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MERGING EOS THROUGH A STATISTICAL MIXTURE

Goal: Merge two EoS into a single consistent EoS

Equation of
State 1

Equation of
State 2

PRACHI GARELLA



Merging multidimensional equations of state of strongly interacting matter via a
| I I I I NE statistical mixture
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Jahan,? Mauricio Hippert,* Jorge Noronha,! Claudia Ratti,> and Romulo Rougemont®

'Nlinois Center for Advanced Studies of the Universe
Department of Physics, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA
2 Department of Physics, University of Houston, Houston, TX 77204, USA
3 Center for Nuclear Research, Department of Physics, Kent State University, Kent, OH 44242, USA
4Centro Brasileiro de Pesquisas Fisicas, Rua Dr. Xavier Sigaud 150, Rio de Janeiro, RJ, 22290-180, Brazil
5Instituto de Fisica, Universidade Federal de Goids,

3 Avenida Esperanca - Campus Samambaia, CEP 7/690-900, Goidnia, Goids, Brazil
> Mering Procedure

We introduce a general method to merge multidimensional equations of state (EoSs) by combining
them in a two-fluid equilibrium statistical mixture in the grand canonical ensemble. The merged
grand potential density w is built directly from the input EoSs and the fluid fractions are fixed by

. ° . minimizing w at fixed temperature 7' and baryon chemical potential pp. Thermodynamic consis-
® SWltChlng Functlon tency and stability are guaranteed as all thermodynamic quantities are consistently derived from a
single merged grand potential w(T, up) with the correct convexity properties. Our method can ac-
commodate a first-order phase transition and a critical endpoint with mean-field critical exponents.
We use this method to merge a van der Waals Hadron—-Resonance-Gas EoS with a holographic
. Einstein—-Maxwell-Dilaton EoS that has a critical point and a first-order line. The result is a single
1 Ideal MlXture ) Results EoS, spanning hadronic and deconfined matter ovel; a broad range in (T, pp), which can be read%ly
used in heavy-ion hydrodynamic simulations. Our merging method can be generalized to consider
a higher dimensional phase diagram (e.g., by considering more chemical potentials) and more than
two input EoSs.

® Phase Transitions ) Features Goal: Merge two EoS into a single consistent EoS
) Proof of principle ) Take aways

® Holographic
Equation of
State 2

Equation of

e HRGvdAW State 1

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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MERGING PROCEDURE : SWITCHING FUNCTION

Goal: Merge two EoS into a single consistent EoS

P, : Pressure for EoS,

P, : Pressure for EoS,

P=pP +(-p)P

State 2 p E [0,1]

E’b

—-
%6'
—

This does make P continuous but that does not suffice for thermodynamics

Second derivatives = Susceptibilities
can be negative

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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MERGING PROCEDURE

We need:

Continuous Pressure |J l

Convexity of Pressure in intensive variables — Stability
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MERGING PROCEDURE

Treat p € [0,1] as an internal order-parameter such that for p — 0 phase 1 dominates and for
p — 1 phase 2 dominates

p is solved through the equilibrium conditions:

oP o0*P
— =0, —<0.
dp dp?

Phase with the maximum pressure will dominate

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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"MERGING PROCEDURE

Shannon entropy

Se(p) == |pInp + (1 = p) In(1 —p)|
Ensures stable curvature in p For correct dimensions we choose
& [aS,.«] : + : <0 a = !
—1d9%mix] = —ad | — D A7
op? p 1-p AV

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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MERGING PROCEDURE : IDEAL MIXTURE

At Equilibrium

™ I I

p: , 1—p:

1 4+ e—(P1—=P)la 1 4+ eP1—Py/a

Fora — 0, p becomes a step function = first-order phase transition

Fora — T/AV—> smooth crossover

T

P=—Ilog ( ePIAVIT ePzAV/T)
AV

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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MERGING PROCEDURE

We need:

Continuous Pressure |J l

Convexity of Pressure in intensive variables — Stability |J l

Create Phase transition and critical point
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MERGING PROCEDURE : PHASE TRANSITION

We can add an interaction term

P=pP+(1-p)P,—alplnp+(1-p) In(1 =p)|-bp(l - p)

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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MERGING PROCEDURE : PHASE TRANSITION

First-order
phase

P = pPl + (1 —p) P2 —d [p hlp + (1 —p) ln(l —p)]—b p(l _p) t7nsition

"-—-.Q.

