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In pure SU(3) gauge theory above the deconfinement temperature, spontaneous breaking of center
symmetry produces multiple 𝑍3 sectors separated by interfaces. A junction of these interfaces
supports a line-like defect where the Polyakov loop is forced toward zero. Using Monte Carlo
simulations at 𝑁𝜏 = 2 on 602 × 4 spatial volumes, we compute the defect free energy. We find
that the dominant contribution to the defect tension originates from the attached interfaces, and
that near the transition the configuration is strongly affected by confined–deconfined interfacial
fluctuations.
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1. Center sectors and junction defects

At𝑇 > 𝑇𝑐 in pure SU(3) gauge theory, the thermal expectation value of the Polyakov loop selects
one of three sectors corresponding to the center, or 𝑍3 symmetry [1]. This leads to spontaneous
breaking of the 𝑍3 symmetry. The interfaces that interpolate between different sectors exhibit an
attractive interaction that favors the meeting of multiple walls. A consistent phase winding of the
Polyakov loop around the meeting line enforces the Polyakov loop expectation value to vanish,
in other words, producing a topological defect and forming a “string” in an otherwise deconfined
background[2]. This object is distinct from the confining QCD flux tube: here, the deconfined
phase is the bulk, while the core is locally confining.

2. Lattice implementation and observable

We simulate the Wilson action

𝑆 = 𝛽
∑︁

𝑛,𝜇>𝜈

(
1 − 1

3
Re Tr𝑈𝜇𝜈 (𝑛)

)
, (1)

with the Polyakov loop 𝐿 (®𝑛) = 1
3Tr

∏𝑁𝜏

𝑛4=1 𝑈4(®𝑛, 𝑛4). To bias the system toward a single winding
defect aligned along 𝑧, we fix temporal links on a boundary surface so that the Polyakov-loop phase
is piecewise assigned to the three 𝑍3 sectors around the azimuthal angle. The bulk then equilibrates
to a configuration containing a junction line with three attached interfaces.

It is impractical to compute the free energy by integrating the partition function; instead, one
conventionally measures the derivatives of the partition function and carries out the integration [3].
In the present case, we measure the gauge action, which is the derivative of the partition function
with respect to the gauge coupling 𝛽. We compute the action difference between ensembles with
and without the defect,

⟨Δ𝑆⟩ ≡ ⟨𝑆⟩string − ⟨𝑆⟩ref , (2)

and integrate in 𝛽 to obtain 𝐹/𝑇 up to an additive constant,

𝐹 (𝛽)
𝑇

− 𝐹 (𝛽𝑐)
𝑇

=

∫ 𝛽

𝛽𝑐

𝑑𝛽′ ⟨ΔP⟩ , ΔP ≡ Δ
∑︁

𝑛,𝜇>𝜈

(
1 − 1

3
Re Tr𝑈𝜇𝜈

)
. (3)

The defect tension is then 𝜎 = 𝐹/𝐿𝑧 , and we present 𝜎/𝑇2.

3. Numerical setup

We use 𝑁𝑥 = 𝑁𝑦 = 60, 𝑁𝑧 = 4, and 𝑁𝜏 = 2, (𝛽𝑐 ≃ 5.099 for 𝑁𝜏 = 2). The smaller value of
𝑁𝑧 helps suppress fluctuations of the string along the 𝑧-direction. We consider the numerical lattice
simulation for 𝛽 > 𝛽𝑐, in the deconfined phase, the string configuration can exist. As 𝛽 increases,
the temperature increases and the lattice spacing decreases. However, in the range of 𝛽 considered
here, the relevant physical objects remain much smaller than the system size and much larger than
the lattice spacing. Therefore, we do not encounter a resolution problem in either the low or high 𝛽

region. The thermal configurations are generated using the Cabibbo–Marinari heat-bath algorithm;
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Figure 1: Representative 𝑍3 string configuration in the deconfined phase: suppression of |𝐿 | at the junction
line and attached interfaces.
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Figure 2: The action difference Δ𝑆 vs. 𝛽 for several radial patches

subsequently, measurements are performed on these configurations. For the string simulations at
𝑁𝜏 = 2, the temporal links are fixed according to the Euclidean time slice 𝑛4. For 𝑛4 = 1, all temporal
links are set to 𝑈4(𝑛) = 1. For 𝑛4 = 2, the temporal links are fixed according to the azimuthal
angle 𝜃𝑎 of the spatial position vector ®𝑛. They are chosen as 𝑈4(𝑛) = 1, −𝜋/3 ≤ 𝜃𝑎 ≤ 𝜋/3),
and 𝑈4(𝑛) = 𝑧−1(𝑧) for −𝜋(𝜋/3) < 𝜃𝑎 < −𝜋/3(𝜋), where 𝑧 = exp(2𝜋𝑖/3). We consider periodic
boundary conditions in the temporal and z-directions. We have examined autocorrelations for both
the string and no-string ensembles. For the no-string observables, the autocorrelation is relatively
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Figure 3: string tension 𝜎/𝑇2 vs. 𝛽 for several radial analysis regions (illustrating the growth and interface
dominance at larger radii).

mild. In contrast, for the string configurations, decorrelation is significantly slower. To reduce
autocorrelation effects, we retain only configurations separated by several update sweeps. In the
present analysis, we use 200–300 decorrelated configurations for the measurement of observables
and to estimate the errors using the Jackknife method. Although the central values of Δ𝑆 do
not change appreciably, a higher-statistics analysis is expected to improve the precision. We
provide the action difference data in Table 1. We use an empirical double exponential function
𝑓 (𝛽) = 𝑎1 𝑒𝑥𝑝(−𝑏1(𝛽 − 𝑐1)) + 𝑎2 𝑒𝑥𝑝(−𝑏2(𝛽 − 𝑐2)) + 𝑑, to fit the data for whole range of 𝛽, for
our simulations. Subsequently, we extract the free energy(string tension, 𝜎/𝑇2) by integrating this
fitted function from 𝛽𝑐 onward. To further minimize boundary effects, observables are evaluated in
the bulk region away from the fixed boundary.

