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QCD thermodynamics QCD thermodynamics 
Frithjof Karsch, BNL/BielefeldFrithjof Karsch, BNL/Bielefeld  

 What are the phases of strongly 
 interacting matter, and  what role do 
 they play in the cosmos?

 What does QCD predict for the 
 properties of strongly  interacting matter?

 What governs the transition of quarks 
 and gluons into pions and nucleons?

           Key QuestionsKey Questions

NSAC Long Range Plan 2007NSAC Long Range Plan 2007
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Bedanga Mohanty (STAR),
opening talk given at
''Critical Point and Onset of
Deconfinement 2013”, Napa

Exploring the QCD phase diagram in Theory and ExperimentExploring the QCD phase diagram in Theory and Experiment
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Equation of state and the transition temperature:
M. I. Buchoff et al., The QCD chiral transition, UA(1)  symmetry and the Dirac 
    spectrum using domain wall fermions, Phys. Rev. D89 (2014) 054514
T. Bhattacharya et al. (hotQCD), The QCD phase transition with physical-mass, 
    chiral quarks,  arXiv:1402.5175
A. Bazavov et al. (hotQCD), The QCD equation of state,  in preparation

Fluctuation of conserved charges using Taylor expansions:
A. Bazavov et al.(BNL-Bielefeld), Strangeness at high temperatures: from hadrons
    to quarks, Phys. Rev. Lett. 111, 082301 (2013)
A. Bazavov et al.(BNL-Bielefeld), The melting and abundance of open charm hadrons,
    arXiv:1404.4063
A. Bazavov et al.(BNL-Bielefeld), More strange hadrons from QCD thermodynamics
    and strangeness freeze-out in heavy ion collisions, arXiv:1404.6511

Heavy quark bound states and transport at high temperature
O. Kaczmarek et al., Thermal dilepton rates from quenched lattice QCD, 
    arXiv:1301.7436
Y. Maezawa et al., Meson screening masses at finite temperature with
    Highly Improved Staggered Quarks, arXiv:1312.4375

Thermodynamics projects in Thermodynamics projects in 2013/142013/14

USQCD 
projects
2013/14
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Workshops/Programs on Heavy Ion Physics:

– Probing the Phase Structure of Strongly Interacting Matter with 
   Fluctuations: Theory and Experiment, Feb. 11 - 22 , 2013, 
   GSI Darmstadt, Germany,  organizers: B. Friman (GSI), F. Karsch (BNL), 
                                                                 K. Redlich (Wroclaw), Nu Xu (LBNL)
– Heavy Flavors and Electromagnetic Probes in Heavy Ion Collisions,
   INT, Seattle, Sept.15-Oct.10, 2014,      organizers: A. Frawley, P. Petreczky, 
                                                                                   E. Scomparin,  R. Vogt

International Conference and Workshop Series: 

– Extreme QCD
   2012: Washington DC, organizers: A. Alexandru, A. Bazavov
   2014: BNL&Stony Brook, organizers: F. Karsch, D. Kharzeev, J. Verbaarschot

– Critical Point and Onset of Deconfinement
   2013: Napa valley,               organizers: H.G. Ritter et al.
   2014: Bielefeld, Germany,   organizers: F. Karsch et al.

Lattice meets Experiment in Lattice meets Experiment in 2013/142013/14
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OutlineOutline

  
  QCD tQCD therhermodynamics projects in 2013/14modynamics projects in 2013/14

  Equation of state and transition temperatureEquation of state and transition temperature

 –  – thermodynamics with chiral fermions;thermodynamics with chiral fermions;
 –  – insight into the role of topology close to Tcinsight into the role of topology close to Tc

  Charge fluctuations and  the RHIC search for theCharge fluctuations and  the RHIC search for the
  critical pointcritical point

 –  – evidence for many new strange and charmed baryonsevidence for many new strange and charmed baryons
 –  – using electric charge fluctuations to search for the using electric charge fluctuations to search for the 
        critical pointcritical point

studies of QCD thermodynamics using two different fermion 
discretization schemes
– Highly Improved Staggered Quarks (HISQ)
– Domain Wall Fermions (DWF)
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Equation of state and the transition temperature:
A. Bazavov et al. (hotQCD), The chiral and deconfining aspects of the 
QCD transition, Phys. Rev. D85, 054503 (2012) (266 cit.)

