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Confinement in pure gauge theory and in QCD

The color charged particles are not observed as free particles but instead
are bound in color-neutral baryons or mesons.
Pure gauge theory:

o At T < T, the free energy of a static quark-antiquark pair grows
linearly with distance

o At T > T, the free energy approaches constant as d — co

o First order deconfinement transition at 7., spontaneous breaking of
Z(3) center symmetry,

QCD with dynamical quarks:

o String breaking at T' = 0 — the static quark-antiquark free energy can
not exceed two static-light meson masses.

o Debye screening at large T

o Crossover corresponding to spontaneous breaking of chiral symmetry
in the chiral limit.
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Confining potential

Heavy quark potential — free energy of a static quark-antiquark
configuration separated by a distance r.
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Flux tubes on the lattice

Flux tube:

o The chromoelectric field between a static quark and an antiquark
forms tube-like structures connecting them.

o If the transverse section of a flux tube is constant when the
quark-antiquark distance is changed, the energy stored in flux tube
becomes proportional to its length, creating a linear confining
potential.

Perturbative Coulomb part:

o At small distances from the static sources the field is dominated by
the perturbative part, creating the Coulomb potential

o May be significant in lattice simulations at intermediate
quark-antiquark distances
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The system has cylindrical symmetry, so we can limit ourselves to studying

just the (x7, z¢) plane.
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Fields in SU(3) gauge theory
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Subtraction procedure

We assume that the full field is a sum of two parts: perturbative part
which behaves like an electrostatic field, and nonperturbative part that
forms the flux tube

B = BC 4 B
To separate these fields following assumptions are made:
o ECisa potential field (6 x EC = 0),
o ENP is purely longitudinal (Ezl/\IP =0),
o both E€ and ENP are zero at large transverse separations from the
quark-antiquark axis.

These assumptions, together with the calculated values of E, uniquely
determine the field parts.
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Simulation details

o MILC code with custom smearing and measurements routines.

o HISQ fermion action with a tree-level Symanzik-improved gauge
action, physical quark masses

o Ny =48, N; = 4..48
o ~ 5000 measurements with 25 RHMC length-1 updates between
measurements

To improve the signal-to-noise ratio a smearing procedure was applied:

o one step of 4-dimensional hypercubic smearing on the temporal links
(HYPt)

o Npypsq steps of hypercubic smearing restricted to the three spatial
directions (HYP3d)
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Smearing as an effective renormalization

The connected field operator that we use undergoes a nontrivial
renormalization, depending on both z; and z, which has to be taken into
account if we want to reach the continuum limit. & Battelli, Bonati (2019)

Our smearing procedure effectively works as a renormalization, restoring
the continuum scaling (check for the pure gauge theory).
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T = 43 MeV, Full field
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T = 43 MeV, Nonperturbative field
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T = 43 MeV, Chromomagnetic current
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T = 146 MeV, Nonperturbative field
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T = 205 MeV, Nonperturbative field
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Preliminary results for string tension and width

Oeff = /det (EwNP(d/27xt))2 'UJ2 _ fd2CCt CL’%E‘,I;IP(d/nyt)) ‘
) 2 ’ J 2z EFP(d/2, 24))

T [MeV] d[fm] /oem [GeV] Vw? [fm]
43 0.96  0.409(12) 0.43(4)
43 1.35 0.39(10) 0.40(11)
128 0.77 0.40(4)* 0.42(6)*
128 0.96  0.446(10) 0.62(5)
146 0.96  0.367(12) 0.60(7)
171 0.96 0.180(6) 0.50(4)
205 0.96  0.0223(8)  0.368(27)
256 0.96 0.01149(22)  0.290(8)
342 0.96 0.00543(32)* 0.212(10)*
512 0.96 0.00167(17)*  0.65(28)
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Debye screening

Voer(d, T) = o e MDd - M(T) = o(T — Tp)

300
T (MeV)

Flux tube structue in finite temperature QCD Wroctaw | 2025 15 / 16



Conclusions

o The chromoelectric field created by a static quark-antiquark pair can be
separated into zero-curl perturbative and longitudinal nonperturbative parts,
where the nonperturbative part results in long-range linear behavior of the
quark-antiquark potential and can be identified as the flux tube.

o Anisotropic smearing can be used to both improve the signal-to-noise ratio
and to act as an effective renormalization. The optimal amount of smearing
depends on the observable and the position at which the field is measured.

o Below the chiral crossover temperature, effective string tension remains
largely constant showing the classic flux tube picture — static quarks remain
confined.

o The flux tube does not disappear fully at temperatures up 3.57,, but the
effective string tension drops fast both with increase of T" and d, which
shows the effect of Debye screening with the screening mass growing with 7.
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