
Coupling strength induced BCS-BEC crossover 

on phase boundary of pion superfluid

刘志洋 毛施君

西安交通大学

arXiv:2310.02685



●Background

●Order parameters

●Goldstone mode

●Equation of state

●Sarma & LOFF

●Summary



●Background

●Order parameters

●Goldstone mode

●Equation of state

●Sarma & LOFF

●Summary



Background

For theoryCrossover



Background

For experiment

scattering length: sign reversal

Feshbach Resonance

𝑎s𝑐 > 0 BEC

𝑎s𝑐 < 0 BCS



Background

●The increasing isospin (baryon) density leads to a phase transition from normal 

quark matter to a pion superfluid (color superconductor).
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2-flavor Nambu-Jona-Lasinio model

The thermodynamic potential in the mean field approximation

Order parameters:

𝑚 = 𝑚0 − 2𝐺 ത𝜓𝜓

Δ = −2𝐺 ത𝜓𝑖𝛾5𝜏1𝜓

Framework



Gap equations

𝜕𝛺

𝜕𝑚
=
𝜕𝛺

𝜕Δ
= 0

𝐸𝑘
± = 𝐸𝑘 ± Τ𝜇𝐼 2 2 + Δ2𝐸𝑘 = 𝑘 2 +𝑚2Quasi-particle energy

Order parameters

Gap eq 1

Gap eq 2

Pauli-Villars scheme

Range of application: Uniform and non-uniform superfluid



Pauli-Villars scheme

Normalize thermodynamic potential:

Normalize parameters:



Condensates

At low isospin chemical potential region

Δ = 0

When 𝑚 < Τ𝜇𝐼 2

When 𝑚 > Τ𝜇𝐼 2



Condensates

The pion condensate begins to appear

Strong coupling strength

Critical isospin chemical potential

Weak coupling strength

Critical isospin chemical potential

𝜇𝐼
𝑐 = 𝑀𝜋 𝜇𝐼

𝑐 < 𝑀𝜋

𝐸𝑘 > 𝜇𝐼/2

𝐸𝑘 < 𝜇𝐼/2

𝐺0 = 2.89 GeV−2

Gap eq 2: Gap eq 2:

polarization function:



BCS-BEC crossover

effective chemical potential

BCS-BEC crossover

𝜇𝑒𝑓𝑓 > 0 𝜇𝑒𝑓𝑓 < 0

effective chemical potential on phase boundary

𝜇𝑒𝑓𝑓
𝑐 = 0

At 𝐺0 = 2.89 GeV−2
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Mesons

RPA resummation (quantum fluctuation)

Meson polarization functions

The meson mass is determined through its own pole equation



When 𝑚 > Τ𝜇𝐼 2

Goldstone mode

When 𝑚 < Τ𝜇𝐼 2

𝐴 = ൗ
𝜇𝐼

2
2
−𝑚2

Strong coupling

Weak coupling
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Sound velocity

degree of softness or hardness

Equation of state
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Sarma & LOFF



Sarma & LOFF

When 𝑚 < Τ𝜇𝐼 2
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Summary

Strong Coupling Weak Coupling

Pion superfluid BEC , Fast BCS , Slow

Critical point

Goldstone mode Continuous zero Jump to zero

Equation of state 𝑐𝑠
2 monotonous and high 𝑐𝑠

2 Non-monotonic and low

Sarma High 𝜇𝐵 Low 𝜇𝐵

𝜇𝐼
𝑐 = 𝑀𝜋 𝜇𝐼

𝑐 ≠ 𝑀𝜋



Thank You！


