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Low density:

• Chiral crossover

• Critical End Point
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Medium density:

• First-order phase transition

• Onset of new phases 


              (Moat regime, 

               Inhomogeneous phase, 

               Spatial modulation,

               Liquid crystal phase…)

Low density:

• Chiral crossover

• Critical End Point
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Low density:

• Chiral crossover

• Critical End Point

High density:

• Neutron Stars

• Color Superconductor

• Color-flavor locking

Medium density:

• First-order phase transition

• Onset of new phases 


              (Moat regime, 

               Inhomogeneous phase, 

               Spatial modulation,

               Liquid crystal phase…)
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• Negative meson wave function 

    observed in fRG-QCD
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fQCD (2025)

• Enhance the space-like region of spectral function
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Broken phase Moat regime

Fu, Pawlowski, Pisarski, Rennecke, Wen, SY, 
arXiv: 2412.15949
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fQCD (2025)

• Enhance the dilepton production rate
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Nussinov, Ogilvie, Pannullo, Pisarski, Rennecke, Schindler, Winstel, 

Phys. Rev. Lett. 135 (2025) 10, 101904

Moat

• Peak in HBT correlation
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Rennecke, Pisarski, Rischke

Phys. Rev. D 107 (2023) 11, 116011



Moat regime in low energy models
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• Size of Moat regime depends on 
regularization schemes of model?


• What is the mechanism of Moat 
regime formation?


• Why shape of Moat regime in low 
energy models is different from QCD?

Questions to answer:

10.10.2025, Dalian
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Quark-Meson Model
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[
εµϑµ → ε0µ̂

]
q +

1

2
(ϑµω)

2

+ h q̄(T 0ϖ + iε5T · ω)q + U(ϱ)→ cϖ

+ Lct

Two-flavor Quark-Meson model:

Random Phase Approximation (RPA):
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V (ω) = U(ω)→ T

V ln detM(ε)
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M(ω) = εµϑµ → ε0µ+ hT 0ω
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V (ω) = Vvac(ω) + Vthermal(ω)

Only quark contribution
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V MS
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f

8ε2
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(mf
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)
Regularized vacuum part:

Full effective potential:

<latexit sha1_base64="sBdBMLgNHwS+pEifgZNLt1j878s="></latexit>

U(ω) = →εω+ ϑω2/2

Mesonic part:

<latexit sha1_base64="s3hXa30iUrgPgSAeuRTqRhwJOO0="></latexit>

ω0 = 92MeV

m̄vac
ω = 136MeV

m̄vac
ε = 480MeV

mvac
f = 300MeV

Renormalization condition

at vacuum (curvature masses):

<latexit sha1_base64="9FEKJPZ3gbkmJGg78dqK11cyE60="></latexit>

M = 300MeV

ω = (482MeV)2

ε = 75.8

c = 0.0017GeV3

h = 6.5

Dimensional regularization:
<latexit sha1_base64="qQiwAmOF0vTxE1kr/Z1CQmzhiQY="></latexit>
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ϑ
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]

+ Lct
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ω=const.

Counter term:
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Pion two-point function
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Regularized vacuum part:
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Need a renormalization condition!
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Dimensional regularization:

Counter term:
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Renormalization of wave function

Shi Yin JLU Dissecting the moat regime at low energies I 9/18

Introduction Moat regime at low energies Summary and Outlook

Pole mass or screening mass can be 
used as renormalization condition:

<latexit sha1_base64="PyaEo2Su9Kvtl03K9NX1/L1/Kjo="></latexit>
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Here we take a simple condition:
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Z→
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Renormalization of finite momentum
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!ω,vs
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vac (p
2;mf )

→!ω,re
vac (p

2
0 = 0,p2;mvac

f )

+!ω,re
vac (0;m

vac
f )

Self-energy

Vacuum self-energy

Self-energy mass termWrong !