4. Results: interface-dominated tension and near-𝑇𝑐 behavior

In a typical equilibrated configuration, Fig.1, the Polyakov loop magnitude is strongly sup-
pressed on the junction line, while three interfaces extend outward. As a benchmark and validity of
our procedure, we first extract the result for the interface tension of the domain walls using our string
configurations. We subtract the inner core where the string contribution is significant, and hence we
are left with a configuration where the contribution is from the interface walls, which were attached
to the string. We calculated the interface tension, which is in good agreement with the existing
results [3, 4]. To understand how interface contributions affect the result along with the core, we
analyze Δ𝑆 in radial regions around the core. In Fig.2 the variation of action difference with 𝛽 is
shown. For sufficiently large radii, the extracted defect free energy in Fig.3 scales consistently with
the interface contribution, indicating that the dominant cost arises from the attached walls rather
than from a localized core term.

4



P
o
S
(
L
A
T
T
I
C
E
2
0
2
5
)
1
2
0

Topological String Configurations in SU(3) Gauge Theory Sumit Shaw

Table 1: Action difference Δ𝑆 and Jackknife error for different radial patches.

𝛽 𝑟/𝑎 = 5 𝑟/𝑎 = 10 𝑟/𝑎 = 15 𝑟/𝑎 = 20
Δ𝑆 error Δ𝑆 error Δ𝑆 error Δ𝑆 error

5.2 111.84954 3.73274 259.20225 4.43177 416.17752 7.26000 554.91092 10.89953
5.3 102.14358 3.06313 228.64358 7.17717 344.75446 4.68175 446.25488 11.99336
5.4 96.40458 1.91372 199.02751 2.87440 288.55169 6.71928 390.08840 6.14136
5.5 86.24142 2.51459 185.04040 4.02172 272.22461 6.71792 355.95422 7.33213
5.6 69.60706 2.11967 148.27715 4.73957 224.78354 5.86403 300.18192 6.34639
5.7 62.78083 2.10380 123.55650 4.90685 187.60316 6.72177 259.76312 11.09380
5.8 51.78127 2.15671 106.14308 3.93211 161.27749 5.16981 215.49652 5.53313
5.9 46.62126 1.43144 102.68325 3.20525 158.91363 4.61215 207.44878 8.13772
6.0 44.63278 1.48137 87.97670 4.10212 136.22818 8.73584 185.53553 12.85911
6.1 34.55019 1.11533 75.25106 2.66179 116.02831 6.05702 152.63450 6.29596
6.2 30.15064 2.73860 73.94734 3.19747 119.12114 6.07190 155.12632 8.54356
6.3 34.36070 1.91569 75.07547 2.76429 110.40797 2.67271 145.97083 3.76848
6.4 32.04167 1.69506 64.91055 2.60901 102.29114 3.85756 134.21158 5.60806
7.0 20.39364 1.48424 49.81967 1.41629 79.70900 2.77723 102.02999 4.33078
8.0 16.56515 1.34415 37.88284 2.32438 59.55311 2.70500 75.38318 3.07337
9.0 15.61878 1.27627 33.15724 1.05131 50.83025 1.61186 71.67309 2.54657
10.0 13.91128 0.72658 31.47547 2.43805 51.70000 2.36617 70.59784 3.05707
11.0 13.64326 0.83150 27.63296 1.29245 44.35142 1.93422 58.68341 2.67115
12.0 11.12684 0.65518 27.18918 1.48073 39.41868 2.99362 54.36298 2.66464
13.0 10.26123 1.09428 23.46347 1.62423 37.13674 1.87202 52.19859 2.34660
14.0 9.22563 0.44749 22.67906 1.60669 35.17664 1.91078 50.12896 2.56180
15.0 9.03691 0.50138 21.75227 1.07214 33.24946 1.40021 45.42374 1.43607

Close to 𝑇𝑐, the pure SU(3) gauge theory has a weakly first-order confinement-deconfinement
transition. Because of this, confined and deconfined regions can coexist near the transition point.
This coexistence leads to strong thermal fluctuations and also causes the domain walls to broaden.
Near 𝛽𝑐, the 𝑍3 domain walls are expected to decay into pairs of confined-deconfined interfaces.
At the same time, the position of the string core is not rigid and shows large fluctuations. As a
result, the interface network becomes strongly distorted in this region. These effects make the
determination of the action difference more difficult near 𝛽𝑐. Therefore, the statistical errors in Δ𝑆

become larger, close to the transition. In this regime, we observe large fluctuations and significant
deformation of the interface structure, which is consistent with a partial conversion of the 𝑍3 walls
into confined-deconfined interfaces. This also gives a simple physical explanation for the sharp rise
of 𝜎/𝑇2 as 𝛽 approaches 𝛽𝑐 from above. Near the transition, the wall and string configurations
are strongly affected by the nearby confined phase, and this changes the free-energy cost of the
configuration.

5. Outlook

In the near future, we plan to extend this work to (i) repeat the analysis at larger 𝑁𝜏 to regulate
discretization and approach the continuum, and (ii) study the effects of dynamical quarks, which
explicitly break 𝑍3 symmetry and can render the defect non-static near 𝑇𝑐. A full-length account of
the methodology and detailed systematics will appear elsewhere [4] (submitted).
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