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Hadron resonance gas (HRG) model uvERSITY Ot
Ideal HRG model: free gas of known hadrons and resonances | "o T |
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* Hadronic interactions dominated by resonance formation* ol fhe L
] . L. . . 130 170 210 250 290 330 370
* Leading order in relativistic virial expansion Figure from HotQCD coll., PRD 14

* Matches well with lattice QCD EoS below T,

* Non-resonant interactions incorporated in extended descriptions (e.g. van der Waals HRG)

HRG model and heavy-ion collisions:

* |s the basis for the thermal model of particle production

All bells and whistles implemented in open source codes, e.g. Thermal-FIST &= [vv, Stoecker, CPC 244, 205 (2019)]

* Dashen, Ma, Bernstein, “S-matrix formulation of statistical mechanics”, Phys. Rev. (1969); Prakash, Venugopalan, Nucl. Phys. A (1992) 2



HRG model on the phase diagram "
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Figure from Bzdak et al., Phys. Rept. '20 & 2015 US Nuclear Long Range Plan
Traditional HRG territory: finite-temperature hadronic matter, chemical freeze-out in heavy-ion collisions

This talk: interacting HRG for both hot and cold/dense matter, and neutron stars 3
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Non-resonant interactions in HRG ORI OF

* Excluded volume effect [Yen, Gorenstein, Greiner, Yang, PRC 56, 2210 (1997)]

e Lattice susceptibilities [Karthein et al., PRD 104, 094009 (2021)] 0.05 %@@ (e)',i—f 1
 Proton cumulants [VV, Koch, Shen, PRC 105, 014904 (2022)] - % jﬁ j %ﬂz
* Merging with high-T EoS [Albright, Kapusta, Young, PRC 90, 024915 (2014)] of oo S
* (Repulsive) mean field [Huovinen, Petreczky, PLB 77, 125 (2018)] - - Hydro EV
-0.05F «BESI BES-| 5 ]
* S-Matrix approach [Andronic et al., PLB 792, 304 (2019)] 510 20 50 100 200

* Rigorous low-density calculation of non-resonant interactions Colision Energy ysyy (GeV)

* Challenging to apply past inelastic threshold

180 ! F TN LT —
160 | 4 \L
. 140 | ' .
o Effective mass model [Savchuk et al., PRC 102, 035202 (2020)] 20 S o
* Pion condensation e.g. in Early Universe [v etal, PRL 126, 012701 (2021)] 2 0T = /|
T el & ,‘ e
e van der Waals interactions [vv et al., PRL 126, 012701 (2021)] ol Mon-condensed phase
; . . 20 o
* Repulsive excluded volume and attractive mean-field of | "
0 100
* Yield nuclear liquid-gas transition ho [MeV]

* Exploratory study suggests possible NS applications [Fujimoto et al., PLB 835, 137524 (2022)] 4
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van der Waals HRG
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* Liquid-gas transition and associated criticality captured, has effect on ug = 0 observables
e Useful for merging with other EoSs, talk by P. Garella, Tue 5:45 PM
 The T = 0 EoS is stiff (Ko~760 MeV), hard packing limit at ng~1.8n,
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Density-dependent van der Waals: single-component uvERSITY Ot
F(T,V,N) = FY4(T, Vf(m), N) + Vv(n) - van der Waals / ',’/,'/
ol =~ Redlich-K\{vong-Soave .
* Generalized excluded volume prescription T pong-Hobinson L

* f(n) — available volume fraction
« van der Waals: f(n) =1 —4n where n = bn/4 and V - V — bN

). 4x the VDW limit
e tri-virial model: f(n) = exp(—4n — 8n?), no packing limit

1-f(m)
n

* Carnahan-Starling: f(n) = exp (_

Density-dependent effective EV parameter

(4—-3m)n

beff (I’l) —

" Thin: van der Waals EV
' Thick: Carnahan-Starling EV
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VV, PRC 96, 015206 (2017)

EV suppresses occupation number, p(p) = f(n)p(p), Fermi sea no longer saturated

Effectively models quark Pauli exclusion principle, in similarity to

Poberezhniuk et al, PRC 108, 045202 (2023)

quarkyonic models and in contrast to typical RMF models or ChPT  Fujimoto et al, PRL 132, 112701 (2024)

