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e Symmetries of QCD at 7>0 : chiral and deconfinement transitions
* Universal aspects of the chiral transition and the transition temperature
* Deconfinement and color screening
* Equation of state
* Thermodynamics at non-zero chemical potential and fluctuations

of conserved charges
Calculations with improved staggered quark action:
= Highly Improved Staggered Quark (HISQ) action (HotQCD, BNL-Bielefeld)
= Stout (Budapest-Wuppertal)
Progress using other actions : Wilson action, Domain Wall Fermions, Overlap quarks
Spectral functions from lattice QCD

9 talks in parallel sessions on the subject !

For a recent review see P.P. arXiv:1203.5320

Quark Confinement and Hadron Spectrum X, Garching, October 8-12, 2012



Symmetries of QCD at T>0

« Chiral symmetry : My g <A
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Ux(1) is borken by anomaly restored

» Center (Z3) symmetry : invariance under global gauge transformation
Au(0,x) = e2™N/34,(1/T,x), N=1,2,3

Exact symmetry for infinitely heavy quarks (L) =0 (L) # 0
Polyakov loop : I, — trPeig fol/T dr Ao (7,T) broken
e ; ; LQCD calculations with staggered quarks suggest
: 2(2;‘\“1;; crossover, e.g. Aoki et al, Nature 443 (2006) 675

e Evidence for 2" order transition in the chiral limit
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Improved staggered calculations at finite temperature

low T region : .. high-T region
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The temperature dependence of chiral condensate

Renormalized chiral condensate introduced by Budapest-Wuppertal collaboration

(B)g = AHT) = mer? ((P)qr — (P)qr—0) +d, a=15

HotQCD : Phys. Rev. D85 (2012) 054503;

with our choice : d = (¢1),;,—2 Bazavov, PP, 2012 preliminary
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» after extrapolation to the continuum limit and physical quark mass HISQ/tree calculation
agree with stout results

* strange quark condensate does not show a rapid change at the chiral crossover => strange
quark do not play a role in the chiral transition



O(N) scaling and the chiral transition temperature

For sufficiently small m; and in the vicinity of the transition temperature:
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governed by universal O(4) scaling M= —
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O(N) scaling and the transition temperature

The notion of the transition temperature is only useful if it can be related to the critical
temperature in the chiral limit : fit the lattice data on the chiral condensate with scaling

form + simple Ansatz for the regular part 16—
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O(N) scaling and the transition temperature

The notion of the transition temperature is only useful if it can be related to the critical
temperature in the chiral limit : fit the lattice data on the chiral condensate with scaling

form + simple Ansatz for the regular part
Transition temperature was

M, = ms(YY) _ R0 ot /BBy & s oo (T, H) determined in the presence
T4 " off external magnetic field
Freg(T, H) = (a1(T — TO) + an(T — TO)2 4+ b)) H in the continuum limit

T. decreases with increasing B
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Deconfinement and color screening
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melting of bound states Decreases in the deconfined phase
of heavy quarks => quarkonium

suppression at RHIC: Tbound > 1/mp




tial at T>0
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e Calculation of the Wilson loops at 7>0 + single
state dominance => static quark potential V(r,T)

- for the lowest temperature the potential is the
same as at T=0 and agrees with the singlet free
energy

 for 150 MeV < T < 200 MeV the potential only
slightly differs from the T=0 potential and much

larger than the singlet free energy, only for
T>200 MeV it is screened
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Zoa(T)/ Z(T) = 2. exp( -E,/T)
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Polyakov and gas of static-light hadrons

120 130 140 150 160 170 180 190 200 210

Energies of static-light mesons

En=Mn-mQ

Megias, Arriola, Salcedo,
PRL 109 (12) 151601

Bazavov, PP, work in progress
Ground state and first excited states

are from lattice QCD
Michael, Shindler, Wagner,
arXiv1004.4235

Higher excited state energies

are estimated from potential model
Wagner, Wiese,
JHEP 1107 016,2011

Gas of static-light mesons

Can reasonably well described
the T-dependence of the
Polyakov loop T < 200 MeV



Equation of state

: free gas of quarks and gluons = 18 quark+18 anti-quarks +16 gluons
meson gas = 3 light d.o.f. =52 mass-less d.o.f
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* rapid change in the number of degrees of freedom at T=7160-200MeV: deconfinement