• Unphysical results at high spatial momentum 
for 


• We introduce a renormalization condition for 
whole two-point function

MS

Trivial two-point function at vacuum:
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Phase structure
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• Moat regime also exists at low 
density


• The shape of moat regime is 
different from QCD results


• No inhomogeneous instability of 
the pion has been observed

Inhomogeneous phase depends on sigma meson mass 
See arXiv:1404.0057 by Carignano, Buballa, Schaefer

10.10.2025, Dalian



CA and PH fluctuations
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Fu, Pawlowski, Pisarski, Rennecke, Wen, SY, 

arXiv:2412.15949
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Eq(q)→ Eq(q → p)

Self-energy

Particle Creation and annihilation (CA):

Particle-Hole (PH):

CA PH
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CA and PH fluctuations
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High T limit at vanishing density: • CA fluctuation drives  negative at high T 

• PH fluctuation drives  negative at low T

Z⊥
π

Z⊥
π
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Shape of moat regime
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fQCD (2025)
• Moat regime in both QCD and models is given by quark-loop 

• Shape of moat region from QCD calculations differs from that obtained in models
What do we miss?

→1

=

→1

+
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Yukawa Coupling
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On the side of theories, lattice QCD simulation is a
nonperturbative first-principle approach, which has pro-
vided us with lots of remarkable insights and understand-
ing in recent years, such as the determination of freeze-
our parameters through the confrontation of lattice re-
sults with experiments [? ? ? ], the QCD equation
of state and fluctuations of conserved charges at finite
chemical potentials using Taylor expansions or analyti-
cal continuation [? ? ? ? ], etc. However, because of
the sign problem, lattice calculations are usually limited
to some specific region in the QCD phase diagram, say
µB/T  2, which corresponds to center-of-mass energies
& 12 GeV, and in this regime the existence of a CEP is
disfavored [? ]. Functional continuum field approaches,
e.g., the Dyson-Schwinger equation [? ? ? ? ], and the
functional renormalization group (FRG) [? ? ? ? ? ? ],
etc., which are complementary to the lattice QCD, have
also seen significant progresses on the studies of the non-
perturbative QCD and QCD thermodynamics in recent
years.

The FRG approach is a nonperturbative continuum

field theory [? ], which encodes successively quantum
fluctuations of di↵erent scales with the evolution of the
renormalization group (RG) scale. And thus a full quan-
tum e↵ective action is obtained from a classical one, af-
ter the RG scale evolves from the ultraviolet to infrared
region. For more discussions about the FRG, see, e.g.,
QCD related reviews in [? ? ? ? ? ] and recent devel-
opments in [? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
].

In the past several yeas a remarkable progress on the
studies of FRG is the first-principle calculations in the
Yang-Mills theory and QCD, e.g. the quenched [? ] and
unquenched [? ] QCD in the vacuum, the Yang-Mills
gauge theory in the vacuum [? ] and finite tempera-
ture [? ], the unquenched QCD in the vacuum with a
simplified truncation [? ? ]. In this work, we would
like to perform the first-principle QCD calculations at
finite temperature and baryon chemical potential within
the FRG approach. QCD phase transitions including the
chiral phase transition and the color deconfinement phase
transition will be investigated. We will also study the

• Fluctuation of Yukawa coupling will suppress 
CA and PH fluctuations at high temperature 

• Different approximation can give different 
Yukawa coupling behavior

10.10.2025, Dalian



Yukawa Coupling
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One-loop Yukawa coupling
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Constant Yukawa coupling

Fluctuation of Yukawa coupling controls the moat regime !

arXiv:2412.15949

10.10.2025, Dalian

Constant Yukawa coupling Constant Yukawa coupling

Running Yukawa coupling
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Summary and Outlook
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• Moat regime is studied within a quark-meson model 
• In addition to regularization, renormalization condition of meson wave function 

renormalization should also be specified 
• CA processes drive moat at high T, PH fluctuations drive moat at both low and high T 
• Shape of moat regime is controlled by Yukawa coupling
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Summary and Outlook
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✦ Analytic structure of meson two-point function 
✦ Friedel Oscillations 
✦ Spectral functions 
✦ Inhomogeneous instability 
✦ …

Dissecting the moat regime at low energies II :

• Moat regime is studied within a quark-meson model 
• In addition to regularization, renormalization condition of meson wave function 

renormalization should also be specified 
• CA processes drive moat at high T, PH fluctuations drive moat at both low and high T 
• Shape of moat regime is controlled by Yukawa coupling
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