QCD phase transition in QCD phase transition in 2012/132012/13

       most cited
    hep-lat paper
   in 2012/13 
and 2013/14

–  well defined pseudo-critical temperature
–  quark mass dependence of susceptibilities 
    consistent with O(4) scaling
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Equation of state and the transition temperature:
A. Bazavov et al. (hotQCD), The chiral and deconfining aspects of the 
QCD transition, Phys. Rev. D85, 054503 (2012) (266 cit.)

QCD phase transition in QCD phase transition in 2013/142013/14

– pseudo-critical temperature
   from DWF agrees well with HISQ

M.I. Buchoff et al [hotQCD Collaboration]
Phys. Rev. D 89, 054514 (2014);
T. Bhattacharya et al  [hotQCD Collaboration],
arXiv:1402.5302

– some 'tension' in the 
   structure of the 
   chiral susceptibility
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Equation of state and the transition temperature:
A. Bazavov et al. (hotQCD), The chiral and deconfining aspects of the 
QCD transition, Phys. Rev. D85, 054503 (2012) (266 cit.)

QCD phase transition in QCD phase transition in 2013/142013/14

– scaling of the peak height consistent
   with a continuous transition (2nd order)
   in the O(4) universality class

M.I. Buchoff et al [hotQCD Collaboration]
Phys. Rev. D 89, 054514 (2014);
T. Bhattacharya et al  [hotQCD Collaboration],
arXiv:1402.5302

– some 'tension' in the 
   structure of the 
   chiral susceptibility

H.-T. Ding, arXiv:1302.5740
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Chiral TransitionChiral Transition

overlap on HISQ

domain wall fermions

M.I. Buchoff et al (hotQCD), PR D89, 094503 (2014)

S. Sharma et al, arXiv:1311.3943

– near zero modes have well localized eigenstates
– consistent with instanton gas model
– UA(1) remains broken also above Tc
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Equation of state

   time evolution of the QGP (lifetime, time spend close to Tc) 
   depends on the equation of state

improves over earlier hotQCD calculations: 
Phys. Rev. D80, 014504 (2009)

trace anomaly energy density, entropy, pressure

hotQCD, preliminaryhotQCD, preliminary

hotQCD to be published soon!!

consistent with:
S. Borsanyi et al., PL B730, 99 (2014)
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Exploring the QCD phase diagramExploring the QCD phase diagram

controlled by the
QCD equation 
of state,

– LHC:  establish contact with 
   the QCD PHASE transition

– RHIC: establish contact with 
   the QCD critical point

observable consequences:
freeze-out/hadronization pattern of
mesons and baryons, controlled by

LHCLHC
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HRG model, lattice QCD and critical behaviorHRG model, lattice QCD and critical behavior

P. Braun-Munzinger et al., 
Phys. Lett. B596, 61 (2004) 

HRG:

 for a wide range of baryon chemical potentials freeze-out happens in or for a wide range of baryon chemical potentials freeze-out happens in or 
  close to the QCD transition region:close to the QCD transition region:    predicted

 caveat: freeze-out parameter extracted from experimental data
              by comparing to the Hadron Resonance Gas (HRG) model, i.e. not QCD

goal: describe freeze-out in terms of 
         QCD thermodynamics

freeze-out parameter from comparison
of measured moments of charge fluct.
with QCD calculation

BNL-Bielefeld, PRL 109, 12302 (2012)
Andornic et.al.: Nucl. Phys. A904, 535c (2013)

