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Inhomogeneous chiral condensate!

® What!: “Halfway” state

= femtoscale “Ordered” T D. Nickel, PRL0O9, PRD09
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Inhomogeneous chiral condensate!

® What!: “Halfway” state

= femtoscale “Ordered” T D. Nickel, PRL0O9, PRD09
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Two types of |D Chiral Crystal

® Spatial modulation in the

real space Spatial modulation (LO)

*x Larkin-Ovchinnikov
(LO) type
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Aims

|. Multidimensional modulations near CP?

* Low dimensional modulation in 3D might be
unstable at finite T

c.f. Landau-Peierls Theorem: Baym, Friman, Grinstein, NPB | 982

Several works related:
Quarkyonlc chlral splral Ko]o et al. (20I 1),
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Rich phase structure!

® New state may
appear at low T
region far from LP = normal state

® [wo types of
FFLO states & o

New critical point <O\ Point
N (LP)

uniform state

® 8th order terms
in GL are needed!

Matsuo, Higashitani, Nagato, Nagai, |PS] 1997
QCD@work 20/6/2012, Lecce, Italy
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Ginzburg-Landau approach

® Expansion of Free energy w.r.t.the  D.Nickel, PRLO9
condensate and its spatial derivative

Qar, = %M(X)M%M(X)M%M(X)G

5&6




GL phase diagram (I D structure)

D. Nickel, PRLO9

-(36/5)ct,

(symmetric)
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GL phase diagram (I D structure)

D. Nickel, PRLO9

-(36/5)ct,

A
&
———= S
»

(symmetric)

Msn(z) =  Tosn(oz,!)
Solitonic chiral condensate
Thies (06), Nickel (09)
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ay | 0‘6_1 ]
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Multidimensional modulations?

2D square lattice : Mop.Lo = Mave(SIN(gx) + SIN( qy))

“egg-carton ansatz’; Carignano, Buballa (201 )

2

“Mave (in(gx) + sin( ay) +sin( ¢2))

3D cubic lattice : M3p.o

AN AN

..........................

2D square lattice contour plot 3D cubic lattice-¢ontour plot
16/2012, Lecce, Italy



-(36/5)at,

-(16/3)at,

LO (3D)
Msn(z) = Tosn(gz,!) SN ——

= 2M ave SIN(QX)

Maye (sin(gz) + sin( qy))

Mave (siN(gx) + sin( qy) + sin( 9z))
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-(36/5)0t,
-(16/3)at,

1@ D)) oo |
LO (2D) '
LO (3D)

SN (solitonic wave) =====- f

Homogeneous state

Averaged mass as
an order parameter

Mave = /(M (x)?)




GL expansion at the critical point

e Optimizing over wavevector q, the potential
can be expanded in powers of M
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GL expansion at the critical point

e Optimizing over wavevector q, the potential
can be expanded in powers of M
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GL expansion at the critical point

® Optimizing over wavevector q, the potential
can be expanded in powers of M

(o 5 N\ ‘ ‘ )
() == M M O(M
1D ( 2 ].6 ) ave _|_ 24 ave -II_ ( CL’UG)
a2 3“421 2 ag| . .4 §
() = M M O(M
2D ( 2 16 ) ave —|_ 24 ave —Il_ ( CL’UG)
az  3aj 2 10laq| , -4 6
() = M M O(M
3D < 2 16 ) ave —|_ 24 ave _|_ ( CL’Ue)
\_ VAN J

quadratic coeff. — critical point is shared

quartic coeff. = 21p < Qap < 23D
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Aims

2. How does the phase structure change
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Need to go beyond 6th order

® Derivative expansion straightforwardly
applied Abuki, ishibashi, Suzuki (201 1)

4

g M(x)* + —=M(x)° —I—[—M(X)ﬂ

? 52‘6 M*(VM)? + = (VAM)?

e
QoL = EQM(X)Z%—

+% (VM)
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Departing the critical point (cg>0
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Departing the critical point (cu>0)
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Departing the critical point (cu>0)
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Going to new regime: ci<(

CP: (-1/27, 1/3)
[(L:0,5/18)
(T:(-0.016,027)
[[P: (0.014,0.16)

0.05 0.1 0.15 0.2
oy | |oc6|3/oc82 ]
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Characterizing the triple point

® Three different forms of sym.-broken phase compete
with each other and coexist at the triple point (T)!