® p < 2aorb=0=— Crossover

® b > 2a = First-order phase transition

Critical

® p=2a = Critical point

AV o Point
T =) —_—— b=
c— ) — b>2
00 02 04 06 osY T 10
P Crossover

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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MERGING PROCEDURE : THERMODYNAMICS

We can find the probability weight by,

oP
<—> =P, +P,—aln —(1-2p)b =0,
)7, l-p
and,
0°P a
— = —2b < 0.
dp? p(1 —p)

T’/’tB

All thermodynamic quantities follow directly from pressure.

Y. Yang, PG, et.al arXiv:2601.07987 [nucl-th]
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MERGING PROCEDURE

have
We need-=

Continuous Pressure |J l

Convexity of Pressure in intensive variables — Stability |J l

Create Phase transition and critical point |J l
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PROOF OF PRINCIPLE
REGION OF VALIDITY

* This is just an artist’s rendition

emperature
Temperature

Plasma Quark Gluon Plasma

Hadronic Phase HOLOGRAPHY HRGvow

Baryon Chemical Potential Baryon Chemical Potential
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Holography: Einstein Maxwell Dilaton

Models QGP by solving the black brane ansatz in AdS;.

1 0% fDFL,
Sbulkzz_l(%J/% d’x /=g R—(;b) - V(¢) - 4ﬂ

Fit to lattice

Finite temperature (thermal) —

AdS black brane
state of the boundary QFT L]
R. Critelli, ]. Noronha, J. Noronha-Hostler, I. Portillo, C. Ratti, R. Rougemont, PRD 96 (2017) Maldacena, et.al
L. Grefa, J. Noronha, J. Noronha-Hostler, I. Portillo, C. Ratti, R. Rougemont, PRD 104 (2021) 0. DeWolfe. S. S. Gubser and C. Rosen. PRD 83 (2011)
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van der Waals Hadron Resonance Gas

Treats matter as a gas of hadrons and resonances.

e § T 1

excluded volume Attractive mean field and
repulsive excluded-volume

Volodymyr Viovchenko, Mark I. Gorenstein, Horst Stoecker Phys. Rev. Lett. 118, 182301
Volodymyr Vovchenko, Anton Motornenko, Paolo Alba, Mark I. Gorenstein, Leonid M. Satarov, Horst Stoecker Phys. Rev. C 96, 045202
J, Steinmer, et.al. J.Phys.G38:035001,2011
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REGION OF VALIDITY'

Temperature

Baryon Chemical Potential

* This is just an artist’s rendition
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REGION OF VALIDITY'
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MERGED EQUATION

Baryon Chemical Potential

* This is just an artist’s rendition
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Results

PRACHI GARELLA 20



AGREES WITH LQCD
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AGREES WITH LQCD T°-EXPANSION
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CROSSOVER REGION
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FIRST-ORDER PHASE TRANSITION

up = 750 MeV
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ROBUST FEATURE: BOTH PHASE TRANSITIONS

Heat Map of y,
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PHASE TRANSITION LINE

Merged
160 —————————————— A
T -
We fix pp. = 598 MeV from —120]
Holographic model and obtain Z ool
T.=126.1 MeV "
801
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1st — order transition
60f e Critical Point Holography
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Features

e Stable Equation of State.
® Ensures Thermodynamic consistency.

e All thermodynamic quantities follow directly and analytically from
Pressure.

e Accommodate multiple chemical potentials.

e First-order phase transition and a critical point
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Take Away

e \Why? There is no single framework that can be used as a unified
description across the entire QCD phase diagram.

e \What? We create a model-independent way to merge 2 (or more) EoSs

e How? Through a Statistical Mixture Framework.

e Where? Merge Holographic EoS (models QGP) with QvdW-HRG EoS
(Hadrons). Y. Yang. PG, et.al arXiv:2601.07987 [nucl-th]

* |t is the only equation of state with such a broad region of validity.
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