* Density-dependent mean-field

* E.g. van der Waals: v(n) = -an? or Skyrme v(n) = -an + gnY

* (Can be attractive or repulsive

v(n)

le

aff(n) = —



Multi-component generalization
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FEL V(N = ) FIT, VA, N + Vo)

l
* f;({n}) — available volume fraction for species i
* v({n}) is the mean-field energy density describing the attractive interactions

* Both can in principle be functions of all hadron densities

System of transcendental equations: Partial cases:
.  EV-HRG and VDW-HRG
i = p; — ka,ipkd + Ui
k * Mean field HRG (f; = 1)
n; = fi nid 5 ny = nid(T, 1)

7 —

e VDF model

° i — 1’ —
Thermodynamics: s — Z f; 514 f v({n}) = v(pp)

P:EZ: (fi—zj:"jfi,j) piz,d_v+2i:v7;n¢ €=Zfz'€;d+v

fij = 0fi/on;
v; = 0v/0on;,
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Thermal-FIST news HOUSTON

] M v thermal-fist.vovchenko.net

NEW: Version 1.5 (Mar 22, 2025) and 1.6 (Feb 16, 2026) : themai-rst16 s X

File View Help

Particle list: PDG2025 v Default (with nuclei) v~ default/list.dat + decays.dat [460 particles]

e Full support for real gas HRG e o
 Specify v({n}) and f;({n}) via C++ classes e e

Name Fit? Exp. value Exp. error Model value Deviation Data/Model Feeddown
pi+ V| 669.5 48 571.752 -2.03643 1.171 + 0.084 Strong+EM deca

668 47 571.838 -2.04599 1.168 + 0.082 Strong+EM deca
100 8 107.033 0.879157 0.934 + 0.075 Strong+EM deca
99.5 (49 106.88 0.868196 0.931 = 0.080 Strong+EM deca
S5 25 36.7673 2.10692 0.857 + 0.068 Strong+EM deca
30.5 25 36.4243 2.36971 0.837 + 0.069 Strong+EM deca
24 245 20.1322 -1.54713 1.192 + 0.124 Strong+EM deca
24.27 2.46 19.9777 -1.74485 1.215 + 0.123 Strong+EM deca
3.34 0.2474 3.06669 -1.10473 1.089 + 0.081 Strong+EM deca

pi-
K+
K-

* Lepton degrees of freedom and beta-equilibrium

e Cosmic trajectories, neutron-star matter EoS
talk by L. Formaggio, Wed 11:55 AM

p

anti-p
Lambda
anti-Lambda
Xi-

 Magnetic field, Hessian matrix of the pressure

Extracted parameters:

© ® N O U A W N P
S A S S N N S

Remove selected quantity from fit = Load data from file...  Save data to file...

Parameter Value Error
T (MeV) 154.719 1.31993

« PDG2025 list, charm, MUSES interface [Jfg MUSES [

* Browser-based calculations (WASM) — thermal-fist.vovchenko.net

Al integration (since v1.6):
* Documentation, unit tests, agentic workflow

https://github.com /vlvovch/Thermal-FIST 8
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https://thermal-fist.vovchenko.net/
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HRG for neutron-star matter

W

UNIVERSITY OF

HOUSTON

Earlier proof-of-principle: Carnahan-Starling HRG with constant a and b yields neutron stars

60 . | | |
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[Fujimoto, Fukushima, Hidaka, Hiraguchi, lida, PLB 835, 137524 (2022)]

* Restricted to single-component interaction (isospin-blind parameters)

e Part of neutron-star curve is acausal



DD-HRG: Fixing the parameters o B
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. . . p_Q 3| J=30-35Mev
Asymmetric nuclear matter: proton (charge) fraction O<y<l ¥ = Py e o e
|| trivirial model
Mixture of protons, neutrons, and hyperons/resonances c\iz'
* lIsospin-like (a,, b,) and isospin-unlike (a,,, b,,) int. parameters ) A
* y = %: symmetric matter for a = (a, + a,,)/2 and b = (b, + b,,)/2 y 4
0% o5 1.0 15 2.0
VDW+4Clausius: TVM: b/,
Moss, Poberezhniuk, VV, PRC 111, 025803 (2025)
v(n) = - ity fi({n;}) = exp(—4n; — 8n}) o075
e 1 + CTLB 1
i5eB 1 U [P——
ni = ZZ bun] ]
]EB 0.065—-
E0.0BO—
Constraints: = Jod
* Binding energy 16 MeV at saturation, a = 350 MeV fm3, b = 4.3 fm3 __]
* Symmetry energy and its slope, a,, = 200 MeV fm3, b,, = 3.1 fm3 O
* Incompressibility K, ~ 240-320 MeV, ¢ ~ 3 — 4.5 fm3 K, Mev]

