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Abstract
We investigate the stability of an inhomogeneous chiral condensed phase against low energy fluctuations about a spatially modulated order parameter. This phase corresponds to the so-called dual chiral density wave of dense quark matter,

where the chiral condensate is spatially modulated with a finite wavevector in a single direction. From a symmetry point of view the phase realizes a locking of flavor and translational symmetries. Starting with a Landau-Ginzburg-Wilson effective
Lagrangian, we find that the associated Nambu-Goldstone modes, whose dispersion relations are spatially anisotropic and soft in the direction normal to the modulation wavevector, wash out the long-range order at finite temperatures, but support
algebraically decaying long-range correlations. This implies that the phase can exhibit a quasi-one-dimensional order as in smectic liquid crystals.

1. Introduction [1,2]

Recent theoretical studies of QCD at finite temperature and density predict the presence of inhomo-
geneous chiral condensates. If the inhomogeneous phase actually exists, an elementary excitation on
the ground state could be experimentally observed. If so, what is the physical d.o.f. in the inhomo-
geneous chiral condensed phase? In addition, what fate awaits inhomogeneous phases beyond the
mean-field approximation when order parameter fluctuations are taken into account?

Main Objectives
To answer the above questions, we discuss the following topics:

1. Nambu-Goldstone (NG) excitations; we first clarify the symmetry breaking pattern in an inhomo-
geneous chiral condensed phase and explore dispersion relations for the corresponding low-energy
collective excitation modes.

2. Landau-Peierls instability; Next, we investigate how much the inhomogeneous chiral condensed
phase is stable against low energy fluctuations about a spatially modulated order parameter.

2. Nambu-Goldstone (NG) excitations

Landau-Ginzburg-Wilson effective Lagrangian

L(ϕ) = c2∂0ϕ · ∂0ϕ− V(ϕ)
V(ϕ) = a2(ϕ · ϕ) + a4,1(ϕ · ϕ)2 + a4,2(∇ϕ · ∇ϕ)

+ a6,1(∇2ϕ · ∇2ϕ) + a6,2(∇ϕ · ∇ϕ)(ϕ · ϕ) + a6,3(ϕ · ϕ)3 + a6,4(ϕ · ∇ϕ)2

▷ low energy effective Lagrangian density for a general chiral order parameter ϕ 
▷ obtained from a microscopic theory by integrating out all higher energy modes 
▷ coefficients ai,j can be estimated within NJL/QM model (c1 = 1 for simplicity) 
▷ terms up to 6th-order one with a6,j leads to a stable inhomogeneous phase

Inhomogeneous chiral condensed phase

Figure 1: The DCDW condensate given by
a plane wave ⟨ψψ⟩ + i⟨ψiγ5τ3ψ⟩ = ∆eiqz.

We consider a Fulde-Ferrell-type inhomogeneous chi-
ral condensate with aone-dimensional modulation in
3+1 dimensions. In the context of quark matter, this
corresponds to the dual chiral density wave (DCDW)
characterized by modulated scalar and pseudoscalar
condensates (Fig.1) :

⟨ψψ⟩ = ∆cos(qz), ⟨ψiγ5τ3ψ⟩ = ∆ sin(qz).

where a wavenumberq and aconstant amplitude∆
corresponding to⟨ψeiγ5τ3qzψ⟩.

Spontaneous symmetry breaking and NG modes
▷ Ground state of the DCDW type(O(4) real field forϕ) :

ϕDCDW = ∆
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▷ Symmetry breaking pattern :

• SU(2)L × SU(2)R chiral symmetry + translation in z direction

• isospin and axial isospin rotations

• spatial rotations about x and y axes

Low energy collective excitations

3. Landau-Peierls instability [3]

Impacts on low energy fluctuation
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