200

150

100 |

' Chir al' density "wave
hom. spinodals ———-
=, hom. 1st order ------- 4
~-hom. 2nd order —-—-
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[D. Miiller et al. PLB (2013)]
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» 2-flavor NJL: TCP — LP, CEP — PLP N=2 PUIe auge
» Is this also true in QCD? PR X i %orde\‘
» No proof yet, but similar picture e
from QCD Dyson-Schwinger studies ) Ni=3
phys. Ng=1
» If true, would it still hold for 3 flavors? A ING
2nd order
» 3-flavor QCD with very small quark masses: e
» CEP reaches T-axis oL

é PLP reaches T-axis

» chance to study the inhomogeneous phase
on the lattice!

[from de Forcrand et al., POSLAT 2007]
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v

v

» Here: Ginzburg-Landau study for 3-flavor NJL

2-flavor NJL: TCP — LP, CEP — PLP

Is this also true in QCD?

No proof yet, but similar picture

from QCD Dyson-Schwinger studies
If true, would it still hold for 3 flavors?

3-flavor QCD with very small quark masses:

» CEP reaches T-axis
é PLP reaches T-axis

» chance to study the inhomogeneous phase

on the lattice!

Ny=2 Pure
Gauge
o
2nd order
¥ ol 2nd order
Z(2)
tric
s N;=3
phys. Ng=1
point
mg
2nd order
¥ 22)
0
0 m,,my i

[from de Forcrand et al., POSLAT 2007]
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» Lagrangian: L = (i@ — M)y + L4 + L

» fields and bare masses: ¢ = (u,d,s)’, M= diag,(0, 0, ms)
8 - -

» 4-point interaction: Li=G> [(wTan)Z + (W’ysTal/))Z]
a=0

» 6-point ('t Hooft) interaction:  Ls = —K [det;gh(1 + vs)tp + detrp(1 — vs)]
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3-flavor NJL model
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» Lagrangian: L = (i@ — M)y + L4 + L

» fields and bare masses: ¢ = (u,d,s)’, M= diag,(0, 0, ms)
8 - -
» 4-point interaction: Ls=GY [(brah) + (insTarh)’]
a=0
» 6-point ('t Hooft) interaction:  Ls = —K [det;gh(1 + vs)tp + detrp(1 — vs)]

» Mean fields:
> light sector: (au) = (dd) = £, (Tivsu) = —(divsd) = £
(= (betpe) = (Ou) +(dd) = S, (heinsTstpe) = (Uinsu) — (dinsd) = P)
» strange sector: (3s) = Ss, (5ivss) =0
» no flavor-nondiagonal mean fields

» allow for inhomogeneities: S = S(X), P = P(X), Ss= Ss(X)
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> Que(T, ) = —4Tr log (i@ + py° — M) + 3 [ dPx V(X)
> dressed ‘masses” M, q4(X) = —(2G — KSs(X))(S(X) + isP(X))
Ms(X) = ms — 4GSs(X) + 1K (SP(X) + P*(X))
> “potential field”:  V(X) = G(S?(X) + P2(X) + 254(X)) — KSs(X) (S(X) + P*(¥))
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> Que(T, ) = —4Tr log (i@ + py° — M) + 3 [ dPx V(X)
> dressed ‘masses” M, q4(X) = —(2G — KSs(X))(S(X) + isP(X))
Ms(X) = ms — 4GSs(X) + 1K (SP(X) + P*(X))
> “potential field”:  V(X) = G(S?(X) + P2(X) + 254(X)) — KSs(X) (S(X) + P*(¥))
» K =0: lightand strange sectors decouple!
Mg = —2G(S+ivsP), Ms(X) = ms — 4GSs; V= G(S?+ P?) + 2GS,
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Mean-field Thermodynamic Potential
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> Que(T, ) = —4Tr log (i@ + py° — M) + 3 [ dPx V(X)
> dressed ‘masses” M, q4(X) = —(2G — KSs(X))(S(X) + isP(X))
Ms(X) = ms — 4GSs(X) + 1K (SP(X) + P*(X))
> “potential field”:  V(X) = G(S?(X) + P2(X) + 254(X)) — KSs(X) (S(X) + P*(¥))
» K =0: lightand strange sectors decouple!
Mg = —2G(S +insP), Ms(X)=ms—4GSs; V= G(S?+P?) +2GSs
» Chiral density wave ansatz for the light sector:
S(X) = ¢pcos(q - X), P(X)=d¢osin(G-X), Ss=¢s=const.
= Myg=206% A= —(2G - Kos)do,
Ms = const., 'V = const.
consistent with the literature Moreira et al., PRD (2014)]
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» Difficulty at ms # 0: No SU(3), x SU(3)g restored solution

>» Mmy=myg=0
= Expand about two-flavor restored solution S = P = 0:

QuelS, P, Ss] = Quel0,0, S71 + \17 / d’x Qa[S(X), P(X), X(X)]

> strange condensate:  Ss(X) = S + X(X)
> Sg”: homogeneous solution of the gap equation for S= P =0 atgiven T and u

» Expand Qg in S, P and X, and their gradients.
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> Define: A,=-2G(S+iP), As=-4GX
[Aj] = (mass) — counting scheme: O(V) = O(A))
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» Define: Ay =—2G(S+IiP), As=—4GX
[A] = (mass) — counting scheme: (’)(ﬁ) = 0(4))
» Resulting structure:
Qar = @|Ag]? + @ Agl* + a4 p| VAP
+ b1 D + bo A2 + by A2 4+ by o, A + by p(VAG)?
+ 3| ApPAg + 4| VAP (V Ag)? + O(A%)

!
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» Define: Ay =—2G(S+IiP), As=—4GX
[A] = (mass) — counting scheme: (’)(ﬁ) o))
» Resulting structure:
Qar = @|Ag]? + @ Agl* + a4 p| VAP
+ b1 D + bo A2 + by A2 4+ by o, A + by p(VAG)?
+ 3| ApPAg + 4| VAP (V Ag)? + O(A%)

!