Lysenko et al., PRC 111, 035204 (202f8)



DD-HRG: neutron-star matter
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Beta-equilibrium: ny =n; + n, Us = 0
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DD-HRG: mass-radius relation gresaiyor
3.0
e Ky = 250 MeV DD-HRG (Clausius-TVM)
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DD-HRG: EoS at uz = 0
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Lattice QCD (WB)
1.6 1 Ideal HRG 1.0 4—-=-=i__~
— = VDW-HRG PRL 118, 182301 (2017) ~
1.4 1 = DD-HRG (Clausius-TVM, Ky = 320 MeV) 7
0.8 1
Qcy
X0.6
Q<
x
0.4 1
Lattice QCD (WB)
0.2 4 = Ideal HRG
— = VDW-HRG, PRL 118, 182301 (2017) \\
=== DD-HRG (Clausius-TVM, Ky = 320 MeV) \
0_0 T T T T 0_0 T T T \ T
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Temperature T [MeV]

Temperature T [MeV]
Lattice data from Wuppertal-Budapest collaboration, PLB 730, 99 (2014); JHEP 10, 205 (2018)

DD-HRG improves both the description of nuclear matter and agreement with lattice QCD at ug =0

13



DD-HRG: Probing strangeness interaction
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BQ _ BS

Consider 4th-to-2" order ratios )(f/)(f,)(gf/)(n v X31 /X

For strangeness-independent interactions )(ff/)(ﬁ3 = )(ff/)(le = )(gf/)(ff

BS
11

Lattice suggests ordering x37 /x50 > x2 /x5 > )(le/)(le

1.0k
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[Karthein et al., PRD 104, 094009 (2021)] 14



DD-HRG: Strangeness-dependent EV HO%IEETON

Introduce strangeness-dependent excluded volume among baryons

_ 1
bij =b + 5bIIZ,iIZ,j + bBSi (BLS] ~+ SLB]) bBS =0.3 fm3
average  isospin strangeness yields less repulsion for hyperons
10 - \ Ideal HRG
BS BS
X31/X11 50, BQ
4 BS BS B B
08 X31 /X1 > X£ /X3 > X1 /X1
B B
2 0.6- XalX2
i — Xxi/X3 BQ ;. BQ
Zs 2Bs X31 /X1
044 T Xa1 /X1
X1 /X1
0-27 ——. DD-HRG (Clausius-TVM, Ky = 320 MeV)
=== DD-HRG (Clausius-TVM-Str, Ky = 320 MeV)
0.0 T T T T —
100 120 140 160 180 200

Temperature T [MeV] 15
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Summary HOUSTON
* Density-dependent van der Waals HRG formulated R p—— DM (Cami VM)

* Arbitrary mean field and generalized excluded volume mechanism

* DD-HRG thermodynamics implemented and available in Thermal-FIST-1.6

* DD-HRG provides a reasonable description of neutron-star matter

* Density and isospin dependent parameters constrained with nuclear matter data

* Extended causality region, supports = 2M, stars

* Same DD-HRG EoS provides reasonable thermodynamics at ug = 0

» Lattice susceptibility ratios suggest weaker repulsion for strange baryons

Outlook:

 Constraining strangeness/isospin dependence further, including mean fields
* Bayesian analysis analysis combined constraints

* Applications to heavy-ion collisions and NS mergers, merging with other EoSs

Thanks for your attention!

Ko = 320 MeV
251 —— K =564 MeV

8 lb lé 1‘4 lé 18
Radius R [km]

———
~
~o

Lattice QCD (WB) \

0.2 4 = lIdeal HRG \

== VDW-HRG, PRL 118, 182301 (2017) \
DD-HRG (Clausius-TVM, Ky = 320 MeV) \

0.0 . A

100 120 140 160 180 200

Temperature T [MeV]

16



Backup slides



Susceptibilities in EV-HRG
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[Karthein et al., PRD 104, 094009 (2021)]



Strangeness in VDW-HRG
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VV et al., PRC 96, 045202 (2017)



