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Neutron Star
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QCD Phase diagram

® Lattice QCD is reliable at
zero baryon density

® Extrapolation limited to

® Finite density in the
regime of neutron star and
mergers we use effective
models

200 Lattice QCQ oy 4

'
”

~ Critieal

Temperature (MeV)

LIGO/VIRGO,
Cosmic Explorer
Einstein Telescope

Net-baryon density

n/n
Q¢ Compa ‘ / 0




Effective Models for Nuclear Matter

We need a simplified theoretical framework that describes QCD in the desired energy range

Interpret data @m——] make predictions

Requirements:
® Chiral symmetry
® Broken scale invariance

® Nuclear matter degrees of freedom and
Interactions

® Constrained by first-principles results and/or
experiments/observations




Chiral Mean Field (CMF) Model

The chiral mean-field Lagrangian is written as

Non-linear realization of SU(3) linear sigma model
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Chiral Mean Field (CMF) Model

The mean field approximation (MFA)
c— < 0> =0

® Meson fields are replaced by their expectation value

o . . VE - < VE>=<V,0>
® \We assume a dense, spatially isotropic, and rotationally

invariant system <m>=0
: SN Y 4
® Mesons are not dynamical degrees of freedom Yy Wiy .
® Negative parity states (x, K, ) are neglected. / \0 XQ
~ ad - @’;‘c‘td/"z du -—
. . — 8 0 +
® Only mesons with IZ3 = () survive n X/ \7”7/ T 1,

Consequence
® Standard CMF includes only baryons and quarks

® Degenerate vector mesons masses for Vector nonet

. Dexheimer et al. PRC.82, 035803



Field Redefined Chiral Mean-Field Model

® \/ector nonet masses redefined to break mass degeneracy

vec

1 .
FC = Z,MTI” [VWV”” < X >? ]

mg = Zgwms, mf)/p = Zw/pm‘z, mq% = Z(pm‘z,
® Refit Polyakov-loop potential m? = 7\ E=p,w,K*, ¢
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Still no vector mesons (p, w, @) and pseudoscalar mesons (7, K, 1)
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Pressure
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Workflow

5 CMF HRG
(Octets and decuplets) (Meson Ideal gas)

:Baryonic Mesonic

PT, pg) = Pryye(T, ug) + P19l (T, 1)



2.0|
BECEEE CMF+Meson(rt,K,n,p,w, )

Pressure

2.5|

 Lattice 2D TExS

: """" Ideal-HRG ”B/T = 25
» CMF no Meson puplT = 1.5




Pressure
5| - Lattice 2D TExS
2.5 attice Gx uplT =35
: Ideal-HR Ul T = 2.5
20l * CMF no Meson uplT=1.5

- — CMF+Resonance(r,K,n,p,w,d)

CMF+Meson(m,K,n,p,w, )

"‘I
-

1.5 {{{ { { { ________
1.00 1T lle T LA { {{{{{ { __{_?—'{
-------------- M e
FRRRBES T o ]
ﬂiﬁﬂﬁ N A A |
A = A * -
A A A
: A Ao 4 4 4 N
A a4 4 A A A A Ao 4 .
0.0 A 4 4 A A A A 4 |
. . . . . . . . ]
120 130 140 150 160

Need to
include
thermal
Interacting



Role of Interacting Mesons in the QCD Equation of State

® |[nteracting mesons are important at finite temperature because of their large
thermal population

® Medium-dependent meson properties are crucial for a realistic QCD equation of
state

® Mesons can condense at finite isospin density, therefore important for neutron star
physics
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In-medium meson mass description (ImMCMF model)

Hadronic (H) grand canonical potential

® fFor athermal model with baryons and mesons
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Before applying mean field approximation:
® Compute the pseudoscalar meson mass

® Compute the vector meson mass
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Chiral Mean Field (CMF) Model

® The inclusion of interacting mesons is essential for constructing a realistic dense-
matter EoS at finite temperature, relevant for neutron stars and neutron star merger
simulations

The feedback in CMF equation of motion
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In mMCMF, the M = M(o, C, 0, w, p, ¢) and the fields depend on T"and

For non-interacting mesons
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In-medium meson mass (MCMF)

Fluctuations of the interaction potential around the vacuum give rise to the in-medium
mMeson masses

%2 . 62
m = lim ———U
Q—><Pp> agﬂlagﬂj

with @, = n,n, 17, K, w, p, K*, ¢, and the vacuum expectation for the mesons is
<q@p>=0.
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Pseudoscalar mesons Vector mesons

The explicit chiral symmetry-breaking Lagrangian Vector self interacting term

esb
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For interacting mesons, the masses are medium dependent and vary through the mean
fields as functions of 1T and uj

m* = m*(p(T, pp) = m*(@(T, pg) = m*(6, ¢, 8, @, p, )
R. Kumar et al., PRD 111, 074029 (2025)
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Pseudoscalar meson mass and particle population
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e® Increasing T or up modifies
mean fields

R. Kumar et al., PRD 111, 074029 (2025)



Pseudoscalar meson mass and particle population

In medium masses
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Thermodynamics
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Comparison with HRG thermodynamics
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Comparison with Partial Pressures
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Partial Pressures

® \Validates hadronic content of CMF

® Good agreement across sectors:
@® Baryonic

@® Strange

P. Alba, et al. PRD 96 (2017)

R. Kumar et al., PRD 111, 074029 (2025)



Summary

Extended the CMF model by including pseudoscalar and vector meson interactions.

We achieved an unprecedented level of agreement with extrapolated lattice QCD and
HRG thermodynamics that could be improved by adding quark degrees of freedom

Our goal is to obtain a realistic equation of state for dense matter at finite temperature,
which will be useful in neutron stars and neutron star merger simulations.

Ongoing work without details

Extending mCMF framework to quark sector
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Thank you for your attention!



APPENDIX



Multiplets
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Multiplets
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The CMF Lagrangian

L scal
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Formalism: CMF thermodynamic potential
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