
Ricardo L.S. Farias 
Physics Department 

Federal University of Santa Maria - Brazil

Erice, September, 
2025  

Peak of the Speed of Sound in 
QCD Matter: Violation of the 

Conformal Limit at Finite Density 



Outline

Motivation  

Effective models of QCD under extreme 
conditions X LQCD. 

Role of the Medium Separation Scheme (MSS). 

How a isospin asymmetry can influence the 
phase diagram of QCD? 

Conclusions and perspectives



QCD Phase Diagram

 Nuclear Physics European Collaboration Committee  Long Range Plan 2017

	 QCD Phase Diagram: Open Challenges

 Fundamental parameters: μB, μI, T, B, …

 EoS → key to strongly interacting matter

 Crucial for: 
                   # Early Universe 
                   # Neutron stars & supernovae

 Probed by: 
                   # Heavy-ion collision 
                   # Nuclear structure 
                   # Gravitational waves (BH–      
NS, NS–NS mergers)

 Many aspects still unknown!



Motivation
Why relevant?

nI = nu � nd

 Excess of neutrons over protons

 Neutron star interiors

 In RHIC isobar 
program

Brookhaven Lab, RHIC isobar collisions — “Search for Chiral Magnetic Effect”, 31 Aug 2021



Isospin chemical potential

 Grand canonical ensemble

 Chemical potentials

nI = nu � nd

 Zero baryon number: 
µu = µI

µd = �µI

µs = 0
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Will Detmold presentation @ Lattice and Continuum Approaches to Strongly Coupled QFT (2025)



Will Detmold presentation @ Lattice and Continuum Approaches to Strongly Coupled QFT (2025)



Conformal Limit violation: First 
evidence

[det M(µ)]⇤ = det M(�µ⇤) 2 C



GW constraints

Fig. from S. Reddy presentation @BNL (2021)



GW constraints

Fig. from S. Reddy presentation @BNL (2021)

Breakdown of 
the models



Insights from LQCD



2 color QC2D lattice simulations
Bump of sound velocity in dense  

2-color QCD

K. Lida and E. Itou, PTEP 2022 (2022) 11, 111B01 
K. Lida,  E. Itou,  K. Murakami, D. Suenaga, JHEP 10 (2024) 022 T. Kojo and D. Suenaga, PRD 105, 076001 (2022)

2-color NJL model



Recent LQCD results: 

B.B. Brandt, F. Cuteri, G. Endrodi,  JHEP 07 (2023) 055 

<latexit sha1_base64="I5qxrAOSJ7+6pmY35DUc/XcIFZQ="></latexit>

T = 0, µB = 0 and µI 6= 0



To make progress
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where !(k) = (k2 +M2)1/2

SU(2) NJL model

Needs regularization!



Causality violation
<latexit sha1_base64="KUjrDTeZUNP4FeYUkppmSqNW2po="></latexit>

µq = 0

RLSF, A.E.B.Pasqualotto, W.R. Tavares, S. Avancini and G. Krein,  Phys. Rev. D 107, 096017 (2023) 



Dyana C. Duarte presentation @ Hadrons Physics (2025)

Medium Separation Scheme



NJL+MSS  X  NJL + RG  X QMM

RLSF, G. Dallabona, O.A. Battistel and G. Krein, PRC 
73, 018201 (2006)

H. Gholami, M. Hofmann and M. Buballa, 
PRD 111, 014006 (2025)

D.T. Son, Phys. Rev. D 59, 094019 (1999)

J.O. Andersen and M. P. Nødtvedt, PRD 111, 034031 (2025)

2SC CSC



SU(2) NJL model

From these equations we obtain

� = 4GNcM I�

� = 4GNc� I�

with the definitions
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TRS 
scheme
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In the mean-field approximation, the thermodynamic potential is given by

⌦NJL =
�2 +�2
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T = 0, µB = 0 and µI 6= 0



Medium Separation Scheme

M0 is the vacuum quark mass!
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RLSF, B. Lopes, D.C. Duarte, R.O. Ramos,  e-Print: 2507.14343 [hep-ph]

Pion condensate

T=0 NJL + isospin asymmetry

https://arxiv.org/abs/2507.14343


T=0 Sound velocity

RLSF, B. Lopes, D.C. Duarte, R.O. Ramos,  e-Print: 2507.14343 [hep-ph]

R. Abbott et al. [NPLQCD], Phys. Rev. Lett. 134, no.1, 1 (2025)

This data does not control 
for finite lattice spacing 
effects, and there are also 
uncontrolled systematics at 
large and small 

Updated bounds based on the continuum limit lattice 
QCD results at the physical quark masses, χPT, and 
perturbative QCD through the GP-model.
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✏ = �P + µInI

c2s =
@P

@✏

https://arxiv.org/abs/2507.14343


Thermodynamics

RLSF, B. Lopes, D.C. Duarte, R.O. Ramos,  e-Print: 2507.14343 [hep-ph]

— SB 
limit

—  
SB 

limit
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extrapolation
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extrapolation

https://arxiv.org/abs/2507.14343


Speed of sound peak in isospin QCD: a natural prediction of the 
Medium Separation Scheme

RLSF, B. Lopes, D.C. Duarte, R.O. Ramos,  e-Print: 2507.14343 [hep-ph]

R. Abbott et al. [NPLQCD], Phys. Rev. Lett. 134, no.1, 1 (2025)

(A) J. O. Andersen and M. P. Nødtvedt, [arXiv:2502.10229 [hep-ph]]. 
(B) B. B. Brandt, V. Chelnokov, G. Endrodi, G. Marko, D. Scheid and L. von Smekal,[arXiv:2502.04025 [hep-ph]]

No adjust of  
NJL parameters,  
Just disentangle  

medium  
contributions from  

the vacuum!

https://arxiv.org/abs/2507.14343


Final Remark: QCD under extreme conditions

Finite temperature T 

Finite magnetic field eB 

Chiral chemical potential  

Two color QC2D 

Finite isospin chemical potential 
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NO 

Sign Problem!

LQCD can be used as a benchmark platform for comparing 
different effective models used in the literature. 



MSS results are consistent with LQCD across 
different contexts and with QMM and FRG 
methods (CSC). 

Perspectives: 

Comparison with RG approach 

Regulator dependence of inhomogeneous phases 

Finite densities + confinement effects

Conclusion:



 Thank you for your attention!