Au-AU: sqrt(s)=200GeV
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Probing the hadron spectrum using QCD thermodynamics Probing the hadron spectrum using QCD thermodynamics   

D. Ebert et. al., Eur. Phys. J. C66, 197 (2010);
                       Phys. Rev. D84, 014025 (2011)

M. Padmanath et.al., arXiv:1311.4806

Lattice QCD Quark Model

h=all hadrons

more charm

      =
larger fluct.
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Probing the hadron spectrum using QCD thermodynamics Probing the hadron spectrum using QCD thermodynamics   

Lattice QCD Quark Model

h=all hadrons

     more 
strangeness

      =
larger fluct.

S, Capstick, N. Isgur: Phys. Rev. D34, 2809 (1986)
R. Edwards et.al., Phys. Rev D87, 054506 (2013)
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Hadron Resonance Gas vs. LQCD Hadron Resonance Gas vs. LQCD 

Hadronic fluctuations at the 
QCD phase transition signal
change of degrees of freedom

S. Ejiri, F. Karsch, K. Redlich,
Phys. Lett. B 633, 275 (2006)

Fluctuations and Correlations of net baryon number, electric charge, and strangeness: 
A comparison of lattice QCD results with the hadron resonance gas model

A. Bazavov et al.  [HotQCD Collaboration],
Phys. Rev. D 86, 034509 (2012)

– continuum extrapolated results
   (band) for quadratic fluctuations 
   of conserved charges

– comparison with HRG model
   calculations

– quantify validity range of the
   HRG model 

Which HRG?Which HRG?

O(20%) deviations fromO(20%) deviations from
''ordinary'' HRG model expectations''ordinary'' HRG model expectations
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A. Bazavov et al., arXiv:1404.4043

Evidence for many charmed baryons in thermodynamicsEvidence for many charmed baryons in thermodynamics

close to Tc charmed baryon fluctuations 
are about 50% larger than expected in a 
HRG based on known charmed baryon 
resonances (PDG-HRG)

all charmed baryons/mesons

charged charmed baryons/mesons

strange charmed baryons/mesons

including resonance predicted in quark model
calculations and observed in lattice QCD
calculations allows for a HRG model (QM-HRG)
description of lattice QCD results on  conserved
charge fluctuations and correlations
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A. Bazavov et al., arXiv:1404.6511

Evidence for more strange baryons in thermodynamicsEvidence for more strange baryons in thermodynamics

enhanced
strangeness-baryon correlation
over strangeness fluctuations

enhanced 
strangeness over baryon chemical 
potential ratio

leads to the prediction of a 
smaller freeze-out temperature

close to Tc charmed baryon fluctuations 
are about (10-20)% larger than expected  
in a HRG based on known charmed baryon 
resonances (PDG-HRG)

QM-HRG model agrees well with lattice QCD
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A. Bazavov et al., arXiv:1404.6511

Impact on determination of freeze-out parameterImpact on determination of freeze-out parameter

A. Andronic et.al.: Nucl. Phys. A904, 535c 
(2013)

including more strange baryons
will change determination of 
freeze-out parameters

better agreement of strange and 
non-strange particle yields at lower
freeze-out temperature

QM      PDG
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RHIC beam energy scan:

- charge fluctuations along
  the freeze-out line

- higher moments of charge 
  fluctuations, e.g.

