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Lattice gauge theory
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Lattice gauge theory

» Start with the path integral quantization, Euclidean signature:
1 - ~
©) = 5 [ PWIDIIDIA O exp(-Se(T. V. ).

2T V.0 = /Mmmﬁmﬂwwﬁdﬂvﬂ»

1/T
Se(T,\V.ji) = — / dxo/d3x£E(ﬁ),
0 4
LE(D) = Lo+ Y. mrdeyotr

f=u,d,s

» Introduce a (non-perturbative!) regulator — minimum space-time
“resolution” scale a, i.e. lattice, Wilson (1974)

» The lattice spacing a acts as a UV cutoff, ppax ~ 7/a

» The integrals can be evaluated with importance sampling

methods
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Constrained series expansions

» The number densities can also be represented with Taylor
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» The number densities can also be represented with Taylor
expansions:
nx . 6P/ T4
T3 Opix

, X=B,Q,5

> In heavy-ion collisions there are additional constraints:

n
ns =0, ﬁ:o.zx

» These constraints can be fulfilled by

fe(T,ue) = qu(Mis+ q(T)ig + qs(T)iag + -
fs(T.pe) = su(T)ie +ss(T)ig + ss(T)ig
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Chiral symmetry restoration
» Chiral condensate and susceptibility
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Chiral symmetry restoration
» Chiral condensate and susceptibility
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Chiral symmetry restoration
» Chiral condensate and susceptibility
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The chiral crossover temperature at ug = 0 (Borsanyi et al. [BW]
(2010), Bazavov et al. [HotQCD] (2012))

Tc =154+ 9 MeV
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Chiral symmetry restoration (update)?
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Chiral symmetry restoration (update)?

» Comparison with earlier results
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Curvature of the chiral crossover line
» Change in the chiral crossover temperature with g
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Curvature of the chiral crossover line*

» Change in the chiral crossover temperature with ug
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Chiral crossover at g >0
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Chiral crossover at g >0
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» The magnitude of the chiral susceptibility shows almost no
change with increasing pug > 0

» No indication that the crossover is getting stronger

» Similar conclusion from the baryon number fluctuations along

the crossover line
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Freeze-out line
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Freeze-out line
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» The chiral crossover line coincides with the freeze-out line (data
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Freeze-out line
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» The chiral crossover line coincides with the freeze-out line (data
from ALICE:1408.6403, STAR:1701.07065)

» The energy and entropy densities are constant along the chiral
crossover line
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The equation of state at O(1%)

» The equation of state at ug = 0°
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The equation of state at O(1%)

» The equation of state at ug = 0°

035 T T T T T T T T T T T T T T T T T T T TT

0.30

0.25

stout HISQ 0.20
(e-8p)T4 W W= b
p/T4 W = ]
s/4T4 W E

T [MeV] ]
““““““““““““““ 0.10

0.15

HRG

TMev]

130 170 210 250 290 330 370

» Additional contribution at g >0, pg = pus = 0:
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The equation of state at O(u%)°
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The equation of state at O(u
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> The contribution to the pressure due to finite chemical potential
(left) and the baryon number density (right) for strangeness

neutral systems:
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Constraints on the critical point
» For ng = pts = 0 the net baryon-number susceptibility is

(0.9]
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Constraints on the critical point

» For ng = pts = 0 the net baryon-number susceptibility is

(e 9]
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» The radius of convergence

> We observe x&/xE < 3 for 135 < T < 155 MeV = r)\ > 2
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Equation of state at high temperature
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» The trace anomaly (left) and pressure (right) compared with
(HTL)” and Electrostatic QCD (EQCD)? calculations

» The black line is the HTL calculation with the renormalization
scale y =2nT

"Haque et al. (2014)
8Laine and Schroder (2006)
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» The trace anomaly (left) and pressure (right) compared with
(HTL)” and Electrostatic QCD (EQCD)? calculations

» The black line is the HTL calculation with the renormalization

scale y =2nT

> Extension of the 241 flavor equation of state to higher
temperatures — see talk by J. Weber, Wed 14:30

"Haque et al. (2014)
8Laine and Schroder (2006)
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Equation of state at high temperature

0.9 r

0.8 -

0.7 F

06 [

05 |

0.4

P/Pideal

- /@'@‘@‘@'@/@’@_ﬁ‘@Eﬁﬁﬁﬁ:ﬁc@@@c@@@@@@—
i ; o
3-loop, HTL
0(¢®) EQCD - -

T [MeV]
400 600 800 1000 1200 1400 1600 1800 2000

1@

09

0.8

0.7
0.6

05

04 b . . . .
400 600 800 1000 1200 1400 1600 1800 2000

s/S\deal

mmmD]D]U]DJDJU]DJEDU]DJD]D]DJUJD]D]UJDJD]DJDJD]DJDJ,
L]
.

3-loop, HTL
perturbative, NLA

T[MeV]

> Left: Comparison of the pressure obtained on the lattice with the

HTL® and EQCDO results

» Right: Comparison of the entropy density obtained on the lattice
with the HTL and NLA!! results

°Haque et al. (2014)

1% aine and Schroder (2006)
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Screening properties at high temperature
T T T T == 1.2 T T
Fs(r,T) [GeV] = agg(rT)
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» The singlet free energy (left) and the effective coupling (right) at
temperatures up to 2.2 GeV1?

2TYMQCD, 1804.10600
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Screening properties at high temperature
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» The singlet free energy (left) and the effective coupling (right) at
temperatures up to 2.2 GeV1?

» Comparison with weak-coupling calculations shows three distinct
regimes: for rT < 0.3 medium effects are small, consistent with
pNRQCD; for 0.3 < rT < 0.6 screening effects are described by
perturbative EQCD; for rT > 0.6 non-perturbative
chromo-magnetic effects become important

2TUMQCD, 1804.10600
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Conclusion

> Lattice QCD calculations are now in the regime of the physical
light quark masses and continuum limit is possible for many
observables

» The most studied region of the QCD phase diagram is at ug =0

» The region of small 11/ T can be explored with expansions in
w/ T or by analytic continuation from imaginary

» (Preliminary) updates on the chiral crossover temperature
> Generalized susceptibilities are now calculated up to 8th order in

uB
» The equation of state is now known up to the 6th order in ug

» Recent lattice calculations strongly disfavor QCD critical point in
the region of ug < 2T in the temperature range
135 < T < 155 MeV

» At upg = 0 the 241 flavor QCD equation of state has been
calculated up to T =2 GeV

A. Bazavov (MSU) Confinement2018 August 1, 2018 22 /22
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