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Outline

* QCD phase diagram

e Criticality

e Chiral crossover
 Deconfinement and fluctuations
e Equation of state

e Hadrons in the plasma
e Beyond QCD
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Finite-temperature QCD on the lattice
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Possible criticality: Columbia plot
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Possible criticality: order parameters

e Polyakov loop:
L = <éTI‘ ﬁ UQ(CC(),CI?)>

330:0

e Chiral condensate:

_ T 0lnZz
W) = V Om,
e Chiral susceptibility:
_ Oy
Xa = om,
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Possible criticality: order parameters

n Ni=2 PURE
. m - IGAUGE
* Polyakov loop: s| 29 order \ L 15t [GAUC
2" order
1 N,—1 2V Z(2) .. order
[, = <§TI' H U()(CC(),CI—Z")> - N ) '
CIZOZO ‘
: physical point Nim
e Chiral condensate: £ INGE
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Real world

e No order parameter at the physical point

e Can define chiral crossover temperature from the peak of
the disconnected chiral susceptibility (light quark masses
are small)

 Deconfinement — susceptibilities of conserved charges:

VBQS _ O™ P(up, nq, ps) /T
ke A(us /TR0 (g /T) (s /T)™ | ;_q

* Deconfinement — equation of state P(7T'),e(T)
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Chiral crossover temperature

e well established with staggered
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Chiral crossover temperature

e new: 2+1 domain-wall at the physical pion mass(!)
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Crossover region, 2+1 Wilson
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e Stout improved
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Talk: Trombitas, Thu
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Alexei Bazavov (UI/UCR)

Hadron Resonance Gas model
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Electric charge fluctuations
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e Relevant for heavy-ion

experiments
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e Pion-dominated, large

taste-breaking effects
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e Ratios of electric charge cumulants can be measured

experimentally, can define thermometer and baryometer
(discussed at Lattice2013)
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Freeze-out parameters

e 4stout, 2+1+1, electric charge kurtosis
e Physical pion mass, Ni= 6, ..., 24
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Freeze-out parameters

e 4stout, 2+1+1, electric charge kurtosis

e Physical pion mass, Ni= 6, ..., 24
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Thermodynamics and missing states

: «={ ® Strangeness neutrality:
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e What spectrum to use in HRG?
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Thermodynamics and missing states
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Thermodynamics and missing states

030 a0 e =] e Strangeness neutrality:
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e Lattice favors QM-HRG with larger than currently

observed set of strange mesons and baryons

e Similarly 1n the charm sector
Bazavov et al. [BNL-Bielefeld], 1404.6511, 1404.4043
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Equation of state

e Trace anomaly:

T dlnZ D PO /T e —3p
ST Y a T TE T T

e Requires UV subtractions, very computationally extensive
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Equation of state

e Trace anomaly:

T dlnZ D PO /T e —3p
— 3p = = — d’l’
T T TV dna T TE T T

 Requires UV subtractions, very computationally extensive

e New scheme: calculate ,F T
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Equation of state

e Shifted boundary conditions 1n the fixed scale approach

e Enable to reach various temperatures at the same lattice

spacing

Continuum from:
Borsanyi et al. [WB], JHEP07(2012)

Talk: Umeda, Thu
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Equation of state

e Continuum extrapolated equation of state with HISQ
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e Agreement with stout Borsanyi et al. [WB], PLB 370 (2014)
Talk: Bhattacharya, Thu

e Stout equation of state with the dynamical charm
Talk: Krieg, Thu
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Equation of state
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Heavy quark potential

e Reconstruction of the spectral function, real and 1maginary
part of the potential ~ Talk: Rothkopf, Wed

e Singlet and octet potential  Rossi, Testa, PRD87 (2013)
g p

e Charmonium S-wave potential Allton et al., publication in preparation
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Quarkonium spectral functions

e Challenge: reconstruct spectral functions from Euclidean

correlators
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Quarkonium spectral functions

e Challenge: reconstruct spectral functions from Euclidean
correlators /

\G(T,m _ /0 " dwo(w. K (w.7)

cosh(w(r —1/2T))

Kw.r) = —hwen

e Needed to understand the fate of various heavy quarkonia

states 1n the plasma, calculate transport properties
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Quarkonium spectral functions

e Quenched, vector channel Talk: Meyer, Wed
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Quarkonium spectral functions

e Quenched, vector channel Talk: Meyer, Wed
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Quarkonium spectral functions
e S- and P-wave bottomonium, NRQCD on 2+1 Wilson
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Quarkonium spectral functions

e S- and P-wave bottomonium, NRQCD on 2+1 Wilson
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Beyond QCD

e Testing orbifold equivalence for large number of colors
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Beyond QCD

e Gauge-gravity duality

black hole
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e Solve the gauge side (with lattice techniques) to study

Beyond QCD

e Gauge-gravity duality

black hole

gravity theory

equivalent

——

formation of a black hole

Hanada et al., Science 344 (2014)
Hanada, Maltz, Susskind, 1405.1732
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Not covered 1n the talk

e Columbia plot along the three-flavor line
Talks: Nakamura, Tue; Jin, Tue
e Properties of the spectrum of the Dirac operator at low and
high temperature  Giordano, Kovacs, Pittler, PRL 112 (2014)

Talks: Kovacs, Wed; Giordano, Wed; Pittler, Wed

e Jet quenching parameter
Panero, Rummukainen, Schafer, PRL 112 (2014)

e ChPT at finite temperature
Talk: Robaina, Fri
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Thanks to:

Chris Allton, Szabolcs Borsanyi, Bastian Brandt,

Masanor1 Hanada, Tim Harris, Tamas Kovacs, Richard Lau,
Florian Meyer, Michael Mueller-Preussker,

Yoshifumi Nakamura, Daniel Nogradi, Marco Panero,
Michele Pepe, Giancarlo Rossi, Alexander Rothkopf,

Finn Stokes, Takashi Umeda, Ettore Vicari
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Conclusions

 Agreement on the chiral crossover temperature among staggered
and now chiral fermions

e Simulations with Wilson fermions are catching up

e Lattice calculations reached the level of precision to test
phenomenological models and make connection to heavy-ion
experiments

e Lattice provides hints about thermodynamic relevance of the yet-
unobserved states 1n the strange and charm sector

e Agreement between the 2+1 HISQ and stout equation of state

e New techniques for calculating the equation of state

e (Good progress 1n reconstruction of spectral functions, new

techniques introduced

Alexei Bazavov (UI/UCR) Jun 23, 2014 27/27



Thank you!
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