> Stationarity condition:  93&[, \ =0 & by =
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» Define: Ay =—2G(S+IiP), As=—4GX
[A] = (mass) — counting scheme: (’)(ﬁ) o))
» Resulting structure:
Qar = @|Ag]? + @ Agl* + a4 p| VAP
+ Do A2 + by AS + by A% + by p(V A)>
+ 3| ApPAg + 4| VAP (V Ag)? + O(AY)

> Stationarity condition:  93&[, \ =0 & by =
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Ginzburg-Landau potential
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> Define: Ay=-2G(S+iP), As=-4GX

[A] = (mass) — counting scheme: (’)(ﬁ) o))
» Resulting structure:

QGL = a2|Ag‘2 + a4’a|Ag‘4 + a4’b|§Ag‘2
+ Do A2 + by AS + by A% + by p(V A)>

+ 3| ApPAg + 4| VAP (V Ag)? + O(AY)
> Stationarity condition:  93&[, \ =0 & by =
©) _ o*p Mo
= Mg’ =mg— 16N, G Tzn: f @ (wpt )P —F2—MOZ

(= gap equation for Méo) = Ms|s=p-x-0 = ms — 4GS(S°))
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» Extremizing Que w.r.t. Ag(X)

Qa1 _ 9 O _
0As a’ 00;iAs 0

S Do=—SIAR+ OB

— Euler-Lagrange equation
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» Extremizing Que w.r.t. Ag(X)

: . a9 00a _
— Euler-Lagrange equation Fz: — Jiz5a- =0

& Do= 2 AP+ O(A
» Insertinto Qg :

QoL = a|Af? + (25,0 — *)\Aer‘ ra| VAR + O(Af)
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Eliminating the strange condensate
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» Extremizing Que w.r.t. Ag(X)

— Euler-Lagrange equation %%GSL —0; §5’§ =0
& Ag= _20—32|A4|2 +O(| A%
» Insertinto Qg :

QoL = a|Af? + (25,0 — *)\Aer‘ ra| VAR + O(Af)

» Critical and Lifshitz points:

» CP: ax=as,— —_O
> LP: a2=a4,b=0
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Eliminating the strange condensate
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» Extremizing Que w.r.t. Ag(X)

) . Qa1 _ 9 O _
— Euler-Lagrange equation Fz: — Jiz5a- =0

& Do= 2 AP+ O(A
» Insertinto Qg :

c2 -
QoL = a|Adf® + (as0— 4—;2)\A5|4+a4,b|VAg|2 + O(A9)

» Critical and Lifshitz points:
2
> CP: @ =asa— 45 =0
» LP: a» = asp=0

CP and LP don’t coincide anymore!
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» Relevant GL coefficients (no guarantee yet!):
MO
a = 75(1+20) + (1 +0)? 4NC%42;2 + 50z Nev, sz 0

2+ MO 2
ua=(1+0)" 2Ne o 3 & + o Ne g 3 [,,”_T,]
a4’b = (1 +5) 2NC Va Z p4

K [ 1\ 1 PaMp*
%=@[@+(1+5)2NCWZP+NCWZW]

> abbreviations: & = — XS, =y = TZf 27r)a
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» Relevant GL coefficients (no guarantee yet!):

a2=4176(1+26) (1+(5 Zp2+262 CV4Zp2 M
+MO
as0=(1+0)* 2N, ; ,14 e NcVAZm

anp=(1+022N; LY &

K [1 1§ 1 1 prem
ot S

> abbreviations: & = — XS, nL= TZf 27r)a

» Interesting limits:
» K=0 = =0 = CP=LP
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Discussion
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» Relevant GL coefficients (no guarantee yet!):
a = 75(1+20) + (1 +0)? Zp2+26‘2 CV4Zp2M

4 1
asa=(1+0)"2Ne 7 > o + she Nov; Vi 2 [

P +MS

anp=(1+022N; LY &

K [1 1§ 1 1 prem
ot S

> abbreviations: & = — XS, =y = TZ] 27r)3
» Interesting limits:

» K=0 = 6=0 = CP=LP
»ms—0 = MY, S 60 = LP— LP(K=0)+#CP
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Discussion
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» Relevant GL coefficients (no guarantee yet!):
a = 75(1+20) + (1 +0)? Zp2+26‘2 CV4Zp2M

4 1
asa=(1+0)"2Ne 7 > o + she Nov; Vi 2 [

P +MS

dsp = (1 +5) 2NC A Z ra

05 = 5 [ + (1 +5)2NC\LZQZ+NC\}AZ[;2’2+MA”%Z:§]Z]
> abbreviations: & = — XS, nL= TZf 27r)a
» Interesting limits:
» K=0 = =0 = CP=LP
»ms—0 = MY 8P 650 = LP— LP(K=0)+#CP
» Numerical survey of the general case still to be done.
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v

Ginzburg-Landau analysis of the effect of bare quark masses and strange
quarks the inhomogeneous chiral phase in the NJL model

> nonzero myq:
» PLP coincides with CEP

» dominant instability towards inhomogeneities in the scalar channel

» numerical result: inhomogeneous phase survives large (higher than physical)
quark masses

v

strange quarks:
» CP and LP no longer agree as a consequence of the axial anomaly

» detailed numerical study to be done

v

studies in the QM model underway
» QCD?
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