 

Exploring the QCD phase diagram with net charge fluctuations Exploring the QCD phase diagram with net charge fluctuations   

search for the critical point search for the critical point 



  

F. Karsch, USQCD hardware review 2014 F. Karsch, USQCD hardware review 2014 20

Net proton number fluctuations at RHIC Net proton number fluctuations at RHIC   

STAR Collaboration, PRL 112, 032302 (2014)

kurtosis

mean

variance

skewness

higher order cumulants characterize shape of conserved charge distributions
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Cumulants of conserved charge fluctuations  Cumulants of conserved charge fluctuations    

net electric charge fluctuationsnet electric charge fluctuationsnet baryon number fluctuationsnet baryon number fluctuations

STAR Collaboration, arXiv1402.1558STAR Collaboration, PRL 112, 032302 (2014)
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Freeze-out in HIC from LQCDFreeze-out in HIC from LQCD

''thermometer”: determines freeze-out
                         temperature

''baryometer”: determines freeze-out
                       chemical potential

BNL-Bielefeld: Phys. Rev. Lett. 109, 192302 (2012)
S. Mukherjee, M. Wagner, PoS CPOD2013, 039 (2013) 

net electric charge fluctuations

final data: STAR Collaboration, arXiv: 1402.1558

T=158(7) MeV
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current STAR results on net proton fluctuations and 
achievable accuracy in the planned BES II at RHIC

B. Mohanty, CPOD 2013

LGT with HISQ action
BNL-Bielefeld, preliminary

– should be negative close
   to Tc (O(4) scaling)
   consistent with trend in data

– should be large and positive
   at lower T to provide evidence
   for a critical point

Higher order cumulants in HIC and LGT  

current & future 
hotQCD focus



  

F. Karsch, USQCD hardware review 2014 F. Karsch, USQCD hardware review 2014 24

Heavy Quark spectroscopy, thermal dileptons, transport coefficientsHeavy Quark spectroscopy, thermal dileptons, transport coefficients

CMS Collaboration, 
PRL 109, 222301 (2012)

heavy quark spectral functions

Bielefeld-BNL, PRD 86, 014509 (2012);
H.-T. Ding,  arXiv:1210.5442

heavy quark diffusion

3

FIG. 2: (color online) The ratio of the conductivity to the
temperature at T= 190 MeV as a function of the external
electric field eE z . The statistical accuracy of thecalculations
is reflected in the error bars. The straight line gives the best
fit to the dimensionless ratio σ0/ T .

approach by

σ0 =
e2neτ
m∗
e

, (5)

where n denotes the density of non-localized charges, τ is
the relaxation time of the charge carriers in the medium
and m∗

e their effective mass. This expression can be di-
rectly computed for partonic degrees-of-freedom within
the DQPM, which was used to match in PHSD the quasi-
particles properties to lattice QCD results in equilibrium
for the equation-of-state (EoS) as well as various corre-
lators [29]. We note that the electromagnetic correlator
from lQCD calculations [18] appears to match rather well
the back-to-back dilepton rate from PHSD at T = 1.45Tc
(cf. Fig. 2 in [33]), which suggests that the results of our
calculations for σ0 should also be close to the lQCD ex-
trapolations from [18].
In the DQPM, the relaxation time for

quarks/antiquarks is given by τ = 1/Γq(T ) [32],
where Γq(T ) is the width of the quasiparticle spectral
function (cf. [29, 30]). Furthermore, the spectral distri-
bution for the mass of the quasiparticle has a finite pole
mass Mq(T ) that is also fixed in the DQPM, as well
as the density of (u, ū, d, d̄, s, s̄) quarks/antiquarks as a
function of temperature (cf. [29, 30]). Thus, we obtain
for the dimensionless ratio (3) the expression [32]

σ0(T )
T

≈
2

9

e2nq(T )

Mq(T )Γq(T )T
, (6)

where nq(T ) denotes the total density of quarks and anti-
quarks and the prefactor 2/9 reflects the flavor averaged
fractional quark charge squared ( f q

2
f )/3. The result

for the ratio (6) is displayed in Fig. 3 (dash-dot line)
and does not involve any new parameters. Apparently,
the PHSD results in equilibrium and the relaxation-time
estimates match well up to ∼2Tc, which demonstrates