® Model independent universal ratios associated with T

QCD@work 20/6/2012, Lecce, Italy
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Summary

® Multidimensional crystals, not favored!
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Summary

® Multidimensional crystals, not favored!

® Extended the previous GL analysis to
higher order and explored the phase
tructure away from the Lifshitz point.
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Summary

® Multidimensional crystals, not favored!

® Extended the previous GL analysis to
higher order and explored the phase
structure away from the Lifshitz point.
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Further questions

® Do we really have no suitable multi-
dimensional chiral crystal? If no, how could
one dimensional structure be stabilized
against thermal fluctuations? cf.Landau-Peierls Theorem

~ @ Triple point in model? How Polyakov loop

W







How does GL map onto NJL phase diagram
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How does GL map onto NJL phase diagram
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Dimensional analysis and Scaling

® |ntroducing dimensionless variables:
az = 1 [af/ag] Q= w[led’/af]
M = m[y|a|/ag] x = X [vas/|od]

® Relevant parameters are reduced:
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One dimensional modulations

Fulde-Ferrell (1964)
Chiral spiral
Nakano-Tatsumi (2005)

Larkin-Ovchinnikov (1964)
CDW; Nickel (2009)

Solitonic chiral condensate
Buzdin, Kachkachi (1997)
Thies (2006), Nickel (2009)

Higher harmonics truncated
at N=5

Mrio(z) = Asin(z) Real
Mg, (z) = /v sn( z,) Real

Mhh(Z) = Z An@in & Complex
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200 | M. Stephanov (2007) )
130 LTEO04 P —
sy HBO2 LTEO3
L, [O77¢=:7-8e- LRO4; Fodor-Katz;
MeV 170 g T gLRO] /Te ~ 0.7
150 L LR4 - {Ejiri et al. 03 /i8R0
g e LTEO3; Ejiri et al,,
o ~._|de Forcrand, pe/Te ~ 0.8
’ sl
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How does GL map onto (u, T')-phase diagram

LRO4; F-K
e/ Tk =~ 0.7
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GL in the vicinity of critical point

Msn(2) = Tgsn(gz,!)

— D. Nickel, PRLO9
— o, =—(36/5 o0

-=-0o,=—8/73 or.zozé)lf2
112

o, =—(4 a,0) :
1/
a4=—(16/3 a2a6)
—_— O, = 0; o, > 0




Soliton formation

-(36/5)ct,
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Soliton formation

-(36/5)ct,
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>n formation

12, 12
MI| 47 571

-(36/5)ct,

1/2 1/2
z [T 477 ]

0

-0.2
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a2=-0.05
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Energy density profile in detail

Q Q 1
Q(z) = (72]\4(2)2 + 14]\4(2)4 + EM(Z)ES) — Qo
VMZ 5M2(VM)2 (AM)Z |: no derivative terms
+ 4 1 | ( 6 | 5 )

2: Derivative term at 4 th order 3: Derivative terms at 6 th order
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Going to new regime: ci<(
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More on the dimensionality

® d-dimensional extension of 3D-cubic LO

2 . . :
Map.1.o = \/;Mave (sin(qx1) + sin(qzs) + - - - + sin(qxq))

® Effective potential
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Dimensional & Scaling analysis again

® |ntroducing dimensionless variables:

Qg = 1Mo [\a6\3/a§] M = m ogl/ag
1" #
= [a%/ag} X = X ag/|ag]
Q = w |ag/od]
® Relevant parameters are reduced:
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GL in the vicinity of critical point

D. Nickel, PRLO9

Nothing interesting
happens even if
we go far away

from “Lifshitz point”
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GL in the vicinity of critical point

D. Nickel, PRLO9

-(36/5)ct,

Nothing interesting
happens even if

we go far away
from “Lifshitz point”

Need to go beyond the minimal (6-th order) GL description
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