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A. Heinz, F. Giacosa, and D. H. Rischke, Nucl. Phys. A 933, 
34 (2015) + referenfces therein
S. Carignano, M. Buballa, PRD, 101(1), 014026 (2020).

Chiral Density Wave (CDW)

Anisotropic chiral condensate
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• Inhomogeneous phases extensively 
studied in quark models

• Nucleon models ignore Dirac sea

S. Carignano, M. Buballa, B.J. Schaefer, Phys. Rev. D 90, 
014033 (2014)

A. Heinz, F. Giacosa, and D. H. Rischke, Nucl. Phys. A 933, 34 (2015)

Similar in spirit approaches:

No explicit mass terms for nucleons 𝑀 = 𝑔𝜎𝜙,
Chiral symmetry “restoration” possible

• Mean field free energy and 𝑇 = 0

• Impose isospin symmetry 𝑛𝑝 = 𝑛𝑛
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Dirac sea and renormalization

So that free energy is bounded for large q:

Baryonic vacuum contribution:

divergent!

Proper time regularization Λ + renormalization at scale

Select

Eduardo S. Fraga, Letícia F. Palhares, and Tulio E. Restrepo
Phys. Rev. D 108, 034026 (2023)
Aleksi Kurkela, Paul Romatschke, and Aleksi Vuorinen
Phys. Rev. D 81, 105021 (2010)
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Free parameters ↔ properties of symmetric nuclear matter at saturation:

• Binding energy: 𝐸𝐵 = −16.3 MeV

• Density: 𝑛0 = 0.15 fm−3

• Incompressibility: 𝐾 ≈ 200 − 300 MeV

• Symmetry energy: 𝑆 ≈ 30 − 34 MeV

• Slope of symmetry energy: 𝐿 ≈ 40 − 140 MeV (PREX), Phys. Rev. Lett. 126, 172502 (2021)

• Effective nucleon mass: 𝑀0 ≈ 0.7 − 0.8 𝑚𝑁
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• Incompressibility: 𝐾 ≈ 200 − 300 MeV

• Symmetry energy: 𝑆 ≈ 30 − 34 MeV

• Slope of symmetry energy: 𝐿 ≈ 40 − 140 MeV (PREX), Phys. Rev. Lett. 126, 172502 (2021)

• Effective nucleon mass: 𝑀0 ≈ 0.7 − 0.8 𝑚𝑁

Direct relation to nuclear matter phenomenology!

We mainly explore the
𝑀0, 𝐿

parameter space
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Results - CDW

Explicit chiral symmetry breaking shifts the CDWCDW replaces the chiral phase transition
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Existence of heavy compact stars excludes CDW

Poster: “C ira  Densit  Wave  n er ne tron star  on itions”

O. Papadopoulos and A. Schmitt – Work in progressPreliminary
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• Beta equilibrium, charge neutrality

• Alternative models to tackle model dependent effects

• Transport properties may be significantly modified

Outlook
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With implications for:
M. Alford, A. Harutyunyan, A. Sedrakian, 
Phys. Rev. D 108, 083019 (2023)

O. Papadopoulos and A. Schmitt – In preparation
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• Beta equilibrium, charge neutrality

• Alternative models to tackle model dependent effects

• Transport properties may be significantly modified

Outlook

A. Heinz, F. Giacosa, D. H. Rischke, Nucl. Phys. A, 933, 34-42, (2015)

With implications for:
M. Alford, A. Harutyunyan, A. Sedrakian, 
Phys. Rev. D 108, 083019 (2023)

O. Papadopoulos and A. Schmitt – In preparation

Thank you!
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Results - Isotropic

T e Dira  sea’s effe t is i portant 
even for homogeneous phases

Brandes L., Kaiser N. & Weise W. Eur. Phys. J. A 57, 243 (2021)
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Results - CDW

CDW preferred when CDW appears despite the crossover Small effect of the pion mass
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Chiral limit – Physical pion mass



Results - CDW

  ira    restore 

n   ear  a er

CDW

Without the sea the CDW is always preferred
Without the q-dependent renormalization scale 
the unphysical island appears
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