FIG. 3: (color online) The ratio σ0/ T as a function of the
scaled temperature T/ Tc (Tc = 158 MeV). The full round
symbols show thePHSD results, the solid blue line is the lin-
ear fit to the PHSD results (above Tc), while thedash-dotted
red line gives the corresponding ratio in the relaxation-time
approach (employing the DQPM parameters). The scattered
symbols with error bars represent the results from lattice
QCD calculations: triangles – Refs. [18], diamonds– Ref. [19],
squares – Ref. [20], star – Ref. [21], open circle – Ref. [22].
We used for the average charge squared CE M = 8πα/ 3 with
α = 1/ 137. Note that the pQCD result at leading order be-
yond leading log [34] is σ0/ T ≈ 5.97/ e2 ≈ 65.

again that PHSD in equilibrium is a proper transport
realization of the DQPM [6].
Our results from the DQPM suggest that above T ∼

5Tc the dimensionless ratio (6) becomes approximately
constant (≈ 0.3). This comes about as follows: At high
temperature T the parton density scales as ∼ T 3, while
Mq(T ) ∼ T and Γq(T ) ∼ T . Accordingly the ratio (6)
is approximately constant. Note, however, that energy
densities corresponding to T > 5Tc are not reached in
present experiments with heavy-ions at RHIC or LHC!
On the other hand, σ0/T rises with decreasing temper-
ature below Tc (in the dominantly hadronic phase), be-
cause at lower temperatures the system merges to a mod-
erately interacting system of pions, which in view of Eq.
(5) has a larger charge (squared) to mass ratio than in
the partonic phase as well as a longer relaxation time.
In summary, we have evaluated the electric conduc-

tivity σ0(T ) of the quark-gluon plasma as well as the
hadronic phase as a function of temperature T by em-
ploying the Parton-Hadron-String Dynamics (PHSD) off-
shell transport model in a finite box for the simulation
of dynamical partonic/hadronic systems in equilibrium.
The PHSD approach in the partonic sector is based on
the lattice QCD equation of state of [35]; accordingly, it
describes the QGP entropy density s(T ), the energy den-
sity ε(T ) and the pressure p(T ) from lQCD [6, 25, 30]
very well. Studies of the QCD matter within PHSD have
previously given reasonable results also for the shear and
bulk viscosities η and ζ versus T [7]. We find in the
present study that the dimensionless ratio σ0/T rises
above Tc approximately linearly with T up to T = 2.5Tc,

W. Cassing et al., arXiv:1302.0906 
A. Adare et al. (PHENIX Collaboration), 
Phys. Rev. C81, 034911 (2010) 

BNL-Bi, arXiv:1301.7436

thermal dileptons
dilepton rates

bottomonium
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Computational requirements

Summary of simulation parameters and cost estimates. Cost estimates 
are based on current experience with calculations on leadership class 
computers (BlueGene/Q) and GPU enhanced clusters

predominantly calculations on GPUs

USQCD Thermodynamics White Paper 2013:
http://www.usqcd.org/documents/13thermo.pdf
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ConclusionsConclusions

 During the last 5 years LGT calculations have achieved two
  important goals: determination of Tc and calculation of the 
  equation of state with physical quark masses in the continuum limit 

 LGT calculations start to produce quantitative predictions on
 QCD thermodynamics that provide input to the interpretation
 of heavy ion experiments

           EoS, Tc, transport coefficients, spectral functions,
           phase boundary, fluctuations of conserved charges,.....
   
 How sensitive is the QCD transition with physical quark massesHow sensitive is the QCD transition with physical quark masses
  to universal properties at the chiral phase transition?to universal properties at the chiral phase transition?

 Can we provide evidence for the existence of a critical pointCan we provide evidence for the existence of a critical point
  in the energy range accessible to heavy ion experiments?in the energy range accessible to heavy ion experiments?

 Fermion formulations with exact chiral symmetry  (DWF, overlap) 
 start to probe subtle aspects of QCD thermodynamics 
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