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Lattice QCD = Hot Stuff ! But: What is that “Stuff” ? 
Interacting Hadron Resonance Gas + pQCD AKY

Energy density, pressure, entropy, Chi_B,Q,S for T<200MeV: 

interacting HRG ~ Lattice QCD (WB-data, Borsanyi et al.)                           

No Phase Transition at T_c = 155 MeV of 2+1 Flavor QCD ! 

Trace anomaly, interaction measure, nonperturbative effects:  
- the role of ‘Hot Hadrons’ 
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Interacting Hadron Resonance Gas mixed with pQCD
describes lattice QCD well up to T~200-250 MeV !

- pQGP dominates at high T  - AKY’14, Kapusta et al. 



2+1 flavor Lattice QCD and Pure Yang Mills LGT 
Energy density (EoS) DIFFERENT for different quark masses

Energy density from
Sz. Borsanyi et al.W.B.
Wuppertal-Budapest coll
JHEP 1011, 2010,077;
PLB730, 2014, 99 

(2+1)- flavor QCD 
is matched by
N_f = 3, mu,d = ms
at T = 250 MeV

pure gauge, YangMills
T_c = 270 MeV

Quenched: W.B. coll.
JHEP 1207, 2012, 056
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1. O.P.Transition from glue-
plasma to GlueBall-
Hagedorn St.

HRG does
NOT stop at 
T=180 MeV !

Ideal



Model Crossover EoS: H.W. Wooley, 1958: Switching function S( )

- smooth matching of 2 Equations of State - w/o Phase Transition !

Here:          From EV HRG at low to    perturbative QCD / HTL at high :

Crossover ∆T= 150 - 210 MeV +/- 30 MeV

Albright Kapusta Young PRC90 024915, 2014 

ୀ૚/૛ࡿࢀ ≅ ૚ૡ૙ MeV for EV HRG vs. 
ୀ૚/૛ ~ ૚૞૞ MeV for ideal HRGࡿࢀ

Smooth crossover: 90% hadrons at T=150 MeV,
50% Hadrons at T~180 MeV, <10% at T=250 MeV
Volodymyr Vovchenko et al.

… With smooth Switching functionEVHRG + pQCD Reproduces lattice data…



Fit ௌୀଵ/ଶ ௣ fm -

V. Vovchenko, HST

Multi-component Eigen Vol. HRG
constrained by lattice QCD data

Crossover LQCD-EoS matched by Switching Fct.
HRG at low + pert. QCD at high 

ࡳࡾࡴ ࡰ࡯ࡽ࢖

Crossover from EV HRG ( ௜ ௜
ଵ/ଷ)

to pQCD at ௌୀଵ/ଶ MeV 
via switching function

AKY PRC 90024915 (2014)

Consistent with lattice
V. Vovchenko, HST
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Lattice QCD (T<250MeV)~Interacting Hadron Resonance Gas?    

V. Vovchenko, H.ST. 

Lattice QCD can also 
be fit up to T<250 MeV
by interacting HRG-only
- If ܑ ܑ ૙
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“Crossterms” EV model
is used:





Multi-component bag-eigenvolume HRG vs lattice QCD

r=0 : HRG of point particles 
cannot follow lattice data above T=160 MeV 
Finite eigenvolumes of hadron bags: 
dramatic improvement towards lattice data

strange vs non-strange hadrons 
different volumes at same mass?

Susceptibilities carry information about finer details of the equation of state

V. Vovchenko, P.Alba, H.ST.



Vovchenko, Gorenstein, HSt, arXiv:1609.03975
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Paolo Alba: Strange hadrons smaller than light Hadrons





SU(2) YM Lattice vs. van der Waals 
Paolo Alba, Marco Panero, H.ST.



Paolo Alba: Strange hadrons smaller than light Hadrons



Paolo Alba: Strange hadrons smaller than light Hadrons



Paolo Alba: Strange hadrons smaller than light Hadrons





Fluctuations as seen by STAR ?

R



Hot Stuff – What Stuff?
Lattice QCD predicts NO phase transition at mu=0
EoS show Cross Over from T=150-230 MeV

Switching functions Wooley 1959, Kapusta 2014

Hadrons dominate up to T=180 MeV, then more pQCD/HTL

EV HRG w. cross terms ~ Lattice QCD up to T~220 MeV
Fluctuations: ideal gas fails - interacting HRG big improvement

Double Bag Model splits „strange“ Hadrons

„CP“ in STAR - Liquid Vapor 1.O.Phase Transition at 19 MeV? 

More…