» deviation from ideal gas limit is about 10-20% at high T consistent with the perturbative result
» discrepancies between stout and p4 (asqtad) calculations

- energy density at the chiral transition temperature £(T,=154MeV)=240 MeV/fm?3:



Lattice results on trace anomaly
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Bazavov, Lattice 2011, arXiv:1201.5345v1 PP, Lattice 2012, Bazavov Quark Matter 2012
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* No significant disagreement at high (7>300 MeV) and low (T<7180 MeV) temperatures
» Subtleties in the continuum extrapolations for HISQ



QCD thermodynamics at non-zero chemical potential

Taylor expansion :
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Taylor expansion coefficients give the fluctuations and correlations of conserved
charges, e.qg.
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Computation of Taylor expansion coefficients reduces to calculating the product of
inverse fermion matrix with different source vectors => can be done effectively on
GPUs



Deconfinement : fluctuations of conserved charges

se_ 1 2 >
Xe~ = 7;ra((B7) —(B)) baryon number
1
X = W(<Q2> —(Q)%) electric charge

(5)) strangeness

filled : HISQ, N_=6, 8
open : stout continuum |

|deal gas of massless quarks :

2
3B = 2B = S

1
3

xg =1

conserved charges carried
by light quarks

conserved charges are carried by massive hadrons

HotQCD: arXiv:1203.0784,
talk by C. Schmidt

BW: JHEP 1201 (2012) 138,
talk by Borsanyi



Deconfinement : fluctuations of conserved charges

— 3(B?)?) baryon number

electric charge

strangeness
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conserved charges are carried by massive hadrons




Correlations of conserved charges
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» Correlations between strange and light quarks at low T are due to the fact that strange
hadrons contain both strange and light quarks but very small at high T (>250 MeV)
=> weakly interacting quark gas

* For baryon-strangeness correlations HISQ results are close to the physical HRG result,
at T>250 MeV these correlations are very close to the ideal gas value

* The transition region where degrees of freedom change from hadronic to quark-like is
broad ~ 50 MeV



Quark number fluctuations at high T

At high temperatures quark number fluctuations can be described by weak
coupling approach due to asymptotic freedom of QCD

2"d order quark number fluctuations 4% order quark number fluctuations
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Andersen, Mogliacci, Su, Vuorinen, arXiv:1210.0912, talk by Su

« Lattice results converge as the continuum limit is approached

« Good agreement between lattice and the weak coupling approach for 2"? order
quark number fluctuations

« For 4% order the weak coupling result is above the continuum estimate from lattice



Transition temperature and equation of state at non-zero
baryon density from Taylor expansion

Continuum result with stout action:

Borsanyi, arXiv:1204.6710
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The Taylor series truncated at
order u? for the pressure
reproduces HRG result



Domain wall Fermions and

Ux(1) symmetry restoration

Domain Wall Fermions, Bazavov et al (HotQCD), arXiv:1205.3535
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Staggered versus Wilson and Overlap Fermioms

Comparison with Wilson Fermion calculations, m,; = 500 MeV,

Borsanyi et al, arXiv:1205.0440
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Summary

« Lattice QCD show that at high temperatures strongly interacting matter
undergoes a transition to a new state QGP characterized by deconfinement
and chiral symmetry restoration

» We see evidence that provide evidence that the relevant degrees of freedom

are quarks and gluons; lattice results agree well with perturbative calculations,

while at low T thermodynamics can be understood in terms of hadron resonance gas
The deconfinement transition can understood as transition from hadron resonance
gas to quark gluon gas it is gradual

» The chiral aspects of the transition are very similar to the transition in spin
system in external magnetic fields: it is governed by universal scaling. Different
calculations with improved staggered actions agree in the continuum limit
resulting in a chiral transition temperature ( 754 £ 9 ) MeV

* The effective restoration of U,(71) symmetry happens for T>200MeV and thus
does not effect the chiral transition

« Color screening can be seen at temperatures 7>200 MeV

« Calculations with Wilson, Domain-Wall and overlap fermion formulations seem
to confirm the staggered fermion results
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